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Qh~9k 1 . INTRODUCTION

The role for state regulatioa of f ishcries arises from thc comaaa
property/open access nature of tbe resource. Without property rights,
individual fishermen ignore thc value of the productive capacity of the stock
 also cal led the opportunity cast af harvesting!. Instead, fishermen attempt
to harvest as much as they can ss fast as they can when expected aet return
is positive.  !ader these conditions, serious depict ion of the resource can
occur. The task facing the fishery manager is thc promulgation of
regulations designed to ensure continued harvests and, if possible, ta
enhance the value of those harvests, The fishery manager must also be
caaceraed about the trade-off between gains from rcgulatioa and the costs of
regulatian  such ss enforcement costs, information costs aad administrative
casts!. Most importantly, the fishery manager does nat want to promulgate
regulations that are ' t t with optimal harvest strategies.

Biaecoaomic mode 2 s and optisLa I control theory can be used by f ishery
managers to help attain these goals. With a specified objective to be
optiaLised  such as maziaixing net revenue! aad a specified coatrc1 variable,
or regulatory dev ice  such ss the seasan opening date!, optimal control
theory can be used ta solve for the optimal harvest of the resource aver
time. The procedure requires that both the biological and economic aspects
of the fishery be incarparated into a bioecoaoaic model. Important
components include the objective function, the price function, the fish
production function, the cost function. and functions describing the
population dynamics af the resource stock, Regulations that are based on the
solution of the optimal coatrol problem rill preserve stack for continued
harvests, provide incentives for fisheraen ta harvest rationally, snd
improve the overall value of thc harvest. By comparing results for the
unregulated case with results for the optimal solution, thc manager caa get
au estimate of the economic gains from rcguEation. This information is
iava luab le for dec idiag if regal atioas are cost effective.

The fisheries management problem is a problem in capital theory, which
«as def iaed by Dorfman �969! as "thc economics af time." The f ish
population cau be viewed as a capital stock that. like "conventional" or
maa-made capital, is capable of yie ldiag a consumption flaw through time,
The management problem thus becomes one of selecting an optimal consumption
path, or harvest path, through time  Clark and Munro 1975!. Optimal control
theory is used to solve far tbis optimal path. In fact, Dorfman �969! has
showa that optimal control theory is formally identical to capital theory by
deriving the principal theorem of optimal contra? theory � called thc maximum
principle � by means af economic analysis. There are a number of recent works
where theoretical optimal control models are advanced  for ezample, Clark
1976' Huang et al. 1976; Strand and Hueth 1977; Clark aad Munro 1980; Levhari
et al. 198l; and Conrad aud Castro 1983!, but few examples of applications to
specific fishery problems.

The purposes of this paper arc 1! to preseat a general harvesting model
that can be used to address the problem of when to open and close the harvest
season for a seasonal  intermittent! fishery, 2! to apply the model to the
North Carolina bay scallop fishery and 3! to incorporate uncertainty into the
manager's decision process using simulation and stochastic dominance rules.



The saasonsl fisheries model is presented in Chapter 2 and applied to the bsy
seal lop fishery in North Carol fina in Chapter $. In Chapter 4. stochastic
dominance rnles are applied to thc bay scallop harvesting problem ss sn
example of hor economic decision theory can enhance the nse of optimal
control models.



C%~ 2, A BYNARIC SEhSONAL SARVRSTIhK NODRL

2,1 ~e

k seasonal fishery can be defined as one in which there are naturally
occuring intrascasonal variations in yields. For these fisheries, economic
inefficiency sight result froa harvesting tbe fish too early ia the year, In
the common property/open access situation, individual fisheraen are motivated
to harvest seasonal fisheries carly � nhan stocks are high and before they are
depleted by other fisheraem � even though the value of the catch nay be nucb
greater later in the season  Agnel lo and Donnel ley 1977!. The seasonal
harvesting aodel presented in this section can be solved for the doting l
season-opening  and season-closing! schedule such that net revenue for the
f ishery is aazijsixed.

The general fisheries aanageeent aadel for a seasonal fishery ean be
formally stated as follows:

aaziaixe
with respect to PV = [P Q, t,v!@x, t.y!-C x. t.y! je 4  t! dt.

e< t!

x F z,t,x! � M x.t.x! � Q x,t.y! 4 t!,
x t ! and t given,

such that

I t! = the control variable   4 t!=0 implies a closed season
and I t!-1 implies an open season!,

chere

P Q,t,r! = the fish price function,

Q z,t,y! = the fish production function,  fishing aortslity!.

C z,t,y! = the cost function,

e the discount function,

F z,t,x! ~ the population growth function.

M z,t,x! ~ the natural mortality function,

v = vector of ezogenous variables affecting market price,

x - vector of exogenous environaental variables,

y vector of exogenous production inputs,

x t! = population aixe in numbers,



Feasibility constraints aad conditions on functions say be desirable for
some prob less. For instance, politically infeasible solution sets can
sometimes be incorporated into the problea in the fora of constraints on the
state variables.  See Iaaiea and Schwartx �981! for details regarding
necessary and anfficieat conditions, endpoint canditions and other conditions
needed for unique aolutioaa,! Thc model can be extended by including
stochastic eleaeata. Stochaaticity is iaportant, bnt rigorous treatment af
stochasticity in applicatioaa ia secondary to refinement of the bio!ogical
and economic aodela,

This genera J, model hs,s been formulated with continuous time and an
infinite time horixon, Discrete optimal control models can also be
formulated  Johnson l985; Clark 1976!, aa well aa finite terminal time
prob less, The essential difference between nse of finite terminal time and
an infinite time horixon is that thc infinite tine horizon leads typically to
an optiaal steady state, or Ioag-run equilibrium solution, Fisheriea ritb
strong stook-recruitment relationships are beat aodelled with an infinite
time horixon, whereas fish populations that floctnate ia abondance from year
ta year independent of harvest activities � predosiaaatly because of chaages
in habitat availability or environmental conditions � can often be model led
effectively with a finite time horixon  where the time interval is a, single
harvest sea,son!.

Ne model is applicable primarily for single year class fisheries. but
it conld be used for multi-cohort fisheries in special cases. The indicator
fuactioa would serve aa a "pulse fishing" control  sce Clark ?976. page
174, for a discussion of this type of control variable!. However, seasonal
control over the harvest period alone would probably not be the control
mechanism most suited for multi-cohort fisheries. since growth rates and nser
costs would probably vary among the cohorts. Regulations on cohort-specific
harvest rates--perhaps in conjunction with season c losings--ronld be
genera I ly sore appropr iate for anl t i-cahort f isher ice  see opt isa 1 harves t
recommendations of Conrad �982! and corree ti on by Hs iao �985! !,

2,1,1 The Objective Functional

The objective functional is the part of the problem that ia to be
narimixed by selection of an "optimal" control vector. It contains most of
the economic aspects of the problem. In the above aodeI, the objective ia to
manipulate the control variable so aa to sarisixe the disconated value of net
revenue, The objective fuactioaaI is

[P Q, t,w! 0 z.t.y!-C r. t.y! ! c 4 t! dt,

In words, this rcprcscnts thc snn over al I future time periods af the
net revenue  total revenue ainus cost! fros harvest of the fishery resource
denominated in current dollars  i.e., the present value!.



Ideal ly, the objective function would represent the sna over al 1 futuretioe periods of the aet h~aaf s to sos ietr free the prodaction snd
consampt ion of the f ishery resource, Benefits would aeasare the aggregate
sabjec tive va ines placed on f ish consumption by each member of soc ie ty in
coetaon units of measure. Costs of production would be measured according to
the value of a ltcrnative uses of the inputs  opportunity coats!, With costs
and benef its defined in this «ay, the maximizing solation would be optiaa1 to
society as a whole  maximum social welfare!, There nay bc "«inners" and
"losers" resulting from regulation, bat if regulation is jastifiad, the
losses would be outweighed by thc gains.

1ht this idealistic approach is not possible in practice for two basic
reasons. First. benefits and costs are inherently subjective and cannot be
observed directly. Second, even if they could be observed and measured, the
most that can be obtained is an ordinal measure  an ordering of preferences!,
whereas a cardinal measure is required to trade off benefits and costs among
producers and consumers, Conseqaently, the theoretical objective  in tersfs
of social welfare! aust be replaced by a less suitable--but acreoperations? � objective. The most comnon approach in fisheries prebless  and
the one used in this study! is to substitute nct xevenue fax society's net
benef it function.  Maximizing net revenue is equivalent to maximizing
prodacer surplus when the price function is infinitely elastic.!

Of coarse, net revenue is not a perfect measure of social value because
it assumes that the marginal utility of money is the same for all individaals
in society and ~ t al 1 points in tisfe. The value of an extra f ish to a poor
man is taken to be the same as tha valaa to a rich aan. Thus, the aodel is
insensitive to incoefe redietr ibat ion. To be responsive to a 1 locat iona 1
issues related to regulation, it would be desirabie to incorporate irlcone
distribation features into the objective function. Incox'poration of social
and political objectives is ~ lso desirable  Crutchfield 1972: Bishop et
al. 1981; Waugh 1984!, The more ''xealistic'' the objective function is,
the more usaf~1 the x'esalts. Although extension of the objective function to
include these ixfportant factors is thcox'etically possible, it is difficult todo in practice. To data, little work has been done in this area in appl ica-
tion to specific fishery problems.

2.1,2 The Price Function

The price function  an inverse demand function!, P Q,t,w!. describes tha
efextet price of the fishery product. It is typically in units of dollars perpound. It is usually mode 1 lad as a function of both quantity and time, of
time only, or as a constant. In addition, exogenous variables such ee
personal incoshe and prices of substitutes sight be included.

Tbe sfost costaon form of the price function in f isheries prob lexis is
infinitely elastic, that is, the fishersLen and the regulating authority areprice takers, This occurs when the quantity produced within the jurisdiction
of the asaatint aathoritr is snail ref ~ tive to the ~to al harvest. and thanchanges ia local harvests have little or no impact on price.  ~0 ly thepopulation within the jurisdiction of t' he managing authority is modelled in



the opt iaa 1 contro l prob 1 em.! Shen price is a func t ion of quent i ty. it may
be desirable to substitute another objective function in place of discounted
net revenue because consumer surplus is not included in the net revenue
calculation

2.1,3 Tbe Production Function

The production function, Q x,t.y!, specifies the rate of output of a
process over tiae in terms of its inputs. A typical fisberies production
function would inc Eude the fish stock and fishing effort inputs  vessel size
and number. crew size and skill, etc., usual ly represented by a sing,le index
labelled "effort" !. h cosxson representation of tbe production function in
the fisheries literature is the harvest rate, h t!. In this fora, the harvest
rate a Eso serves as the control variable, where it is assumed that the social
manager has cojsp late control over production, It is al so popular to
represent the harvest rate as a production function witb two inputs. effort
 E t!! and the fish stock  x!, as follows:

0 z, t,y! - h t! = qB t! x t!,

where q is a "catchsbility" coeff icient and is needed to transform E t!
 aeasured in nominal texas. such as number of vessels or number of fisheraen!
into a fishing mortality rate, This is sometimes referred to as the "catch
per unit effort hypothesis"  Clark 1976!. E t!q represents fishing,
aorta 1 ity, since it is the proportion of tha population size represented by
the catch. A1 though this produc t ion function is popu I ar in f isher i ex worl,
there are some important assumptions associated with its use: non-saturation
of f ishing gear, no congestion of f ishing vesse ls, and uniform distribution
of the stock  needed to guarantee a constant q!.

A more general functional form for tha production function is
P z! 'V R!, where l S! defines the ef fact of f isbing effort on a stock  tbe

mortality rate!, and 0 defines the total fishing aortality generated by
acting an z. This general fora of the production function is discussed by
Clark �976! and Haanesson �989!. Relating this functional fora to tbe
catch per unit effort hypothesis, % E!=qE t! and 0 x!=z t!. Fishing effort
is taken hera to be a composite indez of inputs consisting of fishing skil ls,
size of vessels. crew size, fuel, etc. Alternatively, this index can be
disaggregated into its constituent parts. These variables can then bs
model led either as exogenous variables ox, if regulated by the managing
authority. included as controls.

2.1A The Co s t Fane t icn

The cost function, C z,t,y!, defines the total costs of producing,. or
harvesting, the fish. It is often represented in terms of cost per fish



harvested, C r!. The harvest rate, h t!, is then aul tipl ied tiaes the cost
per fisb harvested to obtain total costs:

C a,t,y! = C z!h t!.

An alternative representation of costs is coat per unit of effort, C E!,
«hicb is tben aultipl ied by fishing effort to obtain tata I coats:

C x,t,y! = C E!B t!.

The first representation ia frequently used in theoretical work «bereaa tbe
second is used aore in empirical studies  including the present study!.

inputs. and not just the accounting, costs. For fuel, food snd other inputs
that can easily be pnt to use in other segaents of the population, the aarket
price is a good estiaate of the opportunity cost. But aeasuring the
opportunity cost of labor and of the bighly specialized gear often need in
fisheries is difficult. The opportunity coat of fisheraen is the social
value of «hat their labor «ould produce in ita neat-beat alternative use.
Tbe incoaes received froa fishing are usual ly nat a good aeasuze of oppor-
tunity coat. but are. instead, the aaount necessary ta keep tbea «orking
 Anderson 1977!. Moreover, opportunity costs vary canaidezab ly froja
fisberaan ta fisberaan and even froa «eek ta «eek.

2.1.5 The Discount ing Function

h discounting function, e, is required in the objective functional
because benef its froa tbe f ishery ~ re being added up aver tiae by tbe
integration process, and they aust be in eamon units of value for the sue to
be legitiaate. The aost general fora of the discounting function is

6 s!ds

«bere a ia the duaay variab1e of integration and 5 ia the instantaneous
discount rate.  If t is ia units of years. then S ia an annual discount
rate.! In this fora. the discount tate is allo«ed to vary over tiae,

This fora is never used in applicationa, ho«ever, because 1! the aanner
in «hich 6 t! chang,ea over tiae ia not known. and 2! the pzoblea becceea
difficult aatheaatically «hcn S is other than a constant. Conaequent1y. the
discounting function used is typically e

An increase in the discount rate leads to a faster depletion of
exhaustible resources, and a decrease leads to a slower depletion. The
choice of an appropriate va?ue for 6 is the subject of controversy



 Mendelschn 1981!, i hose discount rate should be used'T The fishermen'af The
banker'sT h social rate of time preference? The problem is that all of the
consumers aud producers involved have different opportunity costs of
investment  acme are lcnders and same are borrowers, for example!.
L'etersining one value tc represent all of society is dif f icult. The value
chosen for 5 is very important for infinite time horixon problems, but it is
less important when the time horixon is less than a year,

2.1.6 Equations of lotion

Thc equations of motion. i. comprise the biological sector of the
fisheries jaanagenent model, Thc equations of motion define hou the state
variab Jes, r t!, move through tine. In a fisheries problem, the state
variables nsua1ly define thc population dynamics of thc species or cohorts
involved. At least one equation of motion for each state variable is
required. Iben several state variables are present, the equations cf motion
are represented by e system of differential equations, An "initi ~ 1
condition" is needed for each equation of action in order to solve the
system of differential equations,

The equations of motion represent constraints on the availability cf the
resource; hence, they are often referred to as ''resource constraints.'' h
renewable resource  snch aa a fishery! cannot instantly replace the stock
that is harvested. It takes time to replenish the popu?ation. This process
usually depends on the absolute stock sixe, rater quality variables, habitat
availabil ity. food avai labil ity. predators and other factors. If model led
fully. the equations of sation sore aptly could bc eel ?ed "ecosystea
constraints." since they represent bow the ecosystem  or rather, a subset of
the ecosystem! would respond to a prescribed harvest rate of one or sore of
the species involved.

The presence of the population g,rowth function, F x.t.x!. in the
equations of motion is what designates the resource as a "renewable"
resource. Za general, growth functions are nonlinear and cyclical when
spawning and recruitment occur during a particular time of the year.

Inclusion of rater temperature in the growth function is especially
important. Fish are cold-blooded, and thus their growth and metabolic rates
are determined predominantly by water temperature. For this reason, Bell
�972! and O'Rourke �97l! included temperature iu their population
equations. and Eall �977! extended the Scbaeffer yield model tc include
temperature, Lrechs and Sutcliffe �978! observed correlations between ocean
temperatures, subsequent catch of ccd and yel lortai 1 f Rounder, and fishing
effort, Sieeenwine �974! demonstrated that variability in catch statistics
of thc ye 1 lowtai 1 flounder fishery correlated wc 1 1 with three and four year
moving averages of atmospheric temperature. Fishery models that ignore the
effects of teaperature and/or other environmental influences will never enjoy
''good fits" when estimated. Note also that constantly changing
environmental influences � such as temperature � prec1ude the establ ishment of
an equilibrium state. at least in the sense of obtaining sustained yields,



The natural nor ta 1 ity f uuc tion, il x, t,x!, is tb core t ica I ly a function of
population sixe, »ster quality variables. tbe abundance of predators and
time, Because of data coastraiats, ho»ever, natural mortality functions used
in practice are usual ly much simpler. Mortality from fishing activity is
sijsply the fish production function. Q x,t.y!.

2.2 A Modified Model for S n Tear Class Fisheries

The model can bc simplified by restricting it to represent singIe year
class fisheries »bere the stock-recruitment relatioaship  embodied in F. the
population growth function! is either ful ly protected by regulations that
probibit harvesting during the spa»ning season or where the stock-recruitment
relationship is overwhelmed by environmental factors. The preponderance of
single year class fisheries fal ls into one or the other of these two groups.
This simplification affect ~ the seasonal harvesting model by changing the
infinite time horixon to a finite time horixon. equal to the potential or
natura I season length. The finite time hoxixon is indicated by t~T in the
model.

The populatioa gro»th function, F x,t,x!, must also be in units of
number of f ish. Since the stock-recruitment relatioaship has been assumed
away, this function consequently reduces to ~ function of x and t only--
F x,t!, Xnife-edge recruitmeut  when individuals become avaiIable to the
f ishery el I at the same time! is model led by setting F x,t! equal to sero for
t� and equa I to the initial population sixe at t=o, k non-sero F x.t! for
t! 0 represents a recruitment pattern over t ime.

The control model i ~ no» in the form of a «ode l for an exhaustible

resource. The state variable, z  the number of fish!, cannot increase during
the time horixon of the control problem except according to a prescribed
recruitment pattern. It can decrease either by natural mortality, M r,t,x!,
or fishing mortality, Q x.t,y!. Incorporating these siapl ifications into the
genera I model, the seasonal harvesting model far single year class fisheries
is foraa11y presented as:

max imi re fT
»ith respect to PV ~ ! [P Q,t,w! g x,t! Q x, t,y!-C z, t.y!] e 4 t! dt.

4  t!

i = F r�t! � X z, t.x! � Q x.t.y! 4< t! .
x t ! aad t given, 0 g t+T,

such that

hdditiona I simplification can be obtained by defiuiag x to be in terms
of numbers of fish rather than ia biomass anil  pounds!. This does not
alter any of the fundameatal characteristics of the mode I, but permits the
aodel to be expressed in a eimpIer form. The price variable must be iu units
of dollars per fish, rather than in dollars per pound. This is accomplished
by mul tip lying P Q,t,w!  in units of dol lars per pound! by a sixe function
for individuals in the population  in units of pounds per fish!. This size
f~nction is designated as g x,t! aad is theoretical ly a function of
enviromsenta I variables  especia l ly water teaperature! and time.



Tbe above model can be applied to multiple species «hen morc than one
spec ie s is vu lnerab le to capture by thc harvesting opera t ion. For ezamp I e.
several species of shrimp can be included, each «ith a different state
variable, size function. etc. Predator and prey species can he inc luded as
«e11. Catch of incidental  non-target! species, «bich usual ly have little or
no direct commercial value at the tiae of col lection but «hich may have
coaeercial vaIuc at a later date. can be included in the problem by adding
the appropriate equations of motion and assigning value to the "bycatcb" on
the basis of its eventual coanerci ~ I value,  See Waters et al. �980! aud
%aters �983! for an ezample of an economic analysis of tbe foregone value of
bycatch of imaLature shrimp in relation to proposed restrictions ou the timing
of harvest.!

Solon~he Seasonal Earvestin Nodel2 3 Gene N

The seasonal harvesting mode 1 deve loped in thc last section can be
«rittcn in general terms by suppressing all exogenous variables and combining
functions such as mahet price, size, etc�as folio«s:

maximize rT
«ith respect to PV J I t.z t!! 4 t! dt

e t!

x f  z t!, t!W x.t,y! 4  t!such that

z �! given, x  t! $0.

Relating these terms to expressions used in Section 2,2, «e have

I t,z t!! [P Q,t,«!g s,t!Q z,f,y!-C{x,t.y!je

f x{t!,t! F x,t! - I x,t,r!.and

The terminal tiae, T, is the absolute time limit for the problem, repre-
senting the natural end of thc season. Since only single year class
fisheries are involved, T can be thought of as the time «hcn any reaaining
stock "disappears." Fishing «ould ccasc prior to time T because of
unprofitability.

10

It is assumed that, the decision regarding «hen to begin harvest is made
prior to the potential harvest season and that, once made, it is irrevocable.
That is, the possibility of adaptive management is ignored. In actual
practice, ho«ever, the season opening/closing schedule could be re-assessed
at any time if important additional information is acquired.



The mariana principle technique ia used to solve thi ~ problea  Ciark
1976, Intril igator 1971; laaien and Sch»arts 1981!, Thc aaxisnns principle
says that the optimal control can be obtained by aaxinixing ~ function eel Eed
the "Haei 1 tonian" at each aoaent over the tiac horizon of the prob I ea.
Here, the Rani 1 tonian fane t ion is def ined aa

H t,x t! .X t!, 4 t!! = I< t,x t!! 4< t!

+ X t!  f x t!,t!-Q x.t.y! 4 t!!,

X t! is a vector of edjoint, or eo-state variables. Were is an adjoiat
variable for each state variable in the prob! ea. Since the objective
functional ia in teras of net revenue and the state variable ia a quantity,
each adjoint variable ha ~ thc dimension of a price, »hich i ~ cal led the
"shado»" price of the state variable  Xntril igator 1971!. The shado» price
is the monetary value of changes in the state variable. In other words. it
is the value of an addit iona I unit of x and thna is a aeaaure of the
productive value of the stock. It is also eel lcd the aarginal user coat. It
is called a ''shado»'' price because it ia an iaplicit cost; the manager docs
not actual !y pay it. Given this econoaic interpretation of l t!, it ia clear
that l, t! $0 and VT!-0 in order for the Baailtonian to bc sax%aired.

There is also an econoaic interpretation of the Eaailtonian. The
Haailtonian at tice t ia tbc net revenue at time t  the net value of the
catch! plus the value of the changes in thc state variables at time t  the
productive value of the stock!. In other »orda. the Haai ltonian rcprcacnts
the total rate of increase of total aaaeta. »hich in turn ia equal to the
value of accnanlated dividends  the first tera! plus the value of changes in
capital assets  the second tera!  Clark 1976: p,104!, Note that in order to
naxiaixc the Hami ltonian, the decision aakcr mst kno» the valve of X at each
nonent during the tiae interval. Furtheroorc, the value of the Haailtonian
at T neat equal zero. Other»ise, it »ould not be optiaa I to stop fishing at
T, which ia required by the problem formulation. Of course, thc Hami 1tonian
can also equal acro at any tijze prior to T.

The solution is found by solving for 4 t!. Ut!. and x t! that satisfy
the fol lo»ing necessary conditions:

asxinize
1! with respect to H t,x t!,1, t!. 4 t!! for each t in  O,T!

4 t!

2! x gH/ai = f x<t!.t!-a x.t.y! e t!, x O! x . and

3! i - -aH/ax = - al/ax! 4 t! �  ar/ax- 4 t!ae'ax
. t!, l. t!}O.

4! k T! = 0 and E T!=0.

12



Since the Hamil toaien is linear in the control variable, the f irst
condition~axinising the Haniltonian � can be set by simply setting 4-0 or
4' -1 depending on whether the Haai I tonien is positive   4'=1! or negative
  0 -0!. Such s solution is haown as a bang-bang control. This condition can
be expressed using s switching function:

1 if I t,x t!! � k t! f x t! t!-Cx,t,y! j ! 0

4 t!- 0 if Z t,x t!! � X i!  f x t! t!-Q x,t.y!! < 0-

The switching function depends on x t! and i t!, which are obt ~ ined by
solving the differential equations, and on the exogenous variables that
deteraine the catch rate snd costs. In general. this ril I ncaa solving a
system of 2n siaul taneoua equations, where n is the nnaber of state
variables.

The above necessary conditions are not sufficient conditions, however.
If 0 is switched to sero before tine I  which would usual ly be the case!.
the problem becoaes s free end tine problea. With a fixed end tM problea.
the tersLkna1, or transversal ity, conditions are the boundary condt it iona for

With a free end tine problea, iterative techniques sre required. Valses
for l. at t lac sero are selected until the one resulting in the optiaua
present value is found. These necessary conditions ~ provide that once tbe
appropriate A�! is deterakned, the soIution of t t! will be the optimal
solution.
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CHAPTER 3. APPLICATION OF THE SEASONAL SARVRSTING MODEL TO TlIE

NORT11 CAROLINA BAY SCALLOP FISBKRY

3.1 Baser i t ion of th Fi er

The bay sca I lop fishery in North CaroI ina is an annus I winter fishery.
traditional ly opening iu December and extending throngh early spring. Bay
scallops spawn in their first year and most do not survive to spawn a second
year. Earvcsting is prohibited during the spawning period in the fall to
ensure continued harvests in subsequent years. The state regulatory agency
 North Carolina Department of Natural Resources and Comnnnity Development,
Division of Ifarine Fisheries! controls the season opening. Other controls
include quotas. restrictions on tba days during the «eek when harvesting is
a I lowed. c los«re of tba coajaercia 1 fishery on weekends, restrict ion of
fishing to daylight hours, and certain gear restrictions designed to prevent
destruction of tbe habitat. Catch 1iaits and the opening dates for harvest
seasons since 1968-1969 are smoariscd in Table 1. Prior to 1969 there were
no catch linits; catch liaits were iaposad only after widespread use of thc
scallop drag, resulted in increased harvest rates, which sosatiaas exceeded
the processing capacity  Dennis Spitsbergen, Division of Marine Fisheries,
personal comnnication!.

The fishery is predominantly a seal I-boat fishery  under 25 fcct!
because bay scallops live in shallow water, Bay scallops are barvcsted
prinari ly by use of a scallop drag  dredge or scrape!, This device consists
of a franc about a yard wide with a retainer bag of t«o-inch bar Nash
netting. Sca 1 Iopers pull froa one to four drags behind a notoriaed boat,
with the aost coaaon nuaber being two. Scallop drags were prohibited from
1935 to f965. During, that time fisharaen need scoops or rakes to col lect
seal lops. Today these aethods are usual ly liaited to areas inaccessible by
boat or to periods of low tide. Vse of scallop drags with teeth or drags
weighing greater than 50 pounds is prohibited to prevent destruction of the
sea grass beds.

Traditional ly, fishing has been allowed only on two to three days per
week during, tbe first two jaonths of the season. As the season progresses.
allowed fishing days aay be increased to five days per week, Comnerc is I
f i shing for sca I 1 ops is not permit tad on Saturdays and Sundays, Sca 1 loping
for private consumption  recreationa I fishing! is al lowed on «eekends during
the open season if harvested by non-eachanical aeans  rakes, dip nets or by
hand! and the catch is limited to one-half bushe I per fisherman with a
eaaijaum of one bushel per boat.

Bay seal lops harvested in North Carolina are processed in the local
coaaunity. Scallops may ba shucked by the fisheraen themselves, or the
shucking may be contracted to a local fish house  processing plant! and the
meats sold by the fishernan to the «holesaler, or the shell stock may be sold
directly by tbe f ishermcn to a local f ish house, Al 1 seal lop processors,
inc I.ud ing f isberacn who shuck the ir own seal lops, aus t comp ly wi th
regulations of the North Carol ina Department of Hea 1th, Shel lf ish Sanitation
Section, «bich establishes a permit system for the shucking, handling and
packaging of seal lops. Fricke �98I! reported that in 1977 approziwatciy 28
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Table 1. Catch statistics and sumsar! of regulations on season openiu8s aud
catch liaits for the bay scallop fishery in North Carol inc from 1969-1983.
jlData froa the National 1arine Fisheries Service and the Nortb Carol iua
Division of Marine Fisheries.!

Total ez-vessel

value for the

harvest season

{dollars!

Total landings
for the

harvest season

<pounds!
Date of Catch

season opening IiaitTear

692.290

154,783

32,972

184,652

None

20

20

Noae

20

40�0!

40�0!

40�0!

40�0!

20�0!

40�0!

l5

15

15

Inc ludcs the Deceisber catch from the previous calendar year. so values are
actus 1 catches for each harvest season. Units are in pounds of aeats.
b The catch ]fait is in bushel ~ per boat par day, In soae years, an
additional lkait of bushels per day per fisbaresa uas iaposad  shoun in
parentheses!,
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1968-69

I 969-70

1970-71

1971-72

1972-73

1973-74

1974-75

1975-76

1976-77

1977-78

1978-79

1979-80

1980-81

1981-82

1982 � 83

229,600

117,888

273.572

225,012

269,708

130.928

306,319

226.419

128,1I1

161.327

415,000

110.000

20,000

1S0,000

1,272

210,000

93,708

192,427

473.661

458.227

299,040

1,073,006

817,396

268, 985

494. 964

Dec 2

Dec 1

Hov 30

Dec 6

Dec 11

Dec, 3

Dec 2

Dec 1

Dec 6

Dec 5

Jan 15

Dec 3

Dec 8

Hov 30

Nov 29



percent of the bay scallop harvest was sold as fresh scallops to restaurants
in Carteret County, «hile the reaainder �2 percent! was quick-froxen, canned
or cooked before sale.

3.2

The general seasonal harvesting aodel presented in the previous chapter
«as adapted for application to the North Carolina bay sca1 lop fishery. The
equat ion of aot ion was siap I if i ed to inc lade on 1 y the harvest rat e. Since
there is no recrnitaent in terms of numbers during the potential harvest
season, F x,t! is xero. Natural mortality during the potential harvest
season. N x,t.x!, was a ~ sused to be zero as «el l. Additionally, it is
postulated that the production function can bc rcprcscnted by the catch-per-
nnit-effort production function, and that thc cost function can be repre-
sented bp a cost-per-unit-effort function. Incorporating these aodifications
into the problem res«E ts in thc following model for bay scallops:

~ lax 151 xe IT
with respect to PV ~ ! [P Ct. t.«!g x,t!m t! qx t!-cE!e  t! dt.

e t! o

x - � E t!qx t! a t!

r�! given, 0 tgT, and x t!$0,

such that

P� ' t,w! = the aarket price equation in dollars per pound.

Q = quantity  pounds! of the North Carolina bay scallop catch,

« = vector of erogcno«s variables in the market price equation,

x = vector of exogenous environmental variables,

g x,t! = the scallop sixe equation in pounds per scallop,

where
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In good years, the bay scallop fishery has provided seasonal employment
for 3,000 to 5,000 persons and contributed as ouch as a tenth of the income
of a ful I-tiae f isherman  Fricke 1981!, In addition to ful I-time f ishermen,
aany individuals who have full-time jobs outside the fishing industry harvest
scallops during annual leave or seasonal «neaployeent periods. Season
landings of bay scallops fraa North Carolina waters have varied considerably.
ranging from less than 1,000 pounds  aeat weight! to nearly 700,000 pounds
since 1969  Table 1!. Landings have been typical ly in the 100,000-pound to
300,000-pound range. Although the bay seal lop fishery in North Carol ina is
ieportant locally, it usually constitutes 1ess than oue percent of the annual
seal lop yield in the United States, and an even seal ler percentage of the
total supply of scallops «hen imports are considered.



R t!q = fishing mortality,

c = cost per unit of effort,

x t! = population sixe in numbers,

t - time in units of weeks starting from December 1, and

4 t! - the decision variable   4  t!~0 implies a closed season aud
t t!~1 implies an open season!.

The potential harvest season is defined to span from December 1  t=0! to
March 31  t T!. E t! is a standard measure of fishing effort and q is the
cstchability coefficient for the designated unit of effort. The weekly
discount rate, 5, wss set equal to 0.001827 for this study, which is equiva-
lent to an annual discount rate of 10 percent. This is s real rate  that is,
the rate after adjusting for inflation!. h real rate is required here because
price and cost are in units of uninflated dollars �967 dollars!.

Each of the components of thc harvesting model  such as tbe mat'ket price
equation. the sixe equation, ctc.! will be discussed iu detail in the next
section. The calculation of the optimal harvest season will then be
presented in Section 3.4 and research needs will be discussed in Section 3.S.

3.3 Com onents of the Model

3.3.I Ex-vessel Price Equation

There are three species of scallops harvested in the 1Jnited States � bay
scallops, sea scallops and calico scallops, Sea scallops are harvested in
the northeast Atlantic Ocean by U.S. and Canadian fishermen and constitute
the balk of the total scallop supply. Calico scallops are harvested
primarily off the coast of Florida. Bay scallops arc harvested primarily iu
North Carolina, Ncw borh, Massachusetts and khodc Island, Bay seal!ops
represent less than 7 percent  since 1976! of tbe U.S. scallop suppiy, The
meats of the three spccics have nesrEy the same properties except for sixe;
sea scallops tend to be larger than bay scallops and calico scallops.

The extent to which the market place discriminates among the three
species is not clear. The three spccics are probably close substitutes for
game uses aud perfect substitutes for other uses. Higbest national prices
occur for bay scallops and lowest for calico scallops  South Atlantic Rarine
Fisheries Council �981: Table ~!.  In North Carolina, however, higher ex-
vesee 1 prices are observed for sea seal lope than for bay scallops.! Ex-
vessel prices of seal lope of all species in North Carolina tend to be lower
than the national average. These price differences are probably due to
differences in processing costs and transportation costs rather than
differences in consumer preference. Most seal lope are froxen and stored for
transportation to inland markets or for later consumption. This creates an
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inventory demand iu addition to consumptiou demand, Furthermore, local
demand for fresh scallops may also be an important factor.

Thus, the demand for bay seal lope is a complex interplay of bath
consumption and inventory demand, supply of ~ 1 1 three scallop species, and
local  seasons I! demand for the fresh product. Zt is beyond the scope of
this study to model this demand system ful ly. Instead, a single-equation
model for North Carolina ez-vessel price was developed and estimated.  The
equation can alternatively ba viewed as a reduced-form equation with uo
supply shif ters.! Because sca scallops dominate the scallop market, the
price of bay seal lops would be azpected to be determined to a large degree by
factors that are important in the sea scallop market,

The demand equation is postulated as follows'.

NCQt = f INCOME, NCPt, SEAPt. SEAP~ I, INVENT, PSBRKNPt, CALQt, TINE!,

where NCQt is the demand quantity of North Carol ina bay seal lops in pounds of
meats  unprocessed!, NCPt is tha ez-vessel price of Worth Caroliaa bay
seal lops in dollars per pound of meats, SRAPt is the current period ex-vessel
price of saa seal lays, SEAPt+> is the expected future ex-vessel price of sea
sca I I ops, INVENTt i s the iav en tory of f rose n stocks of sea I lope at the
beginning of the period t, PSHRINPt is the ax-vessel price of shrimp, CALQt
is the landings of calico scallops, and TIME represents a group of variables
that account for temporal shifts in demand during the harvest season, SEAPt
and PSllRINPt represent prices of substitutes. aud together with INCONE and
NCPt comprise the standard variables azpectcd in ~ demand equation, TI E is
included to capture seasonal changes in demand, which can be important for
products that are available on a strictly seasonal basis. For exampIe, local
demand for fresh scallops may bc high when the season first opens, but may
taper off later in the season. TIkE would also capture seasonal changes in
demand that resuIt from increasing size of thc meat as thc season progresses.
assuming, that the consumers ezhibit a size preference. SEAPt+I and INVENTt
represent the inventory demand response in tba sea scallop market. The
demand for inventories depends, among otber factors, on the expected future
prices and the currant level of inventory. For example, a higher azpected
price for next period might lead to increased buyiug in the current period
and a resulting increase in the inventory stook. The CAI.Qt variable is
inc Iuded as a demand shifter because bigh calico scallop landings have
sometimes been observed to depress the North Carolina bay scallop market wbeu
the harvests coincided  Dennis Spitsbergen, Division of Marine Fisharjas.
personal coaeunication!. Calico sca 1 lops were landed from North Carol ina
beds in 1978 and 1981, and trucked from Florida for processing, in North
Carolina in 1981 and 1982 when the Florida processing sector could not handle
tbe volume of scallops harvested.

Prior to estimation, this equation was formulated as a linear equation
and transformed to an inverse demand equation by solving for NCP. To ba
consistent with the time nuit used in other aspects of the scallop harvesting
model, TINE was defined in terms of weaks starting from December I:

17



TINE = yiWEBX + ysWHKK + y! TRRX2 3

The PSHRIlIP variable was re-defined as a shriap price index  published by the
V,S, DepartaLent of Connerce in "Current Fisheries Statistics "l. The index
is a Laspeyres-type price index with 1967 as the base year. All prices and
inco!se «ere adjusted for inflation prior to the estiaation by dividing by the
cousuaer price indez: thus, all prices are in units of 1967 dollars. The
final modification 118 a replsceaent of SEhPt+1 by a 3-period distributed lag
aode 1. where

SEAPt~i ~ pigEApt + p!SRhPt 1 + p!SEAPt

The resulting price equation is as follows:

ae % jlÃCONEt s Qt ! t ! t 1 !

+ asPSHRI lO?t + a ~QCAkt + a!%EK + a !%EK + a s $08% + 1 s s HI%Ãt2 3

Monthly date on prices. quantities and income were used to fit this
node 1, The data and their sources are presented in Kellogg �985!, Appendix

The node la were estinated using data from 1974-1975 through 1982-1983,
Only data for the potential harvest season � December through Ma~ch � were used
in fitting the aodel. Since the price equation requires tis!e in units of
«eels, the midpoint of each aanth, measured in weeks. was used  that is.
'%EKE = 2.2. 6.6. 10.9 and IS.O for Deca!aber, January, February aud N ~ rch,
respectively!.

The results of fitting the price equation age shown in Table 2. The R
was 0.708. The three TIXR variables � WEEK, %%K . and HQX � were tested as3

a group for significance and were found to be ~ tatistical ly significant
 n=O.OS!  F!.» 3.637!. The two lagged sea seal lop prices were similarly
tested together and also found to be significant  F! s! 7 ~ S83! The
signif icant coeff icient for CALO reinforces the Div ision of Mar ine
Fisheries's perception that the erratic catches of calico seal lope influenced
the price of bay scallops ia North Carolina.  It should be noted that if the
calico scaEEop harvest becoaes sore regular. the iaportance of ChI4 in the
price equation would diainish, necessitating a re-est i!sation of the
e qua t ion.! The var iab les l4CQ, PSHRIXPt and INVENTt had non-s igaif ic ant t-
ratios and remained non-significant when tested jointly.  F!.s!~0.308j. The
lect of ieportance of the North Carolina harvest  NCQt! in determining the
er-vessel price in North Carolina is not surprising in view of the snail
proportion of the total scallop supply represented by the North Carolina
harvest. This result suggests that aanages!ent actions and regulations, «hiie
they aay affect income and yields, «il 1 not affect thc price of bay scallops.

In applic etio!is. each ef the independent variables will need to be
forecasted in order to use the above equation to predict future prices. It
is therefore important that only the aost relevant variables be included.
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Table 2. Statistical results from estimating the full model for ex-vessel
price of North Carol iua bay seal lope.

llODEL:

ae + arINCOREt + a NCQt + a SEAPt + a~SEAPt 1 + a SBAPt 2

+ azPSHRINPt + a~CAL4 + ae%EK + sf%a + asgIEEK + as!INVENTt.2 3

ggl . /QUARE' IEAN SQUhRB F-VALUEDF

3 . 5471 644 5

1 .46592456

5,01308901

0.32246950 5.06

0.06373585

 PI!F 0.0005!

NODEI.

ERROR

CORRECTED TOThL

ll

23

34

R 0,70758 ROOT NSE 0.25245960

STD ERROR OF

BSTIXAXK

T FOR H0;

FR Z LrrVARIARUi

19

INTERCEPT

INCOMEt
NC~Q
S'

SKAP t

Psmai8,
CAI4t
lfKBL'

l HEX
'%EEX

INVENT

-3.62847863

0. 00379481
1.1354418B-06

-1 .97299849

0.68808097

1.77670043

-0.05640425
-5.7657525B-07

0.34991078
-0.03577499

0.00098686
2.7650218E-08

-2.21

1.41

0.61
-3.14

1.15
2. 90

W.32
-3.42

1.75
-1.32

0.95

0.47

0.037 5

0.1720

0.5454

0.0046

0.2632

0.0082

0.7523
0.0024

0.0934

0.2006

0.3536

0.6426

1. 64382944
0, I0026918&

0. 00000185

0.62789450

0.59989948

0.61348777

0.17662204
0.00000017

0.19991462

0.02714856

0.00104226

0.00000006



The market price prediction equation used in subsequent analyses was
detereined by dropping the non-significant variables--NCQ, PSSRIIIP and
INVENT --from the aode 1. Paraaeter estimates for this re!aced aode f are

t
presented in Table 3.

In practice, the equation in Table 3 rill be used to predict prices for
the potential harvest season  December March!. It will thus be necessary to
forecast values for aea scallop price, calico scallop landings and incoae.
It is also iaportant that the ooabination of these variables be near or
within the sample space used to estiaate the partaeters of the equation. 1t
is possible to use reasonable values for each of the exogenous variables and
get poor price predictions siaply because the combination of variables was
not represented in the original dataset. Statistics for eacb of the
exogenous variables used in the estimation is given below as a guide'.

Nhg IMItll

VALUE
MINIMUM

~AME
STANDARD

DEVIATION

For the present study, the season averages of these variables for two
ha r v e st seasons �980-1981 and 1981-1982! we re used:

+gt-~ ~I-82

INCDMR

SEAPt-kit I-SEAP, 2
CALQt

882 887
2.00 1.31

S31.369 1,084.457

The 1980-!981 aet of valses produced a relatively high price path, whereas
the 1981-1982 set produced ~ relatively low price path.

3.3.2 Scallop Sixe Equation

The scallop sixe equation, g x.t!, was developed previously by Kellogg
and Spitsbergen I,'1983!. The growth rate of the scallop seat «as modelled as
a function of meat sixe and the growth rate of the shell, whicb were in turn
determined by water teaperatere. The basic aodel was a Brody-Bertal anffy
growth equation witb a temperature dependent growth coefficient, as follows:

20

INCOME

SEAPt
SEhpt 1
SEAPt
ChLQt

36

36
36

36

36

856.S

1.44
1.44

1.44

347902

46.740

0.332
0.329

0. 318

363016

763,0

0.932
0.966

0.966

0

910.0

2.088
2,088

2,088

1253255



Table 3. Statistical results from estiaating the reduced model far ex-vessel
price of North Carolina bay seal lope. Thie price equation was used in the
sc a I I op harv e st iag prob les.

R A!RL .'

HcPt = af + aEINcollEf + assRAPf + a~sEAPt I + a,sEAPt

+ a,CAM + a,%EL + a,lEBK + a�WEEK,2 3

MEAN SQUARE F-VALUESUE OS SQUARES

0. 436043 56 7,44

0.05864387
 PR>F=0,0001!

3,48834848

1,52474053

5,0130890l

NOML

ERROR
CORRECTED TIE'AL

8

26

34

R = 0.695848 ROOT MSE = 0,24216496

STD ERROR OF

ESTIMATE
T FOR 80;

RIHSBkJI
P!dU METED'
KS1'IMATEVARIABLE

21

INTERCEPT

INCOME f
SEAP t
SEAP

t-2SEAP

REER
'IRRK

%ERR

-4 . 24904127

0 . 00473008

-1,85448147

0.56224238

1,69072116
-5,4761407K-07

0.38661194
-0.04133764

0. 00119521

-4.50

3,96
-3.38

I . 02

2.96
-4.15

2,19
-1. 74

1.31

0.0001

0. 0005

0,0023
0.3167

0.0065
0,0003
0.0378

0.0944

0.2003

0,94400997

0.00119327

0.54878495

0.55072151

0.57155936
O.00000013
0.17668992

0.02380936
O.00090949



@ n l B Cyt!!y pe 8 pt!
t asx oe

B C.t! bat + b C + b,C /t,where

It = meat size in grams at time t.

lima x ~ ma x i mum s t t a i n a b 1 e me a t s i x e

I, = initial meat size at tW  November 1!.

t = time in weehs from November l. and

C ~ cumulative water temperature in degrees centigrade
 degree-«eche! from November 1 to time t.

 The scallop size agnation developed by Eel hogg and Spitsbergen �983! has s
different starting tine than the harvesting model, necessitating s
modification of the size equation, «hich is discussed later,!

The model was refined further by substituting an expression for the
easinum size that the meat can attain,

N = mrSt

where St is the length of the shell. This is the same general relationship
used cosssonly in fisheries to relate weight to length. Shel 1 size was then
also modelled as a function of cumulative temperature iu the same manner as
the meat model. The shell gro«th model is

S - S � e S  '!!+ 8 S t msx ee

BS C,t! crt + cqC + cqC It.2where

St shell length in centimeters at time t,

S maximum attainable shel l size, and

initial shell length at t~0  a variable!,SI

The growth function, BS C>t!, is the same form as that used in the meat model
except that the parameters have different values.

22

Using the above models, scallop meat sixe can be predicted for any eeet
in the potential harvest season. The shel 1 size equation is need to predict
S t s nd t hen t ha t v s 1 u e i s sub s t i t u t e d i n t o t b e m e a t s i x e e qu a t i on
Information needed to estimate the size equation includes an initial measure
 or estimate! of shell size on about November l and projections of cumulative
water temperature, In app I ication. the initial va lue for abc 1 1 size can be
estimated by sampling. and an expected water temperature curve could be
constructed on the b ~ six of regional 2oag-term weatber predictions and
temperatures preva lent prior to the season.



Ke I 1 ogg aud Spit sbergen �983 ! estimated coefficients for the se two
models, Parameter estimates for the meat and shell size models are as
fol iowa  Eel logg and Spitsbergen 1983. Tables 5 aud 6!'.

Iha J
cs ~ -0,0298
cs 0 0065
c! ~ 0

Ms = 2.522
bx = -0.4415
b5 = 0.0969
bs = -0.0034
mx = 0.0270
ms = 3

In addition, the variabl ~ S ~ war sct equal to 5,9 centimeters, which is thc
average she l I size for the month of November  Ke 1 logg and Spitsbcrgen 1983:
Table 3!.

The remainiug information needed to calculate meat size is cumulative
water temperature. Using a seven-year database, Eel logg and Spitsbergcn
 l983! estimated water temperature  degrees Centigrade! for the Beaufort
Channel as a quadratic in time over the potential harvest season, hn
equation for cusLuEutive water temperature  in degree-weeks! ras subsequently
obtained by integrating the original equation with respect to time, The
resn1 ting equation for "normal" cumu1 ativc water temperature is.

C = 20,203t � 1.012t + 0,027t

where C is cumulative temperature in degree-weeks from November 1 and t
time iu weeks frosL November l.  The original equation estimated by Kel Eogg
and Spitsbergen �983! included dummy variables for warsL and cold winters.
These were set equal to zero here to produce the equation for a "normal"
winter. 'Ihereas the temperature regisLe during, unusual ly cold or warm winters
can influence the optiaLal season opening/closing schedule, only the average,
or normal, temperature regime wi 1 I be considered in this study.!

There are two unit changes that arc necessary before thc scallop size
equation can be compatable with the seasonal harvesting model. First, meat
size is predicted in grams, whereas the harvesting model requires meat size
in pounds. Thus, the meat size equation was multiplied by 0.002205 to
convert grams to pounds. Second. the time unit for the meat size equation is
weeks starting from November 1, whereas the seasonal harvesting model
requires time in weeks from December 1. This was reconciled by replacing t
with t+4.3 �,3 is tbe number of weeks in November! for every t in the size
equation. Consequently t=0 would correspond to December 1 and t=l7.3 to
Narch 31. as required. The resulting size equation is shown in Figure 1, The
price � per-seal lop function, obtained by multiplying the size equation  pounds
per sca I lop! by the ex-vs sac 1 price equation  price per pound! is sho~n in
Figure 2.
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3.3.3 Fi shing Nor tel ity Equation

The catch per unit effort production function is based on the assumption
catch is directly proportional to population size, and that the

proportion is constant over time'.

b t! - E t!qx t!.

The proportion, E t!q, is called fiabing mortality. It is effected by
the nunber of potential scallop fisheraen, their harvestiug effectiveness,
snd the limits to effort that are imposed by regulation, such as catch 1 iaits
and lijsiting the number of days per week »hen scalloping is allowed, Fishing
eortslitp is coapased of t»o parts,' 1! ~ standard aeasure of fishing effort
 E!, and 2! the catchabi l ity coefficient  q!. The oatchabi 1 ity coefficient
is defined as the fraction of a fish stock that is caught by a standard unit
of fishing ef fort  Ricker 197S: p.2!. k dif f icu! t aspect of any fishery
r~nagesent problem ia the def inition--and subsequent aeasureaent � -of a
st~adard unit of effort, Theoretical ly, any unit of effort can be used as
' ong as the associated catchabi1 ity coefficient is keo»n, or can be measured,

Iong as al l other noainal units of effort in the fishery can be
ezpressed in terna of the standard unit. hlmost no information is available
for either E or q for this fishery, Consequently, only ad hoc cstiaates of
these var iab le 8 are possible. Opt ina 1 so lut ions »i 1 I be ca 1ctL lated for 8
range of reasonable values for K t!q.

It is desirable to define 8 standard unit of fishing effort to
correspond as closely as possible to the typical, or average, unit of fishing
effort that »ould be observed in the fishery, For this problem, a standard

: ef.'ort ls one b~~t � day. defined to be a 20-foot boat «ith a
maxinujs holding capacity of SO bushels pul ling 2 drags and fishing for a fuI I
day or unt il capacity is reached. Each standard boat-day is assumed to be
manned by the o»ner and one crew eeeber. This is the aost coeaon effort
level reported for the fishery  Fricke I 98%!, h boat capac ity limit of 50
bushels is a realistic feature of the bay scallop fishery because of the
sealI size of the boats needed to 8Ianeuvcr in the sballo» water enviroaseat
«here bay seal lops are found. It will also be assumed that if the boat
c sc.' ty is reached, f i shing»i. 1 1 stop for that day.  Vnder present
i . g~lations. returning to the f ishing grounds af ter unloading the catch is
il legal because of the daily catch limits.! Individual fishermen aay adopt a
nueber of fishing arrangeaeats other than the standard one defined here, but
these arrangeaents would be converted to standard units of fishing effort
»hen applying the aode 1.

Theoretical ly, the number of fisheraen engaged in scallop fishing at any
specific ncaent during the harVCSt seaSOn dependS On expected prcfit  and
thus ezpected catch, price, and fishing coats! and profitability of
alternative fisheries or eaployaent opportunite ~ . Consequently. fishing
effort should be model led as an endogenous variable. However, quantitative
data on fishing effort are not available for this fishery, precluding this
approach. Instead, fishing effort will be taken as a ~ident throughout the
season and wi I l represent an average leva I of f ishing effort. Ev ideece
collected by the DMF during enforcesIcnt activities indicated that the number
of boats observed fishing for seal lope tapers off sharpIy as the season pro-



greases. This is reasonable since profitability depends on the abundance of
seal lope. «hich decreases as harvesting proceeds. Since information defining
the seasons? availability of fishing effort is not availablc, an sd hoc
estimate of the seasonal average was aade.

Maw that a standard unit af fishing effort haa bean defined for the bay
scallop fisbery, an empirical estimate of it ia needed. Fricke �981!
reported that there mere approximately 600 scallop fishermen ia North
Carol ina, 75 percent of «ham were fu1 1-time fishermen  engaged in commercla 1
fisheries al 1 year! and 25 percent of whom were part-time fishermen  someone
wbo bad regular employment outside the commercial fishing industry.! This
estimate was based on information gathered from key informants in eight
communities along the coast where most seal lap fishermen reside, Fricke
�981! also reported that a part-time fisherman was about half as active iu
the f isbery as a ful I-time f isherman, Therefore, the total number of
fishermen waa adjusted downward to 525, where each is assumed to bc operating
as a ful I-time fisherman. kssumJ.ng two ful I-time fishermen per boat, the
number of standard units af fishing effort  as defined here! is estimated to
be 262, The ave~ggp number of standard units of f ishing effort expected to
be active on any given day mas assumed to be 180 �9 percent of the maximum
Icve? of 262!. hssuming a season average of three good fishing days pex «cek
land assuming, that the season remains closed on weekends!, the weekly effort
level was set equal ta 540 boat-days �80 x 3! for the entire Ãorth Carolina
bay scallop fishery.  Note that the use of three fishing days per week here
has nothing to da with xegulationa limiting the number of fishing days per
meek. It ia used simply in recognitiau that factors such as poor weather
wi1 1 preclude fishing five days per week by all 180 standard units of effort.
Note also that the 180 standard units of effort per day rill not correspond
to empirical counts of fishing, boats since thc fishing boats mill not al I be
"standard units".!

This ad hoc estimate of fishing cffart ia general1y consistent with the
recent histaxical record af fishing mortality. It is reasonable to expect,
however, that the effort level would be higher if the fishery merc managed to
maxi ~ ise returns ta tbe harvesting sector. Under optimal management, tbe
returns fram seal lop fishing, may increase and ~ ttract a larger number of
fishermen. It is thus desirable ta calculate thc optimal season open-
ing/c Easing scbedn le using a larger number of boat-days pex week. Optima 1
opening/closing schedules mere determined assuming 750 boat-days per mcci in
addition to ca Iutiaus assulaing S40 boat-days per meek.

With effort  E! in units of baat-days, the catchability coefficient  q!
is the fraction af the scallop population that is harvested by one boat-day.
Since it is defined here ta be a constant, it xepxe ~ ents an average value
over tbe entire harvest period and over all vesta la. In actuality, the
catcbabi lity coefficient varies from vessel to vessel and even from day to
day for tbe same vessel. For example. aa the seasan progresses seal iapa are
restricted to areas difficult to fish and for which there is a higher q.
There ia no information avai lah le that mould identify the value for q.
However. possible values can be calculated that are consistent with catch
data from previous years and with thc ad hoc estimate of the average number
af standard units af fishing ef fort, Using thc catch-per-unit-cf fort pro-
duction fnnctian  Eq=h/x!, rough estimates of Eq were abtained for the first
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week in January for eight harvest seasons,  9accabcr was not used because of
the possibility that quotas had substantially constrained fishing mortality
hand because the number of fishing days in December varied fron year to year.!
The average wae?ly harvest «as calculated for January bp dividing the January
catch by iA, the nnabar of wee?s in January. The population size for tba
first wee? ia January was calculated by subtracting the Bcccisber catch froaI
thc population estimate  see Subsection 3.3.5 for methods of estiaating total
population size!. Estiaates of Bq were then obtained by dividing the weekly
average January catch by the population esthete for January 1. Assming 180
standard boat-days per day of effort and 2 fishing days per rae?  recall that
regulations have I ijsited thc umber of allowed fishing days to this number
early in the season!, an eetiaate of q, for each of the harvest seasons was
calculated by dividing the Eq estimate by 360, Res«1 ting estimates of Rq and
q are shown ba I o«:

~g~gggoa

On the basis of these ca 1cu1 at ions, it appears that f ishing aorta I i ty
bas ranged froe about 5 to 10 percent per «eak,. Por the standard unit of
effort defined here, this is equivalent to q values ranging froa about 0.0001
to 0,0003, Three q values were used in thi ~ study to calculate opt iaal
harvesting soluticns: 0.0001, 0.0002. and Q.�03. These q values correspond
to fishing mortalities ranging, from 5 to 16 percent per wee? for B 5i0 boat-
days par eeet and 7 to 22 percent per «ee? for I 750, In the absence of more
spec if ic inforaLat ion, it is believed that these Eq values bracket expected
f isbing aorta I ity for this f isbery.

Thaoretically. the boat capacity  assumed here to be 50 bushels, or
21,750 scallops! could constrain tha catch. The harvest aodel was altered to
incorporate this feature by ad]usting q «hen constrained as foI lowe:

boat capacity boat capacity
if q t! then set q-

population sixa population else

However. for tha range of q values and population astiaates used in this
analysis. the boat capacity «as not a constraint,  h catch quota can be
incorporated into the aodcl in the aaee sianner by replacing, thc boat capacity
with the catch 1ijait. Quotas «are not modelled in this study since they are
inherently inconsistent with econoaic efficiency,!
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3.3.4 Cost Equat ion

Fishing costs can be categorized into three groups: 1! fixed costs, such
es investment cost of the boat, gear and one-time seasonal maintenance costs,
2! daily fuel costs, and 3! daily opportunity costs of the fisherman, The
last two groups represent variable costs. which can be modelled as being
proportional to fishing effort. Because fixed costs are constant regardless
of the 1 eve 1 or tining of f ishing ef fort, they dc not affect the optimal
timing of the harvest. Consequently, fixed costs will be ignored in this
analysis. An estimate of fixed costs waa provided by Pricke �981: p,23!:
''This is a seal 1 boat f ishery and the investment of a typical f isherman in
boat, gear and operating costs, excluding fuel. ia on the order of 500 to 800
dollars per seal lop season". Exclusion of tbese fixed costs «111 inflate
the present value calculation, but the magnitude wil 1 be very small relative
to the to ta 1,

The coat function was therefore model led as ~ cost-per-unit-effort
function,

total cost per week ~ cB,

where R is the number of boat-days per week and c is a constant cost
coeff icient. The cost coeff icient represents the average variable coat per
standard unit of effort, or the average coat per boat day.  hctual costs for
sn individual fisherman may depart substantially from this average value.!

Whereas the cost coefficient is model led here as a constant, there is
g,ood reason to suspect that both daily fuel costs and opportunity costs of
the average fisherman vary over the harvest season, Seasonal unemployment
trends  Fricke 1981! suggest that opportunity coats are lowest in January and
February when unemployment in the region peaks. In Iarch. alternative
fisheries are acre available and non � fishing opportnnites  such as tourism
and construction! increase. Dai?y fuel coats might also increase aa the
season progresses. Increases in daily fuel costs would occur aa fishermen
deplete the resource near their home port and are re@.ired to travel farther
each week to fish, Also, hours spent towing per day  and thus daily fuel
costs! may increase as the resource is depleted and the stock density
decreases. This reasoning suggests that daily fuel costs may be a function
of stock size rather than effort. However, the relationship between stock
density and feel coats is not known, and so daily fuel costs were model led on
s per-effort basis.

The opportunity cost of seal lop fishermen and the daily operating, costs
were estimated indirectly. Individua ls employed in the processing sector
«ere reported to make about 40 dol lars per day  assuming eight hours per day!
hand-shucking seal laps in January, 1982  News ~nd Obs~er ~ Raleigh. N. C.,
Sunday, January 91. 1982!, This wage was taken as an estimate of the
opportunity cost of a scallop fisherman. It would be expected that the
fishersLan would remain in port and shuck scallops if hia income from fishing
waa less than 40 dollars per day. Pricks �981! cites one frequently
mentioned div ision of income from a day's catch as giving one-third of the
gross to the bo ~ t to cover operating expenses  including fuel coats! and
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depreciation, oae-tbird to the owncr-captain  operator!, and one-tbird to the
crew mcebcr. If tbc opportnnity coat of a fisberaaa is 40 dol lars pcr day,
the total elnleue daily opportunity cost for tbe two fisherecn «ouId be 80
dollars and daily operating expenses woald bc 40 dollars nsiag this payecnt
acheee.  I'riche �982! also reported that daily fuel coasneption ranged froe
20 to 20 gal !ona, which is cqnivaleat to about 15 to 30 dollars per day
aasueing 1.50 dol lars pcr g,al ion. Thus, thc 40 dollar per dsy operating
erpense for the boat scees reasonable «hcn othex' daily non-fuel ccats are
considered,! Consequently, thc total daily cost per standard unit of ef fort
is est ieated to be 120 dollars, which is equivalent to 42.55 do! 1ars after
conversion to 1967 dol lars  datcreincd by dividing the aoeinal aeount by the
consuaer price index fcx January. 1981!,

As discussed kn Chapter 2, opportunity costs of fishereen are difficult
to quantify. Depending on relative prices, f isbing, for oysters or c maes
eigbt bc a bet ter cap loyetent a 1 ternat ive than shucking seal lops. Altcraa-
ti ve! y. soee f iahcreen eay face the choice of scallop f isbing or ao
eeployeent at all, In this case, their opportunity cost would bc eucb lover
than that est!sated herc. The opportunity costs of scallop fisbereea can
therefore vary esrtedly froe season to seaaoa sad froe individual to
individual. Siace this coat cstieate affects thc optical season
opening/closiag schedule, a second  lover! ectieate of tbe cost cocff icieat
was also calculated. Assualing an opportunity cost of 3.50 dollars pcr hoar
 ratber than thc 5,00 dollars per hour need above! and retaining tbc 40
dol lars pcr day opex'at jag coat, aa alternative cost per standard unit of
cffozt is 3i.04 dollars pcr dsy in 1967 dol lars. The harvesting problce vas
solved for both of these cost cstiaates.

3,3,5 Equation of Notion

Because of fortnitous biological cbaractex'istics of the North Carol ina
bsy seal lop. the change in population nueber � the equation of eotion � caa be
eodei led as cquaX to thc harvest rate, aa fol lovs:

z � l4p t! e t!,

z�! zc.

Tvc features of bay seal lop biology that pcreit tbis siepl if icatioa are: 1!
tbere is no recruitecnt during thc potent ia 1 harvest season sad 2! natura 1
aorta 1 ity is bc lievcd to bc very low during thc potential harvest season, and
ia aasuecd to be zero for purposes of this study.

Ibereas natural eortslity of bay seal lope ia high during, the spring and
sueeer, Division of Xarinc Piabcrics biologists believe that thc astaral
eortsl ity rate is low during the winter eontbs «hen harvcstiag occurs. Lov
natural aorta lity during this tice xcsults because eaay of tbc iepartant
predators of bay scallops favor «amer tceperaturcc and bay sca! Eops thrive
at the cooler winter teaperaturcs, The natural ecrtality rate is aot al«ays
near-zero, bc«ever. Nasa eortalities can occur as s result of cztreec!y cold
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temperatures and low salinities, But in the absence of esti«ates of the
natural «orts 1 ity rate, the assn«ptioa of zero natural «orts 1 ity during the
poteatia 1 harvest season is reasonable.  Should subsequent studies reveal
significant natural «ortality during the harvest season, the problem can be
expanded to incorporate natural mortality using an approach si«ilar to that
used by Eel logg �985! fax Her River ahri«p.!

3,4 Calcnl ion of the i«al Harv tin Period

3.4.1 St a te«ent o f the Prob le«

Incorporating the results of Section 3.3 into the harvesting aodel in
Section 3.2, the problem can be restated as follows.'

max i«izc IT
with respect to PV = J [P  t,w! g x, t!Eqz  t!-cEj e ~  t! dt,

4 t!

x = -~x t! O t!,

z O! given, Dgt T, and x t!QO,

such that

where P t,w! = az + asINCONEt + a,SEAPt + a~SEhPt 1 + a,SRAPt

+ a7CAJ4 + ast + ant + asot f2 3

g x,t! = 0.002205[X �-e ' ! + Wee ' ]

B C t! bs t+4 ~ 3! + bsC + bsC ~ t+4 F 3!
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Since there is no recruit«ent during the harvest season, the recruitment
function, F x,t!, collapses to a single initial value for population site.
xo. In practice. zc can be estimated prior to the harvest season by
sanPEing. For the Present analysis, five values of xs that sPan the range of
probable va lues were se !ected. The total catch in nu«bers for nine harvest
seasons was approxi«ated by converting «onthly catch in pounds to catch in
numbers and su«ming over the monthly values.  See le 1 loge �985! far
resul ts,! These season catch totals ware then adjusted to probab le va lees
for initis! population siss by dividing the catch total by an esti«ate of the
proportion of the scallop population harvested. This proportion is not Known
exact ly, and probably var ies from year to year. However, because of the
intensity at which seal loping occurs by so«e of thc local f isher«en, i t is
likely that «ost of the scallops are harvested each season  Dennis
Spitsbergen, Div is ion of Marine Fisheries, persona 1 co««unicatiou!.
Therefore, a value of 0.75 was used to c ~ le«late population asti«ates.
Resu 2 ting e s ti«ates ranged fro«13 to 33 «i 1 l ion seal! ops  te 1 log g 1985!,
Values of zz selected for use in the present study were 13, 18, 23, 28 and 33
«i i!ion seal lops.
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- ci t+4.3!+csC!! + 8 - c~ t+4.3!+c>C!
t aas

+ ee

C ~ 20.203 t+4.3! - 1.012 t+4,3! + 0.027 t+4,3!

t tiae in rests starting froa Decaaber 1, snd

4 t! the decision variable   4 t!& irlp? ias s closed seasoa and
4 t! 1 iapl ice an open season!,

Cceffieiants rara estiaated in Section 39 ae follors:

Exoganons variables rere assigned the fol loriag valnes.

540 or 750 standard boat-days per ree!.
.0001, .0002 or .0003.
42.SS or 34.04 �967 dollars!,

= 0.001827,

5,9 caatiaeters,
13, 18, 23, 28, or 33 ai l I ion sea I lope.
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is held constant througbolt the season, the scallop grorth rate assaaes a
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No qtaotss sra iaposed, and fishing ie el loved Xoaday through Friday, Solving
the harvesting problea for each of the possible coabinatioas results in 120
separate solntions. Tha range of values for each variable rss selected rith
the purpose of brachetiag valaes aost li}eiy to occur. Conseqaently. the 120
opt iaLs1 so let iona provide general gside1 ines for rhea to open the sea 11op
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3.4.2 So lat i on Proc edure

hs discussed in Chapter 2, the maximum principle i ~ used to solve for
the optimal openingfc losing schedule, 4 t!. The Hamil toniau for this
problem is

H t! ~ { [P  t,v! g s,t! Bqx t!-cB] e � X t!Eqx  t! ! 0  t! .

vhich leads to tbc folloving svitehing function:

 
if [P t,v!g x,t!Eqz t!-cE]e � l t!Kqz t! > 0

4 t!- 0 if [P t,v! g x, t!Eqz t!-cE!e � X t!Eqz t! < 0.

The system of differential equations is as follovs:

4 ~0 ~> xK and !t~0,

4-2 > x -Eqx t! . xs given,

X t!Bq � P t.v!g x,t!Eqe

Sufficient conditions for a solution can not bc derived because boundary
conditions for the adjoint equation are not specified.  That is, only the
general solution of the adjoint equation can be obtained; the particular
so lut ion requires that !. be knovn at some point in time,! Thc optimal
so lot ion is obtained by varying X�!  designated as !. ! unti I the 4 t!
corresponding to the maximum net present value of the season harvest is
identified,

Tbe optimal opening/closing schedule vas determined to the nearest vee}.
Further precision is probably not varrantcd in vicv of the many assumptions
and approximations that vere made in specifying the problem. The algorithm
used to solve for the optimal 4 t! is presented in Appendix L Thc program
steps through tbe potential harvest season veck by veek. Thc svitching
function is solved at the beginning of each vcek to scc if the season should
open or not. If the svitching function is negative, the program skips to the
beginaing of the next veck and repeats the check. If it is positive. the tvo
differential equations are solved using a fourth-order Range-tutta numerical
procedure  Wolfe and Koc 1 7 ing 1983!. The barvest and net present value of
the harvest for the veck is also calculated vi.thin the Runge-tutta algorithm.
After determining the new r and X, the program advances to the beginning of
the next vec} and checks to see if thc season should remain open.
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Ta demonstrate the s«itching point «itb respect to k, it is necessary to
rearrange algebraically the switching, function as follows:

if X t!   l'P t.w!g x.t! � c/qx t!]e

if X t! g [P t.w!g x,t! � c/qx t!]e

The term on tbe right-hand side of the ineqwality sign is the discounted net
revenue per scallop harvested, We s«itching function iu this form indicates
tbat the season should remain closed as long as the neer cost per seal lope A.
ie greater than the discounted net revenue per scallop harvested. The season
should open at the point «herc k equals the potential discounted net revenue
per scallop and remain open as long as the margiua? discounted net revenue is
greater than the marg,inal user cost.  This is nothing more than tbe familiar
prof it maximization rule of MR MC,!

hn example of tbe procedure used to obtain the optimal solution is
b l lustre ted graphically in Figures 3 and 4, This example «as based on thc
solution to one of the 120 combinations indicated above, In this prob? est ~
k t! is a mono!onical ly decreasing function of time as long as
l�! <P t,w! g x,t!e . There is no change ia l. until tbe season opens, af tcr
«hicb k decreases until it gets to zero or until the season closes again
 Figure 3!. The marginal discounted net revenue curve increases to a peak
between the seventh and cigbth weeks and then decreases again as the price
per sca 1 lop decrcasc ~ later in the season, h Xo equal to 0,011 is so high
that it docs not intersect thc marginal discounted potential nct revenue
c l v a a .'c .r SSon neVer Op;n=. Choosing a Smaller k, l. &,010, resultso o
in a season opening in the seventh wack  t 6!. However, the season closes
agaia after the nintb week «ith 1 stil l greater than xero. From tbe
necessary condition that L T! 0 we know that 1 0,010 cannot be optimal,
ko 0.007 is tried next. Thi ~ choice results in a season opening in tba fifth
«cek  t=4!, and X T!-0 as required ~

kt this point 1 0.007 is a contender for the optimal X , Xt meets theo'
necessary conditions. However, several other values for X also meet theseo
.-eb'essary conditions. The optimal solution is found by methodical ly
searching for the X that corresponds to the maximum net present value of the
Seaeoada harVest. is is il luatrated in Figure 4 far the example at band,
he 1 is increased, thc cumulative net present value of the harvest increases
to a maximum when X is between 0,008 and 0,009, This optima corresponds to
a eeseon opening at the beginning of tbe sixth week. Since tbe solution is
obtained only to thc nearest week, there is a range of X s tbat are optimal,o

We lO«eat ebarginal diaceunted uet reVenue CurVe Shc«n in Figure 3 is
for X t!=Q, This represents the present situation in tbe f ishcry where the
marginal user cost is disregarded. Zn this example. thc season. «onld open
 tbat is, the f ishery would beooabe prof itable! at the beginning of the tbird
week and would become unprofitable by tbe end of the ninth week  a seven-week
interval!, Tbe cumulative net present value for tbis unregulated case is
45.999 �965 dol lars!. Tbe ~ottoal ~ ~ asoo  reoolated c ~ ~ e! starts ~ t tbe
beginning of tbe sixth «eek and becca!es unprofitable after the eleventh wee}
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 a six-week interval!, resulting in a cumulative net present value of 11,919
�967 dollars!. The conclusion from this example is that delaying the
opening, of the season increased the commercial value of tha resource, and
suggests that the potential gains from bioeconomic management are
substantial.

Obtain am tbe optimal i ~ Iso ressitc in an opt laa1 season ~closia time.
This is important in establishing the optimal present value of the harvest.
Bo«ever. it would not actual ly be rcgu1atcd by the regulatory agency, Thc
optimal season c losing time rcprcscuts the tine when it is no longer
profitable to harvest scallops under thc assumptions of the model. In
practice, the fishermen vill determine when to atop fishing. The focus here
is on ~~ca~n the season in such a manner as to be consistent rith prof it
mazimiaation and economic efficiency.

The same reasoning applies to thc unregulated case  «here X t! 0!. The
season determined for the unregulated case represents the time «hen it is

above example, the unregulated fishery did not operate until the third reek
in December, even though fishing during the first two weeks vas possible, In
tbe actual fishery, fishermen are observed harvesting, sca11ops «henevcr the
season is open. This discrepancy between tha model and "reality" occurs
because of s imp I ifying assumpt Rona used to dave lop the model. For example,
tha model assumes that al I fishermen are identical and have the same

opportunity costs. Some fishermen, would be fishing when the returns were
below the opportunity costs assumed in the modal. Consequently, any compar-
ison bet«can the optimal solution  regulated case! and the unregulated case
must be sade using, the same set of assumptious. This requirement is met by
contrast ing the opt ima I so lut ion to thc unregu I ated so lution obtained from
the model with k t!~0,  The distinction between the modal and what may bc
observed in an act~el fishery is important for understanding how to interpret
the results of the model, but does not diminish their applicability.!

Only a sing,le season opening will result for the scallop harvesting,
prob lcm under the assumptions of the model, This is obvious from Figurc 3,
Even without harvesting, the marginal discounted net revenue curve decreases
after the seventh week, Growth in the value of the stock after this time is

negative, indicating that delaying the season opening beyond the eighth week
«ould never be optimal. If harvesting could be done iu a single week, it
would take place during, the seventh or eighth week. Since there are
constraints on the rate at which harvesting can take place  limited here by
Eq!, the optimal solution is a blocked interval balanced roughly about the
seventh «ec},  See Clark �976, p, 56! for a discussion of blocked intervals
in conjunction «ith the fisberics optimal control model,!

3.l.3 Results

The results of tha E20 solutions are suemarised in hppcndix B, Table BE.
Optimal season openings ranged from the fifth wee}  t=4! to the eighth week
 t=7!. The most important determinant of the season opening «as population
sire. ht low Bq levels with all factors except population size constant,



solutions ranged from opening at the fifth veeh  high initial population
size! to aot opening at all  low initial populatioa size!. The effects of xs
on the saasau opening «ere less pronounced st the higher Bq values.

Price aad cost a I so had an ef f act an the season opening�For s gi ven
popul atioa sire and fishing mortality, the season opening «as generally oue
week earlier at the high price 1 eve 1 tha» at the low pr ice leve I. The t«o
cost levels had a similar effect  the lover the cost. the earlier the season
opening!.

The predominant effect of fishing mortality  Eq! oa the season opening
was in determining whether it «as profitable to fish or not. At lov Bq
values  less than 0.08!, it «as general ly profitable to f ish only at the
higher papelatiou levels. Over the range of Sq values from 0.118  q~O.OG02
and E=S40! to 0.225  q 0.0003 and B 75'0!. the optimal season opening varied
by a maximum of oue week   ~ 11 other inputs constant! for about one-half af
the input eoabiaatians and did not change for the remainiag input
combinatiaas,

The corresponding season for the unregulated case  k, t!=0! «as also
determined for each of the 120 input combiaatioas. Results are presented in
Appendix B, Table B2, Start of fishing raaged from the first veeh  t=0! to
the seventh «eel  t 6!. The unregulated case is contrasted with the optimal
solutious for E 540 in Table 4. Typically, the optiaal sciatica ras to delay
opening the seasoa tvo to three «eche past the start of fishing in the
unregulated case, Delaying the season opening substsatially increased tba
present value of the harvest for al I comparisons.  It is important to
remember that the "unregulated case" determined here isu't completely
unregulated. The model sti1 1 ~ ssuaes that f ishiug }s not permitted on
weekends or at night. and gear restrictions oa the desigu and «eight of the
drag remain ia force.!

From the many ad hoc estimate ~ aad raages of values used in the bay
seal lop harvesting problem, it is obvious that more research is needed before
the paver of this madel oaa be used ta its ful1est ss au aid to the
promulgation of optimal reguIatian. Foremost oa the "need list" is a
catch-effort datasct. Complete weekly catch statistics iac ludiag I! tbe
number of hours fished per boat, 2! characteristics of the fishing effort
such as boat sixe and ere« sixe, and 9! site aad value of the catch can be
used to estimate the original population sine and the catchability
coefficient It can also be used to develop a re]atiouship between
profitability and the supply of fishing effort. Development of a supply
equation for fishing effort is particularly useful in evaluating the impact
of management practices that differ from current practices. This information
«auld need to be caiiectsd only until reasonable q estimates have been
determined and e supply equation for effort has been developed.

The price equation «i 1 1 need to be continual ly updated. The main
ab!ective of the price aquatioa is to forecast. Thus it should perform best
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whee it is fitted with tbe most recent data available. It would be desirable
to opdate tbe eqnation before each season. In addition, a price prediction
eqnation tbat «as based on weekly prices woold perform nucb better in the
eode1 tbau tbe present eqnation, which was based on month?y data. Weekly
price data can be obtained in conjnnction with tbe catch-effort stndy
described above.

Another area for more stndy is the eatiaation of costs, particularly the
opportnnity cost for the "average" scallop fisheraan. As seen in the last
section, costs play an important role in determining, the optiaa 1 season.
Fisberaen with very low opportunity costs wonid prefer to open the season
sl igbtly earlier than those with higher opportnnity costa. They wonld also
f ish longer in the latter part of the season, Thus, there is no se ~ son
opening that is optimal for all individuals. Additional ly, there is probably
a seasonal component to fishing costs that is not inc?nded in this analysis
that say affect the optimal solution. 1tare inforaLation on opportnnity costs
of scallop fisheraen wonld permit a sore refined analysis of the harvesting
problem.

The final area for additional research is the qnantification of natnral
mortality dnring the harvest season, The solntiona presented here are based
on the assnaption that there is no natural mortality dnring the harvest
season. If there are significant sonrces of natnra 1 aortality coapeting with
tbe fishermen for the stock. then the optimal season opening woold be earlier
than presented bere.
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CK~JL' 4. INCORPORATING UNCERTAINTY INTt! %RE NANAGEMENT DECISION

4.1 Introduction

Application of optimal control models to fisheries sanagesent can
greatly enhance the regulator's ability to promulgate regulations that are
consistent with sasisiratiou of the socia l value of the fishery. However,
optima I control theory � I ike a I 1 mathematics 1 opt ijaixat ion techniques � has
Cwo difficult prerequisites:

I! a model that captures the essential biological and economic elements
of the fishery in question, and

2! perfect knowledge of the future values of erogenous variables  such
as water temperature, prices of related goods, opportunity costs of
fishenaen and gear!.

Models can be improved and new aodcls developed as feedback from the use of
the models motivates additional research and data co I Iection, But future
values of erogenous variables wil I never be kno«n «ith certainty,

The problem Chat arises from uncertainty is apparent in the bay scallop
harvesting problem. Five variables werc assigned sore than oue possible
value, resulting ia 120 separate solutions. Four possibilities for the
opt isa I time to open the season resulted. Which one should the regulator
choose7 Some variables � such as initial population sire--might be estimated
sore closely by collecting additional data before making the management
decision, but the problem of uncertainty remains,

Another point of difficulty associated with uncertainty is risk
aversiou. Xf future values «ere known, the optimal solution «ould be
preferred by al I members of society, assuming they could agree on the
objective function aud opportunity costs. But «ith uncertainty comes a
choice of t«o or sore sanagejaent strateg,ies, and with that comes thc risk of
being wrong, Suppose a regulator chose only one set of erogenous variables,
sal ved the optiaLum control model and promulgated management regulations,
Sone fishermen sight prefer to use a smaller population sire in the model,
for example. since there «ould be a lower probability that the actual popula-
tion «ould fall below it. In doing so, they «ould be expressing, a preference
for management strategies corresponding to a lo«er but sore certain income
over those corresponding to ~ higher but sore uncertain income. In this
case. the f ishersen arc being risk-averse. Most individuals are risk averse
when faced with uncertainty, but to varying degrees. Consequently. it is not
possible to obtain a sing,le solutiou that pleases everyone in an atmosphere
of uncerta inty.

Bandos processes also af fcct decision-making. For erasple, unusua12y
f avorab I c condi t ious wi 1 1 cause individual seal lops to grow more rap id1y.
Unusually unfavorable conditions will cause less rapid gro«th and say cause
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aorta lity. To include these effects in tbc model, a stochastic tera con?d be
added to tbc different is I equation, as fol iowa:

z > F z.t,z! � X x,t,s! � Q z,t,y! 0 t! + a z!dv

where v t! is a 1ainer process  kali iaris and Brach 1981!. h Seiner process
is a Brownian notion process that over any finite intervaI has a Normal, zero
mean, unit variance distribution, independent cf the distribution over any
non-overlapping interval.

Pindycb �984! has investigated the effects of this type of randomness
in assets for renewable resources, I'e concludes that in general, given a
particular stocb level, the net effect of uncertainty on the optimal rate of
harvest is indeterminate. There are effects that tend to increase the
optimal barvest rate and an effect that tends to reduce it. Even if all
functions  such as F. X, and � were known precisely, problems of uncertainty
aigbt arise due to this random colsponent,

Economic decision theory can bo used to partially sl ]aviate these
problems of uncertainty in eeking nanageaent decisions �inhier 1972!. It
rcciuires a ooapiete set of alternative actions, an estimate of tba benefits
that would result for each set of exogenous variabIes, and probabilities for
each set of ezogenous variables. The selection of tbese probabilities arises
from the decision maker's preconception of the libel ihood of each outcome.
and tbus incorporates the judgaent of the manager into the decision asking
process ~

The purpose of this chapter is tc il lustrate the use of stochastic
dominance--a deci ~ ion theory technique for aaiing decisions nader uncer-
tainty, Stochastic doainance rules delineate a set of actions  such as
alternative season openings! that would be preferred by alp risk-averse
individuals, Actions not aeeting this criteria can be safely discarded by
the fishery aanager. The tecbnique ia applied to the resul ts of the bay
scallop harvesting prob lee. k payoff matrix with a hypothetical set of
probabilities is developed and presented in Subsection 4,2, and stocbastic
dominance is applied to the problea iu Subsection 4.3,

4.2

4 payoff matrix is a table showing the benefits for escb action and eacb
"s tate of the wor 1 d", The payoff aatriz for the bay sca 1 Iop harve st ing
problem with q 0.0002 and E 540 is presented in Table 5, In this exanplc,
the states of the world are represented by coabinations of three exogenous
variables--price I eve 1, cost level and population size. The actions"
being, considered by the decision aeter are tbe four alternative season
openings  t 4, 5. 6 or 7!.

Benefits were aeasured as the cuaelative net present value of tba total
harvest. These were deterained by finding the optimum X t!! ~afta fixing the
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opening date to one of the four alternatives, The cumulative net present
va Ice associated with this X�! is the maximum payoff for s given opening
date aad state of the «orld  that is. a coastrained aolutian!. Use of these
values in the payoff matrix ijap licitly assujacs that fisberaen «i 1 1 optimize
their fishing effort subsequent ta thc season opening, thus stopping at
exactly the optima I time. It is probably nat possible for the barvestiug
sector to respond in this way, but the assumption is necessary to provide a
common basis for calculating payoff s. Payoffs ~ ssociated with the
unconstraiaed optimal solutioas are indicated by an asterisk ia Table S.

By construction, none cf the four actions dominates the others. That
is, each actioa is optimal for st least aae state of the world. This occurs
because each alternative was obtained as a solution ta the optimal cantrol
model. Examination of the payoff matrix iadicates, however, that most of the
optimal solutions are associated with t=5 or t=6.

In addition to calculating benefits for each outcome, probabilities must
be assigned ta each valae of the exogenous variables. The selectioa af these
probabilities is important, as the choice may change if the probabilities
change. For variables coatrol led largely by physical factors � such as «ster
temperature--probabilities can be assigned oa the basis of distributions of
past events. For other v ~ rfabl as. probabilities must be assigned
subjectively, reflecting the decisioa maker's best judgment. For

price levels, two cost levels aad five population sixes in the bay scallop
problem as fol lees,'

Prob xs=13,000,000! ~ 1/9
Prob x<=18,000,000! - 2/9
Prob x -23.000,000! = 3/9
Prob ra<28.000,000! ~ 2/9
Prob xa 33,000,000! = I/9

Prob high price levcI! = 2/3
Prob low price level! = 1/3

Prob high cost leveJ!
Prob  lo«coat I eve I!

= 1/3

2/3

Usiag these probabilities, the expected value for eacb af the four
a ternative actions was calculated  Table S!. Opening the season in the
sixth week  t-S! has the highest expected value �1,135!, fol lowed closely by
t=4 �9,871! and t~6  S9,226!, Opening the season ia the eighth week  t=7!
resu I ts in a much lower expected value �0,947!, k risk-neutral indiv id«a I
«auld select t=5 as the best seasan opening. since it haa the highest
expected payof f  g iven the se 1 ected probabi1 ities!. A risk-averse
individual, ha«ever, is aors interested ia thc probabilities associated «ith
the lo~er payoffs.
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The joint probabi l ity for each of the 20 outcomes «as calculated as the
product cf the three probabilities associated with each set of exogenous
variables. This assujaes the variables are independent, «hich is a reasonably
safe as sumpt ion here, If independence caanot be assumed, bo«ever.
conditional probabilities should be used.



Table 5, Payoff eatrix of cumulative net present value �967 dollars! for
the bay seal lop barveatinl problea  q&.0002, E 540 boat-days!. Asteriais
indicate maxi' value for each state of the rorld,

Weak of Season Opening
Joint

probabi1 ityState of the rorld

0 0 0
0 0 0

4052 8866 10239e

22893 28110e 28406

47180 51870a 44280

0 0 0
1983 5753 6829e

21175 25036 25276 '
46594 49510a 46537
74936 7723 7 ~ 67799

12025 14895 15414a

5163 7 53 920 e 49191

100642 10173 6e 83008

154 969e 151419 116820
212422e 201102 150632

69871 71135 59226 20947

-403

2460 3789 3818

lor coat = 34.04, high coat ~ 42,55 dollara per boat-day,
lfillioas of scallops

Expected value = P.X-j
j

rbere P ia tbe probability of tbe jth at ~ ta of tbe rorId and X. is tba
payoff fLr the jth state of the rorld. J
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Price=lor, Cost~high
z =13

za 18
za=23
za=28
xe~33

Price=low, Coat~lor
za=Z3
x, 18
za =23
za=28
za 33

Price=high, Coat high
x i ~13
za 18
z,=23
za=28
x i =33

Price=high, Cost= lor
ra=13
za=18
z!~23
za 28
ra=33

Expected value

Lorest payoff

Nex t- to- I ore s t payo f f

-403

26919

68376
117791

170996

2460 3789
30165 31065a

71919e 64877
119718e 98689

171734 ' 132500

0 0
6613

12982

19351

0

4781
11150

17519

23888

3818e

13406
23432

33457

43483

7918

17943

27969

37994
48020

0.012

0.025

0.037

0.025

0.012

0.025

0.049

0.074
0.049

0.025

0.025

0.049
0.074

0.049

0.025

0,049
0.099

0.148

0,099
0.049



Stochastic dominance rules were derived to choose between two actions
 such as alternative season openings! by comparing the payoff probability
distributions. As indicated above, a risk-neutral decision maker needs only
an expected value to make a decision. But a risk-averse decision naker needs
to know what the t radeo f f s are for the ~tire ~ran e of pos alibi l ities.
Consider, for example. the choice between openiag, the bay seal lop season at
t=5 versus t=7. The probability distributions for tbese two actions are
contrasted in Figure 5. Examination of Figure 5 indicates that most of the
distribution for t=7 is to the left of the distribution for t=5, indicating
that it is associated with lower payoffs in general.  The expected valve for
opening the season at t=5 is over three tijses that for t-7.!

Stochastic dominance rules provide criteria that would be acceptable to
all risk-averse decision makers for selecting one distribution over another.
%hen one distribution can be shore to be preferred, it is said to
"dominate" the other distribution. The dominated distribution � and it' s
corresponding action--can tbeu be eliminated from the list of alternatives.
h good discussion of stochastic dominance, including matbematicai proofs and
examples, can be found in Anderson �974!. Only material essential for
understanding and applying the procedure is repeated here,

There are two categories of stochastic dominance that are used in this
paper'-

I! first degree stochastic dominance  FSD!, which applies to all
indiv jduaI s, including those who are risk-loving and risk-neutral,
snd

2! second degree stochastic dominance  SSE!!, which applies only to risk-
averse decision makers.

Additional degrees of stochastic dominance can be generated  see Anderson
�974!!, but they are applicable to seal ler sets of decision makers.

The rules of stochastic dominance come from the fol lowing two theoreas
 hnderson 1974!:

Theorea I; The probability distribution for action h dominates the
probability distribution for action B by PSD if and only if the
cumul ative probability distribution for action A is less than or
equal to the cumuIative probability distribution for action B at el l
payoffs, with strict inequality for at least one payoff.

Theorem 2; The probabi I ity distribution for action A dominates the
probabil ity distribution for action B by SSD if and only if the
cumulative ares under the cumulative probability distribution curve
far action A is less than or equal to that for action B at al 1
payoffs, with strict inequality for at least one payoff.
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The principle of FSD is demonstrated in Figure 6, The probabi 1 ity
distributioa function for two al tezuative actions is shown in the upper
panel, and the cumulative probabi 1 ity distribution is shown in thc lo«er
panel. The distribution for action h is represented by " ~ eee" and that for
action B is represented by "gggg". h dominates B by FSD since the payoffs
for A are higher at every cumulative probability level.  In other ~ords. the
cujaulative probabi 1 ity distribution curve for h is to the ~rLht of--or
occasional ly coincident to � that for B over the entire range of payoff s,! In
this case, al 1 individuals would prefer action h to action B. If thc
cumulative probability distributions were to cross over, as shown in Figurc
7, thea the test for FSD fails.

Thc principle of SSD is demonstrated in Figure 7, Two different
probability distributions are contrasted; '' bete'' represents action C and
"44M" represents action D. Since the cumulative probability distributions
intersect, the FSD test fails. Up to the point where they cross over, action
C would be preferred to action D because of the higher payoffs at each
probability level. But to the right of the crose-over, the situation is
reversed and action D results in higher payoffs.

The test for SSD essentially determines whether the decision maker would
trade the gain in payoffs at the low end for the loss at the high end if hc
selected action C. To determine this. the cumulative area under the
cumulative probability distribution is compared for the two actions. hs the
theorem states, if the cumulative area for C is consi ~ tently less than  or,
at some points, equal toj the cumulative area for action P. then action C
wil 1 dominate by SSD. This is the situation demonstrated in Figure 7, as
shown in the bottom panel. hl 1 risk-averse indivi4uals would prefer action C
to action D because payoffs for action C are not only higher than those for
action D at thc lower payoffs, but they are high enough to offset the
possibility of losses at the high end of the payoff scale, Action D could
never dominate action C. however. because of the potential for losses at the
low payoffs. Ihereas some risk-averse decision makers would be wil ling to
make the tradeoff. there are always some who would not.

The calculations needed to establish FSD or SSD can be time-consuming
when there are several actions to compare or several states of the world.
The fo1 lowing three coro 1 1 aries of Theorems 1 and 2 are he lpful in reducing
the number of compar isons:

Corollary 1: FSD implies SSD,

Corallary 2: The dominating action cannot have the lowest payoff.

Corallary 3. The dominating action must have a higher expected
payoff.

The first two carol 1 aries are readily apparent from Figures 6 and 7, The
proof for the last corollary is in hnderson �974!. In the event that thc
two distributions have the same lowest payoff with the same probability  as
is the case in the ezaaple below!. Corol lary 2 extends to the neat-to-the-
1 owest payof f.
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Applying these corollaries to the bay scallop problem, there is only oae
test possible: Does t~S doainate t~47 By corol lary 3, ao action can doainate
t 5 since it has tbe highest expected value. And ~ ince t l has a lower
~:iniaua payoff, there is the possibility that t 5 can doniaate t=4 by FSD or
SSD, The lowest payoff and its probability are tbe sane for t S, t 6, and
t 7. Since the next-to-the-lowest payoff fox t 5 is lower than that fax t=6
and t~7. it could not dominate those actions. Sia ilarly, the next-to-the-
lo«est payoff for t 6 is less than that for t 7, preventing that comparison.
Bnt because t 7 has the lo«est expected value, it cannot do|sknate any of the
others,

The probability distribntious, caaulative probability distributions, and
cujsulative area under the cuaulative probability distributions are contrasted
for t 4 and t 5 in Tab 1 e 6. Coapar iag, the cuau 1 a tive probab i 1 ity
distributions, that for t 5 is lese than that for t 4 at all but one payoff
 indicated in Table 6-2 by an asterisH, causing the test for FSD to fail.
Bo«ever, the test fax' SSD passed, The caan1 at Jve area far t-4 «ae greater
than that for t=5, indicating that t~5 doainates by SSD. Consequently, the
option to open the season at t~4 can be discarded, leaving t 5, t 6 and t 7
as feasible alternatives,

One weakness of the stochastic doaiaance approach is its emphasis on the
low end of the payoff scale, For czaaple, it could not be demonstrated that
t=7 was doainated by any of the other actions. even though it bad a a«ch
lo«er expected value and nest oi the distribution was clearly associated a itb
lower payoff s. This occurred because t-7 «as "bet ter" at only one poiat-
the lowest aon-acro payoff  indicated by an asterisk in Table 7!.
Furtheraore, the difference between the payoffe at this point waa only 29
dollars. Only an extresely rist-averse individual would be unwilling to
trade this gain for the substantial increase in payoffs that would occur for
t=6 at al I other states of the world, Nonetheless. the regulator could still
discard t-7 from tbe set of regulatory options. rationalixing that only a
very snail ainority would object, Thus. tbis analysis can provide insight
for use in making subjective se 1ections.

ht this point, the fishery manager aust select one of the reaaining
options on the basis of other factors not included in the probl en formu-
lation. For ezaapke, the potential for natural aort ~ Iity to occur due to
catastrophic events  such aa hurricanes or severe cold! always exists. but is
difficult to define and include in the equation of aotion. Another iaportant
fac tox that is dif f ical t to node 1 ie the ef fecte of inc l iaate weather on

effort levels. High winds and soaetiaes ice and snow can prevent fisheraen
fxoa seal loping. hcoounting for tbese factors subjectively would favor
opening the season on one of tba ear? ier alternative opening dates. hlso,
political realities may influence the decision,

But even though a single "be ~ t" solution cannot usual ly be obtained
using the combined tools of opt iaal control theory and stochastic doainance,
the options facing the fishery manager can ba reduced. Perhaps aost
iaportant, ~t ~i~g pgygyg ~ g gsa~niip~i ~is ya which to a~ac ~an
d~cf e n ~hi ~~iyp,



Table 6. Distr ibut ious for two a I ternative season openings for bay
seal lops--t=5 versus t 4- � for use vith stochastic doainance rules.

Caau I at i v e a re aC~E at ive

probab i I i ty
distributions

Probability
distributions

t~5 ainus t=5t=4Payoff

Ceaulative area under the eeaulative probability distribution,
Since this difference is positive for each payoff, t=S is stocbastioal ly

dominant,
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Table 7, Distribntiona for two alternative season opening ~ for bay
seal lopa � t 6 versus t 7 � for uae aith stochastic doainance rnlea.

Cumulative areaCamalative

probabi 1 ity
diatribntiona

Probab i l i ty
distributions

t=7

t=7 ainns t=6t-6t-6 t+7Paya f f

Cuavlative area ender

Since this dif ferenca

doainant.

the eaaalntive probability diatribntion.
ia negative at two points. t 6 ia not atoehastieal ly
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CK|PDE 5, SUMIARY AND INCLUSIONS

A bioeconomic optimal control model «as constructed fax the bay sea l lop
f ishery to determine the optimal season opening/closing schedule. I|notes
«ere not imposed in the model, nor vere there restrictions on the number of
f ishing days el laved per reek. Other regulations in current practice in
North Carolina vere maintained. 120 separate scenarios «ere created using
tvo price estimates, tvo cost estiaLates, five population siae estimates.
three estimates of the catcbability coefficient and two effort levels. Four
possibilities for the optiaal ties to open the season resulted, ranging from
the second week in January to the first wee? in February. Applying
stochastic dominance to a subset of these solutions using a set of
hypothetical probabilities for the states of the world reduced the
s I ternative opening season dates to three. The cuxrent practice of opening
the season in early december «as sub-optimal for all scenarios.

The corresponding season for the unregulated case ras also determined
far each of the 120 input combinations. The unregulated case represents the
time «hen it is profitable to harvest scallops under the assumptions of the
model but with the opportunity cast of harvesting set equal to aero. Season
openings ranged fram the first «ee? of December to the last ree? of January.
The optimal solution with regulation was typically t«o-three weeks later than
the solution fox the unregulated case. Belaying the season apening substan-
tiallyy increased the present value of the harvest for a I I comparisons.

The results of this analysis clearly suggest that gains can be obtained
by de laying the opening season far bay sca I lope beyond the tx'adit iona I
December opening. The size of the gain depends on pxices, costs, population
sixes and other variables. Gains el so come from el iminating the quota aud
daily fishing restrictions. The basic princip?e behind optimal hax'vesting of
a resource throwgh time is to delay harvesting only until the increase in
value of the resource is no longer greater than the return that could be
obtained by harvesting the resource and investing the proceeds elsewhere.
For an annual fishery such as the North Carolina bay scallop fishery, the
optimal harvest stxategy would be to apply as much fishing, effort to the
fishery as possible  and sti1 1 maintain profitability to each unit of ef fort!
ance the optimal time to harvest has arrived, The restrictions on catch and
effort are inherently inconsistent witb this optima I harvestiug strategy.

While this analysis provides useful insight into the problem of when to
open the bay scallop season, there are several aspects of the model that
should be further developed before the madel can be routinely used to predict
the season opening, The assumption of a constant effort level throughout the
entire harvest season is perhaps the most implausible aspect of the model.
As discussed earlier, fishing effort is a function of expected profit, which
in turn depends upon costs, market price and the density of the scallop beds.
In addition, effort in the first few wee?s of the season is gree.ter because
of participation by part-timers «ha stop fishing when the weather gets colder
and the population becomes less dense. Ia order for the model to be
responsive to these factors, a supply function for effort needs ta be
developed in a manner similar to that used by Kel logg �98S! for the Nev
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River shriap fishery. lt thc ties of this stndy, snfficcnt date for such a
fnnetion did not exist, and only ad hoc estimates of fishing effort conld he
nsad,  Sec Section 9,5 for rccceecndstions on fnrtber research needs.!

Another oversilspl ificatian cabodied in the aodel is the sssmption af
sero natnraI mortality dnrinI the harvest season. The effect of non-zero
natnra 1 mortality on the solution would be an earlier season opening than
predicted here.  Some insight into thc affects of non-xcra natural aorta lity
can bc obtained by coaparing the effects of different levels of fishing
aortality  sce hppandix B! on the opening data.! Incorporation of s natnral
nortnlity coefficient in thc agnation of aotion wonld bc a nsafnl refinement
to tha aodel, bnt this rcfinaaent mst await the availability of a snitablc
mortality estimate.

Bioeconoaia optimal control aodals are not tha only inpnt that should be
nsed by the fishery aanagcr in proanlgating regn1ations. Some aspects of s
fishery are not easily iacorporatad into a model, such as kncoaa re-
distribntion, political rea1 itias, dynanics of ecosysteas, and catastropbic
weather events. Bat management mdals can provide iaportant insights that
cannot be obtained in any other way. For exsjspie, it wonld be difficnlt to
avalnstc the coat cffeetiveness of a proposed regnlntion witbont nse of a
sanageaent model. The axsaple presented ia this stndy shonld be sscfnl ss a
guide for davelopacnt of aanageaent models for other fisheries,
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The follawing program. is written in IBbl-PC Basic.

10 REM BAY SCALLOP PROGRAM
20 REM
30 REM FUNCTIONS USED IN THE PROGRAM
40 REM
50 DEF FNCUMTEMP T! =20 .203* T+4 .3! -1 .0l2* T+4.3! "2

+.027* T>4.3!"3
60 DEF FNSHELLS CT!T!=6.378*�-EXP .0298* T+4.3! � .0065*CT!!

+5.9'EXP .0298* T+4.3! � .0065"CT!
70 DEF FNKAX SHELLS! =.027+SHELLS 3
80 DEF FNB CT,T!=-.4415+ T+4.3!+.0969*CT-.0034* CT"2!/ T+4.3!
90 DEF FNMEAT MAX,B!=.002205» MAX"�-EXP -B!!+2.522"EXP -B!!
100 DEF FNDISCQUNT T!=EXP -.001827*T!
110 DEF FNPRICE T!=-4 ' 249041274+4.73008E-03+INCOME

-3..85448147I~SEAP+.562242384~SEAPl+1.690721164*SKAP2
� .000000547614074*CALQ+.386611944~T-4.133764E-02* T"2!
+1.19521E-03* T"3!

120 U$="44 4444f00 5 4.44tfll 4400%44% 44444444 4'0'.4444
444444 .44444 tkNN4N$f 444'4$444"

130 REM
140 REM INITIALIZING VARIABLES AND SETTING CONSTANTS
150 REM
160 X0=23000000 VALUES USED ARE 13~ 18~ 23' 28 AND 33 MIL
170 X=X0
180 Q=. 0002 ' VALUES USED ARE .0001, . 0002 AND .0003
190 QPRINT=Q
200 REM SEE LINE 990 AND 770 WHERE Q IS ALSO INITIALIZED
210 E=540 'VALUES USED ARE 540 AND 750
220 LIMIT=50*435 'CHANGE "50I TQ QUOTA IF DESIRED
230 CUMPV=O: CUMHARV=0
240 COST=42.55 'VALUES USED ARE 42.55 AND 34.04
260 REM EXOGENOUS VARIABLES FQR THE PRICE FUNCTION
270 REM VALUES USED ARE: 1980-8l 1981-82
2 80 REM
300 SEAP=2[ 2.00 1,31
310 SEAPl=2! I 2.00 1.31

320 SEAP2=2! 2,00 1.31
330 CALQ=531369! 531,369 l,084,457
340 INCOME=882 882 887
360 REM
363 PRINT COST=~;COST;"SKAP=" SZAP;"E=";E'"Q=" Q X=";X
370 INPUT 'INITIAL VALUE FOR LAMBDA"yLAMBDA
380 REM
420 PRINT " T" TAB�! "SWITCH" TAB�1! "PHI TAB�6! LAMBDA"

TAB�6! 'X' TAB�2! "HARVEST" TAB�1! "PRICEPER" TAB�3!
"PV" TAB �8! Q" TAB �5! CUMPV" TAB �2! "CUMHARV"

430 REM
440 REM THE MAIN PROGRAM
450 REM
460 FQR T=0 TO 17
470 XPRINT=X
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480 LAMPRINT=LAMBDA

490 IF Q*X!LIMIT THEN Q=LIMIT/X ' CORRECTS Q WHEN LIMIT BINDS
500 PRICE=FNPRICE  T!
5IO DISCOUNT=PNDISCOUNT T!
520 REM

530 REM CAICULATION OF MEAT SIZE AT TIME T
540 REM

550 CT=PNCUMTEMP T!
560 SHELLS=PNSHEL LS  CT, T!
570 MAX=PNMAX  SHELLS!
580 B=FNB  CTi T!
590 MEAT=FNMEAT MAXgB!
600 PRICEPER=PRICE*MEAT
610 REM

620 REM CHECK TO SEE IF SEASON SHOULD OPEN THIS WEEK
630 REM

640 SWITCH= PRICE*NEAT*E*Q*X-COST*E!*DISCOUNT-LAMBDA»E»Q*X
650 REM

660 IF SWITCH� THEN PHI=O
670 IF SWITCH� THEN PHI=?
680 IF SWITCH O THEN PV=0
690 IF SWITCH O THEN HARVEST=O
700 IF PHI=O THEN GOTO 14l0
710 REM

870

880

890

900

910
930

940

950

960

970

980

990

REM

Q=.0002 'RE-SETS Q To Q AT TIME T

720

730

75O

760
770

780

790

795

800

810

820
830

840

850

860

REM CALCULATION OP NEXT X AND LAMBDA IP SEASON IS OPEN
REM CALCULATES PRESENT VALUE AND HARVEST FOR THE WEEK
HARVEST=O; PV=0
FOR N=I TO 10

{}=.0002

IF {}*X!LIMIT THEN {}=LIMIT/X 'ADJUSTS {} IP LIMIT BINDS
IF {}*X!LIMIT THEN QPRINT=LIMIT/X 'DETECTS Q CONSTRAINT
H=.l

REM CALCULATION OF PV AND HARVEST
REM HOLDS MEAT SIZE, PRICE, AND DISCOUNT CONSTANT
FOR THE WEEK

StJBHARV=H*Q*E*X
SUBPV=H* PRICE»MEAT»E*{}*X-COST*E!»DISCOUNT
HARVEST=HARVEST+SUBHARV
PV=PV+SUBPV

REM CALCULATION OF X-DOT WITH RUNGE-KUTTA
K 0X = -E*{}» X
KIX=-E*{}*  X+. 5*H*KOX!
K2X=-E*{}* X+.5*B*KlX!
K3X=-Z*{}*  X+H*K2X!
X=X+   H/6! *  KOX+2*K1X+2»X2X+K3X!

NEXT N

REM

REM CALCULATION OF LAMBDA-DOT WITH RUNGE-KUTTA
REM ALLOWS DISCOUNT, PRICE AND MEAT SIZE TO CHANGE
WITH EACH ITERATION

REM HOLDS {} CONSTANT AND EQUAL TO Q AT TIRE T



l. 000

1010

1020

1030

1040

1050

1060

1070

1080

1090

1100

1EI0

1120

1130

1140

1150

1160

1170

1180

1190

1200

1210

1220

1230
1240

1250

l260

1270

1280

1290

1300

1310

1320

1330

1340

1350

1360

1370

1380

1390

1400

1410

1420

1430

l 440

l445

l 446
l450

'RT STANDS FOR REAL TINE IN WEEKS

DISCOUNT=FNDISCOUNT RT+,5*H!
CT=FNCUNTEMP RT+.5*H!
SHELLS=FNSHELLS CT,RT+,5*H!
MAX=FNMAX SHELLS!
B=FNB CT,RT+.5*H!
MEAT=FNMEAT MAX,B!
PRICE=FNPRICE RT+,5*H!

IF Q+XPRINT! LIN IT THEN Q=LIMZT/XPRINT
REM

FOR J =1 TO 10

H=.l

RT=T+ J-1!*H
REN

REN CALCULATION QF K0

REM

KOL=K*Q*LAMBDA-PRICE*MEAT*Q*K*DISCOUNT
REN

REN CALCULATION QF Kl AND K2

REN

REM

K1L=E*Q* LAMBDA+,5*H*KOL!-PRICE*NEAT~Q*K+DISCOUNT
K2L=E+Q* LAMBDA+.5*H*K1L!-PRICE*NEAT*Q*K*DISCOUNT

REN

REN CALCULATION OF K3
REM

DISCOUNT=FNDISCOUNT RT+H!
CT=FNCUMTEMP RT+H!
SHEILS=FNSHELLS CT,RT+H!
NAX=FNMAX  SHEI LS!
B=FNB CT,RT+H!
NEAT=FNMKAT MAX,B!
PRICE=FNPRICE RT+H!

REN

K3L=K*Q* LANBDA+H+K2L! � PRICE»NEAT"Q"K*DISCOUNT
REM

REM CALCULATION OF LAMBDA

REM

LAMBDA=LAMBDA+ H/6!* KOL+2*KlL+2"K2L+K3L!
NEXT J

IF LAMBDA� THEN LAMBDA=O 'THIS KEEPS LAMBDA POSITIVE
REM

CUMPV=CUMPV+PV CALCULATION OF CUM. PRESENT VALUE
CUMHARV=CUNHARV+HARVEST CALCULATION OF CUM. HARVEST
PRINT USING U$;TgSWITCH,PHZ~LAMPRINT~XPRINTpHARVESTp
PRICEPER,PV,QPRINT,CUNPV,CUMHARV
NEXT T

PERCENT=CUMHARV/X0
PRINT "percent='.PERCENT
END
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