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ABSTRACT

Context. Maximum sustainable yield and maximum economic yield are often advocated as
desirable biological and economic objectives for fisheries management, and the analysis of trade-
offs associated is often absent from scientific advice. Aims. This work aims to demonstrate an
operational approach for comparing trade-offs of not only biological, and economic objectives,
but also social objectives, in this case for maintaining affordable fish prices for the Australian
public. Methods. We use a simulation model of the multi-species, the Australian Southern and
Eastern Scalefish and Shark Fishery, characterised by technical and economic interactions among
harvested stocks, and apply an eco-viability approach to identify catch limits on two key species of
the fishery (tiger flathead and pink ling). Key results. Several trade-offs are highlighted related to
the distribution of benefits among vessel owners, fishing crews and consumers. Maximising the
economic returns to vessel owners, which is the current management objective of the fishery,
correspondingly reduces social benefits of providing employment as fishing crews and raises
consumer prices. Conclusions. Maximising fishery profits as a management objective comes at a
social cost for crew members and fish consumers. Implications. Analysing trade-offs with an eco-
viability approach helps inform decisions regarding fisheries management, fully accounting for the
different dimensions of biological, economic and social sustainability.

Keywords: eco-viability analysis, fisheries management, metiers, mixed fisheries, multi-species
fisheries, SESSF, simulation modelling, technical interactions, trade-off evaluation.

Introduction

Since the Reykjavik Conference on Responsible Fisheries in the Marine Ecosystem in 2001,
ecosystem-based fisheries management (EBFM) has been adopted in principle by many
jurisdictions worldwide as the new standard for managing fisheries. EBFM recognises
that harvested fish stocks are not independent resources, and that their connections in
the socio-ecosystem should be accounted for when managing fishing activities (Leslie and
McLeod 2007; Marasco et al. 2007). Particularly, in multi-species fisheries that catch more
than one species, technical interactions have long been put forward as a critical obstacle to
successful output management because species cannot always be caught in the proportions
prescribed by their respective single-stock target reference points (Vinther et al. 2004;
Ulrich et al. 2011, 2017). Even in jurisdictions where multi-species policy objectives have
been formulated at the fishery level, the complexity and additional data requirements of the
models needed to operationalise such objectives have often impeded their application in
practice (Dichmont et al. 2010; Pascoe et al. 2015; Hoshino et al. 2018). For species that
are not landed, discard mitigation policies (Karp et al. 2019), and discard bans in their
strictest form, have been difficult to implement. Indeed, the prospect of fisheries ‘choking’
on species with low catch limits (Schrope 2010; Patrick and Benaka 2013) has triggered
resistance to implementing effective discard policies in these fisheries (Fitzpatrick et al. 2019).

EBFM embraces the four pillars of sustainable development, namely ecological, economic,
social and institutional (De Young et al. 2008). As the primary factor underpinning fisheries
management and the development of EBFM, ecological sustainability has tended to eclipse
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the human dimensions (economic, social and institutional)
(Symes and Phillipson 2009; Link et al. 2017; Stephenson
et al. 2017). Hornborg et al. (2019) highlighted that the
inclusion of the human dimension in EBFM has primarily
addressed economic sustainability, with less attention given
to social and institutional components. Even the economic
dimension is far from addressed comprehensively because
focus has generally been on aggregate economic performance
of the catch sector, to the expense of wider societal economic
benefits such as the surplus of consumers.

EBFM requires the development of methods to embrace
this variety of social, economic, ecological and institutional
objectives in the management process. Particularly well-
suited to the purpose, viability theory, and specifically eco-
viability in an ecological context, searches for solutions that are
‘good enough’, i.e that maintain the system within acceptable
bounds (Oubraham and Zaccour 2018), rather than seeking
solutions optimising an objective function. It thus echoes
the theory of satisficing decision-making (Simon 1956).
Eco-viability assessments of fisheries management options
(Doyen et al. 2017) were initially applied ecologically, by
explicitly specifying multiple objectives pertaining to stock
abundance, levels of biodiversity (Cissé et al. 2013, 2015), or
explicit conservation constraints on by-catch species (Gourguet
et al. 2016). Economic viability has also been given particular
attention, in terms of fleet profitability (Gourguet et al. 2013),
lease price of quota in individual transferable quota (ITQ)
managed fisheries (Péreau et al. 2012), or constraints imposed
on the remuneration of fishing crews (Maynou 2019; Briton
et al. 2020) or on depreciation of physical capital (Briton et al.
2020). Broader social viability objectives have sometimes been
considered in terms of meeting food-security requirements
(Eisenack et al. 2006; Cissé et al. 2013, 2015; Hardy et al.
2013), maintaining a level of activity in the fishery (Péreau
et al. 2012; Gourguet et al. 2013), or providing recreational
fishers with ‘trophy’ catches (Thébaud et al. 2014).

The work presented here builds on previous modelling
work conducted by Briton et al. (2020) in the French
demersal fishery in the Bay of Biscay and applies it to the
Australian mixed-species Southern and Eastern Scalefish and
Shark Fishery (SESSF). In particular, it explicitly explores
management of the fishery to meet standard biological (as
opposed to ecological or ecosystem) and economic constraints,
while also considering the social objective of providing
affordable consumer product, through the imposition of an
upper limit on product price. Other social objectives such
as equitable access and ownership have not been elucidated
well enough to be in the scope of the exercise. We aim to
develop a relatively simple, thus tractable, model that can
demonstrate how the approach could be used for tactical
management advice, while still capturing the key processes
relating to joint production in the fishery, as well as effort
dynamics, quota allocation and price responses to changes in
landings, and the existing understanding of the population
dynamics of target and by-product stocks. We thus adopt an
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intermediate-complexity approach, where selected components
of a system are modelled in relation to the problem at hand,
with the ability to use existing data for calibration (Plaganyi
et al. 2014).

The Australian Southern and Eastern Scalefish
and Shark Fishery (SESSF)

The SESSF is a multi-sector and multi-species fishery that
operates in waters under federal jurisdiction as well as some
state waters under specific arrangements. It is currently the
largest Australian federal fishery in terms of volume caught,
and the second-most profitable, accounting for 20% of the
gross value of production (GVP) of Australian federal
fisheries (Patterson et al. 2018). Approximately 30 species
of shark and scalefish are commercially harvested, with a
dozen accounting for more than 75% of the fishery GVP.
Management in the fishery primarily relies on output controls
on the key commercial stocks and several by-product species.
Total allowable catches (TACs) are currently determined for
34 stocks and allocated as ITQs. Catch limits are comple-
mented by several input controls such as limited entry, gear
restrictions, spatial closures and trip limits for certain species.
The fishery is commonly divided in four sectors represented
by different gear types targeting specific group of species,
namely the Gillnet Hook and Trap Sector (GHAT), the
Commonwealth Trawl Sector (CTS), the Great Australian
Bight Sector (GABS), and the East Coast Deep-Water Trawl
Sector (ECDWTS). The two latter were not included in the
present work because they are spatially separated from the
other sectors and can thus be managed independently. Other
sectors such as recreational and traditional have not been a
significant part of the fishery in terms of production or value,
but are being increasingly considered in Australian government
policy (Department of Agriculture and Water and Resources
2018).

Like other Australian federal fisheries, management in the
SESSF is subject to the objectives and directives of the recently
revised Commonwealth Harvest Strategy Policy. The objective
of this policy is the ‘ecologically sustainable and profitable use
of Australia’s Commonwealth commercial fisheries resources
(where ecological sustainability takes priority)’ (Department
of Agriculture and Water and Resources 2018, p. 6). Fisheries
are to be managed towards their maximum economic yield (MEY),
which is defined as the ‘maximisation of net economic returns
to the Australian community’ (Department of Agriculture and
Water and Resources 2018). The apparent opposing nature of
these objectives is captured in the policy by applying a limit
depletion of fish stocks and a target of maximising return,
and although the policy specifically states that fisheries
management should benefit the entire Australian community,
catch limits have so far been set so that profits of the
commercial fishery are maximised. Nonetheless, the desire to
account for the broader interests of society in the valuation of
economic returns has been recognised and recent academic
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work conducted by Pascoe et al. (2018b) proposed to include
consumer surplus and non-market costs associated with by-
catch in the estimation of MEY. This seems particularly relevant
for the SESSF, in which, unlike in other Australian fisheries, fish
caught are primarily destined to the national market.

Methods

A stepwise modelling approach based on eco-viability
assessment is taken to evaluate a range of fishing target
levels, according to biological, economic and social objectives
in the SESSF (Fig. 1). The first step determines the operating
domain of achievable harvest rates, given technical interac-
tions among jointly captured stocks (Fig. 1a). The use of
harvest rates as a control on the stock is consistent with the

(a)
Harvest
rate .
species 2 Op erat/_ng
domain
Harvest
rate
species 1
(c)
Indicator #2
Harvest
rate
species 2 Indicator #1
Harvest v
rate
species 1
Fig. I.

Indicator #3

harvest strategy framework for the fishery (Australian Fisheries
Management Authority 2009). The second step determines the
technically feasible harvest rates ensuring biological
sustainability, which defines the biologically viable domain.
The third step determines socio-economic viability at the fishery
or vessel level, and the intersection between biologically
and socio-economically viable domains defines the eco-viable
space (Fig. 1b). Finally, eco-viable management strategies are
compared and trade-offs identified, that might prevent
adoption of these strategies (Fig. 1c).

The bio-economic model

Simulations were run with the multi-species and multi-metier
individual-based bio-economic model IAM (Merzereaud
et al. 2011; Bellanger et al. 2018; Macher et al. 2018;

(b)
Harvest
rate
species 2 Biologically
viable
domain I
P
-
= Eco-viable
domain
Harvest
rate
species 1
Indicator #3
Indicator #1

Indicator #2

Steps for conducting an eco-viability assessment. (a) A bio-economic model of the fishery specifies key

interactions, and determines the operating domain that has feasible harvest rates for the species under
consideration (two species in this example). (b) Feasible management strategies are assessed against a set of
viability constraints. (c) Eco-viable management strategies are compared and trade-offs identified.
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Briton et al. 2020). IAM simulates the dynamics of a mixed
fishery managed with ITQs. This implementation of the
model for the SESSF is based on Briton et al. (2021). It
models 16 stocks that were either key commercial species,
or significant by-product species caught with them, such as
tiger flathead (Platycephalus richardsoni), pink ling (east)
(Genypterus blacodes), pink ling (west) (G. blacodes),
blue-eye trevalla (Hyperoglyphe antarctica), blue grenadier
(Macruronus novaezelandiae), gummy shark (Mustelus
antarcticus), school shark (Galeorhinus galeus), jackass
morwong (east) (Nemadactylus macropterus), jackass morwong
(west) (N. macropterus), john dory (Zeus faber), mirror dory
(Zenopsis nebulosa), ocean perch (two species are treated
as a basket for management purposes and have similar
life-history characteristics. Helicolenus barathri is found
offshore at depths between 250 and 350 m, and H. percoides
inshore at depths between 80 and 350 m), the eastern orange
roughy (Hoplostethus atlanticus) stock, redfish (Centroberyx
affinis), school whiting (Sillago flindersi), silver warehou
(Seriolella punctata). Other economically important species
were included as ‘static’ species, i.e. their contributions to
landings were assumed to vary directly in proportion to levels
of fishing effort and to fixed catch rates observed in the
calibration period. The model was calibrated on calendar year
2015. Details on the calibration of the biological, catch (including
technical interactions), and economic modules for the fishery
can be found in the ‘Calibration of the model IAM for the
Australian Southern and Eastern Scalefish and Shark Fishery’
section of the Supplementary material and Briton et al. (2021).

The model is composed of an operating model consisting
of resource (stock), harvest and economic components.
Resource (stock) dynamics are modelled using either a

surplus production model, a sex- or age-structured model, or
a constant (static) biomass model (Fig. 2). Key commercial
species that had well-developed parameter estimates from
stock assessment models were represented by a sex- and
age-structured model. The main source of uncertainty in
these models was stochastic recruitment. By-product species
with less certain values of life-history parameter were captured
either deterministically by a surplus production model or
statically with constant catch rates. The management
procedures component calculates a stock-specific TAC deter-
mined by a Harvest Control Rule (HCR), which assumes
perfect knowledge of the underlying stock from the
biological module (i.e. there is no process of sampling from
the operating model and introducing observational error in
the model). TACs from the HCR are allocated to individual
vessels as quota constraining individual fishing efforts in the
short-term behaviour module of the harvest component.
Over-quota discards are not allowed, and fishers are assumed
to stop fishing once they have reached their most limiting
species quota. The short-term behaviour module allows for
individual harvesters to dynamically determine their fishing
strategy by allocating effort among a set of metiers. Following
Marchal et al. (2011), effort allocation is modelled as a function
of the weighted average between the expected profitability and
the effort historically allocated to each metier, with the weight
a given to profitability relative to historical experience. To
enable changes in individual fishing strategies, the ITQ market
module models the trade of quota units among operators. Briton
et al. (2021) highlighted the importance of modelling the
fishers’ endogenous response, and compared two extreme
scenarios of fishing behaviour, namely entirely profit-driven

.

Quota allocation ]1—[ Harvest control ]
rule

A

A

r

=
[ ITQ market module J‘

Short-term behaviour

module

r s

A

Economic module

Economics Harvest

Fig. 2. Components and flow of process of the IAM model.
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(« = 1) and entirely experience-based (« = 0). Here we focus
on the profit-driven fishing scenario (a = 1).

The price of fish is assumed to respond to landings from the
catch module with cross-price flexibilities in the fish price
module, as follows:

In (?) = E fss' X 1n (k)
5,0 7 Ls’,O

where p;, is the price (A$) of species s at time t, L, is the
landings (Mg) of species s at time t and f 5 is the flexibility
of the price of species s with regard to the landings of
species s’. Price flexibilities (f;s) were based on estimates
by Bose (2004) and only significant coefficients were kept.

Finally, the economic module calculates a variety of economic
indicators at the vessel level (Bellanger et al. 2018), in
Australian dollars. In particular, so as to consider a manage-
ment objective that attempts to maximise MEY for the
fishery, we calculated the vessel net operating surpluses.

The individual vessel net operating surplus for individual i
at time t (NOS;,,) was calculated as follows:

NOS;; =GOS;; — Cdep; — Copport;

where cdep; and Copport; are the depreciation and opportu-
nity costs of capital of individual i. GOS;; is the individual
gross operating surplus, calculated as follows:

GOS; ;= (1- CSh"i)GVLi,t - § L qps
S

- g (CvarUE;; X Ey ) — Cfix;
m
where cshr; is the crew share of vessel i, L; ; . is the landings of
species s by individual i at time t, gross value of landings of
individual i at time t (GLV,,,) is calculated as follows:

GVLi,t = Z Ls,i,tps,t
B

where p; . is the ex-vessel price of species s at time t and gp;,,
is its quota lease price as determined by the ITQ market
module. The ratio of the yearly median lease price to the species
ex-vessel price was calculated for the period 2017-2018 and
used to estimate a yearly lease price for 2015. Values of those
ratios are given in Supplementary material (Table S3).
CvarUE; ,, is the variable costs per unit of effort of vesel
i in metier m, E; is the effort of individual i in metier
m at time t, and Cfix; is the fixed costs of individual i. In the
absence of data on the initial quota holdings of vessels, we
assumed in the model that all the quotas required to operate
had to be leased in. Indeed, the forgone lease revenues
associated with the decision by an individual vessel to use
its allocation if it holds one, represent an opportunity cost
accounted for in the calculation of NOS;,, in addition to the
opportunity cost of physical capital investment, Copport;.

Crew wages at the vessel level, which reflect the remunera-
tion of labour engaged in the fishery, were calculated as a
share of the gross value of landings (GVL,), as follows:

Wage; . = cshr; X GVL;

and scaled to full-time equivalent (FTE) number of crew, as
follows:

Wage;,
FTE;,

WageFTEi,t =

Indicators were also calculated at the fishery level, by
summing across vessels operating in the fishery. The fishery
net economic returns at time t (NER,, i.e. the surplus of
vessel owners) were calculated as follows:

NER, = g NOS;,
i

and the fishery net wages for crews (Nwage,) at time t (i.e. the
surplus of fishing crews) as follows:

Nwage, = E (Wagei,t - Wageopport X FTEi,t)

1
where Wage,,por is the opportunity wage for fishing crews.

Eco-viability assessment

Management strategies

Building on Briton et al. (2020), IAM was used to identify
eco-viable options among the achievable fishing-mortality
targets of two of the key commercial species in the fishery,
namely, tiger flathead and pink ling. The economic dynamics
of a multi-species fishery such as the SESSF are driven by key
commercial species, so that targets on the catches of the latter
will be critical in meeting economic and social objectives.
Thus, although we decided to focus on the joint management
of those two key species in the eastern part of the SESSF, a
metier analysis (see the ‘Metier and fleet definition in the
Australian Southern and Eastern Scalefish and Shark Fishery’
section in the Supplementary material) was used to define
the technical interactions (or lack of technical interactions)
across 16 species in the model.

Simulations were conducted on a range of combinations of
fishing-mortality targets (Fta,g) used to set annual TACs on
these two species. The range of combinations constitutes a
two-dimensional grid and a single combination on the grid
is considered a particular management strategy. Within the
grid, we identified the operating domain as the set of mortality
target combinations such that at least 90% of both TACs is
caught. Eco-viable management strategies within this operating
domain were then identified, and trade-offs associated with
alternative eco-viable strategies assessed.
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Viability constraints

The present analysis builds on sustainability constraints
expressed as viability thresholds as proposed by Briton
et al. (2020), with an additional constraint pertaining to
guaranteeing maximum prices to satisfy consumers.

The first constraint was to ensure the biological viability of
harvested stocks in the fishery, by maintaining biomasses
above a limit By;,,. Depending on whether a stock is represented
in an age-structure or biomass dynamic manner, the biological
viability of a stock (s) in the model was calculated as follows:

SSB(t) > Biyjm,,Vt € [to; tf]

for age-based dynamics

By(t) > BVt € [to; ty] for global dynamics
0 otherwise

1 if
Viio=

We used the limit reference point specified in the Harvest
Strategy Policy of 20% of the pre-exploitation biomass as Bj;,,
below which is considered an unacceptable risk of recruit-
ment failure (Department of Agriculture and Water and
Resources 2018). Estimations of pre-exploitation biomass
from stock assessment reports were used to calculate the
limit reference points reported in Table 1.

The second constraint was that the fishing industry should
be economically viable, which requires fishing companies to
be able to maintain their means of production, i.e. capital and
labour. In addition, the ability to maintain activity from year
to year is often highlighted by the fishing industry as being
important. We considered that a positive net operating surplus
(NOS) over a 10-year period (as below) would secure the
renewal of capital (i.e. cover its depreciation) and ensure the
remuneration of physical capital at its opportunity cost.

Y LrONOS(t)
NOS==t= 7
[0} 10
The long-term economic (ELT) viability (Vzr) of vessel i

was thus calculated as follows:

. 1 if NOS(i) >0
VELT(l):{ 0 otherwgs)e_

In addition to the long-term economic viability of a vessel,
we also considered its capacity to regularly cover its operating
costs, i.e. show a positive gross operating surplus (GOS) every
year, which does not account for long-term capital deprecia-
tion. This constraint specifically ensures the regularity of
economic performance, a common request from the fishing
industry. The short-term economic (EST) viability (Vgsr) of
vessel i was calculated as follows:

1 if GOS(i,t) > OVt € [to; ty]
0 otherwise

Visr(i) = {

The third constraint for the fishing industry was to
maintain fishing crews. Although this is basically an economic

1360

Table I. Viability constraints.
Aim Name Time Related entity Value
scale

Stock sustainability Biim Year Blue-eye trevalla 2475 Mg
Bim Year Blue grenadier 10782 Mg
Bim Year Flathead 4620 Mg
Bim Year Gummy shark 3474 Mg
Biim Year Jackass morwong 1410 Mg

(east)
Bjim Year Jackass morwong 548 Mg
(west)

Biim Year John dory 874 Mg
Biim Year Mirror dory 2678 Mg
Bim Year Ocean perch 238 Mg
Biim Year Orange roughy 8327 Mg
Biim Year Pink ling (east) 1534 Mg
Bjim Year Pink ling (west) 1429 Mg
Bim Year Redfish 2401 Mg
Biim Year School shark 7215 Mg
Biim Year School whiting 1509 Mg
Bim Year Silver warehou 3790 Mg

Cover operating costs GOS,,;, Year Vessel A$0

Renumerate physical NOS,,,, 10 years Vessel A$0

capital

Maintain crews Wage.,ppm Year Vessel A$60 000

Satisfy consumers Pe Year fishery 1.20

max

All price values are in Australian dollars (A$). Masses are in tonnes (Mg).

constraint, we considered that fishing as an employment
opportunity and a support of livelihoods is an important social
objective, particularly for coastal communities. We considered
that this implies maintaining the annual FTE wage above the
opportunity wage of crews in the fishery (W4, ). The crew

opport
viability of vessel i was thus calculated as follows:

Vern0=1 o operaiia ) > e € i8]

The absence of wage statistics for the Australian fishing
sector makes it difficult to estimate the opportunity wage of
fishing crews in the SESSF. Squires (1988) estimated the
opportunity cost of labour in the Pacific Coast Trawl fleet as
the mean wage earned in manufacturing, transportation, and
retail trade sectors. Using this approach and on the basis of
statistics provided in table 10G of Australian Bureau of
Statistics (2016), the opportunity wage of an Australian
fishing crew would be estimated to be A$68 600 in 2015.
This is above advertised wages found on the Internet in
October 2019 and corrected for wage inflation (between
A$50 000 and $55 000), as well as the minimum wage for
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deckhands (which is not restricted to fishing deckhands) in
Australian law as found in Australian Government Fair Work
Ombudsman (2019) (A$43700). A compromise value of
A$60 000 was consequently chosen to represent the opportu-
nity FTE wage of a crew member in the SESSF (Table 1).
The fourth viability constraint pertains to satisfying the
consumer’s demand for fish by preventing the price of fish
to exceed an upper acceptability threshold. Paying attention
to the consumer’s demand is particularly relevant in our case-
study because the recent review from Christenson et al. (2017)
identified the price of fresh seafood and availability of local fish
as substantial barriers to seafood consumption in Australia.
We included a sustainability constraint pertaining to the
average level of prices on the first-sale market for fish.
Calculating changes in the cost of fish for the consumer is
not straightforward because it is a function of changes in the
price of a set of products that have some level of substi-
tutability. In this case, indices measuring the evolution of the
price of a fixed basket of products, such as the Laspeyres or
Paasche indices, are known to either positively or negatively
bias estimates of changes in prices. The Fisher price index,
calculated as the geometric mean of the Laspeyres and Paasche
indices, corrects the positive and negative substitution biases
respectively associated to these two indices. It is recognised
to be a good estimate of the constant utility index, and thus able
to estimate changes in the cost of a product category to the
consumer (Diewert 1976; Diewert et al. 2009). It is defined

as follows:
PF[ = A /PL: XPpt

where P;. and Pp, are the Laspeyres and Paasche indices at
time t and are calculated as follows:

o _ > o XLy,
L: - —*
ZS (‘psrtref X Lsrtref)

p, = DuslPucX L)

CD ey, X L3

where p,, and L;, respectively are the price and landings of
species s at time t, and t.ys is the reference year for the
index, chosen here as the year of calibration, i.e. 2015.

The constraint reflecting consumer satisfaction, or consump-
tion viability, was then calculated as follows:

Veons = { 1 ifPg < Pp, Vt € [to; 7]
0 otherwise
An upper threshold for the Fisher price index (Fj,,) was
estimated as the maximal value of the index observed
between 2000 and 2015 in the SESSF. The time series of
the index was reconstructed on the basis of of price and
production data from the Australian Fisheries Statistics

(Mobsby 2018) and adjusted for inflation with the consumer
rrice index for ‘food and non-alcoholic beverages’ provided
in tables 3 and 4 of Australian Bureau of Statistics (2019).
The maximal price index over that period was 1.2, which
represents a 20% increase compared with the reference year
2015 (Table 1) during a significant time of change in the
fishery.

Eco-viability under uncertainty

Uncertainties in the present case relate to the estimation of
the stocks’ recruitment, for those stocks that are modelled
using age-structured dynamics. We projected the different
management strategies over a 10-year period, by using 100
replicates to account for uncertainties in stock recruitments.
For each replicate rep simulation, a management strategy St
is eco-viable if all viability constraints are met over the
simulation period:

Vaio(St, rep) =1, Vggr(St, rep) =1,
Vir(St, rep) =1, Verew (St, rep) =
Veons(St, rep) =1

0 otherwise

V(St, rep) = 1if L,

Eco-viability probabilities were calculated across replicate
simulations as follows:

> wa_ V(St, rep)

PV (St, S) = n
rep

where n,, is the number of replicates.

Results

Eco-viability analysis

Biological viability

The number of biologically viable stocks in each scenario
of the operating domain is given in Fig. 3. Among the 16
modelled stocks, only 15 can be maintained above their
limit biomass reference point throughout the projection
period with a probability of 90%. The stock that fails at
meeting the biological constraint is redfish. Concerns relative
to the sustainability of redfish are not new, because it is
estimated to have been overfished since the early 1990s
(Tuck et al. 2018). In 2015, the stock was estimated at 4%
of its pre-exploitation biomass, and depletion levels after
10 years range from 9 to 11% (median values) throughout
the set of our simulated scenarios (data not shown). Because
overfished stocks are not expected to rebuild above safe
biomass levels instantaneously, they are usually treated
differently from other stocks in viability assessments (Martinet
et al. 2007, 2010). The present work was not designed to
specifically address the issue of rebuilding redfish, and
therefore, the constraint pertaining to its viability was not
considered for the remainder of this study. The biologically
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Fig. 3. Number of viable stocks (i.e. with a higher than 90% proba-
bility of remaining above their limit biomass reference point) in the
operating domain. Fysy is the fishing mortality rate maximising yield at
equilibrium for the stock and F,q the fishing mortality rate associated
with an equilibrium biomass equal to 20% of its pre-exploitation value.
The black square indicates harvest rates in the reference year (2015).

viable domain thus refers to the domain ensuring the viability
of the 15 remaining stocks (with a probability of 90%). The
other stock whose viability is threatened under some
scenarios was the eastern stock of pink ling, one of the two
stocks under TAC regulation in our simulations. As shown
by Fig. 3, this stock’s biological viability occurred with a
90% probability for harvest rates below 0.11 year!. It is
worth noting that both Fysy and F5q reference points are
not precautionary with regard to the sustainability of this
stock when one starts accounting for uncertainties regarding
recruitment. Indeed, although the mean spawning stock
biomass of pink ling at maximum sustainabe yield (MSY) is
estimated at 25% of its pre-exploitation biomass, which is
above the 20% limit reference point, there is a more than
10% chance of the stock falling below its limit reference
point when the stock is at MSY, given the range of uncertainty
on recruitment included in our simulations.

Socio-economic viability

Fig. 4 shows the expected value (mean) and 90th percentile
of three economic indicators used to assess the socio-
economic viability of the fishery over the range of management
strategies belonging to the operating domain. Strategies
representing combined values of fishing mortality for pink
ling and flathead that are robust to the inter-annual
variability (second column of Fig. 4) are used to assess the
viability of the fishery. Positive guaranteed net economic
returns (NER) and net wages respectively indicate that the
fishery is able to satisfactorily remunerate its physical and
human capital. The maximum Fisher price index experienced
throughout the simulation period (Fig. 4c, right) decreases as
harvest rates increase, as a result of higher TACs and landings.
Unlike socio-economic viability constraints pertaining to
the harvesting sector, constraints pertaining to its biological

1362

(Fig. 3) and consumption viability thus restrict the operating
domain to the eco-viable space, which is identified by the
thick black line on Fig. 4. Within this eco-viable space, both
the biological and consumption viability of the fishery are
guaranteed with a probability of 90%.

Economic viability can also be assessed at the vessel level
(Fig. 5). The effect of using a dynamic pricing model was to
constrict the operating domain (Supplementary material
Fig. S1). Higher harvest rates, and thus TACs, in the operating
domain allow more vessels to be active in the fishery (Fig. 5a).
Individual vessels that decide to acquire (lease in) quota are
those that expect positive NOS, given the market lease values
of quotas (See Table S3 in the Supplementary material).
However, because their expectations are based on the
previous year’s catch rates and fish prices, economic results
may differ from the expected value. This explains why some
active vessels do not meet the short- or long-term profitability
constraint (Fig. 5b, ¢ in comparison to Fig. 5a). Nonetheless,
the number of viable vessels with regard to each constraint is
correlated with the number of active vessels, and the number
of vessels simultaneously meeting the three viability con-
straints is maximal at the upper-right corner of the eco-viable
space (Max Viab scenario).

Trade-offs within the eco-viable space

Although the fishery currently has several overfished stocks,
including redfish, with the eco-viability framework we seek to
prospectively identify a safe operating space for the fishery,
which is composed of a set of feasible management strategies,
for all the other species. This approach provides options and a
better understanding of potentially conflicting objectives
associated with alternative viable options that can help
further guide decision-making. Several trade-offs pertaining
to the distribution of benefits among vessel owners, crew
members and consumers could be considered here. Whereas
the surplus to vessel owners (i.e. the fishery’s expected NER) is
maximised at the upper-left corner of the eco-viable space
(Max NER scenario, Fig. 4a, left), those of consumers (which
benefit when the Fisher price index is low) and crews (i.e.
expected net crew wages) are maximised at its upper-right
corner (Max Viab scenario — Fig. 4b, left and 4c, left). As
already highlighted, this is also where the number of
economically viable vessels is maximised (Fig. 5).
Trade-offs in Fig. 6 show that maximising NER will
generate A$16.9 million and is expected to increase the
price of fish by 11% compared with 2015, generate A$10.9
million of wages and sustain an economically viable fleet of
26 vessels. Maximising viability (Max Viab), which includes
consumer surplus, crew surplus and fleet size, would decrease
the price of fish by 7% relative to 2015, generate A$11.9 million
of net wages, allow a viable fleet of 31 vessels and generate
profits of A$14.4 million, that is 86% of its maximal value.
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Fig. 4. Fishery’s socio-economic indicators within the operating domain. The first column (left) displays expected values (mean),

whereas the second column (right) displays values with a 90% probability. (a) Net economic returns (NER); (b) net wages; (c) Fisher
price index. The thick black bounding delineates the eco-viable space, defined as the space ensuring biological and economic viability of
the fishery and price acceptability. Dashed lines show stock-specific Fmsy and Fyg reference points. Specific scenarios within the
ecoviable space are also identified: the 2015 fishing mortality rates (black square), the rate maximising the industry’s net
economic returns (Max NER), and the rate maximising the viable fleet size (Max Viab), but which also maximises net crew

wages and minimises the price of fish.

Discussion

This analysis of the eco-viability of the SESSF has shown a
regional socio-ecological operating space (Dearing et al. 2014)
applied to a fishery, in the following three steps: (i) the
inclusion of market dynamics in the development of fisheries
management advice; (ii) the definition of sustainability
thresholds as viability constraints; and (iii) the evaluation
of trade-offs among eco-viable management strategies.

Market dynamics in multispecies fisheries: what
is the added value for management advice?

Using the same simulation framework as adopted here, Briton
et al. (2021) determined achievable catch compositions for
several species pairs in the SESSF and noted significant
room to move in the proportions in which these species are
being caught. In this work, IAM was augmented with the
endogenous representation of fish market dynamics in the
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Fleet economic viability within the operating domain. The plots display the number of viable vessels at a

90% probability: (a) short-term financial viability, (b) long-term financial viability, (c) crew viability. The thick black
line delineates the eco-viable space, defined as the space ensuring biological and economic viability of the fishery as
well as meeting the price acceptability constraint. Specific scenarios within the eco-viable space are also identified:
the 2015 fishing mortality rates (black square), the rate maximising the industry’s net economic returns (Max
NER), and the rate maximising the viable fleet size (Max Viab) but which also maximises net crew wages and

minimises the price of fish.

SESSF. Not only did this allow consideration of the conse-
quences for fish consumers when evaluating management
targets, but it also refined our estimation of the operating
domain of the fishery. Specifically, we showed that typical
market dynamics, with prices decreasing with an increasing
supply, lessen the economic incentives to increase the
landings of under-caught species, hence narrowing down the
operating domain we had obtained under the assumption of
constant prices. In addition to driving individual fishing
strategies, market dynamics also determined overall economic
outcomes of the fishery. In particular, they exacerbated the
divergence of interests between producers and consumers,

as price increases tend to favour producers at the expense of
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the latter. These aspects being of notable interest to decision-
makers, we emphasise the value of adequately capturing
market dynamics in the models used to provide management
advice. Regular updating of the evaluation of market dynamics
is warranted, to enable such analyses to account for the most
recent trends in price responses to changes in fish supply.

Definition of sustainability thresholds

Whereas most eco-viability applications to fisheries have
interpreted economic viability as maintaining positive
fishery profits (Oubraham and Zaccour 2018), we propose
to decompose economic viability into three constraints
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Fig. 6. Socio-economic trade-offs within the eco-viable space.
Variables have been scaled to the maximal value of each viability
dimension within the eco-viable space. The low price index refers to
the inverse of the expected Fisher price index shown in Fig. 4c, left
and is used as a proxy for the impacts of decreases in fish prices on
the surplus of consumers. NER is the expected NER as shown in
Fig. 4a, left, net wages are the expected net crew wages as shown in
Fig. 4b, left and the viable fleet size is the number of vessels simultane-
ously meeting the three viability constraints as shown in Fig. 5.

pertaining to the remuneration of both physical and human
forms of capital. The remuneration of physical capital engaged
in the fishery was addressed at two time scales. First, a short-
term constraint on the operators’ annual gross profits assessed
the ability of producers to cover their annual operating costs
(fixed and variable). Second, a long-term constraint on the
operators’ net profits assessed their ability to cover capital costs
in addition to operating costs. The remuneration of human
capital is also critical to the economic viability of a fishery.
This was addressed by an annual constraint on the FTE wage
of fishing crews.

The work presented here is also, to our knowledge, the first
attempt to incorporate a constraint pertaining to prices paid
by fish buyers in a fishery’s eco-viability assessment.
Including a constraint on fish prices was motivated because
management in the SESSF aims at maximising profits of the
fishing industry and fishery production is primarily
destined to the Australian market. Thus the level of
landings in the fishery is bound to affect the prices paid by
consumers. We used an upper bound on the Fisher price
index for fish landed by the fishery on the basis of price
data from a significant time of change in the fishery. The
fishery’s price index only partially reflects consumer surplus,
which can be compounded by multiple drivers of changes in
the availability and price of substitute and complementary
products external to the fishery (e.g. imported fish (Ruello
2011) or Australian farmed salmon). However, such external

effects were out of scope of the present work, which focused
on assessing the impact for consumers of management
decisions made for the fishery, thus legitimating the use of a
fishery-focused proxy. Further refinements to this approach
could, for instance, aim at estimating price thresholds that
would ensure that products of the fishery remain affordable
for specific social groups.

The identification of thresholds separating safe from risky
evolutions of the system is a critical, and certainly not trivial,
step in the eco-viability approach. Regarding a stock’s
biological viability, for instance, there is no real consensus
emerging from the scientific literature on how to define
reference points for recruitment overfishing. Haddon et al.
(2012) traced the emergence of B,y as a limit reference
point for Australian federal fisheries back to Beddington and
Cook (1983), and the report from Restrepo et al. (1998). They
noted that despite the lack of empirical basis for this value,
actually being a proxy for the $0.5 Bysy reference point, it
has been adopted for the management of Australian federal
fisheries. This limit reference point is therefore more likely
to represent a conventional value people have agreed on at
some point in time, rather than a viability threshold stricto
sensu. Some good practices identified by Sainsbury (2008),
such as limiting unfished biomass to 30%, are appropriate
to maintain ecosystem function and processes, and provide
precaution against stock collapse, and could be considered
to refine the biological thresholds used in viability analyses
of the fishery.

Also linked to biological reference points, we noted that
Fysy is not always a precautionary target in the sense
specified by the Harvest Strategy Policy. Indeed, it can
drive a stock below its limit reference point B,y in more
than 1 year out of 10, if uncertainties regarding recruitment
are accounted for. This is something we observed for the
eastern stock of pink ling in the SESSF and it is not unique
because it has also been reported for hoki in New Zealand,
which contributed to Bysy not being chosen as a management
target for this stock Punt et al. (2014).

From sustainability to trade-offs

Management objectives either take the form of constraints
(referred to as ‘sustainability objectives’) or quantities to
maximise (referred to as ‘maximisation objectives’; Rindorf
et al. 2017). Importantly, Rindorf et al. (2017) found a broad
agreement among stakeholder groups that maximisation
should occur only within the ‘sustainable area’, hereby
highlighting the priority given to sustainability against the
maximisation of any specific objective in real-life manage-
ment situations. The two-step approach that we used here
also prioritises sustainability constraints, and could be used
to operationalise the prioritisation of objectives. First, the
eco-viability approach allows the identification of a safe
control space for the system, respecting minimum stan-
dards with regard to the several pillars of sustainability
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(the ‘sustainable area’ from Rindorf et al. 2017). In this partic-
ular application, we showed that maximising fishery profits is
not an eco-viable trajectory because it breaches both the
biological constraint on pink ling and the threshold imposed
on the price of fish.

Second, we identified the options allowing maximising
particular objectives, and have presented the trade-offs
associated with each of these options. Not only is the knowl-
edge of potential trade-offs essential for informed management
decision-making, but it is also useful to the wider society
because it provides transparency regarding the compromises
underlying decisions. In particular, we have highlighted a
conflict between the surplus of vessel owners and that of
consumers. Our results echoe the work conducted by Pascoe
et al. (2018a) in the SESSF, who showed that accounting for
consumer surplus in the estimation of MEY resulted in a net
transfer of benefits from producers to consumers.

Operationalising EBFM, which includes the triple bottom
line of considerations, requires a range formalised from
specifying operational management objectives, designing a
strategy to achieve the objectives, and testing it (Sloan
et al. 2014; Cormier et al. 2017). A co-viability domain offers
a succinct way of capturing the relation among objectives, and
evaluating trade-offs, usually in a management strategy
evaluation (MSE) framework. Stakeholder engagement is a
critical part of this (Sloan et al. 2014). Although using engage-
ment to define objectives and identify the co-viability domain
does not guarantee a safe biological operating space (Pascoe
et al. 2019), it increases legitimacy of a harvest strategy.
Indeed, not all species met the biological constraints defined
in our analysis, and species triage can itself be a difficult trade-
off to navigate (Gerber 2016).

We also highlighted a divergence of interests between
vessel owners and crew members. The extent to which
these interests differ depends on the remuneration system
of fishing crews. As noted by Guillen et al. (2017), shared
remuneration systems (also called lay systems) have been
commonly adopted in fisheries worldwide, to make crews
capture part of the rent from fishing, hence bringing their
incentives in closer alignment to those of vessels owners.
Such systems, nevertheless, vary in what is shared between
vessel owners and crews. In some cases, crews get a share
of the revenue and costs are born by vessel owners, which
is the usual case in the SESSF. There are also situations where
operating costs such as fuel, bait, ice or the lease of quota are
jointly born by crews and vessel owners. Intuitively, the more
costs are shared, the more the surplus of crews aligns with that
of vessel owners. This is indeed what we see when simulating
a remuneration of crew indexed on the income from fishing
minus variable costs. It is nonetheless important to point
out that both scenarios assume a constant rate for crew
shares, which does not capture adjustments that can be made
by vessel owners to align their remuneration to the labour
market.
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Conclusions

Fisheries management is a complicated activity (Hobday et al.
2019). In addition to ensuring stock sustainability, Australian
fisheries are required to maximise the economic returns to the
Australian community; yet, recent trends in the SESSF have
suggested that the fishery is currently not meeting stakeholder
expectations and objectives. A recent review by Knuckey et al.
(2018) showed that most species TAC were not being caught,
catch rates were not responding to reduced fishing pressure
and previously over-fished stocks were not being seen to
recover. The reasons for this suggested by Knuckey et al.
(2018) are choke species or technical interactions. The SESSF
also lies in a global marine hotspot, one of a range of areas that
have high biodiversity values and are warming rapidly
(Hobday and Pecl 2014; Ramirez et al. 2017). The area is
also a nationally important region for other uses, including
renewable and non-renewable energy production (Briggs et al.
2021; Melbourne-Thomas et al. 2021). As a result, embracing a
full spectrum of sustainability in the management of not only
fisheries, but of multiple uses is needed in the future, as well as
a method of systematic accounting of economic and social
performance, in what is often a biologically focused evalua-
tion process.

We have shown how the eco-viability approach can be used
to identify TAC decisions in mixed fisheries which meet a
multitude of biological, economic and social sustainability
constraints. We have also highlighted how specific trade-offs
may be examined across sustainable (eco-viable) management
options. In particular, we showed that maximising the fishery’s
profits, which figures as the management target in the SESSF,
comes at a cost for crew members and fish buyers.

Supplementary material

Supplementary material is available online.
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