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Thé Resource Misallocation Costs of Inefficient Regulation of the

Pacific Coast Hélibut Industry: A Pteiiminary Discussion®

by

Berbert Mohring

*This is & rough draft of a preliminary final report on a research grant,

No., 14-17-0007-993 from the U.S. Department of Commerce, National Marine
Ficheries Service, to the University of Minnesota. It is preliminary in the
sense that it does not repcrt on some resaarch currently in process that will
be included in the final draft. It is rough in that it probably contains
factual errors, and fails either to describe accurately or, indeed, to
acknovledge the related work of othérs. Comments and corrections would be
greatly appreciated. '




I Imntroduction

It hec long been rocognized tﬁat a fiahnéf t§ ﬁhich accapa’io uﬁreétrigted
will inevitably be exploited inmfficiqn&ly. This inefficioney may involve either
a "wrong” level of output ér "wrong" inpuﬁ coumbinations, or both. Ac for output
level, if demand for a fishery's product is wodest (in a cense to be defined
more exactly in Section II) relative to ite productiva capacity, it wvill be
used to produce f£ish at tco high a rate. That is, output fgem ic wil;'expand
to a level at wvhich the total cost of producing an additiomal pound of fich
exceed the value of that pound to those vho conpume it. Rogarding inmput com-
binations, wnrestricted exploitatibn can (but not neécacarily will) lead to

gituations in whicﬁ tho costs incurred by fichormon euceed those at which the

output levelo they achisve could hnvé baen produced. The agvidence (cez Section

III) strongly cuggests thot such o otate of affoive existed ia the Peeific
halibut fishazios at least through the early 1940s.

By cuitably restricting the behavior of ficharmen, zegulatozy badiom
could virtuvally climinate both sorts of inefficiemcy. Tho controls currontly
imposed by rogulatory bodiao undquﬁtedly reduced thec&'inafficiencﬁaa to some
dogreec. Unfortunately, howaover, currant conéxol devicas suceeed in reducing
the inefficicney coseciated witﬁ uarestricted canploitation only by introducing
@ cocond oot of inefficicncies. These cqntrola-—limitations on, for cxample;
boat sizo, ceason length, port turm-arcund eima? fiching gear employed, and
arcas in whicﬁ fish gay ba caught-—succced by 1hcreaain3 the costs of catching
any givon quontity of £ish to a level greator than the minimen cost at which

that quantity can ba caught.l In asgesoing tho cffoctivenaos of current

IA qﬁalifiCatibn'is in ordor: tho long zum offect of gear raetziceions ®ay uot

en balance be to incremse fiching costo. Soo Schion 1I.




regulatory procedures, these latter inefficiencies together with the costs
of regulation must be balanced against the inefficiencics of unrestricted
exploitations. |

This, then, is the basic task to which this study has been directed:
determining the nature of optimal regulatory procedures for the Pacific
halibut fisheries and devaloping quantitative conparisons of the results that
could be énticipated from applying them with those of (a) current regulatory
procedures and (b) unrestcicted exploitatioﬂ. To'this end, Section II discusses
the biological process tat takes place in a fishery, the way in which the long
run bio-economic equilibrium of that fishery can be inferred from this biological
process, the nature of & efficient regulatofy procedure, and the resource costs
resulting from inefficieat or no regulétion. Section III describes the pro-
cedures used to infer tte functional forms and specific paramenter values for
gome of the relationshins required to quantify the inefficiencies discussed in
Section III and the rerults of this work. Section IV deals with the future
research necessary fully to compare the optimal regulation, current regulationm,
" and no regulation alte:natives. This additidnal work falls into two categories:
gome would refquire : very modest extension of the work Qescribed here--the
algebraic aualysis ind computer programming requiring at most a few additional
weeks effort. Much of this work is either currently in process or could be
underteken before writing the final draft of this study. The seéond category
involves analysi¢ that would require con;iderably more substantial effort and

therefore must await the availability of both more time and more money.

II J.ong Run Eqiilibrium of a Fishery and the Losses Involved in Its Inefficient

gggloitntion

For the pirpose at hand, the biclogical process that transpires in a

fishery car be summarized by a simple differential equation:




ds/dt = g(8) - h(k, S) | )
This equation says that the instantansous growth rate; dS/dt, of a stock of
£ish, S, equals the rate at vhich fish would grow in the absonce of cxploitation,
g(S), minus the rate at uhich they are caugﬁt, h(E, 8). Thia latter functién |
indicates that the caﬁch raté depends on both the effort, E, expended by fisher-

mzn and the stock of f£ish.

Two distinct lines of analysis can be identified in the biclogical

literature regarding the nature of the gtouéh function, g(S). In one, the
. cumetric theory developed initially by Beverton aﬁd Holt, S is a wector
(Sl, . o e Sn) where‘si is the wveight or biomass of i<§aar old f£fish. At least
in its simplest form, chis.thebry assumes the growth rate of §; to be a function
only of 1. That is, an age cohort hns a percentage growtk rate--an cwn-zate
of interest~-that is 1ndopendeﬁt of the size of either the agc cohort or of
all other age cohorts. In the absence of exploitation, an age cohott'n owﬁ-
rate of intorast equals the rate at vhich surviving fish gfow minus tha rate
at which fish are loot chrbugh natural mwortality. Except poosibly at the
youngest stages, the cum of these two growth ratas diminiches with age and
ultimately beccmes negative when the slov rate of growth of surviving older
£ich is moze than offcet by their natural mortality. . .

In a sacond linc of analysis asgociated with, a.g. Schaeffer, § io regarded
és a cingle number, the biomass of an entire fish population. In thic linn
of analysig, the net grouwth rate in a function of two offsetting forces. On the
one h@nd, the larger the biomass, the greater is the nkmbar of fiah breeding
and growing. On the other hand, the greataf the biomaos, thg greater is the
pressurs on the linmited eapacity o£<thc fichaery to guppoxt life. UWhon tho bio-
 maso 1o cmall, the formar force dominatos and tha growth rats s an incrcasing

functicn of S. Boyond come point, howovor, the capacity of the f£ichory to oupport




life comes to dominate and the growth rate declines vith increases in biomass

until some larxge population size—M in subsequent analysis--the biomass no

ionger grows, i.e., dS/dt is zero.
Both lines of reasoning peemed tv have merit. Contrary to the impli-

_cations of the Schaeffer approach, ycung fish do grow more rapidly tham old
fish. On the other hand, contrary %0 the implications of the Beverton-Holt
approach, the capacity of a fishipz bank to sustain life is limited. An initial
goal of this study was to syntha.ize these t&o approaches. That is, it was
hoped that it would prove poss/ble to develop and.test a_mndel in vhich growth
depends on both the total b;ouass and the age distribution of the fish popu-
lation. Unfortunately, datz, time, and inteilectual restrictions ma@g'it
inpossible to achieve this goal. It prdved possible to work only with vari-
ations on the basic Schaeiféf model.

For purposes of th.s section, it is useful to work only with long run
equilibrium relationstips. That is, it is useful to consider fisheries in
which the instantanerus catch rate equals the instantaneous natural growth rate
and in which dS/dt .s therefore zero. In such an equilibrium, the following
equalities hold: ‘

g(8) = h(E, S) = C
vhere C represfats the equilibrium catqh rate, If g(S) is a reasonably‘ael;
behaved func..on, the relationship g(S) = C can be inverted to yiel& S = G(C)--»
a relationsrip glving equilibrium stock as a function of equilibrium cat:ch.2

Using th#s relationship to replace S in h(E, S) = C and again inverting yields

-

. gAs wis. be developed below, the function h is not, in general, single valued.
Excerr where C takes a value equal the maximum sustained yield of a fishery,
any fiven catch rate can be sustained at either of two stock levels. The same

. cortideration applies to each of the additional relationships discussed in the
resinder of this paragraph. _ :




E é'n(c)-— the offort leval required to yield thc'equilibrium catch. Finally,
the equilibrium coct of catching C pounds of fish is a Eunction. £(B), of

effort level, That is, £(E) = f[B(C)]aP(C).

To illustrate these calculations it is uscful ¢o ermploy ths sicplaot
forrulation of equation (1) that haé been analyzed in thib exiotablc statio~
tical vork described in Séction III:

ds/dt = G(M - §) - qES ‘ - (2)
In this exproesion G is a growth rate coefficient, M is the maximum gustainoblo
stock of fich—the biomass vhich the fishory uould approach if laft uncuploitod-~
and q {5 a “catchability coefficient"-thn ffaction of the existing Eiah stock
that a gingle unit of effort would catch. It mhould be notad that tho cutch rate
function in equetion (2) implies what could bo terod “inogantamcous constomt
roturns to acale for fishing effort.” That is, it implies thet the porcontege
of the cxisting fish stock that ucﬁld be caught by an additional unit of offere
io independent of the level at which cffort is aspplied. Instontansous dimﬁnﬁak;
ing toturns to affort——a state of affairs in which guccessive cqusl increzments
to tke effort level would yield auécessively sueller increments to total eagch=-
uight seem & wore plausible assumption. The possible exictsncae of dimin;ahéagA
roturns to offort 1s ome of the phencmoma tested in the statistical anslyods
dasceibed in Section III, |

If equation (2) does deactibe the functioning of a fishery, them in

equilibriun:

C=G(M=~-8) =qES - o (3)

Diffezcntibting C vith respact to B and satting the result equal to sero foveslo
thot the mexirmum equilibrium yield—more commonly termed the maximem custainad
yicld—-is achieved vhen capital S ® M/2.. Substuting M/2 for § in C = G(M - 8)5
violds @/4 a5 the meximam sustainsble yield, C___. |




Solving = G(M - S)S to determine S as a function of equlibrium catch.

yields:
sawzs of - s/ (4)
This relationship can be simﬁlified by expressing equlibrium catch as a fractionm,
2 of maximun sustained yield. Substituting C = aGlea into equation (4) yield
s =1t (1-a)*2py2 : (5)
Equation (4) and (5) indicate that, except for the maximum sustained yield, any
level of output caen be achiecved at either of tﬁo étock'levels. One of these is
greater and the other less tham that which would maxinige the sustained yieid.
IfCe=sa cmax e qES tﬁe effort tequired to catch C pounds of fish a year
is E= acmaxiqs' That is, required effort is inversely proportional to
equilibrium stock. Thus, the effort required to produce acmax pounds of £ish
& year would be smaller at the higher of the two equlibrium stock levels given
by equations {4) and (5). Spacifically, substituting aCc_.* aGM2/4 and equation
(5) into E = acmaslqs yields:
| E=aai/2q0 + -MD) 62)

E = a/[20Q - Q-a)1/%) (6b)
as the required effort levels when the biomass is respectively greater than Qnd
less than M/2. If effort is costly, it would clea:ly be desirable to produce
any given quantity as £ish with thg_least posaible affo:é. Production of
acmax pounds of fish at ;he effort level given by equation (6b) would be

_ inefficient. Indeed, it can be shown3 that, if a fishery is iﬁ long run

equilibrium under the conditions implied by equation (6b), a decrease in

'3By differentiaéing equation (6b) with respect to A and re-arranging terms.




the equilibrium effort level would lead to an ingrease in equilibriﬁm yield.

. That is, under equation (6b) cost conditions, the mirginal product of fishing

effort is negative. K | .
Suppose that effort can be regarded as a composite input to fishing that

is supplied by a competitive industry -at a price. that is 1ndependent of the

vate at vhich fishing activity t;kes place. Then the units in which effort

and q are measured can be specified so that one unit of effort costs $1. With

units specified in this fashion, equation (6a) snad (6b) give the totel coste

in long run equilibrium of catching acmax~fish nar igar.when; to repeat the
equilibrium stock of”figh is regpectively gfeater tﬁgn'leas than /2.
Division of equations 6 by aC = aer* /4 yielis the.average cost of a
pound of fish as a function of output~ievel wtile differentiation of (6a)
respect to'acmax yields'the associzted margiil gost:

Efficient average cost = AC = 2/[qM(1 + (1-a)'7?)]

1/2

 Inefficient avergge cost = AC' = 2/[qM(1 ~ (14a) )1

Efficient marginal cost = MC

1/2,2 1/2

- AC + a/lqMQ + (1~ 2) )" (-a)™" ]

These a¢hedu1es are listed in Table 1l ar¢ are plottgd in Figure 1.

The data plotted in Figure I form the basis fir Figures II-VI albeit uifh
changed values on the horizontal and verticai,azéa.

Suppose the fish demand zchedule is AB(Dl as shown ip_?igure 1I.
Efficiency would then dictate producing OX p)vﬁdé of fish’a'yé;i?;702 of . -
maximum sustainable yield. At this output level the marginal cost of the
effort requited to produce a pound of f£ish equals e price a marginal consumer
uould be willing to pay for it. At-an output of 0-7C ax® the marginal and
_avctage costs of fish are respectively $1.82/qM and $1.ﬂ/qH° ThQ authority |

‘responsible for the fishary could induce fishermen to sunly che affort level
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Table 1: qM Times Average and Marginal Costs of Fish at Alternative Ratios

of Actual Catch (c) to Maximum Sustained Yields (cmax)

gM Times

Efficient Inefficient Efficient
AC AC . MC

$1.00 ©®

1.03 $40.00

1.06 18.20
1.09 | 12.12
1.13 : 8.70
1.17 6.83
1.23 ; . 5.40
1.29 4.42
1.38 3.64
1.53 2.90
1.64 2.52

2.00° 2,00




necessary to produce this output leve; in a va?ietﬁ §f ways. However, the
most straightforwardvtechnique would Be.to‘impose a tax of BE = $0.53/qlf per
pound of fish caught.

Efficient utilization of the fiéhery under these circumstances would
generate a net benefit to society with a dollar value equal to the area ARF.
This area can be broken into two parts: £first is a conaumer‘é surplus, ABP
vhich equals the sum over all OX pounds of fish of the difference between the
price some consumer would be Qillihg to pay for each peund and the price, OP
he'actually does pay for that pound. Second is wﬁat. for a more normal pro-
duction processk woﬁld be termed a rent ox producer‘s surplus PBF. It equals
the difference between the total revénue, 0PBX, rececived from the sale of 0.7
cmax pounde of fish and the cost, OFBX(=OMEX) of‘the fishing effort raquired
for annual production of 0.7 cmax pounds of fiéh. As 1h any other production
process, this rent/producer'a surplus would reflect the vﬁlue of the marginhl
_product of a fixed inpth-in this case, the limited capacity of the fishery
to grow f£ish. If annual cutput is restricted to 0X pounéa thtoﬁgh the impos-
ition of a tax, this rent would acérue in the form of tax collcctions
entirely to the regulatory autho?ity and hence tha society in whose interests
it presumnbly operates. |

A brief aside is in order regarding the way in which the conclusions
reached in the praceding.pgragraphs would ba affected if, contrary to the
assuﬁptions underlying Figure I fish growth rates depend om their age diatri-

bution gglueli,as theif total weight. As Turvey and perhaps othe:b have noted,

if the cwn-rate of interest of a fish decreases with increases in its age, a

tax based simply on pounds of fish caught would not, in general, vesult in

éThat is, one for which a single producer supplies both fixed and variable'

ioputs.
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efficient exploitation of a fishery. Rather, efficiency would require additional
incentives to avoid taking smali, highbgrowth rate fiéh. Turve§ suggests the
approprizte incerntives to be . restrictions on fishing technology such as lim-
itatione on hook or mesh size. Such restrictions undoubtedly would do the
grick., However, a tax schedule under which the rate per pound for a fish is
inversely related te its size would, at 1ea§t in principle, be perhaps even
mre éffectivee

Reverting again to Figuxe II, suppose that no restrictions are imposed on
the exploitation of the fishery. Output wcu;d then expand to OY = o.scmax
& year. At this lewel, the :ost incurred in catcaing a pouéa of fish, $1.38/qM,
equals the market price for fish. At this output level, the consumer's surplus
generated by the fisghery ircreases from ABP to AlG., Howaver, this increase in '
consumer benefit is more thkim offset By the fact that equilibtiﬁm at 0Y pounds
per year yilelds zero reat ¢t the fishery.

To put the matter diffczently, expansion of output by 0.1 cmax from
OX to OY ylelds fish on whi:) consumers place an aggregate value of XBCY.
Howsver, the additional cost: incurred in producing theze fish equals XBDY.
Thus, the cost of output expinsicn exceeds the resultiny benefits--the decrease
in fishery vent exceeds the increasa in consumer surplus--by an amount equal
to area BCD in Figure II. lo suggest the orders of maguitude imvolved, as
demsnd curve ABCD1 is dragmE BCD has an area of approximately 0.043cmaxlqu.
The market value of f£ish (vw.ich equals the costs incurred by fishexrmen) OGCY
at an output of OY per year. is leBBCme/qM. Hence, thé losa involved in
inczeasing from output fror OX to OY amount to 0,043/1.38 or 3.1% of total
outlays on fish im the irrificient equilibtium.'

Suppose, pow, that fie demand for fish 1s as shown in Figure III, GRJDZQ

Efficiency would then dl.tate an ocutpuf level of 0Z = OGQZCmaxe As with the







efficlent equilibrium asscciated with demand schedulé ABCD.. in Figure II, 0Z

1
is the ocutput level at which demand intersecﬁs marginal costs. At this output
level, the marginal snd average costs per pound of fish are respectively
$3.47/gM and $1.59/qM. A tax of $1.88/qM per pound would therefore be requi:ed
to induce fishermen tc supply the efficient effort level., In this equilibrium,
the net berefit of the fishery to soclety woul&'be the area FJG in Figure III.
Az before, this benefit can be broken into two parts. TFirst is a consumer's
surpius of GJQ;'seccnd is a rent or producer’'s surplus of FJQ(=QJKN).

In the absence of reétrictionu on entry, the fishery would reach equilibrium
at H in Figure III. As when demard schedule ABCD1 in Figgre II was assumed to
be ia affect, equilibrium at H involved equality of the cost incurred in pro-
ducing a pound of fish, $3.64/qM, with the market price of fish. Under these
circumstances, the only bengfit ierived from explaiﬁat&on of the fishery would
be GHL, the consumer's suxplue [emerated when OY pounds mf‘fish are consumgg
at a price of YH = $3.64/qM pex pound.

The difference betweén the benefits resulting from equilibrium et H
and those possible with effi@&eut ezploita;ioﬂ of the’fishe@y is the area
1HIP, This area car be brokin into twe parts: firet is a lcus in potential
coneumer surplus, LHJIQ, resﬁ;ﬁing from consumption of OY pouncs of fish at
$3.64/q¥ per pound rather thsy OZ pounds at $3.47/gM. Second is the loes in
rent on the fishery, QJF(=QJN).

The lozs associated wifh equilibrium at H can be interpretei in an
'altetnative fashion. The %otal cost of producing Of_pounds of f£ish can be
interpreted as OY times .he average cost associated with that outpat level

or altarnatively as thr area between O and Y under the marginal cost of pro-

ducing schedule. Tr{; being the case, srea OGCY in Figure III equals area OFDY.

Hence, srea LHJF—t12 logs assoelated with production at H rather than at J--
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is equal to ares LHJDCG. This latter area can be broken into two parts: first
is LHCG, the additional cost of the fishing effoit réquired to.produce OY pounds
of £ish inefficiently rather than efficiently. The second part is the area HJID.
It equals the additional benefit that cogl& be derived from increase in fish
output from}OY to 0Z if these two cutput levels were produced at minimm cost.
To put the matter in different terms, LHCG is the loss associated with using

an inefficient combination of inputs (i.e., an inefficient combination of £ish
stock and effort) uhile HID is the loss resulting from producing an inefficient
level of output,

This latter interpretation of the loss associated with prodncing_at H
rather than at J in ?igure III can be used to interpret the loss resulting from
a third possible type 6f‘equilibtium depicted in Figure IV. In this Figure, an
efficient allocation of resources will require producing OX pohnds of fish at a
marginal cost of BX. To?ql‘henefits from exploiting the fishery vould then
equal the area ABF. With unrestricted entry, the fighery would be in equi-
librium atﬁc.. Tbé logs involved in operating ot thic equilibrium rather than
at B can be interprated as the sum of areas HCDG and BCJ. The latter area is
the loss tesulﬁing'ffam producing an cutput level {OY) diffexent from that
(0X) at which price aquals marginal cost. Avea HCDG iz the loos resulting fronm
producing this (inefficient) equilibrium ocutput at a cost (CY) greater than
that (DY) at which it could be produced.

To summarize briefly, unrestricted access to a fishery can lead to

. inefficient zssource allocation of two norta.s First, use of restricted access

uiiiyalmost certainly result in an inefficient cutput rate, i.ec., an output

rate diffemant frém that at which, giveon minimum cost production, price equals

L

5In addition te the losses that may result from catching fish at too young an
age 1f the percentage growth rate of a fiesh declines with its age.
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marginal cost. Second, given in&errelationshipu/bétuaanademﬂnd and gverage

cost schedules of the sort depicted in Figures III and IV, unrestricted aecess
can result ia wagteful production of whatever level of output market forces
settle upon. That ig, un?estricted entry can result in the state of affairs in
vhich 1¢ would be possible to producs whatever level of sutput is settled upon
at (perhaps oubstantially) lower ccsts than those which are actually incurred.
Any of a variety of controls could be adopﬁed to eliminate thesa ineffic-
ienciea.‘ At least concaptually, the aimplent eontral ‘device would be to lowy
a tax equal to the difference hetwaen the wargiinl and the average co#t of
fich at that outputbtate at which demand and mirginal cost schedules intersect.
If éhe growth rate of a fish populaticn depend: only on its bicmass, the
appropriate tax‘par pound would be independenZ of the sizoe of fish caught. If .
the populétion'c growth rate depends on its a:v distribution as well as its
biomass, the appropriate tax per pounds would vary invaréoly‘uith cize of £ish,
Regulatory bodies do, of rourse, control z'ceos to many fishcries. Howsver,
there is nb fiahar} (at 1§ast no fishery of which I am aware) in vhich controls
takns the form of taéee on output. Rather, under the typical eontrol oystem,
cutput is regulated by allewizg free scceso to iny Yishing vocsel that abides by
rngcgictiéﬁs on guch things as vessel and crov size, gear employed, longth of
scagon, ares fished, and port turn-around tir:. Rxzcept for those gear
rastrictions which serve efficiently to 1limit cotch to slow growving aga groups, . .
~ all of these control devieces are effective i: rostricting ourput only_to tho
?‘aztant that they raige the long run average‘can& of cieching any givon quantity
. of £figh., Imposition of scason lenzth limitations, qu encple, resuit in
cither vessels, gear, and crews gpending worc idlo timd in POX: ghan thoy
~ othexwice wﬁuld or in the less opacialiged vesgelo and duplicate oivg of gaar

necessary to exploit different €ish populations during the open 6COTONS 6ge




them,

The geometry of Figures II-IV can be used to suggest the effects of cost

incressing restrictions on ;he benefits derived from fishexry exploitation. -
Suppose, first, that a fishery is an initial équilibrium with unrestricted
entxy of the sort depicted im Figure II. Specifically, annual catch is OY
pounds in Figure V while 0Z is the catch at which marginal cost and demsnd
schedules intersect. In this equilibrium, the loss due to over-exploitation
of the bank of the area ACE. Suppose that a cosé increasing restriction is .
impozed on £ishermen that leads to a new equilibrium output of OX and
equilibrium costs per pound of XG. At this new equilibrium, resourcear
walued at ¥BCY are released for production elsewhere in the ecomomy. Since the
fish produced by these rescurces are valued at only XGEY, ghe output reduction
ylelds a saving of BCEG. It doeas so, however, only at the expense of making
the total cost of producing OX pounds of fish per year HGFJ greater than the
minimunm cost, OJFX, at which this quantity of £ish could be produced. In
 Pigure V, BCEG is clearly smsller tham JGFJ. Inposition of the restriction
therefore would-zesulm in 2 net loss. In specific situstions, cost and demand
elasticities could be such that the counterpart of BCEG would exceed that of
HEGFJ. Howevar, the gain pessible would likely be small, Furthermore, Figure
V takas no account of the costs incurred by the regulatory bedy in imposing
the restrictions involved in reducing cutput from OY to 0X. Thase costs could
‘wall eliminate whatever gain Figure V would suggest to result in a specific
situation. | |

In brief, if the equilibrium asgoeliated with unrestricted eatry to
a fichory ic the gort depicted in Figures II and V—an equilibrium ia which
the only lose involved is that associated with producing an ouﬁput in sxcess

of that which would eqqate demand and wmazginal cost--and if the only way in
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which output caa be reduced is tc impose cost incréasing restrictions on

fishermen, then it seems unlikely that the gains to be derived from restric-
tions weuld be worth the costs of imposing them.

It seems safe to assert, however, that it is equilibria of the sort
depicted in Figures III and IV that typically if not variably evcke fishery
regulation, not equilibria like those in Figures II and V. That is, it seems
safe to agsert that regulation is typlically evoked when, in its absence, the
squilibrium effort level wouli be one in wﬁich the marginal product of effort
is negative. In such circumstances, although cost increasing restrictions
_are inevitably less beneficial. than other controls would be, they almost
certainly yileld greater benrefits to flshery exploitation ??an would eventuate -
with unrestricted exploitation.

Figure VI depicts what sexms to be the typical situation. In the absence
of controls, equilibrium in a fighery wuuld.involve ptodueing OX pound of
 fish a year at a cost of BX per poun&. Exploitat#on at this level would
yield a net bernefit of ABH, the consumer’'s surplus gemerated by OX pounds of
figsh. Imposition of a tax per pound of CE would lead to efficient exploita-
tion of the fishery and gensrats a net besefit of ACF. Being unasble to levy
gsuch a gax, the regulatory becy in control of the fishery imposes restrictions
designed to maximige the sustained yield. I successful in this aim, output
would increzase to 0Z at & cost of DZ per pound., This cost per pound is DG
greater than the minimum cost, €2, at which the raximum sustained yield could
be produced. Nevercheless,‘equilibrium at D doegs generate net benefits to
exploitation of the fishery equal io ABJ~-an azmount equsl to ﬁDBJ greater than

the benefits zesulting from unrestricted access,
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IITI Statistical Estimation of Growth and Catcli Relationship in the Pacific

Halibut Fishery

The asaumption that a fishety is a long-run equilibrium is a convenient
device for drawing long-run cost curves and degcribing the losses that result
from failing to exploit it efficiently. The assumption that obgservations are
drawvn from systems in 1ong-run equilibrium is common--perhaps almost wnivergal—-
in otatistical analyses of fishery behavior. Although common, such an acsump-
tion seems highly suspect in attempting to estimate the relationship discuscod
in Saction II from data on the operations of real world fisheries.

This section first develops a general procedure which does not require
agsuming long-run equilibxium for estimating the functionsl forms and specific
parameter values of the differential equation

'ds/dt = g(s) - h(E, S) _ 1)
which formed the basis of the cost functions discussed in Section 11.6 It.then
describes the results of applying this procedgre to data from the Pacific
halibut fisheries. Since the data required--annual series on catch, effort,
and length of season-—are modest, the procedure may prove useful in analyzing
other fisheries.

To provide an overview of the procedure, suppose, for the moment, that
axploitaeidn'of i»fishery is allowed only for an instant of time on January

 1st of each year. Immediately prior to the beginning of the scason in year {1,

6The procedure used in this study is, I find, quite similar to that employed
by Tomlinson and Pella to analyse the Pacific tuna industry. There are two
basic differences between the Tomlinson-Pella approach and that used in this
analysis: first, I incorporate length of fishing season into the analysis.
Second, they use an estimate of fish stock at the beginning of the time geries
analyzed to estimate catch in all subsequent time periods whercas I employ

a recurreiva relationship which generates an estimate of catch in time period

i + 1 from data on catch in time i and effort in period i and 1 4 1,
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the stock of fish in each square mile of the‘fisgery_is 5y where S, is, unfor-
tunately, uoknown. The fraction of the stock in any~given<équare mile caught.
in year 1 is a function, F(Ei) of the effort, Ei‘ expended on the given square
mile by the fishing fleet du?ing year i, That is,

cy = F(Ei)si 9
where Ci ig catch per square mile in year 1. The stéck of fish in the square
mile under examination at the end of the instantaneous fishing season in

year 1 i8 S, - C Between the end of this seasdn and the)beginning of the

i i’
season in year i + 1, the stock of fish grows. Specifically,

S = G&Si -C,) | (10)

i+l i
In this systém, Ci and Ei-or tathet Ci and Ei times the number of square
 miles in the fishery--are observed. However, neither S:l nor the specific
functional forms of F and G are known. Nevertheless, with luck, equations
{(9) and (10) can be empioyed to infer which of several alternative specifi-

cations of the functiomal forms and specific parémefer values of F and G are

most nearly compatible with the available catch and effort data.

Assume a specific functional form and parameter values for F. Then

an estimate, 81*, of the pre-season stock in year i can be obtained from
equation (9): v

si* = CiIF(Ei) (11)

Assume also a functional form for G. Substituting Si*ifor S1 in equation (2)
yields an estimate, Si+1**’ of the pre-season stock in year i1 + 1:

Rk = R - .
Sg4a™ = G684 - Cy) ‘ 12)

Inserting F and the estimate of s1+1** obtained from equatiop {(12) into

i+l
‘equation (9) yields a prediction of catch in year 1 + 1, Ci+1*, which can be
compared with the actual catch in that year, C1+lu The objective of the game,

then, is to select those functional forms and.specific parameter values for




F and G which minimize, _ .
‘ 1, - ci)2 ' (13)
To elaborate on this procedure, the inétantaneous rate, dS/dt, at which
the weight, S, of the fish population in a square mile of a fishery grows
depends, among other things, on attributes of its environment, its current
weight,7 and the rate at which its members are caught, The rate par square
mile at which figh are caught depends on the rate per square mile at which
effort, E, is expended by fiahing boats and_oﬁ thea stock of fish. Thuo,
to repeat:
ds/dt = g(s) - h(E, 5) ')
The available data provide information only on cotqi fishing offort and
total catch for the entire seasons (i.e., S B dt and J h dt), not on instan-
tancous effort or catch‘rates. In what follows, thq;#aluo of E in each fighing
goason will therefore be treated as a constant aqual to thé average aeffort rate:
E=/E dt/tr
vhere t% is the length of the season. Also, in each of the specific cxamples
to be dealt with, the instantaneous effort rate per gquare mile will bs assumasd
to doeternine the proportion of the éurtent stock 1p.é oquare mile that ig . |
caught. That is, h(E, S) will be assumed to equal_sz) S. Making this aubd:‘
-q;itucion in equation (1), rearranging terms, an@riigggrating yiclds: .
I [g(s) - f(n)s]"lfds_ =_é_;_c +k (J;l.»':)‘ |
_vherc k is a constant of integtqtion. ' if?
If g(S) is a "nice" function, the integral in équation (14) can be

.evaluated eund the equation can be rearrangsd to yield, 8ay,

S = S(£(R), t+k) ' 5)

z&ﬁi: Quiia aikely, its age distribution as well., Ao has alracdy beom moted,
' data pastrictions make it impossible to take the affocts of age diotribution
into scecount.




In turn, equation (13) can be substituted in
.
te

C = (t* £(E) § dt m'f(E)'j~ s dt (16)
1o ‘ ‘o
where t* is the length of the fishing season aha C is the total catch from a
aquare mile of fishery. Jf S = ((£(E), t+k) is also a nice function, the
integral in equation {16) can be evsluated and used to determine the constant
of iptegration in quation (i5). On inserting this value of k and setting t
equal to 0, the estimated level of the stock of fish at the beginning of the
fishicg seascon results. This estinate is the equivalent of that given by
equation (11). P
Pucthermore, secting © equel to t* in equation (11) yields that estimated
level of the fishiny stork at the etnd of the fishing season. This end of
season stock level <an be used to determine the constaunt of integration in the
solution to equstion (14) when £{E) is set equal to 0. The resulting expression
can then be used to extrapolate the stock to the beginuing of the following
gseagon. [his extrapolation is the equivalent of that given by equation (12).
Final'y, this estimete of fishing stock at the beginning of the fclloqing seagon

spcves to derermine the constant of inzegration, k, when the level of effort

corresponding to the following seasoc: le inserted in equation (16). The result

is an estimate of catch in the followiig year based on effort in that vear and

catch and effort in the preceding year.

Two opposing forces appeat‘bc effest the instantaneous growth rates of
unexploited fish populations. Jn the oxe hand, the greater the population, the
more fish there are to breed aad to grow, Ou the othar hand, thé largerrthe
population, the greater is conpetition for food and posi:ibly other amenitiés
of the environment. At low pcpulations, the first of thes. forces dominates.

The instantaneous growth rate incrzases albeit at a decreasing vate with




increcaces in the fish stock. Beyond some cri;icai §tock laovel, howsver, tho
cccond force comos to dominate. The instantancous growth rate declinas with
further 1ncrease§ in the gtock. Several rélationahipe cxhibiting thiso property
have been used in the literature on this subjoct. The one to which most atton~
tion has so far been devoted in this study io:

ds/dt = G(M - S)§ - B 17)
of B cquals gzoro in equation (17), M is tho moximun sustainable f£ich otock.
Having B cqual ﬁo cero implios that the population of & fichory will grov ao
long as it containg at ledst two fish of oppositc cexes. Under such circum-
gtances, it would be impossible to fioh the population to extinction. With B
cgual to zero, howaver, thar@ is some minicunm stock below which the £ich popu=
lation will not repreduce itself. With B groator than soro, unrcotrictod
ezploitation of a fishery could result in complete dostzuetion of ito populatiom:

dC/dt = qES ‘ | (180)
Tho constant of proportionality in this exzpression, q, 1o somotinmas voforred to
as the “eatchability coefficient."”

It ceens clear that instantaneous constant roturns to scole eould mot bold
for gll offort levels. If it did, an effort ratec of 1/q would rooult in instan-
tancous oblitoration of a fish stock. Instantancous constant returas to qfﬁqzeb
would clearly not hold if, at some instant of tima, a ropreconcative fich 1o toEn
batwacn biting a hook from one boat and biting a hook for amother. That Eiuhorioo
avor got go crowded that this condition prevails coows implausible. Still, thko
poooibility of instantaneous diminishing roturns cocms vorth toking into cceount,

Tha oinplect way of doing so would seam to ba:
' b

dCc/dt = gqE'S (18db) .

vhore 0 < b . _
Setting B = 0 in equation (17) and dcnoting tho right hond cido of cquation o

(18b) by £(k)S = £S, the solution to cquation (14) can be written;'




S(t) = H/[G + Kexp{-Ht) ] ‘ ) ; A (19)
where S(t) is fish stock at time t, H= M - f, K ie a transformation of’the
constant of integratiom, and.exp(-ﬂt) denotes e'Ht where e 18 the base of the
patural logarithm, 2.71828. . . . Inserting equation (19) into equation (16) and
using the solution to eliminate K from equation (19) yields |

§% = S(t%) = H[1 - exp(-GC/£)]/[C(1 ~ exp(-Ht*))] (20)
vhere S* denotes stock at the end of the fishing season during year 1 and
C is total catch during that year. Letting t = t¥ = f = 0 in equation (19)
and sclving for the constant of integration yields

K# = G(M/S* - 1) - (21)
Substituting equation (21) for K in equation (19) and letting t** denote the
interval between the end of the fishing season in year 1 and the beginning of
the season in year i + 1 yields |

Sk% = S(t#%) = M/[1 + K¥* exp{-GMe**)] (22)
ag the fish stock at the beginning of fear i + 1. Again setting t equal to
zero in equation (19) and solving for the constant of integration ylelds

K% o (B - GS*¥) /Sk% (23)
where H reflects the effort level during year 1 + 1,? The sclution to equation‘
(16) can be written:

; C = (£/G) 1n{ {Gexp(Ht*)4K)/(G4K)] (24)

Eﬁere ln{ ] denotes the natural logarithm of [ ]. On inserting in this

expression, equation (23) for K, the effort level in year £ + 1 in f and H, and

the length of season in year i + 1 for t* a prediction of catch in that year
results. |

Hith £(B) set equal to qE, the system defined in the preceding paragraph
has three paramaters: a growth rate coefficient (G), the maximum possible steck

(M), and the cotchability coefficient (q). In using standard non-lineax




lcast squares regression programs, initial approximations rust be provided for

the parameter values being éstimated. Speliing out the procedure used in éhe
case at hand may prove of value to someone interested in applying ths proccdure
employed in this study to estimate relationships for other fisheries.

Maximizing sustained yielda‘aéems to bz a comnon geal of fishery rogulatory
bodies. If a fishery is in a long run - maximum gustained yiecld equilibrium,
tho following equalities hold (see Section II):

C = qmM/2 = @iP/s | (25)
Inspection of the data (see Table 2 below) suggests that the onnual eatch and
ceffort oeries werc reasonably stable betwcen 1952 and 1968, the last yoaor for
vhich data were svailable. Inserting average snnual values during thic pariod
for C and E in equations (25) provides two equations. To find the nocaosary
third equation, Tomlinson and Pella indicate that tuna, a faot growving fich,
hoo an own-rate of interest somewhat in excess of 100%Z o year. Halibut
apparantly are a slow growing fish. An annual growth rate of 33Z thoroforc
ceerad as rcasonable an asgumption as other. If the total aﬁnual grouwth of the
fioh stock in & long-run maximun sustained yleld oquilibriwm 1o @£/4, ito
parcentage growth is 100GM/2. The third equation uged to find initial approxn-
inations, then, vas\33 = 100GM/2.

Table 2 contains thg basic data employed in the anolycis. Thzge are
catch, cffort, length of season, and incétval betwveon ccasono for cach of the
throe fishary areas defined by the Internatfiomal Pocific Halibut Cemmiosion
(IPEC) in which fisﬁing occurred duting‘ench of tho ycags 1929-68. Arca
boundaries hayc changed slightly from time to time. Basieally, kerovar, the
Arca 2 dota cover the Pacific coast from Willapa Bay, Wochingtom to Cape
8poncor, Alaska. Ares 3A extends from Cape Spencer ¢o tha Shuragim Iolaundo.

Arca 3D reaches from these islands to 175° east longituda,




Table 2: Effort, {atsh, Length of $eason, and Interval Betwasn Sesson Dats

Ares 2 ‘ Area 3A ‘ — Arga 38
gEffort Catch T: - T2 Effort Catch T Effort

1222  £20.3  24.%4% 2?3, 1 LG4 ,7  29.0%8 273 : o I
1930 618,1 21,387 2oh 104 396.9  24.700 260 1§v 3003
1921 53%5,3  Zl.s2Y 242 2T1.7  1de267 244 LGy 33,4
1932 44640 21.588 249 254 c3 20,6022 251, ; 11.%
1933 437.5 22,530 2006 X 27645 23.0%7 268 ' L %,.3
1934 al0.9 22.&38 172 : 269.8 23,097 - zalt. - Ze?
1935 36%.7 22,317 159 239.5% 22,895 270. 1.4
1936 4£58.8 24911 148 ' 268,46 23.7C0 233 D U9
1937 430.9 20.024 13% 2. 208.5 23,182 :
938 3563.0 24.975 120 210.0 24,238
1932 6£52.1 27.3%% 196.3, 23.080
1940 439.7 21,615 229,025,345
lya!l  &25.6° - ) 217,68 26,208
1962 3738.2 % ) 196486 20,109
f944 345 .8 25, 1 3 204,18 206.49%
1944 312.7 2445 172.8 24966
1945  392.8 37 3 K 201,92 25.547
15446 35142 3z ' 8 Z6.974
1927 333.8 25.528
1942 312.2 24,381
1949 293.0 20.942 ZLa201
1950 282.3 27,048 27,959
1951 318.8  IC.44D 24 3G 9
3932 2065 3IN.E25 24863 LT
1953 24f.6 33,007 25,589 1o308 25
1956 244.,2 36.6%9 12,824 G937 G
955 2199 2d.7a% 27.900 : 28G 145 1,77y 116
1956 263.1 25.412 » IN.61s% 16%. v s Neti3d 1235
1957 2836 3%.626 _5& 225.0 2R:931 ' CORDLE 1.35%2 1.8,
1998 275.5 30,554 iy 207.9 29,731 1} L 2.3%% 158,
1658 277,33 30.,80% % 167.9 30,237 .27 : 1S S LT
1960 280.5 31.809 ; 198.7 2%.958 X s .8 4,238 193
1961 270.9 24,849 ) , ‘ 223,8 33.901 A 258 > 2 544 159 .
18262 3AINT.9 24,603 127 28642 34,0708 270 : 4e2l%. 184
1963 248.3 2&8.151 20+ 270.5 32.973 » 245 L& 2,968 179
1964 2164.6 1S.56%0 157, 2 280.3 23,134 Z5% 4,752 14z
1965 252.8 24,349 315.2 33,687 - 255 3.8%1 1Ti
1906 245.4 23.63%8 ©ADS5.2  3a.426 - 266 3.036 14%.
167 207.7 20.11¢ 5 201 2758 30,948 201 2,157 190
1968 tE8.d  10Hea37 241.3 27,215 - : ; 3.667 156G
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During each of the years 1951—60. one or more of thosce fishories operated

with eplit ccasons. Thus, in 1951, Area 2 was open'betwaeﬁ May 1-28 and agein
betwaen July 26 and August 4. No attémp; was mzde to perform the algabra
necessary to take this fact into account in the statistical analysis. Rathor,
for the years with split seasons, the intorval betwcon coosons wag dotorminad
on the ascumption that fiching began on the opening date of the firot part of
the ccason and extended for a continuous period equal in length to the sum of
the leugtﬁs of the two periods. Thus, for Axea 2 in 1?51, the gccason vas
troated as the 38 day intaerval beginning May 1 and ondiug Junz 7.
Excopt for the effort series, the dsta seem sclf-oxzplanmatory. Tho basic

" unit of effort appears to be a "standardized ckate-goak,.”" A ckato-tock 15 a
ckate placed in the water and vithdrawn aftor a poriod of tima on tha order

of tvo days in length. A skate, in turn, 15 a long (1,800 or core foot) linc
onto which shorter lines with bated hooks are attached at’ varying intaorvals.
The design of hooks disctiginatus sgainst suall fich and sppaorontly has nnf
changed significantly during the period stuiied. For moot of thic poriod,

the standard interval between side lines wae 13'. Howevor, 9' wao comzon
during the years immediately following 1929 aud intoxrvalc as groat as 24'

have come incressingly to be used since about 1960, Rocant dato strongly
cuggest that catgh per hook increases with the spaecac between side linas.
Unfortunately, the data do not take this fac: into account. 1In convarting

an ectual skate into a standard skate, the implicit aocemption made ic that
the intorval g;twmen lines in excess of 13' 1ac a zoro naorginol product.

Thugs, a cotandard skate is effectively a standard nurbor of batad hooko.,

To rapaat; in the work undertaken so far, it hos beam asou=ed that the

catch data in Table 2 are generated by a differomtial cquation that, to chomge

notaticns slightly, cen be written:




ds/dt = g(m ~ 8)8 ~ qebs : T (26)
In thjs equationr, s and m are actual and maximum attainable stbcks respectively.
They have dimensions pounds/square mile. The growth rate coefficient, g, has
dimensions‘llday. The catchability coefficient, q, has dimensions of (say)
1/hook~day while effort, e, has dimensions hook-days/square mile-day. The
exponeat, b, is dimensicnless and should have'a value in the range 0 < b - 1.

Catch and effort data are, of course, reported for an entire fishery,

not per square mile of fishery area. Multiplying equation (Zg) through by A

(for area) yields:

Ads/dt = dS/dt = (g/A)(M - S)S - (q/A®)EPs @n

Vhere capital letters denote values for an ehtire fishery rather than for an
individual square mile. 7This relationship says that the number by which
(M - S)S 18 multiplied can be interpreted as the estimated growth coefficient
for a square mile of a fishery divided by the size of the fishery. Similarly,
the number by which EbS is multiplied can be interpreted as tﬁe catchability
coefficient for a fishery divided by the area of the fishery to the power b.

Three separate specifications of equation (27) have so far been inves-
tigated in the statistical analysis. In the first, b was set equal to l_and
values of g/A, M, and q/A were estimated. Denoting the value of q/A obtained
from the first specification by Q*, the second involved estimating g/A, M,
and b in _

as/dt = (g/8) (1 - )8 - (Q*B)°s , (28)

The final specification involved estimating g/A, M; k/Ab, and b without €urther
restrictions. The results of these calculations are shown in Table 3. Perhaps
the first thing worth noting about this Table is that the basic Schaffer
model does appear to fit the data teasonabl& well. Depending on area, the

models underlying Table 3 account for 60-90X of the variance in the catch data
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Table 3: Paroceter Estimates for Basin Halibut Fishory

Diffetehtinl Equation: ds/dt = (g/A)(M - S)S ~ )q/AP)EbS

¢/a-10""

0.1094

(~0.0506 ~ .2693)*

0.1702
(0.0291 - .3113)*

0.9122
(0.0083 ~ 1.816)%

0.0988
(-0.0068 - 2043)*%

0.1992
(0.0728 - .3256)*

0.6343
(0.1893 - 1.079)%

0.1287

0.1567
(0.0210 - .2923)*

0.9300
(0.0634 - 1.917)*

M

176.1

136.5
(80.54 - 192.4)*

'20.45

(11.01 - 29.88)*

185.4
(88.79 - 282,1)*

126.2
(85.65 ~ 166.8)*

24.36
€16.75 - 31L.97)*

161.7

142.3
(81.54 - 203.1)*

19.37

* Approximate 957 confidence interval

# value assigned, not estimated

q/a2-1072

0.1008

(0.0187 - 0.1828)*

0.1742

0.9200 .
(0.4220 ~ 1.418)*%

0.1008#
0.1742#

0.9200#

0.1062
(0.0226 - ,1898)*%

0.1774
(0.0931 - ,2617)%

1.079
(0.4558 - 1.702)%

b

1.000#
1.000¢

1.000#

1.011
(0.9173 - 1.105)*

0.9823
(0. 9242 - 1 3041) B

: 1.039

1.021
(0.8189 - 1.222)%

0.931

(0.8232 ~ 1.040)%

1.077
(0.9861 - 1.168)%

Adjucted R®

0.642
0.762

0.898




analyzed. Why the Model's performance differs 80 substantially from area to

area is something of a myscé}y. Fishery 3B appears (see below) to be con-
siderably smaller’than fishery 3A which, in turn, ;ppeats smaller than fishery
2. Differences in corxrelation coefficients might therefore reflect differences
among fisheries in the variability of conditions within an individual fishery.
The ratio of the atandard deviation of annual catch to average catch is

0.752 in Area 3 but only 0.163 and 0.145 in Arehslé'gnd 3A respectively. That
chefe is considerably more relative variability to bé'explained in Area 3B may

partly account for the high correlation coefficient obtained for it. But

v

these are ad hoc hypotheses. To repeat, why the model‘s perfotmance'differs
gso substantially from Area to Area must remain a mystery at least for the

time being. | \

The next thing worth noting about the Table 3 results is the unhappy fact

that individual parameter estimates are generally'sutprisingly highly
correlated. To take the most extreme ezaumple, vhen.b is set equal to 1,

the correlation between the estimated values of g/A and M for Area 2 is
~0,9977. That between g/A and q/A is 0.9744 while that between M and q/A

is -0.9735. Such high correlations have the same sort of implication for a
non-linear estimation problem as do high correlations between 1ndependept
variables in a linear regression problem. That is, if the parameter estimates
shown in the first line of Table 3 were respectively increased, decreased, and
increased by 10%7, the result equation system would predict catch in Area 2
almost as well as do the numbers actually shown in this line. With high
correlations among parameter values, littlé reliance can be placed on the
specific value estimated for any particular parameter--thus the very large

957 confidence intervals for parameter value estimates shown in parentheses

in Table 3.




Allowing the exponent of hook days/square mile-day to differ from one
adds nothing to the eiplanatory power of eéuation (28), For any given area,
the correlation coefficieut:betWeen actual and predicted catch adjusted for
" degrees of freedom actually declines when the additional parameter, b, is
introduced into the system. Furthermore, for two of the three areas, the
estimated value of buis greater then 1. Taken at face value, such perameter
estimates imply that an increase in the instantanecous effort rate is associated
with an increase in the rate per hook day at which fish are caught--a clearly
implausible finding. Thus; while it would seem reasonable to ossume that, as
a general proposition, effort is subject to a low of diminishing instantansous {
returns, it also seems reasonable to assert that, in the halibut fishories,
the range of effort lévele that has been experienced is ono in which the
effects of operation of thié law are not discernible. Thio being the case,
aﬁbsequent discussioh will be restricted to the results of the first speci-
fication of the aystem analyzed, that in which b waos set equal to 1.

To repeat, because of high correlations, the estimated values of indi-
vidual system parameters are unreliable. Still, it secms worth ignoring this
fact for a moment to expiore some of the implications of the estimated paramater
valuee for similaritiea and differences among the three fisheries studicd.
Arong the parameters involved in equation (28); it seems plausiblc to ouppose
that the catchability coefficient, q, is likely to §ary least among ficheries.

" Suppose, therefore, thatvd haé the same value in each fishery and that b

cquals 1 in all fisheries. Then the estimated value of q/A for fichery 1 can

bo written q/A, and (a/a,)/(a/A) = Aé/Ai-the ratio of the area of fishery

2 to that of fishery i. Hultiplying the value of M for fichory i by this
ratio would then give the maximum sustaimnble f£ish otock in fichery i if thot

fishery had the same area as does fishery 2. That is,




A, . o (29)

M (A /M) = mA (A, /A) = m
Differences in this expression among fisheries woﬁld reflect differences only
in mi-~maximum sustainable density per square mile. Similar conclusions would
apply to the ratio of the estimated value of 81/Ai to (q/Ai)/(q/Az) = AZ/Ai'
That is, if the catchability coefficient is independent a fishery, the result
of the divisicn would equal gi/Il-—a value which differs from fishery to
fishery anlf to the extent that 8s differs. The results of these calculations
are:

Area m Ay ‘ A, /M, 8y /Ay (837413 /(8;/A))

2 176.1 1.000 0.1090 1.000

J
3A 235.9 1.340 0.059895 0.904
3B 186.6 1.060 0.0999 0.917
1£2 these numbers can be taken at face value, it would appear that the maximum
sustainable densities in Areas 3A and 3B are respectively 34 and 6% greater
than those in Area 2. On the other hand, growth rates in areas 3A and 3B are
respectively 9.5 and 8.6% less than those in Area 2.
| As was suggested in Section 2, with the formulation of the basic fishery
differential equation currently under eﬁamination, the maximum sustainable
yield from a fishery is obtainable when the stock of fish equals M/2, i.e.,
half the level towerd which the fishery would approach in the absence of explof-
tation. Since the daily rate at which fish would grow is (g/A)(M - S)S, anmnual
grovwth with a stock of M/2 = 365(3/A)M2/4-the.maximum sustainable yield, cmax'

Dividing IOOCmax by M/2 yields the percentage rate of growth of a fish stock—-

its own rate of interest. Since total catch equals (q/A)ES, catch per unit '

80nce more, given the high correlations smong parameter values, this is a very
big "if." E




of effort under maximum sustained yield conditions would be (q/A)M/2. The

raesults of thése caicul#tions are}g

Area M/2 | c Own Rate c__/E
(million 1b.)  (mil11oB®¥b/yr)  of interest (pStfids)

2 83.05 30.96 35.2% 88.75
3A - 68,25 28.94 42.42 118.89
3B 10.23 3.48 34.0% | 94.07

These numbers suggest that the costs of exploiting fishery 3A are con-
siderably lower than those for the remaining two fisheries. Because of the
appafently higher de&sity’of its popu;ation, the effort required to catch a
pound of fish under maximum sustained yield conditions is a bit less than 75%
of that associated with Arca 2..

It is of interest to compare these figuree for moximum sustained yield
conditions with the historical data from the individusl fisheries exhibited
in Tdbléa 4A, 4B, and 4C. A few words of explanation are in order about the
data in these Tables. In the process of predicting catch in year 1 + 1 fronm -
data on catcﬂ in year i and efforts in years i1 and 1 + 1, it was necesosary
tr obtain, among other thihge, an estimate of the atock of fish left iﬁ an
individual fishery at the end of the season in year i and the level to which
that remaining stock had grown by the beginning of the season in year 1 + 1.
Kstimated stock at the beginning of the season in year { + 1 togethor with the
effort level iu that season yield a prediction of catch in year 1 + 1. Thage
nnmbefé are raspectively reproduced in the SOﬁ, S and F columnas of Tables 4.

7The column lsblelled C gives actual catch during year i + 1 while the value

glt shoul& perhaps be noted that, since each of these calculations decpends on
two of th: parameter estimstes, they are probably more rcliable than those
digcuseed in the preceding paragraph.




Stock (Million 1b.) : Catzh {%il’ion ‘b_z ‘
End of Last

Season

SOH=
SGH=
SQH=
SOHs=
 SCH=
SOH=
S0H=
SOr=
SOH=
SQH=
SOH=
SOH=
SOH=
SUH=

- SCH=

SOH=
SGH=
SOu=
SOH=
SOH=
SOH=
SOH=
'SOH=
SOH=
SCH=
SOH=
SQH=
SOH=
SCH=
SOH=
SCH=
SOH=
S0H=
SOH=
SOH=
SOH=
SOH=
SOK=
SOH=

35,269

33.756
36660
454496
4T7.212
49.831%
56.886
57.156
52,593

61.003"

514495
53,153
51.695
55. 102
63.21&
73.5608
71C. 130
Ti.538
T73.243
'786111
17.978
83,469
81.983
131,251
121.030
132.233

116.898
118.068
364,683
98.040
38.437
101.50%
96,620
83.084
85.8346
6. 819
89,453
87.900

92.458 .

Beginning of
This Season

5=

S=
S=
S=

8=

Sx
S=
S=
S=
S=
S=
S=
S=

5=

S=
S=
S&
S=
S=
=
S=
S=
Qm
S=
S=
Sx
S=
S=
S=
S=
Sa
S=
S=
S=
S=
S=
S=
S
S=

41,322
36.400
43.066
53.453
60,5640
66,561
T1.8606
62.893
Ti.427
80.900
70,263
T3.610
74,024
78,065
20.773
G8.455
96,929
98,690
100753
106.063
105,770
111,164
111.197
127.388
142.449
149,388
139.547
138.047
119.838
121.371
121.353
122.582
116.238
103, 450
93.677
105.831
108.983

109.199

109.093

..F=

F=
F=
F=
F=
Fax
F=
F=
F=
F=
F=
Fx
F=

F=

=
F=
F=
Em
Fa
F=
Fa
=
=
=
F=
F=
F=
F=

“Fa

F=u
F=
Fx
F=
Fx
Fa
Foa
Fa
Fa
Fm

Predicted

220983

18,108
18.568

21l 737

22,870
22,54}
28, 935
24,055
23.436
31,539
26,708
26. 951
24,468
23.808
25. 148
260430
29.446
28, £74
27.581
27982
26,537
30.861
26,456
27.629
31.285
29,970
32,864
34,796
29, 712
30,337
30. 865
30, 437
32,562
28,344
20.353
25.134
26. 891
21,687
18. 111

-

C=
Cx
C=
L=
C=
Cw=
C=x

(o

C=
C=
C=
C=
Cs

C=

=
Cx
C=
C=
Cu
Csa
C=
Cn
C=
C=
C=
Cu
Cm
C=
C=
C=
C=
=
C=
C=
C=
C=
Ce
C=a
L=

Actual .

. -

21. 38?
2L .527
21.988
22.530
224638
22,817
24911
26 .024%
24975
27,3546
27 .6 15
25,007
24.32%

25.31%F

26.517

24,378
29.678

28,6952
28 %09
26 +242
27.046
30.64D
30.893
33.007
36.699
28.74%
35.412
30.626
30.558
30.8C4
31.80¢
28.849
28,663
26 151
19.610
2% 0349
230,433
20.019
16,637

F-C

R= 39396_
Rx=3,521
H2=3,620
Rz=0,732
Ra (,238
Re~0,276
R= 4.0Z4
Rz=-1,969
R=-1.5%1
R= 4,18%
R=~0,907
Rz G.24%
Ra Qo167
Re~1,5%03
Re«1.369
&= 2,052
R=2~0,232
Re 0,022
R==0,828
88'1.0%0
Re=0, 309
R= 0.2%1
Ro~4,439

R8-50378 S

Re=3,414
Ra 1,226
R==2.548
R= *.l?of
R=-0.846
Rz=0.244
R= 1,588
R=a 3,899 .
R= 2,123
Ra 0,743
Ra Q0,789
R= 1,656
R=a 1.868
R= 1.,47%
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‘ Stock (milllun 1b.) o ”, L Catch (Hillion lbi)

Year End of laat Beginning of L : A

(1929+1) Season . This Seagon - Predicted. - Actual ¥-C
S A A —— " . .. “.m o ~ e U

. B e b e e e e IR e e
- l‘*

SOH= 26.18% S= 43, 026 Fx 26,151 Cw ?9 700 = 1.451
I= SOH= 31.649 S= 38.021 F= 17.458 C= 18.967 R==1,509
1= SOH= 38.656 Sz 45,964 F= 19.922 C= 20.622 R=-Ca.700
1= SCH= 45,429 S= 52.192 F= 24.18%° C= 23.097 R= 1.088
1= SOH= 45,766 S=  54.972 Fx 2%.274 C= 23,067 R= 1,177
SOH= 46.520 S= 58.095 F= 23.613 C= 22.8S8 R= 0.720
SO4= 53,762 S= 59.919 Fz= 24.439 C= 23,7C0 R= 0.739
SQH= 51,933 S= 62,087 F= 21.665 C= 23.182 R=z=1,517
SOH=  60.977 Sx=x  73.851 Fz 25,353 C= 24.238 R= 1.117
SCH= 62.722 S= 74,811 F= 264,533 C= 23.080 R= 1.453
SOH= 63,446 S= 75.688 F= 264493 - C= 25,345 R= 1.1%8
SOH= 60.858 S=  T5.537 F= 26,068 C= 26.206 R=-0,138
 SUH=  62.961  S= 79,715 F= 25,077 C=  26.105 R=-1.028.
SOH= 69,332 Sz 85.549 F= 27.458 C= 26.:495 R= 0.963 ..
SOH= 67.199 S= 386,839 Fx 24,453 C= 24.566 R=-0,107
SOH=  77:493 S= 388.921 F= 28,113 C= 25.347 R= 2.1686
50H= 67,000 Sz 383.982 F= 28.3291 Cz 26,974 Ro 1,617
SOH= 61.272 S=  8l.211 F= 27,732 C= 25,608 Rz 2.124%
SOH= 57.576 S= T77.786 Fz 25430 Ca 24,3381 R= 1049
SCH= 55.721 §= 78,708 F= 28.862 C= 26.201 Rz 2.6581
SQH= 50,635 Sz T3.353 Fa 27.906 Ca  27.959 Rz~0.,0593
SOH= 50,664 8= T3,935 Fa 24,956 Cz -24.399 Rz 0,557
SQH=  52.199 5= 77.428 Fz= 25.881 C> 29.863 R=~3.,982
SOH= 64,581 S= 88.362 F= 25,232 C= 25.589 R==0,357
SOH= 68.063 Sz J1.774 F= 32,401 C= 32.83% ==0,%533
SOK= 65.422 S= B88.04%6 Fa  30.%4a3 C= 27.900 Rz 2,243
SOQH= 60,531 . S3 82,469 F= 28.837 C 30.61% Ru=1.777
SOH= 65,430 - S= 84.144 F= 29,218 C= 28.931 R= 0.287
SOH= 85,579 $= 83,008 Fa 26,716 C= 239.731 R==3,061%
SOH=2 T2.413 §= 90.719 F= 264343 C= 36.257 R=-32,914%
SOH= B81.239 Sz 100.29% " Fa 30,267 C= 2%9.958 R= 0.309
SOH= T5.429 $S3 964471 F=  32.462 = C=  33,.9C1 Ra=1.639
SOH= T4.779 Sz 93,912 Fa 36,044 C= 34.608 R= 1.436
SOlH= 62.605 $S= 83.7C9 fo 32,919 C= 32.273 Rz==0.058
SOH= 58.091 . S= 78.922 F= 32.30% C= 33.13% R=-0,833
SOH= 56.577 Sa  76.5%%4% Fa 34,4565 C= 33,697 R= 0.768
SOHs= 50.111 S= 690 869 F= 30, 527 C= 34 .426 Ra=-3.892
SOH= 52.502 S= 73,280 F= 300,543 C= 30.948 Ra=~0,40°%
SOH= 55,472 S= T1.656 Fo 26.97% Ca 27.21% - R=-0.2%1
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SOH= 8.199 9 176 Fa 2,3’ = La%?q Rz {1,098
S0H= 8,321 S: D.324% F= 2. 378 2 .60 = 0.384
S0t= B8.17% C = G171 &= 1. 084 Q.37 Rz 0,078
SOH= 6,860 10,74¢ Fa 0,572 Goan 1 R= Q.162
SGH= 9,443 i0.6223 F= 0.236 Ca.r48 R= Q.03&
SUH= 10,326 12.27% F= 0.172 0.1%432 Re= ©.029
SUH= 12,291 ' 13.01)  Fx Q. 179 2147 R= 0,932
SUH=  12.421 S 13.584% F= C. 290 G.317 R==~G.027
SOH= 14,225 = 176152 Fax D, 354 D328 R= 3,023
SOH= 14,3380 a2 17:.231 F= Ua 91 0,218 R= (4,013
SOH=  17.21% 17.329 = 0. 598 2.58% Rx 3.027
SUH= 17,345 18,153 Fx 0.43% 0.518 R==0,083
3Ci= 21,2060 20,286 F= G. 038 0047 R=~(.G0%
50H= - 24.5625 23.141 F= 1.562 1.¢15 R=-{3,053
SCH=  21.709 21.218 F= 2-514 2227 R= 0.287
SOH=  17.0625 17.782 &= 3. 193 . 3.1%9 R=-0,008
S50H= 5.458 152,830 F 33233 2,954 Re=(,223
SCH= . 15,148 16.730 = LeTOH2 L.757¢ B= 0.G0S
SOH= 15:.6‘59 17*199 F= 33 !31 b 33043 R= 00&36
SOH= 13,901 . 16.066 = 2.683 z 2.24b6 R= 0,437
SOH=  11.7%4 14.308 F= 2,170 ' 2.21%1 R=~0.041.
SOH=  12.933 15,343 . F= 1,302 1.0%6 K= 0.286
SOH=> 11.383 14.077 F= 1.549 ’ 1.2632 R= 0,256
SO0h= 10,599 13.789% Fu 1. 045 1.308 R==0,763
SOH=  }10.154 *  1T4567 F= Q. 9387 0.9L7 R= 0,076
SOH= 15.923 17T.431 F= i.781 - G 1.7721 R= Q010
SOH=  16.204 17.590 F= 0,710 Go613 - R= €097
SCGH= 15,302 156,702 F= 1.527 : 1,352 R= 0,178
SGH= 14,8532 S 15745 F= 2.337 ' Z2.391 R= 0,0C6
SOH= 14,749 . 15,9231 ° F= 5.284 $.281 =~0,G7T
SQH;"’ llfc?_l) ‘.531975 . F= ,908!.3 4 o238 R= 00575
SUH= 1C, 965 ’ 12975" " F= Ze 3138 2 5510!" Ra“0e2‘5£)
SOH=  12.988 14.544 Fu 4. 305 ' 42 L4 R= (.09t
SOH= 1l.943 13.353 F= 3.987 3.958 R= 0.029
SOH= 10.936 12.546 Fa 4+ 726 4752 R==0,02&
SCH= S.6T7 11.360 F= 4, 11% 3,891 R= Q.21
SOH= 8.440 1G.318 F= 22795 3I.386 =~0,29F
SOH= 9,719 12,024 F= 2. 004 " 24157 =-0,15%3
$OH= 12,591 13.885 F= 3.326 3.68T - R=-0,34)
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in the R column equals the difference between'ptediétad and actual catch. Thhe.
the numbers in the first row of Table 4A indicate fof Arco 2 an estimated end
of soason stock in 1929 of 35.269 million pounds. By the begimning of the
geason in 1930, the stock had grown to 41.322 million pounds. This stock
together with the effort level in 1930 from Table '2A ylelded a prodictad catch
of 22,983 million pounds in 1930. The difforence betwesn this prediction and
the actual 1930 catch-of 21.387 million pounds iq 1.596 million poundo.

Tableo 4A and 4B clearly suggast that Araas 2 and 3A wore both hoavily
over-exploited at the beginning of the period otudied, Thus, in 1930, the
average of the beginﬁing and end of ceason cstimaoted siocks was
(41.322 + 30.756)/2 = 36,089 million pounds. The cotimsted paxizun susteinad
yield stock for the fishery is the substantially greater nowber, 88.05 million
poﬁnds. The snalysis of Section II indicates that, with ds/ax = (g/A) (M - 8)S
i; the sboence of exploitation, any given long run cquilibrium catch othor them
that tequi:e¢ for cmax could be supported with cither of two cquilibriun
ctock levels, one above and the other bolow that required for mamimus gustainad
yield, Specifically,vequilibriun stock can bc written:

s(C) = M/2 % D(C) , ()

_ where S(C) and D(C) are respectivaly the cquilibrium otock and the deviatiov

| fronlthe maximum pustained yield stock, M/2, asbocintcd wvith on cquilibriwm
catch of C. Incerting 36.09 and 88.05 million pounds respectivaly for 8(C)
_and M/2 in aquation (30) yields a deviation of minugs 51.96 wiliion pounds.
A suotzined yield eqﬁal to the 1930 catch could therefore aloo be obtained
vith a stock level of Qpproximately 88.05 + 51.96 =‘160.01 nillion poundo of
¢ioh. Since the effort required to achiove ony given sustaoincd yicld ic
proportionsl to the equilibrium stock with uhicﬁ it. io oocociatad, theoe cal-

culations suggost that the affort exponded on £ichory 2 in 1930 weo
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140.01/56.09 = 3,88 times that at which a sustained yleld equal to 1930 catch
could have been cbtained. Similar conclusions applj to Area 3A. However,
while Avea 3B also appears to have been éver-fished during the early 1930s,
the difference between averagé and waximum sqstained yield stock was modest,

Regulatién of the halibut fisheries does appear to have succeeded in
rveducing and ultimately elimipating their over-explo%fation. If maximizing
the sustained yield ia,“in fact, the objective of the IPHC, it seems to have
come very close to meeting that objective at least since about 1950 in Areas
2 and 3A and since about 1959 in Area 3B. The Commission took a substantial
emcunt of time to achieve this objective, however. In the yeers following 1930,
the average of the eétimated beginning and end of year stocks in Area 2 increased
steadily. By 1944, the estimated beginning of season stock increased to a lovel
slightly in excess of that required for maximum sustained yield. And, from about
1948 on, the average of the estimated beginning and énd of year stocks almost
invariably exceeded the level required for maximum sustained yield. The
corresponding adjustments took place morxe rapidly in Area 3A and more rapidly
still in Area 3B. As for 34, eetimatéd beginning of season stoék firast cace
to exceed estimated maximum sustained yield stock in 1938 and estimated average
stock during the season exceeded this level during most of the years since
1942, 1In Area 3B, the corresponding years are 1933 and 1936. |

Enapecgion of the catch data in Tables 4 suggest that some additional
tinkering with ch§~estimsting raelationships may be in order. Im Area 2,
negative differences between predicted and actual catch preveil in the
earlier years otudied while positive differences predominate in the later
years. The reverse pattaern characteriégs Area 3A. Furthermore, in all but

one of the years since 1957, catch in this area has exceeded ite estinated

caximum sustainable yield, typically by 10Z or wore. . The basic biological
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wodel used doss not preclude the poosibility of catch occnaionally cxceading
maxinum sustained yield. That thic phonomenon could occur consistently for

a decade does scem bothersoma, however.

IV Futvre Work

A. Tae Imnediate Future

Two extencions to the work discussed im Section IIX can be undertaken
vwlth a modest amount of additonol effort. The fi?at involvas limited furthae
exploration 1nto‘the nature of the difforental cgquation Erog wvhich catch
predictions are genorated. Implicit in the oyotem analysed in Scctions II and
III is the asoumption that, if two fish of opposite sexes remain in a fichkery,
they will find cach other and reproduce. kUndor guch circunstancas, it would
bo virtually impossible to exploit a fishory to oxtinction. An altoraativae
poscibility is that a fish population will be umablo to ocustain itoolf if olze
folls below ceme minimum levels substantially greator than two fich. Dotorx-
oining expraaéions to preéict catch as well ac boginning and cnd of coason
otocks while allowing for the possibility that thore 1o a minfimm otock bolow
vhich a fichery will die out requires a fairly considorable crsunt of algobraic

lpull vork. This vork is currently in progreoo.

B The cccond exteﬁsion of the anslysis deseribed in the procading cactiono
that can be undertaken with a linited amount of additional vork involvao tho
datermining the number of skates-socaks that ware, in offecet, waoted botweon
1930 and 1968. Two sorts of waste can be takon into accouat: thesa reoulting
frcn the cub-optinmal gstocks that characteriszed tho halibut fishary duriag tho
early years of the period and those reoulting from the chort sccasoms that have

- boen imposed to rastrict catch. To elaborato, cupposc that the 1930 fioh otock

in Arca 2 vas the higher of the two levalo for vhich the cateh im that yoor




would have been in long run equilibrium-—an average of 140 million pounds rather

thar the actual 36 million pounds. To obtain the 1930 catch from the highex
stock would have required substantially less effort than that which wao
actually expendad. Further, starting with an initial /140 million stock would
have led to substantially higher stock from which to take the following year's
catch. It would be a fairly easy matter to ﬁetermine the approximste effort
that would have been required to achieve the actual catch in each year

studied had thé Area 2 stock been 140 million or any other number of pounds
that might be of interest. The difference between the effort levels deter-
mired im this fashion and those actually expended can be regarded as a measure
of waste effort. In addition to these wastés, had effort bzen epplied at lowver
instantancous rates but over longer seasons, actual catches could have been
obtained with a smaller number of gkate scaks. By following & procedure
“gimilar to that suggested above, it would be a fairly essy job to estimate

the feductions in tocal effort that loanger aeésons would have made possible.

B, The Lomgar Run

The relationship dS/dt = (q/A)(M - S)S is syﬁmetrical about :he.line
S = M/2. There‘is no blological reason to suppose that such symmetry pre-
vailg in resl world fishéties, Horking with the one ssymmetrical relation-
. ship I have encounterad in literature--that suggested by Tomlinson and Peila-
presents some unpleasant algebraic problems. To predict catch sccording to
the procedures sketched out in Secfion III requires that a differential equation
giving dS8/dt as a function of otker wﬁriables and parameters be integrated'
to c¢btain a relationship of the gemexal form
S = S(E, t+ L) (31)

To decermine the constant of integration, k, in this relationship roquiras




solving a second differential equation which can be written

dc/dt = n(E)S(2, t + k) | (32)

while the growth telationship‘suggasted by Toemlinson and Pella con be oolvnd
to determine the equivalent of equation (31), it does mot appear poasible to
golva the asquivalent of equation (32) to which this atoclk equati&n gives rice,
Humerical methods do, of course, exist for obtailning approximate valucs for
exprassions that cannot be integrated exactly. Sinca the initial purposc of
soiving equaﬁion (32) is to determine a constant of integration rather than tho
(knotm) value of a definite integral, applying ﬂumsricul intepration tochniquas
io likely to prove quite messy. Additional work ic in order to find cithor
colutions to this algebraic mess Oor a more tractabigwanym:SCEic grouth
relationship.

Fully to determine the welfare losges taeuitina fron pon—optimnl or nom-.
axistant fishery tégulation would, requires in addition ¢o analyois of the
gort described in Section III, information on or aoourptions about £isch docard
rclationships and the conditions under which effort is gupplicd to fichoricg—
}nbparticular; short and long run supply schedules, the maturc of the dyncnde
iédjuatmsnt process involved in moving from one loag run equilibriunm to another,
ond the additional costs incurred by applying a given total acsunt of offort
over a short rather than a long season., By making judicious ascumptions cbout
the nature of the functional relationships involvad and cxporimsuting to dotor-
nining the effects of changing diffeient paranater values, it would bo posoible
to proceed with this gort of analysis without being dependenﬁ on additionnl data.
Alternativaly and preferably, it msy be poasibl@.toxﬁdapt to the taok data freon |
Crutchfield and Zollner's pioneering stﬁdy of eho.hnlibut ficheriaco togethor
vith information from the study of halibut and othor. fighorics ehné Crutchg£icld. .

and others are currently conducting at the University of Wachingtom. BRBoth full .. .
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determination of welfare losses and the development of oytimal regulatory rules
would require, im addition to this‘information, adaptation of recent work by
Plourde and others on the dynamic properties of fishery optimization--a task
requiring mathematical skills which I should acquire by do not presently possess.

Finally, there remains a task which I bhad initially hoped this study would

accomplish: marriage of the eumetric and logistic theories of fishery

biodynamics. I expect this marriage can be performed. There is some doubt
about whether the data existe which would make it possible actually to apply
the resulting theory. Still, an attempt to develop the theory would seem to &2

to be well worthwhile.










