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INTRODUCTION

The timing of the opening for a seasonal fishery such as the inshore
shrimp fishery cap potentially influence the total revenue obtainable from
the fishery. The traditiomal approach ia North Carolina has been to open the
shrimp fishery when the shrimp have reached & marketable size., However,
shrimp increase in value as they grow, both from weight gaio sand higher
market prices for the larger size groups. Thus it is possible that a later
seaSOn Opening may increase total revenue,

The purpose of this study is to determine the optima) time to open the
harvest season for two North Carolins shrimp fisheries——the New River fishery
22d the Pamlico Sound fishery {exclusive of tributaries and bays). The
geners! seasonal harvesting model developed by Eellogg (1985) is adapted for
use in the analysis. Optimal solutions were generated for several different
sceparios by varying natural mortality, initial population size and price.
Solutions were thenm compared to the ''unregulated’ case to determine if the
season opening should be delayed beyond the time when shrimp reach marketable
size.

OPTINAL TINING OF HARVEST FOR THE NEW RIVER SHRINP FISHERY

Brief Description of the New River Shrimp Fishery

The New River estuary is located in Onslow County, North Carolina.
¥hereas it is an important fishery locally, the New River share of the total
valne of the shrimp cateh im Nortk Carolina has generally been below §
percent. The estuary is nmique in that most of the tidal portion of the
river basin is surrounded by Camp LeJsune, a military base, As a result,
there has been little or no commercial developwment within the estuary,

Three species of shrimp are harvested commercially in the New River:

brown shrimp (Pepseus agtegus), pink shrimp (Pepgens duorazum), snd white
shrimp (Peppeus setiferns). Brown shrimp is by far the most important

spacies, typically constituting 70 to 90 percent of the annual shrimp catch
(Tabla 1). Brown shrimp are barvestsd from about mid-June through September.
¥hite shrimp represent only a very small proportion of the total catch (0.4-
2.8 percent), even in & year that is favorable for the growth of the spacies
{such as 1980). White shrimp (when present) are harvested late in the yoar,
from September through November. Pink shrimp are harvested during tweo
periods. Overwintering adults (“early’’ pink shrimp} are harvested in the
spring from May oatil the end of June, after which time most of the
population has migrated out of the estuary. A second pink shrimp Rarvest
(""late’ pimk shrimp), with young shrimp that migratod into the estuary ia
the early spring, occurs from mid-August uotii Nevember. The siguificazce
of pink shrimp in the commercial catch varies from about 10 to 30 perceat.



Table 1. Summary of arnual cateh statistics for the New Piver sarimp
fishery. Data from the Livision of Marine Fisheries,

Number
of weeks Anngpal
Harvest in catch % of Total pumber?
period harvest (pounds annual of shripp
Year {month/day) period heads—off) catch harvested

Early Pink Shrimp

1879 3/29-7/6 15 24735 8.8 1,502,362
1980 5/1-6/20 g 16732 5.8 885,031
1981 5/22-6/30 7 6951 19.6 373,012
1982 5/1-7/9 10 10485 4.6 641,187
Brown Shrimp
19879 6/29-10/29 21 242083 86.6 11,753,993
1980 6/5-10/17 21 256383 89.1 14,398,666
1981 6/30-10/1 14 25472 71.8 985,906
1982 6/11-10/9 19 184700 8G.8 9,144,577
Late Pink Shrimp
1979 8/14-12/19 19 10706 3.8 779,964
1980 9/5-11/17 11 6543 2.3 465,555
1981 B/14-11/6 13 2538 7.2 167,195
1982 8/14~11/1% 15 32660 14.3 2.049,315
White Shrimp
1979 16/19-12/16 7 1973 0.7 159,285
1930 8/15-11/28 1§ 2110 2.8 332,511
1981 9/15-10/1 3 512 1.4 22,016
1982 8/28 1 840 0.4 36,120

8Caleonlated by multiplying the catch in pounds times the median of the
size range reported in units of number per pound and then stmmed over
all records.




The life histories of the three species are similar, Eggs are spawned
and hatch in the ocean. The voung migrate to estuvarine nursery aress whers
they grow rapidly into juveniles and subadults. They then retura to the
ocean where they become sexually mature, spawn, aund die.

The commercial catch statistics reported by the Division of Marine
Fisheries (see Eellogg 1985 for a compilation of this dataset) identifies
three geartypes for the New River: 1) vessel (craft weighing 5 toms or more
and registered as a merchant vessel of the United States) usimg shrimp
trawls, 2) boat (any craft not identified as z vessel) using shrimp trawls,
and 3) boat using champel nets. Channel nets are a passive form of
collection gear, capturing shrimp that are migrating toward the ocean,
Approximately 55 to 65 percent of the catch is taken by boats using shrimp
trawls, 20 to 35 percent is taken by vessels, and 10 to 20 percent is tzken
by channel nets. For the 1979-1982 period, the yearly average catch per
effort (i.e., average catch per daily fishimg trip} was 30 to 120 pounds per
boat for skrimp trawls, 8C to 1000 pounds per vessel, and 100 to 300 pounds
per boat for chemnel nets.

A prominent characteristic of the shrimp market is the dependence of
price om shrimp size. Larger shrimp bring a higher price than smaller shrimp
(Table 2). (Exceptioms occur in Table 2, but probably result from averaging
over different time periods within the year.) In 1980, for erample, New
River brown shrimp in the 26 to 30 per-pound category (heads off) sold for
435 dollars per poend (ex~vessel price). However, brown shrimp in the 61 to
70 per-pound category sold for only 1.89 dollars, a price difference of
nearly 2.50 doilars per pound. This increase in price with incressimg shrisp
size and the rapid growth rate exhibited by shrimp during the potential
harvest season are two reasons why the timing of harvest is important.

The North Carolina Department of Natoral Rescurces, Division ef Marine
Fisheries (DMF) is respomsible for the promulgation of rules and regulations
governing the harvest of shrimp in North Carolina. The principal regulations
involve opening and closing the harvest season in secondary nursery areas and
designation of primary nursery areas. Primary aursery areas—such as small
crecks and bays——are defined by regulation and are closed at all times.
Secondary norsery areas are opened and closed by proclamation. The DMF
traditionally has opened the season when shrimp were large e¢nough to have
commercial value.

The overlap betwesn the brown shrimp harvest season and the pink shrimp
harvest seasops results in a potential discard problem. Small brown shrimp
are sometimes collected as tycatch during the harvest for early pink shrimp,
and small late pink shrimp are often collected as bycetch during the harvest
for brown shrimp. When these shrimp are too small to have any commercial
value, they are discarded, and are thus lost to the fishery (see Waters et
al. 1980},

A description of the economic chsracteristics of the Sonth Atlantic
shrimp fishery is presented in South Atlantic Fishery Menagement Conncil
(1981), including the ex—vesse¢l market, the domestic wholesale market, the
export market and a description of businesses, markets and organizations
associated with the shrimp fishery.



Table 2. Prices and annual catch statistics for New River shriop by
species and size class, all geartypes combiped. Date frem tke North
Caroliva Division of Marine Fisheries. Weight is in pounds (heads
off), and price is in dollars Fer pound.

Species

Early Pink Brown Late Pink White

Shrimp
per pound Avg. Avg, Avg. Avg.
Year (heads off) Weight price Weight price Weight price Veight price

1979 26-30 - - -- -- -- -— -- -—
31-36 -— - 1152 4.37 - - -- -
36-40 - - 5041 3,98 - -= - -
41-45 46 2.65 15069 3.46 . - - -~
46-50 - ~— 192087 2.71 - - - -
51-58 6197 2.75 12958 2_90 2557 2.96 —_ -
56-60 7891 2.96 9418 2,95 1426 2.59 - -
61-70 9341 2.75 5857 2.65 486 2.16 421 2,60
270 1260 2.41 500 2.19 6237 2.53 1552 2,17
Total 24735 2.80 242083 2.81 10706 2.58 1973 2.26
1530 26-30 - — 878 4.33 —— -— - -
31-3¢6 487 3.28 — - -— -- 2925 3.09
36-40 1186 3.11 14552 3,31 - -~ 1628 3.01
41-45 18% 3.15 19745 3.18 -- -— 1440 2.94
46~50 4145 2.76 63353 2,92 376 2.65 1523 2.86
51-55 1750 2.61 28451 2.80 1354 2,59 71 2.90
56-60 8780 2.48 54108 2.07 - ~— -~ —
61-70 B8 2.40 55760 1.89 1668 1.86 456 1.175
>70 107 2.40 19536 1.90 3145 1.64 67 1.75
Total 16732 2.64 256383 2.47 6543 1.95 3110 2.92
1981 26-30 - - 1920 3.71 - - _— —_
31-36 38 4.00 5475 3,52 - - - -
36-40 - - 7626 3.3% - - - -
41-45 1728 3.68 85713 3.42 -— - 512 3.32
46-50 - - 1298 3.35 - - - -
§1-55 1855 2.99 580 4.00 - -— - -
56-60 2473 2,55 - - 228 2.60 -— --
6170 857 2.36 - — 2123 3.03 — -
270 — —_ - - 1%0 2.50 -_— -
Total 6951 2.93 25472 3.46 2538 2.95 512 3.3



Table

;

{contirued)

Year

Species
Early Pink Brcwn Late Pink White
Shrimp
per round Avg. Avg. Avg. Avg.
{heads off) Weight price Veight price Weight price Weight price

1982

26-30 - -- -
31-36 - - 3249
36-40 215 5.0C 3765
41-45 881 4.64 351603
46-50 346 4.81 48148
51-55 803 4.00 43717
56-60 1289 3.51 28422
61-70 6481 3.32 4637
270 470 3.24 1119
Total 10485 3.59% 184700

3
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.82
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.27
.21
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10218 3.45
7087 3.30
10423 3.25
4932 3,12

32660 3.30




The Model

The general seasonal harvesting model presented in Kellogg (1985) was
adapted for spplication to the New River shrimp fishery. The problem
contains three state variables, ome each for the population dynamics of brown
shrimp and the two year classes of pink shrimp. White shrimp were exc¢luded
becanse they constitnte a negligible portion of the fishery.

At the time of this study, the channel net fishery was unregulated, and
thus was not sebject to the ¢pening/closing schedule. (Channel gpets were
included wnder proclamation authority im October, 1985.) Moreover, chanpnel
netters use passive gear and collect only shrimp that are migrating to the
open ocean. The channel] net cateh would be modelled as natural mertality
whether or not the shrimp were captured by channel netters or migrated to the
ocean. (For the present study, no distinction is made between emigration and
mortality.) Consequently, the activities of the c¢hannel net fishermen have
no bearing on the optimal timing of harvest, and are excluded from the
analysis.

The New River shrimp harvesting problem can be formally stated as
follows:

T
mazimize PV = j {[P{g;,t,w)g;(z.t)x,(t)+P(g;.t.w)g;(z.t)x,(t}
with respect to e
() +Plgy.t.wig;(z,t)x,(t) 1qE(R, t)

-¢yE(R, t)}e Bt 9(¢) 4t

X1 = Falz,t)xy(sy) - Mylx,,z,t) - gE(R, t)x, (t) &(t)

X,(s4) given and x,(t)>0,

X3 = Fa(z,t)xa(23} -~ Ma(xs2,2.t) - qE(R, t)xa{t) @{t)

X2(s3) given and x,(t)}0,

2y = Fo{z,tlxy{s,) -~ M;(x;.2.t) - qE(R, t)x, (t) O(t)

Xy{2;) given and x,(t))0,

whore
P(gi,t,w) = the markot price equation in dollars pér pound,

8;(z.t) = the shrimp size equation for species i in pounds per shrimp,




w = vector of excgenous demand variables,

Z = vector of environmental variables,

xi(t) popelation size in numbers for species i,
E(R,t) = the fishing effort equation,
R = the return per standard unit of fishing effort,

g = the catchability coefficient for the standard wunit of
fishing effort,

€y = cost per unit of effort,

the recruitment function for species i,

Fi(zot)

the natuoral mortality function (inc¢luding emigration) for
species i,

Mi(lilz.t)

i=1 ==) brown shrimp,
i=2 ==} early pink shrimp,

i=3 ==» late pink shrimp,

t = time in units of weeks starting from April 1, and
s; = the time when species/cohort i first becomes vulnerable to
captare.
#(t) = the decision variable ( (t)=0 implies 8 closed season and

@{t)=1 implies am open secason).

The purpose of this wodel is to determine the season openring/closing
schedule, &(t), that maximizes the discounted present valne of net returns
to the harvesting sector. The potential harvest sesson spans April 1 (t=0)
to December 31 (t=T). The weekly discount rate, &, was set equal to 0.001827
for this study, which is eqnivalent to an annval discount rate of 10 percent.
This is a real rate, which is required because all prices and costs are in
units of mainflated dollars (1967 dollars),

Note that the market price equation, P(gi,t.v), is not a function of the
quantity of New River shrimp harvested. Waters (1983) demonmstrated that the
shrimp industry in North Carolina is a *‘price-taker.'” Consequently, ex-
vessel price is determined om the batis of natiomal supply amnd demand.
However, since ex-vessel price depends on the sixe of the shrimp harvested,
the regulating agency can inflnence the price por pound by adjnsting the
timing of harvest. Amd since effort depends om price {through R, the retuzn
per upit of effort), the regulatory agency indirectly influences fishing
effort as well, Because other factors srez slso iavolved, however, the
regulatory agency camnmot coatrol prices and offort, omly iaflmence them, -



Components of the Model
Market Price Equatioxn

The market price (ex~vessel) for New River shrimp was modelled as a
linear function of shrimp size and the national shrimp price, as follows:

= a5 + ay{Size) + a,(Size)2 + a,(P

PNew River national)‘

The ex-vessel demand for shrimp harvested in North Carolima bas been
shown to be perfectly elastic (Waters 1983)--that is, North Carolina prices
are not affected by the quantity of shrimp harvested in North Carolina,.
Consequently, the predominant determinmant of the local shrimp price is the
netional price. The measure of the national shrimp price used in this study
was the shrimp price index (PSHRIMP) reported by the Department of Commerce

in Curgent Fishery Statistics. This monthly index is calculated as follows:

Current price times 1967 quantity

Index =
1967 average monthly value

It represents 2 relative price of shrimp. For example, if the indexz is
185.0, the price of shrimp that sold for 1.00 dollars per poond in 1967 has
increased to 1.85 dollars per pound. Since the index includes price changes
tesulting from general price inflstion, the index was divided by the consumer
price index to comvert it to constamt 1967 dollars.

As goted previously, shrimp size is also an important determinant of the
market price. Shrimp size was incladed in the model as a gquadratic to
sccount for any mom—linearity that might exist., Size was measured in units
of number por pound, heads off. Thus, the larger the shrimp, the smaller the
‘‘size,’’ and sc the signm of the derivative of pPrice with respect to size is
sxpected to be negative (that is, 4,+22,;(8i20)<0), Shrimp size for the New
River was reported by the Division of Marine Fisheries in units of number per
ponnd, heads off, for nine size classes. For estimation porposes, the
midpoint of the range for each size class was used as the size estimxte.

Wookly values for catch in weight and total revenue were obtained from
the Division of Marine Fisherios as part of the weekly catch statistics
collected on shrimp. Weekly ex—vessel Price was determined zs the ratic of
revenue to total weight {pounds, heade-off), and thos represents a weighted
average price, Ex-vessel price was calculsted separately for each size
ciass, but data for different species of the same size were combined. These
prices were then adjusted by dividing them by the appropriate monthly
consumer price index so that 211 prices were in constant 1967 dollars,

The weakly ex-vessel shrimp prices for the New River and monthly valges
of the s%rilp price index were used to sstimate the above model. The wode ]
‘had an R® of 0.557 (Table 3), and a2}l indopendent variables were highly




Table 3. Parapeter estimates end statistics assccoiated with the market
price rrediction eguaticn for Mew River shrimp?,

Model: Py . pi oo = 8¢ + 2a1(Size) + a,(Size)? + a, (PSERINP).

Sonrce d.f. Som_of Sguares Mean Sgnayre
Model 3 9.85085608 3.28361869
Error 345 7.8340047¢ 0.02270726
Corrected total 348 17.68486084
Model F = 144.61 Pr > F = ©,0001 R% = 0.557022
t for HO: Std Error of

Parameter Estimate Parametar=0 Pr > el Estimate

ae 1.55598933 14,26 0.0001 0.10508382

a, -0,02502662 -6.64 0.0001 ¢.00376797

2, G.0001254¢ 4.04 0.0001 0.00003106

a, 0.34175075 12,13 0.0001 C.02816784
a

Size is meastred in number of shrimp per poond. Thus a larger size
measnre corresponds to smaller shrimp.



significant. 1In addition, the partial derivative with respect to the size
variable was negative, as expected.

In applications, velues for the shrimp price index would meed to be
forecasted before the equation conld be used to predict prices for New River
shrimp. Several investigators have experimented with models of the shrimp
fishery on a national scale. The most suecessful models were simultaneouns
oquation models including a sepply equation (Hopkins et al. 1983; Thompson
and Roberts 1982; Bloemo et al. 1982). Imports, ioventories and supply were
important variables (or equations} in these studies. Studies incorporating

the shrimp price index are not currently available from the published
literature.

For selving the optimizationm problem in the present study, the average
values of PSHRIMP for 1979 and 1982 (2.10 and 1.66 in 1967 dollars,
Tespectively) were used. The relationship between market price and shrimp
size with PSHRIMP equal to the 1982 average is illustrated in Figure 1. Iz
addition, price was set e¢qual to zero if size was smaller than B35 per pound.

The final input required is shrimp size in urits of number per pound,
heads off. A size prediction equation for each species is developed irn the
next subsection. The market price equations, P{g;.,w.t}, were obtained by
incorporating the resnlts of ths size prediction egunations into the above
equation,

Shrizp Size Equations

The model used to predict shrimp size is similar to the model vsed by
Kellogg snd Spitsbergen (1983) to predict the size of bay scallop meats. The
bay scallop model was a modified Brody-Bertalanffy growth model while the
model used here is the logistic growth model with a temperature dependent
srowth coefficient. The logistic model can be written as:

St = sTla-okty & gleEE,

where S, is size at time t, S_ is the maximum size, S, is the size at the
beginning of the time period, snd k is a growth coefficient. A temperature
doependent growth coefficient was incorporated into the model. Because shrimp
are cold~blooded, temperature i3 the dominant factor affecting growth. When
the temperature changes, the growth rate changes as well, Thus, kt was
replaced by the following:

B(C,t) = byt + b,C,

vhere C is cumnlative water tempersture in degree-veeks (Contigrade degrees)
from April 1. The resclting model for shrimp size iz as follows:

10



[
L

1.4

1.3

1.2

M O oMM

1.1

1.0

0.8

— M e e e | tmn et e e o e St e e e —— —— e e ey ——— o ——— — —— | —

25 35 45 53 €35 15 83 b4 |
Size (number per ponnd, heads—off)
Figure 1, Relstionship betweern market ex—vessel price (1967 dollars) per

pound and shrimp size for the New River shrimp fishery with !‘SBI}KP :b_i_i__al
to 1.66 dollars, oo

A

11



where St = size in pounds per shrimp at time ¢,

S, = the average '‘maximum’'’ size attainable before
migration to the ocean,

S. = size at t=0,
t = time in weeks from April 1, and

C=cumolative water tempersture in degree-weeks
(Centigrade degrees) from April 1.

The reciprocal of St, which is in units of number per pound, was used to
estimate the model. This is the basic unit of measure ssed in the shrimp
industry. (It is alsoc the anit of measyre required by the price prediction
equation developed in the last sobsection.) Since the size at the beginning
of the time period is determined by the mesh size and s0 is known, S; was
treated as a variable and assigned a value corresponding to the smallest size
class vulnerable to harvest. A reasonable value for S°1 is 85 shrimp per
pound {heads off), The final model that was estimated is thus:

S¢ = Sol1~e™(Pat¥bal)y | gg = (byt+d,0)

where S;-lfst. and b, b; and S; are parameters.,

With this model, shrimp growth is a function of the size of shrimp at
time t and the tampersture At time t. This is shown explicitly below by
taking the deriviative of S, with respect to time and siomplifying (T(t) is
water temperature xs & fupction of time):

d(SJ/de = [bit+b,T(t)](S-(S,2/5])].

The commercial catch dataset reported by the Division of Marine
Fisberiesz was used to estimate this model. Size wes reported according to
nine size classes for shrimp large enough to have commércial value; data on
discarded shrimp were pot available, Development of a predictive equationm
osing this data will resclt in an equation for expected shrimp size, and does
ot constitute a biological growth model. This is because of the continunal
migration of shrimp into and out of the harvest area and becawse of the Iink
between migration and shrimp size. Small shrimp stay in the creeks and bays
until they reach a certain size (or stago of maturity) and then enter the
 harvest area., This recruvitment does mot take place instastly, but rather is
_protracted over several wesks. Shrimp begin to migraete toward the ocear as
they mature, removing the larger shrinp from the szapled population.
AMdditionally, fishermen discard shrimp too small for commercinx] valuve (less
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than about $0-95 mmj; thus, the smaller shrimp in the distribmtion are not
sampled, Consequently, size data from comwmmercial catch statistics
represent——roughly--the size of shrimp that a commercial fisherman might
encounter at a particular time, <{(Laney and Copeland {(1981) discuss how
concurrent processes of recruitment and emigration bias shrimp growth medels
that are estimated osing field data.}

The size measure esed for estimation (number per pound, heads off) was
determined as the midpoint of the range defiping each size class (see Kellogg
1985). The smallest size class was set equal to 85 per pound because most
shrimp that measure more than about 100 per pound (50~95 mw) and smaller are
discarded by the commercial fisherman. With 100 as tbe upper limit, 85 is the
midpoint of the range {70 to 100} for the smallest size class. Weekly
averages were calculated by weighting each observation by the proportiomn of
the catch that it represented. Size data for channel netters were excluded
because they fish exclusively near the mouth of the estuary using pessive
gear and are more likely to capture larger shrimp thet are migrating te the
ocean (Richard Carpenter, Division of Marime Fisheries, persopal communica-—
tien)., The resulting dataset (in units of number per pound) is presented in
Table 4. Cumulative water temperature in degree-weeks from April 1 was
calcuolated for each week using the cumulative temperature predictive equation
developed by Kellogg {(1985).

A non—linear least squares procedure (Marquardt iteration) was used to
fit the above model. The R? for brown shrimp was 0,972 for the complete
model and 0.51% after subtracting the contribution of the mean (Table 5).
All three parsmeters were (asymptotically) statistically significant. The
model and parameters presented in Table 5 were used in subsequent analyses to
predict the size of brown shrimp. (Because of the very Righ correlation
(>0.99) between the b;’s., the parameter values aze intended only for
predictive purposes and no interpretation of individual coefficients is
attempted.) The average mazimum size attainable before migration to the
ocean (8)) was estimated to be 44.8 per pound., This valne corresponds
closely tec the '"equilibriunm’’ modal length of 125 mm reported by MeCoy
{1972) for brown shrimp in the New River during the period of migration.

For early pink shrimp, the non-linear least squares fit resulted in a Rz
of 0.9%0 for the complete model and (.546 after subtracting the contribution
of the mean (Table 6}. S_ was statistically significant at o=0.05, whereas
the b;'s were borderline significant at 9=0.10. This model was used in
subsequent analyses to predict the size of early pink shrimp. (This eqnation
performs well for t(16, which covers the periocd when early shrimp are
present, but it predicts continned growth at a slow rate for t)>16 because of
the warm water temperature in the summer. Consequently, the estimate of 5,
does not represent the average mazimbum size prior te migration, as it did for
brown shrimp.)

The modified logistic model did mot explain a significant portion of the
varjability in the data for late pink shrimp; all of the parameters were non—
significant (Table 7)., The failure of the model for this group was prodably
doe to continuval recruitment of small shrimp, especially in 1982 (1982 was
the best of the four years for late pink shrimp catches). This had tke
effect of negating any trend of progressively increasing shrimp size.
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Table 4. Weekly average size (nurber per potnd, heads-off) of shrirmp
collected from the New River by commercial fiskermen. Data fer
chancel netters were excluded. {Week=0 is April 1,)

Brown shrimp Early pink shrimp Late pink shrimp

Week 1979 1980 1981 1982 1979 1980 1981 1582 1979 1980 1981 1982

-— 85.6 -~ -~ -— - - - -
—_— 85.0 — - - - - - -
- 67.6 -~ - - - == - -
-— 63.7 - - - - - - -
-— 58.4 -- - - - - - -
- - 8.0 — - - -- -= -
65.0 =~ -~ 60.8 e - -
- 64.5 55.4 59,1 65.0 - - - -
-— 54.9 60,0 54,0 -~ - - - -
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Table 5. Parameter estimates and statistics for the prediction eguatico
tor browr shrimp. Time is in weeks frem April 1 acd C is crmulative
water temperattre (Centigrade degrees) in day-degrees from April 1.

MODEL: S = So{1-e”(Bat¥D:00y o gg=(bat+b;C)

Nen-lipear least sguares summery statistics

SOURCE DF SUM OF SGUARES MEAN SQUARE
REGRESSION 3 151021.,23987263 5C340,413259088
RESIBUAL 52 4314.96587604 82.98011300
CNCORRECTED TOTAL 55 155336.20574866
{CORRECTED TOTAL) 34 8969.54567304

ASYNMPTOTIC 95 %

ASYMPTOTIC CONFIDENCE INTERVAL

PARAMETER ESTIMATE STD. ERRCR LOVER UPPER
S; 44 .85600674 2.23%973662 40.36165308 49.35036041
by -(.83807329 0.28654704 -1.41307114 -0.26307544
b, ¢.00582483 0.00190434 0.002C035¢0 0.009%64616

ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS
) s, b, b,
S.  1.000000 -0.675153 0.688285

b, -0.675153 1.000000 -0.999345
b, 0.688285 -0.999345 1.000000
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Table 6. Parameter estimates and statistics for the rrediction eguation
for early pink shrimp. Time is in weeks from April 1 ang C is
comulative water temperature (Centigrade degrees) in day-degrees frem

April 1.
MODEL: S = S_{1-e”(0:t+b3C)y | g =(byt+b,0)
Non—linear least squares summary statistics
OURCE BF SUM OF SQUARES MEAN SGUARE
REGRESSION a 121751 .10632467 40583.,70210822
RESIDUAL 30 1202,75399587 40.09179986
UNCORRECTED TOTAL a3 122953.860320%4
{CORRECTED TOTAL) 32 2651.77325800
ASTYMPTOTIC 95 &
ASYMPTOTIC CONFIPENCE INTERVAL
PARAVETER ESTIMATE STID. ERROR LOYER UPPER
S; 48.40370582 14.89263926 17.98510168 78.8183179¢6
b, 0.47164785 0.28297359 -0.1062571% 1.04955285
b, -0.00226640 0.00137344 -0.00507133 0.00053853

ASYMPTOTIC CORRELATION MATRIX OF TEE PAPAMETERS

[] s; bJ. b:
5. 1.00000¢ 0.798061 ~6.517600
b, 0.798061 1.000000 -0.927115%
b, =0.517600 ~0.927115 1.000000
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Table 7. Parameter estimates aré statistics for the rredictior egration
pink shrimp, Tine s in weeks from April 1 amd C is
cunulative water temperature {Centigrade degrees) in day-deprees from

for late

April 1.
MODEL : S; = S’[l*e_[b1t+b2C>J + 85e‘{b;t+szJ’
Non-linear least squares sucmary statistics
SOCRCE DE EUM OF SCUARES MEAN SGUARE
REGRESSION 3 177796.24272%947 59265.41424316
RESIDUAL 33 45C2.42176794 136.43702327
UNCORRECTEDR TGTAL 36 18229R. 66449741
{ CORRECTED TOTAL} 35 4502,88791752
ASY}PTOTIC 95 &
ASYMFTOTIC CONFIDENCE INTERVAL
PARAMETER ESTIMATE STD. ERROR LO¥ER UPPER
S; TD_227B4665 2.96809472 64.1892514¢6 76.26644184
By -0.51610106 29.43768871 ~60.40714184 59.37493872
b, 0.00437119 0.17897119 ~0,36178040 0.37052277

ASYMFTOTIC CORRELATION MATRIX OF TEE PARAMETERS
, Se by bs
S, 1.000000 -0.157969 0.201928

by  -0.157969 1.000000 -G,998193
b, 0.201928 -0.958193 1.000000
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Therefore, the mean value was selected for use in predicting late pink shrimp
size in subsequent analyses, The mean size of late pink shrimp in the
compercial catches for 1979 to 1982 was 70.3 shrimp per tound (0.0144 pounds
per shrimp}.

In applications, a forecast of cumulative water temperature~—-C-—is
needed. For the present study, the cumuletive temperature prediction
equation for 1982 was unsed. The resulting size carves are shown in Figure 2.

Use of these equatioms to predict shrimp size implies that each species
consists of identically sized shrimp regardless of the time of recruitment.
It is also important to note that the size equations are applicable only over
the time intervals represented by the dataset used to estimate the equations
{woeks 10 to 31 for brown shrimp, weeks 0 to 15 for early pink shrimp, and
wooks 19 to 38 for late pink shrimp}. The prediction equations do not
perform well cutside of these timo intervals. This does not limit the
usofulness of the prediction equations, however, because shrimp are either
00t vulnerable to capture or have nigrated from the estuary at times outside
of these intervals,

The size prediction equations were also used as inputs to the market
price prediction equation.  The variable ‘'Size” in that model is equivalent
to 8, . By substituting S, into the price equation, it can be written as

P(g;.w.t) = a4 + 2,5, + 2,(SP? + &, PSHRINP,

wherae S;-llg-, S; is in units of nuwber per pound znd B; is in units of
pounds per sh:iup. The price per shrimp, P(si.v.t)gi(z.g) {(with PSHRIMP
oqual to the 1982 average), is plotted in Figore 3,

Fishing Effort Equsation

Anderson (1977} characterized fishermen (and their fishing vessels) as
"'producers of effort rather then of fish.'' Fith this concept of fishing
effort it is clear that fishing effort is not only an input into the fishery
production function, but is also a 'product’ produced according to a
separsts production funotion. The demand for the ""product' is & derived
domand based on the demand for fish. The supply carve for the "'produnct’’
cam, ia principle, be detormined from the CO3t curves associated with the
production function for fishing effort. Assoming fishermen mayimize profits,
the smount of fishing effort supplied to a particular fishory is determined
by the equilibrium conditions in the finished product (fish) and factor
product (fishing effort) markats.

In mwost fishery zpplications, [ishing effort is taken as excgenous. But
with fishing effort defined as a '"praduet,' jt is obvioms cthat it is
sadogonous to the harvesting problem, depending on the cost of producing
effort and the roturn to effort. The reture ta o unit of fishing effort is
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the price of fishmoltiplied by the catch per unit of effort, which in turn
is determined by the season openming/closing schedule, McGaw (1981)
successfoily modelled fishing effort for the Georges Bank scallep industry as
an endogenous function depeunding orn catch. Ian the present study, ax
¢ndogenous prediction egmatien for the supply of fishing effort was
developed.

Prior to determinimg the prediction egquation for effort, it is necessary
to define a standard voit of effort and te combine the two effort levels
desigeated in the catch statistics (boats and vessels) into a single measure,
The standard unit of effort was taken to be & vessel-day, corresponding tao
the empirical measure of vessel landings in the catch statistics dataset.
Boat landings were converted to vessel-days on the basis of the relative
catch per nnit of effort. The conversion factor was determined as follows:

weekly catch per effort for boats

Conversion factor = /a,
i=l weekly catch per effort for vessels

where i=3,2,...n weekly observations over the four—-year study period.
Results are shown helow:

conversion factor = 00,3127
standard deviation = 00,1478
sample size = 53

minimum valne = 0.0790
maximom valne = {.7748

Weekly values for vessel-days were then determined by multiplying boat-days
by 0.3127 and adding that nomber to weekly vzlues for vessel-days. The
return to a standard unit of effort was determined by adding weekly revenme
for boats to weekly revemnne for vessels and dividing by the number of vessel-
days.

The supply of fishing effort for the New River shrimp fishery was
initially model Ied as follows:

Effort = E(return, fuel cost, interest rate, wige rate, time),

where effort is in vessel-days: fuel cost, interest rate and wage rate are
factor costs; and time is a supply skhifter intended to capture the
seasonality of catch expectations and the effects of seasonal changes in
opportunity costs of factors of production. For estimation, the mode! was
formulated 2s & linmear model:
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Vessel-days per week = e, + ¢,R + e,FUEL + ¢;INT + &,WAGE + e, 1t + e.tz,

where R is revenue per vessel—day im 1967 dollars, FUEL is the annpual
consumer price irdex for motor fuel (1967 dollars), INT is the monthily
interest rate on 3-month U.5. Treasury bills, WAGE is the weekly average wage
in 1967 doilars for insured employment in Onslow County (guarterly data), and
t is time in weeks from April 1. The data used to estimate the above
equation are presented in Kellogg (1985).

The relationship between effort and revenue per uwnit of effort is shown
in Figure 4 for 1979 to 1982. It is apparent from Figure 4 that the data for
1979 differs sobstantially from that for 1980 to 1982. The difference may be
due to the radically different regulatory pelicy in 1979. In 1979, a large
portion of the estuary was opened to shrimping at one time, resulting in the
participation of a record number of fishing craft. Neo such '‘grand opening'
oceunrred in 1980 to 1982. For these reasons, omly the 1980 to 1982 datz were
used to estimate the effort functiom.

Results of estimating the effort equation are presented in Table 8. The
three variables representing factor costs were not significant, with a joint
F statistic of 0.81, Since there was some suspicion prior to the snalysis
that these factor costs might not affect supply, the variables were dropped
(nean square error test-——Wallace {1977).) The B“ for the reduced model
(Model 2, Table 8) was 0.693 and the three explanatory variables~—R, t and
t*—were all significant (P>.001). This reduced model was used in subsequent
anslyses to predict the supply of effort.

In the context of the shrimp harvesting model, effort becomes endogenous
because the return per vessel-day is determined st eack point in time by the

ex-vessel price per shrimp, the population size, snd the catchability
cosfficient for the standard umnit of effort:

return per vessel-day = 2 Plgg,w,t)g;(z, thqx;.
i

where i=1,2,3 represents the three shrimp species or coborts in the fishery.

Cost Egquation
Variable costs were modelled as proportional to fishing effort:
cost per week = c;E(R, t},

where E(R,t) 13 the function used to predict the number of vessel-days per
week and ¢i is the minimum varisble cost per vessel-day. Only the minimum
variable ¢ost is needed in this probiem because the offort function serves as
& marginal cost curve for the industry sbove the minimum cost. As the return
incrossos, mOre and more fishermen zre drawn into the fishery instead of
other occupations or alternative fisheries. The minimpm is needed here to

22




180 + 1
}
I
I
I 1=197%
160 + 2=1980
I 3=1981
I 4=1982
|
]
140 +
i
|
|
!
120 +
|
f
I
{
100 + 2
E | 4
£ | 22
£ I
o { 2
r 80 +
T | 4 4
|
|
[ 2
60 +
| 2 4
Pog 4 4
! 32 44 11
[ 4
4¢ + 2 32 2 2
J 323 2 4
| 2 4
i 4 33 4
I 3 2
20+ 23 4 1 1
| 4433 1 2 1
| 344 2 1 i 1
| 434221 1 1 11 1 1
| 1411 1 1 1 1 1
0 +

1 1 1

+

N 4 il -
+ T T

106 200 3C0 400 500 600 700 800 90C 1000

Return per unit of effort

Figure 4. Relationship between effort (vesscl-days) and return per vessel-
day (1967 dollars) for the New River shrimp fishery, 1579~1982.

23



Table 8  Parameter estimates sand associated statistics for the effort
prediction equation for the Mew River shrimp fishery,

MODEL 1: Vessel-days = e, + 2,R + 2, FUEL + ¢,INT + ¢,WAGE + es;t + e,t2

SOURCE DF SUM OF SGUARES Y¥EAN SQUARE F_VALUE
MODEL 6 27516.52164972 4586.08694162 22.38
ERROR 56 11476.31824060 204,93425430
CORRECTED TOTAL 62 38992.83989032 PRSF = 0.0001
R2 « §.705681

PARANETER T FOR EO: STC ERROR OF
VARIABLE ESTIMATE PARAMETER=0 PR > |T] ESTIMATE
INTERCEPT 48,64159134 0.37 0.7098 130.05201648
B 0.10966215 5.19 0.0001 0.02112656
FUEL -0.19822798 -1.15 0.2534 0.17178343
INT ~0.04102206 ~0.05 0.9589 0.79326033
WAGE 0.03076155 0.03 0.9786 1.14198995
t 5.53064084 3.82 0.0003 1.44871680
¢2 ~0,14897860 -4.14 0.0001 0.03598905

MODEL 2: Vessel-days = ey, + e4K + e,t + :.tz

SOURCE DF SUM OF SCUARES MEAN SCUARE F_VALUE
HODEL 3 27018.83032459 $006.27677486 44,38
ERROR 59 11974.00556572 202.94931467
CORRECTED TCTAL 62 3899283989032 PRYF = 0.0001
R? = 0.692918

PARAMETER T FOR HO: ST> ERROR OF
YARIABLE STIMATE PARAMFTER=0 PR > IT| ESTIMATE _
INTERCEPT ~22.36829804 -2.14 0.0366 10.46080638
R 0.12404577 5.99 0.0001 0.01774015
t 4.72846896 3.54 0.0008 1.33644307
t? -0.12822183 -3.90 0.0003 0.03288582
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prevent the linear natvre of the effort function from predicting fishing
effort dtring periods when the return is below that wkich has btistoricelly
been asscciated with fishing activity.

Liao (1979} collected information on variable costs for the Scutk
Atlanptic shrimp fishery, including data on North Carclina shrimp fishermen,
From the results of Liao's survey, Waters (1983) derived am estimate of
variable cost per vessel day for the vessel size class wost common in North
Carplica. Waters (1983) estimated that wariable costs were 113 dollars (1978
dollars) per day, exclusive of wages, wkich is equivalent to 57.83 dollars in
1867 dollars. This estimate corresgonds closely to the minimum cut—off of
the return per vessel-day observed im the catch sratistics dataset for the
New Eiver. Consequently, the minimum cost per unit of effort, c,, was set
equal to 50 dollars for the present stedy. This value will keep fishing
effort at zero when the return per effort is less than 50 dollars, even
though the effort equation will predict low levels of fishing.

Eguations of Motion

Equations of motion describe how the resource stock changes over time.
A generalized equation of motior for the shrimp harvesting problem is:

1; = Fi(z,t) - ¥ylx;,z,8) - qE(R,thx (£} a(z).

In this ferm, both the recruitment function (F;(z,t)) and the mortality
fusction (M.{x;,z.t)} contain envirommentsl variasbles (z). Although
environmental factors are extremely important for botk of these functions.
sufficiert dats do not exist at the present time to include them.
Additionally, the mortality function will include emigration as well as
ratural mortality. For the New River fiskery, emigration is equivalent to
mortality, since the shrimp are lost to the fishery in both cases.

The recrujitment fupction was developed as a probability function (that
is, fF(t)dt=1). Recruitment in numbers of shrimp at time t is obtaixed by
maltiplying F(t) by an estimate of the population size when shrimp first
become vulnerable to capture (t=si}. Changes in population that are due to
nateral mortality will be assumed to be proportional to the population size,
It will further be assumed that the proportion is constant throoghout the
potential harvest season., Modelling mortality in this way is a common
practice in fisheries. (The natural mortality coefficient is zlso callad the
instantaneous natural mortality rate in the fisheries Iliteratnre.) Fishing
mortality was estimated by the catch-per-snit-effort production functicn
(qQE(R,t)x ;(t)). Recreational fishing mortality is ignored in the present
stedy since data on the recreation catch is not available:; however., the
recreation ¢stch may be significant, Incorporating these assumptions and
features into the gemeralized squation of motion results in the fol lowing
form which was used in the present study.

2, = Foltdx;(s;) = M x;(£) — qE(R.t)x () 8(t).
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Four parameters or functicns must be estimated for each species or
cobort: 1) the natural mortality coefficiest (M;}, 2) the “Pinitial"’
population size (x;(s;)), 3) the recruitment function (F,(t}), and 4) the
catchability coefficient {q). Methods used te obtain values for these four

items are discussed in detail in Kellogg (1985).

The best estimate for the natural mortality coefficient for the New
River shrimp fishery is about 0.35. Sclutions to the shrimp harvesting
problem were also determined for M equal to 0.15 and 0.25 to evaluate how the
barvesting strategy would change if natural mortality were lower. For
simplicity, the same mortality coefficient was used for all three
species/coborts., The catchability coefficient estimate used in the problem
was 0.0008. Estimates of initial population size for use in the optimization
problem were determined by Kellogg (1985} as 215 million for brown shrimp,
5.9 million for early pink shrimp, and 17.0 million for late pink shrimp.
(In actual applications, initial population sizes should be estimated by
biological sampling early inm the season.)

Recruitment functions (Fi{t)) were constructed for each species/ cohort.
Ideally, these functions should be modelled as a function of temperature and
salinity, However, sufficient information is not available to incorporate
these factors or to estimate the function directly from data. Instead,
simple probability distributions were constructed to be consistent with the
biology of the species and with catch~per—effort data on the smallest size
class. For brown shrimp, a triangular recruitment funetion was selected.
Recruitment starts at t=10 and continues through t=16, peaking at t=13, Thke
function is expressed &s follows:

for t{10 or t 16, F1 =0,

for t=10 or t=16, = 1/28,
for t=11 or t=1535, F1 3/28,
for t=12 or t=14, F1 6/28,
for t=13, F, = 8/28.

i
[
non

[
[l

Early pink shrimp recruitment begins gradvally and then increases
rapidly to a sharp peak. For the present study, this function was modelled
as follows:

for t(3, F2 = 1/20,

for t=3, F,y = 2/20,
for t=4, F2 = 15/20,
for t>4, F2 = 0. *

Recruitment of late pink shrimp is a gradual--and mcre ox less steady-—
process from about week 19 until about the end of the season. The catch—per-
effort data supports this, generally. So a2 rectangular distribution was
constructed, spanning from week 19 to week 34, as follows:

for t<19 or t>34, FS =0,
for 18<{t<35, F3 1/16.
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Calculation of the Optimal Harvest Period

Statement of the Problem

Incorporating these results into the genmeral shrimp harvesting model,
the problem can be restated as follows:

maximize
with respect to
o(t)
such tkat i1
x;
x,
where

R(x1o13:13)

P(si't,w}
1/g1(z,t)
1/g.(z,t)
1/g3(z,t)
E(R,t)
i=1
i=2

i=3

o(t)

X3

I3

i

T
Py = j [R(x1,13,13)E(R,t)‘clE(R,t)]e_at o{t) 4t
Q

Fy(t)x (10) - M,x,{t) ~ gE(R,t)x;(t) &(t)
=0 for t<10, x,{10) given and x,(t))>0,

Fo(t)x,(0) ~ Myx,(t) - gE(R,t)x,(t) &(t)
2,(0) given and x,{(t})0,

Fy{)x;(19) - Mix,(t) - qE(R,t)z,{t) ¢(t)
=0 for t<19, x,(19) given and x,(t})0,

P{ga.t,wigalz,t)ax (t) + P(g,,t,wig,(z,t)qx;(t)
+ P(g;,t,w)g,(z,t)q!,(t).

a0 + 2;(1/g;) + a,(1/g;)% + a,PSHRIMP
s,;[l-e‘(b11t+b1=C)] + 85e~(b1at+bs,C)
Sz;{l_e—(b;1t+b22C)] + 858-(b;;t+b,,€)’
70.3,

eg + e, Rix;,x5.x4) + et + e;tz,
> brown shrimp,
> early pink shrimp,
> late pink shrimp,

time in uanits of weeks starting from April 1,

natural end of fishing season (December 31), and

the decision variable ( &(t)=0 implies 2 closed season

and ¢(t)=1 implies an open season).
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The starting time, t=s,, was different for each of the three
species/cohorts. It was selected to correspond to the esrliest commercial
catch record for 1979-1982, Starting times were: s=0 for early pink shrimp,
$=10 for brown shrimp, and s=19 for late pink shrimp. In the model,
population size was set equal to zero prior to thkese starting times. (Tkis
has the same effect as setting the equation of mation equal to zero until
t=s;.)

The F, functions {(recruitment functions) and the C functiom (for cumula—
tive temperature in day-degrees from April 1) are discrete functions defined
a8 follows:

t F, F, F; c t [ F. F, C
0 0 1/20 0 0 20 0 0 1/16 3475
1 L 1/26 0 117 21 0 0 1/16 3670
2 0 1/20 0 241 22 0 0 1/16 3B60
3 0 2/20 0 372 23 0 0 1/16 4045
4 0 15/20 0 511 24 0 0 1/16 4225
5 0 o o 657 25 0 0 1/16 4397
6 ¢ 0 ¢ 810 26 4] 0 1/16 4561
7 i} 0 0 971 27 1] 0 1/16 4718
8 0 0 0 1139 28 0 ¢ 1/16 4866
9 0 6 0 1314 29 0 0 1/16 5004
10 1/28 0 0 1494 30 0 0 1/16 5134
11 3/28 o 0 1681 31 0 0 1/16 5254
12 6/28 0 0 1872 32 o 0 1/16 5364
13 8/28 0 0 2067 33 Q 0 1/16 5465
14 6/28 0 0 2266 34 0 0 1/16 5557
15 3/28 ¢ 0 24467 35 0 ) 0 5639
1§ 1/28 0 o 2670 36 0 0 0 5714
17 0 0 0 2872 37 0 0 0 5780
18 0 0 i} 3075 38 1] 0 0 5838
19 ¢ 0 1/16 3276 39 0 0 0 5890
Coefficients were estimated as follows:
ey = -22.37 S, = 44.86 S,. = 48.40
e, = 0.1240 by, = -0.8381 by = 0.4716
ey = 4,728 by, = 0.005825 by = —0.002266
eg = ~0.1282 2, = 1,556 a; = 0.0001255
ay; = =0.02503 ay, = 0.34175%

Ezogenous variables were assigned the following values:

M, = My = N; = 0.15, 0.25, or 0.35

q = 0008,
c, = 50
x,(10) = 215 million
x2,{0) = 5.9 million
x4(19) = 17 million

PSHRINP = 1.66 or 2.10
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The optimization problem was sclved for six sets of esxogenous
variables—-high and low price tevels at each of three natursl mortality
rates. In sctual practice, each of the above exogenous variables and the
recruitment functions and the cumulative temperature function will meed to be
estimated or forecasted before sclving the harvesting problem, The above
problem represents only six hypotbetical sitoations withk the same populxtion
size snd recrnitment pattern, and s0 the solutions obtazined will not apply to
all harvesting years.

Solution Procedure

The maximum prianciple is used te solve for the optimal openimg/closing
schedule {Johnson 1985; Kamier and Schwartz 1981; EKellogg 1985). The maximpm
principle says that the optimal control can be obtazined by mazximizing a
function called the "Hamiltonian’' at each moment over the time horizom of
the problem. Here, the Hemiltonian fonction is

H{t) = [R(z,,1,,1,)—c,]E(R,t)e OF &(1}
4+ Aa[Fa(t)xz, (10)-Mx,{t)}—qE(R,t)x,(t) &(t)]
+ Az [Fy(t)xy (0)-Mx, (t)—qE(R, t)xz,(t) &(t)]
+ A [F(t)x(29)-Mx, (t)~gE(R, t)x, (1) &(t)],

where the A ;s are the adjoint, or co-state variables. The Hamiltonian
represents the net revenmue plus the wvalue of the changes im the resource at
each point in time, The adjoint variables represent the valae of an
additiona)l nnit of the stock, also called the marginsl usser cost or
*'shadow’” price. Since tbe Hamiltonian is linear in the control variable,
the necessary condition for & maximum is expressed vsing the following
switching function:

1 if [R(x,,15.%,)-¢, E(R, t)e d - 1, qB(R,t)x, (t)
— AgE(R,t)1,(t) - A;qE(R,t)x, (t) 20

0 if [2(31,13.83)"61]E(R,t]e_st - llqE(th)Iltt)
- AagE(R,t)x;(t) - A,qER,t)x,(t} €O

The system of differential eguations is

X3 = F(t)x (10) - Mxs(t) - gE(R,t}x,(t) 2(t}
I, = Fo(t)2,(0) - Mx,(t) - gE(,t)x,{t) a(t)
2, = F,{t)x,(29) - Mx,(t) - gE(R,t)x,(t) a(t)
Ky = Al + A qIE(R, t)+e,qP(gy.t.,w)g, (2,8)3,(1)] (2}

- P(h.t.w};;(z.t)qIE(x.t)+e,(k(x1.x,,x,)-c,)]e'“ 5{t)
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i’ = lgu + lgq[E(R.t)*'e;qP(g:.t.w)ngz.t)x;(t)] ur)(tJ
- P(g;.t.w}g;(z.th[E(B.t)+e;(R{x1.x,.x,)—c;)]e_ét o{t)

Ay = MM + Xy qE(R, t)+e qPlg,, t,w)g,(z, t)x,(t)] 5(t)
- Plgsotiwgs (2 t)Q(E(R, t)ves (R(xy, 35,1, )-¢5) e Ot (1)

Snfficient conditions for a solution cannmot be derived because initial
comditions for the adjoint equations are not specified. The optimal solution
is obtained by searching over positive values of A (0}, A,(0) and A:(0) to
find the o(t} corresponding to the maxzimum net Present valne of the season
harvest., (See Kellogg (1985) or Kellogg et al. (198%) for a detailed account
of the solution procedure.)

The optimal opening/closing schedule was determined to the nearest week.
The algerithm used to solve for the optimal &(t) is presented in Appendix A.
It is similar to the algorithm used by Kellogg et al. (1985} to solve the bay
scallop problem, except that three initial A’'s are determined. The switching
fuaction is solved at the beginning of each week to see whether or not the
season should be opened. If the switching function is positive, the harvest
and net present value for the pericd are calculated. The process continues
until t=T (December 31).

The '‘nnrsgulated’ case was determined by setting afl Ai's equal to
200 for all time periods. This represents the situation in the fishery
where the marginal user cost is disregarded (i.s., the unregulated open
access sitoation). The time of fishing for the unregulated case represents
the time when it is profitable to harvest shrimp under the assumptions of the
medel. This coaditiom is required to contrast the optimal solution to the
‘'unrogulated'’ case properly, {The '‘unregulated’ case here applies only
to setting the season opening. Other regulations on gear and ares
restrictions are assumed to remgin in force.)

Results

The optimum season opening/closing schedule for each of the six
solutions is contrasted with that for the unregulated case in Table 9.
Delaying the season improved the net present value of the harvest only at the
lowest natural moriality rates., At a patural mortality rate of 0.35, which
is approxizately equal to the natural mortality rate estimated by McCoy
(1972) for the New River, the onregulated case was optimal. At this
mortality rate, delaying the harvest decreased the nmet present valume. At a
natoral mortality rate of 0,15, the net present value was increased only
slightly (0.04 perceat) over that for the unregnlated case by delaying the
early pink shrimp fishery. The higher market price produced higher net
prasent values at all three matural mortality rates, but the optimal harvest
#2800 vas nearly the same as that st the lowe: market price.

In this example, the dynamics of the Iate pink shrimp population did not
inflnence the season opening/closing schedule. In each cese, the optimal
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Table 9.
fishery
1967 dollars,

Stmpary of harvesting
for siz copbimations of jcputs.

sclutions for the MNew River shrirp
Present value ard Ai are ir

Optimal A;(0) Net % harvested

Fresent ———

M PSHRIMP A:(0) X,(0} A4(0) value Optimal sesson? I, X, X4
0.15 1.66 0.0020 0.0024 0.00 2,210,114 t=11-34 49 15 11
unregulated (all A;=0) 2,209,298 t=4-6,10-34 49 1 11

0.15 2,10 0.0022 ©.0030 0.00 2,616,165 t=4,11-34 52 16 11
unregulated (all A;=0) 2,615,232 t=4-7,10-34 £2 17 11

0.25 1.66 0.00G0 0.0006 0.00 1,538,690 t=4,10-33 36 6 5
unregnlated (all A;=0)} 1,538,644 t=4-5,10-33 is & 5

0.25 2.10 0.0000 0.0000 O©.00 1,853,466 t=4-5,10-33 i’ 6 6
0.35 1.66 0.00C0 0.0000 ©.00 1,139,996 t=4,10~27 27T 2 3
0.35 2.10 0.0000 0€.CO000 0.00 1,390,297 t=4~5,10-30 29 2 3
BThere are two optimal seasons ir most cases. The first is in the
spring when early pink shrimp are present, and the second is in the

suezmer when brown shrimp end late pink shrimp are present.
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A;{0) was zero. This occurred because the size and price (and thus value) of
late pink shrimp were modelled as constants, which the data indicated.
However, if growth, recruitment, natural mortality and emigration conld be
modelled more carefully, the optimal season opening/closing schedule might be
affected by tradeoffs between brown shrimp catches and growth of late piank
shrimp during the lsate summer and fall months.

These results soggest that there is little or no gain from regulating
the New River shrimp fishery beyond current practice. In general, the high
pnatural mortality rates result in more value lost when the season opening is
delayed than is gained through growth and incressed prices, However, with
different recruitment functioms and population sizes than used here, the
optimization model might produce different results. For example, if the
brown shrimp population was small and the early pink shrimp population was
large, then there wounld be more tradeoff possibilities early in the season.
The same would occur if recruitment patterms were more prolomged and
overlapping, Whereas high mortality rates indicate little benefit for
delaying the season opening beyond the umregulated harvesting scenaric in
general, it is possible that gain from regulation might be realized under
specific conditions that may occur in some years,

QPTIMAL TIMING OF BARVEST FOR THE PAMLICO SOUND SHRIMP FISHERY

Brief Description of the Pamlico Sound Shrimp Fishery

The Pamlico Sound fishery is located in northeastern North Carolina and
produeces most of the shrimp catch in the state, For purposes of this study,
the Pamlico Sound fishery is restricted to the catch in Pamlico Sound proper
(area code 6354), and thus excludes the catch in tributaries to Pamlico Sound
and some bays. In this ares, shrimp are harvested from early July through
November. Brown shrimp is the predominant shrimp species, but piek shrimp
are also commercielly important in the late summer and early fall. Since
1977, overwintering pink shrimp that emerge in the spring have mnot
contributed significantly to the fishery (Dennis Spitsbergen, Division of
Marine Fisheries, personal communication). White shrimp are also mot
abundant. The North Carclina Division of Marine Fisheries regulates the
fishery, traditionally opening the season when shrimp become large emough to
have commercial value,

In Pamlico Sound, shrimp are harvested primarily by vessels using shrimp
trawls. Catch statistics indicate that time spent fishing by boats was less
than 5 percent of the total fishiong time im the area, and the catch {in
pounds) by boats represented only 2.4 percent of the total catch. (Boats
play a larger role in harvesting shrimp in tributaries to Pamlico Sounnd.)
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Catch statistics for 1979 through 1982 are summarized below for the
Pamlico Sound fiskery.

Shrimp harvest in Pamlico Sound

Weight in pounds Number
Total Brown Pink Brown Pink
Year revenue shrimp shrimp Total shrimp shrimp

1979 1,676,631 357,633 96,099 453,732 12,213,047 6,205,293
1980 7.014,667 1,516,863 300,750 2,217,618 66,565,555 17,543,600
1981 1,733,966 432,668 27,707 460,375 11,065,854 1.626,986
1982 6,795,726 1,352,324 203,401 1,555,725 41,843,261 12,469,010

Data on the Pamlico Sound shrimp fishery were obtained from the North
Carolina Division of Marine Fisheries and analyzed according to procedures
vsed for the New River shrimp fishery. The resulting dataset is presented in
Appendix B of this report. On the basis of these data, functions for shrimp
growth, price, and fishing effort were estimated. Estimates of population
dynamics, suchk as population size, catchability coefficient, and natural
mortality, were taken from an earlier analysis of the Pamlico Sound fishery
by Waters {1583).

The Model

The seasonal harvesting model used for New River shrimp was adapted for
application to the Pamlico Sound shrimp fishery, The main differences
between the two problems are that the Pamlico Sound fishery is modelled using
only two poprlations (''early’’ pink shrimp are negligible in the Pamlico
Sound area as defined im this study), and the size equations do not
incorporate water temperature.

Components of the Model

Shrimp Size Equations

The model used to predict the size of brown shrimp is similar to the
basic model used to predict the size of New River shrimp. However, weekly
temperatuore data were not available for the Pamlico Sounnd fishery, so the
medel was modified to
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S;l - S;I(I“E-kt) + sse‘kt’

where size in pounds per shrimp at time t,

oh
-
1

7]
B
L}

the average 'mazimum’’ size attainable before
migration to the ocean,

t = time in weeks from June 1, and

E = a constant growth coefficient.

The teciprocal of 8., which is in units of nupber per pound, was used to
¢stimate the model. Average shrimp size for each week w¥as calculated by
dividing the weight of shrimp harvested in each week into the number of
shrimp harvested in each week, resulting in the weekly average size in
number-per-pound, heads off. The number of shrimp harvested per week was
deternined by moltiplying the catch in pounds by the size class (in vnits of
anxber per pound, heads off) reported by the port sampler (the midpoint of
the range was used), apd then summed over al]l size classes that were
barvested in each week.

A non-linear least squares procedare {Marquardt iteratiom) wes used to
fit t%f above model. The results for brown shrimp are presented in Table 10.
The R* was 0.455 after subtracting the cortribution of the mean. Both
parameters were {asymptotically) statistically significant. The average
maximum size attainable before migration to the ocean (S;l) was estimated to
be 30.4 shrimp per pound. This valne corresponds roughly to a length of 140
millineters, whick is a reasonable valme for migrating brown shrimp in
Pamlico Sound.

The above model could not be nsed for pink shrimp-~convergence could not
be obtained. A second order function of time was used instead. The model
snd associated statistics are presented in Table 11. As was done for brown
.sbrimp, the reciprocal of S, was used to estimate the model. The first
dexrivative was negative, as required, for all buot the last four time periods.
(Using size moasurad in number~per-pound, a negative derivative means the
animels are increasing in weight as the season progresses.) The positive
derivative in the last foor time periods poses 1o problem, however, becatse
the change in size that occurs is very slight (see Figures 5 and 6).
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Table 10. Parameter estimates and statistics for the size prediction
eguaticn for browr shrimp. Time is in weeks frem June 1,

MODEL: S;l - 5;1{1*8_<kt)] + sse“(kt)'

Non-linear least squeres summary statistics

SCTRCE DE SCM OF SGUARES MEAN SGUARF
BEGRESEICK 2 100411 30205
RESIDUAL 83 3454 41,623
UNCOREECTED TOTAL 85 103866

{CORRECTED TOTAL) 84 6333

ASYNPTOTIC 95 %

ASYMPTOTIC CONFIDENCE INTERVAL

PARAMETER ESTIMATE STD. ERROR LOWER UFPPER
S;l 30.43599440 1.00055432 28.44584448 32.42614433
k 0.26891204 0.02750746 0.21340499 0.32441508
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Table 11. Parameter estimetes apd Statistics fcr the size Eredicticn
equation for pick shrimp., Time is ir weeks from Jype 1.

MODEL:  si1 = by + byt + b, (12)

Souzce d.f. Sem of Sgnares Mean Square
Model 2 4923.0363 2461 51817
Error 75 4261,5925 56.82123
Corrected total 77 9184.6288
Model F = 43.32 Pr > F = 0.0001 R% = 0,536
t for HO: Std Error of
Pagameter Estimate Parameter=0 Estimate
be 116.1157 13,9945 8.2966
by -4.7997 -5.0341 0.9534
b 0.096% 3.7760 0.0256
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Murket Price Equation

The market price {ex-vessel) was modelled in the same manner as for the
New River shrimp fishery:

Pp.nlico = %0 * 8:(Size) + a,(Size)? + a, (PSHRINMP),

Weekly ex-vessel prices were determined as the ratio of total revenue to
total weight, and thus represent a2 weighted average price. Prices were then
adjusted by dividing them by the appropriste monthly consumer price index so
that all prices were in conmstant 1967 dollars. {Note that prices for each
size vlass, rather than weekly avernge prices, were used to fit the New River
shrimp price equation.)

The results of estimating the above mede]l are showe in Table 12. The
model had am R“ of 0.891 and x11 independent varisbles were highly
significant, In addition, the partial derivative with respect to the size
variable was negative, as expected, and the coefficients compared favorably
with those determined for New River shrimp.

After incorporating the size prediction equation into the market
price prediction equation, price is predicted as a function of time and
PSHRIMP. 1In addition, the model was adjusted so that price would equal zero
if size was smaller than 85 per pound. This did not affect hrowe shrinmp,
which were larger than 85 per pound throughovt the potential harvest season,
but resnlted in a zero price for pink shrimp prier to t=8. The resulting
price curves (with PSHRIMP equal to 2,10 doliars) sre shown in Figures 7 and
8.

Fishing Effort Equation

The standard unit of effort was taken to be a vessel-hour. (Note that
the standard unit of effort used for the New River fishery was a vessel-day.)
Boat-honrs were converted to vessel-hours on the basis of the relative catch
per vnit of effort using the same procedure described for New River shr imp.
Statistics for the relative catch per cnit of effort are shown below:

range = (.10689-1.428 .
mean = (.44323

nedian = 0,37673

standard deviation = @.,2748%

sample size = 58

Since the distribution was skewed (non—mormal), the median meascre was nsed
to convert boat-hours to vessol-hours. Total hours fished per waek was
determined by multiplyiag boat-homrs by 0.37673 and sdding thas m-:‘vw '

. vessel-hours. The return to a2 standard amit of sffort (:qn%-i(#{';v_!u'
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Teble 12, Farameter estimates and statistics asscciated with tle market
price prediction equeticn for Pamlico Scund skrimp.

Model: Ppoyic.. = a, + 2,(Size) + a,(Size)? + a,(PSERINMP).

Source d.f. Som of Sguares Mean Sguare
Model 3 20,31201165 6.77067C55
Error 162 2.49066546 0.01537448
Corrected total 1658 22.80267T712
Model F = 440.3%8 Pr > F = 0.06G61 R2 = 0.890773
t for BU: S$té Error of
Parametsr Estimate Parameter=0 Pr > || Estimate
2, 1.42073903 13.89 0.00601 ©.10228085
a, -0.03525977 ~10.46 0.0001 0.00337076
2, 0.00016368 5.03 0.0001 0.00003252
a, 0.65850638 17.81 0.60C1 0.03698644
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fished) was determined by adding weekly revemne for boats te weekly revenue
for vessels and dividing by tbe number of vessel-hours.

The effort supply model estimated was as follows:

Vessel-hours per week = e R + ezt + e,t2

where R is revenuve per vessel-hour in 1967 dollars and t is time in weeks
from June 1. The approximately linear relationship between effort {(vessel-
bours per week) and revenue per umit effort is shown in Fignre 9. The
relationship between effort and time is shown in Figure 10.

Prior to estimating the model, ome observation was labelled an outlier
and deleted from the dataset, The outlier is shown graphically im Figure 11.
The return per effort for this observation was unnsvally high even though the
wmcunt of effort expended doring that week was very low (12 hours).
Variation from year to year amonmg returns per onit of effort are also
apparent from Figure 11.

Results of estimating the effort eguation are presested im Table 13. Tke
B2 was 0.5538 and the three explanatory variables—R, t and t2—-were all
statistically significant (P<0.05). (Note: Estimstion of the model with an
intercept term resulted in vo significant reduction in the error term,)

Cost Equation
Variable costs were sgain modelled as proportiomal to fishing effort:
cost per week = cE(R,t),

where E(R.t) is the function used to predict the number of vessel-honrs per
week and ¢ is the minimam variable cost per vessel-bour, From Figure ¥ it can
be seen that few observations occurred when the return fell below about 7
dollars per hour. Assumipg an 8~hour day, this is ronghly equivalent to
Waters’ estizated cost of 57.83 dollars per day (1967 dollars), The minimum
cost per vnit of effort, ¢, was therefore set equal to 7 dollars for the
present study. This value keeps fishing effort at zerp when the return per
effort is less than 7 dolilars (even though the linear effort equation will
predict low levels of fishing).

Bgustions of Motion
Equatious of moticn ere the same as those nsed for the New River fishery
except for the parsmeter valses. Parameter values for all bdut the

rocruitment function for browm thriup vere taken from Waters (l’”)

Waters (1923) sowmsrized utuﬂl mortality rates estimsted by’ ﬁkibxhtt
for the Pamlioco Sownd fishery and cslculsated an average iutuunotl rite of

43




i
I
3000  +
| + 4 4
i
! 2
[
8000 4+
| 2
I 4
I
I 4
7000  + 2 2
| 3
| 4 2
!
|
6000 + 4 2
! 4
I
. I
! 3
£ so00 + 2
f |
: f 2 4
1
‘ ! 3 2 1 = 1979
4000 + 439 -
’ 3 3 2 = 1980
| 3 . » 3 = 1981
I 5 3 4 = 1982
| 3 34 &b 1 1
3000 + 2 1 2
! 2
|
| 1
I 4 2
2000 + A
J A
| 3 A 1 1
{
| 3 1
1000 + 2
i 3 4 31 01
] 3 1 11 111
I 32 3 1
i 1134 3 4 22 114

0 +134 33 3 41 4 1
-+---+-—-+---+----a---.--r-—--+--—+---+---+---+---+---+---+-—-+---+--.

Q 3 é 8 12 15 18 21 2& 27 30 33 36 39 42 45
Beturn per anit of effort
Figure 9. Relationship between effort (vessel-bomrs) and return per unit of

effort (1967 dollars) for the Pamlice Son.nd shrimp fishery, 1979-1982. (30
. Gbsexvations Rhidden)

44




o M O Mmoo

2000

8000

7000

6000

5000

£000

3000

2000

1660

[ 2]

|

|

+

[ 4 & &

!

| 2

I

+

i 2

| 4

!

| A

+ 22

| 3

| 4 2

|

!

+ 2 4

| A

t

|

| 3

+ 2

|

] A 2

{ 1

I 2 1 = 1979
+ 2 2 2 = 1980
| 3 3 3 = 1981
| 3.1 2 2 4 = 1982
| 3 3

| 431 1 34 4

+ 1 2 2

| 2 4

l

| 1

$ 4 2

+ 4

| 4

| 3 1 1 4

[

| 1 3

+ 2

] 213 14

] 3 i 1 111 1

| 3321

| 431 1 3 2141

+1 1111461 3331211

PR TN S R WA SRS SR S A SV WES U g WS S

a 2 4 6 B8 10 12 14 1&6 18 20 22 24 26 28 X

Time in weeks from Jupe 1

Figure 10. Fishing cﬂ!ort {vunl-lmurs} versus time in neka from Im 1 t’et
the Psmlico Sound shrimp fishery, 1979-1922 (28 oburvatim w o

45




|
I
|
70 + y
outlier
| S
I
|
60 +
I
I
}
I
50 +
i 1= 1979
! 9 2 2 = 1980
R i 3 = 1381
e 4D + 4 ~ 1982
t | 4 1
] | L2 2 2
r | 2 1 4
n ] 1
30 + 2
I 1
} 1 44642 2
| 1 41 2 2 2 1 2 A
| 1 11 2 11
20 + 2 1 4 2
[ 13 1 32 1 1
i 13 3 3 4 4 1
| 3 3 1 2 22 4
| 23 33 3 3 4 14
10 + 4 3 3 A
| 4 3 3 3 3 32 1
I 3 3 3 4 1
| 3
f 4
0 +1 11112 3 211

e e e el s PR A SRR SR
0 2 4 ) & 10 12 14 16 18 20 22 24 28 28 30

Time in weeks from June 1
Figure 11, Return per unit of effort (1967 dollars) versus time in weeks from

. June 1 for the Pamlico Sound shrimp fishery, 1979-1982. (25 observations

46




Table 13, Parameter estimates and associmted statistics for the effort
prediction equation for the Pamlice Sound shrimp fiskery.

MODEL: Vessel~hoors = e;,R + e,t + s,t2

CORCE DF SUM OF 5@ S MEAN SCUARE F_VALIE
MODEL 3 1007730672.499 335910224.166 112.88
ERROR 120 357106056, 501 2975883 .804
CORRECTED TOTAL 123 1364836729, 000 PR>F = 06,0001

PARAMETER T FOR HG: STD ERROR OF
YARIABLE ESTIMATE PARAVETER=0 PR T ESTIMATE
R 123.8073149 6.07 0.0001 20.4019520
t2 165.7874888 2.17 0.0321 76.4493074
t -7.2548539 -2.62 0.0098 2.7653114
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0.30 per week, This value was used in the present study, 2nd additional
simmlations were dome using 0.2 and 0.1 to determine the effects of nateral
mortality on the optimal harvesting solution. The same mortality rate was
applied to botk species.

Waters (1983) calculated that en initial population of 240 million brown
shrimp (as of approximately July 1) was comsistent with the catch statistics
for 1978. For pink shrimp, Waters concluded that recruitment of one million
shrimp per day was consistent with the same dataset. These values were also
used in the present study. Since recrvitment for pink shrimp occurred from
t=5 to t=24 in the present model, the initial population size gsed was 140
million (equivalent to recruitment of ome million rer day for 20 weeks). The
analysis was also done nsing lower initial populatior sizes of 200 million
browa shrimp and 70 million pink shrimp. Inm actval applicatioms of the
model, initial populetion sizes should be estimated by biclogical sampling
exrly in the season. It should be noted that these population sizes are for

Yulperable shrimp only, and thus erclude shrimp that do not survive to
catchable size.

Bocruitment functions (Fi(tn were constructed as simple probability
distribetions so as to be comsistent with the biology of the species and with
catch-per—effort data on the smallest size class. The recruitment function
used for brown shrimp is expressed as fol lows:

for ¢39 or t<4, F1 = 0,

for t=4 or t=9, Fl = .08,

for t=5, Fl = (0,15, and
for t=6, 7 ar 8, F1 = {}.25,

This is arbitrsry, bnt ressonable after examining the catch-per—effort data
for the smallest size class and comparing it to catch-per-effort data for all
size clagses combined, As mentioned sbove, the recruitment function for pink
shrimp was constant from t=5 thromgh t=24, so F,=0.05.

In this model, the catchability coefficient, g, represents the
proportion of the population removed by a single ovnit of effort——in this
cese. by one vessel-hour, Waters (1983) estimated a value of 0.06000109383
per vessel-bour for q using information specific to Pamlico Sound. This
valwe for q was used in the present study.
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Calculation of the Optimsl Harvest Period

Statement of the Problem

Incorporating the resmlts of the previons sectiom into the shrimp
harvesting model, the problem can be re—stated as follows (variables are
defined om pages & and 7):

T
maximize PV = J [R(x,,x,)E(R,t)-cE(R,t)Je 8t g(t) at
v¥ith respect to o
o(t)

such that il = Fltt}x=.(4) - H:xltt) - qE(R;t)x)_(t} Q(t}
x;=0 for t<4, x,(4) given and x,(t))0,

I3 = Fo(t)x,(5) - Max,(t) - qE(R,t)x,(t) &(t)
x3=0 for t<5, x,(5) givem and x,(t))0,

where
B(x,,x;) = P(gy,t,wig,(z,t)gx,(t) + P(gs.t,whgs(z,t)ax, (t),
P(g;,t.w) = 2y + as(l/g;) + ‘a(lflil'z + a,PSHERINP
1/g:(z.t) = S 1[1-e"{kt)) | ggo—(kt)
1/ga(z,t) = Soif1-¢ (k)] 4 ggo—(kt}

E(R,t) = o,R(xy,x1) + e5t + e,t2,
i=1 ==} brown shrimp,
i=2 ==) pink shrimp,

t = time in units of weeks starting from Jupe 1, and
®(t) = the decision varisble { &(t)=0 implies & closed season
and &{t)=1 implies am open seazson).

The purpose of this mode]l is to detersine the season openingf/elosing
schodule, @(t), that mazimizes the discommted present wvalve of net retwims
to the harvesting sector. The potontial harvest season spans from Jugé 1

- (t=0) through December {twT=30), The woekly discount xate, &, will be set

. equal to 0.001827 for this stady, which is oquivalent to an smmawal. discéunt
zate of 10 percent. This is & zeg]l rate, which is roquired Huecanse ull
+. Dtices and costs are in ¥mits of wninflated dollsrs (1967 dollars). - 7
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The starting time, t=5;, was four for brown shrimp and five for pink
shrimp. Ia the mogdel, population size was set ¢equal to zero prior to this
starting time. Sipce pink shrimp have no commercial value until t=8 in the
wodel, pink shrimp harvested at t=5, t=6 and t=7 represent ‘bycatch,’ which
is asvally discarded by the fishermen (sce Waters (1983) for a complete
discussion of the bycstch problem).

The Fi functions (recruitment fenctions) are discrete funrctions defined
as follows:

t F; F, t F, E, t F, F,
0 0.0¢ 0.00 10 o0.00 0.05 20 0.00 G.05
1 0.0¢ 0.00 11 0.00 0.0s8 21 0.00 0.65
2 0.00 0.00 12 0.00 0.05 22 0.00 0.05
3 ¢.00 0.00 13 0.00 0.05 23 0.00 0.05
4 0.05 ¢.00 14 0.00 0.05 24 0.00 0.05
5 0.15 0.05 15 0.00 .05 25 0.00 .00
& 0.2% 0.05 16 ¢.00 0.05 26 .00 0.00
7 D.25 c.08 17 0.00 0.05 27 0.00 0.00
8 0.25 0.05 18 0.00 0.05 28 0.00 0.00
9 0.0 .05 13  0.00 0.05 29 0.00 0.00
30 0.00 0.00
Coefficients were estimated as follows:

oy = 123.807 s71 = 30.4356 8y = 1.4207
ey = 185,787 k=0,2689 a4, = ~0.03526
ey = —-7.2548 by = 116.1157 a; = 0.0001637

b, = -4,7997 &, = 0.658906

by, = 0.0965

Exogenous varisbles were assigned the following values:

H; = H; = 0.1. 0.2. or 0.3
9 = .0000109383
c = 7
x1(4) = 240 or 200 million
x3(5) = 140 or 70 million
PSHRIMP = 1.66 or 2.10

The optimizatior problem was solved Yor 12 sets of exogemous variables—
high and low price levels at each of three natural mortality rates and two
popelation sizes. In actuaj practice, each of the zhove €iogenons variables
ard the recruitmsnt functions will psed to be estimated or forecasted before
80lving the harvesting probdlem. The above probles represents only 12
bypothetical sitnstions with the same recruitment pattern, and so the
solntiops obtained will not apply to alil barvesting yoars, :
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Solutjon Procedure

The Hamiltonian {see page 29) is

H(t) = [Rxs,x3)-c]E(®, 1) o8 aCt)
+ J\.,[F,(t)xl(lﬂ—lﬂx,(t}—qF.(k.t}x;(t) olt))
+ l;[Fz(t)X;(S]"HX;(t)"qE(R.t)13(t) Q(t)]
which leeds to the switching function:
T if [R(xs,xp)-c]E(R, e 0% = AiqE(R, )2y (E)
- a,qE(R,t)xs(t} 20
0 if [R(zs.x3)-clECR, 13 DY — AgB(R, t)xs(t)
— AsqE(R,tlxs(t) <O

The system of differential equations is

Fy(t)x (4) - Mx, (t) - GE(R,t)x, (1) &(1)

“
"
L

12 = Fa()x,(5) - Mxalt) - qE(R,t)x; (1) &(t)

[

il = l,M + l,q[E(R,t)+e,_qP{g;,,t.'151(=.t)x;(t)] ¢ét)
- P(s,.t.wl:1(2.t)q[E(R.t)+e;(klx;,xz)—c}le' t p(t}

-y
w
]

lau + laq[E(R.t)*'OQ_QP(S: ,t.w)s;(z.t)x,(t)] ?;ét)
- P(aa.t.w}sz(z.t)q[E(R.t)+e1(R(x,.x:)-c)]e toatt)

The optimal soletion is obtained by sezrching over positive valnes of
the adjoiat variables, Ay (0) amd 2;(0), to find the #(t) correspondimg 1o
the mazimem net present value of the season harvest. The optimal
opening/closing schedule was determined to the nearest week, The algorithm
used to solve for the optimal 2(t) is presented in Appendix C. It is
similar to the algorithm psed to solve the New River shrimp problem. The
onregulated casec was determined by setting both li(D)'s equal to zero.

Results

The optimum ssascn opening/closing schedule for each of the 12 solntions
is contrasted with that for the onregulated case in Table 14. Delayimg the
season improved the met present value of the harvest only at the lowest
pstural mortality rate. At natural mortality rates of 0.2 and 0.3  1ie
sprogulated case wae optimsl. At these mortality rates it was =ot possible
to find A;(0)'s greater than gero that resulted in 2 higher pxcsoi& value of
the harvest. At a matural mortality rate of 0.1, the net presest valng - was
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Table 14. Summary of harvesting solctions for the Pamlico Sound shrimp

fishery for 12 combinations of inputs. Present value and Ri are in
1967 dollars.

Milliorns
Optimal X.(0) Net harvested
t Optimal
M PSERIMP A, (0) 22 (0) P aine 85308 ¥

Initial population size of brown shrimp = 240 million
Initial population size of pink shrimp 140 million

0.10 1.66 0.01170 0.00275% 3,753,280 t = 6-29 97.8 34.7

uttregnlated (all li=0) 3,744,378 t = 5-2% 8.3 34.8
0.1t 2.10 0.01505 0.0039% 5,058,593 t = 6-29 106.7 38,3

varegulsted (all 2,=0) 5,048,728 t = 5-29 107.3 38.4
0.20 1.66 0.00000 0.00000 2,015,45¢ t = 5-26 59.1 17.7
0.20 2.10 0.00000 ¢.00000 2,826,793 t = 5-27 66,0 20.0
0.30 1.66 0.00000 0.80600 1,263,909 t = 5-18 40.2 9.6
0.30 2.10 0.00000 ©.00000¢ 1,81C,726 t = 5-25 44.8 9.0

Initial populatiom size of hrown shrimp = 200 million

Initial populstion size of pink shrimp = 70 milliocz
¢.10 1.66 4.01000 0.00230 2.616,99¢ t = 6-28 73.2 14.8
unregulated {all A;=0) 2,609,653 t=5-28 73.6 14.8
0.1¢0 2.10 0.01300 0.00330 3,542,338 t = 6-28 80,2 16.3
unregulated {all A,=0) 3,534,565 t = 5-28 80.6 16.3
0.20  1.66  ©0.00000  0.00000 1,376,341 t = 5-20 43.3 6.9
0.20 2.10 0.00000 0.00000 1,938,299 t = 5-23 48,7 8.2
0.30 1.66 0.00000 0.00000 859,726 t = 5-15 9.1 3.7
0.30 2,10 0. 00000 0.00000 1,238,335 t = 5-16 33.1 4.4
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increased slightly over tbhat for the unregulated case by deleying the season
cne period. However, the gair was negligible, The higher market price
produced higher net present values at all three natural mortality rates, but
the opening date of the optimal harvest season was the same as that at the
lower market price. Similarly, the higher population size resulted in a
higher preseat value, but bad no effect oo the opening date of the harvest
season.

As was found for the New River fishery, there appears to be little or no
gain from regulating the Pamlico Sound shrimp fishery beyond curreat
practice. In general, the high natural mortality rates result in more value
lost when the season opepning is delayed than is gained through growth and
increased prices. This is comsistent with the conclusion by Waters (1983)
that protecting juvemile shrimp from harvest in Pamlico Sound did not result
in significantly higher gaias to fishermen’'s income.

SUMMARY AND CONCLUSIONS

A bioeconomic optimal control model presented by Kellogg et al. {1985
was used to determinme the optimal season opening/closing schedunle for the
Mew River and Pemlico Sound skrimp {isheries. Several solutions were
obtained for each fishery by varying natural mortality. initial population
size and price,. In both cases, the analysis showed little or mo gain from
delaying the season opening beyond the time whem shrimp first reach
marketable size,

This is not a new result. Eutknhn {1966) studied the dynamics of =a
shrimp fishery in the eastern Gulf of Mexico and similarly comcluded thkat the
high growth rates were insnfficient to offset substantial losses dpe to
expected mortality. He also concluded that postporiag the start of fishing
beyond when shrimp reach marketable size {larger than the 70 headless-count
designation) was not feasible., McCoy {1972) and Purvis and McCoy (1972}
studied the Nev River fishery and pink shrimp in Pamlico Souand using
apalytical methods similar to Kutkoha (1966) and concurred witk this
management strategy. Bowever, Purvis and McCoy (1974) recommended that some
gain would be obtained for the brown shrimp fishery in Pamlico Sound if
fishing was prohibited until the shrimp reached a count of 46 to 30 per
pound, heads-off. This latter mansgement strategy is not supported by the
results of the present study.

However, with different recruitment functions and population sizes thin
vsed bere, the optimizetion wodel might produce different results. Althoegh
the examples examined here are representative of the two fisheries, they are
nonetheless hypothetical cases only. A different bslance betwsen pink and
brown shrimp recruoitment and abundance could reselt in sityations where 2
delay in the season opening and perlaps eveD & short mid~season closure would
ephance the vslue of the fishery. The fisheries should be momitored closaly
during the pre-harvest period and the model applied foxr each year in order to
determine if exceptions to the existing panagement stratogy are desirable.
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Biceconomic optimal control models are not the only input that sheuld be
used by the fishery manager iz promulgating regulationms. Some aspecis cf 3
fishery are not easily incorporated into e model, swch as income re-
distribution, political realities, dynamics of ecosystems, and cetastrophic
weather events. But manegement models soch as the one used here can provide
ipportant insights that cannot be obtained in any other way.
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APPENDIX A: SOLUTION ALGCRITHM FGR TEE NEW RIVER SHRINP

EAPVESTIKG PRCELEM

The following program is written in IBM-PC Besic.

REM SHRIMP HARVESTING PROCGRAM: SHRIMP3.BAS
REM

REM EXOGENCUS VARIABLES USED IN THE PRCGRAM

REM

50 M=.25 "VALUES USED ARE 0.25 AND 0.33

260
270

280
290
300
310
320
330

340

C=.0008
Cl=50
PSERINP=2.,1 '"VALUES USEL ARE 1.66 AND 2.10
CUMPV=0:CUMBARV1=0: CUMHERVZ=0 ; CUMHARV2=0

X1=0:X2=0:X3=0

KEM

RENM FUNCTIONS USED IN THE PROGRAM

REM

DEF FNSIZEL(C,T)=1/({44.86*% (1-EXF(.8381%T—,005828*C))
+B85*EXP({.B3B1*T-,005825*C))

DEF FNSIZE2(C,T)=1/(48.4%{1-EXP(-,4716%T+,002266%*C))
+B5*EXF({-.4716*T+,002266%C))

SIZE3=1/70.3

DEF FNPRICEL(SIZEl1})=]1.556~.02EC03*(1/8IZE})

+.0001255* (1/(SI2E1"2))+.34175*PSHRIMP

DEF FNPRICE2(SIZE2}=1.556-.02503*(1/8IZE2)
+.0001255%(1/(SIZE272))}+.34175*PSBRIMP

DEF FNPRICE3(SIZE3)=1.556-,02503*(1/SI1ZE3)
+,0001255*(1/(SIZE3"2)}+.34175*PSHRIMP

DEF FREFFCRT(R,T)==22.37+.124*R+4,728% T~ 1282*%(T"2)

DEF FNDISCOUNT{T)=EXP(-,001B27*T)

DEF FNXIDOT(E,X1)=-M*X1-Q*E*X]1+*PHI

DEF FNX2DCOT(E,X2)=-M*X2-C*E*X2*PEI

DEF FNX3DOT(E,X3)=-M*X3=-0*E*X3*PHI

DEF FNLIDOT(E,R,Ll)=(~(E+R*,124-CLl¥* ,124)*Q*P1*SIZEL*D*PHI)
+(L1* (M+CQ*PHI* (.124*C*P1*SIZE1*X1+4E))})

DEF FNL2DOT(E,R,L2)=(-(E+R*,124-Cl* 124) *C*P2*SIZE2*D*PHKI)
+({L2* (M+C*PHI* (. 124*C*P2*SI2E2*X2+4E}))

DEF FNL3DOT(E,R,L3)=(-(E+R*.124~C1*_.124)*C*P3*SIZE3*D*PHTI)
+{L3% (M+Q*PHI* (,124*Q*P3*SIZE3I*X3+E}))

REM

REM SET UP FCR PRINT AND INITIAL LAMBDAS

INPUT *INITIAL VALUE FOR L1";L1

INPUT "INITIAL VALUE FOR L2";L2

INPUT “INRITIAL VALUE FOR Li™";L3

LPRINT "M=";M;" PSHRIMP=";PSARI¥P;" L1(C);=";Ll;" L2(&)=";L2;
" L3I(0)=";L3

US="34% S$388843.3 & JO3RRR048 R0 JES4000 S.34393% R 323344
. 348834 $33 RRERLLE"
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360
370
380
390
460
410
42¢
430
440
458G
460
470
480
490
500
510
520
530
540
35C
560
570
580
590
600
610
620
630
640

660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
B20
830
8490
850

TAP
TAR
REM
REM
REM

{38)
{76)

l!x3ﬂ
I'IPVT'I

LPEINT "T" TAB(€) "SWITCE" TAB{13) °PHI" TAB(22) "X1" TAB(20) "X2%
' y "

TAE(48% "L1" TAB{(S7) "Lz" TAE (66) L3 TAB(70 EFE"

THE MAIN PRCCRAM

FCR T=0 TO 39
REM DEFINING TEE DISCRETE FUNCTION FCR CUMULATIVE TEMEERATURE

IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
IF
ir
IF
IF
IF
IiF
IF
IF
IF
IF
IF
IF
iF
IF
IF
IF
IF
IF
IF
IF
iFP
IF
IF
IF
IF
IF
IF
IF
REM

-

I T T I [ L L | A [y
] Ch LA s W R D

e el il e
(L S TER L ]

"
[}
o

1

i
b
0 =l

f

HHHHHG*—]'—]H'—HHHHHHHFEH

f

T=19
T=20
T=21
=22
7=23
T=Z4
T=25
T=26
T=27
T=28
T=29
=30
T=31
T=32
T=33
=34
T=35
T=36
T=37
T=38
T=39

THEN
THEN
THEN
THEN
THEN
TEEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
TEEN
THEN
THER
TEEN
THEN
THEN
THEN
THEN
THEN
THER
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN
THEN

REM DEFINING
IF T<10 THEKR
IF T=10 OR T=16 THEN Fl=1/28%
IF T=11 OR T=15 THEN F1=3/28

c=0
C=117
C=241
C=372
C=311
C=657
C=810
C=971
C=1139
C=1214
C=1494
C=1681
C=1872
C=2067
C=2266
C=2467
C=2670
C=2872
C=3075
C=3276
C=3475
C=3670
C=3860
C=4045%
C=4225
C=4397
C=4561
C=4718
C=4866
C=5004
C=5134
C=5254
C=5364
C=5465
C=5557
C=5639
C=5714
C=5780
C=5838
C=5850

THE DISCRETE RECRUITMENT FUNCTIONS
Fl=0
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860 IF T=12 OR T=14 TEEN Fl=§,/28

870 IF T=12 THEN F1=8/28

880 IF T>16 THEN Fl=C

890 IF T=0 THEM F2=.(5

900 IF T=1 TKEN F2=,0%

910 IF T=2 TEEN F2=.05

920 IF T=3 THEN F2=.1

930 IF T=4 THEN F2=,75

940 IF T>4 THEN F2=0

950 IF T<19 OR T>34 TEEN F3=0 ELSE F3=1/16

960 REM

970 REM DEFINING INITIAL PCPULATION SIZES

980 IF 9<T<17 TREN X1START=215000000# ELSE X1START=0
990 IF T<5 THEN X2START=5900000! ELSE X2START=C

1000 IF 1B<T<35 THEN X3START=170000004% ELSE X3START=0
1010 REX

1020 REM RECRUITMENT

1030 X1=X1+F1*X1START

1040 X2=X2+F2*X25TART

1050 X3=X3+F3*X3START

1060 REM INITIALIZING AND SETTING PRINT VALUES

1070 X1PR=X1

1080 X2PR=X2

1090 X3PR=X3

1100 L1PR=L1

1110 L2PR=L2

1120 L3PR=L3

1130 HARV1=0:HARV2=0:FEARV3=0:PV=0

1140 REM

1150 SIZE1=FNSIZE1(C,T)

1160 SIZE2=FNSIZE2(C,T)

1170 P1=FNPRICE1 (SIZE1)

1180 P2=FNPRICEZ2(SIZE2)

1190 P3=FNPRICE3(SIZE3)

1200 R={(P1*SIZE1*Q*X1)+(P2*STZE2*Q*X2)+ (P3*SIZEI*Q*X3)
1210 E=FNEFFORT(R,T)

1220 IF E<O TEEN E=0

1230 D=FNDISCOUNT (T)

1240 SWITCH=(R*E-Cl*E)*D-L1*Q*E*X1-L2*C*E*X2-L3*Q*E*X3
1250 IF SWITCH>0 THEN PHI=1 ELSE PHI=0

1260 REM

1270 REM SOLVING DIFFERENTIAL EQUATICNS

1272 REM PRICE AND SIZE ARE FELD CONSTANT THEROUGHE THE WEER
1280 FOR N=1 TO 5

1290 REM

1300 REM CALC OF CUM, HARVESTS AND PRESERP VALUE
1310 B=.2

1320 RT=T+(N-1)*H

1330 E0=FNEFFORT (R, ET)

1340 E1=FNEFFORT (R,RT+.5%H)

1350 E3=FNEFFORT (R,RT+H) _

1360 R=(P1*SIZE1*Q*X1)+(P2*SIZE2*Q*X2)+(P3*SIZE3*Q*X3)
1370 SUBEARV1=E*C*EC*X1*PHI
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T

1380
1390
1400
141¢
1420
1430
1440
1450
1460
1470
1480
1490
1500
1E10
1220
1530
1240
1550
1560
1370
1580
1590
1600
1610
1620
1630
1640
1650
1660
167C
l1680C
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1B2¢C
1830
1840
1850
1ee0
1870
1880
1890
1900

SUBHARVZ=E*{*EC*XZ*Fh1
SUCEARVI=E*C*EQ*K3* PRI
EARV1=EARV1+SUBEAPV1
HARV2=HARVZ2+SUBEALRVI
HARV3=HARV3+SUBEARV3

5UBPV=(PI*SIZEI*Q*X1+P2*SIEEZ*Q*X2+P3*51zgg*o*x3_c1)tEG*D*H*pHI

PV=SURPV+PV

REM

REM CALCULATION OF NEW LAMEDAS

REM LAMEDAl

KCL1=FNL1DOT (EO,R,L1)

K1L1=FNL1DOT (E1,R,L1+.5*K*KOL1}
K2L1=FNL1DOT (E1,R,L1+.5*¥E*K1L1)
K3L1=FNL1DOCT (E3,R,LI+E*K2L1)
L1=L1+{E/6)* (KOL1+2*K1L1+2*K2L1+K3L1)
IF L1<( TEEN L1=0C

BEM LAMEDAZ

KOL2=FNL2DOT (EC,R,L2)

K1L2=FKL2DOT (E1,R,L2+.5¥E*K0L2)
K21L2=FNL2DCT (E1,R,L2+.5*¥E¥K1L2)
K3L2=FNL2DCT (E3 R, L2+H*K2L2)
L2=L2+(E/6)* (KOL2+2*K1L2+2*K2L2+KR312)
IF L2<0 THEN L2=0

REM LANEDA3

KOL3=FNL3DOT (E0,R, L3)

K1L3=FKL3DOT (E1,R,L3+.5%E*K0L3)
K2L3=FKL3DOT (El,R,L3+.5*E*R1L3)
K3L3=FNL3DCT (E3,K,L3+H*K2L3)
L3=L3+(H/6) * (KOL3+2*K1L3+2*K2L3+K3L3)
IF L3<0 THEN L3=0

REM

REM CALCULATION OF NEW X'S

REM X1

ROX1=FNX1DOT (E0,X1)

K1X1=FNX1DOT (El,X1+.5*H*K0X1)
K2X1=FKX1DOT (E1,X1+.5%HE*K1X1)
K3X1=FNX1DOT (E3,X1+H*K2X1)
X1=X1+(H/6)* (KOX1+2*K1X1+2*¥K2X1+K3X1}
IF X1<0 THEN X1=0

REM X2

KOX 2=FNX2DOT (E0 ,X2)

R1X2=FNX2DOT (El,X2+,5*H*K0X2)
K2X2=FNX2DOT (El ,X2+.5*¥B*K1X2)
K3X2=FNX2DOT (E3 ,X2+E*K2X2)
X2=X2+{H/6) * (KOXZ+2*K1X2+2*K2X2+K3X2)
IF X2<0 THEN X2=0

REM X3

ROX3=FNX3DOT {E0 ,X3)

R1X3=FNX3DOT (El,X3+.5*H*K0X3)
K2X3=FNX3DOT (E1,X3+.5*6*K1X3)
K3X3=FNX3DOT (E3 ,X3+H*K2X3)
%3=X3+{E/6) * (KOX3+2*¥K1X3+2*K2X3+K3X3)
IF X3<0 THEN X3=0
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1810 KEXT N

1920 CUMPV=CUMEFV+PV

1630 CUMHARV1=CUMEARV]I+EARV1

1940 CUMEARV2=CUMHEARV2+HARVZ

1850 CCMEARV2=CUMHARV3+HARV3

1960 LPRINT USIKG US;T,SWITCH,PHI,XlPR,XZPR,X3PR,L1§R,L2PR,L3PR,E,PV
1970 NEXT T

198¢ PRCP1=CUMEARV1/215000000%

1990 PROP2=CUMEARV2/5900000!

2000 PRCP3I=CUMEARV3/17000000%

2010 LPRINT "CUMHARV1=";CUMHARV1;" PROPORTICK=";PRCP1l
2020 LPRINT "CUMEARV2=";CUMEARVZ;" PROPORTION=";PRCP2
2030 LPRINT "CUMHARV3=";CUMEARV3;" PROPCRTICH=";PROP3
2040 LPRINT "CUMPV=";CUMPV

2050 ENLC
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APPENDIX E: SUMMARY CF CCIZEECIAL CATCH STATISTICS

FCR THE FAMLICC SOUND SHEIXP FISEERY

Commercial catch data were obtained from tke Nortk Caroline Division of
Marine Fisheries, Beginping in 1979, the Division of Marine Fisheries and
the Natiopal Msrine Fisheries Service collected weekly catch statistics on
shrimp and other selected fisheries in the state. Information included date,
geartype, fishing area, pumber cf landings. catch in weight (pounds, heads-
off), and the average ex~-vessel price per pound for each species and size
class. (Some additionmal catch data were collected during a pilot study in
1978, but were excluded from this analysis because it is believed to be
incomplete.) Only data designated for Pamlico Scund proper {(area 6354) are
incluced in this anmalysis. Data from surroending tributaries znd some bays
are excluded.

Two geartypes were listed for Pamlico Sovnd: 1) vessels (craft weighing
§ tons or mcre and registered as a merchant vessel of the United States)
using sbrimp trawls, and 2) boats (any craft not identified as a vessel)
using shrimp trawls. A measure of weekly total fishing effort (homrs
fishing) was obtained by adjusting tke number of boat-hours to vessel-hours
and adding the two together, The method nsed to adjust boat-honrs to vesse -
bours is presented in the text.

The weekly valunes reported here were determined using procedures
reported by Kellogg (1985). Each week rerresents a Friday—to-Friday catch.
Port samplers usnally interviewed all dealers weekly and reported the catch
ss a weekly aggregate. But prier to 1982, dealers were occasionally missed,
and the catch for that week was recorded with the catch of the following week
(Katy West, Statistics Coordinator for the Divisiox of Marine Fisheries,
perscenal communication). It was pot possible to correct the records; conse—
quently, any errors that are due to this source remain. Another potentiel
source of error involves periods when zo catch was reported. If no catch was
reported in the dataset for 2 particular week, the cetch was assumed to be
zero.

61



Table Bl. Dataset for Pamlico Sound shrimp, Data from the Mecrth Caizo-
ling Division of ¥arine Fisheries, Weight is in pounds {keads-cff)
and revenue and prices are in currert dollars (not adjusted for infla-
tion). Time is measured in weeks from June 1.

Total Revenne Shrimp  Cocsumer
hours Total Total per hour price price
Week fished revente weight fisked index index
1979
Q 0 0 0 ——— 523.8 216.6
b 0 0 0 —— 523.8 216.6
pi 0 0 0 _—- 523.8 216.6
3 0 0 ¥ —- 523.8 216.6
4 Q 0 o — 498.06 21%.9
§ 15% 9918 3981 50.86 498.6 218.9
6 58 1957 675 33.74 498.6 218.9
7 291 121452 34274 40.88 498.6 218.9
8 3290 2¢7371 58758 £3.03 498.6 218.5%
9 1697 88166 24459 51.85 444.7 221.1
10 4303 251097 63889 58.35 444.7 221
11 3220 238161 62130 73.86 444.7 221.1
12 2467 120306 29519 48.77 444.7 221
13 3553 139139 31974 39.16 438.0 223.4
14 1582 133322 31370 84.27 438.0 223.4
15 1277 92805 20249 72.67 438.0 223.4
16 674 31717 7210 47.06 438.0 223.4
17 230 11587 2940 50.38 450.7 225.4
18 5350 25382 7038 46.15 450.7 225.4
19 708 38832 14185 55.08 450.7 225.4
20 653 26182 9352 40.09 450.7 225.4
21 617 18578 7197 30.12 450.7 225.4
22 674 26677 10161 39.58 430.2 227.5
23 888 43520 15596 49.01 430.2 227.5
24 142 26833 9559 49.51 430.2 227.5
25 494 17704 6329 35.84 430,2 227.5%
26 144 2346 780 16.29 415.0 229.%
27 74 1882 697 25.43 415.0 229.9
28 139 1697 800 12.21 415.0 229.%
29 0 0 0 —— £15.0 229.9
30 0 0 ] e 415.0 229.9
1980
0 0 0 0 — 382.9 247.6
1 0 ¢ o —_— 382.9 247.8
2 0 0 0 - 382.9 247.6
3 0 0 ¢ — 382.9 2417.6
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Table Bl. continued,

Total Revenue Shrimp  Consumer
bours Total - Totel per hour price price
Week fished revenue weight fiskbed index index
4 o 0 0 -— 381.6 247 .8
5 1072 31583 13469 29.46 381.6 247 .8
6 2830 134536 53481 47.54 3181.6 247.8
7 6077 498936 177117 82.11 381.6 247.3
8 8382 603066 190396 71.95 381.6 247.8
9 7778 845005 262425 108.64 388.2 249.4
10 9548 1032608 304375 108.15 388.2 249.4
11 6676 590046 166041 £8.38 388.2 245.4
12 7002 430177 117295 61.44 388.2 249.4
13 7074 627665 161071 88.73 373.6 251.7
14 5052 313871 91124 €2.13 373.6 251.7
15 4186 275648 84072 65.85 373.6 251.17
16 4087 237819 77904 58.1% 373.6 251.1
17 3048 204587 64440 67.12 344 .4 253.9
18 3675 158961 59706 43.25 344 .4 253.9
19 2281 211786 78736 82,85 344 .4 253.9
20 3681 199432 73073 54.18 344 .4 253.9
21 3901 237325 91730 60.84 344 .4 253.9
22 4657 236142 90502 50.71 340.3 256.2
23 2957 112442 48518 38.03 340.3 256.2
24 499 106986 4£429 21.43 340.3 256.2
25 264 9289 4120 35.19% 340.3 256.2
26 293 10982 4401 37.48 341.3 258.4
27 12 2041 907 170.08 341.3 258.4
28 0 ] 0 —— 341.3 258.4
29 0 o o _ 341.3 258.4
30 0 0 0 — 341.3 258.4
1981
0 H 0 0 -— 421.6 271.3
1 1% 22 7 1.16 421.6 271.3
2 0 -0 i — 421.6 271.3
3 19 278 87 14 .63 421.6 271.3
4 137 2960 11535 21.61 382.4 274.4
5 644 24516 8318 38.07 382.4 274.4
6 1568 53803 16524 34.31 382.4 274.4
7 3116 130392 36010 41 .85 382.4 274.4
8 3485 176891 46642 50.76 382.4 274.4
9 3222 230135 60642 44.07 329.9 276.5
10 3697 141213 37376 38.20 329.9 276.5
11 3718 163038 42002 43 .85 329.9 276.%
12 3397 117130 29126 34 .48 329.9 276.5
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Table Bl. continved,

Total Revenue Shrimp Corsurer
hours Total Total per hour price price
Week fished revepue weight fished index icdex
13 6792 231082 61261 34,02 373.7 279.3
14 3872 106916 26821 27.61 373.7 279.3
15 4217 150297 36184 35.64 373.7 279.3
16 3216 73843 20148 22,96 373.7 279.3
17 826 42483 11731 $1.43 426.1 279.9%
18 1267 31659 8B75 24,99 426.1 279.%
19 185 5541 1786 29.%85 426.1 279.9
20 710 17429 5293 24 .55 426.1 279.9
21 874 10855 3335 18.%1 426.1 279.9
22 377 11755 3574 21.18 405.1 280.7
23 442 9298 2884 21.04 405.1 280.7
24 89 1674 450 18.81 405.1 280.7
25 0 0 G -— 405.1 280.7
26 67 755 229 11,27 401.9 281.5
27 ¢ 0 o -— £01.9 281.5
28 0 0 0 —_ 401.9 281.5
2% 0 0 G -— 401.9% 281.5
30 0 0 0 -— 401.9 281.5
1982
o ¢ 4] 0 — 453.6 290.6
1 0 o G i 453.6 290.6
2 0 0 4] — 453.6 290.6
3 120 3081 1121 25,68 453.6 290.6
4 ¢ ] ¢ — 439.5 292.2
5 43 1232 355 28.65 439.3 292.2
6 3170 145249 44090 45.82 439.5 292.2
7 8703 404031 111793 46.42 439.5 292.2
8 6514 4584218 116396 70.38 439.5 2592.2
9 B846 968188 239323 111.71 492.1 292.8
10 7238 756656 173643 104,54 492.1 292.8
11 5729 598435 136972 104.46 492.1 292.8
12 3830 663688 138670 75.16 492.1 292.8
13 7358 556610 111092 73.65 510.8 293.3
14 6072 475520 90807 78.31 510.8 293.3
15 4519 350545 67242 77.37 510.8 283.3
16 4003 265701 51531 66.38 510.3 293.3
17 3142 231485 47704 73.67 498.0 294.1
18 2258 226156 52138 100 16 49¢2.0 284.1
19 3107 219010 54000 70.49 498.0 294.1
20 2848 161158 42075 56.59 498.0 294.1
21 1997 54897 24541 47.52 498.0 294.1
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Table Bl. continted.

Total Reverne Shkrimp Consumer
hours Teotal Total per hour price price
Yeek fisked revenue weight fished index index

22 1630 77723 21251 47 .68 517.6 293.6
23 1843 545253 14798 29.58 £17.6 193.6
24 871 32681 9125 37.52 517.6 193.6
25 269 10708 3050 39.81 517.6 293.6
26 36 766 215 19.€1 525.0 292.4
27 106 7827 2023 71,01 §28.0 262.4
28 245 8403 2236 34.30 §25.0 292.4
29 79 3120 880 29 .49 §25.6 292.4
30 50 265 74 5.30 525.0 292.4
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e Bl, continued.

Brown Shrimp Fink Shrimp

Average Average Average Average

Weight  Number size price  Weight Number size price

1979

0 0 - - 0 o - -=

0 0 —-— - 0 0 —- -—

0 0 - - 0 0 ——— -

0 0 - - 0 0 —_—= -—

0 0 -—- -= 0 0 -—- -

3981 249739 62.13 2.4% i+ 0 - -

615 36445 53,99 2.90 0 o -—= -
34870 1447618 41.57 3.48 4 340 85,00 2.00
58732 2301238 39.18 3.53 28 2210 85.00 2.00
23988 868744 36.22 3.83 471 39995 84 .92 2.16
62593 2155105 34.43 3.97 1296 108660 83,84 1.83
55277 1773886 32.09 4,08 6853 568945 83.02 1.84
26703 800401 29,97 4.259 2816 230632 81.90 2.08
301058 923505 30.68 4.49 1869 147133 78,72 2.18
23451 565288 24.11 4.93 71919 525575 66.37 2.23
17618 478113 27.14 4.97 2631 176515 67.09 2,00
5798 145874 25.16 5.02 1412 92960 65,84 1.87
2009 55387 27.%7 4.59 931 63675 &£8.39% 2.53
3918 118644 30,28 4.47 3120 195386 62.62 2.52
3128 114728 36.70 3.30 11069 713867  64.49 2,58
2504 85972 38,33 3.36 6848 441378  64.45 2.59
1235 51240 41,49 3.81 3962 406236 68,14 2.33
823 24114 29,30 4.67 9338 591964 63.39 2.45
87 2716 28.00 4.49 15499  B70439  56.16 2.78

0 0 - -— 9559 536250 56.10 2,81

0 ¢ -— - 6329 344582 54.44 2.80

130 4290 33.00 4,45 650 37550 s7.7171 2.72

a o — -— 697 59245 85,00 2.70

0 o - - 800 51716 64,65 2.12

0 e - - 0 0 -— _—

0 ¢ — - 0 0 - -

1980

0 g -— - 0 0 — -

0 ¢ — - 0 0 - —

(] 0 - -— 0 G i -

0 0 - — 0 0 - -

0 6 —- - 0 0 - -

13469 728345 34,08 2.34 0 ¢ — —_—
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Tatle El. coptinted.

Brown Shricp Fink Skhrimp
Average Average Average Averszge
Week Weight Number size price Weight  Number size price

6 53481 2478540 46.34  2.52 0 0o — —
7 177117 7408221 41.83  2.82 0 R -
§ 190396 6886450 36.17  3.17 0 0 — —
o 262425 9245101 35.23  3.22 0 0o - —
10 304305 10135540 33.31  3.39 20 1700 85.00 1.40
11 168955 5584074 33.05  3.49 20 1700  85.00 1.40
12 116827 3621585 31.00  3.68 400 34000  85.00 -
13 157353 4344376 27.61  3.85 3693 260917  70.65 1.65
14 80327 2441553 30.40  3.60 10802 594800  55.07 2.26
1s 69988 2221163 31.74  3.52 14084 875350 62.15 2.06
16 ss46l 1914811 32.75  3.40 19443 1181584  60.T7 2.01
17 46115 136422 29,59  3.57 18315 967326  52.7% 2.19
18 35813 1303174 36.39  3.12 23057 1518223  65.83 1.95
1o 41107 1532806 37.21  3.16 37164 2170816 58.41 2.17
20 42293 1588264 37.55  2.97 30230 1620471 53.60 2.39
51 40758 1590104 39.01 2,93 50377 2831895 36.21 2.30
2 495207 1900756 38.63  2.95 40443 2413079 59.67 2.1
23 7308 240364 32.89  3.23 39910 2347414 58.82 2.13
24 425 14460 34.02  3.07 4004 215744 53.88 2.35
25 0 0 -— — 4120 236175  57.32 2.25
26 650 21450 33.00  3.00 3751 203308 54.20 2.41
27 0 0 - — 907 68995  76.07 1.25
28 0 0 —- — ¢ 0 — —
2 0 o - - 0 6 - -
30 0 0o —- - 0 0o — —
1981
0 0 0 — - 0 o — . -\
1 0 0 - - 7 336  48.00 3.14
2 0 0 T __ 0 0 .. T e
3 0 0 -—-- -— 87 3961 45.53 3.20
4 1155 57090 49.43  2.56 0 b — —
5 8318 340394 40.92  2.95 ) 0o - —
6 16524 600500 36.34  3.26 0 o — —
7 36010 1103677 30.65  3.62 0 6 - -
8 46642 1259359 27.00  3.79 0 0o - —
9 60225 1463172 24.30 3.8l 392 25687 65.53 .
10 36968 853139 24.16  3.80 408 20480 72.25 .

11 40831 952353 23.32 3.93 1171 g0o816 65.0%
12 27981 £87853 21.01 4.10 1145 75025 - 65.32
13 58809 1395052 123.72 3.84 2452 166094 61.74

(SRS
1

T ETRE-N.

o Wwid = 00
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Table BP1, cortinued.

Erown Shrimp Pirk Shrimp
Average Average Average Average
Week Weight Number size price Weight Number size price

14 24777 546841 22,07  4.14 2044 134340 65,72 2.10
15 32184 619627 19.25  4.41 4000 254848 63.71 2,11
16 17247 444366 25.76  3.83 2901 191451  65.99 2.09
17 10819 344662 31.86  3.75 912 62608  68.65 2.09
18 5770 170415 29.53  3.85 3105 159073 51,23 3.04
19 1676 57918 34.56  3.17 110 7150 65.00 2.00
20 2871 96793 33.71  3.84 2422 131562 5448 2.88
21 2240 79745 35.60  3.34 1095 58623  53.34 3.08
22 1621 52898 32.63  3.89 1853 95214  51.38 2.94
23 0 0 - - 2884 119401  41.40 3.22
24 0 ¢ — - 450 23360 47.67 3.42
25 0 0 - — 0 S -
26 0 6 —- - 229 7557  33.00 3.30
27 0 0 - -~ 0 6 - —
28 0 0 — -~ 0 ¢ - -
29 0 0 - - 0 L -
30 0 0 - - 0 0 — -
1982
0 0 0 - - 0 o — —
1 0 ¢ - - 0 0 - -~
2 0 0 —- - 0 6 — —
3 493 34233 69.44  2.40 628 25314 40.31°  3.02
4 0 0 — -~ 0 0 —- —
5 3ss 15265 43.00  3.47 0 0 - -—
6 44090 2034964 46.15  3.29 0 0 - -
7T 111773 4314441 38.60  3.61 0 0 - —
8 116396 4055387 34.84 3.94 0 0 —- -
9 239323 7727266 32.29 413 0 6 - -
10 171493 5375330 231.32  4.39 1956 130658 67.00 2,17
11 129283 3936394 30.45  4¢.49 7434 528843 71,14 2.28
12 130533 3667446 28.10  4.92 7860 530498 67,49 2.75
- 13 102814 2769757 25.094 5.19 7923 5771371 12.87 2.78
14 82435 1998535 54 94 5.46 8352 615055 73.64 3.07
15 59454 1391807 33 49 5.57 7765 557537  71.80 2.45
16 43289 1036667 3395 5.62 8206 531836 64.81 2.73
17 35982 913166 325_38 5.46 11575 701752 60.63 2.97
18 34415 1018435 39 30 4.9% 17642 1129092  64.00 3.06
19 20713 597499 ;3 gs 5.30 33287 2027964 60.92 3.28

20 11196 345623 30,37  5.09 30879 1786654  $7.86 3.37
21 6686 203743 30,47  s5.12 17855 969523  54.30 3.40
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Table El.

continued.

Brown Shrimgp Fink Skrimp

Average Average Average Average

Week Weight  Number size price Weight Nember size price
22 4306 136068 31.60 5.04 16945 977734 §7.70 3.31
23 4446 156493 35.20 4.64 10352 569603 55.02 3.27
24 992 40071 40.39 4.16 8133 433919 53.35 3.51
25 438 14814 33.82 4.76 2612 148297 56.78 3.30
26 0 o - — 215 11620 54.03 3.28

27 520 17325 33.32 5.07 1503 52277 61.40 3.2
28 217 8051 37.29 4.71 2013 109153  54.22 3.67
29 682 34441 50.50 3.45 198 10380  52.42 31.87
30 0 ¢ - - T4 3930 5310 3.58

Note: Data indicated by & asterisk (*
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APPENDIX (C: SCLUTICN ALGCRITEN FCEF TEE PRNLICO
SQUND SHEIMP EARVESTING PRCELEN

The following pregram is written in IEM-PC Basic,

KEM SHEIMP HEARVESTING PRCGRANM FQOR PAMNLICC SCUKD
REM

REM EXCGEKCUS VARIABLES USED IN TEE PRCGRAM

REM

M=.30 'VALUES USED ARE C.1, .2, AND .3
Q=.000C10%28

Cl=7

PSBRIMP=2.1 'VALUES USED ARE 1.66 AKD 2.10

CUMPV=0:CUMHARV1=0:CUMERRVZ=0

180

200
210
22¢
230
250

260

280
290
300
310
330
340

50

360
370
380
390
810
820
830
840

X1=0:%X2=0

REM
REM
REM
DEF
DEF
DEF

DEF

DEF
DEF
DEF
DEF
DEF

DEF

REM
REM

FUNCTICNS USECD IM THE PRCGRAK

FNEIZEL (T)=1/(30.436+(85-30.436)*EXP (—-.268*T))
FNSIZE2(T)=1/{116.1157-4.7987+T+,0565*(T"2))

FNPRICE]l (SIZEl1)=1.,4027-.03526%(1/51IZE]1}
+,0001637*(1/(SIZE1"2))+.658%]1*PEHRIMP
FKPRICEZ2(SIZE2)=1.4027-.03526%(]1/5I2E2}
+.0001637*(1/(SIZE272) ) +.658C1*PSHFIMP

FNEFFORT (R, T)=123.807*R+165.787*T-7.25485*% (T"2)
FNDISCOUNT (T) =EXP(-.001827*T)
FNX1DOT(E,X1)=-M*X1-Q*E*X1*PEI

FNX2DOT (E,X2) =¥ *X2-C*E*X2*PE]
FNLIDOT{E,R,Ll) = {-(E+R*123.8-C1*123,8) *C*P1*SIZE1*D*PHI)
+{L1* {M+C*PHI* (123 .8*C*FP1*SIZE1*X1+E)))
FNL2DOT(E,R,L2)={-(E+R*123 ,8-C1*123.B} *Q*PZ*SIZE2*D*FHI)
+(L2*% (M+C*PHI* (123.8%C*P2*SIZE2*X2+E) )}

SET UP FCR PRIKT AND INITIAL LAMBDAS

INPUT "INITIAL VALUE FCR L1";L1

INPUT "INITIAL VALUE FOR L2";L2

PRINT "M=";M;" PSHRIMP=";PSHRINMP;" LI1{0G)=";L1;™ L2(0)=";L2
US="#% #88044% & SRRA00880 EHEH9003 S 050E3L 3. 338404 48133

$HRE48F H34.32 °

PRINT "T" TAE(4) "SWITCE" TAB(11) "PHI" TAE(1B) "X1" TAB(Z8)
"X2" TAB(35) "L1" TAB(45) "LZ" TAB(51) "EFF"™ TAE(58) "pPV"
TAB(66) “R" .

REM
REM
REM
FOR
REM

THE MAIN PROGRAM
T=0 TO 30

REM DEFINING THE DISCRETE RECRUITMENT FUNKCTIONS
IF T<4 TEEN Fl=0
IF T=4 QR T=9 THEN F1=.CS5
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£50

86C

B8C

90¢

505

Glo0

960

970

980

890

1600
1005
1010
1020
1030
1040
1060
1070
1130
1140
1150
1160
1170
1180
118¢
1199
1200
1205
1210
1220
1230
1240
1250
1260
1270
1280
1250
1300
1310
1320
1330
1340
1350
1360
1370
1380
1400
1410
1430
1440
1450

IF T=5 TEEM Fl=.15
IF T=6 CR T=7 CR T=f TEEL Fl=.25
iF T>9 TEEN F1=0
F2=1/20
if T<E THEN F2=C
IF T>%24 THEN F2=0
REM
REM DEFINING INITIAL PCPULATICHN S1ZES
IF T<11 THEN X1START=24000CC00%#
ELSE X1START=0
IF T<25 THEN ¥28TART=(7*2C*1000000)
ELSE XZSTART=0
REN
REM RECRUITMENT
¥1=X1+F1*X1START
¥2=X2+F2*X28TART
nEM INITIALIZING AKD SETTING TRIKT VALUES
<1PR=X]:X2PR=X2:L1PR=L1:L2PR=LZ
HARV1=0:HARV2=0:PV=0
REM
SIZE1=FNSIZELl(T)
SIZE2=FNSIZE2(T)
P1=FNPRICE]1(SIZEl)
Po=FKPRICE2 (SIZEZ}
IF SIZEl<(1/85) TEEK P1=0
I1F SIZE2<({(1/85) THEN P2=0
R={Pl*SIZE1*Q*Xl)+(P2*SIZE2*Q*X2)
RPRNT=R
E=FNEFFCRT (R, T)
IF E<0 TREN E=0
D=FNDISCOUNT {T}
SWITCH=(R*E—C1*E]*D-Ll*Q*E*Xl-LZ*Q*E*XZ
IF SWITCH>0 THEN PEI=1 ELSE FEI=0
REM
REM SOLVING DIFFERENTIAL EQUATIONS
FOR KR=1 TO 5
REM
REM CALC OF CUM, BARVEETS AKRD PRESENT VALUE
E=.2
RT=T+(N~1) *H
EO0=FNEFFORT {R,RT)
E1=FNEFFORT {R,RT+.5%E)
E3=FNEFFORT (R ,RT+H)
R=(Pl*SIZEl*Q*Xl)+(P2*SIZEZ*Q*X2)
SUBHARV1=E*C*E0*X]1*PHI
SUBHARVZ2=HE*C*EQ*X2*PHI
EARV1=HARV1+SUBHEARV1
HARV2=HARV2+SUBBARV2
SUBPV={pl*s:zsl*c*x1+p2*sxzzz*o*xz-c11*Ec*D*H*PHI
PV=SUBPV+PV
REM
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REM CALCULATICHN CF NEW LAIELAS

REM LANEDAL

KOL1=FKL1DCT(EC,R,Ll)
K1L1=FRLIECT(E1l,R,L1+.5*HE*K{L1)
K2L1=FNLIDOT(El,k,L1+.5*E*KI1L]1)
K3L1=FKL1DOT{(E3 ,R,L1+H*EZL])
Ll=Ll1+(E/6)* (KOL1+2*K1L1+Z*K2L]1+K3Ll)
IF L1<0 THEN L1=0

REM LAMBDAZ

KCL2=FNL2DOT(EQ,R,L2)

K1L2=FNL2DOT{(El ,R,L2+.5*ELE*K0L2)
K2L2=FRKL2DOT (E1 ,R,L2+ .5*E*K1L2)
K3L2=FNLZDOT (E3,R,L2+E*K2L2}
L2=L2+(H/6) * (KOL2+2%*K11.2+2*K2L2+K3L2)
IF LZ<0 THEN L2=0

REM

REM CALCULATION COF NEW X'S

REM X1

KOX1=FNX1DOT(EOD,X1)

K1X1=FNX1DOT (E]l,X1+.5%E*K0X])
K2X1=FNXIDOT(E1l ,X1+.5*K*K1X1}
K3X1=FNX1DOT (E3,X1+H*K2X1)
X1=X1+(E/€) * (KOX1+2*K1X1+2*K2X1+KR3X1)
IF X1<0 THER X1=0

REM X2

KOXZ=FRNXZDOT (E0,X2)

K1X2=FRX2DOT{El ,X2+.5*E*K0X2)
K2X2=FRXZ2DOT({E]l ,X2+.5*H*K1X2)
K3X2=FNX2DOT (E3 ,X2+H*K2X2)
X2=X2+(H/6)* {KOX2+2*K1X2+2*K2X2+K3X2)
IF X2<0 THEN X2=0

NEXT N

CUMFV=CUKPV+PV
CUMEARV1=CUMHARV] +HARV1
CUMHARV2=CUMHARVZ+HARV2

PRINT USING US;T,SWITCH,PHI,X1PR,X2PR,L1PR,L2PR,FE,PV,RPRNT
KEXT T

PRIKT "CUMEARV1=";CUMBARV]

PRINT "CUMEARV2=";CUMHARV2

PRINT "CUMPV=";CUMPV

END

72



