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INXROOUCI'ION

The timing of tbe opening for a seasona 1 f isbery such as the inshore
shrimp f ishery can potentia 1 ly inf luence the total revenue obtainable from
the fishery. The tradi t iona 1 approach in North Carol zna has been to open the
shrimp f ishery when the shr imp have reached a mar?e tab le size, However,
shrimp increase in value as they grow, both from weight gain and higher
market prices for the larger size groups. Thus it is possib1 e that a later'
season opening may increase total revenue.

The porposo of this study ' s to de terai e the ~et iaaf tiae to opeo the
harvest season for two North Carol ins sbz'imp fisheries--the New River fishery
and the Paml ico Souud f is herr  ezc 1 us ive of tributaries and bays!. The
general seasonal harvesting, mode 1 developed by Xel logg �985! is adapted for
use in the analysis. Optimal solutions were generated for several different
scenarios by varying natura 1 morta 1 i ty, initial popu 1 at ion size and price.
Solutions were then compared to the "unregulated" case to determine if the
season opening should be de layed beyond the time when shrimp reach marketable
size.

OIbTI!IAL TIRING OF HhRVEST FOR TIK NI% RIVRR SRRIIIP FISRERI'

Brief Description of the New River Shrimp Fishery

The New River estuary is located. in Onslow County, North Carolina.
Whereas it is an important fishery locally, the New River share of the total
value of the shrimp catch in North Carolina has generally been below S
percent. The estuary is unique in that most of the tidal portion of the
river basin is surrounded by Camp LeJeune, a military base. ka a result,
there has been little or no commercial development rithin the estuary,

Three species of shrimp are harvested commercially in the New River:
brown shrimp  ~Pa~en g3te~ui!, pink shrimp  ~P~u ~d~!, and white
~ hriap  pethhhhh ~et i e u !. Broua shriap i ~ hy far the aust iaportaat
species, typical ly constituting 70 to 90 percent of the annual shrimp catch
 Table 1!. Brown shrimp axe harvested from about mid-June through September.
White shrimp represent only a very small proportion of the total catch  OA-
2.8 pexcent!, even in a year that is favorable for the growth of the speciea
 such aa 1980!. White shrimp  when present! axe harvested late ia the year,
from September through November. Pink shrimp are harvested during two
periods. Overwintering adults  " early" pink shrimp! are harvested in the
spring from Nay until the end of June, after which time moat of the
population has migrated ont of the estuary. h second pink shrimp harvest
 " late" pink shrimp! ~ with young shrimp that migrated into the estuary in
'the early spring, occurs from zezd-hugust until November. The signfficance
of pink shrimp in the commercial catch vazies from about 10 to 30 percent.



Tab 1 e I. Summary of senna 1 catch stat i st i os for the Ncw B i ver shr imp.
fishery. Data f rom the Bivision of oarine Fisheries.

Number
of weeks

Harvest in
period harvest

 month/day! period

't of Total number
annual of shr inp

catch harvestedTear

Early Pink Shrimp

24735 8. &
16732 5.8

6951 19.6
10485 4.6

Brown Shrimp

1979 6/29-10/29 21 242083 86. 6
1980 6/5-10/17 21 256383 89.1
1.981 6/30-10/1 14 25472 71.8
1982 6/11-10/9 19 184700 80.8

Late Pinl Shrimp

1979 8/14-i2/19 L9 10706 3.8
1980 9/5-11/17 11 6543 2.3
1981 8/14-11/6 13 2538 7,2
1982 8/14-11/19 15 32660 14 .3

White Shrimp

1979 10/i9-12/16 7 l973
1980 8/IS-11/25 16 8110
1981 9/15-10/I 3 512
1982 8/28 I 840

Caioulated bp multiplying the catch in pounds times the median of the
sixa ran8e reported in units of number per pound and then snmmed over
all records,

1979 3/29-7/6
1980 5/1-6/20
1981 5/22-6/30
1982 5/1-7/9

15
8
7

10

Annual
catch

 pounds
heads-off!

0.7
2.8
1.4
0.4

1, 502,362
885,031
373,012
641,197

11, 753,993
14. 398, 666

985.906
9,144,577

779, 964
465,555
167,195

2.049,315

159,285
332,511

22,016
36,120



The l ife histories of the three species are similar. Eggs are spawned
and hatch in the ocean. The young migrate to estuarine nursery areas where
they grow rapidly into juveni les and subadul ts. They then return to the
ocean where they become sexual ly mature, spawn, and die.

The commercial catch statistics reported by the Division of Marine
Fisheries  see Eel logg 1985 for a compilation of this dataset! identifies
three geartypes for the New River: 1! vessel  craft weighing 5 tons or more
and registered as a merchant vessel of the United States! using shrimp
trawl s, 2! boat  any craft not identified as a vessel! using shrimp trawls,
and 3! boat using channe l nets. Channe 1 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
trawl s, 20 to 35 percent is taken by ve see l s, and l.0 to 20 percent is taken
by channel nets. For the 1979-1982 period, the yearly average catch per
effort  i.e., average catch per daily fishing trip! was 30 to 120 pounds per
boat for shrimp traw I s, SO to 1000 pounds per vesse 1, and 100 to 300 pounds
per boat for channel nets.

A prominent characteristic of the shrimp market is the dependence of
price on shrimp size. Larger shrimp bring a higher price than sma1 1er shrimp
 Table 2!.  Exceptions occur in Table 2, but probably result from averaging
over different time periods within the year.! In 1980, for example, New
River brown shrimp in the 26 to 30 per-pound category  heads off! sold for
4.35 dol lars per pound  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 dollars per pound. This increase in price with increasing shrimp
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 Carol ina Department of Natura l Resources, Division of Mar ine
Fisheries  DMF! is responsible for the promulgation of rules and regulations
governing the harvest of shrimp in North Carol ina. The principal regulations
involve opening and closing the harvest season in secondary nursery areas and
designation of primary nursery areas. Primary nux'aery areas � such as sma1 1
creeks and bays � -are defined by regulation and are closed at all times.
Secondary nursery areas are opened and closed by proclamation. The SgfF
traditional ly has opened the season when shrimp were large enough to have
commercial va l ne.

The overlap between the brown shrimp harvest season and the pink shrfmp
harvest seasons results in a potential discard problem. Small brown shrimp
are sometimes col 1 ected as tycatch during the harvest for early pink shrimp.
and small late pink shrimp are often collected as bycatch during the harvest
for bx'own shrimp. When these shrimp are.' too sma1 1 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 characteristics of the South Atlantic
shrimp f ishery i.s presented in South Atlantic Fishery Ranageaent Council
�981!. including the ex-vessel market. the domestic who L e sale 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 hew River sbt ivp bl
species and size c I ass, al l geartypes coInbined. Data fror the Yorth
Carolina Division of Harine Fisheries. %eight is in ponnds  beads
off!, and price is in dollars per pound.

Spec ie s

BrownEarly Pink Late Pink White

Shrimp

par ponnd Avg. Avg. Avg. Avg.
Year {heads off! Weight price Weight price Weight price Weight price

1979

46

2.76
2.59
2.16
2.53

6197
7891
9341
1260

2557
1426

486
623 7

421 2. 60
1552 2.17

Total 2473S 2.80 242083 2.81 10706 2.58 1973 2 .26

1980 878
3.28
3.11 14552
3.15 19745
2.76 63353
2 .61 28451
2.48 54108
2 .40 55760
2.40 19536

4.35

376
1354

2.65
2.59

1668
3145

1.86
1.64

Total 16732 2.64 256383 2.47 6543 1. 95 8110 2.92

1981

38 4.00

1728 3.68

1855 2.99
2473 2 .55

857 2.36

512 3.32

225 2.60
2123 3.03

190 2. 50

6951 2.93 2$472 3.46 2538 2.9S SI2 3.32Total

26-30
31-36
36-40
41-45
46-50
51-55
56-60
61-70

>70

26-30
31-36
36-40
41-45
46-50

Sl 55
56-60
6I-70

>70

26-30
31-36
36-40
41&5
46-50
51-55
56-60
61-70

>70

487
1186

189
4145
1750
8780

88
107

2.65

2.75
2.96
2.75
2.41

1152
5G41

15069
192087

12959
941 8
5857

5GG

1920
5475
7626
8573
1298

580

4.37
3.98
3.46
2. 71
2. 90
2.95
2 .65
2.19

3.31
3.18
2.92
2.80
2.07
l. 89
1. 90

3.71
3,$2
3.39
3.42
3.35
4. 00

2925 3.09
1628 3.01
1440 2.94
1523 2.86

71 2. 90

456 1. 75
67 1.75



Table .  contircec!

Species

Karlv Pink Late Pink. WhiteBrown

Shrimp
per pound Avg. Avg. Avg. Avg.

Year  heads off! Weight pri~e Weight price Weight price Weight price

1982

840 3. 50

10218
7087

10423
4932

3.45
3.30
3.25
3,12

10485 3 . 59 184700 3 .42 32660 3 .30 840 3 .50Tot aI

26-30
31 � 36
36-40
41-45
46 � 50
51-55
56-60
61-70

�0

215
881
346
803

1289
648l

470

3249
5.00 3765
4. 64 51603
4. 81 48'68
4. 00 43717
3. 51 28422
3.32 4657
3. 24 1119

3.82
3.71
3.56
3.44
3.31.
3.27
3.21
3.22



The ggodcl

The general seasonal harvesting model presented in Ke 1 1 ogg �985! was
adapted for app1 ication to the New River shrimp f ishery. The prob 1 em
contains three state variables, one each for the population dynamics of brown
shrimp and the two year classes of pint shrimp. White shrimp were excluded
because they constitute a negligible portion of the fishery.

The Ne«River shrimp harvesting prob1em can be formally stated as
folio~a:

T

PV = I  [P gs,t,w!gs z ~ t!xs tl+P gs,t,w!gs z.t!» t!~o
maximize

with respect to
4 t! +P gs, t.w! g,  z, t! x,   t! ] qE B, t!

-csK k,t!!e 4 t! dt

xs Fs x, t!xs as! � 1 s zs,x, t! � qE R,t!xs t! 4 t!

xs ss! given and xs t! >0,

Fs  x, t!zs  as! � ! s  zs ~ x, t! � qE R,t!xs t! O t!

xs  ss! given and xs  t!$0,

x! ~ Fs  x. t!x!  s s ! � 5!  xs, x. t! � qE R, t!x,  t! O t!

x! as! given and x, t! >0,

P g,t,«! = the market price equation im dollars pez poumd.t

gi x. t! tbc abzimp sixa eqaatio!s foz species i im pounds gscr sbzimp,

At the time of this study, the channel net fishery was unregulated, and
thus «as not subject to the opening/closing schedule.  Channel nets were
included under proclamation authority in October, 19SS.! Moreover, channe I
netters use passive gear and col lect only shrimp that are migrating to the
open ocean. The channel net catch would be model led as natural mortality
«hether 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 channel net fisher~en have
no bearing on the optimal timing of harvest, and are excluded from the
ana1 ye as.



w = vector of ezogenous demand variables,

z = vector of environmertal variables,

z- t! = population size in numbers for species i,i

E R, t! ~ the fishing effort equation,

R = the return per standard unit of fishing effort,

q = the catchability coefficient for the standard unit of
f ishing ef fort,

cz = cost per unit of effort,

F  z,t! = the recruitment function for species i.1

Mi z,z.t! = the natural mortal ity function  including emigration! for
species i.

i=1 ==> brown shrimp,

i=2 ==> early pink shrimp,

i=3 ==> late pink shrimp,

t = time in uni ts of wee!ts starting from April I, and

s- = the time when species/cohort i first becomes vulnerable to
capture.

q t! = the decision variable   O t!=0 implies a closed season and
O t!=l implies an open season!.

The purpose of this model is to determine the season opening/closing
schedule, e t!, that mazimizes the discounted present value of net zeturas
to the harvesting sector. The potential harvest season spaas hpriI I  t&!
to December 31  t~T!. The weekly discount rate. 6. was set equal to 0.001827
for this study, which i.s equivalent to an annual discount rate of 10 pex'cent.
This is a real rate, which is required because all prices and costs are ia
units of nniaf lated dol lars �967 dol laze!.

Note that the market price equation, P gi,t,w!, is not a function of the
quantity of New River shrimp harvested. Meters �9g3! demonstrated that the
shrimp iadustry in North Carol iaa is a "price-taker." ConsequentIy, a@-
vessel price is determined on the basis of national supply and demand.
However, since ex-vessel price depends on the size of the shrimp harvested.
the regulating agency can influence the price per pound by adjuatiag the
tining of harvest. And since effort depends on price  through R, the return
per unit of effort!, the regulatory agency indirectly influences fishiag
effort as we11. Because other factors are also involved, however. the
regulatory agency caanot control prices and effort, emly influence them.-



Components of the Model

Market Price Equation

The market price  ez-vessel! for New River shrimp was nodel.led as a
linear function of shrimp size and the national shrimp price, as fo I lows:

New River a4 + aa Size! + aa Size! + s national2+

The ez-vessel demand for shrimp harvested in cnorth Carol ina has been
shown to be perfectly elastic  laters 1983! � that is, North Carolina prices
are not affected by the quantity of shrimp harvested in North Carol ina.
Consequently, the predominant determinant of the local shrimp price is the
national price. The measure of the national shrimp price used in this study
was the shrimp prie e indez  PSHRIMP! repor ted by the Department of Commerce
in ~Cur ~e ~t~r a<~i~tat':Ltti, This monthly indez i.s ca Ical ated as fol lowe:

Current price times 1967 quant ity
Indez 1967 average monthly value

It represents a relative price of shrimp. For ezample, if the index is
185.0, the yrice of shrimp that sold for 1.00 dol lars per pound in 1967 has
increased to 1,85 dollars pea' pound. Since the indez includes price changes
resulting from general price inflation, the index was divided by the consumer
yrice index to convert it to constant 1967 dol lars.

hs acted previously, shrimp size is al so an imyortant determinant of the
market price. Shrimp size was included in the model as a quadratic to
account for any non-linearity that might exist. Size was measured in units
of number per pound. heads off. Thus, the larger the shrimp, the small er the
' 'size, ' ' aud so the sign of the derivative of price with respect to size is
expected to be negative  that is, aa+2a  Size!<0! ~ Shrimp size for the New
Rives' was reported by the Division of Marine Fisheries in units of number per
pound, heads off, for nine size classes. For est imat ion purposes, the
midpoint of the range for each size class «as used as the size estimate.

Weekly values for catch in weight and total revenue were obtained from
the Qfvision of Marine Fisheries as part of the weekly catch statistics
ool leoted on shrimp. leekly ez � vesae I price was determined as the ratio of
revenue to total weight  pounds, heads-off!, and thos represents a weighted
average price. Rz-vessel price was calculated separate ly fox' each size
oIaaa, but data for different species of the same size were combined. These
prices «era then adjusted by dividing them by the appropriate monthly
consumer price index so that all prices were in constant 1967 dol lars.

Tha weekly ez-vessel shrimp prices for the He» River aud aouthIy values
of the a/imp price index were used to estimate the above model. The model
had msL R of 0.557  Table 5!, and aI I independent variables were highly



Tah le 3. Parameter estimates cud stat i st ic as ace iated wi.h the market
pr ' ce predic t. ion ecuat ic n for !'-'cw P iver shrimp a

Mode l.' PM . p . = a + z  Size! + az  Size! + a,  PSHRIRP!

Sum of S ua esSource d.f.

9.85085608
7.83400476

17.68486084

Model
Error
Correc ted total

R = 0.557022Pr > F = 0,0001Model F = 144.61

t for EO,
Parameter=0

Std Error of
Estimate~Ea ta ateParame ter

ao

Size is measured ia ztumber of shrimp per pouttd. Thus a larger size
measure ccrrespoads to smaller shrimp.

aa
as
as

3
345
348

1 .$5598933
-0 .02502662

0 .00012549
0 .34175075

14.26
-6.64

4.04
12 .13

0.0001
0.0001
0.0001
0.0001

Y~ean S naca

3 . 2 8361 869
0.02270726

0.109083 82
0.0037679I
0.00003106
C.02816784



significant. Xn addition, the partial derivative with respect to the size
variah le was negative, as expected.

In applications. values for the shrimp price index would need to be
forecasted before the equation could be used to predict prices for New River
shrimp. Several investigators have experimented with model s of the shrimp
fishery on a nat i one 1 seal e. The most successful models were s imu 1 tane ous
equation models including a supply equation  Hopkins et al. 1983; Thompson
and Roberts 1983; Blomo et al. 1982! . Imports, inventories and supply were
important variab les  or equations! in these studies. Studi.es incoryoret ing
the shrimp price index are not currently available from the published
literature.

For solving the optimization problem in the present study, the average
values of PSKRIXP for 1979 and 1982 �.10 and 1.66 in 1967 do 1 lars,
re epact i ve 1 y! were used. The re 1 at ionship be tween market price and shr imp
size with PSHRIMP equal to the 1982 average is i 1 lustrated in Figure l. In
addition, price was set equal to zero if size was seal ler than 85 per pound.

The f ina 1 input required is shr imy size in units of number per pound,
heads off. h size prediction equation for each species is developed in the
next subsection. The market price equations, P{g,w.t!, were obtained by

1incorporating the results of the sire yrediction equations into the above
equation.

Shrimp Size Equations

The model used to predict shrimp size is similar to the model used by.
Xel logg and Spitsbergen �983! to predict the size of bay scallop meats. The
bay seal lop model was a modified Brody-Bertalanffy growth modal while the
mode I u.sed here is the logistic growth model with a temperature dependent
growth coefficient. The logistic model cau be written as:

8-1 8-1� -kt! i S-l -kt
t o

where St is size at time t. S is the maximum size. S is the size at the
beginning of the time period, and k is a growth coefficient. A temperature
dependent growth coefficient was incorporated into che model. Because shrimp
are cold-b loaded, temperature ii the dominant f ac tor af fee t ing growth. Shen
the temperature changes, the growth rate changes as we 1 I. Thus, kt ras
reylaced 'by the fol lowing:

B C.t! w bat + bsC,

where C is cumulative water temperature ia degree-weeks  Centigrade degrees!
fee Ayril 1. The resultiug «odel for shrimp sixe is as follows:

10
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Figure 1. Relationship between aarhet ez � vesse I price �967 Cellars!'ger
pmm4 and shrimp cise for the New River shriap fishery with FSIXIp 4+al
to 1.66 do l lars.



S «size in pounds per shrimp at time t,t
where

the average ''maximum'' size attaiaab le before
migration to the ocean,

S = sizeo at t=0,

time ia weelrs from April I, and

C ~ cumulative «ster temperature in degree-weeks
 Centigrade degrees! from April l.

The reciprocal of St, «hich is ia units of number per pound, was used to
estimate the madel. This is the basic unit of measure used in the shrimp
iadustry,  It is also the unit of measure required by the price prediction
eqaatioa deva loped iu the last subsection.! Since the size at the begiaaiag

-1of the time period is determined by the mesh size and so is known, S «as
treated as a variab le aad assigned a value corresponding to the smallest size

-1class vulnerable to harvest. A reasonable value foz S is 85 shrimp per
0pound  heads off!, The final model that «as estimated is thus:

S ~S  I-e ba bs !] +85e

where Spl/St, aad ba, ba aad S are parameters.

With this model, shrimp growth is a fuaction of the size of shrimp at
time t and the temperature at time t. This is showa ezplicitly below by
taking the deriviative of S> with respect to time aad sinpl ifying  T t! is
water temperatare as a fumctzoa of time!:

d S!/dt ~ [b,t+bsT t!] [St- St /S+] ~

iS

The commerc is I catch ds Ca set repor ted by the Div is ioa of Rar iae
Fisheries waa used to estimate this model. Size was repox'ted according to
nine size classea for shrimp large enough to have commhrcial value; data on
discarded shrimp were not available. Development of a predictive equation
using chis data wi l I result ia aa equation for ~ex ~ce l ~sh A'mm ~xe. and does
not coastitute a biological growth model. This is because of the continual
migration of shrimp into and out of the harvest area aad because of the I ink
between migratioa and shrimp size. Smal I shrimp stay in the creeks aad bays
until they reach a certaia size  or stage of maturity! aud thea eater the
harvest area. This recruitment does noc Cake place instantly. but rather is
protracted over several weeks. Shrimp begin to migrate toward the ocean as
they mature. r emeviag the l argez shr imp from the aampl ed popu let i ca.
Akkitioaaily. fishermen discard shrimp too small for oomereiaI value  less



than abo~t 90-95 mm!; thus, the smeller shrimp in the distribution are not
sampled. Consequently, size data from commerc ia l catch stat i sties
represent--roughly--the size of shrimp that a commercia I fisherman might
encounter at a particular time.  Laney aud Cope land �981! discuss how
concurrent processes o f recrui tment and emigre t ion bia s shr imp growth mode l s
that are estimated using field data,!

The size measure used for estimation  number per pound, heads of f! was
determined as the midpoint of the range defining 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  90-95 mm! and seal ler are
discarded by the commercial fisherman. With 100 as the upper limit. &5 is the
midpoint of the range �0 to 100! for the smallest size class. Weekly
averages were calculated by weighting each observation by the pxoportion of
the catch that it represented. Size data for channe 1 net ters wex'e ezc luded
because they fish ere lusively near the mouth of the estuary using passive
gear and are more likely to capture larger shrimp that are migrating to the
ocean  Richard Carpenter, Division of Marine Fisheries, personal communica-
tion!. The resulting dataset  in units of number per pound! is presented in
Tabl e 4. Cumulative water temperature in degree-reeks from April 1 «as
calculated for each weelr. using, the cumulative temperature predictive equation
developed by Kellogg �985!.

A non-1 inear least squares procedure  Marquardt iteration! was used to
f i.t the above mode l. The R for brown shrimp was 0.972 for the complete2

model and 0.519 after subtracting the contribution of thc mean  Table 5!.
Al 1 three parameters were  asymptotical ly! statist ical ly signif icant. The
model and parameters presented in Table 5 were used in subsequent analyses to
predict the size of brown shrimp.  Because of the very high corre lation
f�.99! between the b 's. the parameter values are intended only forI
predictive purposes and mo interpretation of individual coefficients is
attempted.! The average mazimum size attainable before migz'ation to thc
ocean  S'! was estimated to be 44.8 per pound. This value corresponds
closely to the "equilibrium'' modal length of 125 mm reported by McCoy
�972! for brown shrimp im the New River during the period of migration.

For early pink shrimp, the noa-linear least squares fit resulted in a R2

of 0.990 for the complete model and 0.546 after subtracting the contr ibutioa
of the mean  Table 6!. S «as stat istical ly significant at c~0.05. ~harass
the b-'s were borderline significant at m~0.10. This model was used in1
subsequent analyses to predict the size of early pink shrimp.  This equation
performs we I 1 for t<16, which covers the period when early. shrimp are
present, but it predicts continued growth at a slow rate for t	6 because of
the warm water' temperature ia the summer. Consequently, the estimate of S
does not represent the average mazimnm size prioz to migration. as it did for
b rom s hr imp.!

The modified logistic model did not explain a sigaificant portion of the
variability in the data for late pink shx'imp; all of the parameters were non-
significant  Table 7!. The failure of the model for this group ras probably.
dne to continual recruitment of small shrimp, especially im 1942 �982 was
the best of the four years for late pink shrimp catches!. This had the
effect of negating amy trend of progressively increasing shrimp size.

13



Table 4 ~ Weekly average si ze  nuszber per ponnd, he ds-off! of s? z imp
co 1, I ected from the New Pzv ez by conmerc a I f i skerjzen. Data f or
chanrel netters were exe lnded. iWeek=G is April 1.!

Brown shrimp

1979 1980 1981 1982 1979 1980 1981 1982 1979 1980 19BI 1982Week

85.0
85.0
67.6
63 .7
58.4

2
3

4 5
6

58.0
65.0 60.8
64.5 55.4 59.1 65.0
54.9 60,0 54.0
65.0 58.0 59.9 65.0
58.0 58.0 56.6 67.3

85.0
85.0
65.0

58.0 55.5 65.0
63.740.2

58.0 43.0 62.9
58.0

55,1
47.0
49,8
53.9
50.9
50.2
54.9
53.9

43 .0

65.0
53 .085.0

65.0 58.0
85.0
85.040.3

42.1
42,3
42.5
44.2

85. 0
85.0

65.0 59.9
57.7
57.7
59.1
75.0
70.3
85.0
85.0
75. 8
76.7
75.0

65.0
70.7
66.5
72.785.0

85.0
85.0

54.6
53.9
55,7

71.1
68.5

51.9 70.3

65.0

Not4= I!aahaa indicate no catch reported for that time period.
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IO
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
26
28
29
9G
31
32
33
34
35
36
97
38

BS 0
85.0
85 0

52.2 � 53. 0
SO.B 64.2 42.1
48.2 70.0 37.8
48.0 62.3
50.1 58.9 43.0
48.0 � 38,0
53.0 46.9 33.6
S4.9 50.3
50.9 46.7
45.4 -- 34.5

44.1
42.5 40.5 46.7
46.5

35 7
46.6
47 I

42.S S1.9
44 2
47.5

Eazly pink shrimp Late pink shrimp



Table 5. Parameter estimates and statist'cs for the prediction equaticn
for browr. shrimp. Time is in weeks f rom Ap ri 1 1 ard C is cumul at ive
water temperature  Centigrade degrees! in day--degrees from April l.

yODEL. 8 S <I e- bit+os C! ! ~ 85e- b~t+b,C!a>

Non-linear least squares summary statistics

SOURCE SUb  OF SGUARKS

REGRESSION
RESIDUAL
UNCORRECTED TOTAL

151021.23987263
4314.96587604

155336.205/4866

  CORPZCTED TOTAL! 8969.54567304

ASYb PTOTIC 95 %
CONFIDENCE Ih, TER qr

LOfiKR UPPER

ASYb PTOTI C
STI!. ERReRPARAb ETER E ST IbIATE

40.36165308 49.35036041
-1.41307114 -0.26307544

O. 002CO350 0.00964616

ASYb PTOTIC CORRELATION b ATRIX OF THE PAPJU!ETERS

F
S� bx ba

I . OCCOOO � 0.675153 0 .688285
-0.675153 I.000000 -0.999345

0 .688285 -0.999345 I .000000

1.5

S

ba
bs

44 .85600674
-0.83807329

0.00582483

S

bs
bs

3
52
55

2.23973662
0.28654704
0.00190434

MEAN ~S'CARE

5C340.41329088
82 . 980113 00



Tab] e 6. Parameter estimates and stat i sties for the Predict ion eqnat ion
fcr early pink Shrimp. Time is in weekS f rcEs Apri 1 1 a no C is
cnmnlative water tesperstnre  Centigrade degrees! in day-degrees free
Apri 1 1 ~

MpDEL. 8 8  I e- b Et+bsC! ! ~ 85e- br t+b EC!

Non-linear least squares summary statistics

SEM OF SOEARES

REGRESSION
PZSIDUAL
UNCORRECTED TOTAL

121751.1063246,
1202,75399 87

122953.860320 4

 CORRECTED TOTAl-! 2651.77325800

ASYMPTOTIC 95
CONFIDENCE INTERVAL

L0%KR UPPER

RSYb PTOTI C
STD. ERRORESIIMAIE

17 . 98910168 78. 81831796
-0 . 10625715 1 .04955285
-0 . 00507133 0. 00053 853

ASYIIPTOTIC CORRELATION KATRIX OF THE PARAMETERS

8 bs bs
1.000000 0.798061 -0.517600
0.798061 1.000000 -0,927115

-0.517600 -0,927115 1.000000

16

8

bs
bs

48.40370982
0.47164785

-0.00226640

8

bs
bs

3
30
33

14. 89263926
0.28297359
0.00137344

MEAN SOIIARE

40583 . 70210822
40.09179986



Table 7. Parameter est i sat es ar d stat ist ' cs for tbe predictict: egestion
t cr late p ink s br i rp. Tice i s i.. weeks f rc a Apri 1 1 and C i s
c unu l ati v e wa ter tenpera tuz e  Cent i grade degrees! in day-degrees frost
Apri I l.

h!ODEL, S' S [I e  bst+bsC!] ~ 85e- bat+baC!

Noa-linear least soware s summary statistics

SUM OF SCUARESSOURCE MEAN SQUARK

177796.24272947
4502.421�794

182298.66449741

KEG RES 8 1 ON
RESIDUAL
UNCORRECTED TCTAL

59265.41424316
136.43702327

4a02 88  91752  CORRECTED TOTAL!

ASYhFTOTIC
STD . ERRORE STlhIAZX

64.18925146 76.26644184
-60.407141, 84 59.3 7493 972

-0.36178040 0.37052277

ASYbiPTOTIC CORELATION hlATRIX OF THE PARAh!ETKRS

S b~ bs
1.000000 -0.157969 0.201928

-0.157969 1 .000000 -0.998193
0.201928 -0.998193 1.000000

S

bs

70.22784665
-0.51610106

0.00437119

S

br
bs

3
33
36

2.968094'7g

29.43768871
0.1799�10

ASYh'PTOTIC 95 'h
CONF IDENCF IhTERVAL

LOWER U~IPP



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
commercial catches for 1979 to 1982 was 70.3 shrimp per pound  G.Ol44 pounds
per shrimp!.

In applications ~ a forecast of cumulative water temperature--C--is
needed. For the present study, the cumulative temperature predict ion
equation for 1982 was used. The resulting size curves are shown in Figure 2.

Use of these equations to predict shrimp size implies that each species
consists of identical ly 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
 weeks 10 to 31 for brown shrimp, weeks 0 to 1S for ear 1 y p ink shrimp, and
weeks 19 to 38 for late pink shrimp!. The prediction equations do not
perform we 1 1 outside of these time intervals. This does noc 1 iait the
usefulness of the prediction equations, however, because shrimp are either
not vulnerable to capture or have migrated 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 mode l is equival ent
to St, By substituting St into the price equation, it can be written as

1 ' 2P gi,w,t! ~ ae + aaSC + as S! + asPSHRIMP,

1
whe~e St~I/g-, St i ~ in units of number per pound and g is iu units of
pounds per shrimp. The price per shr imp. P gi.w,t!g  z,t!  with PSHRI! P
equal to the 1982 average!, is plotted in Figure 3.

Fishing Ef fort Equation

Ander son �977! characterized f i sherman  and their fishing vessels! as
"pro4uoers of effort rather than of fish.'' With 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
separate production function. The demand for the "product" is a derived
demand baaed on the demand for fish. The supply curve for' the "product"
oan. in principle, be determined from the cost curves associated with the
production function for fishing effort. Assuming fishermen maximize profits,
the amount of fishing effort supplied to a particular fishery is determined
'by the equi 1 ibrium conditions in the f iaished product  fish! and factor
product  fishing effort! markets.

In most fishery applications. l'ishing effort is taken as exogenous. But
with fishing effort 4efined as a "product," it ia obvious that it is
~ a4ogenoue to the harvesting problem. depending on the cost of pz'oducing
effort an4 the return t4 effort. The return to a unit of fishing effort is

18
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the price of f ish multipl ied by the catch per unit of effort, vhich in turn
is determined by the season opening/c los ing schedule. YrcGam �981!
successfully modelled fishing, effort foz the Geozges Bank scallop industry as
an endogenous function depending on catch. In the pre sent study, an
endogenous prediction equa t ion for the supply of f ishing e f fort was
developed.

Prior to determining the prediction equation for effort, it is necessary
to def ine a standard unit of ef fort and to combine the tmo effort levels
designated in the catch statistics  boats and vessels! into a single measure.
The standard unit of effort «as taken to be a vessel-day, corresponding to
the empirical measure of vessel landings in the catch statistics dataset.
Boat landings vere converted to vessel-days on the basis of tbe relative
catch per unit of effort. The conversion factor mas determined as follows:

weekly catch per effort for boats
Conversion factor =

i=1 meekly catch per effort for vessels
/n,

where 1~1,2,...n weekly observations over the four-year study period.
Results are shown belov:

conversion factor = 0.3127
standard deviation = 0 .1478
sample sire 53
minimtuu value 0 .0790
mari mum value 0. 7748

Weekly values for vessel-days «ere then determined by multiplying boat-days
by 0.3127 and adding that number to weekly. values for vesse I-days. The
return to a standard unit of effort was determined by adding weekly revenue
for boats to meekly revenue for vessels and dividing by the number of vessel-
days.

The supp l y of fishing effort for the Hew River shrimp fishery vas
initial ly model led as fol lows-

Effort ~ E return, fuel cost, interest rate, wage rate, time!,

«here effort is in vessel-daya; fuel cost, interest rate and «age rate are
factor costs; and t ime is a supply shi f ter intended to capture the
seasonality of catch eapectations and the effects of seasonal changes in
opportunity costa of factors of production. For estimation, the model was
formulated as a liaear model:



2Vessel-days per week = eo + exR + e~FUEL + eqIÃT + e,WAGE ~ e,t � est

where B is revenue per vessel � day in 1967 dol lars ~ FUEL is the annual
consumer price index for motor fuel �967 dol lars!, ZNT is the monthly
interest rate on 3-month U.S. Treasury bi l 1 s, WAGE is the weekly average wage
ia 1967 do 1 lars for insured employment in Ons low County  quaxter ly data!, and
t is time in weeks from April l. The data used to estimate the above
equation ar.c presented in Kel logg �985!.

The relationship between effort and revenue per unit of effort is shown
in Figure 4 for 1979 to 1982. It is apparent from Figure 4 that the data for
1979 differs substantially from that for 1980 to 1982. The difference may be
due to the radically different regulatory policy in 1979. In 1979, a large
portion of the estuary eras opened to shrimying at one time, resulting in the
yarticipation of a record number of fishing craft. No such "grand opening"
occurred in 1980 to 1982. For these reasons, only the 1980 to 1982 data were
used to eat imate the effort function.

Results of estimating tbc 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 vss some suspicion prior to the analysis
that these factor costs might not affect supply, the variables were dropped
 mesa sqnax'e error' test--Wa1 lace �977!.! The R for the reduced model2

 Model 2, Table 8! vas 0.693 and the three explanatory variables--R, t and
t � wexe all significant  P>.001!. This reduced model was used in subsequent2

analyses to predict the supply of effort.

In the context of the shximp harvesting model. effort becomes endogenous
because tha retnx'n per vesse 1-day is determined st each point in time by the
ex-vessel price per shrimp, the population size. and the catchability
coefficient fox the standard unit of effort:

retnxa pex vessel-day P g,,w,t! g -  z, t! qx
1

where i~1,2.3 reyresents the three shrimp species or cohorts in the fishery.

Cost Bqmation

Variable costs were modelled as proyortional to fishing effort:

cost per week ~ cxK R.t!,

rhere B a>t! is the faLaction used to predict the number of vessel-days per
'c 1 ia the minimum var i nb 1 e cost pex vas se I -day. Oa1 y the minimum

variable co« is needed in this problem because the effort fuaction serves as
a marginal cost curve for the iaduatxy above the minimum cost. hs the return
iacxoaaea. more aad more fiahexmea ax'e drawn into the fishery instead of
other occupations ox ~ lteraative fisheries. The minimum is needed here to
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Tab l e 8. Parasaeter e st inmates and assoc iated stat is t ics for the e f fort
prediction canst icn fOr the I es River shrimp f i Shery,

MODEL I: Vesael-days = eo + eER + e,FUEL + e,IKT + es%AGE T est + es t

DF SUM OF SGUARES MEAN SQlJARESOURCE
F VALUE

6 27516.52164972 45&6.08694162
56 11476.31824060 204.93425430
62 38992.83989032

MODEL
ERROR
CORRECTED TOTAL

22.3 &

PP.!F = 0.00CI

R ~ 0.7056&1

PARALXTER
ESTIMATE

T FOR HO:
PARAMETER=O

STI; EIJ'.OR OF
ESTI~M.TE

VARIABLE PR > T

RODEL 2: Vessel-days e, + eaR + e,t + est2

+3UUCE BF ~l OF SRUARES EaAE ~EUARE F PAEllE

MODEL 3
ERROR 59
CORRE CTED TOTAL 62

9006.27677486 44 . 3 &
202.94931467

PR>F = 0.0001

27018. 83032459
11974.00956572
38992.83989032

R EE 0.692918

S77> ERROR OFT FOR HO:
PARIIRETER 0 P~R> T

PAIL~
~STIEAIE

I 0. 4608063 &
0.01774015
1,33644307
0.03288982

INXKRCEPT
R
t
t2

0.0366
0.0001
0.0008
0.0003

-22 .36829804
0. 124045 77
4.72846896

-0.12822183

-2.14
6. 99
3.54

-3.90

XNTERCEPT
R
FUEL
INT
%AGE
t
t2

48, 64159134
0.10966215

-0.19822798
� 0.04102206

0.03076I55
5.53064084

-0.14&97860

0.37
5.19

-I . 1,5
-0 .05

0.03
3.&2

-4.14

0. 7098
0.0001
0.2534
0.9589
0.9786
0.0003
0.0001

130. 0520164 &
0, 02112656
0.17178343
0.79326033
1.14198995
I .44&716&0
0.03598905



prevent the linear nature of the ef fort function from predicting f ishing
e f fort during periods when the return is be 1 ow that wh ich has his torica 11;
been asscc iated wi.th fishing activity.

Liao �979! col lected informaticn on variable costs for the South
At 1 antic shrimp fi shery, inc iud ing data on North Carol ina shrimp f ishezmen.
From the re su 1 ts of Liao's sur vey, Waters �983! der'ived an estimate of
variable cost per vesse 1 day for the vessel size class most common in North
Carolina. Waters �983! estimated that variable costs vere 113 dollars �978
dol lars! per day, exclusive of wages, which is equivalent to 57.83 dol lars in
1967 collars. This estimate correspond.s closely to the minimum cut-off of
the retrrn per vessel � day observed in the catch statistics dataset for the
New Fiver. Consequently, the minimum cost per unit of effort, cz, was set
equal to 50 do 1 lars for the present study. This value «i 1 1 keep f ishing
effort at zero when the return per effort is less than 50 dol lais, even
though the effort equation wil 1 predict low leve ls of fishing.

Equations of Notion

Equations of motion describe how the resource stock changes over time.
A generalized equation of motion for the shrimp harvesting prob lem is'.

x . - F  z, t! � bf  x , z, t! � qE R, t>x  t! 4 t!.

Zn this form, both the recruitment function  F- z,t!! and the mortality1
fnnc t ion  N -  x -, z, t! ! contain environments 1 var iab les  z!. Al though
environmental factors are extremely important for both of these functions.
sr f f i c ier t d a ta do not ex ist at the pre sent t ime to inc lade them.
Additions 1 ly, the mortal ity function wi 1 1 inc lade emigrat ion as we 1 l. as
ratura1 mortal ity. For the New River f ishery, emigration is equivalent tc
mortality, since the shrimp are lost to the fisher'y in both cases.

The recruitment function was developed as a probability function  that
is, fF t!dt=l!. Recruitment ia numbers of shrimp at t ime t is obtaired by
malt iply'ing F t! by an estimate of the popu1 at ion size when shrimp f irst
become vulnerable to capture  t=s !. Changes in population that are due to1
natural mortality wil 1 be assumed to be proportional to the population size.
It will further be assumed that the proportion is constant throughout the
potential harvest season. Model ling mortality in this «ay is a common
practice in fi sheries.  The natural mortality coeff icient is also called the
instantaaeous natural mortality rate in the fisheries literature.! Fishing
mortality was estimated by the catch-per-unit-e ffort production function
 qX R,t!xi t!!. Recreational fishiag mortality is ignored in the passant
study since data on the recreation catch is not available; hovever, the
recreation catch may be significant. Incorporating these assumptions and
features into the general ized equation of motion resuI ts ia the fol loving
form which vas used in the present study.

x ~ ~ F  t!ai s i! � Nixi t! � qK R.t!xi t! 4 t!.



Four parameters or functions must be estimated for each species or
cohort: I! the natura I mortality coefficient  M -!, 2! the " initial''
population size  xi s !!, 3! the recruitment function  F  t!!, and 4! the
catchability coefficient  q!. Methods used to obtain values for these four
items are discussed in detail in Kellogg �985!.

Recruitment functions  F.  t!! were constructed for each species/ cohort.
1Ideally, these functions should be mode I led 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 smal lest size
class. For brown shrimp, a trianguIar recruitment function was selected.
Recruitment starts at t=10 and continues through t=16. peaking at t=13, The
function is expressed as fol iowa:

for t<10 or t>16,
for t IG or t=16,
for t=ll or t=15.

for t=l2 or t=14,

for t=13,

F = 0

Fl = 1/28,
FI = 3/28,
Fl = 6/28,
Fl = 8/28.

Early pink shrimp recruitment begins gradually and then increases
rapidly to a sharp peak. For the present study, this function was model led
as fol lows:

F2 1/20
F2 = 2/20,
F2 = 15/20,
F2 = 0.

for t <3,
for t=3,

for t=4,

for t>4,

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

for t<19 or t>34, F3 = 0,
for 18<t<35, F3 = 1/16.
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The best estimate for the natural mortality coefficient for the New
River shrimp fishery is about 0.35. Solutions to the shrimp harvesting
problem were also determined for M equal to 0.15 and 0.25 to evaluate how the
harvesting strategy would change if natural mortality were lower. For
simplicity, the same morta I ity coef f ic ient was used for a I I three
species/cohorts. The catchabi Iity coefficient estimate used in the problem
was 0.0008. Estimates of initial population size for use in the optimization
problem were determined by Ke I logg � 985! as 215 mil I ion for brown shrimp,
5,9 mil lion for early pink shrimp, and 17.G mil lion for late pink shrimp.
 In actual applications, initial population sizes should be estimated by
biological samp 1 ing early in the season.!



Calculation of the Optimal Harvest Period

Statement of the Problem

T

PV = [R x~,xs,xs!K R,t!-czE R,t!]e 8 t! dt
o

maximize

with respect to

e t!

such that xs = Ps t!x~�0! � Msxs t! - qE R,t!xz t! C t!
xx=0 for t�0, xs�0! given and xx t! >0,

xs = Fs  t!xs �! � bl sxs  t! � qE R,t!xs  t! 0 t!
xs �! given and xs   t! >0,

xs = F  t!x, �9! � M xs  t! � qE R,t!x, t! 4 t!
xs=0 for t <19, xj �9! given and x3  t! >0,

where

R x�x,,x,! = P g,,t,w! g, z, t!qx, t! + P g,, t.w! gs z, t! qxs t!
+ P gs, t,w! gs  z, t! qx,  t!,

P gi,t,w! = ao + az I/g ! + as<I/g ! + a,PSHRILHP. 2

I/g  z t! Ss [1 e  bgst+bxsC!! ~ g5e- b~st+bssC!

I/g, z,t! = S, [1-e b» » ! + 85e » »

1/g, z,t! 70.3,

E R,t! = e, + exR xz,xs,x,! + est + est 2

i 1 ==> brown shrimp,

i=2 ==> early pink shrimp,

i=3 ==> Iate pink shrimp,

t = time in units of weeks starting from April 1,

T = natural end of fishing season  December 31!, and

0 t! = the decision variable   C t! 0 implies a closed season
and g t!=1 implies an open season!.
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?ncorporating these results into the general shrimp harvesting model.
the prob lem can be restated as folio~a:



The starting tine, t=s, vas different for each of the three
species/cohorts. It «es selected to correspond to the esr 1 iest comnerc ia 1
catch record for 1979-1982. Starting times were: s 0 for early pink shrimp,
a~10 for brown shrimp, and s=l9 for late pink shrimp. In the model.
population size was set aqua I to zero prior to these starting times.  This
has the same effect as setting the equation of motion equal to zero until
t'ai, !

The F functions  recrui tment functions! and the C func tion  for cumuls-i
tive temperature in day-degrees from April I! are discrete functions defined
aa follows:

Fz Fs Fs C t Fz Fz F, C

Coefficieats vere estimated as follows:

Ss ~ 48.40
bss 0 4716
bss ~ 0-002266

a s ~ 0. 0001 2SS
G. 34175

e ~ ~ -22.37
es 0.1240
er 4 728
ee -0.1282

~ 44.86
-0, 8381

= 0.00582S
~ 1.556
~ -0.02503

S,
brr
br'

ae
az

Rzogeaona variables were assigned the following values:

Mf Ij

cs m
zs IO! ~
xs�!

z> �9!
PSIRXNF ~

0.15, 0.25, or 0.35
.0008,
SG
215 aillion
5.9 aillion
17 aillioa
1.6'6 or 2.10
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0 0 I/20
I 0 I/20
2 0 I/20
3 0 2/20
4 0 15/20
5 0 0

0 0
7 0 0
8 0 0
9 0 0

10 I/28 0
11 3/28 0
12 6/28 0
13 8/28 0
14 6/28 0
15 3/28 0
16 I/28 0
17 0 0
18 0 0
X9 0 0

0 0
0 117
0 241
0 372
0 Sll
0 657
0 810
0 971
0 1139
0 1 314
0 1494
0 1681
0 1872
0 2067
0 2266
0 2467
0 267G
0 2872
0 3075

I/16 3276

20 0 0
21 0 0
22 0 0
23 0 0
24 0 0
25 0 0
26 0 0
27 0 0
28 0 0
29 0 0
30 0 0
31 0 0
32 0 0
33 0 0
34 0 0
35 0 0
36 0 0
37 0 0
38 0 0
39 0 0

I/16 3475
I/16 3670
I/16 3860
I/16 4045
I/16 4225
I/16 43 97
1/16 4561
1/16 4718
I/16 4866
I/16 5004
I/16 5134
I/16 5254
I/16 5364
I/16 5465
I/16 SSS7

0 5639
0 S714
0 5780
0 5838
0 S 890



The optimization problem was salved for siz sets of exogenous
variables--high and low price levels at each of three natural mortality
rates. In actual practice, each of the above exogenous variables and the
recruitment functions aud the cumulat ive temperature function wil 1 need to be
estimated or forecasted before so I v ing the harvesting problem. The above
problem represents only six hypothetical situations with the same population
size and recruitmeut pattern, and so the solutions obtained will not apply to
al l, harvesting years.

Solution Procedure

The maximum principle is used to solve for the optimal opening/closing
schedule <Johnson 1985; Kamien and Schwartz 1981; Kellogg 1985!. The maximum
principle says that the optimal control can be obtained by mazimizing a
function eel led the "Hamil tonian" at each moment. over the time horizon of

the problem. Here. the Hamiltonian function is

H<t! = [R x�z,,x,!-c,]E R.t!e 4 t!
+ 1.s[Fs t!z �0!-Mx  t! � qE RE t!x  t! 0' t!]
+ 1. [F, t!z �!-L{z,   t!-qE R,t! x,   t! 4  t! ]
+ 1,,[F, t!x,�9!-hexa t!-qE R,t!z, t! 4 t!],

where the W s are the adjoint, or co-state variables. The Hamiltonian
represents the net revenue plus the value of the changes in the resource at
each point in time. The adjoint variab l.es represent the value of an
additional unit of the stock, also called the marginal user cost or
"shadow" price. Since the Hamiltonian is linear in the control variable,
the necessary cond.it ion for a maximum is expressed us ing the fo1 lowing
switching function

if [R<za,zs.zj!-c<]E k. t! e - XsqE R, t! xs t!
� X>qE{R, t! z> t! � 1., qE R, t! z,   t! >0

[R xs,za,x~ !-c>]E R. t! e � !,qE R, t! z<  t!
� 1,>qE R,t!z> t! � 1.,qE<R,t!x, t! < 0

The system af differential equations is

x 5 {t!z �0! � Xz  t! � qK R,t!z  t! 4 t!

is Fs t!z,�! � Hzs t! � qE{R.t!zs{t! e t!

is Fs  t!zs  l9! Hxa  t! � qK R,t!z,  t! O t!

1 1 41M + 1 sq[E{R, t!+e>qP gs, t.w! g,  z ~ t! z<  t! ] 0  t!
� P g�t,w! ga z, t! q[R R. t!+e  R x�x<,x, !-cs! ]e e t!Wt
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+ ! sq[E R,t!+esqP gs tp«!gs tet�>za{t!] 'p t!
� P{gs, t «! gs  z, t! q[E R, t!+eh R xx.zs ~ zs ! � cr! ] e  t!

j,, !�M + !h,q[E B, t! e,qP g, t,w! g, X, t!z,  t! ] >{ t!
� P gs,t,«! gs  x, t! q[E R, t!+ex R xx,zs,xs !-cr! ] e O t!

Ru f f icient condit iona for a so lot ion cannot ba derived because initial
conditions for the adjoint equations are not specif ied. The optisia 1 saint ion
is obtained by searching over po~itive values of Xs�!, !h,�! and !.,�! to
find the O t! corresponding to the otazimnm net present value of the season
harvest,  See Ke 1 ] ogg �985! or Kellogg et a l. �985! for a detai led account
of the solution procedure.!

optimal opening/closing schedu1 s «as determined to the nearest eeet.
The algorithm used to solve for the optimal Ct t> is presented in Appendix A.
lt is similar to the algorithm used by Ke 1 logg et al. �985! to solve the bay
seal lop problem, except that three initial k's are determined. The s«itching
function is solved at t' he beginning of each week to see whether or not the
season should be opened. If the s«itching function is positive, the harvest
and net present value for the period are calculated. The process continues
unti 1 t~T  December 31!.

The "unregulated" case «as determined by setting al 1 1 's equal to
1zero for al 1 time periods. This represents the situation in the fishery

where the marginal user cost is disregarded  i.e., the unregulated open
access situation!. The time of f ishing f or the unregulated case represents
the tine «hen it is prof itahie to harvest shrinp epder ttt ~sses tions of the

This condition is required to contrast t' he optimal solution to the
"unregulated'' case properly. {The "unregulated" case here applies only
to setting the season opening. Other regulations on gear and area
restrict iona are assumed to remain in force.!

Results

The optimum season opening/closing schedule for each of the siz
solutions is contrasted with that for the unregulated case in Table 9.
Delaying the season lRproved the net present value of the harvest only at. the
lowtast nat'ural mortality rates, At a natural mortality rate of 0.35, «hich
is appro ximately equal to the natural mortality x'ate estimated by g cCoy

for the New River. the unregu]ated case was optimal. At this
mo«silty rate, delaying the harvest decreased the net pxesent value. At a

mo«»ity rate of 0,15. the net present value was inc~eased on],y
ightly �.04 percent! over that for the unregulated case by de].eying the

early pink shrimp fishery. The higher market price produced higher net
present values at all three natural mortality rates. bnt the optimal harvest
season was nearly the same ss that xt the lower market price.

Xm this example, the dynamics of the late pim]t shrimp population did not
<mfluaace the season opening/closing schedule. Zn each case. the optimal



Tab 1 e 9. Summary of harvest ing sc 1 mt ions for the h<ew River shr iLp
fishery for six conbiuations of inputs. Present value ard K are ir
1967 do I l ars.

Optimal %,   !! h!et
present

PSHRI]5' k. �! kq�! k>�! value Optimal season xa xa xa

% harvested

49 15 Il
49 16 11

11-34
t=4-6, 10-34

t=4, 11-34
t=4 � 7,10-34

52 16 11
52 17 11

t =4, 10-33
t=4-5,10-33

36 6 5
36 6 5

t=4-5,10-93

t=4,10-27

t=4-5, 10-30

a There are two optima I seasons ir. juo st cases. The f irst is in the
spring when earIy pink shrimp are present, and the second ia in the
summer when brown shrimp and late pint shrimp are present.

0 15 I 66 0 0020 0 OG24 0 00 2 210 114
unregulated  all Z, 0! 2,209,298

O15 210 00022 00030 000 2616165
unregulated  all ki-0! 2,615,292

0.25 1.66 0.0000 0.0006 0.00 1,538.690
unregulated  all !,i=0! 1,538,644

0.25 2.10 0.0000 0.0000 0.00 1.853,466

0.35 1.66 O.GOGO 0.0000 0.00 1.139,996

0.35 2.10 0.0000 0.CGOG 0.00 1,390,29'7

38 6 6

27 2 3

29 2 3



X,�! was zero. This occurred because the size and price  and thus value! of
late pink. shrimp were mode 1 led as constants, which the data indicated.
However, if grawth, recxuitment, natuxal mortal i.ty and emigration could be
modelled more carefully, the optimal season opening/closing schedule might be
affected by tradeoffs between brawn shrimp catches and growth of late pink
shrimp during the late summer and fa 1 1 months.

These results suggest that there is little or no gain from regulating
the New River shrimp fishery beyond current practice. In general, the high
natural mortality rates result in more value last when the season opening is
delayed than is gained through growth and increased prices. However, with
different recruitment functions and population sizes than used here, the
optimization model might produce different results. Far example, if the
brown shrimp population was small and t' he ear ly pink shrimp population was
large, then there would be more tradeoff possibilities early in the season.
The same would occur if recr~itment patterns wexe mare prolonged and
over lapping. Whereas high mortality rates indicate little benef it for
delaying the season opening beyond the unregulated harvesting scenario in
general, it is possible that gain from regulatian might be rea1ized under
specific conditions that may occur in some years.

OPTI31AL TIMING OF HARVEST FOR THE PAMLICO SOUND SHRIMP FISHiERY

Brief Description of the Pamlico Sound Shrimp Fishery

The Pamlico Sound fishery is located in northeastern North Carolina and
produces most of the shrimp catch in the state. For purposes of this study,
the Pamlico Sound fishery is restricted to the catch in Paml ico Soignd proper
 area cade 6354!, and thus excludes the catch in tributaries to Pamlica Sound
and some bays. ln this area, shximp are harvested from early July through
November. Brown shrimp is the predaminant shrimp species, but pink shrimp
are a Iso commercially important in the 1 ate summer and early fa 1 1. Since
1977, overwintering pink shrimp that emerge in the spring have nat
contributed significantly to the fishery  Dennis Spitsbergen, Division of
Marine Fisheries, personal communication!. White shrimp are also not
abundant. The North Carolina Division of Marine Fisheries regulates the
fishery, traditionally opening the season when shrimp become large enough to
have commercial value.

In Paml ica Sound, shrimp are harvested primarily by vessels using shrimp
trawls. Catch statistics indicate that time spent fishing by boats wss less
than 5 percent of the total fishing time in the area, and the catch  in
pounds! by baats represented only 2.4 percent of the tots 1 catch.  Boats
play a larger role in harvesting shrimp in tributaries to Pamlico Sound.!
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Catch statistics for 1979 through 1982 are summarized below for the
Pam lico Sound fishery.

Shrimp harvest in Pamlico Sound

Weight in pounds Number

Brown Pink

shrimp shrimp Total
Pink

shrimp

Total
Year revenue

Brown

shrimp

1979 1.676,631 357,633 96,099 453,732
1980 7.014.667 1,916,865 300,750 2,217,615
1981 1,733,966 432.668 27,707 460,375
1982 6,795,726 1,352,324 203,401 1,555,725

6,205,293
17,543,600

1,626,986
12,469,010

12, 213, 047

66,565,555
11,065,854
41,843,261

Data on the Pamlico Sound shrimp fishery were obtained from the North
Carolina Division of Marine Fisheries and analyzed according to procedures
used for the New River shrimp fishery. The resulting dataset is pz'esented 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, such as population size, catchabi I ity coefficient, and natural
mortality. were taken from an earI ier analysis of the Paml ico Sound fishery
by Waters �983!,

The Model

The seasonal harvesting model used for New River shrimp was adapted for
appIication to the Paml ico Sound shrimp fishery. The main differences
between the two problems are that the Paml ico Sound fishery is model Ied using
only two popr lations  ''early'' pint shrimp are negligible in the Paml ico
Sound area as defined in this study!, and the size equations do not
incorporate water temperature.

Components of the Model

Shrimp Size Equations

33

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, week.ly
temperature data were not avai lab le for the Pam Iico Sound fishery, so the
model was modified to



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

S = the average ''maximum'' size attainable before
mig rat ion to the ocean.

t = time in weeks from June 1, aad

k = a constant growth coefficient

The xeciprocal of St, which is in units of number per pound, was used to
estimate the model. Average shrimp size for each week was 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 ir
number-per-pound, heads off. The number of shi'imp harvested per week was
determined by multiplying, the catch in pounds bv the size class  in ~nits of
»amber per pound, heads off! reported by the port sampler  the midpoint of
the range was used!, and then summed ave i' a I I size c I asses that vere
harvested in each week.

h non-linear least squares procedure  glarquardt iteration! was used to
fit t$e above model. The results for brown shrimp are presented in Table 10.
The I was 0.4SS after subtracting the contribution of the mean. Bath
parameters were  asymptotically! stat i st ice I ly significant. The averag e
maaimnm size attainable before migration to the ocean  S ! was estimated to
be 30.4 shrimp per pound. This value corresponds roughly to a I ength of 140
mill imeters, which is a reasonable valne for migrating brown shrimp in
Pam 1 ico Sound.

The above model could not be used for pink shrimp � canvergence could not
be obtained, h second order function of time was used instead. The model
and associated statistics are presented in Table 11. As vas done for brown
shrimp. the reciprocal of S was used to estimate the model. The first't
derivative was negative, as required, for al I bat the last four time periods.
 Using size measured in number-per-pound, a negative deri va ti v e means the
animals ara increasing i» weight as the season progresses.! The pos it ive
derivative in the lest foax time periods poses no problem, however, because
the change in size that occurs is very slight  see Figures S and 6!.



Table 10, Parameter estimates aud statistics for the size prediction
eouation for browr shrimp. Time is in weeks from June l.

tiODEL S S 1�- -«t>i + 85 -<kt~

Non-linear least squares summary statistics

SOURCE SUN OF SGUARESDE

PROGRESSION 2
RESIDUAL 83
I>i'CORFZCTED TOTAL 85

 CORRECTED TOTAL! 84 6333

ASYbiPTOTIC 95 '%
CONFIDENCE IhTERVAL

LOWER UPPERESTIMATE

S
k

30.43599440
0,26891204

100411
3454

103 866

ASYblPTOTI C
STD. ERROR

1.00059432
0.02790746

2 8 . 4458444 8
0.21340499

50205
41.623

32.42614433
0 . 3 2441 908



Parameter est.'mates and stat i st ics far the size predict ico
equation far pick shrimP. Eime is ir, weeks fram .use l.

MODEI.: S = b, + bat + b, t !

d. Sam af S cares i~lean S uare

NodeI F 43 .32 Pr > F = 0.0001 R" = 0.536

t for E0,- Std Error of
K~siaa t e~P~tcr
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Node I
Error
Corrected tataI

bs

bs

2
75
77

116.1157
-4.7997

0.0965

4923.0363
4261 . 5925
9184. 6288

13 . 9955
-5.0341

3.7760

8.2966
0 . 9534
0 .0256

2461.51817
56-82123
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Market Price Equation

The market price  ez-vessel> was model led in the same manner as for the
Ne» River shrimp fishery:

PP I = ae + aa  Size! + as  Size! + as  PSHRIMP!2
Paml ico

sleekly ez-vessel prices were determined as the ratio of total revenue to
total weight, and thus represent a weighted average price. Prices were then
adjusted by dividing them by the appropriate monthly consumer price indez so
that al I prices were in. constant 1967 dollars.  Note thai prices for each
size c lass, rather than weekly average prices, were used to f it the New River'
shrimp price e qua t ion.!

The results of estimating the above model are shown in Tab le 12. The
mode 1 had an R of 0.891 and al 1 independent variab les 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 Ne« River shrimp.

After incorporating the size prediction equation into the market
price prediction equation, price is predicted as a function of time and
PSHRINP. In addition, the model was adjusted so that price would equal zero
if si ze was sma 1 ler than 85 per pound. This did not affect bro»n shrimp,
«hich «ere larger than 85 per pound throughout the potent is I harvest season,
but resulted in a zero price for pink shrimp prior to t~&. The resulting
price curves  with PSHRINP equal to 2.10 do 1 lars! are shown in Figures 7 and
8.

Fishing Effort Kquation

The standard unit of effort was taken to be a vessel-hoer.  Note that
the standard unit of effoz't used for the Ne«River fishery «as a vessel-~a.!
Boat-hours were converted to vessel-hours on the basis of thc relative catch
per unit of effort using the same procedure described for New River shrimp-
Statistics for the relative catch per tait of effort are shown belo«'-

Since thc distributiosa waa she«ed  monaormaI!, the median measure mum meed
to convert boat-hours to vessel-hours. Total hours fished Pcr «celt «ma
determaned by multipIyimg boat-homra by 0.37673 amsm adding,tgasag ~rrgo;--
vesscl-hours. The return ta a standard umit of effort tre~A%% RCsa %O'er

range
arne an
median
standard deviation ~
sample size K

0.106&9-1.428
0.44323
0.37673
0.274&8
S8



Parameter estimates and statistics associated eath the marmot
prediction coast ion for PanIico "eood s ricp.

Modal; PP ml 1 o = aP + a  Size! > as Size! + as  PSERI~'P!

Sam of S aare sd.f Re~ra S uare$g~ur e

20.31201165
2.49066546

22. 80267711

6.7706 C55
0.01537448

Model
Error
<orrected total

P = G. 890773Model F = 440.38 Pr > F = 0.0001

t for 80, Std Error of
EstimateEstimate Pr > t
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ay
as
as

3
162
165

1.420739G3
-0.03525977

O.OOG16368
0.65890638

13.89
-10.46

5.03
17. 81

0.0001
G.0001
0.0001
0.0001

C .10228085
OeC0337076
0.00003252
G.G3698644
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fished! «as determined bp adding «eekly revenue for boats to weekly revenue
for vessels and dividing by the number of vessel-hours.

The effort supply model estimated was as fol lowe:

Vessel-houzs per week e xR + e, t + e, t 2

«here R is revenue per vessel-hour in 1967 dollars snd t is time in weeks
from June 1. Thc approximate ly linear re let ionsbip bet«een effort <vessel-
hours per week! and revenue per unit effort is shown iu Figure 9. The
relationship between effort and time is sho«n in Figure 10.

Prior to estimating the model, one observation «as labelled an out lier
and deleted fx'om the datsset. The outlier is shown graphically in Figurc 11.
The return per effort for this observation was unusually high even though the
amount of effox't expended during that «eek «as very low  I? hours!.
Variation from year to year among returns per unit of effort arc also
apparent from Figure 11.

Results of estimating the effort equation are presented in Table 13. Thc
R «as 0.5538 aud the three explanatory variables- � R ~ t and t --were al I2 2

statistics I ly significant  P<0.05!.  Note: Estimation of the model with an
intercept term resul ted in no significant reduction in the error tera.!

Cost Equation

Variable costs were again modelled as proportional to fishing effort:

cost per week = cE R,t! ~

«here E R.t! is the function used to predict the number of vessel-hours per
week and o is the minimum variable cost per vessel-hour. From Figure 9 it can
be seem that few observations occurred when the return fell below about 7
dol lars pex' hour. Assuming an 8-hoar day, this is roughly equivalent to
Xaters' estimated cost of 57.83 dollars per dey �967 dollars!. The minimum
cost per unit of effort ~ c, was therefore set equal to 7 dollars for thc
present study. This value keeps fishing effort at xczo when the retuxn per
effort is less than 7 dollars  even though the 1 inear effort equation «il I
predict low levels of fishing! ~

Equations of Xotion

Equations of motion are the same aa those used for the New Rives fiche y
except for the parameter values. Parameter values for ai 1 bat tie
reczuitmemt fmnctiom foz bro«m chzissp wore taken from Caters  !9Q!. '

'fateza �988! aumariaed natural moztal ity rates cntinN'ted-by'M4%01icga
for the Pamlioo 8omsxd fishery am' calcllkatcd am avezago imataRC4MOnc zntc oi
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Table 13, Parameter estimates and associated statistics for the effort
p red ic t ion equation for the Paml i co Scnrd shrimp f i shery.

Vessel-honrs = csk + e,t + est 2

SUM OF ~SQ HASDF'SOURCE

112 .881007730672.499
357106056.501

1364836729.000

MODEL 3
ERROR 120
CORRECTED TOTAL 12 3 PR>F = 0. 0001

PARAllZIZR T FOR HO: 8'TD ERROR OF
~ESTINA PARAIIRIER=O PR >>TJ ESTIMATE

123 . 8073169
165. 7874888

-7.2548539

R
t
2

6.07
2.17

-2. 62

335910224.166
2975883 .804

0.0001
0.0321
0.0098

20,4019520
76.4493074

2.7653114



0.30 per week. This value was used in the present study, snd. addi t iona l
simulations were done using 0.2 and 0.1 to deters:ine the effects of nature.l
mortality on the optimal harve sting so 1ut ion. The same aorta 1 ity rate was
applied to bath species.

%stere �983! calculated that en initial population of 240 mi l. 1 ion brown
shrimp  as of approximately July I! was consistent with the catch statist ics
for 1978. For pink shrimp, Caters concluded that recruitjnent of one million
shrimp per day was consistent with the same dataset. These values were also
used in the present study. Since recruitment for pink shrimp occurred from
t~S to t~24 in the present model, the init ial popalation size used wss 140
mil lion  equivalent to recta.itment of one mi 1 lion per day for 20 weeks!. The
analysis «as also done using lower initial population sizes of 200 million
brown shz'imp and 70 mi 1 1 ion pink shrimp. In actual app 1 icat ious of the
model, initial population sizes should be estimated by biological sampling
early in the season. It should be noted that these population sizes are for
gu~e~agg shrimp only, aud thus exclude shrimp that do not survive to
catchab le size.

Recruitment functions  F. t!! were constructed as simple probabilityzdistributions so as ta be consistent «ith the biology of the species and with
catch-per-e f fort data on the snab lest size c lass. The recruitment fane t ion
used for brown shrimp is expressed as fol laws:

for t!9 or t<4.
fot t 4 or t=9.
for t~S,
for t~6, 7 ar 8,

Fl = 0,
Fl ~ O.OS,
FI ~ 0.1S, snd
Fl 0.2S.

Xn this model, the catchability coefficient, q, represents the
proportion of the population removed by a single unit of effort--in this
case. by one vessel-hour. 1aters �983! estimated a value of 0.0000109383
per vessel-hour for q using information specific to Pamlico Sound. This
vaIue for q waa used in the present. study.

This is arbitrary, but z'e a sonab 1 e sf ter examining the ca tch � per � e f f or t da ta
far the smal lest size class and comparing it to catch-per-effort data for al 1
size classes combined, lis mentioned abave, the recruitment function for pink
shrimp waa constant from t S through t=24. so Fl 0.0S.



Calculation af the Optimal marvest Period

Statement cf the Problem

T

PV [R zs,zs!E R.C!-cE R.t! je e t! dt
0

mazimize
with respect to

4 t!

such that zs = Fs t!xs�! � Mszs t! � qK R,t!zs t! e t!
zs=G for t�, zs�! given and zs t! >0,

zs = Fs t!*s<5! Lg zs t! qE R.t!zs<t! 4 t!
zs=0 for t<5, zs�! givess and zs t
0,

where

R zs p zs ! = P g s, t.w! gs   z, t! qzs  t! + P gs t t pw! gs   s p t!qzs   t ! g

P gs.t,w! = ae + as l/'g ! + as l/gi! + ssPSHRIKP2

l~g, z.t! - S 'rl-e 'ht!! + gS.-< '!.

I/gs z,t! = S 1[1 e �  ht!] + 85e  ht!

E R,t! e,R zs,zs! + est + e,t 2

i~i =~> brown shrimp,

i~2 ==> pint shrimp.

t time in units of weehs starting from June 1. assd

4 t! ~ the decision variable   4 t!~0 implies a closed sesscm
amd 0<t! 1 implies an open season!.

The purpose of this model is to determire the seasan opening je losing
schedule. e t!. that maximizes the discounted present value of not retursLa
to the harvesting sector. The potential harvest season spurns from Jaac 1
 t4! through 9ecembcr {t~T~50!. The weekly discouat rate, g, u'411 bo act
equal to 0.001827 for this stadt. which is equivalent to am amnmal dkscodmt
tate of 10 pcrcesLt. TLja km ~ ~ tate, whish is required becca'ao a%1
prices and costs are im wite of mainf lated dollars �967 dollars!.

Incorporating Che results of the previous section into the shrimp
harvesting model, the problem can be re-stated as follows  varisbIes are
daf ised on pages 6 and 7!:



The startiag time, t=si, was four for brown shrimp and f ive for pink
shrimp. ln the model, population size was set equal to zero prior to this
start iag time. Since pink shrimp have no commercial vs 1 oe unt i 1 t=8 in
model, pinh shrimp harvested at t=5, t=6 and t=7 represent "byes tch," which
is nanal ly discarded by the fishermen  see Waters �983! for a comp I etc
discussion of the bycstch problem!.

The F functions  recruitment functions! are discrete functions definedi
as follows:

t Fi Fs t Fm t Fi Fs

10 0.00
11 0. 60
12 0.00
13 O. OO
14 0.00
15 O.OO
16 0.00
17 0.00
18 0.00
19 0.00

Coefficients were estimated as folLows:

8 1
k

bx
bm
b,

em 123 807
em 165. 787
es ~ -7.2548

R 30.436
0.2689

~ 116.1157
-4.7997

~ 0.096S

10 = I ~ 4207
as = -0.03526
as ~ 0.0001637
a, = 0.658906

Exogenous variables «ere assigned the following values:

0.1, 0.2, or 0.3
. 00001093 83
7

240 or 200 aillion
140 ox 70 million
1.66 or 2,10

The optiaisatioa problea was solved %or 12 seta of exogenous variables�
high and low price levels at each of three nataral mortality rates and two
population sizes. Xa actual practica, each of the above exogenous variables
and the recruitment functions wil l aced to ba estimated or forecasted before
aolviag the harvesting problem. The above problem s'epresents caly 12
hyyothet ica 1 s itaat ioas with the aaae z'ecm'aitaeat pa t tera, and so the
solatioaa obtained will aot apply to all harvestiag yeaaa.

0 0 00 0 00
1 0.00 0.00
2 0.00 6.00
3 0.00 0.00
4 0.05 0,00
5 0.15 0.05
6 0.25 0.05
7 0.25 0.05
8 0.25 0.05
9 0.05 0.05

Im Ms
q a
C

xm�!
xs�!

PSHRIÃP

0.05
0.05
0.05
0.05
0.05
0.05
O.OS
0.05
G.OS
0.05

20 0.00
21 O.OO
22 0.00
23 O.OO
24 0.00
25 0.00
26 G.GO
27 0.00
28 G.OG
29 0.00
30 0.00

6.05
O.C5
0.05
0. 05
0.05
0.00
0.00
6.00
0.00
O.OO
0.00



Solut on Procednre

The Eanil tanian  see page 29! is

H t! = [R zz,xs>-c]E R,t!e 4 t!
+ is[Fr t!xs�!-Mxr t>-qE R,t!xs t! O t!]
+ X,[F, t!z,�!-Mx,  t!-qE RE t!x, t! 4 t!]

which leeds to the switching fanction:

if [R zz,zs !-c]E R, t! e � k~qE R, t!xr  t!
l.,qE B, t! zs  t! >0

if [R zr.zs !-c]K B, t! e � XsqE R, t!z,  t!
� XsqE R, t!zs t!   0

The system of differential eqnations is

i, = F, t!z,�! � Mx, t! � qE R.t!z, t! O t>
zs Fs t!zs�! � Mzs t! � qE R.t!zs t! e t!

! r = XsM + > sq[E R,t!+esqP gz t w!gz z ~ t!xz t!] 4']t!
P gs t w!gz z t!q[E R, t!+ez R xs zs!-c!]e e t!

is Ask + ksq[E B, t!+esqp gs,t,w!gs  z,t!xs t!] 4gt!
P  gs t pw! gs   z, t! q[E R. t ! we~ R zs,x, !-c ! ]e g t !

The opt ima1 solntion is obtained by searching over positive valnes ofthe adjoint variables, Xr�! and ! s�!, to find the % t! corresponding tothe mazimnm net pre sent valse of the season harvest. The optimalopening/closing schednle was determined to the nearest week. The algorithmneed to solve for the optimal 4 t! is presented in hppendix C. It issimilar to the algorithm need to solve the New River shrimp problem. The
nnregulated casa was determined by setting both k �! ' s eqnal to zero.

Rc snit ~

The optimnm season opening/closing schednle for each of the 13 aokntions
is contrasted with that for the nnregnlated case in Table l4 Sekaykmg
season improved the aet present valne of the harvest only at the lommst
matnral mortality rate. kt natnral mortality rates of O.2 nnd 0-3
nnregnlated oaae wna optimal. kt these mortality rates it wan not ponsdhleto find li�>'a greater than nero that resnlted in a higher preaemt vmlmm- of
the harvest. kt n matmral mortality rate of O.I. the net present vaimb -maa



Table 14. Snsamary of harve st ing so lotions for the Paml ioo Sonnd shrimp
fishery for 12 combinations of inpnts. Present valne and A - are in

11967 dol lars.

Xzllzons
harvestedOpt imal ! . �! Net

presentM PSHRIXP ki�! l,s�! value Optimal
season

Initial popnlation size of brown shrimp
Initial population size of pink shrimp =

240 m
140 m

illion
illion

0.10 1.66 0.01170 0. 00275
nnregnlated  all 1.-=0!i

3. 753,280
3,744,378

6-29
5-29

2.10 0.01505 0. 00399
unrcgnlated  all Xi=0!

0,10 6-29
5-29

5,058.593
5.048,728

0.20 5-26 59.I 17.7

0.20 66.0 0.05-27

0.30 5-18 40.2 9. 6

5-25 44 .8 9.00.30

Initial popnlation size of brown shrirp = 200 million
Initial popnlation size of pink shrimp = 70 million

t,=628
5-28

1,66 0.01000 G.0023G
nnrcgniated  all 1 0!

2.616,990
2,6G9,653

0. 10

t = 6-28
t = 5-28

3 ' 542.338
3,534,565

2.10 0.01300 0.00330
unrcgniatcd  alI ii 0!

0.10

1.376.341 t ~ 5-20 43.3 6.9

1.938.299 t 5-23 48. 7 8.2

859,726 t 5-15 29.1 3.7

0.20

0.20

0.3G

t=S161.238,335 33.1 4.40.30

1.66 0.00000 0. G0000

2.10 0.00000 0.00000

1.66 0.00000 0.00000

2.10 0.00000 0.00000

1.66 O.OGOGG O.OGOOO

2. 10 0. 00000 0 . 00000

1.66 0.00000 G.GOOGO

2.10 O.OGOGG 0.00000

2.015,456

2,826,793

1.263,909

1,810,726

97.8 34.7
98.3 34 .8

106.7 38.3
107.3 38.4

73 .2 14 .8
73.6 14.8

80.2 16.3
80.6 16.3



increased slightly over that for the unregulated case by delaying the season
one period. However, the gain «as negligible. The hi gher market price
produced higher net present values at all three natural mortality rates, but
the opening date of the optimal harvest season +as the same as that at the
lower market price. Similarly, the higher population size resulted in a
higher present value. but had no effect ou the opening date of the harvest
season.

As was found for the New Fiver fishery, there appears to be little or no
g,ain from regulating the Pamlico Sound shrimp fishery beyond current
practice. In general, the high natural mortality rates result in more value
lost when the season opening, is delayed than is gained through growth and
increased prices. This is consistent with the conclusion by Waters �983!
that protecting juvenile shrimp from harvest in Pamlico Sound did not result
in significantly higher gains to fishermen's income.

SUMMARY AND CONCLUSIONS

A bioeconomic optimal control model presented by Kellogg et al. �985!
was used to determine the optimal season opening/closing schedule for the
Hew River and Pamlico Sound shrimp fisheries. Several aolutious were
obtained for each fishery by varying, natural mortality, initial population
size and price, In both cases, the analysis showed little or no gain from
delaying the season opening beyond the time when shrimp f irst reach
marketable size,

This is not a new result. Kutknhn �966! studied the dynamics of a
shrimp fishery in the eastern Gulf of Merico and similarly concluded that the
high growth rates were insufficient to offset substantial losses due to
erpected mortality. He also concluded that postponing the start of fishing
beyond when shrissp reach marhetable size  larger than the 70 headless-count
designation! was not feasible. NcCoy �972! and Purvia and IfoCoy �972!
studied the New River fishery and pin? shrimp in Paal.ico Sound using
analytical methods similar to Kuthuhn �966! and concurred with this
management strategy. However, Purvis and McCoy �974! recoasaended that some
gain would be obtained for the brown shrimp fishery in Pamlico Sound if
fishing waa prohibited until the shrimp reached a count of 46 to 5G per
pound, heads-off. This latter management strategy is not supported by the
results of the present study.

However, with dif'ferent recruitment functions and population ~ inca than
used here. the optimixation model might produce different results. Llthough
the eramplea eramined here are representative of the two fiaheriea, they are
nonetheless hypothetical. cases only. h different balance betweea pink and
brown shrimp recruitment and abundance co~ld result ia situations where a
delay in the season openiag and perhaps even a short mid-season closure would
enhaace the value of the fishery. The fisheriea should be monitored closely
during the pre-harvest period. and the model applied for each year in order to
determine if erceptions to the eristing management strategy aae desirable.
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Biocconomic optimal control models are not the only input that should be
used by the fishery manager in promulgating, regulations. Some aspects of a
fishery are not easily incorporated into a model, such as income re-
distribution, political realities. dynamics of ecospstems, and catastrophi~
weather events. But management models such as the one used here can provide
important insights that cannot be obtained in any other way.
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APPENDIX A: SOLUTION ALGGRI'THll FGR THE hET< E IVER SRRXYP

HARVESTING PRCELEK

The following pxograzi is written in IEtl-FC Basic .

~ L9 ~

ffff

10 REM SHR IYiP HARVESTING PROCRAN: SHR IMP 3 . BAS
20 REM

30 REM EXOGENCU VARIABLES US ED IN THE PRCGRP9'
40 REM

50 8=.25 'VALUES USED ARK 0.25 AND 0.35
60 Q«.0008
70 C1«50

80 PSHRIMP=2.1 'VALUES USED ARE 1 .66 AMP 2.10
90 CUMPV=G:CUMHARV1«P;CUMHARV2=0:CUMHARV3«P
100 Xl«0:X2=0:X3=0
110 REM

120 REM FUNCTIONS USED IK THE PROGRAYi
130 REM

140 DEF FNSI ZEl  C r T! =1/ �4 ~ 86* � EXF   8381*T 005825*C! !
+85»EXP   . 8381»T- . 005625*C! !

150 DEF FNSI 2 E2  C, T! =1/   48. 4» �-EXP  -, 4716»T+. 002266*C! !
+85»EXP  -. 4716»T+, 0 02266»C! !

160 SXZE3«l/70.3
170 DEF FNPRICE1 SIZE1! =1,556-.02 03* l/S1ZEl!

+. 0001255» �/ S I ZE1 "2! ! +.3 4175»PSHR IMP
180 DEF FNPRICE2 SIZE2! «1.556-.02503*�/SIZE2!

+. 0001255« l/ SI ZE2 2! ! + ~ 34175*PSHRIMP
190 DEF FNPRICE3  SIZE3! «1.556-.02503* l/SIZE3!

+. 0001255*  l/ SI ZE3 "2! !».3 4175»PSHRIMP
200 DEF FNEFFGRT R,T! «-22.37+.124»R+4.728*T-.1282* T" 2!
210 DEF FNDXSCOUNT T! «EXP -.001827«T!
220 DEF FNXXDOT EpXl! «-M»X1-Q*E«Xl»PEX
230 DEF FNX2DCT E,X2! «-N»X2-Q«K»X2*PHX
240 DEF FNX3DOT E,X3! «-N*X3-Q»E*X3»PHX
250 DEF FNLlDOT E,Rp Ll! « - E+R*. l24-Cl» ~ 124! *Q"Pl»SIZEl*D*PHI!

+  Ll*  M+Q*PHX»   ~ 124«Q*P1 «S IZEl«X1+E! ! !
260 DEF FNL2DOT E,R,L2! « - E+R» ~ 124-C1».124! «Q»P2»SIZE2»D*PHI!

+ L2» M+/«PHX»  ~ 124*Q*P2*SXZE2*X2+E!!!
270 DEF FNL3DOT E,RrI3! « - E+R».124-Cl*.124! «Q*P3»SIZE3*D»PHX!

+ L3» M+Q»PHX» .124*Q*P3*SIZE3«X3+E!!!
280 REM
290 REM SET UP FOR PRINT AND XNITIAL LAMBDAS
300 INPUT INITIAL VALUE FOR Ll";Ll
310 INPUT »INITIAL VAIUE FOR L2";L2
320 XNPUT "INITIAL VAI.UE FOR L3»!L3
330 LPRXNT "N« gM;" PSHRXKP«"lPSHRI»'P; Ll C!=" ALIT " L2 ~< � «

L3 �! «': L3
340 V$«"44 4444444.4 4 444444444 4444444 4444444 4.444444 4.44

4.444444 444 4444444"



3'0

360
370
380
390
4GO
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850

TCP.
nLI ~i

RETE RKCRUITNEST FUNCTIONS

Pl~1/28
F1~3/28

n Tn TAB i 6 i ri ~r.

TAP � ! "X3" AF �e.!
mPB i 6! nPyn
REh
REX THE 5'A IN PBCGRAY
REX
FOR T=O TO 39
REM DEFINIYG THE DISC
IF T=O THEN C=G
IF T=l THEN C=117
IF T=2 THEN C=241
IF T=3 THEN C=372
IF T=4 THEN C=511
!F T=5 THEN C~657
IF T=6 TEEN C=810
IF T=7 THEN C=971
IF T=8 THEN C=1139
IF T=9 THEN C=1314
IF T=10 THEN C=1494
IF T=ll THEN C=16B1
IF T=12 THEN C=1872
IF T=13 THEN C=2067
IF T=14 THEN C=2266
IF T=15 THEN C=2467
IF T=16 THEN C=2670
IF T=17 THEN C=2872
IF T=18 THEN C=3075
IF T=19 THEN C=3276
IF T=20 TEEN C=3475
IP T=21 THEN C=3670
IF T=22 THEN C=3860
IF T=23 THEN C=4045
IF T=24 THEN C=4225
IF T=25 THEN C=4397
IP T=26 THEN C=4561
IF T=27 THEN C=4718
IF T=28 THEN C=4866
IF T=29 THEN C=5004
IF T=30 THEN C~5134
IF T=31 THEN C=5254
IP T=32 THEN C=5364
IF T 33 THEN C=5465
IF T=34 THEN C=5557
IF T=35 THEN C=5639
IF T 36 THEN C~5714
IF T=37 THEN C=5780
IP T=38 THEN C=5838
IF T~39 THEN C=5890
RBN
REÃ DEFINING THE DIHC
IF T�0 THEN F1~0
IP T~3.0 OR T~16 THEN
IF T~ll OR T~15 THEN

TAB �3! "PHI" TAB �2! "X1" TAB "0! "X2"
TAB  7! "L2" TAE �6! "L3" TAB�0! "EFF"

RKTE FUNCTION FCR CUYULATIVE TK5!FERATURE
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860 IF T=12 Oa T='4 THEN Fl=6j28
870 IF T=13 THEN F3.=8/28
880 IF T>16 TEEN Fl=p
890 IF T=G THEN F2=.C5
900 IF T=l TEEN F2=.05
910 IF T=2 THEN 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�4 THEN F3=0 ELSE F3~1/16
960 REM

970 REM DEFINING INITIAL POPULATION SIRES
980 IF 9<T<17 THEN XISTART=215000000¹ ELSE X1STAR =0
990 IF T<5 THEN X2START=5900000! ELSE X2START=G
1000 IF 18<T<35 THEN X3START=17GOOOGG¹ ELSE X3STAF'T=O
1010 REFi

1020 REX RECRUITYENT
1030 Xl=Xl+Fl«Xl TART
1040 X2~X2+F2*X2START
1050 X3=X3+F3*X3START
1060 REM INITIALIZING AND SETTING PRINT VALUES
1070 XlPR=Xl
1080 X2PR~X2
1090 X3PR=X3
1100 L1PR=L1
1110 L2PR=L2
1120 L3PR=L3
1130 HARV1~0:HARV2=0:HARV3=0:PV=O

' 1140 REM

1150 SIZEl~FNSIZE1 C,T!
1160 SIZE2~FNSIZE2 C,T!
1170 Pl~FNPRICEl SIZE1!
1180 P2~FNPRICE2{SIZE2!
1190 P3~FNPRICE3 SIZF3!
1200 R= Pl*SIZEl*Q*X1!+ P2*SIZE2* }«X2!+{P3*SIZE3*Q«X3!
1210 E~FNEFE'ORT  R i T!
1220 IF E<0 THEN E=O
1230 D=FNDISCOUNT  T!
1240 SWITCH~  R«E-Cl*E! «D-Ll*Q*E*X1-L2*g«E*X2-L3*Q*E*X3
1250 IF SWITCH!O THEN PH I=1 ELSE PHI=O
1260 REM
1270 REM SOLVING DIFFERENTIAL EQUATIONS
1272 REX PRICK AND SIZE ARE HELD CONSTANT THROUGH THE IqEEK
1280 FOR N 1 TO 5
1290 REX
1300 REM CALC OF CUR. HARVESTS AND PRESENT VALUE
1310 8=.2
1320 RT~T+ N-l!*H
1330 EP=FÃHFFORT{R,R
1340 El=FNEFFORT R,RT+.5«H!
1350 E3~FNEFFQRT{RgRT+H!
1360 R= PI~SIZEI*G«Xl!+ P2*SIZE2*Q~X2!+ P3*SIZE3*Q«X3!
1370 SUBHARV1~8« ;*EO*X1*PHI
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138C
1390
1400
141C
1420
143 0
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1. 560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
}740
1750
}760
1770
1780
17 9G
}800
1810
1820
1830
1840
185G
1860
1870
1. 880
}890
1900

SUBFiARV2=E*Q*EG "X2+;F '
SUEF.ARV3=H*C~EG"-X3*= F-.:
HARV1=HARV1.+SUBHAPV1.
HARV2=HARV2~SUEHARV"
HARV3=HARV3+SUBF-ARV3
SUBPV= P}*SIZE1*Q*X1+P2~SIZE2*Q*X2+F3*SIZE3*Q*X3-C}!~EG*D*H+PHI
PV=SUBPV+PV

REYi
REM CALCULATION OF IlEW UQIBDAS
REM LAMBDA}
KCL1 FNL1DOT EOJR~Ll!
K}Ll=FNL1DDT {EI,R,L}+,5*H*KGL1!
K2L1=FKL}DOT {El,R Ll+,5*H*K1L1!
K3L}=FNL}DOT {E3,R,L1+H*K2L1!
L}=L1+{E/6!* {KGL1+2"K1L1+2*K2L1+K3L1!
IF L} C TF;Eb L}=G
P,EY. LAY;BDA2
KOI 2=FNI 2DOT  EO   R, L2!
K1L2 =FKL2DGT { E 1   R ~ L2+. 5*H ~KG L2�!
K2L2=FNL2DOT  El p R  L2+ ~ 5*8~K}L2!
K3L2=FKL2DOT   E 3, R, L2+H*K2L2!
L2=L2+ {H/6! * {KOL2+2*K}L2+2*K2L2+K3L2!
IF L2 G THE>: L2=0
REM LAYiBDA3
KO L3 =F".I 3 DOT { EO, R, L3 !
KlL3=FVL3DOT  El, Rg L3+. 5 "H*KOL3!
K 2L3 =FKL3DOT   E 1, R, L3+ . 5*H*K1 L3 !
K3L3 =FNL3DCT  E3, R, L3+H~K2L3!
I 3 =L3+   H/6! *  KOL3+2*K1L3+2 "K2L3+K3L3 !
IF L3 D THEN L3=0
REYi
REYi CALCU LATIOhl CF ViEW X ' S
REYi X 1
KOXi=FKX}DOT {EO,Xl !
K 1 X 1 =FNX } DOT { E 1, X l+. 5*H*K OX 1 !
K2X}=FKX1DOT E1,X1+.5*H*K}Xl!
K3Xl=FhiXlDGT E3,Xl+H*K2Xl!
Xl=Xl+ H/6!* KOX}+2~KIX1+2~K2X}+K3X}!
IF Xl� THEN X1=0
REM X2
KGX2=FÃX2DOT EOgX2!
KIX2~FNX2DOT E1,X2+.S~H~KOX2!
K2X2=FNX2DOT El,X2+.5*H*K1X2!
K3X2=FÃX2DOT E3,X2+H*K2X2!
X2~X2+ H/6! * KGX2+2*K}X2+2~K2X2+K3X2!
IF X2<0 THEN X2 0
REM X3
KOX3~FNX3DOT EGIX3!
KlX3=PNX3DOT {K},X3+.5*H~KOX3!
K2X3 FNX3DOT E},X3t.5~B*K1X3!
K3X3~FNX3DOT K3<X3+H*K2X3!
X3=X3+ H/6!+ ROX3+2*K}X3+2~K2X3+K3X3!
IF X3<0 THEN X3=0



1910 KEXT
l920 CUYPV=CUN&V+PV
l930 CUNHAR%1=CUNHABVI � :HARVl
1940 CUYHARV2 C'NHARV2+HAPV2
1950 CUNHARV3=CUNHARV3+BARV3
1960 LPRIiiT USI'KG U$ T pS'KITCH' PHI rXIPRgX2PRg X3PRg L PB I L' PR g L3PR E
1970 NEXT T
1980 PROP I=CUNHARVI/215000000f
1990 PROP 2=CUNHARV2/5900000!
2000 PRCP3=CUNHABV3/170000004
2010 LPR?hT "CUYHARVl=";CUNHARV1;" PROPORTION;=";PRCP1
2020 LPRINT "CUNHARV2="!CUNEABV2;" PROPORTI05="!PRCP2
2030 LPPIhT "CUNHARV3=";CUNHARV3;" PROPCRTIOtl=";PBOP3
2040 LPRIKT "CUNPV=";CUNPV
2050 Em



APPENDIX E: SU!'XiAFY CF CO!'.EECIAL CATCH STATISTICS

$CE THE FAhji ICG SOUND SHPI�' FISEEbT

Commercis I catch data were obtained from the North Carolina Division of
hfar inc Fisheries, Heginning in 1979, the Division of Marine Fisheries and
the Nat iona 1 Marine Fisheries Service col lected «eekly catch statistics ou
shrimp and other selected fi sheries in the state. Irformation inc luded date,
geartype, fishing area, number of landings, catch in weight  pounds, heads-
off!, and th» average ez-vessel price per pound for each species and size
class.  Some additional catch data were col lected during a pilot study in
1978, but were ezc luded from this analysis because it is believed to be
incomplete.! Only data designated fcr Paml ico Sound proper  area 6354! are
included in this analysis. Data from snrrovnding tributaries and some bays
are ere luded.

T«o geartypes vere 1 isted for Paml ico Sound; 1! vessels  craft weighing
5 tons or mere aud registered as a mei'chant vessel of the United States!
using shrimp trawls. and 2! boats  any craft not identified as a vessel!
using shrimp tra«ls. A measure of «eekly total fishing effort  hours
fishing! «as obtained by adjusting the nrmber of boat-hours to vessel-hours
and adding the two together. The method used to adjust boat-hours to vessel�
bours is presented in the tezt.

The weekly values reported here «ere determined using procedures
reported by Kel logg �985!. Each week represents a Friday-to-Friday catch.
Port saaiplers usually interviewed al 1 dealers weekly and reported the catch
as a wee2.1y aggregate. But prior to 1982, dealers were occasionally missed,
and the catch for that week was recorded with the catch of the following, week
 Katy Iie st, Statistics Coordinator for the Division of Marine Fisheries,
personal communication! . It was not possible to correct the records; conse-
quently, any errors that are due to this source remain. Another potential
source of error involves periods when no catch «as reported. If no catch was
reported in the dataset fox a particular wee2, the catch was assumed to be
zero.
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Table Bl. Dataset for Pamlico Sound -hr imp. Data from the North Ctro-
1 ina Di vision of Xsr ir e Fisheries. 'Ye igbt is ir pounds  heads-o 1 f!
and revenue and priceS are in current dol larS  nOt adjusted fOr iui' I-
tion!. Time is measured iu weeks from June

Total
hours

leek fished

Revenue
per hoar

fished

Shrimp Con sum e r
pr Ice p1 Ice
index index

Total Total
revenue weight

1979

1980

382.9
382,9
382. 9
382.9

247. 6
247.6
247.6
247.6

62

0 I 3 4 5 6 7 8 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0 0 0 0
0

195
58

297l
3290
1697
4303
3220
2467
3553
1582
1277

674
230
550
705
653
617
674
888
542
494
144

74
139

0
0

0 0
0 0
0

9918
1957

121452
2073 71

88166
251097
23 8161
120306
139139
133322

92805
31717
11587
25382
3 8832
26182
18578
26677
43520
26833
17704

2346
1882
1697

0
0

0 0 0 0 0
3 981

675
34874
58758
24459
63889
62130
2951 9
31974
31370
20249

7210
2940
7038

14195
9352
719'7

10161
15596

9559
6329

780
697
800

0 0

50.86
33.74
40.88
63 .03
51.95
58.35
73.96
48.77
39.16
84. 27
72. 67
47.06
50.38
46,15
55.08
40.09
30. Il
39. 58
49. Ol
49.51
35.84
16.29
25.43
12.21

523.8
523.8
523.8
523.8
498.6
498.6
498.6
498.6
498.6
444.7
444.7
444.7
444.7
438.0
438.0
438,0
438.0
450. 7
450.7
450./
450,7
450.7
430.2
430.2
430.2
430.2
415.0
415.G
415.0
415.G
415.0

216.6
216.6
216.6
216.6
218.9
218.9
218.9
218.9
218.9
221.1
221.1
221.1
221.1
223,4
223.4
223.4
223,4
225.4
225.4
225.4
225.4
225.4
227.5
227.5
227.5
227.5
229.9
229.9
229.9
229.9
229.9



Tab le Bl. cont inued,

Revenue

Total per hour
weight fished

Shrimp Consumer
price price
indez index

Total
hours

Week fished

Total
revenue

1981

271.3
271.3
271.3
271.3
274.4
274.4
274.4
274.4
274.4
276.S
276. 5
276.5
2,76. S

421. 6
421.6
421.6
421.6
3 82.4
382.4
382.4
382.4
3 82.4
329.9
329.9
329.9
829.9

0 I 2 3 4 5
6 7 8 9

10
ll
12

0 7 0
87

1155
8318

16524
36010
46642
60642
37376
42002
29126

0
19

0
19

137
644

1568
311 6
3485
5222
3697
3718
3397

0
22

0
278

2960
24516
53803

130392
176891
23 01.3 5
141213
163039
117130

1.16

14. 63
21.61
38.07
34.31
41.85
50.76
44.07
3$.20
43.85
34.4$

63

4

5 6 7 8 9
IG
ll
12
13
14
15
16
17
18
19
20
21
22
23
24
15

26
27
28
29
30

0
1072
2830
6077
83 82
7778
9548
6676
7002
7074
5052
4186
4087
3048
3675
2281
3681
3901
465 I
2957

499
264
293

12

0 0 0

0
31583

134536
498956
603066
845005

1032608
590046
430177
627669
313 871
275648
23 7819
204587
158961
211786
199432
237325
236142
11244"

10696
9289

10982
?041

0
0
0

0
13469
53481

177117
I90396
262425
3G4375
169041
117295
161071

91124
84072
77904
64440
597G6
78736
73073
91730
90502
48518

4429
4120
4401

907

0 G 0

29.46
47. 54
82.11
71.95

108.64
108. 15

88,38
61. 44
88. 73
62.13
65.85
58. 19
67.12
43.25
92.85
54.18
60. 84
50, 71
38. 03
21.43
35,19
37.48

170.08

381.6
381.6
381.6
381. 6
381. 6
388.2
388.2
388.2
388. 2
373.6
373.6
373.6
373.6
344.4
344.4
344.4
344.4
344.4
340. 3
340. 3
340.3
340.3
341.3
341.3
341. 3
341.3
341.3

247.8
247 .8
247.8
247. 8
247.8
249.4
249.4
249.4
249. 4
25I.7
251.7
251, 7
251.7
253. 9
253. 9
253.9
253. 9
253. 9
256.2
256.2
256.2
256.2
258.4
258.4
258.4
258.4
258.4



Tab 1 e BI. c oz t I au e d.

Total
hou.r s

Week f ished

Shrimp Con sur er
price price
irdex index

Revenue
Total per hour

weight fished

Total
revenue

1982

25.68

64

13
14
15
16
17
18
19
20
21
22
29
24
25
26
27
28
29
30

0
I

2 4 5 6 7 8
9

IG
Il
I2
13
14
15
l6
17
18
l9
20
21

6792
3872
4217
3216

826
1267

185
710
574
377
442

89
0

67

0 0 0 0

0 0 0
120

0
43

9170
8703
6514
8846
7238
5729
8830
7558
6072
4519
4003
3142
2258
3107
2848
1997

23 1082
106916
150297

73 843
42483
31659

5541
17429
10855
11755

9298
1674

0
755

0
0
0
0

0 a 0
9081

0
1232

145249
404031
45842 8
988188
756656
598435
663688
556610
475520
3 50545
26570I
231485
226156
219010
161158

94897

61261
26821
36I 84
20148
11731

8875
1786
5293
3335
3474
2884
490

0
229

a 0 0
0

a 0 0
1121

0
355

44090
111773
1163 96
239323
173643
136972
138670
1110 92

90807
67242
51531
47704
S2138
54aaa
4207$
24S41

34.02
27.61
35.64
22.96
51.43
24,99
29.95
"4.55

18.91
31.18
21.04
18.81

11,27

28.65
45.82
46.42
70.38

111. 71
104.54
104.46

75.16
79.65
78.31
77.57
66.98
73. 67

100.16
70.49
56.59
47. 52

373.7
373.7
373.7
373. 7
426.1
426.1
426.1
426.1
42,6.1
405.1
405,1
405.1
405.1
401.9
401.9
401.9
401.9
401. 9

453.6
453,6
453.6
453,6
439.5
439.5
439,S
439. 5
439.5
492.1
492.1
492.1
492.1
510. 8
510.8
510.8
510.8
498.0
498.0
498.0
498.0
498.0

279.3
279.3
279.3
279.3
279.9
279.9
279.9
279.9
279.9
280.7
280.7
280.7
280.7
281.. 5
281. 5
281.5
281. 5
281.5

290. 6
290. 6
290.6
290.6
2,92.2
292.2
292.2
292 .2
292. 2
292. 8
292.8
292.8
292.8
293.3
293.3
293.9
293.3
294.1
294.1
294.1
294.1
294.1



Tab 1 e Dl. coo t ideaed.

Total Re ver.ce Shr imp Cons<me r
hOIIrS TOtal Total per hOur price pr Ice

Teek f ished reverue we i8ht f ished indez iadex

65

22
23
24
25
26
27
28
29
30

1630
1843

871
269

36
106
245

79
50

77723
54525
32681
10708

706
7527
8403
3120

265

21251
147 98

9125
3050

215
2023
2230

880
74

47.68
29.58
37,52
39.81
19.61
71.01
34.30
39.49

5.30

517.6
517.6
517.6
517.6
525.0
525.0
525.0
525.0

525.0

293.6
293.6
293. 6
293.6
292.4
292.4
292.4
292.4
2 92.4



e BI, cont i at ed.

ShrimpErozen
Pin]s Shrimp

Average Average
size price Weight

Average Average
size price

We ight Number
Bomber

1979

33.00 4.45

1980

0

0 0
0
0

72&345

0
0

0 0
0

13469 54.G8 2.34

66

0

0 0
0 0

3981
675

34870
58732
23988
62593
55277
267C3
30105
23451
17618

5798
2009
391 8
3126
2504
123 S

823
97

0
0

130

0 0
0 0

0
0
0
0
0

24973 9
36445

1447618
2301238

86 8'744
2155105
1773886

800401
923505
5652 88
47&I I 3
145874

553 &7
118644
114728

95972
51240
24114

2716
0
0

4290
0
0
0
0

62 .73
53,99
41 .51
39.18
36.22
34.43
32.09
29.97
30.68
24.11
27.14
25.16
27.57
30.28
36.70
38,33
41.49
29.30
28.GO

2.49
2.90
3.48
3.53
3.63
3.97
4.08
4.29
4.49
4.93
4.97
5.02
4.59
4.47
3.30
3.36
3.81
4.67
4.49

0
0
0
0
0
0
0
4

26
471

1296
6853
2816
1869
7919
2631
1412

931
3120

11069
6848
5962
9338

15499
9559
6329

6SO
697
800

0
0

0

0 0

0 0 0
0

340
2210

39995
108660
568945
230632
147133
525575
176515

92960
63675

1953 86
713867
441378
406236
591964
870439
5362 90
344582

37550
59245
51716

0 0

85. OO
85. 00
84. 92
83.84
83. 02
81. 90
78. 72
66.37
67. 09
6S. 84
68.39
62.62
64.49
64.45
68.14
63. 39
56.16
56.10
S4.44
57.77
85.00
64.65

2.00
2.00
2.16
1.83
1.84
2.G8
2.18
2.23
2.00
1.87
2.S3
2. 52
2,58
2.59
2.33
2.45
2.78
2,81
2.80
2. 72
2.70
2.12



Tab le El . coat iaoed.

Fin,k Shrimp
Bzova Shrirp

Average Average
size price

Average Average
Number size price Weight Ntuabe r

Week. We ight

2478540
/408222
6886450
9245101

53481
177117
190396
262425
304305 10135540

1981

0
336

0
3 961

0
0
0
0
0

25687
29480

3. 1448.00

45.53 3.20

2.56
2.95
3.26
3.62
3.79
3. 8l
3. 8G
3. 93
4.10
3.84

49.43
40. 92
36.34
30. 65
27.00
24.30
24.16
23.32
21. Gl
23. 72

2.28
2.01

2.1$
2.10

65. 53
'72.2S

808l6 69.0l
7SGZS 6S S2

166094 67 74

67

6 7 8 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0 1 2 3 4 5 6 7 8 9
10
ll
12
13

l68955
116827
157353

80322
69988
58461
46115
3 5813
41197
42293
40758
49207

7308
425

0
650

0
0
0
0

0 0 0 0
1155
8318

16524
$6010
46642
60225
36968
40831
27981
58809

55840'74
36215 85
4344376
2441553
2221163
1914811

136422
13 031 74
1532806
1588264
1590104
1900756

240364
14460

0
21450

0 0 0 0

0
0
0
0

S7090
3403 94
6005GG

1103677
l259359
1463172

893139
952$S3
S87853

13950S2

46. 34
41. 83
36.17
35.23
33. 31
33.05
31.00
27.61
30.40
31.74
32.75
29.59
36.39
37.21
37.55
39.01
38.63
32.89
34.02

33.00

2-52
2. 82
3.17
3.22
3.39
3.49
3.68
3.95
3.60
3.52
3.40
3.57
3.12
3.16
2.97
2.93
2.95
3.23
3.07

3.00

0 0 0 0
20
20

400
3693

10802
14084
19443
18325
23057
37164
30230
503 77
40443
39910

4004
4120
3751

907

G 0 0

0 7
G

87

0 0 0 0 0
392
408

1171
114S
2452

0
0
0
0

1700
1700

34000
260917
594900
875350

1182584
967329

2518223
2170816
1620471
2831895
2413079
2347414

215744
2363.75
203308

68995
0
0
0

85. 00
85.00
85.00
70.65
55.07
62.15
60.77
52. 79
65. 85
58.41
53, 60
56,21
59.67
58.82
53.88
57,32
S4.20
76. 07

1.40
1.40

1.65
2.26
2.06
2.01
2.19
1.95
2.17
2.39
2.30
2.19
2.13
2.35
2.25
2.41
2.25



cortinee<-Tab le El .

Shrimp Pirk SbrimpPrcwn

Average Average
size price Weight

Average Average
size priceKeznbe rWee]r Weight Nezeber

22. 07
19.25
25. 76
31.86
29.53
34.56
33. 71
35. 60

32.63

4.14
4.41
3.93
3.75
3.85
3.17
3.64
3.34
3. 89

65. 72
63. 71
65. 99
68.65
51. 23
65.00
54.48
53.54
51.38
41.40
47.67

2.10
2.11
2.09
2.09
3.04
2.00
2. 88
3.08

2.94
3.22
3 .42

33. 00 3.30

I 982

3 .0240.31

68

14
IS
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0 I
2

3 4 5
6 7 8
9

10
11
I2
13
Il
IS
16
I7
18
19
2D
fX

24777
321 84
17247
10819

5770
1676
2871
2240
1621

0 0
0

G 0 0
0

0 0
0

493
0

3SS
44090

III773
116396
239323
171493
129283
130533
102814

8243 5
59454
43289
35982
34415
20713
11196

6686

546 841
619627
444366
344662
170415

57918
96793
79745
52898

0 0
0

0 0 0 0
0

0 0
0

34233
0

15265
2034964
4314441
405s387
7727266
S37S330
3936394
3667446
2769757
1998535
13 91 807
1036667

913166
IOI8435

S97499
34S623
203743

69.44 2.40

43.00 3.47
46.15 3.29
38.60 3.61
34 .84 3.94
32.29 4,13
31.34 4.39
30.45 4.49
28.10 4.92
26.94 5-19
24.24 5.46
23 .41 5.57
23. 95 5. 62
25 38 5.46
29.59 4.99
28,85 5.30
30.87 5.09
30.47 5.12

2044
4000
290I

912
3105

110
2422
1095
1853
2 884

490
0

229
0

0 0
0

0 0
0

628
0

0 0 0 0
0

19SG
7434
7860
7923
83 52
7765
8206

11575
17642
33287
30879
17855

134340
254848
1.91451

62608
15 9073

7150
131962

58623
95214

119401
23360

0
7557

0 0
0 0

0 0
0

25314

0 0 0
0 0
0

130658
528843
53 0498
577371
615055
557537
531836
701752

1129092
2027964
1786654

969523

67.00
71. 14
67,49
72. 87
73.64
71.80
64. 81
60. 63
64.00
60.92
57.86
54.30

2.17
2.28
2.75
2.78
3.07
2.45
2. 73
2.97
3,06
3,28
3.37
3.40



Tab le Bl. cont irked.

Fink Shrimp
Brown Shr inp

Average Average Average Average
Week. Weight Nuzaber size price Weight Nazaber size price

Note: Data indicated by an asterisk   ~ ! were ezcIuded from the analysis.

69

22 4306
23 4446
24 992
25 438
26 0
27 520
28 217
29 682
30 0

136068
156493

4007l
14814

0

17325
8091

34441
0

31.60
35.20
40.39
33. 82

33.32
3 /.29
50.50

5. 04 16945
4.64 10352
4.16 8133
4.'76 2612

215

5.07 1503
4.71 2013
3.45 198

74

977734
569603
433 919
148297

11620
92277

109l53
103 80

3930

57.70
55.02 3.27
53.35 3.51
56.78 3 .30
54.05 3.28
61.40 3 . 25
54. 22 3 . 67
52.42 3. 87
53.10 3.58



APPED'DIX C: SOLUTICN ALGCP ITH!' FCB ' EE PF!!LICO

SOUL;D SHF IyP F.FRVES'TING PRCBLEi

The followirg prcgram is written in EYi-PC 8~sic,

SHRIMP HARVESTING PRCGRAR FOR PP2lLICC SOUND10 REYi
20 REYi
30 REK EXCGESCUS VARIABLES USED IN TEE PRCGRAY.
4G REN
50 H=.30 'VALUES USED ARE 0.1  .2, AYD .3
60 Q=.OOCC10938
70 Cl=j
8G PSHRIFiP=2.1 'VALUES USED ARE 1.66 AND 2.10
90 CUKPV=G:CUNHARV1=0:CUFHARV2=0
100 Xl=G:X2=0
110 REN
12G REK FUNCTICNS USED IN THE PRCGRFZ
130 REM
140 DEF FSSIZKl  T! =1/�0.436+  85-30.436! «EXP  -.268" T! !
150 DEF FNSIZE2  T! ~l/�16.1157-4.7997*T+. 0965* T" 2! !
170 DEF FSPRICE1  SIZE1! =1.4027-.03526* l/SIZE1!

+. 0001637* �/  S I ZEl 2! ! +. 65891*PSHF IMP
180 DEF Fr PRZCK2  SIZE2! =1.4027-.03526«�/SIZE2!

+. 0001637«�/  S I ZE2 "2! ! +. 65891«PSHAW IKP
200 DEF FNEFFORT  R, T! =123. BG7*R+165.787*T-7.25485* {T" 2!
210 DEF FNDISCOUNT  T! =EXP  -. 001 827*T!
220 DKF FNX1DOT  E,X1! =-@*Xi-Q*E*X l*PHiI
230 DEF FNX2DOT  E,X2! -K*X2-Q*E«X2«PEI
250 DEF FNLlDOT E R I 1! = - E+R*123.8-Cl*123.8! *Q*Pl«SIZEl*D*PHI!

+  I 1*  Y+{:«PHI* �23. 8*/«P1*SI ZEl*Xl+E! ! !
260 DEF FNL2DOT  E,R, L2! =  -  E+R*123 . 8-Cl*123. 8! *Q*P2*S I ZE2«D*PH I!

+  L2*  K+Q*PHI* �23, 8«Q*P2*S I 2E2*X2+E! ! !
280 REM

290 REM SET UP FOR PRINT AND INITIAL LANBDAS
300 INPUT "INITIAL VALUE FOR Ll";Ll
310 INPUT "INITIAL VALUE FOR L2";L2
330 PRINT "N= ;M; " PSHRIb'IP=";PSHRIFiP; " Ll G! =";Ll; " L2�! =";L2
340 U$~"f4 4044444 0 44$444044 45444404 4.4%4'044 4.444440 44444

0$44440 444.44
350 PRINT "T" TAB �! "SKITCH" TAB  ll! "PHI" TAB �8! "Xl" TAB �8!

"X2" TAB �5! "Ll" TAB �5! "L2" TAB �1! "BFF" TAB �8! "PV"
TAB �6! "R"

360 REY.
370 REM THE YOGIN PROGRAH
380 REN
390 FOR T=O TO 30
810 REM

820 REM DEFINING THE DISCRETE RECRUITMENT FUNCTIONS
830 IF T� TEES F1=0
840 IF T~4 OR T=9 THEY, F1=.05



E5G IF ~=5 TEEN Fl=. 3.5
860 IF T=6 CR =7 CR T=C THE!' F1=.25
88C IF T>9 THEN F1=0
90C F2=1/20
905 if T<5 IHEN F2=0
910 IF T>24 THEN F2=0
960 REM970 REN DEFINING INITIAL PCPULATICN SIZES
980 IF T<11 THEN XlSTART=2400QCCQGI
990 ELSE XlcTART=O
lGGG IF T<25 THEN X2START=�~2C*1000000}
1005 ELSE X2START=G
1010 REF.
1020 REYi RKCRUITNEhT
1030 Xl=X1+Fl*XISTART
1040 X2=X2+F2+XZSTART106G REN INITIALIZIhG AND SETTIhG PRINT VALUES
1070 X1Pk=X1.X2PR=X2:L3.PR=L1:L2PR=L2
1130 HARV1=0:HARV2=0:PV=G
1140 REN
1150 SIZK1=FNSIZE1 T!
1160 SIZE2=FNSIZK2 T!
1170 Pl=FNPRICEl SIZKl!
1180 P2=FNPRICE2 SIZE2}
1190 IF SIZEl< l/85! TYKN P3.=0
1199 IF SIZK2<�/85! THEN P2=0
1200 R= Pl~SIZE1+Q*X1}+ P2~SIZK2*Q*X2!
1205 RPMT=R
1210 E=FNEFFORT  R i T!
1220 IF K<0 THEN E=O
1230 D-FNDISCOUNT T!124G SWITCH=  R iE-Cl*E! ~D-Ll*Q" E*K1-L2*Qi"K*X2
1250 IF SWITCY>G THEY PHI=l ELSE PYI=G
1260 REFi
1270 REX SOLVING DIFFERENTIAL EQUATIONS
1280 FOR N~l TO 5
12 90 RE!:1300 RKN CALC OF CUM. HARVESTS AND PRESENT VALUE
1310 H=.2
1320 BT=T+ N-1!~H
1330 EO=FNEFFOBT {R~RT!
3.340 Kl=FNEFFOBT R,RT+.5*H!
1350 E3=FNEFFOBT R,RT+H!
1360 R= P].~SIZK1~Q*Xl! + P2*SIZK2~Q*X2!
3.370 SUBHABVI=E*Q+KO*Xl+PHI
l380 SUBHARV2=8+Q~EO~X2*PHI
1400 HARVl=P~Vl+SUBHARVl
l410 HARV2~HARV2+SUBHARV21430 SUBPV~ P1+SIZE1~Q+Xl+P2*SIZK2i"Q+X2-Cl! *EG*D H*PHI
1440 PV=SUBPV+PV
l450 RKN

73.



REM CALCULATION CF NEli LZ i'. EDAS
REM LAP".BLAl

KOL1=FNLlDCT EG,BiLl!
KILl=FNLlL'CT El,R,Ll+.5*H"KGLl}
K2Ll FNL1DOT  El I & I Ll+ 5*H*KlL1 !
K3Ll=FNL1L'OT  E3 I R g Ll+H*K2L1!
Ll =Ll+  H/6 ! *  K 0Ll+2" Kl L1+2*K 2Ll+K3 Ll !
IF Ll < 0 THEN Ll ~0
REM LAP.BDA2
KOL2=FNL2DOT  EO,R, L2!
KIL2=FNL2DOT El,R,L2+.5*H*KOL2!
K2L2=FYL2DOT ElgRgL2+.5*H*K1L2!
K3L2=FNL2DOT E3,R,L2+H~K2L2}
L2=L2+ H/6!* KOL2+2*K1L2+2"K2L2+K3L2!
IF L2<0 THEN L2=0
REM
REM CALCULATION OF NEVJ X 'S
REM X 1
K OX 1 ~F NX 1 DOT   E 0, X 1 }
KlX1=FNXlDOT E1,X1+.5*H*KOX1!
K2X1=FNXlDOT El,Xl+.5*h*KlXl!
K3X1 FNXlDOT E3,X1+H*K2Xl!
Xl=Xl+ H/6!* KOXl+2*K1Xl+2*K2Xl+K3XI!
IF Xl<0 THEN X1=0
REM X2
K QX 2 FNX 2 DOT   EO g X 2 !
KIX2=FNX2DOT  El,X2+. 5*H*KGX2}
K2X2~FKX2DOT  El >X2+. 5*H*KIX2 }
K3X2~FNX2DOT  E3,X2+H~K2X2!
X 2~X 2+   H/6 ! *   K OX 2+ 2* K 1 X 2+ 2*K 2X 2+K 3X 2 !
IF X2<0 THEN X2=0
NEXT N
CUMPV=CUMPV+PV
CUMF~V1 =CUMHARV1+HARVl
CUMHARV2=CUMHARV2+HARV2
PRINT USING U$;T,SWITCH PHI,XlPR,X2PR,L1PR L2PR,E,PV,RPRNT
NEXT T
PRINT "CUMHARV1 ~"; CUMHARV1
PRINT CUMHARV2 ';CUMHARV2
PRINT "CUMPV=";CUMPV
END
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