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Abstract

This paper deals with the sustainable management of a renewable resource
based on individual and transferable quotas (ITQs) when agents differ in terms of
harvesting costs or catchability. In a dynamic bio-economic model, we determine
the conditions under which the manager of an ITQ system can achieve sustain-
ability objectives which simultaneously account for stockrenewal, economic effi-
ciency and maintenance of fishing activity for the agents along time. We use the
viability approach and more specifically the viability kernel to handle such a fea-
sibility problem. We show that the capacity for the manager to set viable manage-
ment strategies based on fixing Total Allowable Catch (TAC) limits simultaneously
depends on the degree of heterogeneity of users in the fishery, the current value of
the stock and its dynamic features. To quantify this, we alsocompute the maximal
number of active (viable) agents for a given set of agents anda given stock. It is
shown how this number decreases with heterogeneity of involved agents while it
increases with the stock. A numerical example illustrates the whole results.
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1 Introduction

Numerous stocks of renewable resources are under extreme pressure worldwide. Nowhere
is this more obvious than in marine fisheries (Garcia & Grainger, 2005). A key reason
for this is the common pool status of marine fish stocks, whichin the absence of dedi-
cated access regulations, leads to the existence of incentives for fishing firms to invest
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in fishing capacity beyond levels which would be efficient at the collective level (Gor-
don, 1954). This often results in increased pressure on regulating agencies to accept
higher exploitation rates of fish stocks, sometimes beyond sustainable levels. This has
led major to the recognition that access regulations are an indispensable complement to
the usual conservation regulations for guiding resources use towards more sustainable
paths that respect ecological, economic and social goals (FAO, 2008).

Total Allowable Catch (TAC) limitations have been used extensively as conser-
vation measures in fisheries management, as a way to keep annual harvest of fish
resources to levels ensuring the long term sustainability of fish stocks and fisheries.
These approaches have however proved insufficient to ensurethe economic health of
fisheries, since with no prior allocation of catch possibilities between fishers, race for
fish conditions led to encourage short-term economic views,driving fishers to contin-
ually increase their fishing capacity and leading to economic inefficiency at the scale
of fisheries (Kompaset al, 2004). Restricting access to fisheries and allocating shares
of the TAC as secure harvesting privileges to fishers has beenproposed as a way of
solving this problem (Graftonet al, 2006; Branch, 2008). Assigning harvest rights is
expected to create an incentive for fishers to minimize the cost and effort associated
with catching their TAC share while at the same time choosingfishing strategies that
maximize their revenue (Graftonet al, 2006). With costs and fishing abilities varying
among fishers, the addition of transferability of individual quotas (ITQs) allows fish-
ers to choose between continuing to fish, or transferring (bysale or lease) their quota
holdings to other, more efficient, fishers. ITQs thus offer a decentralized method of
allocating catch possibilities within fisheries which should promote efficient resource
use (Clark, 1990). Reviews of the experience with ITQs in fisheries have shown that
they are increasingly being used, and that there adoption was associated with improved
status of fish stocks and levels of catches.

In contexts where excess capacity in the fishery exists, an expected effect of intro-
ducing ITQs is that fishing capacity should decrease as catchprivileges are transferred
to the more efficient fishers (Kompas & Che, 2005). Although anexpected (and to
some extent sought for) impact, it has turned out to be one of the key points of de-
bate on the opportunity and effectiveness of ITQ approachesto access regulation in
fisheries (Pinkerton & Edwards, 2009). Indeed, an immediateconsequence of allow-
ing individual quotas to be transferred in contexts where excess capacity existed was
a rapid reduction in the nominal fishing capacity, as measured by, e.g. the number of
registered vessels and fishermen in a fishery1, but also of the number of active fishers
and firms. The resulting concentration of fishing privilegesin the hands of smaller
groups, and reduced size of fishing activities in coastal areas have been considered as
an important social consequence of management schemes in which ITQs have been
adopted (Copes, 1986). This social dimension has indeed become one of the first and
foremost debated dimensions of moving to tradeable catch privileges in fisheries. In
some cases, these expected social impacts are considered important enough that they
will outweigh the expected ecological and economic benefitsof the regulations, lead-
ing to the feasibility of their implantation being questioned. The EU consultation on

1In a number of cases, however, this was shown to merely reflectthe eradication of idle capacity and
fishing licences.
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rights-based fisheries management in the new common fisheries policy illustrates this
point.

There have been several approaches to modeling ITQs in fisheries, ranging from
analytical approaches based on simplified models of a fishery(Clark, 2006) and Linear
Programming approaches (Lanfersieck & Squires, 1992), through models that use nu-
merical simulation (Dupont, 2000; Guyader, 2002; Guyader &Thebaud, 2001; Little
et al, 2009). Despite the fact that social considerations may have a strong influence
on the possibility for policy makers to adopt ITQs as access regulation measures, these
have only rarely been explicitly included as an objective ora constraint in the tradi-
tional bio-economic modeling approaches. Guyader & Thebaud (2001) considered the
impact of social factors regarding distributional issues in determining participation of
fishing firms in a fishery and the associated quota market. However, little work has been
done on the interaction between the social objectives and the economic and biological
objectives which a policy maker may pursue in an ITQ setting.

The aim of this paper is specifically to address the tradeoffsbetween the conser-
vation, economic efficiency and social objectives in an ITQ managed system. To deal
with this question, we develop a dynamic bio-economic modelbased on weak invari-
ance method (Clarkeet al, 1995) or viable control method (Aubin, 1991). This method
focuses on inter-temporal feasible paths, and aims at identifying the conditions that
allow desirable objectives or constraints to be fulfilled over time, considering both
present and future states (Baumgartner & Quaas, 2009; Beneet al, 2001). The method
does not strive to identify optimal paths. It is well known that optimal control mod-
eling for the sustainable management of renewable resourcecan be criticized because
it may imply what some have called dictatorship of the futureover the present (Heal,
1998) and favor exhaustion of a resource stock as shown by Clark (1990). The viability
approach offers an another way to deal with the sustainability by ensuring minimum
levels of key state variables in a fishery at each period in time, assigning an equal weight
to every period. As emphasized in DeLara & Doyen (2008), viability is closely related
to the maximin (Rawlsian) approach with respect to intergenerational equity. Viability
may also allow for the satisfaction of economic, social and biological constraints and
is, in this respect, a multi-criteria approach. It has been applied to renewable resources
management and especially to fisheries (see, e.g. Beneet al(2001)), but also to broader
(eco)-system dynamics (Curyet al, 2005). Relationships between sustainable manage-
ment objectives and reference points as adopted in theICESprecautionary approach are
discussed in?. Here the viability framework allows us to exhibit the conditions under
which a manager can achieve economic, social and biologicalobjectives in a fishery
managed under ITQs, considering both present and future states of the renewable re-
source system.

The paper is structured as follows. Section 2 is devoted to the description of the dy-
namic bio-economic model together with the profitability and social constraints. Sec-
tion 3 provides the results related to the maximum number of viable active users with
respect to the level of the resource. The last section concludes.
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2 The bio-economic model

2.1 The resource dynamics

A renewable resource is described by its state (e.g. biomassor density)x(t) ∈ IR at
timet. When the amount removed or caughtQ(t) is at the beginning of each time step,
the dynamics of the exploited resourcex(.) is given by the escapement function:

x(t + 1) = f(x(t) − Q(t)). (1)

where the dynamics off is supposed to be continuous, increasing and zero at the origin.
Since the amount caught cannot exceed the resource stock, a scarcity constraint holds:

0 ≤ Q(t) ≤ x(t). (2)

2.2 The ITQ market:

At the beginning of each periodt, a regulator allocates a total allowable catch (TAC)
among then agents. The supply of quota isQ(t) =

∑n

i=1 Q−

i (t) whereQ−

i (t) is the
initial amount of quota given to agenti andQi(t) the amount of quota held by agent
i after trade. We assume that quotas can freely be traded on a lease market and that
inter-temporal trade of quotas is not allowed2. The demand for quota is derived as the
sum of the optimal amount of harvest of then agents,H∗(t) =

∑n

i=1 H∗

i (t). The
quota market clearing condition is given byQ(t) = H∗(t). Agents are assumed to be
price takers in the output market. The quota price is denotedby m(t) and the price of
the resource byp. The quota demand of an agent is obtained by maximizing its profits
with respect to its effortEi(t) under the constraint that its amount of harvestHi(t) is
equal to its quota demandQi(t):

Πi(Ei(t), x(t)) = pHi(t) − Ci(Ei(t)) − m(t)(Hi(t) − Q−

i (t)) (3)

The harvest function and the quadratic cost function are given by

Hi(t) = qiEi(t)x(t) (4)

Ci(Ei) = c0,i + c1,iEi +
c2,i

2
E2

i (5)

whereqi is the catchability constant andc0,i, c1,i andc2,i the cost parameters. Assum-
ing for a while that the optimal effort of agenti is positive, it is solution of

E∗

i (t) ∈ arg maxΠi(Ei, x(t))

We obtain the individual effort of agent i

E∗

i (t) =
1

c2,i

((p − m(t)) qix(t) − c1,i) (6)

2The question of the original allocation of ITQs is beyond thescope of the paper.
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and its amount of harvestH∗

i (t). The demand of quota is the sum of harvest across all
agents

H∗(t) =

n
∑

i=1

H∗

i (t) = x(t)

[

(p − m(t))x(t)

n
∑

i=1

q2
i

c2,i

−
n

∑

i=1

c1,iqi

c2,i

]

Setting

α =

n
∑

i=1

q2
i

c2,i

; β =

n
∑

i=1

c1,iqi

c2,i

we obtain
H∗ = x(t) [(p − m(t)) x(t)α − β] (7)

From the quota market clearing condition, the equilibrium quota price is

m∗(Q(t), x(t)) = p −

Q(t)
x(t) + β

x(t)α
(8)

If a positive quota demand exists, then a unique quota pricem∗(Q(t), x(t)) should
exist such thatm∗(Q(t), x(t)) ∈ [0, p[. When the quota pricem(t) is greater than
the product pricep, the demand of quota will be null. The positivity condition on
m∗(Q(t), x(t)) implies a state-control constraint

x(t)(px(t)α − β) ≥ Q(t) (9)

From the scarcity constraint (2), we deduce the stock constraint

x(t) ≥
β

pα
.

2.3 Social constraint:

The model so far shows the conditions which are needed to maximize the economic
return of the fishery. For the purposes of managing for the triple bottom line, man-
agement must also consider social and biological constraints. As shown by Beneet al
(2001), the existence of an economic viability constraint in a fishery leads to the identi-
fication of a stock viability constraint, as a minimum stock size is required to maintain
sustainable levels of catches and rent above their viable level. In an ITQ system, where
the initial situation is one of excess capacity, one may observe a reduction in the num-
ber of participants leading to social disruption beyond acceptable levels. To account
for this, a social constraint may thus be introduced on the management decisions. An
extreme approach to this is that the policy ensures that alln agents initially present re-
main active in the fishery. This will allow the levels of economic impacts associated to
the fishery (in terms e.g. of employment on board vessels and land-based activity, and
the induced upstream and downstream effects) to be maintained over time. Formally,
we introduce a participation constraint representing the fact that ideally, when adopting
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a management approach, a policy maker would like to be able tokeep all the fishers
active:

E∗

i (t) > 0, ∀i = 1, .., n, ∀t = 0, 1, . . . , T (10)

Substituting the value ofm∗ given by (8) in the optimal effortE∗

i given by (6) leads

Q(t)
x(t) + β

α
> max

i

c1,i

qi

= λ (11)

This participation constraint for all users implies a condition on the ratioc1,i/qi for the
less efficient user. If we denote by

Fpar = αλ − β ≥ 0 (12)

the stock mortality rate associated to participation requirements, the previous constraint
(11) reads

Q(t) > Fparx(t). (13)

Bringing together equations (9) and (13) gives the following inequality

Fpar <
Q(t)

x(t)
≤ αpx(t) − β

From the previous condition, we derive a critical stock threshold denoted byxlim as

x(t) >
Fpar + β

αp
=

λ

p
= xlim (14)

Note that such stock constraint also reads

x(t) > sup
i

c1,i

pqi

= sup
i

xoa
i

wherexoa
i is the stock size at bionomic equilibrium with open access for the less effi-

cient useri (Clark, 1990). Hence maintaining all fishers active in a fishery will require
that the stock be maintained at a level that is higher than thelevel at which the least
efficient fisher would stop fishing.

3 Results

Based on the above model of the fishery and set of constraints,we consider the case in
which a policy maker must decide on a set of TAC policies whichensure that the fishery
will respect these constraints. We use the concept of viability kernel to characterize
the sustainability of the system. This kernel is the set of initial stock sizes for which
an acceptable regime of quotas exists and satisfies the constraints put forward in the
previous section. Viable quotas are derived from the viability kernel whenever it is not
empty.
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3.1 Viability kernel.

The dynamicsx(t + 1) = f(x(t) − Q(t)) has to be combined with

• The stock constraint (14) namelyx(t) ≥ xlim,

• The social or participation constraint (13) orQ(t) > Fparx(t),

• The economic constraint (9) namelyQ(t) ≤ (pαx(t) − β)x(t).

According to the values ofFpar and the associatedxlim, several cases can be dis-
tinguished. We also need to introduce the notationσ(x) for the sustainable (steady3)
yield function as

h = σ(x) = x − f−1(x).

It is convenient to also introduce the ”sustainable” (againsteady) mortality rate
Flim related to stock levelxlim

Flim =
σ(xlim)

xlim

.

It gives the following proposition for the viability kernel.

Proposition 1 Assumef is continuously increasing andσ(x)/x is decreasing. We
obtain

• If Flim < Fpar then no viability occursViab = ∅.

• If Fpar < Flim then the viability kernel is nonempty and defined by

Viab =]xlim,∞[.

The case of no viability is related to the social or participative objective. The mor-
tality rate required to ensure a positive effort for the lessefficient user is too high with
respect to the sustainable mortality rate associated to thestock constraint. The favor-
able case consists in an efficient trading which allows for the participation of the whole
users is possible despite their heterogeneity.

3.2 Viable quotas.

We derive the following proposition for the viable quotas which depend on the structure
of costs, catchability of the agents together with population dynamics.

Proposition 2 Assumef is continuously increasing andσ(x)/x is decreasing. Assume
that Fpar < Flim. Then, for any stockx within the viability kernelViab =]xlim,∞[,
viable TAC controls lie in the interval (non empty)

Q(x) ∈]Fparx, FPA(x)x[

3In the sense thatf(x − σ(x)) = x.
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where precautionary mortality rateFPA(x) is defined by

FPA(x) = min

(

αpx − β, 1 −
f−1(xlim)

x

)

It turns out that several quota policies may exist, that allow distinct strategies and
trade-offs between the biological aims of stock conservation and the economic aims of
rent maximisation, while also respecting the social constraint. The set of quota policies
can be rewritten as

Q(x) = (ωFparx + (1 − ω)FPA(x)) x

with 0 < ω < 1. Low value ofω refers to an ecological and conservation viewpoint
since it favors the resource. High value ofω promotes catches and rent. Mix-strategies
can also be implemented.

3.3 Number of active agents

When the viability kernel is empty namelyFpar > Flim, the policy maker knows that
it will not be feasible to respect the social or participating constraint for all agents
and maintain the less efficient users active in the fishery, given the stock levelx and
the heterogeneity amongst users. His problem can be re-castin terms of the maximal
number of viable users denoted byn∗(x) that the system could allow to remain active.
This maximal number of viable agents is defined as follows

n∗(x) = max (a ∈ {0, . . . , n} | x ∈ Viab(a))

whereViab(a) means the viability kernel associated witha ≤ n agents supposed to be
ranked according to

c1,1

q1
≤

c1,2

q2
≤ . . . ≤

c1,n

qn

Through Proposition 1, we can characterize such maximal number of active player
through the adaptation of critical thresholdsFpar(a), xlim(a) andFlim(a). They need
to be defined as follows











Fpar(a) = α(a)λ(a) − β(a)

xlim(a) = λ(a)
p

Flim(a) = σ(xlim(a))
xlim(a)

with

α(a) =

a
∑

i=1

q2
i

c2,i

, β(a) =

a
∑

i=1

c1,iqi

c2,i

, λ(a) = max
i=1,.,a

c1,i

qi

We deduce the following proposition.
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Proposition 3 Assumef is continuously increasing and andσ(x)/x is decreasing.
Then

n∗(x) = max

(

a ≤ n| xlim(a) < x andFpar(a) ≤ Flim(a)

)

Whenevern∗(x) is strictly positive, it is then feasible to ensure a positive effort for
then∗(x) users through the quota policies defined in Proposition 2. The set of quota
policies is expanded as

Q∗(x) = (ωFpar(n
∗(x))x + (1 − ω)F ∗

PA(x)) x

where upper viable or precautionary quotaF ∗

PA(x) correspond to:

F ∗

PA(x) = min

(

α(n∗(x))px − β(n∗(x)), 1 −
f−1(xlim(n∗(x)))

x

)

We can show how the number of active agents depends positively on resource stock
and negatively on heterogeneity of agents.

4 Conclusion

This paper addresses the problem of the sustainable management of a renewable re-
source based on individual and transferable quotas (ITQs) when agents differ in terms
of harvesting efficiency. Through a quota policy, we have been able to determine the
conditions under which a manager can achieve both ecological, economic and social
objectives along time. In a dynamic bio-economic model, we have identify a maxi-
mal number of agents, viable resource states and possible TAC policies to sustain a
constraint of positive effort for all the users.
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