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. An Industry Model with Externalities

Commercial fishing is characterized by thr'*e kty cconomic and techno-
Frgical features that are relevant to the formuiation of an economic theory
ot fish production.

A fishery resource, although conceivably exhaustible, is replenish-

‘

ablet that ds, 0t is subject 1o laws of natural g':x\ lowhich «’*n iCoan en-
vrenmental biotoermolegizal consteaint on the activitics of e fishing
mdustry. -

- The resource and the activity of production from it form a stock-flow
n.muonsh p. The new growth in the population fish mass Qgpcnds upon
the harvest rate relative to natural recruitment to the stock. 1f the harvest
riie exceeds the recruitment rate, the stock declines, and vice versa.

3. The recovery or harvesting process is subject to various possible
ovternal effects all of which represent external diseconomies to the frm:
le) Resource stock exrernalities vesult if the cost of & fshing vessel's catch
creases s the p powmt;m of fish increases. (b} Afesh externalities result
if the mesh size (or other kinds of gear scelectivity variables) affects not

aniy the private costs and revenues of the fisherman but also the growth
kehavior of the fish population. {¢) Crowding exter aalities oceur if the fish
pepulation is sufficiently concentrated to cause \csac! congesiton over the

'\hma grounds and, thus, increased vessel operating costs for any given
teh. All of these various types of externalities « n”,.s_md;lmcntnlly because
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of the “common property,” unappropriated (Gordon, 1954; Scott, 1955)
character of most fishery resources, especially ocean and large lake
fisheries.

The literature of fishing cconomics has drawn attention, in some form,
to each of these characteristics, and has initiated the development (Crutch-
field and Zcllner, 1962) of a formal dynamic industry model of the pio-
ductive process and the interaction of the exploiting industry with the
exploited population. But there seems to be a need for generalization,
explication, and integration of this previous work. Toward this end we

- will treat the case of a homogeneous industry composed of X identical
fishing vessels or firms, each producing at a catch rate x pounds per unit
" time. The total harvest rate is then Kx, . :

The purpose of the model is to provide one example of a descriptive
theory that transforms any specific pattern of assumptions about cost
aonditions, demand externalitics, and biomass growth technology into a
pattern (conccivably obscrvable) of exploitation. The model or variations
on it would appear to have much wider possible applications, such as (1) a
theory of bionomic equilibrium in primitive hunter cultures and (2) pos-
sibly the rudiments of an economic theory of species extinction, both
historical and modern.

We consider a single fish species with peopulation mass X in pounds. In
the absence of predation by man, foliowing Lotka (1956) (see also Christy
and Scott, 1565, pp. 7-8, 81), w2 assume a recruiiment rate or growth
function dX/dt = X = f{X;. We posit that f(X) has the properties
JX) =f(X)=0./(X)=0,f(X¥)<0,X20,0< ¥ < X°< X. The
equilibrium population in the natural state is X, and populations below

. X are assumed not to be viable because of vulnerability to disease, para-
sites, or predators, or to inadequate fecundity. By sctting X = 0 we get
the special case when such considerations are not refevant. The solution

_to the differential equation X = f(X) provides the law of growth for the
species. When /() is quadratic the result is the popular lopistics faw of
growth (Lotka, 1950, pp. 04-00). Vor individual fish the cmpirical taw of
growth is an asymmetrical sigmoid curve with the inflecticn point at a
weight below one-half the asymptotic weight (Beverton and Holt, 1957,
pp. 31-35, 96-135). However, there is experimental evidence to suggest
that some life forms follow the logistics law in a constant trophic environ-
ment. By postulating /(X), without any attempt to deal analytically with

the components of mass growth—the birth process, individual member

growth, death and capture processes—we are clecting to take an aggrega-
tive approach to the biotechnology. Beverton and Hoilt (1957, pp. 329-30:
have discussed the function and limitations of such a “sigmoid curve”
theory of populaticr growth.

When the popuiation is exploited by a fiching industry employving mesh

size m1 5o that harvesting is confined to those members whose size is not
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below 1, a natural generalization of the growth hypothesis is!
X = f(X, m, Kx). €))

In (1) T assume that f(X, m, Kx), as a function of X for any given m and
Kx, exhibits the inverted “ U™ properties specified above. Figure 1 provides
an illustrative mapping of the recruitment function. Also in (1), it will be
assumed that f3 < O, that is, any increase in harvest will lower net re-
cruitment. In general, we assume an ipteraction between the harvest and the
productivity of the stock. If there is no interaction, then X = f(X, m) — Kx:
that is, an additional ton of catch reduces instantaneous grbwth by a tonj

Kx

f(X,mKx)= 0

m3

m1<m2<m3

X
Fig. 1

] "Vcri(')u's special forms of such a recruitment-rate function are implicit in the
fiching literature. All treatments known to me assume steady-staic conditicns
Tz ) 1 ' R . i . ey s
‘{x 0). Thus, in Gordon's (1954) pathbreaking analysis of “ dionomic™ equilibrium,
l!-f'. harvest is assumed to depend upon populatien size and “fishing cffort,” £, or
;\.x!:: FLX, EY in my rotation. His model further assumes that pepulation declines
~altharvest, X = X(Kx). Turvey 11954}, dealing with the economics of mesh control,
snames K= FUE, m), in my noiation. Turvey feliows Beverton and Helt (1937) in
:‘“’“'””5’ that population size dees not interact with fishing effort in detcrmining the
! !f\usl rartc: (or tota! fishing mortality) under sieadv-siate conditions. 1 isnense with
Bolg cl‘ the conosy ra oo since it s adecuately and meorz familiarly
SHea by eperiving cest. Al the above authors assume C = C(EV—zost is an
ceteasing funetion p® aifae

.
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The most general hypothesis governing the long-run operating costs of a Condition (2) requires the perceived price to equal marginal catch cost,
fishing vessel must account for both stock and crowding extcrnalities. If and (3) requires the marginal revenue from varying the composition of
we let # be the minimum rate of profit required to hold a vessel in the the catch (mesh) to equal its marginal cost. If in the latter case marginal
industry, then total cost per unit time is assumed to be given by C = cost exceeds marginal revenue at the maximum, then m = m, that is, we
¢»(x,‘X m, K) + # for an individual fisherman and fishing vessel. Given make mesh as small as possible.
the size of the fish population, mesh size, and number of vessels, cost in- In Figures 2 and 3 we illustrate possible partnal equilibrium solutions
creases with the vessel catch rate, x. Similarly, for any given catch rate, , 2 for m = m°. In Figure 2 p’(m) is assumed to be positive, and above

increase in mesh size is assumed to require fishing “effort” (in particular, have then a unique optimal mesh size m® > m for each fisherman. Figure .

mesh size, and industry size, cost decreases with: XA ceferis panbus " E [ Co(x%, X°, m, K°), for some values of m > m, with (x; X, K) given. We
the number of a vessel's netting motions, due to escapement), and therefore & 3illustrates the case in which each fisherman has no private incentive to

costs, to increase if the same weight of catch is to be maintained. Thus, m harvest only the older and larger members of the species and proceeds to

enters as a private cost factor in ¢. As an externality it enters indirectly ° use the smallest practicable mesh size, which is, by definition, m. .

via equation (1). Finally, an increase in the size of the industry, with x, X, i Finally, we assume free entry (and exit) in proportion to profit (and

and m fixed, will increase each vessel’s operating costs due to crowding. | loss), with the exit-speed coefficient not necessarily equal to the entry-

Either of the externality variables X or X may be absent from the cost speed cocfficient. That s, letting dK/dt = K, we have

function in particular fisheries. Crowding may only rarely be a factor, and ‘

for some species cost may not be affected significantly by population size. ) K= &m if g 2°0,

Where population size is very large relative to the industry, resource stock » S if < 0, 4)

externalities are likely to be negligible. Hence, we assume that ¢éC/ox = :

C,>0,¢CleX=C,20,8CIem= Cy, >0, 8C/eK = Cq = 0.2 with 8, > 8, s0 that vesscls mi =l ¢ enter the particular fishery in response
Industry revenue R{Kx, m) is assumed to depend upon both the harvest to profit at a more rapid rate than they would leave in response to loss.

Kx and the mesh size »r used by all K vessels in the industry.? Increases in This would be the case if vessels were relatively specialized and durable.

m, for a given harvest, raise the avercys size of fish caught, The result will On the other hand, if fishing vessels cen easily be vsed for the capture of

be an increase in revenue for a species whose larger members are in other species, or even for non-fishing activities, then we might have

demand, while revenue will decrease if only the smaller members are 8y = 8,

desired. Hence, profit for the individual fisherman can be written 7 =
p(m)x — C(x, X, m, K), where p(m) = [R(Kx, m)]/(Kx). We assume that
the individual fisherman desires to maximize this profit, but that he per-
ceives only x and m as decision variables, with x not affecting price. His
price may be affected by m because species size is priced as a quality in the
market very much as “long grain’ and *short grain™ rice bring different
prices to the competitive rice farmer. Thus, for given m, the individual
fisherman perceives a fixed price p(m) = [R(Kx, m)}/(Kx) at which he can
sell unlimited quantities of fish, x, giving him a revenue p(m)x. His profit-
maximizing decision rules are therefore

pW)J%%@ Cy(x, X, m, K), )

Ry(Kx, m)
K

c3(x%,x%m ,kO0)

p'(m)

i

il

p'(m)x < Golx, X, m, K), if <m = m. (3)

? Anthony Scott has called my attention to the possibility that C, < 0. If more
vessels make it easier to find fish, then fish discovery appears as an external economy.
® For simplicity it is assumed that all vessels nse the same size mesh, whereas in
practice, for some specics, different vessels micht specialize in the capture of different - 1U

§i7es nf fich A treatmant af thic anes winnid ramiea o ralavatian Al tha aernmnting -
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c5(x%,x%m ,k0)

2

i
i3

3

Fi16. 3

If we assume further that equations (2) and (3) together provide unique
values of x and m for every (X, K) pair, the system (1)-(4) reduces to iwo
non-linear first-order differential equations:

X = FX, &), (5)
F= XK. ()

When X = 0, (5) defines those combinations of (X, X) that produce eco-
logical cquilibrium between the fish mass and the exploiting industry.
When K =0, (6) defines those combinations of (X, K) that produce
equilibrium between the exploiting industry and alternative uses of capital
in the economy as a whole.

The system (1)-(4) assumes a single large fishery cxploited by 2 com-
petitive industry. A special case of this system occurs when there are
numerous fisherics in a competitive world and price can be regarded as
given to the individual fishery. Then, the profit function is again = =
pim)x — Cx, X, m, K}, but now Kx is total output from an individual
fishery and p(m) is the world price independent of the cutput of any ont
fishery. In this case, corresponding to (H-(4):

X = f(X, n, Kx), (1"
p(m) = Cy(x, X, m, K), 2"
plmx < Cylx, X,m, K), if <, then mi=m, (3"

. Sy, if =2 OL .
K= = (4)
By, if w < 0)
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1. A Quadratic Ilustration

The above model is not mathematically simple. It is very rich in possiblc
solutions, given only the stated qualitative restrictions on the cost, revenue,
and recruitment rate functions. This can be demonstrated clearly'in a very
simple illustration which assumes no crowding externalities and which
abstracts from mesh size considerations.

Assume a quadratic total revenue function, R(Kx) = (a — BKX)KXx, with
«, B > 0, and a quadratic recruitment rate function, f(X) = (a — bX)X,
witha, b > 0. Notice that we have X = 0, ¥ = a/b, X° = a/(2b). Finally,
let total cost be C = [(yx?/X) + £}, withy > 0,4 > 0. The equation system
corresponding to (1)-(4) becomes

X =(a - bX)X — Kx, ' )
© 2yx . " eX
— BKx = =%, B
.(x BKx Yoo x 35 ¥ BKX (8)
. (817"1 T 2> 0 ')/Yz
K= m= (o0 — BRKX)x — = — A 9
ogm, 7.< 0 PR . X e

With X = 0, equations (7) and (8) define the resource stock cquilibrium
curve F(X, K) = 0 shown in Figure 4. With K = 0, (§) and (9) define the
industry investment cquilibrium curve /Y, K) = 0 in the same figure. The

. K=1(X,K)=0




188 JOURNAL OF POLITICAL ECONOMY

directions of motion of a point in phase space (X, K) are indicated by the
perpendicular arrows in the six partitions of the non-negative quadrant
that are formed by the two curves. Points above the fishery resource
equilibrium curve represent states in which the total harvest exceeds the
recruitment of new stock, causing a net decline in the stock, while points
below correspond to states in which recruitment exceeds the harvest,
causing the fish stock to rise. Points above the industry investment equi-
librium curve are states in which profits are negative, causing an outflow of
capital (if 8; > 0) from the industry, while points below represent states of
positive profit, causing an inflow of capital into the industry.

The dashed curves in Figure 4 illustrate various possible dynamic paths
in phase space on the assumption that 8; = 8,. Beginning at any initial
point [K(0), X(0)] on such a path, the system moves along the path in the
direction indicated. Thus, if K(0) = 0, X(0) = a/b, corresponding initially
to an unexploited fishery and non-existent fishing industry, investment
and the fish population mass move along the indicated path to the sta-
tionary stable equilibrium, point P. Another stable equilibrium point is
illustrated by R, toward which convergence is along a cyclical path while
Q is an unstable equilibrium.

Figure 5 iilustrates a case with a single equitibrium point in the positive
quadrant. The path OST i 11« led to illustrate a possible dynamic path
with 8, = 8, > 0, while 05T 154 possible outcome if 8, = 8&; > 8 > 0.
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Figure 6 illustrotes a case in which a/b < (42+)/a?, and exploitation of
the fishery is not economically viable. This resuits from a2 combination of
relatively (i) low market value (=), (ii) high required rate of return on
vessels (#) (as, for example, migﬁt occur if risks are unusually high), (iii)
high operating costs (¥), or (iv) low natural-state population mass (a/b).
This set of conditions is, of course, the most common case, since the over-
whelming majority of ocean and freshwater animal species are not com-
mercially recoverable. 'y

111. Sole Ownership or Right of Access to & Fishery

For purposes of contrast and comparison with decentralized competitive
exploitation, consider next the case of a fishery exploited by a sole owner
or a firm to whom an exclusive right of access has been granted. Although

such a state is rare in modern capitalistic societies, it was and is very com-
mon, where feasible, in societies judged to be morc “primitive.”

Indeed, Gordon (1954, p. 134) reports that common tenurc js very rare
even in hunting societics, and then only in those cases where the hunted
resouree is migretory over such a large area that it becomes unfeasible for

the society to regard the resource as husbandzbie, Apparently, the “in-
visible hand™ has an anciént history of cndowing socicties wilth an
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economic wisdom in traditions of fisherics resource utilization that have
not always been continued in modern societies.*

Whatever may be the proper interpretation of anthropological data on
the granting of property rights, the cconomic function of such rights is
clear: The appropriation of a resource by a sole owner, or its legal equiva-
lent, internalizes or *“‘privatizes” the social costs associated with the three
types of externalities discussed above.

Consider a sole owner exploiting a single fishery that is small in relation
to the world supply, so that price p(m) is given to the fishery. His profit is
o= p(ni)Kx — KC(x, X, m, K), which he desires to maximize with respect
to the choice of (x, m, X, K) subject to the constraint f(X, m, Kx) = 0. The
Lagrange function is then ¢ = p(m)Kx — KC(x, X, m, K)Y + M(X, nt, Kx),
and the first-order conditions for a constraincd maximum can be put in
the form

p(m) == Cl - /\fa, (10)

' /\fZ : o .
xp'(m) + X < Cy, if <,then m® =m, )
A = KC2, (12)
11’\., = plmx — C = KC. — My, (13
J(X,m,Kxy =0. (i4)

The Lagrange multiplier, , is the marginal profitability of recruitment.
The marginal profitability of the fleet harvest is — Af3, which, in profit
equilibrium, must equal the marginal *social” cost of the harvest,
(KCofa)lf1, due to resource stock exterpalities, from (12). The term
“social” cost refers to costs external to the individual vessels and therefore
external to decentralized competitive firms, but of course they are private
“user” costs to the sole owner. Condition (10), in the form pim)y = C, —
(KCaofa)lf1, requires the vessel catch rate to be adjusted until price equals
direct plus user catch cost. Condition (13) requires the net marginal dircct

‘return on investment in a vessel, p(m)x — C, to equal the marginal social

cost, KC, — (KCuxfa)lf1, of adding the vessel to the fleet. The term KC,

¢ However, no stich economic wisdom is apparent during the Pleistocene period in
the husbanding of those native North American mammals whose adult body weight
exceeded one hundred pounds. Seme 70 per cent of all such species (mammoth,
mastodon, horscs, camels, ground sloths, oxen, an(c!oﬁq, caber-toothed tiger, giant
beaver, and so on, totaling over one hundred species) became extinet durine a period
of only one thousand years following the arrival of the Paleo-Indians about taelve
thousand yeurs avo. For a forceful marshaling o ovidence in favor of the hypothesis
that man, through the use of fire, the stone-tippoed spuas, and the communal hunting
party, succeeded in a gigantic "overkill™ of thewe megafauna, sce Martin (1967).

N Y
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reflects external costs due to crowding, while —(KCyxfs){fy reflects catch
cxternalities by the additional vessel. Finally, (11) requires the marginal
private plus social revenue from mesh adjustment (varying catch com-
position) to not cxceed the (private) cost of the adjustment. The term
MulK = (Cofy)lfy measures social gains (savings in external catch costs)
produced by an increase in mesh size, which in turn increases population
recruitment. : .

IV. Compeltitive versus Centralized Recovery

By comparing the system (1)~(4"), X = K = 0, with (10)-(14), it is seen

that the conditions governing exploitation under the competitive and

centralized organizations are the same except for the above social costs.
? Several propositions follow from such a comparison.

Note first that the sole owner will never deplete a fishery to a population
mass at Whicli /;"5 0; that is, in Figure 1, for an optimal mesh, he will
always operate to the right of the maximum sustainable yield point. To
prove this, assume the contrary and let thesystem (10)-(14) be satisfied by
a point (x*, X*, m*, K*) with f,(X*, m*, K*x*) > 0. Then from the prop-
crtics of the function f, there must exist an X™** > X* such that
JOX*, %, K*xt) = f(X*%, m¥, K*x*) =0, and f,(X¥¥, m*, K¥x*) < 0.
But since Cy < 0, it follows that the point (x*, X** o, K*) producces the
same total caten. satisfes the constraint (145, and provides a larger proiit.
Prafit cannot be a maximum unless f; < 0. Fence, from (1% 4> 0

Second, under sole.ownership, a pure profil or rent is provided by the
fishery: Since Cy > 0 and My < 0, from (13) we must have = > 0 in
cquilibrium. This positive rent would eventually be absorbed in higher
costs by free entry under a competitive organization of production.

The literature of fishery economics contains several discussions of the
effect of competition versus sole ownership on capital requirements and
output (or sustainable yield) in the stationary state. Thus, Gordon (1954,
p. 141) states, “The uncontrelled (competitive) equilibrium means a
higher expenditure of effort, higher fish landings, and a lower continuing
fish population than the optimum [sole ownership].” Christy and Scott
(1965, p. 9) say, ** Eventualiy funder competition], the fishery may arrive
at an equilibrium . . . which is likely to be marked by a relatively large
amount of cffert, a low population, and a low sustainable yield,” as con-

trasted with sole ownership. Also (idem), *“There will tend to be an exces-

sive amount of capital and labor applied to the fishery.”

1t does not follow from the medels of the present paper that capital
requirements are greater or that output (susizinable yicld) is unambigu-
cusly cither fareer o smalier under competition than ander sole owner-
shin. This is best demenstrated by a countersxample, Consider 2 simple
cuse of the above medets inwhich fp =2 Gy = € = 0 and Vo= f(Y) — Kx
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(no mesh or crowding externalities). Also assume that the output capacity
of each vessel is fixed (for example, marginal operating cost might be
constant up to some capacity limit), say x = X, and that §, = 8, = 3.
Then the cost function for a vessel is C(%, X) and exploitation is defined by

X = f(X) — KX and K = 8[px — C(3, X)]. At a statipnary equilibrium,
px = C(%, X*), , (15)
Kz -f(X*), L. W - - (16)

where X* is the unique fish population at. whlch the mdustry is just nor-
mally profitable. The heavy-lined curves of Figures 7 and 8 illustrate the
functions (15) and (16) in phase space and an equilibrium of both popula-
tion and capital investment at (X*, X*).

The sole owner’s profit function is = = pK%¥ — KC(%, X), and his
static equilibrium is defined by

- (pf - O)f’ .
Ke = = an

K= f(X), (18)

where (17) is implied by the first-order conditions for a constrained
maximum. In this model, comparing the two systems of production

- 1
K=(pi c)f

XC, ™

Kx=f(X)

. e e i o 4 i

v e i+ o wos e e
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organization becomes a matter of comparing equations (15) and (17). In
Figures 7 and § the dashed lines through S and S’ represent, in general,
the funciion (17) on the assumptions C; < 0, Cay > 0 and the previcusly
stated properties of f(X).

Thus, in Figure 7 is depicted a competitive sclution with X* > X°anda
sole owner’s maximum at S. To show why, we compute

_dK (px—-O)f" . (v - C)f'C

(—{X/ - Cz‘ __f — (p (Cg)zf 22 (19)
and observe from (15) that px — C £ 0 according as X' = X*: Now, if
X< X< X thenpk — C <0,/ >0, and it follows from (17) and (19)
that K% > 0 and X(dK/dX) = 0, as shown by the dashed curve through S’
inFigure 7. At X = X°,p¥ — C < 0,f" = 0, and KX = 0, R{(dK/dX) < 0.
fFor X° < X <« X*, K < 0, so this segment of (17) is omitted in Figure 7.
Al X = X* pX — C =0 and /' < 0, and it follows that K = 0 and’
YdK/dX) = —f’ > 0. Finally,on X* < X < X,px - C >0,/ < 0Oand

K> 0, while ¥(dK/dX) > 0, as shown by the dashed curve through &.

Similarly, in Figure 8, for X < X < X* K > 0, and %(dK/dx) £ 0; for
_\‘ < X< X°,K<O0:and for X° < X < X, K20, 5(dK[dX) > 0, as
mdicated by the dashed lines. In both figures, point C represents the
competitive eouilibrium: § and S reoresent points sa 115! fymg (17y and
¥ for the sole awner, but oniv S can te a gloal maxinium and th "rJL e

profitequilibrium point. Comparing C and $in Figure 8, it is clear thl»



104
ﬂ;é‘compctitivc cquilibrium may require a larger or s'mallcr amount of
capital than sole ownership; also, the harvest, which is the same as t‘he

o Jation yield (KX), may be larger or smaller at C than at S. Thi.lt point
pOpqu imply a smaller harvest (and capital requirements) than S is made
gbr\t‘i:)}:xs by the fact that we could choqsc pX 50 that” X* ;quals (gr}z x;e:z)r
to) X, where the competitive harvest is zero, yet X(dK[dX) > 0, 0,

; X g > 0. .
X° < X < Xsothatat §, K¥ > : .
ff-n:}ihcsc results, insofar as they stand in contrast to the earlier literature,

are due to the explicit hypothesis that population reductiqn mcregscs
operating cost, while at first increasing, then decreasing, sustainable yicld,
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V Regulation of Competitive Recovery

An alternagive to centralized management as a means of achieving ‘c.ﬂi—
cient fishery production is to regulate appropriately the cotnputtmvc
- process. This has been the attempt in practice. In. ‘thco.ry the objective of
-+ regulation is to induce the decentralized competitive 1.ndustry to bel;a‘l\-u
o like a sole owner. One way to achicve this is for the spcml costs appearing
T in the system ofl behavior equations (10)-'(13) 10‘ be m'lpos.cd'b;.‘ the reg%l‘
lating authorities upon the dccision-n‘.:xk}ng units of. (,hc mousxry.‘ Equad
tions (10)-(13) exhibit three kinds of social costs \\'I}:cn must be .rk‘lk%l‘u
in Ez—lri:’hwéampctiti\'c fisherman's profit criterion: (1) A unit caich (.Osl
A = KClfy, reflecting the cifect on ﬁsi*.i;:.g cost of a reducedhpopuhg.m
caused by an additional unit of catch. This social cost can be impose onr
each fisherman by levying an extraction fee U = ——z\fa on each,poun"ci'oh
catch docked by a vessel. (i) Ag}jj_\pgaL)jgssgl_,_qge»rﬂgtﬂxﬂnﬁg.Eq’s‘t_,mf’\.’gg, whicl
. measures the external crowding €ost cauged by an addIFxonalr\'esscl in /thc
industry. This charge is most easily levied by an annual license xce,L = I\C;
on each opcrating vesscl. (ii{)VFinally,’_aWs”avng}kt“r.o_l on m;sh size, we impos
" a penalty cost, k, on the mesh'employed by a vessel, where

(P, if ms$ne

iO, if m=m

0

k

The Pis a fine large enough to dominate net revenue, 50 that it never pays

. . < fvin
the fisherman to choose m $ m°, where m® is the optimal mesh satisfying

the system (10)-(14).°

. . h . son l

* It might be supposed that only a minimum mesh size restriction nc::g;’.'b? ITPC;OL\{
with a fine levied on the harvesting of smaller inembers of the 'wopulm‘mn‘." ?v-'x'tur
cases this would probably be suflicient. Howover, for thoss :‘\‘cc'lcc ‘\_\;.‘12:*;‘;‘.;“&.
members are prized, or whose medinm-sized members are preferred by conswmern

C
The slrenn-wny

. 2 et e e
maximum or il!le!T'CL}Z(!l:’l maesh rastrictions \-O\.',L. QeI oroecr,
condition, k in the text, covers all these posaibilities.

ot e 2

e e 4 W 1

ket an s
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Hence, the individual fisherman’s profit function for a vessel is # =
pmx — Clx, X, m, K) — Ux — L — k, and the conditions for long-run
industry equilibrium are

pim) = C, + U, (20)
m=m, k=0, - @
m=pmx —C— Ux — L =0, (22)-
JXymyE kx, - (23)

In (20) each fisherman is assumed to adjust his catch rate until price
cquals marginal costinclusive of extraction fees. Duc to the high penalty
for m £ m®° m° is cach fisherman’s optimal mesh size. Equation (22)
defines industry investment equilibrium when firms arc subject to extrac-
tion and license fees. Hence; the equations for ‘equilibrium of regulated
competitive exploitation are the same as for the sole owner, (10)-(14),
provided that U = —)f; and L = KC, are fixed at optimizing values
satisfying (10)-(14) and k has the form specified above (see Turvey, 1964).

VI. Comparison with Current Theory

Briely stated, current fishing thcory'(Gordon, 1954, p. 136; Scott, 1955;
Schucefer, 1957; FAQO Fisheries Reports No. 35, 1962; Christy and Scott,
1965, chap. ii: Crutchficid. 1963) is as follows: Total cosi for the industry
i a functicn of fishing cffort, C = C(E). The sustainabie yield or harvest
by the industry, Y, is a function of effort, ¥ = g(E). Total revenue is a
function of yield, R = R(Y). Hence, net return is

N = R(Y) — C(E) = R{g(E)] — cE), (24)
with effort E the only adjustment variable. Where mesh size is introduced
as a decision variable (Turvey, 1964, pp. 66+67), it is assumed that ¥ =
§(E, m), that g has a maximum with respect to m for each E, and that
revenue and cost are independent of m. Mesh size determination is then a
separable suboptimization problem.

Often it is assumed that effort per fisherman is constant, so that total

¢ffort can be mcasured by the number of fishermen (X in my model). Net
return is expressed as a function either of effort, as in (24), or of X, Figure 9
reproduces the diagram most often used as an illustration. That is, mdst

duthors assume constant long-run cost per fisherman so that C is pro-

rertional to £ or K. Also, fish price is usually assumed to be constant, so
that total revenue simply follows the inverted U-shaped sustainable yield
wurves In Figure 9, the sole ewner does not expand cxploitation beyend
05 where net revenue is a maximum. Under decentralized, unregulated
nupteitation, the couilibrivm effort or numiber of fishermen is et 0D and
wlthe rent of (e fisirery is abserbed in cost.
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' 6 | M . e « . . s :
’ : ! arise; nor does it explicitly distinguish the effect of such variables as vessel
Y1, C ' catch rate, fish population mass, investment, and mesh sizc.
The models developed in this paper can be adapted for purposes of
comparison with Figure 9. Returning to the illustration used for the
' ) : counterexample in Section IV, we have the vessel catch rate fixed, and
. coST (Unexplolted flshery : total industry cost is KC(%, X). Total revenue is R = pK%, and net revenue
‘ ‘ coST(Exploited) to the industry is
N = pK% - KC(%, X). - 25)
The conditions for maximum N to the sole owner are:
‘ : . KC,5
' | : PE=C+ =55 (26)
; tY1ELD OR ; |
\ .
‘REVENUE K% = f(X). ‘ -
1 {
] . )
l : INDUSTRY
: ; REVENUE, _R'=p'KR
s ‘ cosT
» i
i ! /.
|i“" : ‘
12y ! i
i 3 o B ! KC
iy 0 '
! 5} ) ‘ '
24 Fiz. 9 :
h | I
! H
ituation in which it is not com- . R=pK%
This theory is able to account for the situation in which it 1s not cl?zr: ( ; p
i where !
i ible to exploit a fishery; that is, cost may be eve.ry‘.w ! |
mercially feas i Fig. 9). However, it 18 nol D !
above revenue for a particular species (s.ee ig. . .d e to the point | | g
ituation in which a specics may be Gep . !
able to handle the situationin ookt the cqsi- 1 ’ ' ,
incti implies that short of zero ur , : ! ‘ /'
of extinction, The theory ymp hat shor e extinct )
; itive exp! is never zero wilh ai | o
B ¢ cxploitation o '
«| Norium yield to competlt'n o ible | 1']-[4'), for cxample, as 0 ! i
)| population. (Such a solution is possible in [FI-43 : : i
3 i P
\ i if X* < X. . feipg ived | / 1 Vot
’ FlgUf.Cg_ h ozxe of the more serious deficiencics in the rece ¢ @ i |
This 18 per ap's‘ tandard analysis does not provide 2 dynami N ]
doctrine.® In addition, the stan , s of externalities that may \@ P 1
it i licit about the various types O} ]
theory:? it is not expucit a ‘ ‘ ' ;
Ty, h ther KC K 5 KS KC
: i ibili ¢ seas {
syt believes in the boundless potential and mcxhausublhtt'z'oifn(my vic‘»'v. has ’
o on(: a serious deficicncy. But the myth of bwnd;cssdpgt'cr:‘l(;,055)”“‘ factthe 1 Fi6. 10
been Tectively destroved by the arguments of Christy and Sco ic theory of fishi |
xt;cr'z?em ;C'u‘)cr )is in jarge mecasure an altempl t0 bn?g g‘\e e:\%n;)‘x;:;!'mng otk ~, _—
\ ‘ i e o NN ) ‘ i . . 1oy . . . . . .
into line with the poreietit™ o (‘bf ”f.g‘urn\c]i ‘xa\hc NMathematical Appendivt o Section I1. The present paper generalizss their biologica! constraint, but more
" An important exception ig S ‘ls’}g(“c y 112-17), Their Appendix medels 2 ‘T portantiv, counles this constraint with a dvnamic model of the exploiting industry,
the baok by Cru!chﬁ’:ki’ ?‘.nd Zoliner lf; !):' ‘ri"‘“?.i‘we'ﬂ but use the quadraic Mf’, frey oalia g te problem of wntimal fishery neanagement over time, which I
in the same dynamic spirit as those Uv(‘v“;!?'l;ﬁt':uch a5 1 have used in the illustatics S Lo consiver in a sepatiie paper. :

of the biclogical diferentinl equation
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Competitive equilibrium results when (23) and (27) are satisfied, with
N = 0.

Figure 10 illustrates these solutions and provides the counterpart of
Figure 9. Total revenue is proportional te fishermen (or the number of
vessels). Total cost as o function of K only is determined simultanzouly
by KC(F, X) and condition (27). The slope of industry cost, in these terms,
is [d{KO)N/dK = [(KCD)]] + C. Notice that the industry total-cost func-
tion doces not have an inverse, because /(LX) does not. At price p the number
of vessels operated by the sole owner is A}, while the competitive industry
operiates A, > K, vessels. If price 15 o > p, as shown, the sole owner
operates KNy vessels, while K < KA are operated under competition,
Under the assumptions of Figure 9, the theory of this paper implics linear
recenie and backward bending cost, rather than linear cost and the humped

a revenue function of Figure 9.
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