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Abstract :

An individual-based bio-economic model (IAM) is presented and applied to the Bay of Biscay sole
fishery to investigate alternative quota management systems from a multi-criteria perspective. For this
study, the model integrates several institutional arrangements related to catch share management. The
current French co-management system with non-transferability of quota is compared to an alternative
ITQ system in a context of transition to maximum sustainable yield (MSY). Trade-offs between
ecological and socio-economic impacts are highlighted and the effectiveness of governance scenarios
is discussed in regard to the challenge of capacity adjustment. Results emphasize that the introduction
of ITQ is expected to reduce by 40% the number of vessels in the fishery. While effectively mitigating
the economic impacts of the transition phase to MSY, ITQs are also expected to significantly increase
the fishing effort by trawlers, which may cause ecological concerns. The scenarios tested also include
the simulation of a decommissioning scheme where subsequent decommissioned vessels are
significantly different from the vessels that would lease out their quotas in an ITQ system, resulting in
differentiated ecological and socio-economic impacts between scenarios.
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Introduction

Acknowledging the increase of anthropic pressure on fishery resources and the weaknesses of
fisheries management solely based on conservation measures, scholars and public authorities now
widely recognize that rights-based approaches are desirable for providing fishermen with
appropriate incentives for stewardship and sustainability (Grafton et al. 2006; OECD 2006; Hilborn
2007; Allison et al. 2012). Catch share systems, in which individual fishermen, vessels, or producer
organizations (POs) receive a fixed percentage of a yearly total allowable catch (TAC), are the
dominant form of rights-based management institutions (Chu 2009; Jardine and Sanchirico 2012).
While experience on implementation of catch shares in a variety of biological, technological, and
institutional settings has accumulated (Costello et al. 2008; Birkenbach et al. 2017), the literature on
the development of integrated assessments of different catch share designs across the ecological,
economic and social dimensions remains limited, despite this being increasingly demanded for
informing fisheries management decisions (Péreau et al. 2012; Thébaud et al. 2012; Fulton et al.

2014).

Evaluations of potential fisheries management measures are traditionally based on simulations
provided by integrated ecological-economic fisheries models that support policy decision making
(Prellezo et al. 2012; Nielsen et al. 2017). These models have been used to forecast and compare the
implications at aggregated fleet level of different options such as transition to the maximum
sustainable yield (MSY), maximum economic yield (MEY) (Guillen et al. 2013; Merino et al. 2014;
STECF 2015), or analyse trade-offs between management objectives (Mardle et al., 2002).
Management evaluations have also considered impacts of selective devices (Macher et al. 2008;
Raveau et al. 2012), management plans (STECF 2015) and introduction of individual transferable
quotas (ITQs) (Marchal et al. 2011). Impact assessments based on bio-economic models have also
included the management strategy evaluation (MSE) approach (e.g. Holland 2010; Bunnefeld et al.

2011; Ives et al. 2013; Fulton et al. 2014; Punt et al. 2016) where uncertainty associated with the
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observation and implementation of a TAC is traditionally well represented. However, MSEs generally
do not explicitly take into account catch share management systems and disaggregated constraints
at the individual producer level despite their influence on producers’ strategies. Therefore, modelling
frameworks that integrate interactions between resources, uses and governance mechanisms are
needed for the simulation analysis of policy issues (Hopkins et al. 2012; Mongruel et al. 2013). The
analysis should highlight trade-offs between management objectives and compare options against
one another and against the baseline, thereby providing political decision-makers more complete

information to aid with the decision process (Murillas-Maza and Andres 2016; Malvarosa et al. 2015).

This paper presents an individual-based bio-economic simulation model (the IAM model) that was
developed to explore the impacts of catch share management systems from a multi-criteria
perspective including the ecological, economic and social dimensions. It is applied to the Bay of
Biscay common sole (Solea solea) fishery, which is a high-value commercial fishery and one of the
first fisheries where individual quotas were implemented in France. The model explicitly represents
guota management mechanisms according to existing institutional arrangements in the French co-
management system based on POs and a potential alternative ITQ system. This is the first study to
present a model for fisheries socio-ecosystems that integrates such institutional arrangements and
their interactions with the constraints and strategies of producers at the vessel level, which is critical
to better account for the influence of governance systems in the impact assessment of management
options. Therefore, this study contributes to research on bio-economic modelling by demonstrating
the feasibility and relevance of adding institutional arrangements to a previously developed bio-
economic model to address sustainability measures and trade-offs. The approach also contributes to
the literature on assessing different catch share designs by showing the power of an integrated
analysis for undertaking management evaluation across the ecological, economic and social

dimensions.
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The development of such an integrated modelling approach is particularly relevant to address catch
share designs in Europe where advantages or disadvantages of ITQ-based national fishing quota
markets compared to alternative PO-based quota co-management systems have been extensively
debated in the context of the last reform of the common fisheries policy (CFP) (Coelho et al. 2011;
Van Hoof 2013). In France, a PO-based catch share system was effectively implemented in 2006 in a
context of global overcapacity of fishing fleets and increasing constraints on fishing opportunities.
This system is characterized by a historical rights pooling mechanism organized at the PO level and by
the fact that individual quota allocations are non-transferable (Larabi et al. 2013). In addition,
policies for adjusting fleet capacity have relied on limited entry and public-aided decommissioning
schemes (Quillérou and Guyader 2012). However, the European Commission identified heavy
subsidies as one of the main problems of the CFP and thus tends to promote the use of ITQs rather
than public-aided decommissioning schemes to achieve necessary reduction of fleet capacity (CEC
2009). The introduction of ITQs has been mostly rejected by French stakeholders during the
discussions over the last reform of the CFP (Frangoudes and Bellanger 2017). France eventually took
position against the generalization of ITQs (Gouvernement Frangais 2009; p.29) and supported a co-
management system in which POs are responsible for allocating quotas among their members.
However, a report by the national competition authority (Autorité de la concurrence 2015) proposing

ITQs as a potential solution to identified failures of the current system reopened the debate.

While POs effectively play a major role in catch share management in many EU member states
(Aranda and Murillas 2015; Le Floc’h et al. 2015), existing models of EU fisheries do not incorporate
quota management mechanisms as instigated at the PO level. As a result, they do not model the
impacts such governance modes have on producer behaviours and bio-economic performances while
considering multiple and potentially conflicting management objectives. As such, they fail in
providing a good understanding of the complexities in PO-based co-management systems that is

required for an adequate comparison with other governance systems based on market mechanisms.
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A means of overcoming this drawback is to develop innovative bio-economic tools that include the
core processes of catch share management so as to augment the management model and the
harvest control rule (HCR) implementation components of the typical MSE loop (Holland 2010;

Bunnefeld et al. 2011; Punt et al. 2016).

The common sole fishery in the Bay of Biscay

The Bay of Biscay common sole fishery (ICES divisions Vlllab) is one of the most important fisheries in
France. In 2014, it represented more than 360 vessels, 1200 fishermen and total gross revenue of
157 million euros. The fishery is managed by a Total Allowable Catch (TAC) decided at the European
level, of which 91% is allocated to French fleets and 9% is allocated to Belgium beam trawlers.
According to a typology that was specifically developed to study the Bay of Biscay demersal fisheries
(Macher et al. 2011), the French sole fishery is mainly composed of the following fleet segments:
specialized Nephrops trawlers, non-specialized Nephrops trawlers, mixed bottom trawlers, pelagic
trawlers, mixed netters and sole netters (Table 1). In addition to the TAC, the management of the
fishery also includes a total gross tonnage limit and a special fishing permit regulation so that
aggregate capacity cannot increase and must decrease along with vessels’ State-aided permanent
cessation of activity (EC 2006). In other words, fishery exits funded with public money are used to
reduce the fleet capacity (Quillérou and Guyader 2012). Consequently, decommissioning schemes
implemented over the last decade on so-called sensitive fisheries, including sole, have largely
contributed to the decrease of 26% of vessels landing more than one ton of sole between 2006 and
2014. On top of direct aid schemes, the industry also benefits from the overall exemption from fuel
taxes, considered as indirect subsidies and increasingly criticized given the need to reduce

greenhouse gas emissions (CEC 2009; Borrello et al. 2013).

Following high fishing mortalities on sole and risks of collapse in the 2000’s, a CFP management plan

was implemented in 2002. The first step of the plan was to recover the fish stock to precautionary
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biomass limit (B,, = 13000 tons). This objective was achieved in 2008. The second step was to define
multiannual management objectives based on the Johannesburg international objective of achieving
MSY by 2015 (UN 2002), and at the latest by 2020. In accordance with the CFP reform, management
plans should be implemented within a multispecies context where multiple stocks are jointly
exploited (Article 24 of Regulation (EU) No 1380/2013), which is yet to be enacted for the Bay of
Biscay sole management plan. The spawning stock biomass (SBB) peaked in 2009 (15,919 t.) and
decreased afterwards (12,700 t. in 2014) due to the combination of poor recruitment of juveniles and
increased fishing mortality (ICES 2015). The current level of SSB is therefore well below the level of

biomass Bysy needed to produce the maximum sustainable yield, Bysy = 28,800 t.
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Table 1: Description of French fleet-length segments involved in the Bay of Biscay sole fishery in 2014.
“Specialized Nephrops trawlers” and “Non-specialized Nephrops trawlers” are bottom trawlers targeting
Nephrops (Nephrops norvegicus) more and less than 8 months per year, respectively. “Mixed bottom
trawlers” are bottom trawlers that do not specifically target Nephrops. “Pelagic trawlers” dominantly use
trawls that have no contact with the sea bed. “Mixed netters” catch a mix of species using gill nets. “Sole
netters” target sole using trammel nets.

Mean Mean number Total Mean gross
Number Mean .
Length number of  ofdaysatsea landings value of
Fleet of crew per " )
category daysatsea on métiersole  of sole landings per
vessels vessel
per vessel per vessel (tons) vessel (k€)
Specialized  0.12m 14 2.2 174.8 14.1 28.2 260.9
Nephrops
trawlers 12-24m 40 3.4 168.5 10.0 2433 601.5
Non- 0-12m 3 2.0 147.7 52.0 11.7 235.2
specialized 1, 151 18 3.6 99.3 371 1875 624.4
Nephrops
trawlers 18-24 m 8 4.7 104.8 31.8 92.4 869.0
0-10 m 20 1.4 128.2 62.5 54.3 120.5
Mixed 10-12 m 60 2.2 151.1 48.8 206.2 249.3
bottom
trawlers 12-18 m 22 3.3 90.4 28.4 147.1 502.8
18-24 m 5 4.8 70.0 30.6 41.5 655.3
0-10 m 4 2.7 175.8 24.2 10.6 390.1
Pelagic 10-18 m 6 43 162.3 20.3 17.2 670.4
trawlers
18-24 m 8 5.3 113.2 3.5 17.1 1025.5
Mixed 0-10m 16 16 133.9 63.1 222 91.1
netters 10-18 m 7 2.1 139.9 48.9 10.6 121.9
0-10 m 14 2.2 178.4 104.9 61.2 205.6
10-12 m 47 3.2 153.8 104.9 614.1 313.8
Sole netters
12-18 m 39 4.5 112.9 61.7 1031.4 642.0
18-24 m 21 6.1 52.2 26.5 773.6 841.0

Source: DPMA-Ifremer Fisheries Information System (2015)

Management of quotas in France is operated by the administration (regulator) and the producer
organizations (POs) with an increasing role of the POs in the last decade (Larabi et al. 2013). The POs
are groups of harvesters that collectively hold rights to manage their members’ fishing activities. PO
membership is voluntary and a PO as an entity is somewhat geographically-relevant. In the current
French catch share system, national quotas are divided into sub-quotas per PO based on the pooled
historical rights (also known as track records) of the PO members. In 2006, a decree established that
the reference years for the calculation of the share each PO is granted were the years 2001-2003

(JORF 2006). The historical rights of non-PO vessels remain in a common pool managed by the

7
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administration, effectively generating a race-for-fish among non-PO vessels. In 2014, there were six
POs involved in the Bay of Biscay sole fishery (Fig. 1) that accounted for 95% of the landings.
Furthermore, the number of vessels and fleet composition are very uneven across POs (see Table S1

in supplementary material).

Following increasing constraints on their Bay of Biscay sole sub-quotas compared to resource
availability, POs have developed various management systems including individual quotas, each PO
being free to determine their own rules for quota allocation (Bellanger et al. 2016). Management
rules are decided at the board of directors in each PO and can vary from year to year according to
stock abundance and thus to risks of quota overruns or of unbalanced distribution of catch among
seasons or among fleets. In general, POs implement allocation rules in line with two objectives:
optimizing the use of the quota by PO members (catch-quota balancing, avoidance of in-season
market congestion) and minimizing the monitoring costs and the risks of quota overruns. These
allocation rules are based on criteria that vary among POs (e.g. historical landings, gear-based or
equal-sharing rules). In 2014, more than 70% of the sole landings were effectively subject to
individual quotas (Guyader et al. 2014). Besides, POs typically require their members to detail their
fishing activity plan before the start of each year so that each PO can internally use some reallocation
arrangements as part of a collective management of fishing possibilities. Catch-quota balancing
arrangements may also be operated by POs during the fishing season to ensure that quotas of target

species are fully exploited.

In France, marketed transfers of historical rights or quota trades between producers are not allowed
(JORF 1997), not even within POs. More specifically, a PO can reallocate quota from one individual to
another within the PO, but this can only be a collective decision at the PO level. Thus, a transfer of
allocation cannot be done simply with a mutual agreement between two fishermen and, in any case,
cannot involve a monetary transaction. However, vessels can be transferred, and there exists a
certain degree of flexibility in the management of historical rights (Larabi et al. 2013). Over time,

8
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reserves of rights were constituted in POs and at the State level alongside decommissioning schemes,
fishery exits and vessel sells from one PO to another. These reserves of rights are redistributed
according to decisions made within POs or to decisions of a national commission on quotas. POs thus
have a critical role in the governance of French quotas, and the French catch share system can be
qualified as a co-management system as the regulator has given POs important prerogatives and

decision-making responsibilities in terms of managing their sub-quotas.

N UNITED KINGDOM BELGIUM
A nel
S Engﬁsh Chan
FRANCE

‘ Pécheurs de Bretagne

-
national quota

AR @ FROM Sud-Ouest
national quota

(® Pécheurs d’Aquitaine

SPAIN

Figure 1. Map of the Producer Organizations (POs) in the Bay of Biscay in 2014 and distribution of the
common sole (Solea solea) total allowable catch (TAC) and national quota between POs/non-PO common-
pool. Circle size is scaled to the number of vessels operating in the PO (min=93, max=795). Map data
©2005 Wikipedia CC BY-SA 3.0.

Bio-economic modelling for governance scenarios comparison

The bio-economic model IAM (Impact Assessment Model for fisheries management) is used to
perform individual-based simulations with an annual time step. The model is developed in R/C++, the
core of the program being coded in C++ and the interface using the R software environment (R Core

9
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Team 2017) for input and output processing (Merzereaud et al. 2011). The model consists of the
coupling of an operating model with a management procedure (Figure 2). The operating model
classically represents the biological dynamics of fish stocks and the harvest dynamics. It is age
structured to best apprehend the impacts of heterogeneous fleet selectivity on stock dynamics. It
also distinguishes multiple metiers (i.e., groups of fishing operations targeting a similar assemblage of
species, using similar gear, during the same period of the year and/or within the same area and
which are characterized by a similar exploitation pattern; see European Commission Decision
2010/93/EU, Appendix | Chapter 1, p.9) to account for the heterogeneity of the fishing practices
among fleets and vessels, which can operate multiple metiers during the course of a fishing season
(Ulrich et al. 2012). As compared to previous studies that used the IAM model (Macher et al. 2008;
Raveau et al. 2012; Guillen et al. 2013, 2015), the version of the model presented in this paper has
been augmented in a number of ways: (1) the model is vessel-based whereas previous versions were
fleet-based, (2) the short-term behavior module dictating individual efforts and catches per metier
now includes effort allocation dynamics driven by a combination of tradition and economic factors,
(3) a long-term behavior module that determines the adjustment of fleet capacity based on the
outputs of the economic module was developed to account for investment decisions, and (4) the
management procedure now integrates several institutional arrangements related to catch share
management. As opposed to most bio-economic fisheries models used for impact assessment
(Nielsen et al. 2017), here the management procedure is not limited to a simple harvest control rule.
It includes individual quota allocations following the quota pooling and reallocation mechanism
operated by POs. It also integrates a module that mimics the management of historical rights related
to fishery exits. In addition, the simulation of a decommissioning scheme and the simulation an ITQ

lease market can optionally be activated in the management procedure.

The combination of the operating model with the management procedure enables the simulation of

the constraints and behaviour of fishermen at the individual level and their interactions through
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quota market and fish stocks. The model can be used to evaluate the impacts of various
management options and investigate the trade-offs between ecological, economic and social
objectives. The model considers the following dimensions: species s, age group a, fleet f, metier m,

vessel i, and year t.

A typical time step starts with the distribution of catch share from the TAC to national quotas, to PO
sub-quotas, to individual quotas, including allocations according to PO internal rules. For each vessel,
the short-term behaviour model dynamically distributes fishing effort across metiers, with a feedback
loop considering potential PO reallocations if the anticipated individual quota surplus is positive. Under
the hypothesis of full exploitation of PO sub-quotas for a given species, multiple iterations of this loop
(PO reallocations, individual quotas, short-term behaviour model) may be necessary until individual
quota surplus is null for all vessels. Then the core components of the bio-economic model determine
catches, stock dynamics, and economic variables. At the end of the time step, the long-term behaviour
model dictates vessel entry/exit decisions and is linked to a historical rights management module that
endogenously influences the distribution of catch shares for the next time step. While the essential
features of the model relevant to the current study are summarized below, detailed equations are fully

reproduced in online supplementary material.
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Fig. 2: Flowchart of the main processes run at each step of the model. Decommissioning schemes and
individual transferable quotas (ITQ) can be (dis)activated as scenario. Equation numbers refer to
equations included in this manuscript. HCR, harvest control rule; PO, producer organization.

Resources

Biological model

The stock dynamics of species s are age structured to account for a variety of exploitation patterns

by age and by vessel. It follows the Beverton and Holt (1957) equations:

— . p—Z
Ns,a+1,t+1_Ns,a,t e “sat (1)

with:
Ng ¢+ the number of individuals of species s of age a in year t
Zg ot the total mortality, equal to the sum of natural mortality M, . and fishing mortality
Fs,a,t-

The spawning stock biomass (SSB) is given by:
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SSBs,t = Z Mats,a : Ns,a,t *Wsa (2)
a

with:
Wg o the mean weight at age a in the stock, assumed to be constant over the simulation period

Mat ,: the proportion of mature individuals at age a.

In line with ICES methodology (ICES 2015), the recruitment is assumed to be constant over the

simulation period for this study.

Harvest dynamics

Effort and catches

Landings of species s, by vessel i and metier m, L; s ,,, +, are calculated using the Baranov equation:

F, i,s,am,t

Ns,a,t (1- e_Zs’a’t) (3)

Li,s,m,t = 7
s,at

where the fishing mortality F; ., of species s by age, vessel, and metier is calculated as the
product of a catchability coefficient q; s 4 ¢ and the effort E; , ;, the catchability coefficients being
computed according to the initial effort and catch per metier of each vessel and the initial fishing
mortality per age to account for particular selectivity profiles at the vessel level (Macher et al. 2008).
Additionally, F; g, can be corrected by a discard factor and Zg ,; accounts for discard survival
rates. We see from eq. 3 that L; ¢ ,,, » depends not only on the individual fishing mortality but also on

the total mortality so that agents effectively interact through stock externalities.

Economic model

The gross value of landings by vessel and metier is calculated from the landings by species and
metier, the ex-vessel price p; (., of species s (assumed to be constant by fleet*metier), and a gross

revenue of other “non-modeled” species by metier assumed to be constant by unit of effort

13
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(GVLytherm) a@s in Raveau et al. (2012) and Gourguet et al. (2013). The total gross value of landings of

ir (the vessel i belonging to the fleet f) is thus the sum of the gross value of landings by metier:

GVLif,t = Z (Z ps,f,m-Lif,m,s,t + GVLother,m> (4)
s

m

Denoting cshrif the crew share of the gross revenue after deduction of variable costs, the crew costs

(Ccrewif‘t) and the vessel gross operating surplus (T[if,t) are then calculated as follows:

Ccrew;,, = cshry. (GVL,-f‘t — Z CvarUE; m .Eif,m_t> (5)
m

Mipe = (1 - cshrl-f) . (GVL,-f‘t — Z CvarUE; .Eif,m,t> — Cfixi (6)
m

with CvarUE;, m the variable costs (including fuel costs) per unit of effort by metier and Cfixif_t the

fixed costs. The variable costs are considered linearly dependent on the fishing effort (data analyses
of the variable costs have been conducted on different samples to estimate variable costs as
quadratic functions of the effort as suggested by Clark (2006) and used in Péreau et al. (2012);

however, variable costs were found to be proportional of the effort in most cases).

The net present value of the net profit at time horizon T, considering a discount rate r, is then

computed as the sum of discounted net profits over the discounting period:
T 1
(T _ R .
NPVl'f,to - Z (1 + r)(t_to) ' (T[lf,t Ccaplf,t) (7)
t=to
with Ccapif‘t the cost of capital depreciation.

Short-term behaviour model

The model simulates the short-term dynamics of fishing activity in terms of individual effort per
metier. The modelling of fishermen’ behaviour often considers the choice of metier as driven by a

14
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combination of tradition and economic factors (Soulié and Thébaud 2006; Marchal et al. 2009, 2011).
Besides, quota availability of target species Q; ¢4+, and individual maximum effort E; 5, constrain
the choice of fishermen. The short-term behaviour model that we developed combines an effort
allocation module and an effort determination module that are built in endogenously. The effort
allocation module distributes the individual efforts per metier according to the short-term
anticipated marginal profits and to the efforts observed during the previous year. The effort
determination module adjusts individual efforts with the production function (eq. 3) with constraints

on landings (L;g¢+1 < Qj¢+1) and on maximum effort.

In order to keep the description of the model simple, let us consider the case where there are two
metiers (Met1 and Met2), and one species (s) subject to binding quotas. We further suppose that s
is a target species for Met2 (so that individual landings constraints apply) whereas it is a bycatch for
Metl. Let @ and 1 — a be the relative weight given to anticipated profit and traditions, respectively.
We also define E%‘;‘_’fﬂ the anticipated effort on metier m if 100% of the individual allocation Q; g +4+1

is used on metier m:

E.
FMAX imt
I Qi,s,t+1-L— (8)
i,s,mt
For each vessel i:
£ BEMAX Tim=Met1,t SMAX T m=Met2,t
- i B memet1e+1- 5, < Enimetzir1- ot then
im=Met1,t im=Met2,t
Ei,m:Metl,t+1 = (1 - a)'Ei,m=Met1,t (9)
£ BEMAX Tim=Met1,t SMAX T m=Met2,t
- i EimEmetre+1- 5, > Emimer2 i1 5o, then
im=Met1,t im=Met2,t

(10)

Eim=merr,t+1 = Eim=merr,t T X Eimopeers
where Timet = (1 - CShri)- (Zs ps,f,m-Li,m,s,t + GVLother,m)-

If « =1, fishing behaviour is entirely driven by the short-term anticipated marginal profit and the

effort on Metl is set to 0 if Met2 is more profitable (eq. 9) or set equal to the total effort observed
15
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316

during the previous year if the Met1 is more profitable (eq. 10). If @ = 0, the effort on the Met1

remains constant throughout the simulation.

Effort allocation on Metl imposes a constraint of available effort for Met2 (E;m=pet2tr1 <
E; max — Eim=met1,¢+1)- The determination of individual effort for Met2 thus depends on the profit-
traditions weighting (eq. 9-10) via the maximum effort constraint but also on a landings constraint
because Met?2 targets a species that is subject to binding quota. E; ;= etz ¢+1 is therefore such that:

{Li,s,m=Met2,t+1 = Qi,s,t+1 - Li,s,m:Metl,t+1 if Ei,m:MetZ,t+1 < Ei,max - Ei,m:Metl,t+1 (11)
Eim=met2,t+1 = Eimax — Eim=met1,t+1 otherwise

where L; ¢ ¢4 is determined according to the Baranov production function (eq. 3). Eq. 11 is a
constrained optimization problem and the solution Ej,,—pet2¢+1 (that depends on the total
mortality Zg ; +4+1) is simultaneously found for all i with a convergent iterative process similar to the

method of Lagrange multiplier.

Long-term behaviour model

The long-term fleet dynamics relate to investment and disinvestment decisions that affect the
capacity of the fleets. In the model, we consider that vessel entry/exit decisions depend on
profitability and potential imperfect malleability of capital as suggested by the theory (Clark et al.
1979). Previous revenues are used as a proxy of potential earnings. An investment module
representing fleet-level entry decisions, similar to the one described in Garcia et al. (2012), has been
developed, but was excluded for this study as the CFP management plan for the Bay of Biscay sole
fishery prevents increasing capacity. For fishery exits, the model represents disinvestment decisions
at the vessel level and distinguishes fishery exits without public aids from fishery exits supported by
public aids as part of a decommissioning scheme (see Eq. 16). Without public aids, ir exits the fishery

before the start of step t + 1 if:

16
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GVL¢ — Cfix, r — X CvarUE, 1 By — Ccrew, “w 12)

GVL,. i

where w; € [0,1] is a parameter that represents capital malleability for the vessel i, i.e. whether
investment is reversible in terms of vessel resale value for capital when exiting the fishery (with

w; = 0 corresponding to perfect malleability).

Institutional arrangements

Harvest control rule

The TAC can be either exogenously given, or dynamically modified based on the output data
generated by the biological model as part of the management procedure. One such decision rule that
we modelled is the determination of a TAC such that the expected fishing mortality is consistent with
achieving MSY (i.e. stock exploitation at Fjsy) as assumed in the ICES advice procedure. Using the

same variable notations as in eq. 1-3, the TACy;sy is computed as follows:

F,
F. x Fusy F
sat-1 " F g —(F oy X EMSY Ly t)
TACS’t = E T S, . Ns,a,t (1= e se Fgrq 5% (23)
@ Fs,a,t—l X Fst—1 + Ms,a,t

where Fg 1 = Yo Fsae-1-

Catch shares

The ‘institutional arrangements’ sub-model makes explicit the distribution of the TAC among
member states, the allocation of collective sub-quotas to POs and individual allocations to producers.
Let FLEET be the entire fleet, i.e. the set of all vessels i. For a given Total Allowable Catch in year t

(TACj ), the sub-quota Q) + allocated to the producer organization j, is given by:

=2003
Ziej 25:2001 Li,s,r

Qjst = — X TAC (14)
) ZiEFLEET Z;:%ggi Li,S,‘L’ *
with L; ¢ ; the historical landings of vessel i in year 7.
17
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Initial allocation of catch share to producers is then:
Qise = @ls. X Qjse, Vi € j,Vj € FLEET (15)
where <;bijs‘t is the allocation key used by the producer organization j, ¥;¢; ¢ijjs‘t = 1.

Decommissioning schemes

The simulation of a decommissioning scheme can be considered as part of the management
procedure. In that case, the decision rule implemented is similar to the one presented in Guyader et
al. (2004). Suppose a vessel i is eligible to a decommissioning premium Prem, .. It is assumed that
the decision at the individual level depends on the net present value of the gross operating surplus at
year horizon T and the discounted replacement value of the vessel. Thus, on condition of eligibility to

a decommissioning scheme, ir exits the fishery before the start of step t + 1if:

Repvy r

Prem; . > NPV") + (16)

(14 1)T0

with Rep”ifr the replacement value of vessel i¢ that can be estimated according to the PIM method

(IREPA Onlus coordinator 2006).

Historical rights management

In France, although historical rights are non-tradeable among producers, the historical landings track
records attached to scrapped vessels can be transferred to some reserves of historical rights that
were created at the national and PO levels alongside decommissioning schemes. These reserves are
critical for quota management as they increase the POs’ collective quotas, and the benefits of
decommissioning schemes can be heterogeneous if the proportion of eligible vessels varies across
POs. The details of these arrangements (e.g. the shares of historical rights attached to the scrapped
vessels transferred to the national and the PO reserves according to whether decommissioning is

associated with premiums) are quite complex and have evolved over years (JORF 2014; see décret n°

18
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2014-1608 du 26 décembre 2014, articles R921-44 and R921-45 for current regulation). The
mechanism describing the transfer of historical rights to reserves associated with the

decommissioning of vessel i, member of the PO j, can be formalized in a generic manner as follows:

[ 7=2003
| RspMPaate .— Rsv;, + POShri.< 2 LLS,T>

1S
T=2001
T=2003 (17)
Rsv:ggsate = RSUpq s + NATshrl-.< Z LLS‘T>
7=2001

with
Rsvjs: the reserve of PO j
Rsvp 4 s the national reserve
POshr;: the share of historical rights transferred to the PO reserve
NATshr;: the share of historical rights transferred to the national reserve
POshr; + NATshr; = 1, Vi

update
and where Rsv'?

dat
i s (resp. Rsy Peate

nats ) i the new value of Rsv;s (resp. Rsvyq ) after transfer.

Then the historical landings of vessel i are set to 0 and the vessel is considered as definitively
decommissioned (i.e. it exits the fleet and the PO):
Lis;=0,7 €2001,2002,2003
FLEET,,, == FLEET\{i} (18)
Jer1 = Je\ i}
where ji is the set of vessels that are member of the PO j at time t. The sub-quota Q;, s, defined in

eq. 14 then becomes:

7=2003
Yicjeqq 2ur=2001 Lisz + RSVj s
7=2003
Yi€FLEET y Ht=2001 Lisz + 2j RSV) s + RSUnar s

QJ',S.HI = X TACs 141 (19)

PO reallocations

19
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383

To ensure that quotas of target species are fully exploited, a reallocation mechanism within POs can
be considered when the anticipated individual quota consumption is less than 100%. We denote by
m = target the metier that targets the species s managed with individual quotas (E; m=target,: 1S
thus the control variable that the model adjusts to try to obtain L; s = Q; 5¢). Defining the landings

per unit of effort LPUE; s ,, + as

Li,s,m,t
LPUE; s m¢ = E (20)

im;t

and the anticipated individual quota surplus QiA,s,t+1 as
A -
Qi,s,t+1 - Qi,s,t+1 - Z Eimps1- LPUE g,
m#target

(21)

E?/IAX _ 2 Ei,m,t+1 . LPUEi,s,m:target,t

m#target

the reallocation mechanism operates as follows: for each vessel i of the PO j, if QiA,s,t+1 > 0 then

= : A update ,__ A Qi,s,t+1
V1 € jiqq such that Q5,01 <0, Qisir1 = Qistr1 T Qisprrv
Zi Qi,s,t+1 (22)
update ,__ A
Qi,s,t+1 = Qi,s,t+1 - Qi,s,t+1

update

it+1 isthe new value of Q; ., after reallocation. Note that the variable QiA,s,t+1 is fixed by

where Q
eq. 21 and is not updated by the procedure defined with eq. 22 so that {i Ejt+1|Q£S_t+1 > 0} and
{iejt+1|QiA_s_t+1 < 0} are two distinct sets of vessels. This reallocation can be run after the

adjustment of effort by vessel on the other metiers (eq. 9-10) to ensure full exploitation of target

species quotas.

Individual transferable quotas

The simulation of the ITQ lease market integrates the Baranov catch equation of the bio-economic

model so that interactions among individual agents are taken into account via stock externalities. Let

20
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384 Qi s+ be the initial quota of species s allocated to vessel i. The quota lease market is described by the

385  following constrained optimization problem:

386 Vi determine E;,, , such that
ITQ [ % _ ITQ
Tt (Eime) = MAXT; (Eim,e)
(23)
subject to Z Z Lismt = 2 Qist
i m i
387 with
nl{;?(Ei,m_t) = (1 — cshrif) Z (Z Psfme-Lisme — CvarUEif_m .Ei,m_t>
m S

(24)

- pg}tota. (Z Li,s,m,t - Qi,s,t) - Cfixif,t
m

388  where the price of one unit of quota pg_?om is unknown and must be adjusted such that supply and

389 demand coincide in a context of individual profit maximization. Since for each vessel the individual
390 effort needed to reach a given objective in terms of landings depends on the efforts of all the other
391  vessels (eq. 3), it is in fact a multi-dimensional problem whose complexity increases with the number
392  of vessels. To avoid the difficulties related to multi-dimensional solving, the problem can be
393  transformed into an iterative process involving successive one-dimensional optimizations and
394  convergent key factors correction. This transformation allows using standard linear programming
395 routines to efficiently find a solution. The convergence procedure used to determine pf_?om under

396 constraints is:

p©@ =p,
vk >0,
(25)
p(k) = p(k_l) + A (ZL Zm(l‘i,s,m,t(k) - Qi,s,t(k)))
Pg,?om = p(k)’ k s.t p(k) - p(k_l) <é& & ZiZm(Li,s,m,t(k) - Qi,s,t(k)) <&
21
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where 1,&,&, > 0 are set to ensure a balance between quick convergence and precision of
estimation. The price of quota and the individual efforts can then be derived simultaneously with a
nested iterative procedure aimed at achieving double convergence. As the costs and the production
function are assumed linear, solutions are corner solutions for each individual vessel that will either
lease in quota to be able to fish until its maximum effort or will lease out its own quota. If there are
multiple metiers, a ‘lease-out vessel’ typically leases out the entire share of its quota not dedicated
to metiers for which species s is a bycatch, so that a share of the quota apportioned to cover bycatch

may be retained for the vessel to maintain a fishing activity on a metier that does not target s.

Scenarios for the impact assessment of alternative catch share systems

Three distinct management scenarios for the Bay of Biscay sole fishery were analyzed according to a
set of multi-criteria indicators using simulations performed with the bio-economic model integrating
the ‘institutional arrangements’ sub-model. These scenarios were determined so as to reflect some
of the potential options supported by different stakeholders. To make a meaningful comparison, the
initial individual catch share allocations operated by POs are consistent across the three scenarios

and are proportional to landings of reference. Common hypotheses across scenarios also include:

- Bay of Biscay sole TACs are set such that the stock is exploited at Fysy

- full exploitation of Bay of Biscay sole quotas (supported by the fact that landings have
systematically reached the TAC in recent years)

- no restriction on landings of other species (no choke species preventing the exploitation of
sole quotas)

- short-term fleet dynamics defined by eq. 8-10 that represents potential seasonal activity

intensification
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- long-term fleet dynamics relating to disinvestment decisions defined by eq. 12 and the
mechanisms replicating the transfer of historical rights of scrapped vessels to reserves (eq.
17-19)

- impossibility of investment in new vessels, which relates to the CFP management plan for the

Bay of Biscay sole fishery that prevents increasing capacity.

Quota co-management Baseline (BA) scenario

This first scenario corresponds to the current co-management system of sole quota where each PO
operates the redistribution of its collective sub-quota among its members according to its own rules
and individual allocations are assumed non-transferable. With this scenario, the aim is that almost all
vessels remain active as fishery exit is only considered for vessels that are non-profitable (eq. 12).
Reallocation mechanisms (eq. 21-22) are included to simulate the collective management of quotas

operated by POs.

Quota co-management Decommissioning Scheme (DS) scenario

In this second scenario, we consider a co-management catch-share system similar to the BA scenario
(including the non-transferability of individual allocation and the quota reallocation mechanism) with
the additional postulate that the State operates in year t = tP5 a publicly funded decommissioning
scheme (without constraint on funding availability) to reduce the fleet capacity. We assume that the
decision of staying or decommissioning is instantaneous at the start of the year tPS (eq. 16). The
transfer of historical rights associated to vessels decommissioning (eq. 17-19), typical of the French
co-management system, is of particular importance in this scenario since it determines how the

quotas of decommissioned vessels are redistributed among the remaining vessels.

Individual Transferable Quotas (ITQ) scenario

In this scenario, each individual vessel is granted a share of the TAC that can then be traded on a

quota lease market (eq. 23-25). We make the assumption that the Bay of Biscay sole is the only
23
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species that can be traded. The aim of this management option is to address issues of excessive fleet
capacity with market instruments (as opposed to using public money like in the DS scenario) and

maximize the fleets’ profitability in a context of transition to MSY.

Parameters and model initialization

The reference year used for parameterization is 2014 and the simulations were run over the period
2015-2025 for a selection of 359 individual vessels that have caught more than 1 ton of sole in the
Bay of Biscay in 2014. TACs were determined as follows:

- Real TACs for 2015 and 2016

- Simulated TACs between 2017 and 2025 such that the fishing mortality is equal to

Fysy = 0.26
Bay of Biscay sole (Solea solea) and Nephrops (Nephrops norvegicus) biological dynamics were
explicitly included in the model. Inputs for short term predictions performed by ICES (ICES 2015)
were used to parameterize fishing and natural mortality, stock numbers and weight at age in the
biological sub-model (see Table S18 in supplementary material for parameter values). Accordingly,

the recruitment was assumed constant and equal to the geometric mean on years 1993-2012.

Effort and production data in tonnage and value by vessel and metier were calculated from the
SACROIS data source which is an algorithm crossing multiple existing data sources (auction halls,
logbooks, dealer reports) to provide the best possible estimation of effort and production by vessel
at the trip level (source: IFREMER/Fisheries Information System/DPMA). Economic data on variable
cost per unit of effort and fixed cost structure were available for a sample of vessels in 2013 (see
Table S19 in supplementary material for average cost structures by sub-fleet and length class) and
were then estimated by vessel for 2014 according to their sub-fleet and length class (the sub-fleet

and length class segmentation is identical to the one used in Table 1). Ex-vessel prices of sole and
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Nephrops by commercial grade were assumed to be constant and were calculated on year 2014 for

each intersection of sub-fleet, length class, and metier.

As a simplifying assumption we consider that each vessel plans its fishing activities by choosing
among two metiers:

“sole metier”, corresponding to the fishing activity that targets sole

“other metier”, corresponding to the fishing activity where sole is not targeted and considered a

bycatch.
Fishing mortality by metier is parameterized at the vessel-trip level using a criterion that was
specifically determined for the Bay of Biscay dermersal fisheries, defining a fishing trip as targeting
sole when sole represents more than 6% of the trip landings in weight and Nephrops represents less
than 10% (ICES 2015). Individual efforts on sole metier are control variables of the bio-economic
model that can be endogenously determined to achieve a given fishing mortality. Individual efforts

on other metier are initialized based on the reference year.

PO affiliations (membership) and historical landings were obtained with the actual database that was
used for the French administration to determine the allocation of catch shares to POs. The
distribution keys used by POs for the initial allocation of individual quotas to vessels are assumed
proportional to the landings of reference L; ¢—goi¢t=2014- Regarding the transfer of historical rights
associated with fishery exits, we assume that the share transferred to the PO reserve is POshr; = 1

for all vessel i that have PO membership whereas non-PO vessels are such that NATshr; = 1.

A number of empirical studies have estimated that traditions tend to prevail upon economic drivers
in fishermen individual choices related to their fishing activity (Holland and Sutinen 1999; Marchal et
al. 2009, 2013). In keeping with the empirical estimates that can be found in Marchal et al. (2013),
we set the relative weights given to balance anticipated profit and traditions to @ = 0.2 and
1 — a = 0.8 respectively, i.e. the individual effort on other metier can vary up to +20% at each step

t. The capital malleability parameter w; is assumed equal to 0.05 for all i. As recommended by
25
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Lebégue et al. (2005) for the evaluation of public projects in France, a discount rate of r = 0.04 is

assumed for the computation of the net present value (eq. 7) and disinvestment decisions (eq. 16).

For the parameters that are relevant to the DS scenario, we set tPS = 2017 and Prem;, is
calculated using the same method as in decommissioning schemes that have been implemented in
various fisheries in France over the last decade (e.g. see https://www.legifrance.gouv.fr/
affichSarde.do?idSarde=SARDOBJT000007105189). The premium scale is reproduced in Table S20

(supplementary material). The time horizon considered in eq. 16 is T = 20 years.
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Multi-criteria indicators for impact assessment

The impact assessment multi-criteria analysis aims at rating the different management options
proposed in terms of ecological, economic and social sustainability. The analysis that we carried out
follows the general prescriptions of the EU guidelines (EC 2009), and the selected criteria are inspired
by the impact assessment methodology developed in the framework of the European research
project SOCIOEC (Malvarosa et al. 2015) and applied in Bay of Biscay management plan evaluations
(STECF 2015). For each of the ecological, economic and social sustainability dimensions, the
assessment procedure consisted of the following steps: selection of a small set of relevant indicators;
description of the evolution of the situation under the baseline scenario; quantitative measure and
comparison of the relative effectiveness of alternative management scenarios using the baseline as
reference point. Long-term impacts were evaluated using the end year of the simulation period
(2025) and transition phase impacts were measured on the first year where the simulated TAC was
based on Fy5y (2017). Most of the selected indicators can be straightforwardly calculated from the
output of the model.

Alongside stock status and carbon footprint indicators, selected proxies for ecological sustainability
also include fishing effort and trawling energy effort. Although fishing effort may not be a relevant
proxy for impacts on habitats for all types of fisheries, fishing practices targeting sole or other
demersal fish (living on the seabed) have some impacts on the seabed such as the displacement and
suspension of bottom sediments, thus perturbing benthic habitats to some extent (Kaiser et al.
2003). In particular, trawling can cause physical impacts on the seabed and disturbance in benthic
ecosystems (Jennings et al. 2001; O'Neill and Ivanovi¢ 2016), which motivates the use of trawling
energy effort, measured as the engine power in kW multiplied by the fishing time of trawlers, as an
indicator for ecological impacts.

Criteria for economic impacts include the net present value of net profits and an indicator of

economic viability (Gourguet et al. 2016; Murillas-Maza and Andres 2016), measured as the
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proportion of vessels having a positive gross operating surplus. Additionally, the evolution of revenue
inequality in the fishery was considered by means of the decomposability property of the Theil index
that can be used to compute the contributions of different fleet segments to the total revenue
inequality (see supplementary material for a detailed definition of the Theil index and its additive

decomposability).

Social sustainability is evaluated with indicators related to employment and social acceptability. For
the purpose of the analysis, employment hours are measured as the sum over all vessels in the
fishery of the yearly number of hours at sea per metier and multiplied by average crew per metier.
Variations in employment hours are identical to variations in full time equivalent (FTE) employment
as those two proxies only differ by a scalar. Average yearly and hourly wages are used to evaluate
acceptability. In addition, time at sea is used as a proxy for drudgery of work, which is supported by
the fact that long working hours at sea generally induce sleep disturbance, increased fatigue causing
more accidents, isolation from family, friends and social life, and long-term consequences for health

(Allen et al. 2006; Hgvdanum et al. 2014).

Results

Evolution under the quota co-management baseline (BA) scenario

The baseline co-management scenario toward MSY resulted in a limited decrease of the number of
vessels (-4% on the simulation period; see Fig. 3) and thus in the conservation of the fleet structure in
general. In this case, fishery exits were disinvestment decisions due to negative profits and vessels
that left were decommissioned without premium. This scenario achieved satisfactory ecological
objectives in general including the rebuilding of the sole and Nephrops stocks (Fig. S2 in
supplementary material) and the reduction of impact on habitats and carbon footprint. The total
fishing effort first decreased by 31% between 2014 and 2017 due to decreasing TACs, and then was

approximately constant until 2025 while the TACs were in fact increasing, which means that SSB
28
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recovery induced higher landings per unit of effort (Fig. 5a). The total trawling energy effort
decreased by 33% between 2014 and 2017, and then only slightly increased between 2017 and 2025
(+7%) (Fig. 5b). Not surprisingly, the total fuel consumption followed an analogous path (Fig. S5 in

supplementary material).

From an economic sustainability perspective, the primary concern was the economic viability of the
fleet in a context of overcapacity and transition to MSY. The total gross operating surplus of the
fishery decreased by 27% between 2014 and 2017 due to decreasing TACs (Fig. 6a). The economic
viability of the fleet hit its lowest point in 2017 with 7% of vessels having a negative gross operating
surplus that year (Fig. 6b). The fleetwide gross operating surplus then increased between 2017 and
2025 together with SSB recovery and increasing TACs. The cumulative net present value of fleetwide
net profits throughout the simulation period was 202 million €. The total economic inequality
between vessels slightly increased between 2014 and 2017 and was constant after (Figs. S8 and S9 in
supplementary material). The decomposition of the inequality by fleet (Fig. S9a) revealed that the

main contributors to the inequality increase between 2014 and 2017 were the Nephrops trawlers.

Employment hours first decreased by 32% between 2014 and 2017 and then slightly increased
between 2017 and 2025 (+5%) but remained significantly lower than their initial level (Fig. 7a). The
average time at sea followed a similar trajectory (Fig. 7c). Contrastingly, the average hourly wage per
crew increased from 18 €/h to 28 €/h over the simulation period (Fig. 7d) so that the average yearly
wage per crew in 2025 was greater than its 2014 level (+20%) despite the reduction of the time at
sea. Therefore, these results suggested that the socio-economic benefits expected from MSY
exploitation were mostly directed to enhance wages rather than the number of jobs in the fishery.
Additionally, the salary increases appeared to be accompanied by a moderate augmentation of the
total inequality among vyearly wage per crew (Fig. S10 in supplementary material). The
decomposition of this inequality by segments indicated that this was due to increased inequality
between fleets and more heterogeneous wages within the larger-scale vessels length classes (see Fig.
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S11 in supplementary material). Since most vessels remained active in this scenario, changes in fleet

composition and territorial impacts were minimal.

Trade-offs achieved under the quota co-management decommissioning scheme (DS)

scenario

In the DS scenario, the simulated decommissioning scheme resulted in the exit (with premium) of 61
vessels that were constituted of 12-18 m trawlers for the most part (Fig. 4a). In contrast, only a few
sole netters were expected to leave the fishery within this decommissioning scheme. As the
discounted replacement value of vessels at the end of the discounting period was not very significant
for most vessels, the main drivers of the individual decision to stay or leave were the net present

value of the expected gross operating surplus and the decommissioning premium.

Overall, the DS option performed better than the BA option on ecological indicators (Table 2).
Particularly, the total fishing effort and trawling energy effort were decreased (-10% and -16% in
2017, respectively). The DS scenario also achieved better economic efficiency than the baseline as
the net present value of profits over the whole simulation period was increased by 6% (Table 3). The
economic viability of the fleet was improved during the transition phase (+7% in 2017). In addition,
the economic inequality was decreased (-7% compared to the BA scenario in the year after the
application of the decommissioning scheme), this reduction being mostly associated to distributional
changes in the trawler fleets (Fig. S9c in supplementary material). This result can be explained by the
fact that the vessels that exited the fishery with a decommissioning premium were essentially vessels
with poor economic performances, so that the vessels that remained in the fleet were somewhat

more homogenous in terms of revenue.

Social impacts of the DS scenario included lower employment hours in the fishery than in the BA
scenario (-10%) but higher average yearly wage (+13%) (Table 4). Wage inequality was also

marginally decreased, particularly within the mixed bottom trawlers fleet (Fig. S11c in supplementary
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material), as a result of the decommissioning scheme. Therefore, the effectiveness of the DS scenario
in the social dimension was contrasted between lower employment hours and improved wage
conditions. In addition, changes in fleet composition in this scenario mainly concerned the

decommissioning of 12-18 m trawlers that essentially operated in the north of the Bay of Biscay.

Trade-offs achieved under the ITQ scenario

In the ITQ scenario, supplier or buyer vessels depended on the marginal profit per kg of sole
compared to the equilibrium price of the quota (see Figs. S6 and S7 in supplementary material).
Depending on the year, between 39% and 46% of vessels leased out their individual quota of sole.
The main suppliers were the sole netters and the specialized Nephrops trawlers, whereas the main
buyers were the mixed netters and mixed bottom trawlers (Fig. 4b). Therefore, it appeared that
highly specialized fleets had a lower willingness to pay than mixed fleets for which acquiring more
quotas of sole increased the possibilities to catch a mix of species that included sole. Additionally,
most vessels that leased out their quota of sole maintained a fishing activity on an “other metier”
(these vessels are referred to as ‘active lease-out vessels’, as opposed to ‘inactive lease-out vessels’

that stopped their fishing activity completely).

As the final distribution of quota according to the ITQ option was essentially shifted from sole netters
fleet to the trawlers fleets that had an exploitation pattern less selective of smaller individuals, the
sole SSB recovered less quickly than in the co-management options (Table 2). Ecological sustainability
proxies also indicated that ITQ would induce greater carbon footprint and impacts on habitats due to

increased fishing effort by trawlers.

The management of quotas through ITQs appeared to be the most economically efficient option both
in the short and long terms (Fig. 6a). As compared to the baseline, the ITQ scenario increased the
gross operating surplus of the fishery by 69% during the phase of transition to MSY and by 33% the
net present value of profits over the whole simulation period (Table 3). This significant increase was
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mainly driven by quota transfers from netters to trawlers that made it possible for less-specialized
fleets to increase their fishing effort and profits as acquiring additional quota also allowed them to
catch their by-products that represented a large part of their gross revenue. Economic impacts also
included increased inequality between vessels after the introduction of ITQs (+25% in 2025).
According to the decomposition by fleet, it appeared that this was mainly due to an increase in
inequality within the sole netters and, to a lesser extent, within the mixed bottom trawlers (Fig. S9e
in supplementary material). It was also notable that inequality increased within all length classes (Fig.
S9f), which suggested that small-scale and large-scale vessels were all concerned with this issue in

the ITQ scenario.

As regards social sustainability indicators, the ITQ scenario leads to higher employment hours and
average yearly wage, but this is mostly related to a higher time at sea per year (Fig. 7; Table 4). In
fact, average hourly wage is lower than in the other scenarios. In addition, wage inequality greatly
increase due to distributional changes in the sole netters and mixed bottom trawlers fleets (see Fig.
Slle in supplementary material). In terms of territorial impacts, the larger-scale sole netters (> 10
m), which essentially operate in the south of the Bay of Biscay, are the predominant fleet segments
leasing out their quotas to Nephrops trawlers and mixed bottom trawlers. Therefore, the
introduction of ITQs could potentially induce a shift of activity in the fishery from the south to the
north of the Bay of Biscay as well as a change in the nature of the work itself since operating on a

trawler is quite different to operating on a netter.
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decommissioning scheme (DS), and individual transferable quota (ITQ) scenarios. In the ITQ scenario,
most vessels leasing out their quota of sole maintain a fishing activity on an ‘other metier’; these vessels
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out vessels” are vessels leasing out their quota of sole while maintaining a fishing activity on an ‘other
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Table 2: Assessment of ecological impacts of the decommissioning scheme (DS) and individual
transferable quota (ITQ) scenarios evaluated against the baseline (BA). Numbers in the “DS vs BA” (resp.
“ITQ vs BA”) columns are relative differences between indicator values for the DS scenario (resp. ITQ
scenario) compared to the baseline. SSB, spawning stock biomass.

Transition phase (2017) Long-term impacts (2025)
Indicator
DS vs BA ITQvs BA DS vs BA ITQ vs BA

SSB sole (t) +0% +0% +0% -8%

Stock status SSB Nephrops (t) +0% -3% +5% -9%

Landings sole (t) +0% +11% +0% +2%

Impacts on  Fishing effort (h/year) -10% +36% -10% +33%

habitats -

proxies Trawllng(lt(acvehr)gy effort 16% +53% 15% +52%

Carbor'w Fuel consumption 11% +41% 1% +38%
footprint (L/year)

Table 3: Assessment of economic impacts of the decommissioning scheme (DS) and individual
transferable quota (ITQ) scenarios evaluated against the baseline (BA). Numbers in the “DS vs BA” (resp.
“ITQ vs BA”) columns are relative differences between indicator values for the DS scenario (resp. ITQ
scenario) compared to the baseline.

indicat Transition phase (2017) Long-term impacts (2025)
ndicator
DS vs BA ITQ vs BA DS vs BA ITQ vs BA
G (o] ti
Profits ross bperating +15% +69% 7% +27%
Surplus (€)
Economic Cumulative net
efficienc present value of Net +6% +33%
¥ Profit (€)
Economic Gross Operating o o o o
viability Surplus > 0 (% vessels) 7% 6% 2% 2%
Theil index applied to
Economic gross value of landings 7% +23% 5% +25%

inequality (entropic distance
from perfect equality)

Table 4: Assessment of social impacts of the decommissioning scheme (DS) and individual transferable
quota (ITQ) scenarios evaluated against the baseline (BA). Numbers in the “DS vs BA” (resp. “ITQ vs BA”)
columns are relative differences between indicator values for the DS scenario (resp. ITQ scenario)
compared to the baseline.

. Transition phase (2017) Long-term impacts (2025)
Indicator
DS vs BA ITQvs BA DS vs BA ITQ vs BA
*
Employment Crew * hours at sea 10% +23% 10% +18%
hours (h/year)
Average yearly wage +13% +41% +13% +34%
per crew (€/year)
Average hourly wage +8% 4% +10% 4%
(€/year)
A tabilit
ceeptablity Time at sea (h/year) +7% +35% +6% +30%

Wage inequality: Theil
index applied to yearly -12% +94% -5% +97%
wage per crew
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Sensitivity analysis

We performed a sensitivity analysis to examine the effects of alterations in parameter values on the
trade-offs achieved in each scenario. We focused on sensitivity to two key parameters, namely the
profit-tradition weight a and the capital malleability parameter w, which are related to short-term
and long-term dynamics, respectively. We considered a € {0.05,0.10,0.20,0.40,0.80}, the base-
case parameter value being a@ = 0.20 which was set according to empirical estimates found in
Marchal et al. (2013). The base-case value for the capital malleability parameter was w = 0.05, and
values tested ranged from w = 0, in which case all vessels that had negative profits at the end of a
time step exited the fishery, to w = 0.20, which corresponded to a situation where investment was
hardly reversible in terms of vessel resale value for capital and almost all vessels stayed in the fishery.
Table 5 shows the effects of changes measured as deviation from base-case values of global fishing
effort and gross operating surplus for each scenario separately. Additional results of the sensitivity
analysis for fuel consumption and average hourly wage are provided in supplementary material (Figs.

$12 and S13).

Overall, results of the simulations were robust to changes in values of parameters a and w, which
showed that outcomes were more influenced by the management interventions defined in each
scenario than by parameter values of the short- and long-term behaviour models. Observed changes
in SSB and total landings were negligible (less than 1% deviation compared to base-case values) as
the harvest control rule was not directly impacted by alterations of & and w. The most significant
impacts on fishing effort and gross operating surplus were observed for greater alterations of «
(Table 5). In the short term, the greater the weight given to profit in effort allocation, the more
fishing effort and surplus increased. In the long term, individual efforts on “other metier” tended to
converge towards either zero or maximum effort, yielding an equilibrium effort allocation. For values
of a less than 0.1, the rate at which effort allocation can shift from one metier to another was not

high enough to reach equilibrium by the end of the simulation period, which explains why results
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observed for 2025 did not follow the same trend across all values of @. Moreover, while changes in a
affected outcomes in all three scenarios in the same way (depending on the indicator, either positive
or negative deviations across all scenario), alterations of w tended to have opposite effects on
different scenarios (e.g. setting w = 0.20 increased the fishing effort in the BA scenario and
decreased it in the DS scenario). In addition, indicators were somewhat more sensitive to changes in
a than in w, suggesting that short-term dynamics had more influence than long-term behaviours on
the outcomes of the model (Figs. S12 and S13 in supplementary material). Nonetheless, the main
driving forces behind the results appeared to be the different institutional designs of the
management procedure as the trade-offs achieved in each scenario were not significantly changed

by varying parameter values.

Table 5: Results of the sensitivity analysis, shown as deviations from base-case values of global fishing
effort and gross operating surplus. o is the effort allocation parameter (profit-tradition weight); w is the
capital malleability parameter (disinvestment dynamics). Scenarios: BA, baseline; DS; decommissioning
scheme; ITQ, individual transferable quotas.

Fishing effort Gross operating surplus
Parameter values Scenario (h/year) (€/year)

2017 2025 2017 2025

0.20 0.05 Co-management BA — — — —
EJZse—calse ;‘Ja(:)ametler v)a/ues Co-management DS — — — —
ITQ — — — —

Co-management BA -3% -3% -7% -3%

(x=0.05; w=0.05) Co-management DS -2% -3% -5% -2%
ITQ -2% -1% -5% -2%

Co-management BA -2% -1% -4% -1%

(¢=0.10; w = 0.05) Co-management DS -2% -1% -3% -1%
ITQ -2% 0% -3% -1%

Co-management BA +2% -1% +6% -2%

(x=0.40; w = 0.05) Co-management DS +2% -1% +4% 2%
ITQ +2% -1% +4% -2%

Co-management BA +1% -3% +6% -3%

(x=0.80; w =0.05) Co-management DS +5% -3% +4% -5%
ITQ 0% -7% +2% -6%

Co-management BA -3% -3% +5% +2%

(a=0.20; @ =0.00) Co-management DS 0% 0% 0% 0%
ITQ -1% -1% +1% +1%

Co-management BA +2% +3% -3% -2%

(a=0.20; @ =0.20) Co-management DS -1% -1% +1% 0%
ITQ +1% +1% -1% -1%
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Discussion

The results from our analysis indicate that, regardless of the catch-share design considered,
exploiting the Bay of Biscay sole at MSY would allow significant rebuilding of sole and Nephrops
stocks, which is consistent with findings from previous studies of the Bay of Biscay mixed fisheries
showing that committing to MSY management objectives could achieve considerable increase in SSB
(Guillen et al. 2013; STECF 2015). Nevertheless, the results of the simulations show differentiated
impacts between the three management options for the Bay of Biscay sole quotas and reveal trade-
offs between ecological, economic and social performances for each option. Interestingly, 70% of the
vessels decommissioned with premium in the DS scenario are vessels that actually lease in quota in
the ITQ scenario (see Table S21 in supplementary material). This result shows that the introduction of
ITQs would provide new possibilities to some vessels that would otherwise seize the opportunity of a

decommissioning premium in a system without transferability.

Similar to the bio-economic simulation analysis of decommissioning schemes developed by Guyader
et al. (2004), our model considers expectations of vessels over a discounting period but it is also
partly myopic in the sense that it does not integrate that vessels might expect improvement of the
net present value of their profits related to dissipation of congestion externalities. Despite this
drawback, the consequences of the decommissioning scheme simulated in this study are in line with
what has been observed in a number of buyback programs worldwide, including reduction of fishing
capacity, rebuilding of fish stocks, and increased economic efficiency (Holland et al. 1999; Groves and
Squires 2007). Notwithstanding improved performances induced by the scheme, the legitimacy of
subsidies granted to the fishing industry is debatable (CEC 2009). In our analysis, the total cost of the
decommissioning scheme presented in the DS scenario is 15.2 million euros. In comparison, annual
average fuel tax exemptions in the ITQ and DS scenarios are 26.1 and 17.5 million euros, respectively
(see Table S22 in supplementary material). Thus, the cost of the decommissioning scheme is less than

the difference between the ITQ and DS scenarios in fuel tax exemptions for two years. While this
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outcome is specific to our case study and do not apply to ITQ programs in general, this underscores
the necessity to readdress the question of fuel tax exemptions that appear to be in contradiction
with the need to reduce greenhouse gas emissions (Borrello et al. 2013). Although not investigated in
this analysis, removing fuel tax exemptions in the ITQ scenario would presumably induce a shift of
the quota demand toward less energy-consuming fleets, thereby improving the ecological
performance of this option while reducing the level of indirect subsidies. Alternatively, introducing a
limitation on quota transfers (e.g., Strauss 2013) from netters to trawlers in the design of the ITQ

program would likely generate a similar effect.

The quota market simulated in this study is assumed to be a quota lease market whereas most ITQ
programs also allow for permanent transfer of quota shares (Holland 2016). In turn, fleets’ dynamics
related to long-term behaviour of fishermen, i.e. changes in the level of capital investment, in a
quota lease market situation are very limited and thus expected consequences of capacity
adjustment were not fully assessed (Ngstbakken et al. 2011). Nevertheless, quota concentration
phenomenon, which is one of the expected effects of implementation of an ITQ market as described
in the literature (Squires et al. 1998; Arnason 2002) and underlined as a potential undesirable shift by
a number of stakeholders fighting against implementation of ITQs, still occurs in a quota lease market
(Pinkerton and Edwards 2009; Van Putten and Gardner 2010). Our simulations suggest that we could
expect about 40% of vessels leasing out their quota, a result somewhat comparable to empirical
evidence found in the literature (e.g., Hamon et al. (2009) and Abbott et al. (2010) observed -35% of
vessels in the Tasmanian rock lobster fishery and -58% of vessels in the Bering Sea crab fisheries a

few years after the introduction of ITQs, respectively).

Further developments could be considered as there are a number of assumptions and limitations
that can potentially impede the realism of the model and scenarios as it stands. First, the
parameterization of the initial allocation of catch shares was assumed proportional to the landings of
reference, which could significantly differ from allocation keys used by POs in reality (Guyader et al.
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2014). The model could easily incorporate allocation rules that vary depending on the PO. The
difficulty lies in the fact that these rules are not necessarily made public by POs and that they may
change from one year to another depending on quota availability, which makes it challenging to
include as input of the model. With the push to make quota allocation decisions more objective and
transparent under Article 17 of the CFP (EU 2013), publicly available documentation on the methods
and criteria used by POs for quota allocation may be demanded by authorities, thereby clarifying the
guota management of POs. This information could be highly beneficial to the parameterization of the
model and to the exploration of additional management scenarios. Then an interesting extension of
the model presented in this paper would be to consider POs as agents influencing the dynamics of PO
membership and endogenize voluntary changes of PO internal rules used for quota management and
distribution among members (Guyader et al. 2014), which could be addressed through discrete-

choice modelling (Girardin et al. 2017).

Regarding the ITQ simulations presented in the analysis, the changes observed in the distribution of
the quota among fleets and the significant increased fishing effort by vessels using non-selective
gears are an inherent consequence of considering the implementation of a quota market for only
one species in a mixed fishery context. Compared to fleets that are most dependent on sole, non-
specialized fleets have a higher willingness to pay for additional sole quota in order to be able to
catch their by-product that represent a large part of their gross revenue (in reality, considering
possible legal or illegal discarding practices may mitigate this result and alter the final distribution of
the ITQ). To the contrary, sole netters that are very selective and dependent on sole have strong
incentive to lease out their quota in our ITQ simulation. These results are highly dependent on the
level of aggregation considered to model the joint production function and the single-species quota
market represented in the model. In another way, Little et al. (2009) modelled a multispecies ITQ
market and found significant declines in fishing effort, similar to experiences in many fisheries that

have moved to ITQs (Grafton et al. 1996).
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In this study, the IAM model is used as a deterministic simulation tool to investigate alternative
guota management options for the transition to MSY in the Bay of Biscay sole fishery. This type of
approach where no stochasticity is applied is useful to identify the main drivers of the results in a
scenario analysis (Bartelings et al. 2015) and avoid situations where uncertainty makes it impossible
to discriminate the impacts of different management measures (Drouineau et al. 2006). The
sensitivity analysis indicates that our results are robust to changes in key parameter values related to
the behaviour of fishers. However, the model ignores resource variability and thus does not take into
account the consequences of uncertainty for achieving management objectives (Simons et al. 2014;
Punt et al. 2016). This issue was not addressed in the current study because of the high demand for
computational resources required by the combination of individual-based modelling and the Baranov
catch equation. Considering the necessity of using an individual-based model rather than a fleet-
based one to account for individual constraints on the behaviour of fishers, an alternative could be to
use a model with a simpler catch equation based solely on biomass (e.g. of the Schaeffer or Cobb-
Douglas type, rather than the Baranov catch equation where individual fishing mortality also
depends on total mortality), thereby ignoring interactions among vessels through the resource but
making it more feasible to introduce stochasticity in such an individual-based modelling approach

(Bastardie et al. 2013).

The paper demonstrates the value of an integrated simulation analysis for revealing trade-offs
between conflicting management objectives and informing fisheries management decisions.
Including institutional arrangements involving POs, such as the management of catch shares,
historical landings track records and internal reallocations, into the model allowed improved
comparability of PO-based co-management systems with market-based systems. Besides, simulating
the constraints and strategies of producers at the vessel level is also critical to better assess the
impacts of alternative management options. Although the results and policy implications are specific

to the Bay of Biscay sole fishery, this contribution demonstrates the feasibility of using such an
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approach in a real-world situation and will hopefully help improve the bio-economic methodologies

used for impact assessment of catch share designs and lead to broader applications.

Although informative in terms of quantifying the trade-offs between management objectives, the
analysis did not reveal any win-win-win scenario among those tested. This suggests that neither the
current institutions nor the introduction of an ITQ market are likely to make such solutions emerge.
As suggested by Burgess et al. (2017), the focus should be on the design of institutions, which should
be goal-oriented to maximize the chances of finding solutions that improve outcomes in all three
sustainability dimensions simultaneously. This underscores the relevance of integrating institutional
arrangements into bio-economic modelling frameworks to better understand the potential impacts
of management options and inform institutional design, although this does not ensure finding win-
win-win management options. To this end, the (co-)viability approach, aimed at identifying feasible
paths toward desirable objectives within a set of ecological, economic and social constraints, offers
interesting insights (Martinet et al. 2007; Péreau et al. 2012; Thébaud et al. 2014; Gourguet et al.
2016). However, bio-economic viability simulation modelling approaches have not fully integrated
the impacts of management systems on fishermen individual constraints yet, which could be an

interesting subject of research considering the push to develop integrated multi-objective tools.
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