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One of the main goals stated in the proposals for the Common Fisheries Policy (CFP) reform was achieving
maximum sustainable yield (MSY) for all European fisheries. In this paper, we propose a fishing rights
allocation mechanism or management system, which specifies catch limits for individual fishing fleets to
implement MSY harvesting conditions in an age-structured bioeconomic model. An age-structured model
in a single species fishery with two fleets having perfect or imperfect fishing selectivity is studied. If
fishing technology or gear selectivity depends on the relative age composition of the mature fish stock,
fixed harvest proportions, derived from catchability and bycatch coefficients, is not valid anymore. As a
result, not only the age-structure and fishing technology but also the estimated level of MSY is steering
the allocation of quota shares. The results also show that allocation of quota shares based on historical
catches or auctioning may not provide viable solutions to achieve MSY.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

In European fisheries, maximum sustainable yield (MSY) has
not been achieved for all economically valuable fish stocks. Ac-
cording to Facts and Figures on the Common Fisheries Policy,
only 11 fish stocks in the Atlantic shoreline and 21 fish stocks
in the Mediterranean are fished at MSY [16]. Most of the other
fish stocks remain outside safe biological limits and are overfished
[11,12,16,23]. This implies that the provision of sustainable fish
stock levels, which is one of the most important environmental
objectives of the Common Fisheries Policy (CFP), has not yet been
achieved in European fisheries. There is a consensus in the Euro-
pean Union (EU) on the medium term benefits of implementing
MSY on environmental, social and economic sustainability. There-
fore, achievement of MSY for all fish stocks has become prominent
as one of the main topics within the scope of CFP reform proposals
[14]. However, it is not easy to put the concept of MSY into prac-
tice. Thus, the goal of MSY has not been accomplished for more
than 30 years in European waters.

These discussions boil down to a question of how MSY can be
sustainably implemented for a given fish stock. Management sys-
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tems play a key role in the implementation process of MSY har-
vesting conditions. Fisheries in the EU are managed through vari-
ous systems. The most prominent options among those are rights-
based management (RBM) systems. These management systems
define fishing rights or total allowable catch (TAC) for certain fish
stocks usually defined in tonnes, and allocate these rights to fisher-
men as individual fishing rights or quotas. A quota for a fish stock
specifies the maximum allowable catch or harvest limit in terms of
total weight for a fleet. To address our main question, this paper
examines the implementation problem of MSY harvesting condi-
tions under the individual (non-transferable) quota system, which
is one of the most well-known types of RBM systems. The imple-
mentation problem is solved by proposing a well-designed quota
shares allocation mechanism that guarantees sustainability of fish
stocks and achieves MSY harvesting conditions. A quota shares al-
location mechanism defines individual quota shares. A quota share
is a proportion of TAC and specifies the owner’s share of a given
fish stock.

The functionality of an individual quota system depends on
three main steps of the regulation. The initial step is the deter-
mination process of the total allowable catch (TAC) level. The sec-
ond step is the implementation of a well-designed quota shares
allocation mechanism. The final step is the design of effective con-
trol system to control the output landed by fleets. This study com-
bines the first and second steps stated above by considering the
design problem of a fishing rights allocation mechanism to imple-
ment MSY.
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It is known that precise data about the biological structure of
a given fish population is required to manage the stock in ac-
cordance with MSY objectives. Given that MSY is calculated for a
given fish stock, this paper presents an RBM system implementing
MSY fishing mortality rates (or exploitation rates) in a simple age-
structured fish population model with three interacting age classes
(juveniles, young mature fish and old mature fish) of a single fish
stock, and without loss of generality, two fishing fleets having per-
fect or imperfect fishing selectivity. In the model, fleets are able to
select for young mature fish and old mature fish where old ma-
ture fish have a higher market price. This selection for two differ-
ent mature age groups can be perfect or imperfect depending on
different fishing gear types or technologies used by fleets. It is also
assumed, for simplicity, that juveniles are not subject to harvest-
ing. There are significant harvests of immature fish in many fish-
eries. The model can also be extended to fisheries where fishing
selection for age is not possible.

There is a vast literature on age-structured fish population
models. In recent years, Clark [10], Quaas et al. [26], Skonhoft et
al. [28], Tahvonen [32-34] and Holden and Conrad [20], among
others, have contributed to this literature of age-structured mod-
eling for fisheries. Moreover, Armstrong [2] investigated the har-
vest shares of trawlers and coastal vessels at particular TAC lev-
els using the actual allocation rule for the Norwegian cod fish-
ery. See also Armstrong and Sumaila [3], Bjérndal and Brasao [6],
Stage [30] and Diekert et al. [13] for more on applications of
age-structured model for different case studies. A previous study
of Skonhoft et al. [28] has recently formulated an age-structured
model and derived MSY fishing mortalities similar to that of Reed’s
[27]. In the current study, the age-structured fish population model
developed by Skonhoft et al. [28] is employed and fishing mortal-
ity rates at MSY are calculated using a simple Lagrangian method
proposed by them. However, the implementation problem of this
solution concept using quotas is not the main purpose of their pa-
per.

The aim of this study is to investigate the allocation problem
of fishing quota shares to implement the MSY solution concept by
a mechanism or management system. MSY harvesting conditions
specify fishing mortalities for each age class by maximizing over-
all yield. Finding optimal harvest policy is a centralized problem
from a viewpoint of a social planner and related to sustainable use
of the biological resource. We propose a management system (or
quota allocation mechanism) to achieve the MSY harvesting pol-
icy. The fishery management system, by setting TAC and specify-
ing individual quotas, produces total biomass yield that is identi-
cal to MSY. We also investigate the implications of different fishing
technologies on the design of management systems. Within this
framework, we propose a new quota shares allocation mechanism
and determine possible quota shares allocations to solve the im-
plementation problem under different fishing technologies or gear
selectivities. The analysis indicates that a well-designed RBM sys-
tem is required to implement MSY harvesting conditions. It is also
shown that not only the age-structure and fishing technology but
also the estimated level of MSY is steering the allocation of fishing
rights.

The allocation of quota shares, as percentages of the overall
TAC, is usually based on historical catches (grandfathering rule).
Moreover, auctions are also used to determine the allocation of
fishing rights. The findings of this paper imply that allocating quo-
tas based on historical catches or auctioning may not provide vi-
able solutions to achieve MSY harvesting conditions since these al-
location mechanisms do not take into account the age distribution
of the fish population and fishing technologies of fleets.

The rest of the paper is organized as follows. Section 2 intro-
duces the model and provides basic definitions. In Section 3, the
optimization problem to find MSY fishing mortalities is formulated.

Section 4 studies the implementation problem of MSY harvesting
conditions. Section 5 provides a numerical illustration of the main
results. Section 6 discusses policy implications of the analysis and
contains concluding remarks.

2. Age-structured population model

The population model is based on three cohorts of a fish pop-
ulation. The juveniles are the members of the youngest class in
the population. They are neither harvestable nor members of the
spawning stock, while old mature and young mature cohorts are
both harvestable and members of the spawning stock. In addi-
tion, old mature fish have higher fertility rate than young ma-
ture fish, as supposed by Reed [27]. Moreover, weight per fish is
higher for the older fish (wy < wy <ws). It is assumed that the
juvenile has no market value and price per weight for old ma-
ture fish is higher than the price per weight for young mature
fish (pg =0, p; < p3). The population during any season t is de-
fined as follows: Juveniles, X, ;(age < 1), Young matures, X; (1 <
age < 2), Old matures, X; ¢ (2 < age).

In the model, the Beverton-Holt recruitment function, which is
increasing and concave for both age classes, is employed [5]. The
number of recruits to the fish population during season t is:

Xoe =R(X16.X0¢) = aXyc + BXa)/[b+ X1t + BX20)]. (1)

The number of recruits depends on the abundance of old ma-
ture and young mature fish and parameters of a, b and B. The
parameters of a and b are the scaling and shape parameters, re-
spectively. Besides, f > 1 is the fertility parameter indicating the
higher natural fertility of old mature fish than that of young ma-
ture fish. The number of young mature fish during season t+1 is
defined by the following equation:

Xi,t41 = So Xoe = So R(X1¢, Xat)- (2)
The number of old mature fish at t+1 is given as:

Xoe1= 851 (1= fio)Xie+s2 (1— f20Xa. (3)

In the above notation, sg, S1, Sy are the fixed natural survival
rate of juveniles, young mature fish and old mature fish, respec-
tively. Moreover, f1 ; and f, ; are the aggregate fishing mortality
rates (or exploitation rates) of young mature and old mature fish.

In this study, it is assumed that fishing activity occurs after
spawning and before natural mortality. We propose a quota shares
allocation mechanism at the population equilibrium (Xj ¢4 =X;; =
X;). It is also assumed without loss of generality that the total
biomass of the old mature fish is less than the total biomass of the
young mature fish (w, X, < wq X;) at steady-state outcomes. This
assumption refers to a stylized real life situation, but all results can
easily be extended to other possible cases (w, Xy > wq Xj).

The following equations are the biological constraints of the
maximization problem to find MSY harvesting conditions. (4) is the
recruitment constraint and (5) is the spawning constraint.

X1 =50 R(X1,X2), (4)

Xo=s1 (1- f)Xi+s2 (1= f)Xs. (5)

The population model developed by Skonhoft et al. [28] is de-
scribed so far. In what follows, maximum sustainable yield har-
vesting conditions and the implementation problem using quotas
are defined under given age-structured population dynamics.

3. Maximum sustainable yield

In this section, MSY harvesting conditions are investigated. The
problem of finding MSY harvesting strategies, f; (total fishing
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