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Fishery systems involve complex interactions between resource stocks and the people involved in harvesting
those stocks. While the population dynamics of fish stocks have received considerable attention in the ecological
literature, the dynamics of human communities dependent on the fishery are equally important. Indeed, the joint
dynamics of the fish stocks and the fishermen must be taken into account in determining appropriate management
policies. A bio-socio-economic modeiling approach is developed here to incorporate these effects within a multi-
objective optimization framework. Fishery labour dynamics are determined by the decisions of individual fish-
ermen, with net migration into and out of the fishery (and hence the fishing community) dependent on internal
conditions, such as per capita incomes and employment rates, as well as on the state of the external economy.
The task of fishery management is then one of balancing multiple objectives — such as conservation, income
generation, employment, and community stability — subject to fish and fishermen dynamics. Control theory and
simulation methods are used to study the bio-socio-economic dynamics of the fishery system and the interactions
of multiple management objectives in determining the resulting fishery equilibrium. Implications for fishery policy
development are also discussed.

Tout le systeme des péches comporte des interactions complexes entre les stocks de ressources et ies personnes
qui participent de prés ou de loin a leur capture. La dynamique des stocks de poissons a fait |’objet de nombreuses
études dans la littérature écologique, mais la dynamique des collectivités humaines qui en dépendent est tout
aussi importante. En effet, il faut considérer la dynamique des stocks de poissons et des pécheurs 3 la fois afin
de déterminer les politiques de gestion appropriées. L'auteur présente ici une approche de modélisation bio-
socio-économique afin d’incorporer ces effets dans un cadre d’optimisation a objectifs multiples. La dynamigue
de la main-d’'oeuvre est déterminée par la décision que prend chacun des pécheurs de pécher ou de ne pas
pécher, en fonction de conditions internes, par exemple les revenus par habitant et les taux d’emplois, ainsi que
de I'état de 'économie externe. L'objet de la gestion de la péche est donc d’équilibrer les objectifs muitiples,
notamment la conservation, la production d’un revenu, I’'emploi et la stabilité de {a collectivité, des objectifs qui
sont soumis aux dynamiques des poissons et des pécheurs. Les méthodes de simulation et théoriques de contrble
servent a étudier la dynamique bio-socio-économique du systéme de la péche et les interactions des objectifs
multiples de gestion pour déterminer I'équilibre de la péche. Les implications pour I’élaboration de politiques
de péche sont également traitées.
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involvement of people in fisheries has been widely noted

both by fisheries scientists (eg. Pringle 1985) and by social
scientists (eg. Andersen 1978). Indeed, any fishery manage-
ment policy is bound to impact on both fish and fishermen. Yet
relative to the study of fish population dynamics, considerably
less attention has been paid in fishery models to addressing the
long-term adjustment dynamics of the fishermen (cf. Smith
1968, Hilborn 1985).

This paper examines the optimal management of fishery sys-
tems through the use of ‘‘bio-socio-economic’’ models incor-
porating fish population dynamics together with the decision-
making and adjustment processes of fishing communities and
their labour forces. The analysis herein lies broadly in the area
of bioeconomic modelling, but differs from that of most such
studies in (i) an emphasis on the dynamics of people in the
labour force, rather than on fishing vessels or hypothetical
*“fishing firms,”” and (ii) the explicit use of multiple objectives

For some time now, people have been catching fish. The
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for fishery management, to incorporate both societal goals and
those of the fishery participants

We shall focus on the situation of a fishery-dependent local
economy, operating as one part of a larger multi-sector econ-
omy. This is a common occurrence, for example, in Atlantic
Canada and in many developing nations. Within this local sys-
tem, the fishery is sufficiently dominant that its labour force
and the overall community population are approximately pro-
portional; as the fishery goes, so goes the community. We shall
assume limited labour mobility, with workers able to move into
and out of the local economy (i.e. the fishery), depending on
both internal and external conditions.

The ideas discussed herein may be particularly relevant in
small-scale community-based fisheries, where tradition, family
ties, and group decisionmaking are crucial factors. In such sit-
uations, employment-sharing, involvement in the ‘‘hidden
economy,”’ and the behavioral response to income support or
unemployment insurance programs may all be relevant. This
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contrasts, for example, with large-scale ‘‘industrial’’ systems
where conventional economic assumptions, based on a ‘‘com-
petitive firms™” structure, may be reasonable.

Recently, several authors have emphasized the role of fishery
labour dynamics in the behaviour of fishery systems and the
determination of suitable management policies. A review of the
relevant literature may be found in Charles (1988). For exam-
ple, Smith (1981) examines the relationship between labour
mobility and the economic state of fisheries in developing coun-
tries, while Panayotou and Panayotou (1986) undertake an
empirical study of labour dynamics in the fisheries of Thailand.
From a policy perspective, Terkla et al. (1985) argue that
*‘...understanding labour adjustment processes is likely to be
crucial for implementing efficient and equitable management
policy’” throughout the fishing industry. The same authors have
studied the ‘‘stickiness,”” or immobility, of fishery labour in the
New England fishery (Doeringer et al. 1986).

While most socio-economic fishery research is not based on
the use of quantitative models, there are a number of fishery
models relevant to our discussion. With respect to optimization
analyses, Munro (1976) deals with the optimal dynamics of fish
stocks and fish harvests due to adjustments in the opportunity
cost of labour, as the employment options of fishermen change
over time. Panayotou (1982) provides an equilibrium frame-
work for depicting optimal fishery management subject to var-
1ous assumptions about appropriate objectives and relevant fish-
ing labour costs. Recently, in a very innovative paper,
Krauthamer et al. (1987) incorporate socio-cultural aspects of
Texas shrimp fishermen within a dynamic bio-economic sim-
ulation model.

A second line of modelling research supplements optimiza-
tion analyses with behavioral modelling. -Perhaps the original
theoretical work along these lines is due to Smith (1968), who
developed a set of differential equations describing fish popu-
lation dynamics together with effort dynamics, the latter driven
by available profits in the fishery. Recently, the empirical work
of Opaluch and Bockstael (1984) examines fishermen’s goals
other than profit maximization, and the process by which deci-
sions are made concerning such factors as the desired levels of
harvesting effort.

The present paper is organized as follows. In the next sec-
tion, the dynamics of the fish stock and the fishery labour force
are discussed. This is followed by the optimization analysis of
a fishery system with a general objective function, subject to
fish and labour dynamics. The effects on the optimal resource
stock and labour force equilibria of specific multiple objectives
are examined next, with a discussion of fishery policy appli-
cations concluding the paper.

Bio-Socio-Economic Dynamics

The models discussed in this paper focus on two dynamic
variables of the bio-socio-economic fishery system; the fish
stock itself and the corresponding fishery labour force. Together
with the capital stock embodied in the fishing fleet, these var-
iables serve as key inputs to the harvesting process.

With respect to the first of these variables, we shall assume
that the fish stock at any time ¢ can be described as a single
aggregated population or biomass x(f). Although in most cases
a fishery exploits multiple species of fish, each with its own
population dynamics, its own age and size structure, and its
own degree of variability, such biological complexities will not
be considered here, in order to focus attention on interactions
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between the resource and those utilizing it. The rate of change
in the fish stock x(?) is determined jointly by natural reproduc-
tive dynamics and harvesting activity:

dx

)] 7 F(x) — h

where F(x) is the resource stock’s natural growth rate, depend-
ent on the current size of the population x=x(¢). The instan-
taneous rate of harvest = h(r), representing the quantity har-
vested per unit time, is to be determined in the fishery
management process. The net growth rate, obtained by sub-
tracting the rate of harvest A from the rate of natural growth
F(x), is then given by dx/dt.

As pointed out previously, the fishery labour force L(f), and
hence the population of the resource-dependent community, can
be expected to adjust to changing conditions over time. Within
the context of a continuous-time model, we might assume there-
fore that labour dynamics follow a differential equation of the
general form dL/dt = P(L,x,h,t). The exact nature of these
dynamics will depend on the specific fishery under consider-
ation, but it seems reasonable to assume that (1) if the fishery
appears to be particularly attractive to potential fishermen at a
given point in time, the labour force will tend to expand (cf.
Smith 1968), and (2) on the other hand, if conditions are poor
(for example, if the fish stock x(?) is very smail) then the labour
force may contract over time.

To allow a more complete exploration of bio-socio-economic
interactions within the fishery system, we will make the fol-
lowing specific (albeit arbitrary) assumptions: (3) there is a
maximum per capita growth rate p for the labour force, reflect-
ing the sum of natural growth and immigration under optimal
conditions, and (4) the actual per capita growth rate at any time
is given by the product of p and a time-dependent multiplier
m(1), determined by the relative attractiveness of remaining in
the fishery relative to other options in the economy. If m(?) lies
close to its upper limit of 1, the per capita growth rate will be
close to its maximum p, and the labour force will tend to
expand. On the other hand, L(r) will decline if m(t) is negative.
Finally, in equilibrium, the value of the multiplier will be
m(2)=0, implying no growth or decline in the labour force.

With these assumptions, the overall labour force adjustment
dynamics are given by:

% = pm(?)-L

(Note that this model is meant to deal with the dynamics of an
established fishery system. In particular, the possibility of
exogenous immigration into a previously uninhabited area can-
not occur here, since if L =0 then dL/dt=0. However, with
appropriate modifications, the framework presented here shouid
be suitable for analysis of fishery development processes as
well.) -

Adjustments by fishermen and fishing communities to
changing conditions are not likely to occur instantaneously. The
set of internal and external conditions existing at any time ¢
determine a target or ‘‘natural’’ level of the labour force, L(1),
towards which L(7) will adjust gradually. This quantity is anal-
ogous to the ecological concept of a population’s ‘‘carrying
capacity.”” The multiplier m(?) is then determined by the value
of the current labour force L(z) relative to the target level L(z).
A labour force L(f)<L(7), being smaller than its ‘‘natural”’
level, will tend to grow (m(#)>0). On the other hand, contrac-
tion will occur (m()<0) if L(t)>L(#).
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The logistic model will be used here to capture these assump-
tions concerning the growth and decline of the labour force.
Setting m(r) =1 — L(t)/L, we obtain the logistic dynamics:

a _ L
@ ——pL(l— L_).

Note however that as com_ditiops change, so too does the
“‘natural’’ labour force level L= L(#). Therefore, unlike a sim-
ple logistic model, the labour force *‘carrying capacity”’ shifts
over time, and L(t) adjusts continuously towards a ‘‘moving
target”’ determined both by the fishery and by the external
economy.

The external factors are summarized in a term M =M(--+),
representing the maximum labour force under average (or per-
haps historical) resource industry conditions, based on current
conditions in the nonfishery economy, such as the overall
unemployment rate. We will treat the external economy, and
hence the term M, as constant, concentrating on changes in the
local fishing economy. (In economic terms, a ‘‘partial equilib-
rium’’ analysis will be carried out.)

The internal conditions in the local economy revolve around
the perceived desirability of the fishery to current and potential
participants. This is clearly based on many factors, but we shall
assume that at any time ¢, the fishery’s desirability can be cap-
tured in a function f{w,L,E) involving three determinants: (i)
fishery rent 7(¢), given by total income minus operating costs
and opportunity costs of labour, (ii) the total size of the labour
force L(z), measuring the extent of competition for available
fishery income as well as serving as a proxy for the overall size
of the local population, and (iii) the fishing effort E(r), repre-
senting the component of the total labour force which is able
to operate in the fishery. (Note that the dimensionless ratio E(t)/
L(r) will be used as a form of ‘‘employment rate’’ in the model.
If E(t)=L(2), the fishery is operating with full employment of
its labour force. If E(f)<<L(1), the labour force is underutilized,
while E(1)>L(t) represents a situation in which the available
work force is over-extended.)

The function f is behavioral in nature, depending on actual
fishermen preferences. As an example, assume that fishermen
prefer (i) as much opportunity to fish as possible (E(z) close to
L(?)) and (ii) higher rather than lower incomes. In this case, we
obtain a particular form of the function in which f increases
with both the employment rate E/L and the per capita income
level (w+T)/L, where the constant T represents net economic
transfers entering the fishery system. (Note that in this measure
of income, relevant labour opportunity costs have been sub-
tracted from total income.) With this function f, which will be
used later in the paper, the partial derivatives have signs given
by f>0, f;<0 and f>0. (Throughout this paper, a subscript
will denote the partial derivative with respect to that variable;
for example f,, = dflgw and f, = 0*/dwoE.)

The function fis taken to be a scale-independent dimension-
less function. In other words, average fishery conditions are
represented by a function value f= 1, regardless of the size of
the fishery system, and the natural level (or carrying capacity)
of the labour force at any time is given multiplicatively by
L(ty=f(w,L,E)-M. The relevant differential equation describing
the dynamics of the labour force L(7) can then be written as:

dL L
@ =l - T M

The state variables x(¢) and L(7) are determined by differential
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TaBLE 1. Key variables. parameters and functions used in the paper.

Variables

x(1) Fish stock

L Labour force

L) Target labour force
E@® Fishing effort

h(t) Harvest level

M () Shadow value of fish stock

(D) Shadow value of labour force

Parameters

r Intrinsic growth rate of fish stock

P Intrinsic growth rate of labour force

K Carrying capacity of fish stock :
M Maximum labour force under historical conditions
T Net nonfishery transfers into fishery system
p Price of fish

c Unit cost of fishing effort

l Unit opportunity cost of labour

q Catchability coefficient

8 Social discount rate

Functions

F(-) Fish stock growth function

w(-) Rents function

fe) Fishery *‘desirability’’ function

e(*) Inverted harvest production function
B() Social benefits function

equations (1) and (2), once the harvest level A(z), the fishing
effort level E(7), and the rents function 7 are specified. We shall
assume that fishery management is based on control of the har-
vest k, and that effort E can be determined in terms of & through
inverting the ‘‘harvest production function” h=h(x,E.K),
which relates the output (fish harvest) to the inputs (fish stock,
labour effort and capital). Assuming that the capital input is
either constant or determined in terms of the labour effort level
E(r), we can relate the required fishing effort to the available
fish stock and the desired harvest level:

(3) E = e(x,h) .

The dynamics of the bio-socio-economic system are broadly
determined by equations (1), (2), and (3), once the harvest func-
tion A(-) is specified. For convenience, a list of the key varia-
bles, parameters, and functions used in the model is given in
Table 1.

To provide a specific exampie of the system dynamics, let
us assume for the moment the following functional
relationships:

(i) logistic fish stock dynamics F(x) = rx(1 —x/K),
(ii) fishing effort E = e(x,h) = higx,

(iii) rents function w= ph—cE,

(iv) target labour force L= A-(E/L)"*([w +1y/L)'"*M

with the parameters set arbitrarily at r=3, K=1, ¢g=1, p=1,
¢=0.01, p=0.25, A=2.12, 7=2 and M=1 (although the
results are robust to the choice of these values).

We assume that at the outset of the management plan the
labour force is relatively large, while the fish stock is signifi-
cantly depleted. Accordingly, to allow regeneration of the fish
stock, it may be reasonable to set the rate of harvest at a rela-
tively low level initially, increasing thereafter. For clarity of
presentation throughout this paper, we will express such rates
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Fic. 1. Fishery system dynamics are shown for the case of an initially
small fish stock and a large labour force. Maximum intrinsic growth
rates are r =3 for the fish population and p=0.25 for the labour force.
The harvest level h, given as a percentage of the fish stock carrying
capacity, is assumed to switch from 50% to 70% after the first 5 yr.
The labour force L(z) continuously approaches its target level L, but
this quantity varies over time depending on profit rates, effort levels,
and the size of the labour force itself.

of harvest h as percentages of the fish stock carrying capacity
K harvested per unit time. Specifically in this case, the harvest
level is set at 50% of the carrying capacity K per year for the
first 5 years and somewhat higher (70%) thereafter. Then Figure
1 depicts the evolution of the resulting fishery system.

While the specifics of Fig. 1 are not important, note that the
fish stock, the desired fishing effort, and the labour force all
vary over time, with the latter tending continuously towards its
constantly shifting ‘‘natural’’ level. In the following sections
we turn to the determination of the harvest schedule A(-), using
dynamic optimization procedures.

A Bio-Socio-Economic Optimization Model

Before tumning to a discussion of multiple objectives in fish-
ery systems, we first consider a general optimization model
combining the fish and fishermen dynamics described above
with an ‘‘objective function’’ to be maximized in the process
of fishery management. This function will then be used as a
general framework to incorporate conflicting management
objectives.

Assume that the net social benefits obtained at any time ¢
through the operation of the fishery within the local economy
are given by a function B(x,L,E, k), determined by the size of
the resource stock x(z), the labour force L(t), the actual labour
effort E(¢), and the rate of harvest h(f). The function B will be
treated as a general welfare function in this section, although
the fishery rents function w(t) = w(x,L,E,h) represents a spe-
cial case. (Note that effort E(z) appears separately in B, but
using equation (3), we can substitute e(x, ) in place of E where
convenient.)

The social benefits function B can be compared with the
‘“‘desirability function’’ f, which deals with the attractiveness
of the fishery to fishermen. While there are likely to be some
factors (such as per capita incomes) influencing both of these
functions simultaneously, there is no reason to assume that what
makes the fishery desirable to fishermen in the short term nec-
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essarily corresponds to overall socio-economic benefits. Hence
we shall treat f{-) and B(+) separately in the analysis, although
keeping in mind the potential connections between them.

The fishery optimization problem can be described as that of
choosing a harvest function A(-) in order to maximize the sum
of benefits B(x,L,E,h) obtained over time, with future benefits
suitably discounted relative to the present. This objective can
be represented by the following present value maximization:

(4) Max f , € YB&.L.Eh) dt
where  is the social discount rate, assumed constant over time.

The dynamic analysis of this model then proceeds by creating
the (current-value) Hamiltonian, as follows:

(5) # = B(x,L.E,h) + p,[F(x)—h]

+ oLl — —E
Haf AmLEVM

where p, and p.,, the shadow prices of the fish stock and the
labour force, are multiplied by the time derivatives of x and L,
respectively. This Hamiltonian represents the total increment to
the value of the fishery at any point in time, including imme-
diate benefits obtained (B) and measures of the future value of
both fish stock and labour force growth. According to the Pon-
tryagin Maximum Principle (eg. Kamien and Schwartz 1981),
the optimal dynamics of these shadow prices are then given by:

6 —dZ—‘- = 8, — d%/ax

= 3, — B, — Beey— mF'(0)

L
- “LZPL(W) .(fE.ex +f1'r.1rx +f‘n'.ﬂE-ex)

0 dzz = Sp,— IH/L

G Su— R — -
= 3u,— B, wzp(l fM)

where the partial derivative e_ is determined using the inverted
harvest production function of equation (3), while f, f;, and
f¢ are the partial derivatives of the labour response function,
representing the marginal response of the labour force carrying
capacity to changes in the economic rent level, the labour force,
and the current fishing effort level. The Maximum Principle
states that, at any time, the optimal value for the control vari-
able, in this case the harvest level A(?), is either an extreme value
(i.e. h=0) or is given by setting the partial derivative of the
Hamiltonian with respect to the control equal to zero:

(8) 8%/oh = B,+Bre,— .,

+ h
+p.2°(pL2/M') f£€h+fw1;‘lé fﬂ“Ee = 0.

Differential equations (1), (2), (6), and (7), together with
equation (8), the initial values for x and L, and conditions on
., and ., arising from the Maximum Principle, completely
describe the dynamic evolution of the optimally managed fish-
ery system. The first four of these equations give the dynamics
of the state variables and the shadow prices, while equation (8)
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provides the optimal harvest path over time, as a function of x,
L, p,,and p,.

Later in the paper, a simulation approach will be used to
examine the optimal bio-socio-economic dynamics. At this
point, however, we will focus on the long-run equilibrium
behaviour of the fishery system. Setting to zero the rates of
change in (1), (2), (6), and (7), and assuming that £+0, we
obtain the following set of five equations in the five variables
x, L, n,, g, and h:

% h=FQx
(10) L = fim,L.E)-M

2

(11) B—-F'x)]-u,~ {(7%) (fee,+ fam + fomee) ] "By
= B+ Bge,
(12) [3-p(1-2LIf M) ~(pLf*M)-(f, +frw)] - p,= B,

2
03 =B+ Byt 2] e |,
L2
+ [(fw)f,mweo ] "

where we have E = e(x,h), B=B(x,L,E,h) and 7 =w(x,L,E,h),
while fand its derivatives are evaluated at (w,L,E). Hence equa-
tions (9)—(13) constitute five equations which in theory can be
solved for the five equilibrium values of the variables.

Equation (13) can be readily interpreted as a statement that
in the optimal equilibrium, one must have ‘‘marginal bene-
fits = marginal costs.”” The left hand side (p,) represents the
future benefits obtainable from a fish (or unit biomass) left in
the sea — this is equivalent to the marginal opportunity cost of
an extra unit harvest taken now. The first two terms on the right
hand side are the immediate marginal benefits of that extra unit
harvest. The third and fourth terms on the right hand side rep-
resent future labour benefits induced by the incremental har-
vest, resulting from (i) the required additional fishing effort,
and (ii) the corresponding increase in rents, respectlvely (For
example, the term (pL?/f*M)-f,.-(w, + e, is the rents-linked
effect of an additional harvest on labour force growth; when
multiplied by the shadow value of labour p,, this gives the
rents-based labour benefits of the marginal harvest.)

The above expressions can be manipulated to obtain insights
into the effects of bio-socio-economic dynamics on optimal
fishery management. Using equations (12) and (13), the shadow
prices p, and p., can be eliminated from equation (11), which
can then be re-written:

Bx+ BEex+ T'M'[fEex +f11’(ﬂx+ “Eex)]'BL

U FO) g B et TM e, #fm, T e )1 B, | 0
where the term T is given through equation (10) by:
T=p/l8 +p —pM(f,+frm)}
Since in equilibrium, we have h=F(x) and E = e(x,h) from

equations (9) and (3), both equation (14) and the labour equi-
librium (10) involve optimal values of just two variables, the
fish stock x and the labour force L. Together, equations (10)
and (14) therefore constitute simultaneous equations for the two
unknowns.

Equation (14) is a ‘‘marginal’’ expression, producing the
optimal fish stock size (and hence the optimal harvest) as a
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ginal stock effect,”

balance between the benefits of immediate harvesting and the
‘“‘opportunity costs’’ due to foregone future harvests. Indeed,
it indicates precisely how the social benefits (B), the rents (1),
fishing effort (e), labour dynamics (f), and fish population
dynamics (F) interact to determine optimal management.

Equation (14) has the form of a ‘‘Modified Goiden Rule”’
(MGR) equation; such expressions, drawn from the economics
of capital accumulation, have become common in the theory of
resource management (Clark 1976). In its simpliest form, with-
out economic factors and with fishery benefits equal to the har-
vest level (B = h), the MGR states that optimal sustainable yield
is obtained by equating two rates of change — the marginal rate
of fish stock growth, F'(x), and the rate at which society dis-
counts future benefits, 3. In other words, the fish stock is set
so that F'(x) = 8.

When benefits B(x,h) are expressed more generally in terms
of the harvest and the fish stock size (but without incorporating
labour dynamics), Clark (1976) shows that the optimal resource
stock x is given implicitly by:

BX -—
7=

The solution of equation (15) represents an optimal equilib-
rium stock size and harvest level, balancing the growth rate of
the fish stock (F'), the social discount rate (8), and the ‘‘mar-
represented by the bracketed term in equa-
tion (15). This latter term represents the incremental effects of
stock size changes on the benefits function (Clark and Munro
1975). The interpretation is similar, although more complex,
for the bracketed term in equation (14).

Equation (15) is clearly a special case of equation (14); the
latter simplifies to the basic bioeconomic result in the former
if:

(i) changes in the fishery labour force are considered irrelevant
to society, with benefits B(x,L,E,h) independent of L
(B L= 0),

(ii) the labour force is constant over time, with no dynamic
forces in play (p=0), or

(iii) the labour dynamics are independent of other variables
(x,h,E,m), with the function f constant in equation (2).

In such a case, labour dynamics cannot be controlled within

the system, and hence such dynamics do not enter into the cal-

culations of the optimal equilibrium (although they may affect

the approach to equilibrium).

Thus equation (15) and its solution represent benchmarks
against which the influence of the labour force on social ben-
efits and of labour dynamics on the fishery system can be exam-
ined. Indeed, it is possible to examine quantitatively the effects
of introducing the labour force into the benefits function
B(x,L,E,h). Assume that the extent of this presence is measured
by a parameter 0, with B, = if 6 =0, and with the second partial
derivatives By, B,¢ and By all equal to zero. Then taking a
total derivative of both sides of equation (14) with respect to
the parameter 0, we can show that:

15 F'(x) +

dx
1@ om0
_ (¥, — &8,

&3 F" + &,'(Bi + Bie, + Byex) — &i(Bi+ Bie, + Byer)

where the ¢; and ¢, are given by ¢, = B +B.e,
&, =B, +Bge,, Y= T-M-[fee +fr(m +mee)] and ¥,=
T-M-[fge, +fr(m, +mee,)].
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If the reproduction function F' is concave (F"<0) and the
benefits B behave normally with respect to x and 4 (dB/dx>0,
dBIdh>0, d *B/dx*<0, d *B/dxdh>0) then the denominator in
equation (16) is negative. In this case, introducing labour into
the fishery benefits function will decrease the equilibrium fish
stock size if benefits B increase with L, and the term
[, —d,0,] is positive. This situation will be explored in
detail in the following section.

To provide useful interpretations of equations (14)—(16),
henceforth specific forms will be adopted for the inverted pro-
duction function e(x,h), the profit function w(x,L,E, k), and the
response function f{m,L,E) in the labour force dynamics:

(i) Treating capital inputs as either constant or proportional to
labour effort, the harvest level & will be assumed proportional
to the fish stock x and to a power of the fishing effort E. This
Cobb-Douglas production function can be written as A= gE%
where g is referred to as the catchability coefficient. Hence
effort E can be deduced in terms of x and A:

(17) E = e(x,h)=(higx)"/*

(ii) The economic rents function 7 can be written explicitly as
the difference between fishing revenues and costs, the latter
being the sum of the variable costs of supplying fishing effort
and the opportunity costs of labour in the fishery. Assuming
linear costs, with ¢ and [ representing the unit costs of effort
and labour respectively, and assuming a constant price p per
unit harvest, the rents function is:

18) = wx,L,Eh) =ph—cE - IL

where equation (17) can be used to express E as a function of
x and h. (Note that capital costs are not incorporated here; see
Charles (1983) for analyses of fishery models involving joint
harvesting and investment decisions.)

(iii) As discussed earlier, the desirability of the fishery may be
assumed to depend both on the relative level of participation in
the fishery, E(¢)/L(t), and on the per capita fishermen income
[w(2) +7)/L(z). Here we shall adopt that specification, with the
target labour force L(r) following a log-linear form:

(19) L@ = fiw,L.EyM = A<E/L)*([x+7)/L)*-M

in which exponents a and B lie between 0 and 1. While the net
nonfishery transfers T will be incorporated in simulation results
later in the paper, we set T=0 for convenience in the analytic
results presented below.

Using these specific forms, their partial derivatives, and the
equilibrium expression L =fM from equation (10), the Modi-
fied Golden Rule equation for any benefits function B(x,L.E,h)
can be written:

(20) F'(x)

[ B,—(Elax)Bg+T « (Llaxw)-B,-{—am + BcE} |_

| B,+(Elah)-B;+T-(Liakw)B," {aw+Blaph—cE)} |
where T=p/ [6+(1 + a+B)p+ BpiL/x], and the quantities E,
m , and f are specified in equations (17)—(19) respectively. Equa-
tion (20), and the corresponding version of equation (16), will

be examined in detail in the following section, using a benefits
function based on specific fishery objectives.

Multiple Objectives and Optimal Fishery
Management

+

Real-world fisheries are managed on the basis of multiple
conflicting objectives. Evidence from the fisheries literature
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(Charles 1988; FAO 1983; Lawson 1984; Regier and Grima
1985) and from actual fishery management suggests the most
common declared or de facto fishery goals are (i) resource con-
servation, (ii) food production, (iii) generation of economic
wealth, (iv) generation of reasonable incomes for fishermen,
(v) maintaining employment for fishermen, and (vi) maintain-
ing the well-being and viability of fishing communities. In
addition, a multitude of other objectives may exist; for exam-
ple, the generation of foreign exchange through fish exports is
often of importance, particularly in developing countries.

While it is widely agreed that multiobjective management is
desirable in fishery systems, substantial difficulties are encoun-
tered in quantifying the various goals and in providing a frame-
work for comparison between objectives. For example, see
Bishopet al. (1981); Healey (1984); Hilbomn and Walters (1977);
and Keeney (1977) for analysis and discussion of related aspects
of these problems.

In this paper, we focus on the set of specifically socio-eco-
nomic objectives (iii}«(vi) above, incorporating resource con-
servation and food production implicitly. While most fishery
participants would place resource conservation as the top prior-
ity in fishery management, this will be treated as a ‘‘given”
here, with the avoidance of stock extinction incorporated into
all management options. Similarly, the objective of food pro-
duction (harvest maximization), while crucial in developing
countries, is not dealt with explicitly but appears instead as part
of the ‘‘wealth’” generated in the fishery — this will be dis-
cussed further below.

Among the socio-economic objectives to be considered here,
‘‘bio-economic’’ fishery models have tended to focus primarily
on the generation of economic wealth, usually quantified in
monetary terms as the ‘‘economic surplus’’ between fishery
revenues and fishery costs. We have referred to this above as
the economic rent (w), although fishery economists are well
aware that ‘‘rent’’ can include much more than strictly mone-
tary, commercial benefits (Christy and Scott 1965).

The measurement of total economic rents will be broadened
somewhat here to include not only the rents accruing directly
from the fishery, as modelled above, but also rents arising from
the “‘social overhead capital’’ and infrastructure that has been
developed in the fishing communities. This second category of
benefits is generated through economic interactions within the
community, and hence such rents are assumed to accrue at a
level dependent on the size of the relevant population. In par-
ticular, they are modelled here as a function G(L — L*) of the
difference between current and historic labour force levels,
where the labour force serves as a proxy for the population.

Total rents at any point in time are then given by the sum
() + A-G(L(t) —L*), where A represents the fraction of rents
from community infrastructure that are included in our objec-
tive function. The first fishery management objective thus
involves maximizing the sum of these economic rents, dis-
counted over time.

The average fisherman income, measured by net benefits per
capita, is also relevant since this provides a measure of an indi-
vidual’s economic well-being. Specifically, to incorporate
equity considerations, we focus on per capita income relative
to the average income in the overall economy (Y), using the
term [w(¢)/L(£) — Y]. Here, nw/L actually represents per capita
income net of labour opportunity costs, although this distinc-
tion will not be made in the following discussion. In general,
¥ may depend on such external factors as changing unemploy-
ment rates, but it will be treated as a constant here.
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The third objective, employment, is a traditional concern of
fishery managers, particularly in small-scale or isolated fish-
eries, as are found for example in much of Newfoundland, in
native communities on Canada’s Pacific coast, and in many
parts of the developing world. In such situations, total employ-
ment comprises fishermen in the harvesting sector together with
those involved in secondary industry (such as fish processing).

Although the effort level E(f) is often used as a measure of
actual fishery employment, in this case the employment rate
E(t)/L(?) seems to be a more crucial element from the social
perspective of a fishing community. Specifically E/L represents
the fraction of the labour force that is involved in providing
fishing effort at any point in time — if society desires as great
a utilization of the labour force as possible, maximizing this
objective is appropriate. (Note that a desire for higher fishing
effort per se can be captured by decreasing the opportunity cost
of effort in the rents function 7.)

If in fact the relevant goal is to equalize employment rates
across the economy, then a more appropriate objective may
involve minimizing the squared difference between the fishery
employment rate and that pertaining in the external economy,
given by the term [E(f)/L(¢) — 7}*. This then represents a meas-
ure of employment ‘‘equity.”” While we shall not consider this
case here, it is easily incorporated into the present multi-objec-
tive framework.

The fourth objective, fishing community viability (or
“‘health’”), is an important factor in any determination of social
welfare, yet its appropriate measurement is by no means clear.
We assume here that community well-being is not strictly deter-
mined by total fishery profit levels or even fishermen income
levels, but is better measured using the growth rate of the rel-
evant local population. It is common to view a declining pop-
ulation in resource-based communities as socially detrimental,
unless this is due to improving opportunities in the external
economy. Conversely, an increasing population tends to reflect
a healthy community, assuming constant external conditions.
Hence the fourth objective is represented by the derivative of
the fishery labour force with respect to time, dL/dr; other things
being equal, a growing population is preferred to a shrinking
one.

Note that an increasing population clearly may lead to greater
unemployment and to declining income levels, but these det-
rimental effects are included explicitly under our second and
third objectives above. The determination of an ‘‘optimal”’
management policy will involve the balancing of these conflict-
ing objectives.

In order to combine these four goals in a muiticriteria welfare
function in a manner amenable to analysis, we assume:

(1) the social welfare function B(x,L,E, h) is given by a weighted
sum of utilities, one for each of the four objectives,

(ii) linear utility functions are appropriate to describe social atti-
tudes towards each objective (thus avoiding the practical
difficulties in obtaining and analysing nonlinear utilities),

(iii) the weight a; placed on objective i is given by the quotient
of a dimensionless coefficient w;, representing the relative
importance of that objective, and an average historic value
of the quantity measured in that objective. As will be seen
below, this makes the analysis scale-independent, since
dividing the current value of each objective by its historic
value produces dimensionless objectives which do not
depend on the actual extent of the fishery system under
study. Note that the coefficients {w;} fully capture societal
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judgements about fishery priorities; their choice is crucial
since they determine the relative importance placed on unit
changes in each of the objectives.

With these assumptions, and using E/L as the employment
objective for now, our overall objective becomes:

e~ {al['n' + AG(L—L*®)]+ a, (% - Y)

o)+ e

where all variables and parameters are as in the previous sec-
tion. The fish and labour dynamics are assumed driven by equa-
tions (1) and (2). The economic rents w = = (x(¢), L(¢), E(1),
h(t)) are again assumed to depend on the fish stock x(1), the
labour force L(r), the harvest h(r) and the fishing effort E().
The management objective is to choose a harvest policy {A} to
maximize this multiobjective function.

Equation (21) can be simplified in two regards. First, the
average income level ¥ can be dropped from the analysis, since
it is independent of the decision variables in expression (21).
Second, using integration by parts on the fourth term in equa-
tion (21), and noting that L(0) is a constant, the derivative dL/
dt can be replaced with 3L in the integrand of equation (21).
Hence our overall objective function can be rewritten as follows:

(21) Max f
{h}

0

(22) Max fo e~ ¥a,[m+\G(L—L*)] + ay(n/L) + ay(EIL)
+ a,(8L)} dr.

Note that, after performing the present value integrations, the
four objectives in equation (22) are measured in very different
units: money, money/unit labour, time, and labour. As dis-
cussed above, the terms {a;} represent dimensionless coeffi-
cients {w;} divided by the historic values of the objectives, given
by [7*+ AG(0)], w*/L*, E*/L* and 8L*, respectively. In this
way, the objective function is itself dimensionless, and the coef-
ficients {w;} are independent of the size of the fishery system.

The expression in braces in equation (22) can be considered
as a welfare function B(x,L,E,h), precisely analogous to that
analysed in the previous section. Hence the results of equation

" (14) carry over to the present model, with suitable partial deriv-

atives B,, B,, B, and B, obtained from expression (22). For
the sake of clarity, we will also make the following simplifying
assumptions:
(i) effort enters linearly in equation (17), so E = h/igxanda=1,
(ii) opportunity costs of labour are omitted from calculations
of fishery rents, so that /=0 in equation (18), and
(iii) in equation (19), @ + B = 1, so that the response function
fis inversely proportional to labour L.
Then the MGR equation (20) for the optimal fish stock x and
labour force L becomes:

(23) F'(x) + (—h-)

X

(a,+a,/L)cE — a,(E/L) + T-L-B,"(—aph+cE)/w -5
(a,+ay/L)yw + ay(E/L) + TL‘B,

X

where now T = p/(8 +2p) and B, is given by:
B, = a\G'(L—L¥*) — (aym+ a,E)/L*+ ad.
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Again, this equation is solved simultaneously with the labour
force equilibrium equation (10) to produce the optimal equilib-
rium fishery configuration.

Let us now focus on the rent generation and community
growth objectives, ignoring per capita income and employment
considerations (a, = a, = 0) for now. In addition, we set a =1,
without loss of generality, and write the benefits function as:

(24) B(x,L.E,h) = [w+\G(L—L*)] + a,(3L) = m + 0g(L)

where 6 measures the deviation of B from a simple rents func-
tion, g(L) = (M8)-G(L — L*) + (a,/6)-3L, and the terms (\/
), (a,/0) are considered constants. Then the MGR expression
can be written:

cF(x)/gx—TLOg (L) [(apgx — c)(pgx — c)) =5
(pgx—o)lq + TLOg' (L) [x/F(x)]

With this model, the effect of allowing for labour benefits in
the objective function is captured by the specific version of
equation (16), namely:

dx

(26) rry

(25) F'(x) +[

6=0

- [(1-B) pTL/x}-g'(L)
(p—clgx)’F" — (clgx®)(p— c/gx)(Fix— F') — pcFigx®

With F a concave function of the stock size x, we have F"<0Q
and F/x>F". Hence, since the fish stock must satisfy x>c/pq
for the fishery to be profitable, the denominator in equation (30)
will be negative, and we have:

. )
ao g, ¢

The introduction of the labour force into the objective func-
tion influences the optimal resource stock in a manner which
depends on whether a larger labour force has a net positive or
negative impact on overall benefits. A smaller equilibrium fish
stock is desired [dx/d6<0] if an increasing labour component
increases overall benefits [i.e. g'(L)>0], and conversely. For
example, if the size of the labour force influences rents from
social capital, with G'(L—L*)>0, then the equilibrium fish
stock size is reduced, relative to fishery management practices
which neglect such labour factors.

This result is somewhat less intuitive than it might at first
appear. It is true that higher benefits from current harvesting
lead to a lower equilibrium fish stock. Thus if the labour ben-
efits introduced into the objective function were only short term
in nature, this would naturally tend to bias the results towards
higher immediate exploitation rates and hence a lower long-
term stock size (as we see here). However, in fact labour ben-
efits (like rents) represent a flow over time, so that there is no
a priori reason that their introduction should affect the balance
between short- and long-term management.

Further complicating this is the indirect nature of the inter-
action between labour benefits and the fish stock dynamics. The
mtroduction of labour benefits makes it desirable to maintain a
larger labour force than would otherwise be the case, but given
the labour dynamics of equation (2), this can only be accom-
plished through higher effort levels. This in turn impacts on the
resource dynamics, ultimately producing a reduced fish stock
size. Overall then, the effects of labour on optimal fishery man-
agement can be quite complex. The result in equation (27) need
not apply in all cases — we return to this point later in the paper.

@7 0 if g'(L) § 0.
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TaBLE 2. Management objectives, input parameters, and resulting
optimal harvest levels (given as percentages of the fish stock carrying
capacity harvested per year) are shown for two bio-socio-economic
fishery systems with dynamics as in Figs. 2 and 3, respectively. Other
model parameters are described in the text.

System No. 1 System No. 2

Management objectives
Maximize: Economic rents

+ community welfare

Economic rents

Intrinsic growth rates

Fish Stock 3.00 - 1.50

Labour force 1.00 - 0.25
Initial conditions :

Fish stock 0.25 - 1.00

Labour force 0.50 0.50
Optimal harvest levels :

Years 0-5 55% 45%

Years 5-10 75% 35%

Years 10-15 75% 30%

Years 15-20 75% 40%

Years 20-30 75% 35%

Simulation Results

To examine the optimal bio-socio-economic dynamics of the
fishery system, a simulation model was developed, based on
equations (1) and (2), and using the specific functional forms
in equations (17), (18), and (19). The simulation results focus
on the effects of intrinsic growth rates (r,p), initial conditions
and management objectives, with other parameters fixed at
arbitrary values (a=1, g=1, p=1, ¢=0.01, I=0, 7=2,
A=2.12,M=1, and o = =0.50). The fish stock reproduction
function F(x) is given by a logistic of the form F(x) = rx(1 —
x/K), with the carrying capacity set at K=1.

Simulations with a 30-yr time horizon and a discount rate of
3=10% were carried out by discretizing the continuous pro-
cesses involved, using a time increment of At = 0.1 yr. The
following specific assumptions were made:

(i) Only harvest management options resulting in a long-term
sustainable fish stock are allowable (so that the sustaina-
bility and conservation of the resource represents a firm
constraint).

(i) Each harvest management option consists of a set of five
harvest levels, one for each of: years 0-5, years 5-10,
years 10-15, years 15-20, and years 20-30. (This assump-
tion was made to reduce computational time, while still
allowing dynamic complexity.)

(iif) The minimum overall income level & + 7 is 0 in any period.

(iv) Fishing effort E cannot exceed the available labour force
L; E(t)<<L(t) at each point in time.

(v) The per capita rate of decline in the labour force (and fishery
population) cannot exceed 20% (G= —0.20L).

Two illustrative cases were examined. The first involved
maximization of the sum of discounted rents (i.e. with A= 0,
a,=0, a,=0, and a,=0 in equation (22)). Relatively fast
adjustment dynamics and relatively small initial stock size and
labour force were assumed. To allow recovery of the stock, the
optimal harvest level in the first 5 yr was 55% (i.e. 55% of the
carrying capacity K should be caught per year), increasing to
an equilibrium level of 75% thereafter (see Table 2).

In fact, however, the actual harvest level in this case lies
initially below its optimal level (55%), since fishing effort is
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FiG. 2. Optimal dynamics of the fish stock x(f), fishing effort E(2),
fishery labour L(¢), and the target labour force L(t), are shown for a
30-yr time horizon, with initial conditions x(0) =0.25 and L(0)=0.50.
Maximum intrinsic growth rates are =3 for the fish population and
p=1 for the labour force. The optimal harvest level is 55% for the
first S yr and 75% thereafter. Note that the constraint E£(z)<L(f) restricts
the fishing effort, and hence the actual harvest level, in the first few
years until the labour force has increased sufficiently.

constrained by the size of the labour force (E<L). This leads
to an increase in the fish stock (see Fig. 2), while a high profit
rate leads to gradual expansion in the labour force, and a cor-
responding increase in the fishing effort level. However, once
the fish stock has grown to a certain extent, effort must decrease
in order to maintain the desired harvest. When in year 5, the
optimal rate of harvest changes from 55% to 75%, this produces

Jumps in both the effort and the natural labour force. Labour

and the fish stock then gradually adjust towards a new long-

term equilibrium.

The second case was based on maximizing the present value
of the sum of rents () and direct labour benefits (L), equally
weighted (i.e. A=0, a,= 0, g;= 0, and a,= a, in equation
(22)). Relatively slow dynamics and an initially large fish stock
were assumed. In this case, the optimal harvest level changes
to a greater extent over time (see Table 2), producing fluctua-
tions in both the fish stock and the labour force. Initially, the
large fish stock and low labour force produce incentives for
entry into the fishery, indicated by the high natural labour force
L(¢). This leads to expansion of both L(r) and the fishing effort
E(7) (see Fig. 3), a corresponding decline in the fish stock, and
thus a decrease in the desirability of the fishery (L). Eventually,
the actual labour force (L) rises to meet its target level, and
thereafter ‘‘tracks’’ changes in the target L caused by jumps in
the harvest level.

Note that in both cases described above:

(i) since periodic jumps are assumed to occur in the harvest,
the optimal fish stock dynamics are not monotonic, but
rather under- and over-shooting of the eventual stock equi-
librium can occur.

(ii) at every point in time, the labour force L approaches its
target level, although this ‘‘tracking’’ is subject to delay.

While a basic drawback of simulation methods is the inability
to draw general conclusions, it appears from these examples
that dynamic behaviour can be quite complex in fishery systems
involving labour adjustment processes. Furthermore, the exist-
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FiG. 3. The optimal dynamics of the fish stock x(¢), effort E(z), labour
L(z), and the target labour force L(t), are shown for a 30-yr time hori-
zon, with initial conditions x(0)=1.00 and L(0)=0.50. Maximum
intrinsic growth rates of r=1.5 for the fish stock and p=0.25 for the
labour force are lower than those used in Fig. 1, producing a more
gradual approach to equilibrium. However shifts in the desired harvest
level, which ranges from 45% to 35%, lead to periodic jumps in effort
E and target labour L, and corresponding disequilibrium dynamics in
the labour force L.

ence of multiple objectives can significantly alter the desired
management plans. For example, the multiobjective manage-
ment goal analysed above, based on balancing income gener-
ation and community welfare considerations, produced optimal
harvest levels that are initially somewhat higher than those
obtained under otherwise identical conditions but with a simple
rent-maximization goal (not shown). This result is in keeping
with that found in the previous section, where the addition of
positive labour benefits to the objective function produced a
decrease in the equilibrium fish stock size.

Discussion

The models analysed in this paper represent an attempt to

‘develop a framework for analysing the joint ecological and

socio-economic dynamics inherent in fishery systems. This bio-
socio-economic approach involves (1) the determination of
appropriate adjustment processes to predict the response of fish
stocks and of fishermen to changing conditions in the fishery,
and (2) the use of these dynamics to undertake multiobjective
management of fishery harvests. The size and stability of the
labour force, the level of employment in the fishery-dependent
economy, and the per capita income level are included explic-
itly along with rent maximization in the optimization process.

MGR equations were obtained to provide insights into the
optimal equilibrium of the fishery system. These expressions
indicate precisely how fish stock and labour dynamics interact
to determine the tradeoffs between immediate benefits of har-
vesting the resource and future benefits of maintaining fish in
the sea.

A comparison between the results for this bio-socio-eco-
nomic model and those obtained from a simpler ‘‘bio-eco-
nomic’’ analysis highlights the explicit effects on the optimal
equilibrium due to the introduction of labour benefits into the
management objective function. Using specific forms for the
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fishery production function, the economic rents function, and
the dynamics, it was found that adding labour components to
the objective decreases (increases) the optimal equilibrium fish
stock if the marginal benefits of labour are positive (negative).
This result, while apparently intuitive, in fact depends to some
extent on the nature of the model — further research will be
required to determine its robustness to a variety of possible
dynamic assumptions.

The approach to equilibrium has also been analysed, using
computer simulation. This shows clearly the dynamics of both
the labour force and its target or ‘‘natural’’ level, together with
the gradual adjustment of the former to the latter. Under optimal
management, harvest levels were found to vary substantially
over time (although this is in part due to the 5-yr steps assumed
in our analysis). Labour dynamics can depend significantly on
the constraints placed on fishing effort, if for example effort is
restricted by the size of the labour force itself.

This paper has emphasized optimization approaches, with
fishing effort chosen optimally subject to constraints on the
available labour supply. The study of resource, labour, and
community dynamics could also be undertaken using behav-
ioral modelling approaches, in which fishing effort dynamics
are based on behavioral assumptions rather than optimization.
For example, Smith (1968) assumes that the time rate of change
in fishing effort E(7) is proportional to the difference between
current fishery rents () and a base level (%), perhaps repre-
senting the possible profit in alternative economic activities.
Hence, in the Smith model, high rents lead to increased effort,
while low (or negative) rents lead to a reduction in effort. (This
behaviour with respect to fishery rents is similar to that assumed
for the labour force in the present model, but we are differen-
tiating here between the labour force per se, and the effort it is
actually able to exert in the fishery.)

Of course, this is but one possible assumption about the
determinants of fishing behaviour. It is also possible that fish-
ermen might adjust their collective fishing effort in order to
fully utilize available labour and capital inputs, or to maintain
either constant fishery rents or fishermen incomes. Alterna-
tively, fishery management may set a constant effort or constant
harvest rate strategy (such as the “‘F,,”’ approach used for
groundfish stocks on Canada’s Atlantic coast). In either case,
managers may control the fishery only through a total allowable
catch quota, while fishermen will respond by setting their
desired effort levels. From a research point of view, the modell-
ing approach presented here has the flexibility to allow a com-
parison amongst these various possible effort strategies, and the
resulting labour dynamics. Such behavioral models will be
examined in detail in a future paper.

The application of any fishery model to specific cases
requires the collection of suitable data to ‘‘fit’’ the model. In
the case of bio-socio-economic models, it is necessary to
assemble time series of data on fishery labour forces, fishing
community populations, and fishery participation rates (e.g.
Copes 1983), as well as data on fish stock dynamics and eco-
nomic parameters. While the information needs are great, it is
also true that in most fisheries, efforts to date have not been
sufficient in collecting and consolidating existing data in prep-
aration for an integrated analysis of the fishery system. The
modelling framework developed here may be of use in high-
lighting the information requirements needed to undertake such
an analysis.
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