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[ . Introduction

The yield Y in Fishery depends on population size (i.e., fish stock)
X, and effort E. Economists think of effort in terms of the boats, men,
gear and so on that are required for the fishing activity. This is usually

termed nominal effort E, and is calculated by using some standardized
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measure such as vessel-ton-days. Gorden-Schaefer (GS) model use
nominal effort, and simple short-run yield equation becomes Y, = ¢X,E,,
where ¢ >0 is called a “catchability coefficient”.

GS model is a static or an equilibrium model based on the parabolic
yield-effort curve. The each point on this curve corresponds to the
sustainable yield Y(E), measured, for example, in terms of biomass,
resulting from the application of a given level of fishing effort E. If we
assume a constant price p per unit of harvested biomass, then the
revenue function 7R = pY(E) represents the total sustainable revenue
resulting from the effort E. In the simplest case the costs of fishing are
proportional to the effort expended: TC = cE. Where c¢ is the unit cost
of effort and is constant,

The difference between total sustained revenue TR and total cost 7C
is called the sustainable economic rent provided by the fishery resource
at each given level of effort E: TR—TC=pY(E)—cE. In the
open-access fishery effort tends to reach an equilibrium (bioeconomic
equilibrium) at the level E = E. at which total revenue TR equals total
cost TC. At E., hence, revenue equals cost and net revenue or profit
is zero (TR —TC=0). The “zero-profit” condition is, in theory,
encountered in all competitive industries, where it is viewed as the
healthy outcome of socially desirable competitive forces, This is not the
case in an open access fishery. At E. the cost of effort (including
compensation to vessel owners and crew) is being covered, but there is
nothing left to pay the other important factor, the fish stock. Because
access is free, the fish stock is reduced until it is worthless.

The unit cost of effort with TC, ¢, affects the open access dynamics
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and bioeconomic optimum. That is, if E>FE. can be maintained

indefinitely, for this would produce a situation in which the total costs of
fishing would exceed the total revenues. At least some of the fishermen
would lose money and would withdraw from the fishery, reducing the

level of effort E. Whereas, if E > FE. can be maintained indefinitely,

because of the open-access condition: at such an effort level the
fishermen would earn a profit, additional fishermen would be attracted to
the fishery, and effort would increase.

The production function, and the prices of factor inputs, will determine
the costs incurred directly by the fishing enterprise. A shift in the
production function or a change in factor prices will alter total costs. The
costs include fixed costs, variable costs and opportunity costs of labor
and capital. Fixed costs are independent of fishing operations
(depreciation, administration and insurance costs, etc.), whereas variable
costs are incurred when fishers go fishing (fuel, bait, food and beverages,
etc.). Opportunity costs are the net benefits that could have been
achieved in the next best economic activity, i.e., other regional fisheries,
capital investment or alternative employment, and thus must be integrated
in cost estimations.

The concept of opportunity cost also has a time dimension, which is
especially relevant in the present context. Time is, in a sense, an input
into the production function since the harvesting of fish is time-
dependent; that is to say, the biomass depends on the length of time it
has been allowed to grow. More importantly, time also has an
opportunity cost. To appreciate this statement we must realize that the

fishery can be treated not only as a renewable resource that produces a
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stream of net benefits in perpetuity but as an item that can, in principle,
be consumed instantly.

[ will begin with by outling a simple model. This will constitute the
basis with nominal effort for analysis. The effects of cost changes on
static equilibrium caused yield, fishing effort and fish stock, are explored.
And then, dynamic open access and bioeconomic optimum are analyzed.
Thereafter, the basic model is extended to estimate the effects of cost
changes through simulations with diminishing returns to nominal effort
(Cunningham et al, 1985). The work is briefly summarized in the final

section.

. Modeling Approach

This paper is based on the Gorden-Schaefer (GS) model. The fishery
production function Y,, will relate harvest in period ¢ to the fish stock
X, and fishing effort in ¢, E, In general the production function will be
written as Y, = H(X,, E,). This production function will be concave,
with positive first partial derivatives,) non-negative cross partial
derivatives,2 and non-positive second partial derivatives.3) In this chapter,

I use Conrad’s model in relation to biological growth function. Also, I

shall use nominal effort, and the simple yield equation becomes

1) 0H(X,, E))/X,>0, 0H(X,, E;)/0E,>0
2) 3°H(X,,E)/0X,0E, = *H(X,, E)/0E0X,20
3) 9*H(X,, E)/0X} <0, 9*H(X,, E)/IE] <0
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Y, = ¢X,E, (1
E[ - th (2)

The biological growth function is

F(X,) = rXt(%—l)( —%) 3)

which we will call the logistic growth function, where »>0 is referred

to as the intrinsic growth rate, k%; is called the minimum viable
population size? and k, indicates the environmental carrying capacity.

The cost function relative to the cost of fishing is given by the simple

linear equation

C, = cE, (4)
Ct = CY;/QX[ (5)

1. The Static Model of Open Access

In the open-access fishery effort tends to reach an equilibrium at the

level E= E. at which total revenue TR equals total cost 7C. That is,

the revenue and the cost intersect at

4) If the stock were displaced slightly to the left to k;, net growth would be negative
(F(X,)<0) and a process leading to extinction would result. Alternatively, if the
stock were displaced slightly to the right of £%,, net growth would be positive and

the stock would grow toward k.
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7=TR—TC = pY(E) — cE = pgXE—cE = () (6)
To obtain X, E and Y in steady state,
_ _C
2
_rl__=c . cf 1 1
E. Q[p2q2k1k2+l>(/€1+k2)] @®

Using Equation (7) and (8), we can drive the output

Yo =

2 3 2
_r c__ _ C c
pq[ pak Bk | bak C] @

Taking the first partial derivatives equation (7), (8) and (9) by ¢, then

0X o
dc

0F
dc

0Y e
dc

Stock size In

_ 1
Y, (10)
2cr 7 1 1
= - + —— 11)
qusllﬁkz 15612 ( ky ky ) (
_ r[_2¢c 3 2¢
00| ek Pk | bak 1] 12

steady state increase as cost rises (equation (10)). Fishing

effort in steady state is ambiguous. If we multiplied by p>¢°k k)7 in

equation (11), we can derive —2c +pg(k, +ky), i.e., dE./dc. We

decide that

(i) if 0Ew/dc>0, then ¢/pg < (ky+ky)/2 or Xeo < (ky+ ky)/2
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(i) if 0Ew/dc <0, then c/pg> (kyi+k)/2 or Xe > (ky+ ky)/2

That is, in the case of (i), the effort in steady state will decrease as
cost increase. In terms of (ii), the effort in steady state will increase as
cost increase. Also, we can know the relationship between yield (e,

harvest) and cost through equation (12). The term 0Y./dc in equation

(12) can rewrite as follows:

Ve _ 9F  0Xa
oc 00X dc

As we know in equation (10), 0X./dc is positive. The results are

alternative that (i)

0Y e _ oF 0Ye . oF
ER >0 if X >(0 and 3c <( if X

<0

The level of fishing effort which maximizes rent occurs if marginal
revenue is equal to marginal cost. The rent-maximizing level of effort in
static open access is identified by finding the point where the revenue
curve has a slope of ¢, the marginal cost of effort and dropping a

vertical to the E-axis (Conrad, 1999).

2. The Dynamic Model of Open Access and

Bioeconomic Optimum

The dynamic model of open access will consist of two difference
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equations, one describing the change in the resource when harvested, the
other describing the change in fishing effort (Conrad, 1999). The former
is related to X+, — X,=F(X,) — H(X,, E,). The equation, describing
effort dynamics, is more speculative because it seeks to explain the
economic behavior of fishers. There are many possible models, but
perhaps the simplest and most compelling would hypothesize that effort is
adjusted in response to last year's profitability. If the per unit price is
p»>0 and the per unit cost of effort is ¢ >0, then profit of net revenue
in period ¢ may be written as II, = pH(X,, E,) — cE,. If profit in period
¢ is positive we would think that effort in period #+1 would be expanded,

and if that response were linear we could write E.+ — E, = 7[pH (X, E\)
—CcE,], then E,.,=E,+39[pH(X,,E,)—cE,]. We could write these

two difference equations in iterative form as a “dynamical system’.

X )
Xy = [1+1’(%—1)( ———kf[)—qE,]X, (13)
1 2
Eny = [1+7(pg X, — o)]E, (14)

Where 7 >0 is called an adjustment or stiffness parameter.
Taking the first partial derivatives with respect to ¢, we can derive

some results:

0E, 4,

i, nE, (15)

We need to calculate X4, because FE,.; is not derived in X,;,. The

term X9 1S
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X X
1+7(—2 1 1“——ﬂ —qE | X
ky ky

Then
0X 140 . 0X 49 0E 4, _ .
dc,  0Ei dc, a X1 0k, (16)
% — 0E 1+,
9e, — 9Xe1 T4 (17)

where Y,11 = ¢X,+1E,+1. Equation (15), (16), and (17) indicate that

an increase in the unit cost of effort results in increasing effort and
harvest but decreasing stock size.

If a fisherman's objective is the maximization of the discounted present
value of profit stream, the static rent maximization is not optimal.
Maximizing the present value of net benefits leads to the objective
function and subjective function. The method of Lagrange multipliers is a
technique for solving constrained dynamic optimization problems (Conrad,

1999). The problem for optimization of net benefits is

Max T = /Zoplﬂ(Xh Y)
s.t. XH—I_Xt = F(X/)_ Y/

Xy, = X% given

where p is the discount factor by o=1/(1+ ), where & is called the
discount rate.

The Lagrangian is
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L = Igopf{ﬁ(X,, Y)+ oA [F(X,) =Y+ X, — X 1}

where A is called Lagrange multipliers. In general, every variable defined
by a difference equation will have an associated Lagrange multiplier. This

means that X, will be associated with A, X,;, will be associated with
Av+1, and so on. It will turn out that the new variables, A,, will have an

important economic interpretation. They are also called “shadow prices”
because their value indicates the marginal value of an incremental

increase in X, in period ¢
The steady-state conditions consist of X, =X,;,, =X",Y,=Y,,, =
V' and A,=A,4,=2" The triple (X*, Y*, 2%) is called a steady-state

optimum. In steady state we can dispense with all the time subscripts

(Conrad, 1999). I derive the first order necessary conditions as follows:

= —pA[1—(1+06) + F'(X)]

<IN~

F(X)

Using equation (1) through (5), we can write

Y : i , .
T, =pY, — ot Z[Z)— qg(f]Y[, which has the partials on(-)

qY, 0X,
c¥, or(-) _ ¢
e and Y, = p 2X,

The fundamental equation of renewable resource in the steady-state is

expressed as follows:
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, on/oX _
F(X)+ ooy )

That 1s,
Alex( i) = e )
+ [ x4 ) X)) - o

3rpg 3 _[_27c 1 1 2
Fikes X [kk +27pq( kl + £ )]X

(18)

+ [pq(r+5) + rc(71 7})]){+ c6 =0

This equation represents that it required the steady state levels of X

and Y to equate the resource’s own rate of return, (the LHS) to the rate

of discount 8 We can drive the optimal stock (X *), the optimal harvest

(Y") and effort levels (E™).

: : on _ N 7/ S
In the Lagrangian expression, the term oY = oA can write oY
. _C_ .
oA = X, we get:
X = —&— 1
pq—pAq 19

Taking the first partial derivatives equation (19) by ¢, then

oxX  _ 1 (20)

dc pqa—pAq
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Using YY" = F(X") in the steady state, we get:

Y _ aY"  aX

oc =~ 0X oc (1)
JE* _ QE' X

9c = Tox  ac (22)

Stock size level in steady state of bioeconomic optimum increase as

cost rises, i.e., 85(; > ( (equation (20)). The level of harvest in steady

state of the present value maximization is ambiguous because the term

. ., . . aYOO .
% is positive. The results are alternative that e >0 if

oY”
0X

The effort in steady state is ambiguous. Taking the partial derivative

>( and aa—YC°°<Oif g}; <.

of fishing effort (E) with respect to stock size (X)), we get:

oFE _ (1 , 1\~r _ 27
X ( ky * k2> a X akyk; @
O kiky . . . k
If we multiplied by ld in equation (23), we can derive ey (1
27 27 \ k
+71?) — X. We decide that
i PRl 1Y xeg (ie ﬂ>o) then 9£~ <
2 ki ks o 0X ’ dc
_ BE" 93X
because IX e <0
Gy it k(L LY vy (ie -5@<0> then 2E- =
2 ko k e 9X ' ac
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) M), ¢
because axX  ac >0

That is, in terms of (i), the effort in steady state will decrease as cost
increase. In the case of (ii), the effort in steady state will increase as

cost Increase.

3. An Application : Cunninghams’ Model

Biologists, on the other hand, refer to effective fishing effort e. This
may be defined as “the fraction of the average population taken by
fishing” (Rothschild, 1977). The measurement of e is achieved, however,
by considering the proportion of the stock that survives fishing. Precisely,
it is “the negative of the natural logarithm of the proportion of fish
surviving fishing in a year” (Pope, 1982). Hence if fishing removed 60%
of the average population, 40% would survive, giving a e value of —In
(0.4), which is 09163. It is argued further that doubling the level of
fishing would result in a further 60% of the remaining 40% being
captured, giving in e value of 1.8326 (which implies 16% survival
overall). Notice however that this argument requires an implicit
assumption of diminishing returns to nominal effort: a doubling of the
fleet results in less than a doubling of the catch.

From the point of view of nominal effort however, equation (1) is
particularly unrealistic, since it implies that there are no diminishing
returns to effort. That is, it would mean that if effort were doubled then
yield would also double. In the short run, the stock size is more or less

given, so that there is an upper limit to yield (Cunningham et al, 1985).
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Hence, as effort increases so does yield but at a decreasing rate. In other
words, diminishing returns to nominal effort occur. One way to show this

is to modify our short-run yield equation to

Y, = thE?

where @ represents variable returns to effort. Values of a between 0
and 1 imply diminishing returns and a value of 1 implies the absence of
diminishing returns (i.e., nominal effort).

As I mentioned above, as effort increases so does yield but at a
decreasing rate. In other words, diminishing returns to nominal effort

occur. One way to show this is to modify our short-run yield equation to

Y, = ¢X,E! (24)
1
_ (Y

1) The Static Model of Open Access

The revenue and the cost intersect at

7= TR—TC = pgXE* — cE* =0 (26)
c
o =< 27
X o (27)
1
2 a
/4 C C C
R _ - 28
r { G[ paky P g’ ki ks 1” “
1
2 3 2 a
/4 C C C
w - - 29
Y [ pq[ Pk Pdikik | bk C” )
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Taking the first partial derivatives equation (27), (28), and (29), we get

X 1
ac g (30)
OE " !
o 2vc © rc ® 1 1
= - + . S 1
dc ap*a’kiky apg’ (kl kz) By
2 -
Yo _ _r|2c% _ _3c®
dc pa | apak ap’q*kiks
(32)
2, 1.,
2¢ ¢ ¢
apagks a

Stock size in steady state increase as cost rises (equation (27)).
Fishing effort in steady state is ambiguous.

2 3
If we multiplied by % in equation (31), we can derive
rc
2L 1
—23_1 + g (ky+ k) = —2¢ “+ pg (ky + ky). We decide that
C a

1

o ) o k :
(i) if —2¢c “ + pg(ky+ky) >0, ie, aaic >0, then —% < St Ay

bq 2

e, Xo< ﬁg‘kl

1

() if —2¢ @ + pg(k,+ k) <0, ie,

0F i c ky+ &y
3¢ <, then “ha >
b+ ko

re, Xo> 5

That is, in the case of (i), the effort in steady state will decrease as
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cost increase. In terms of (ii), the effort in steady state will increase as

. Yo . ) )
cost increase. The term 3¢ In equation (32) can rewrite as follows :

[ee) [ee) . . aXOO .
aa):: = 8%2 . 6&;(6 As we know in equation (27), 3¢ 8

positive. The results are alternative that (i) aaY;m >0 if a%f >0 and
Y .
= <0 if =5 <0,

The rent-maximizing level of effort in static open access is calculated

by the same method in the base model.
2) The Dynamic Model of Open Access and
Bioeconomic Optimum

We could write two difference equations in iterative form as a

“dynamical system”.

X = |1+7X, &—1 1— X —qE{ X, (33)
ky ky
t+1 = [1+2(paX,—c)]EY (34)

Taking the first partial derivatives with respect to ¢, we get

0E{v1 e OE1
ac, = gk, ac, = pkE, (35)

This result i1s the same as in the base model.

0X vy _ 00Xy OET, .
de;,  GEY, dc, q X1 7E; (36)
Y. JES )
1l aX i1 1 Where Yie,=aX E%y 3D
dc, ac,
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Equation (35), (36), and (37) indicate that the cost increase results in

increasing effort and harvest but decreasing stock size

In the case of the present value maximization, we can rewrite harvest

function and cost function as follows as: Y, = ¢X,E¢, and C, = cEY.

1
The term x,=p¥, ——S— ¥/°, which has the partials 25C) =
@ t
1 (¢Xp) 1,
iyl 77 and a’g(Y' ) p— Ll Therefore, the fundamental
aqg “ X, © '

Q(QX/) “

equation of renewable resource in the steady-state is expressed as
follows:

() - e ) -

kiko[ — X° 2 ‘
+ C7Ry 2[ +(k1+k2)X klkz] — (38)
L_l 1 L +1 a
ap(kiky) @ g“X°

—cr[ = X3+ (bt k) X* — by g
=5

Using equation (19), (20), and (21), we can also drive the optimal stock

X" and optimal harvest Y" in the Cunningham’s model. In the case of

effort E“ in steady state, however, we need a different equation. Taking

the partial derivative of effort E* with respect to stock size (X), we get

1
OE“  _ A[r( 1, 1\ “gel_ 2( 7 \ e
ox a[q(k1+k2)] X a(qklkg) X (39

If we multiplied by _a( Fiky

9 —7) in equation (39), we can derive
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1_ 2 _
kiky L Ly xe™ _x el We decide that
ky ko

1 _ 2 _ @
Q) if —%@(—;IJF—;;)X“ xS (i.e., I >0),

0X
then agjca* <0 because ag‘; . % <0
(i) if flzﬁ(flﬁ—gg)x%l—x%“?o (ie.. 25 <0)
then 853: > () because 85)};* % >

. Simulations and Results

1. The Static Model of Open Access

This study used numerical values to simulate both static open access
equilibrium. The real values are as follows as: the unit price p=1, the
intrinsic growth rate »=0.1, the minimum viable population size
k =0.1, the environmental carrying capacity k4, =1, the catchability

coefficient ¢=0.1, and the unit cost of effort ¢ are 0.03, 0.04, and 0.05

for cost change.
The equilibriums in static open access are the effort of 1.4 in <figure 1
(a)>, 1.8 in <figure 1 (b)>, and 2.0 in <figure 1 (c)>. That is, the effort

in steady state goes up as cost increase. This result is related to the (ii)

case of equation (12).

In the case of the Cunningham’s model with diminishing returns to

- 316 -



A Study on Impact of Cost Changes in Fishery Using Comparative Static and Dynamic Approach

effort, the equilibriums when @=0.87 and ¢=0.03 are the effort of
1.747 in <figure 1 (d)>, 2.123 (when «=0.87 and ¢=0.04) in <figure 1
(e)>, and 225 (when @=0.87 and ¢=0.05 in <figure 1 (f)>. With
a=0.87, ie., there is diminishing returns to effort, the effort in steady
state more fastly increase as cost increase compare to the absence of

diminishing returns (nominal effort case).

2. The Dynamic Model of Open Access

In the case of open access dynamics and bioeconomic optimum, the
real values are based on the following information: the unit price p =1,
the intrinsic growth rate »=0.1, the environmental carrying capacity #

(k=0.1 and k;=2), the catchability coefficient ¢=0.1, adjustment

parameter 7 =05, discount rate 6=0.05 and the unit cost of effort ¢
are 0.03, 0.05, and 0.07.

This study observed the results between 0.03 and 0.07 as the ranges of
the unit cost of effort. These results are illustrated by <figure 2 (a)>~
<figure 2 (c)>. The fish stock does not converge to open access
equilibrium from 0.03 to 0.05, using an initial value of X =0.6 and
E =1. However, as the results of simulations show, when ¢=0.07, the
fish stock has the stability at the value 0.7 as well as effort converges
<figure 2 (c)>.

We know that the fish stock increase if unit cost of effort is higher
through <figure 2 (a)>~<figure 2 (c)>. In other hand if the unit cost of effort
are smaller, the population of fish go to the extinction and effort increase.

With diminishing returns to effort @ =0.87 <figure 2 (d)>~<figure 2
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(f)>, the fish stock converge to open access equilibrium when c¢=0.05
compare to ¢=0.07 in the base model. The fish stock also increase as
the unit cost of effort rises, but the fish stock will be depleted slowly

than base model case.

3. Bioeconomic Optimum

In terms of bioeconomic optimum, to solve the bioeconomic optimum,
we need more in function relative to fish stock. We assume that the fish

stock were estimated to be X, =0.03 and that fishery managers decided
to maximizes the present value of net revenues to ¢=0, 1, 2, -, 9,
subject to X,p = X *. Using the unit cost of effort, from 0.001 to 0.2, the

maximizing the present value of net benefit through Excel’s solver
provides the numerical solution associated with each simulation.

The solutions are represented by <figure 3>. The fish stock shows higher
through time if both the unit cost of effort is so low (¢=0.001) and high
(¢=0.2) by <figure 3 (a)>. When the unit cost of effort is higher, the
fishing effort decreases through time (<figure 3 (b)>). Especially, the
optimal fishing effort decreases rapidly after the high unit cost of effort,
c¢=02. The optimal harvest through time is presented in <figure 3 (c)>.

With diminishing returns to effort @ =0.87, the optimal fish stock
paths in each case have similar trend compare to base model (<figure 4
(a)>). The optimal fishing effort decreases as the unit cost of effort
rises, but effort does not decrease rapidly in high level of the unit cost
of effort (<figure 4 (b)>). The optimal harvest paths are depicted by
<figure 4 (c)>.
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IV. Conclusions

As we analyzed above, the unit cost of effort ¢ affects the level of
fish stock. An increase in the unit cost of effort goes up the fish stock
in static open access, but open access dynamics shows the exhaustion of
fish stock as the unit cost of effort decreases (ie., below c¢= 0.07). The
effort and harvest in static open access equilibrium and dynamic open
access equilibrium increase or decrease according to biological conditions.
It is analyzed by comparative statics through base model and
Cunningham’s model.

The extension is more likely if the fishery is characterized by open
access and has low unit costs of effort. A possible scenario is as follows.
An open access fishery starts out with a sustainable equilibrium, but
then technological change lovers the unit costs of effort. In many
fisheries there have been large technological change advances that have
reduced the cost of harvesting. Examples are the use of sophisticated
capital equipment such as sonar. More recently, satellites are being used
to track pelagic species, and information about the location of the fish is
fed instantaneously to shipboard computers.

These new techniques may offset the higher marginal harvesting costs
that would normally result from a lower stock of fish. Harvesting continues,
and the stock is ultimately extinguished. Rising demand for fish may also
contribute to extinction of species. Rising incomes can cause demand to
increase. The price of fish rises, harvests increase, and the fish population
falls. If the demand curve shifts up enough, the open access equilibrium

may again occur below the threshold, and the species will become extinct.
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(Figure 1) Revenue and Total Curve in Static Open Access
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(Figure 2) The Cost Effects in Open Access Dynamics
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(Figure 2) Continue

(d) When ¢=10.03, a=087
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(Figure 3 (a)) The Cost Effects on Fish Stock in Bioeconomic Optimum
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(Figure 3 (b)) The Cost Effects on Effort in Bioeconomic Optimum
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(Figure 3 (c)> The Cost Effects on Harvest in Bioeconomic Optimum
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(Figure 4 (a)) The Cost Effects on Fish Stock in Bioeconomic Optimum( & = 0.87)
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(Figure 4 (b)) The Cost Effects on Effort in Bioeconomic Optimum( @ = 0.87)
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(Figure 4 (c)) The Cost Effects on Harvest in Bioeconomic Optimum( @ = 0.87)
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Abstracts

A Study on Impact of Cost Changes in Fishery
Using Comparative Static and Dynamic Approach

Jong Du Choi

This study uses Conrad’s model (nominal fishing effort) of a fishery
to analyze theoretically the effects of cost changes on fishing effort,
harvest level, and stock size. Static and dynamic open access effects are
also modeled present value maximizing scenarios through simulations,
and compared an extended model, Cunningham’s model (diminishing
fishing effort).

Results show that an increase in the unit cost of effort goes up the
fish stock in static open access, but open access dynamics shows the
exhaustion of fish stock as the unit cost of effort decreases. In
conclusion, we can derive the optimal equilibrium of resource, given
conditions and parameters, as well as utilize this comparative statics to

efficient fishery management.

Key Words : bioeconomic optimum, comparative static and

dynamic analysis, cost change
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