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Abstract

It is assumed that exit and entry of fishermen, as well as vessels, is not instantaneous. The wage
rate varies with the fortunes of the fishing firms and affects the endogenous labour supply cre-
ating a second transmission mechanism from profits to effort. There are realistic cases where this
mechanism has important effects on the stability of the dynamic system and on the effects of
taxes (subsisdies) on the size of the fish stock. If labour supply depends negatively on the wage
rate, the immediate effect of an increase in the tax rate is to increase effort and harvest. In some
cases the increase in the tax rate increases overexploitation also in the long term. This outcome
is highly probable if the dynamic system is unstable.
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I Introduction

It is commonly assumed in models of commercial fisheries, that the unit prices of
inputs are independent of the fortunes of the fishing firms. This is the case in the
classical models of Gordon (1954) and Scott (1955) and in the models in Clark (1980
and 1990). In Smith’s (1968 and 1969) celebrated dynamic models of commercial
fisheries the unit prices of inputs are independent of the fortunes of the fishing firms,
but the firms’ profits/losses induce gradual entry and exit of firms (vessels). The
model in this paper is based on Smith’s model. However, it differs from this model in
two respects. Firstly, it is allowed that not only capital adjusts gradually, but that the
adjustment of labour is also sluggish. This does seem realistic in many cases as lack
of alternative employment, sunk cost in acquired labour skills and even attachment to
fishermen’s “way of life” make fishermen frequently hesitate before leaving the
industry.

If labour adjusts sluggishly, it is reasonable to expect that the wage rate deviates
temporarily from the market wage in some alternative employment. When the fishery
is profitable and new vessels enter, the wage rate increases above the alternative wage
rate to attract the required number of fishermen, while if the fishery is making losses,
and some vessels are leaving the industry, the wage rate is under pressure and
decreases so as to reduce the unemployment of fishermen. In this case the wage rate
depends on the profitability of fisheries.

The use of sharing for remunerating the crew, which prevails in most fisheries,
makes the unit cost of labour vary with the economic conditions of the firms. In most
cases the parameters of the share contracts are rather inflexible and respond sluggishly
to excess demand in the market for fishermen’s labour. The analysis below covers the

case where the fishermen’s remuneration is based on a wage rate, which is flexible



and responds to the conditions in the market for fishermen’s labour, and also the case
where the fishermen are paid a share with rigid share parameters.

The second innovation compared to Smith’s model is that labour supply is made
endogenous. If a change in the wage rate makes it optimal for the fishermen to alter
their labour supply it is assumed that this change is met by changing the length of the
fishing trip or by changing the intensity of the work.

It will be shown below that allowing the wage rate to change, and allowing the
fishermen’s supply of labour to respond to these changes in the wage rate, affects the
stability of the equilibrium positions of the model. These assumptions also affect how
changes in taxes/subsidies affect effort, harvest and the size of the fish stock. In the
classical models, where the wage rate is independent of the fortunes of the fishing
firms, an increase in a tax on fishing (or a decrease in subsidies to fisheries) lowers
the profitability. Effort decreases immediately because losses induce exit of vessels.
The size of the stock increases also in the long-term in most cases. In the model in the
present paper an increase in the tax rate on fishing reduces the profitability of the
fisheries. But the wage rate in the fisheries decreases also. The decrease in
profitability induces some exit of firms. However, the decrease in the wage rate may
also cause the fishermen that remain in the industry to change their supply of labour.
If the decrease in the wage rate induces an increase in the supply of labour, the
immediate effect of a discrete increase in the tax rate is an increase in effort and catch
and a reduction in the stock size. If the dynamic system is stable, the gradual exit of
vessels reduces effort. In most cases this brings the system back to a stable
equilibrium where the stock is larger as predicted by the classical models. But if the

dynamic system is not stable an increase in the tax rate may lead to serious



overfishing and even to a collapse of the stock. These results have obvious
consequences for the efficiency of taxes for managing fisheries.’

The paper is organised so that Section II sets out the basic model where, as in
Smith’s model, capital (number of vessels) adjusts sluggishly. Section III discusses
stability of the dynamic system where also labour adjusts sluggishly. In this section it
is assumed that the wage rate is perfectly flexible so that there is never any
unemployment of labour. Section IV discusses the effects of changes in the

tax/subsidy rate. Section V discusses the case where labour is remunerated with a

share and Section VI concludes.

1T The basic model
All fishermen are assumed identical, each possessing the utility function
u=u(c, f,1l), (1)
where f is consumption of fish, ¢ is consumption of other goods than fish and / is

labour. The fishermen’s utility is assumed to depend positively on the consumption of

f and c, but negatively on /.
If the price of fish is constant it is reasonable to aggregate f and ¢ into an

aggregate consumption bundle. However, if the price of fish varies that aggregation is
only approximately valid. In this paper we are studying cases where there are large
variations in the supply of fish. It is therefore logical in a general equilibrium model
to specify the consumption of this fish in the utility functions. After deriving the

relevant formulas below we will point out some conclusions that depend on the

T See Clark (1980 and 1990) on the efficiency of management with taxes. See also Weitzman (2002)
for a recent eloquent arguments for the efficiency of using taxes for managing fisheries where there is
uncertainty concerning the growth of the fish stock.



assumption that the effect of changes in f are small because f is only a small part

of the total consumption. This assumption seems to be realistic in most cases.
The fisheremen are assumed to be price takers in all markets. They decide their

consumption of ¢ and f and their supply of / by solving

m%( u(c,f,l) subjectto w,/=p.c+p,f. (2)

Solving (2) gives consumption of f and ¢ and the supply of / as functions of
the relative prices. To simplify the notation the price of ¢ is set as a numéraire, i.e.

p.=1. It is then possible to write the solution for the labour supply as

I=Iw;,p,) 3)
It is not possible to determine the signs of the partial derivatives of the function in
(3) on purely theoretical grounds. An increase in w, makes leisure more expensive

and therefore induces substitution from leisure. However, the increase in w, also

increases the fishermen’s incomes, which means that if leisure is a normal good the

income effect of an increase in w/, is positive. It is the sum of the substitution effect

from leisure and the income effect towards increasing leisure that determines the

effect of an increase in w, on the volume of leisure consumed and labour supplied.
Similarly, for an increase in p ., the substitution effect on leisure is positive while the

income effect is negative if leisure is a normal good, making the total effect
indeterminate.

Let n be the number of identical vessels (firms). The size of the crew is fixed at
a, . The fishing effort of each vessel is determined by the size of the crew and the
supply of labour by each fisherman. The crew supplies &,/ units of labour. Given the

proper supply of intermediary goods all units of labour are equally efficient. The ratio



of intermediary goods to labour is assumed fixed, in which case the volume of

intermediary goods used by each vessel in a given period can be written as «,/ where
o, 1s a constant.

Productivity of fishing effort is assumed to depend on the size of the fish stock.

This dependency is described by the non-decreasing function A(x). If A(x) gives the

catch of each vessel per unit of labour supplied by the crew, the total catch (4 ) in
each (instant) period is given by
H=n-h(x)-1(w,,p,) (4)

Smith (1969) pointed out that if there is crowding in the fishing grounds the
function # depends negatively on n besides x. This would make the model
considerably more complicated and probably give rise to some unexpected dynamics.
Following Smith (1969) this possibility will be ignored below.

It was assumed above that, given the size of the stock, the harvest per vessel is
proportional to the necessary input of labour and intermediary goods. This assumption
contributes to keeping the model simple. It also seems reasonably realistic. However,
it does limit somewhat the possible dynamics, e.g. compared to Smith’s (1969) model
where the firm’s marginal cost of fishing is assumed to increase with catch. It is the
rapid increases in the marginal cost assumed in the specific examples given in Smith
(1969) that create large part of the non-linearity, which gives rise to the varied
dynamics.

Given the function for the total harvest in (4) the growth of the fish stock per unit

of time ( x ) is determined by
x=G(x)—nh(x)l(w,,p,), Q)
where G is a concave function.

The profit function for the individual vessel (firm) is given by



7=\(p, ~0h-pia,~wa,)I-F, (©)
where 7 is a tax (or subsidy if 7 <0) per unit of catch, p, is the price of intermediary

goods and F' is the fixed cost per vessel.

A tax per unit of catch is assumed the only special tax on fishing. Price subsidies
are a negative tax of this sort. Assuming only one type of tax on fishing is obviously a
simplification. Subsidies of fuel and subsidies of capital cost are also frequently
observed. It should also be noted that if taxes are used to regulate effort they could be
levied on some measure of effort (e.g. fuel), or per vessel, rather than per unit of
catch. However, as the results will not change qualitatively if the taxes/subsidies are
levied differently, the discussion below will be limited to the case where there is a tax
(or subsidy) per unit of catch.

As in Smith (1969) the number of vessels in the fishery is determined by the
differential equation

n=yr, (7

where y is a positive constant determining the speed of adjustment. If y — o the
adjustment in # has to be instantaneous so that 7 =0 at all times.

The consequences of allowing that the wage rate in fishing deviates from the
alternative wage rate will be explored below. In each case a wage equation, which

gives the value of the wage rate in fishing (w,) at each moment of time, will be
specified. The wage equation completes the model. The initial conditions for the state
variables, x(0) and n(0), together with the wage equation, the profit equation in (6)

and the differential equations in (5) and (7), form a complete system that gives

solutions for the state variables, x(¢) and n(¢), at all times.



The equations
G(x)—nh()(w,,p,) =0, ®)
and (p, )~ —p,a, ~w,e, )1 -F =0 9)
give the equilibrium values for x and n. If x, and n, are solutions to (8) and (9) a

first order Taylor-expansion of (5) and (7) around these equilibrium values gives the

following system of linear differential equations

r'z:;/aa—;[(n—no)Jr;/g—Z(x—xo) (10)
and )'c=—hM(n—n0)+£a—G—nMj(x—xo), (11)
n ox Ox

that can be used to determine if the equilibrium at (x,,n, ) is locally stable. The
characteristic equation for the system in (10) and (11) is

A —TA+yD=0, (12)
where

or 3G _ okl

T =
76}1 ox Oox

(13)

is the trace of the coefficient matrix for the dynamic system in (10) and (11), while D
1s its determinant, i.e.

Do or/on or/ox "
|- ho(nlyfon  0G/ax —nd(hi)/ox| (14)

If D is negative, the roots of the characteristic equation are real and have
opposite signs. In this case the equilibrium is a saddle point. If D is positive then the
real parts of the roots have the same sign. If also 7 <0, the real parts of the roots are
negative, and the equilibrium is locally stable, while if 7 >0, the real parts of the roots

are positive, and the equilibrium is locally unstable.



Comparative statics can be used to study the long-term effects of a change in the
tax/subsidy rate (7 ) when the dynamic system is stable. Differentiating (8) and (9)
totally with respect to n, x and 7 gives

or or or

—dn+—dx+—dr=0 (15)
on ox or
and —hwdn+(a—G—ndex—nhﬂdT:0 (16)
on ox ox ot

Solving for the effect of a change in 7 on x gives

de b, 0n Lot or) -

E D\ onor on Ot

I Sluggish adjustment of labour

Let the sluggish adjustment of labour be determined by the differential equation

= plw, —w,), (18)
where m 1s the change in the number of fishermen per unit of time, w, is the wage
rate in the alternative employment and x is a positive constant. If y, x and w, are

such that vessels exit faster than fishermen, then the excess supply of labour creates

downward pressure on the wage rate in fishing. The decline in w, reduces the rate of
exit of vessels. If w, is perfectly flexible it adjusts to the value where there is

equilibrium between supply and demand for fishermen’s labour. If there is
equilibrium in the market for fishermen’s labour at a given moment in time, this

market will remain in equilibrium if ¢, fishermen exit for every vessel, i.e. if
a,n=rm (19)

Substituting from (6), (7) and (18) into (19), and solving for w, gives

10



Y,

L 20
u+yol 20)

w,=w, + [((pf—r)h—p,a,—woaL)l—F].

If 44— o0, while y finite, (20) gives that w, =w,. This is the assumption that
has been made in most models of commercial fisheries. At the other extreme, if x =0,
while >0, the wage rate must adjust so that there is no exit of vessels to prevent

unemployment of fishermen. This happens if

1 )
w, :WO+E[((pf—r)h—p1a,—wOaL)l—F]. (20%)
L
In this case 7 =0 at all times.
Substituting from (20) into (6) gives that
g
r=—*—(p, -0 p,a, ~w,a, )1~ F] (1)
u+ya;l

which shows that the sluggish adjustment processes for labour and capital, assumed

above, lead to a profit sharing arrangement where the share of each party is
determined by y/u, i.e. their relative readiness to leave the industry.

Given the wage equation in (19) the model in Section II above is complete. It is

possible to show (see Appendix A) that in this case the determinant in (14) is given by

& X (pf - T)
- G (1 +SpE,, )+ Tgh’x
: m, s
D(y, ) =— = 2 . (22
/’l+7/aLl X 1_ gl,wf a Z¢) 1 +s _ 81,17/
SL - gH,p/ " gH,p/
oG oH ol o w
where €6x :a_ia ‘C"H,p, :_&a gl,p/. :_ﬁ’ Lw, == and
x G op, H op, I ow, 1
Oh _— a,wl
Epy = DX are elasticities and s L= SN and s F= are cost shares.
T Ox phl phl

11



__ar
u+yo,l

,and x4 and y are non-negative. It follows that 0 < ¢, lp <1.If u
is large compared to ya [, then @, l¢@ is near zero, while if x is small compared to
ya;l, then a,lo is near unity. In the classical models z —> oo, y is finite, and ¢ =0.
The elasticity &, can be negative or positive. If the growth function is strictly
concave &, 1is positive for x <x(MSY) and negative for x> x(MSY), where

x(MSY) is the stock size, which gives the Maximum Sustainable Yield. In the case of

the logistic growth function, G(x) = 7x(1—x/K ), where » and K are parameters,

Egr = . (23)
It follows directly from (23) that for possible values of x, i.e. 0<x< K, then
—w<g,, <1
It is assumed that &, ’, <0 and that catch per unit of effort (CPUE) increases with
the size of the stock, ie. ¢,,>0. If &, , — —c0 and x — oo (and therefore ¢=0),
then D(y,) is positive. As ¢, , is small in realistic cases it is to be expected that

D(y, p) is positive in most realistic cases.

It is possible to show (see Appendix A) that given the wage equation in (20), T

in (13) can be written as

1 hl
. p; (1 +SpE), )
i .
T(y,u) = ; -
p+yal €, ale( 1 Elp,
1- +5, |———
s, Enp, Eup,

12



l+¢,, aLl(p[l + S’J Ep
nhl ! Sy

+—| g, — ,
x gl,w/»aLl¢ 1 glsP/
1- b5, |-t
&

SL H,p, 8H~P;’

(24)

where s, = p,a, /(pfh) is the share of revenue needed to cover the cost of

intermediary goods.

In the classical case where u — o, and therefore ¢ =0, T'(y,) is negative in
most realistic cases. It should though be noted that if also the elasticity of demand for

fish is very high (¢, p, > ), the first term on the right hand side in (24) is zero. In
this case 7'(y,) is positive if ¢, >¢, . As &, >0 this can only happen if the fish
stock is overfished, i.e. if x < x(MSY) and &, >0.

The terms on the right hand side in (24), which depend on &1, > make it possible
that the sign of 7'(y,u) is different from the sign of 7'(y,). The probability that
T(y,u) is positive, and the dynamic system is unstable, increases when €, is large

and negative and ¢ is close to unity because  is low. Note finally, that it is possible
to set x so low that the second term on the right hand side in (24) determines the sign

of T'(y, u) . Increasing x makes the first term a larger negative number.

v Changes in the tax rate

Besides affecting the stability of the dynamic system, slow exit and entry of fishermen
and endogenous labour supply affects how changes in the tax/subsidy rate (7 ) affects
the fish stock. Comparative statics can be used to analyse the long-term effect when

the dynamic system is stable. Using that if x>0, then w, = w, in the long-term

equilibrium, substitution into (17) in Section II gives that (see Appendix A)

13



dx R
dr D(j/::u)(l _81,P; /gH’Pf )

(25)

As D(y,u)>0 and

& pf‘ is small in realistic cases, the expression in (25) is

positive. In these cases, the long-term effect of an increase in the tax rate is to
conserve the fish stock.

If labour adjusts immediately, i.e. if g — oo, or if the labour supply does not

increase when the wage rate decreases, i.e. if ¢, 20, the immediate effect of an

increase in the tax rate is a decrease in effort. However, if labour adjusts sluggishly

and ¢, <0, the immediate effect of a discrete increase in the tax rate is to increase

effort and overfishing through increasing the fishermen’s supply of labour. If the
dynamic system is stable the increase in the tax rate induces exit of vessels and
fishermen, which reduces effort, and the system eventually returns to a stable
equilibrium where the stock is larger as predicted by (25). It is though far from certain
that this will happen. The impact effect of increasing the supply of labour may be so
strong, and the rate of exit of vessels so slow, that an increase in the tax rate will
speed up the collapse of the stock. This is especially likely if the dynamic system is
unstable.

To illustrate the analytical discussion above, let us consider some possible
outcomes of the model. The values of the parameters in these examples have been

chosen so that &, is negative making instability and unconventional effects of

changes in tax/subsidy rates probable. It should though be noted that it is not
necessary to search for extreme parmeter values for producing these results. It is not
difficult to find realistic parameter values that produce similar, unconventional,

results.

14



The utility function and its parameters are discussed in Appendix C. There, the
labour supply function and the demand function for fish are derived. The values of the

parmeters of the utility functions have been chosen so that ¢, , =-0.46, ¢, , =-2 and
&,,,=0.0098. In all cases the growth of the fish stock is determined by the logistic

growth function with » =0.56 and K = 2.5 million tonnes. The parameters have been
chosen so that the price of fish is 0.388 when the supply of fish is at the maximum
sustainable level of 350,000 tonnes. In Figure 1 the isoclines are calculated for the
case where the tax rate (7 ) is 0.1, the coefficient for the input of intermediary goods
(a,) is 3 and the coefficient for labour (¢, ) is 14. It is assumed that /(x) = gx“. The

catchability coefficient (¢ ) is 0.065 and the elasticity of the CPUE with respect to the

stock (w = ¢, ) is 0.5, the price of intermediary goods ( p,) is 1, the alternative wage

(w,)1s 1 and the fixed cost (F") is 100.

The line in Figure 1 marked “x-dot=0" gives the isocline for the values on x and
n such that the condition in (8) is met, while the line marked “n-dot=0" gives the
isocline in (9). In both cases w,=w,. Figure 1 shows that the dynamic system has
two equilibrium values, one at x = 82,362 tonnes and the other at x = 816,337

tonnes. The first one is locally unstable even in the classical case where labour adjusts

immediately and x = oo. The second one is locally stable in this case.

15



Figure 1

Phase diagram (tax=0.1) and trajectories when the tax rate changes
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Besides the isoclines, Figure 1 shows some trajectories. The speed of exit and
entry of vessels () is 0.01, while the number of fishermen adjusts immediately
(¢ > ©). The trajectories show what happens if the equilibrium is disturbed by a
change in the tax rate. The system heads directly for a new stable equilibrium in all
cases in spite of the rather low value of y. When the tax rate is increased the stock
size increases and when the tax rate is decreased the stock size decreases. In the case
where the tax rate is lowered to 7 =0.09, the new equilibrium is a stable focus and the
stock declines below the new equilibrium value before eventually reaching the new
equilibrium.

Figure 2 shows what happens if the assumption of immediate adjustment of

labour is relaxed. In this case g =10. On the other hand » has been increased to 1. All

other assumptions are the same in Figure 2 as in Figure 1.
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Figure 2

Phase diagram (tax=0.1) and trajectories when the tax rate changes
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All trajectories start at the equilibrium for 7 =0.1, i.e. where x=816,337 tonnes.
This equilibrium is unstable. The immediate effect of a decrease in the tax rate to
7=0.09 is to decrease effort and catch and therefore to increase the stock size.
Gradually effort increases as new vessels enter the fishery which is more profitable
because the tax rate has decreased and the size of the fish stock has increased. When
the profits decline as the stock size starts to decline, the exit of vessels and fishermen
is too slow and the stock collapses.

In this case an increase in the tax rate to 7 =0.11 or to 7=0.15 does not prevent
the stock collapse. Actually the stock collapses faster if 7=0.15 than if 7=0.11 or
7 =0.09. However, there must be some increase in the tax rate that is able to prevent
the stock collapse. Figure 2 shows that if 7=0.2 the stock will, after a period of
decline, return to a stable equilibrium where the size of the stock is 1.7 million tonnes.

In most cases lower values on ¥ and u increase the probability that the system is

unstable and that a given increase in the tax rate will increase effort and catches in the

long-run. The exact values on y and x where the system ceases to be stable and

17



becomes unstable depends on the utility function of the fishermen and on the profit
function.

It is intuitive that the value on x where the system becomes unstable (call it
M, (7)) depends negatively on y . It is possible to show that this is always the case if
y exceeds some given value. It is also possible to show that x_  approaches a given
value assymtotically when y — . (See Appendix D for a formal discussion.) In the
case shown in Figures 1 and 2 this assymptotic value is x (0) = 51.4. In this case the
value on g is close to 51.4 when y is quite low. In this case u (1) =51.4, x4 (0.1)
=51.7, u,(0.01) = 54.4 and p, (0.001) = 116.3. These numbers can be compared to

the number of fishermen which is around 1,000 when the number of vessels (n in
Figures 1 and 2) is around 70. If the wage rate in fishing is 10% below the alternative
wage rate (w, = 1) some 5 fishermen, or 0.5% of 1,000 leave the industry in each
period when y — .

Figure 3 shows the isoclines and some trajectories in the case where the subsidy

rate is 7=-0.1, «,=20, ¢=0.00025, ¢,,=0.9 and F =400. It is also assumed that

y=1 and that x=1. All other assumptions are the same as in Figures 1 and 2.

18



Figure 3

Phase diagram (tax=-0.1) and trajectories when the tax rate changes
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The only equilibrium in Figure 3 is at 1.33 million tonnes, i.e. well above

x(MSY) of 1.25 million tonnes. This equilibrium is unstable, but fairly small

decrease in the subsidy rate brings about stability. The trajectory for the case where

the subsidy rate is decreased to 7 =-0.09 brings the system to a stable equilibrium

after a period of considerable overfishing followed by a period of considerably

smaller exploitation than the equilibrium exploitation. In this case abolishing all

subsidies (7 =0) brings the system fairly fast to a new stable equilibrium with almost

no initial decline in the stock, while if the subsidy rate is increased to 7 =-0.11 the

dynamic system produces a limit cycle.

\% The case of sharing

In most parts of the world sharing is used for remunerating labour and capital. This

makes the wage rate in most fisheries dependent on the fortunes of the firms. In most

cases the parameters of the sharing contracts are fixed over a long period of time and
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respond slowly to the conditions in the labour market. In this section it is assumed that
the sharing parameters are fixed.

The details of the share contracts vary somewhat, but most prescribe that the crew
is paid a share of a sum which is calculated as the revenue minus the tax (or plus the
price subsidy) and also minus some variable cost items. If o is the share ratio (per

identical crew member), and p, is the share of the cost of the intermediary goods that
are shared, the wage rate per unit of labour is
w, = O'|_(pf —-7)h— p,p,a,J . (26)
Substituting (26) into (6) and using the resulting expression to calculate the

determinant in (14) gives the following expression for the determinant (see Appendix

B)
hl* [x &
D, = 1 P 9 1 1-oa, +s, &, tEL,
&g
1_ (O-aL gl,W,’ +glp/) H,p, L
Eup, \ St
-7
+£h,xp/—{1—0'aL +oas,, S—F} . (27)
Py Sy

If “91, p,-‘ is small, the expression in (26) can be approximated as

272
phl”/x £ p,—T
Ds ~ L / = +8hx L
1 (o« " !
1_ ‘ glw gl b
& S Wy Py
H.py L
O'OlL s
-[I—O'CXL-FSFS—&'Z’W/J, (27)
L
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which shows that D, can be negative if |g,, | is sufficiently small and either
€6 pP,—7 oo . .
= +&), ! or (l—aaL +SF—Lg,’Wf) 1s negative. In these cases the
Enp, Py Sy

dynamic system is locally unstable.

Substituting from (26) into (6) to calculate the terms in (13) gives that (See

Appendix B)
((I—C(L O') 1 + gl,w_/ OZLO'SF}_F . glp/
£ g, S e
T.() =y LR oo
n 1 gl,w
1- oa, —+¢,,
Enp, St v
-7 & w
l+oq, Py =) o,
hl s
+ nx gG,x gh,x 1 p(c’j: - (28)
1- oa, L te, ,
€1 .p, Sy

If it is allowed that the share parameters can be fixed in the long term, then it is
possible to have a long-term equilibrium where the wage rate in fishing is different
from the wage rate in the alternative employment. In this case the comparative static

analysis of a change in the tax rate on the size of the stock gives (see Appendix B)

dr D,

dx _ h [n or ol or a(nl)J
on 0t Ot On

(29)

If ¢, », is small it is possible to use (27°) and substitute from it into (29) to get:
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ax Py (29°)

dT gG,x pf -7
X| +&,,

8H,p,~ pf

which is positive in most realistic cases.
Figure 4 illustrates simulations where there is sharing with fixed parameters but
in all other respects the assumptions are the same as in Figure 1 in the previous

section. In the simulations in Figure 4 the share ratio is set so that w, is equal to the

alternative wage rate in the equilibrium where the stock size, x, is 816,337 tonnes
and 7 =0.1. This happens when ¢ =0.0592 and p,=0.5. The isoclines in Figure 4 are
based on the assumption that the share parameters are fixed. In this case the zero-
profit isocline is practically identical to the one shown in Figure 1 because

E1p, /gH,p/ is near zero. (If &,, =0 they would be exactly identical). However, the

isocline for sustainable catches in Figure 4 differs from the one in Figure 1. The
reason is that the equilibrium wage rate varies when the crew is remunerated with a
share. Note also that a change in the tax rate affects both isoclines in Figure 4 while it
affects only the zero-profit isocline in the case discussed in the previous section where

the wage rate is fixed in equilibrium.
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Figure 4

Phase diagram (tax=0.1) and trajectories when the tax rate changes
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The equilibrium in Figure 4 is unstable when » = 0.01, which is the value used in

Figure 1. A slight increase in the tax rate to 7 = 0.11 stabilizes the system. The new
equilibrium is a stable focus and the system heads for this equilibrium after a period
of overfishing followed by a period where the stock is significantly larger than its
equilibrium size. A decline in the tax rate toz =0.09, leads to an initial period where
the stock increases, profitability increases and new vessels enter, followed by a period
where the stock is overfished so that it collapses. The third trajectory shows what
happens if there is a large increase in the tax rate to z = 0.15. In this case, the stock

heads directly towards a collapse.

VI Conclusions

In this paper it has been shown that the assumption concerning the speed of
adjustment of the number of fishermen affects significantly the results concerning the
stability of equilibrium and concerning the effects of changes in the tax/subsidy rate

on the size of the stock. In the model in this paper, the traditional assumption that the
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wage rate is fixed and the number of fishermen adjusts immediately, gives, in most
cases, that the dynamic system is stable. It also gives that an increase in the tax rate
(decrease in subsidy rate) leads to a decrease in effort and therefore to an increase in
the size of the stock. As the fishermen are assumed to leave the industry immediately
when the wage rate is below the alternative wage rate, the incidence of a resource tax,
borne by labour, is zero. If it is allowed that the adjustment of the number of
fishermen and vessels is less than instantaneous the incidence of a resource tax is zero
only in the long-run. The resource tax decreases profits and the wage rate in fisheries
for a while. As described above, this decrease in the wage rate may lead the fishermen
to increase their supply of labour making taxes a rather inefficient instrument for
regulating fisheries. The incidence of the resource tax, borne by fishermen because
they hesitate to leave the industry when profits and wage rates decline, creates an
additional, political, difficulty for the use of taxes for managing fisheries.

It was pointed out above that a decrease in subsidies to fisheries may lead to an
immediate increase in effort. In some cases it also increases overfishing and speeds up
the process towards a collapse of the stock. It was also pointed out that there is always
some decrease in subsidies/increases in taxes that prevents overfishing. In some cases
the increase in tax rates required for preventing overfishing is quite large. And, as in
the numerical example in Section V above, where it was assumed that labour was
remunerated with a share, it may happen that some increases in the tax rate bring the
system to a stable equilibrium with lower rate of exploitation, while a larger increase
leads to instability and to the collapse of the stock. In this case there exists a still
larger increase in the tax rate that is able to prevent overfishing. This example shows

that it is frequently quite difficult to estimate efficient changes in the tax/subsidy rate.
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It is also probable that the size of the required changes will make it quite difficult,
politically, to implement them.

The results above should not be interpreted as a support for the use of subsidies in
fisheries. There is ample evidence of the harmful effects of subsidies in world
fisheries. (See e.g. the recent studies done for the OECD by Hannesson, 2001 and
Cox, 2002. See also WWF, 2001.) However, the results in this paper show that effort
to abolish susbsidies may encounter some serious complications in those cases where
there is open access to the fishery. The analysis above indicates that these
complications can be avoided if the managers increase the supply of alternative
employment and so increase the speed of exit of fishermen. Another possibility is to
put direct limitations on the effort or catch of those fishermen that remain in the

industry.
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Appendix A

Differentiating (20) in Section III at equilibrium values for x and » gives

ow, 0

on  u+ya;l\ oH on [ On

0 0

T O L (A2)
ox u+ya;l\ oH Ox [ Ox

Differentiating (6) in Section II at equilibrium values and using (A1) and (A2)

gives
op, ow
a_ﬁzﬂth[+£ﬁ_aL _f
on OH on [ on on
0
S b R L CO VL (A3)
u+yol\ OH on [ On
And
op,
CLA S e O VY P (A4)
ox u+ya;l\ oH Ox ' ox I ox
Differentiating (3) in Section II, using (A1) and setting ¢ = aLy2 gives
u+ya;l

ol _ ol (dp, pomh), Foly ol p, , 00nD)
on  ow, \ OH on I on) Op, OH  On

nl—+——|+
OoH OH on [ on

9 o, o, 5
al (ﬂhzz%ihz Bl F@Zj or o, . ol %, al

ow; op, oH dp, OH  on

op.
Py hl( o ohi + az]

OH | ow 0
?: - s Py - (A5)
" 1_ﬂ¢, ﬂthlJrE —ﬂﬁhn
ow, |\ oH / op, oH

Differentiating (3) in Section I and using (A2) gives
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Using (A1)-(A7) gives:

or/on Or/ox
—hd(nl)/on 0G/ox—nd(hl)/ox
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=T
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= 2
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Using (A1)-(A7) also gives that
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Using that in equilibrium 7 = ((pf —0)h—-p,a, —w,a, )l -F=0

Pr—7 a -
L 5, —s, —s, =0, where s, = P1% From this it follows that

Py ph

=
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If £2>0 then w, = w, in equilibrium. In this case = = =0 and
' on ox or
ol . . . . .
P = 0. Using this, and (A5) where ¢ =0, then (17) in Section II gives that
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Appendix B
If there is sharing the wage rate is given by
w, =ol(p, ~00h-p,p,a,] (BI)
It follows that
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Eliminating ? from (B4) gives:
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In the same way it is possible to get that
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Substitution into (14) in Section II and using (B1)-(B6) gives
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If ¢, is small then,
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Substitution into (13) in Section II and using (B1)-(B6) gives
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If it is assumed that the share parameters are fixed in the long run then
comparative static analysis gives the effect of a change in the tax on the equilibrium

stock  size.  Substitution into (17) in  Section II (and setting

o, e
Nzl—ﬂhn O'hi+i =1- 1 oa, autl +¢&,, |)gives
OH ow, 0p, Enp, s, P

dr D,

dx h (n or ol or 6(nl)j
on 0t Ot On
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If ¢, ’, is small then (B7’) can be substituting into (B9) to get:
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Appendix C

The utility function used in the numerical examples is a variant of the CES function

1
U= [51 (c+af’ -U, )" +5,(, —1)*P}ﬂ : (C1)
where 0, + 6, =1. [, is the maximum labour time (/) and U is the minimum utility
from consuming f units of fish and ¢ units of other consumption goods. a, b and

p are parameters. The function ¢+ af” was preferred to the Cobb-Douglas function

because the latter behaves unreasonably when the supply of fish is extremely small as
is the case when a fish stock collapses.

An individual with the utility function in (C1) must have income so as to be able

to buy ¢ and f so that ¢ +af” >U,. For this it must be the case that

b-1
Wiy > p, Uo—a(l—b)( Py ] , (C2)
abp,

i.e. the maximum income cannot be lower than the cost of the volumes of ¢ and f

that minimise p.c+ p,f subject to the constraint that ¢ + af * > U,. In the numerical
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simulations the condition in (C2) has been used to restrict movements in the wage
rate. This restriction does not have significant effect on any of the results.
Maximising (C1) subject to the usual budget constraint (cf. (2) in Section II),

gives that

L 1 b
o +1 1 b-1
(Pl )
X a ,
[ = 2P 1 D. : (C3)
(51 w, Jpﬂ s w,
6,p. P.

Differentiating (C3) with respect to w, and writing the expression in elasticity

form gives:

1 1
1 (é}wale 1 (é'lwf]pﬂ w,
+1( s 0 +1l 68
: P 2P . _,0 zpcl P, (C4)

L e L
[&w,)pn L +(1_1)(1jb1 (prbl U, [awfjpﬂ LY
52pc b Clb pc 52pc pc

Maximisation of (C1) gives also that

g =
Lwg,

_| Pr b
o

which means that 1/(b —1) is the elasticity of demand. Aggregating this function over

the 100,000 inhabitants, assumed to live and work in the economy, gives the price of

fish when p_ is normalised to unity. In the simulations above it was assumed that a
= 1.45 and b = 0.5 (and therefore Errp, =-2), [,=100, U,=50, 6,=0.4 and p=I.
Given these parameter values &, =-0.46.

Differentiating (C3) with respect to p, and writing the expression in elasticity

form gives that
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Given the parameter values above ¢, », =0.0098.

Lpy

Appendix D

y and u affect the coefficients of the characteristic equation (12) in Section 2 above
(D and —T). In the expressions for these coefficients in Eqgs. (22) and (24) in

Section 3 above ¥ and u are explicit except that they also affect ¢.

Let
=—2 (DI1)
u+ya;l
It then follows that
a’l —k
a,lp=—"% ALY (D2)
u+yal oy

Assume that we are considering values on y and g such that Eq. (D1) is valid
for a constant k. If y is sufficiently large changes in y will have very small effect on
a,lg and therefore a very small effect on YD and —7 through changes in «,l¢p.
Egs. (22) and (24) give that in if «,l¢ is treated as a constant and if Eq. (D1) is valid
for a constant &k, then YD and —7 will not change and therefore the roots of the
characteristic equation will remain unchanged. Soving for x# in Eq. (D1) gives the
value on y that ensures unchanged sability/instability status of the dynamic system as

a function of y in this case,
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,u:[1+7]ikaafZ. (D3)

If the value on u where the system ceases to be stable for a given value on y is
given by u (y) and y is sufficiently large so that «,/¢ is approximately constant,
then Egs. (D1) and (D3) can be used to calculate u () for all other sufficiently large
values on y. In the special case where y - (and «,/¢ = 1) Eq. (D3) gives that
p,(0) = ka1 .

In the case shown in Figures 1 and 2 in Section 4 above o, /¢ = 0.965 when y =

0.1 and a,/p =0.996 when y =1.0.
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