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result of natural mortality and emigration until no shrimp remain.

A. Mortality

The simplest case to be considered for natural mortality is 

that the rate of decrease in numbers of shrimp is proportional 

to the number present at that time; i.e. 

dN
dt - MN (D-l)

where M is a constant from tp onward through time. From time tp 

until the start of the inland season, the number present at any 

time, t, is

A  _dN_ . _M ,t dt
tp LP

N. = N,. e_M(t-tp) (D-2)
t P

The number available to the fishery is

N t» , t'
/ 'P = -M / dt
N t - R N tCp“ R P

or

N tt = Re “M (tP-tp) = r  (D-3)
P

Both natural and fishery mortality are considered from 

opening of the season, t^, to close of season, t^, and in the 

simplest case, are constants over that period and independent 

of each other. Assuming, that the rate of decrease is again 

proportional to the number present
dN _
dt:

(V + M)N (D-4)



and integrating over the limits 

S  = -<F+M) A t
N4  N t'

results in the number remaining at the end of season

N = N t e_(F+M) tX“tp) (D-5)
tX CP

or any time during the season

N = N e -<F+M> (D-6)
C *P

After time tx, the decrease in numbers is the result of

natural mortality and emigration and the rate likewise assumed

proportional to the number present:

_ dN_ = _(m +E)N (D-7)
dt

where E is the emigration coefficient.

Equation (D-7) when integrated over the limits

yN tF dN =* _(M+E) /fcF dt (D-8)
N t.,Nt. A

A

gives

N = N e ~ (M+E) ( t r - t x )  (D_ 9 )
F tx

This model shows that theoretically the number remaining will never 

equal zero but approaches zero as tp increases.

B. Growth rate

The von Bertalanffy growth form is assumed which gives the 

individual weight at time, t,
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W t “ [1 - e-k(t-to)j3 (D_1Q)

and similarly the length,

lt = [1 - e -k(t-to)] (D_n )

See Appendix C for derivation of equations (D-10) and (D-ll).

C. Total weight

Expanding the cubic term in equation (D-10) results in

Wfc = E e "nk(t"to) (D-12)
n-o

where

too =  +1 
= -3 

= +3 

a3 - -i

The total weight at any time, t, during the period from 

recruitment (tp) to the season opening (tp') is then the product 

of equations (D-2) and (D-12):

3
NtW t = [Nt e -M(t-tp)] [WoQ E ^ - n k U - t o ) ]  (D_13)

P n=o

where tp < t < tp'.

The total weight available at the opening of the season is
3

Ntp1 W t = [Re -mCtp'-tp)] £ -nk(t-to)] (D-14)
n=o

The total weight at any time during the shrimp season is the 

product of equations (D-6) and (D-12):

NJW = [Nt e -(F+MXt-tP')] [w £ tie -nk<t"to)] (D-15)t C (*n f 00 J!F n=o



where tpl < t < t^.

D. Yield

The yield in weight for any time during the shrimp season is 

given by integrating the equation

/YW dYw - / ** F NtW.d,. (D-16)o tp * t t t

over the specified limits. Substituting for total weight from 

equation (D-15), the yield is

3
Yw = INt tW09e*F4M> V  s ftnenkt£> ft e "(F+M+nk)t dt 

P n=o tp'

3 fine "nk^tp#t®^ [i-e “ (F+M+nk)(t-tp')] (d -17)
Yw = FN. Wro Z '(F+M+nk)

V  n=o

The total yield is the integral over the time period 

X = t* - tp »

or
Yw* = FNt .W*, E fine -nk(tp »-t0) ̂ -(F+ffl-nk)^ (d -18)

P n=o (F+M+nk)

An expression for yield in numbers can be similarly derived.

A computer code for the Beverton and Holt fisheries yield 

model and some typical results are provided at the end of this 

appendix. The plots show the sensitivity of the yield to varia­

tions in season opening date and time of recruitment.
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C LUMPED MODEL WITH K SUBAREAS
DIMENSION YN(5.)
DIMENSION T (50),XNT(5f > ,TW(5C).YW(51 )
DI MEN SI ON TXNT ( 5 -.j , 10 ) , TTW< Sf . 1 -1 )
DIMENSION TY*(SC , 1C ) .TYN(5 C ,10>
DIMENSION T N O (50 ),TN0PCR(5' ) ,T0TWT(5 . )
D1MENSI ON TOTWPP (5 _ ) » TOTYW ( 5*> ) • T0TYWR(5' ) » TOTYN( 5 C )
DIMENSION TOTYNPISr)
KEAD(S.IOL) IF IN 
NCASE=1 
GO TO 1 

6 NCASE=NCASE+1 
1 READ(5,IOC) <

IV; FORMAT! IS)
TCR=C jC 
DO 1C J=1 * K 
*RITE (6.2V ) < .J

2>: FORMAT( H I  , 1 JX .* ***LUMP£D MODEL W ITH • . 1 X » I 2 • 1 X . • 5U E AREA S4* *• • / 8X* 
1*1NPJ T DATA FOR SUBAREA• ,1X , 12./)
CAI SA*">EA( T» XNT .Tta.YW.YN.N.CRSA)
T C R= TCR +CR 5 A 
DO 1C I=1,N 
T N O ( I )= w  
TOTWT ( I )= ?:o .
T JTY w ( I) = C C 
TO TYN ( I )=•-;.
TXNT( I, J)=XNT(I)
TTVit I • J)=TW( I )
T Y W ( I•J ) = YW( I )
TYN(I,J>=YN(I)

I 0 CONTINUE
wRI TE (6.24v ) K

2 4 C FJRMAT( H I .  1CX. '***LUMPED MODEL WITH*•1X,I 2•1X ••SUBAREAS***••//
1S X ,•SUMVAT I ON OVER 5UBAREAS*/3X*•TIME(W K )• ,3X.•NUMBER*•3X•'NUMBER* 
2. OX, 'TOTAL * .3X. • TOTo (HTj '»2X«*Y I ELD I N • ,2X , • Y I ELD PER*,2X.•YIELD** 
34X,'YIELD IN',/24X, 'PER* ,4 X . •WTa(G M )•,S X ,'PER*.5 X ,•GRAMS*,4X,
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4 • CAPTURf-D* ,3 X. 'IN NO; • . 3X. • NGo PER' ./22X,• CAPTURED • .12X.• CAPTJRED' 
5*12X * 'RECRUIT• . 1 3X .'C APTURED*,/?3X.'RECRUIT',12X,•RECRUIT'•32X. 
b'RECRUIT',//)
00 3-1 I =1 » N 
DU 2 7 J=1.K
TNO( I > = TNO( I ) + T X N T ( I,J>
T3TWTtI)=T0TWT(I)+TTfc(I,J )
TUTYVkt I )=T0TYW{ I 1 + T Y M  I , J)
T U T Y N (I) = TO T YN(I >+TYN(l,J>

21 CONTINUE
TNO^CRtI)=TNO(I)/TCR 
TUTwPRtI)=T0TWT(I)/TCR 
TUTYWRt I) =T3TYw( I ) /TCR 
TOTYNRt I )=T0TYN< I)/TCR
*« ITE (6.26 1 ) T ( I ) . TNO ( I ) .TNCPCR ( I ) « T OT W T ( I ) ,TOTWPR( I ) .TOTYW { I ) . 

ITOTYWRt I) »T0 TYN( I ).TOTYNRt I)
26.) FuRMAT(2X,FBa2.3( 2X. = 8 j 3) )
3v CONTINUE

IF (NC ASEb LT: IF IN ) GO TO 6
CALL EXIT
E n D

vO



SJBROUTINE SAR£A(T,XST,TW,YJ(,YN,N,CR)
C LUMPED PARAMETER MODEL FOR SHRIMP POPULATION DYNAMICS

DIMENSI ON T ! 5C ) * XN T ! 5 C ) » W T ! 50 ) » T W I 5 ‘ )»YW{5j)
DIMENSION YN ! 5C- ) • OMEGA ( 4 )
DIMEN SION XNPCR(50) .TWPCR! S' > .YWPCR!5j )•YNPCR(501 

C INITIALIZE COUNTER FDR CASES TO BE RUN
C READ NUMBER OF CASES
C READ IN DATA
C T P =TI ME OF RECRJITMENT
C TPP = T IMF. SEASON OPENS
C TL = TI ME SEASON CLOSES
C TF =TI ME EMIGRATION COMPLETED
C D£LT=TIMF INCREMENT
C F= FISHING MORTALITY COEFFICIENT
c XM= NATURAL MORTALITY COEFFICIENT
C E= EMIGRATION COEFFICIENT
C X N T P = NUMBER OF RECP.UITSIOR CAPTURED RECRUITS)
C *INT= CONSTANT FOR VON BERTALANFFY•S EQUATION
C XK= CONSTANT FOR VON BERTALANFFY•S EQUATION
C TO = CONSTANT =OR VON BERTALANFFY•S EQUATION

1 READ (5*11;?) TP.TPP *TL « TF . DELT, F . XM .E ,XNTP. Wl NT • XK .TO 
l l v  FO RM A T ( r. 1 2 ; 3  )

CR=XNTP
C WRITE IMPUT DATA AND OUTPUT LABELS

WRITE(6,20: ) T P.TPP.T L .TF » DELT » F .X M . E .XN TP.WINT.XK.TO
2 v C FORMAT!10X.'TIME RECRUI TED! WK. ) = • . E I 2 o 3 » / 1 OX .

I 'SEASON 0PENING!WK='.E12d3./1CX,'SEAS0N CLOSE DATE!W<) = •.E12 a 3,/ 
21CX. 'TIME EMIGRATION ENDS!W K ) = •.E 1 2d 3./I 0 X.•TI ME INCREMENT!W K ) = • * 
3E 12d 3./I OX.'FISHING MORTALITY'.E12a3./lCX» 'NATURAL MORT ALITY=*• 
AE12d 3./1CX. 'EMIGRATION COEF = • ,F.l 2 o 3 • / 1C X, • NUM3ER RECRUI TED ='.
5E 12o3,yiCX, 'COEFFICIENTS FOR • ♦/1*'X,*V ON BERTALANFF Y • • /1 OX ,
6'GROW TH EQUATION*./12X.»W INFINITY =•.El 2*3./I2X,•< = • . 9X.E12o3./
712 X .•TSUB ZERO = ».E12d 3) 
wRITEI 6.21V)

21 * FORMAT! 1H1.3X •• TIME!WK) •.3X.'NUMBER•.3 X ,'NUMBER•.2X, 'INDIVIDUAL'• 
13X, 'TOTA_• ,3X,'TOTo WT d •.2 X .•YIELD I N • , 2 X .•YIELD PER*.2X,•YIELD'•
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2 AX, » Y IEL.D IN • ,/24X. • PER • , 5X . • WE IGHT ( GM ) • , 3X. • WT o < GM ) • , 3X • • PER • • 7X. 
J* GRAMS* »3X , • CAPTURED* ,3X, • IN NOo • .AX . • NO-j PER * ,/22X * ‘CAPTURED* . 
A22X . ‘CAPTURED* , 1 3X , 'RECRUIT • , 12X , 'CAPTURED* ./23X . 'RECRUIT • ,2 3X .
5 'RECRUIT*.33X * 'RECRUIT*,//)

C INITIALIZE PRINT AND TIME COUNTERS  ̂ BEGIN
1 =  1
T I ME= TP 
G3 TO 5

2 TIME = TI ME + DELT 
1 = 1 + 1

5 «T( I > =W INT*< lv>EXP(-XK#( T IME-TO) ) ) **3 
XNT( I ) = XNT P* £XP( -XM*( T I ME— TP) )
T *( I )=XNT CI)*WT( I )
Y « ( I ) =? .• ;•
YN(I)=0 j
XNPCR( I ) =XN r(I )/CR 
TwPCR(I )=TW( I )/CR 
YWPCR { I ) =Y ( I )/CR 
YNPCR( I )=YN( I )/CR 

\ T ( I ) = T I ME
IF(TIME~wT,TPP) GO TP 2 
TIME=TPP
XN TP3=XNT?*EXP{-XM *(T IME-TP) )
GD TO 1

3 TIME=TIM£ + DELT 
1 = 1 + 1

i; *T { I >=W INT*( I; *-:;XP (-XK*( TI ME-TO) V) **3 
XMT( I ) = XNTPP#EXP(-(F + XM)*{TIME-TPP) )
T *(I)=XNT( I)* W T ( I )
OMEGA 0=lov 
OMEGA ( 1 >=-3-. ̂
O M E G A (2)=3 > j 
O MEGA(3 )=-1j C
SJM=OMEGAO*( 1 * *.-EXP(-(F+XM)*(T IME-TPP) ) )/(F+XM)
DO 5j J=1.3

5: SUM=SUM + { OMEGA (J ) *EXP(-J*XK* {TPP-TO ) ) / ( F+X M+ J*XK ) )*( lat-EXP
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o 
n

1 (-(F+XM+J*XK)*(TIME-TPP)>)
Y «' { I ) =F*XNTPP*WINT*SOM
YN(I )=F*XNTPP*< lu0-EXP(-(F+XM)*<TIME-TPP> ) )/CF + XM)
X N P C R ( I ) = XNT1 I >/CR 
TWPCR ( I ) = T W ( I ) /CR 
Y *PCR(I )=YW( I )/CM 
Y.NPCR { I )=YN( I )/CR 
T ( I ) = T I ME
IF(TI M E jL T ) GC TO 3 
TIWE=TL
XNTL=XN TPP*EXP(- (F+XM>*< TIMF.-TPP) )
SUM=D ME GAO*( I; l-EXP(-(F + X M )*{TIME-TP?) ) >/{F+XM>
DO 6‘. J = l,3

60 SUM=SUM+(OMEGA(J)*EXP(— J*XK*(TPP— T 0 ) )/(F+XM+J*XK) )* < la D-EXP 
1{-(F+XM+J*XK)*{TIME-TPP)))
YNTL=F*XNTPP*( 1? ,-£X=>(-(F+XM>*< TIME-TPP) ) )/(F+XM)
YW TL=F*XNTPP*W INT*SUM 
GO TO 15 

A TIME = TIME + DELT 
1 = 1 + 1

15 WTCI)=WINT*<law-EXP(-XK*(TIME-TO))>**3 
XNT( I ) =XNTL*EX3 (-( XM+E)*(TIM£-TL) )
TwCI )=XNT( 1 )*wT( I )
Y w (I)=Y WTL
YN ( I ) =Y NT L
XNPCR(I )=XNT( I)/CR
T«PCR(I>=TW<I)/CR
Y«r PCR ( I )=YW{ D / C R
Y N PCR( I >=YN< I)/CR
T { I )=TI ME
IF(TIMEjL T s TF ) 3 u TO 4 
XNTF=XNT( I-1 )
N =  1 - 1

A PLOT SU3ROUTINE MAY BE ADDED HERE WITH N 
NUMBER OF PO I N T S (EoGs T ( I) VS YW<I>>
DU 7*3 1 = 1,N
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W H I T E (6.22v ) T d ) . X N T ( I ) , X N P C R {I).WT(I).TWCI) .TWPCRC I > . YW(I > . 
1Y W PCR( I ).YN(I ) .YNPCR( I )

22„ FORMAT( gX.FBs2*9(2 X.Jfi*3) )
7  ft C O N T I N U E  

RETURN 
E N D
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Figure D-l. Yield in number and weight for

1966 LWFC data using lumped model.
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Figure D-2. Yield in number and weight for 1966 

using lumped model and LWFC data.
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APPENDIX E 

NUMERICAL SOLUTION TECHNIQUES

Implicit Scheme

Consider the partial differential equation

II  + JL (w) = B -D (E-l)3t 9L

where

' V = (L,t)

B = B (L, t)

D = D(L, t)

This equation can be expanded to yield

jW + v jW + ,y8v = B -  D (E-2)9t 9L 9L

Constructing a guide in the (L,t) plane as shown in figure (E-l), 

the following finite difference approximations can be made

9V
9t

9Y
9L

9v
9L

. n,.i - y 4. 0 (At)

= + Q ( AL2)
i,j 2AL W

i,j 2AL U

The difference equation resulting from the substitution of the 

approximations into equation (E-2) is:

[lij.-lij-l.l + v . .r H + l J -yi-Ll]1 At J 2Al  i + n j l  2AL J
= Bi,j - Di,j (E-3)



Figure E-l. Grid for implicit numerical scheme.
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or

= Bi,j - Di,j + l l L b lAt

With the boundary conditions V o ^  = 0 and ^o,n «= 0, the set of 

equations from (E-4) can be written in matrix form.

al bl

(E-4)

c 2 a 2 b 2

cn-l an-i

'*1 ■

-I 1

CM

=
r 2

. V i . . V i
where

ai ~ At

bi “ 2AL 
Vi

ci =

1 , (Vi-KL-Vi-1)
+ 2AL

2AL
R n .(M lRi " Bi - D5 + At

The subscript j is omitted because only that value of V 

at the previous time, 4^, is needed for a solution at the present 

time.

The coefficient matrix i* tridiagonal in form and thus 

the set of equations is readily solved with the Thomas algorithm 

(see von Rosenberg, 1969, for example).

Explicit Scheme

Starting with equation (E-2) and referring to figure E-2,

* Note that a pseudo boundary condition Implying 4* = 0 .
The value of n is selected large enough so that ¥*°° - 0.o,n



Figure E-2. Grid for explicit numerical technique.
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the following approximations can be made around the grid point 

i -1/2, j - 1/2:

■II - 1/2 + H - l J - H ^ l J ^ l]
3t At At

i i  B 1/2 + y jb J r id a z L J z i]
3L AL AL

3 ^  ~ 1/2 rvLi»j~vLi-l,.j + vLi,j-l~vLi-l,.1 -13 
3L AL Al

Four point averages are used to approximate V , V , B, and D atLj
the same grid point, i.e.

VL . 1/4 [ VL1>J +  +  VL1.J, J.,]

T = 1/4 (Ty +  l-i.j.i +  »w ,j +  V l . J - l '

B » 1/4 [Btjj +  Bij.! +  BW ) j +  Bj.ij.!)

D = 1/4 [Dj^ +  +  Dj.ij +  Di.ij.il

Substituting the approximations into equation (E-2) and 

solving for 'I'ijj gives:

•Ti.J ‘ " i . W  ‘I f  - <vW,3-l)]

+ '•'i-l.jt- + <VLi-l,J + Vi-1,1-1)]

+ Vi-1,1-1 (VLi-i.j + VL1_1, .,-!>]

+ AL (iB - ID )} r {|£l: + (VL i J  +

where B = Bi>;j + Bx j .j + B ^ j  + Bx.xj-x

and ID = Di>:j + + Di_x, j_i
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Since all terms on the right side of the equation are 

specified by the initial condition, boundary condition, and input 

parameters, the equation can be solved explicity for at

all points within the grid.



196

LITERATURE CITED 

von Rosenberg, D. V. 1969. Methods for the Numerical Solution 

of Partial Differential Equations. American Elsevier, N. Y.



APPENDIX F 

COMPUTER PROGRAM FOR LENGTH-DISTRIBUTION
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s t a r t

/ R e A O
Ncft%e,
oeuu, 1

DATA 
I D  iCELT, 
'H ,  SLM

' ►
M s  9LM/061.L
W . - T M  / DCLT
R  s N - \
I :  * - \

*9x^ 1.tqi s-A
Ti*e =0.0
PSX<*. 0.0
sljs = 0.0

/ W R i T6 DATA 
T M ,  5.UM,

DELT, tiGLL

©

10

v
xx

^ Nes
XX

>. Nes
r' '"i

TAftUE

CACU
n o h l w

LOG NOR

CAUL

SRCVIN

C>nc oftTA)
SP r

^/W>T6 daW _
7 A'ACP'N /
) VAR (

/vvikneoKrrtl J AweAH /-
yvAR,fltfnft\
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(!) fe)

C A L L



© ©

tio

RESULTS 
T ine, sl , v l p , i/<-/
BRTW, D6TH, 9SX (
sFRea \

Nimeft.NCf\v.
‘boLUTM^U 

T(5CHM 'Qot



©

CP
Gfc

L̂L
f\PU

T ~ T■4 \.o

&

T t M f  s T t M £ +  DetT

fceTHPCt^ fclrWCt) 
V t P C A  = VLCX')

TIME <
Tw

Nwse

t c a s e  =-t c .a s e 4 < L

C. B*V.L 
PLOTTER, 

b uy\P

C E N D



C EXPLICIT CENTERED DIFFERENCE
DIMENSIGN SFN(50)•XSL(50)
DIMENSION V L (500) • FSI(500).BRTH(500).DETH(500)
DIMENSION SL(5C0)
DIMENSION XN(500)•VLPC500)
D IMENSION BRTHP(5CC ) •D E THP(5C0)
DIMENSION P C 5 0 0 )»SFREQ(500)
DIMENSION A( 1C ) •X P {20)
DIMENSION BFREQ(500)•D F REO(500)
DIMENSION Y O B S (5 C )

C ** VL = GROWTH RATE AS FUNCTION OF LENGTH **
C ** PSI = SHRIMP NUMBER DISTRIBUTION **
C ** BRTI- = RECRUITMENT RATE AS FUNCTION OF LENGTH **
C ** DETH = CEATH RATE AS FUNCTION OF LENGTH - COMBINED NATURAL* FISHING. AND
C EMIGRATION **
C ** SL = SHRIMP LENGTH **
C ** XN = SHRIMP NUMBER DISTRIBUTION RESULTING FROM DIFFERENCE SOLUTION **
C ** VLP = SHRIMP GROWTH RATE AT THE PRECEEDING TIME STEP **
C ** BRTHP = RECRUITMENT RATE AT PRECEEDING TIME STEP **
C ** DETHP = DEATH RATE AT PRECEEDING TIME STEP **
C ** P= SHRIMP NUMBER DISTRIBUTION AT PRECEECING TIME STEP **
C ** SFREQ = SHRIMP LENGTH - FREQUENCY DISTRIBUTION **
C ** AVCCEFFICIENTS OF POLYNOMIAL CURVE FIT IF TABLE IMPUT OF INITIAL 
C DISTRIBUTION IS USED **
C ** SET COUNTER INDEX FOR NUMBER OF CASES TC BE RUN **

ICASE = .1
C ** NCASE = TOTAL NUMBER OF CASES TC BE RUN **

R E A D (S*102) NCASE 
C ** READ IDENTIFICATION CODE FOR TYPE OF INITIAL IMPUT **
C **** ID = 1 TABLE IMPUT AND POLYNOMIAL CURVE FIT ***
C *** ID = 2 NORMAL DISTRIBUTION FROM SUBROUTINE NORM* WITH MEAN AND 
C VARIANCE.READ IN ***
C *** ID = 3 LOGNORMAL INITAAL DISTRIBUTION FROM SUBROUTINE LOGNOR WITH 
C SHAPE ANC SCALE PARAMETERS READ IN ***

1 READ(5*103) ID
C ** READ IN DELT = TIME INCREMENT. DELL = LENGTH INCREMENT. TM = MAXIMUM TIME.

202



no
 

n
o
 

n
o

n
 

n
o

o
n

C AND SLM = MAXIMUM LENGTH
READ (5*100) DEL T *DELL* TM* SLM

102 FORMAT (15)
103 FORMAT(15)
130 FORMA T (4E12*5)
** PRELIMINARY CALCULATIONS **

CALCO (1) N= NUMBER OF SEGMENTS 
N=SLM/DELL

(2) M= NUMBER OF TIME SEGMENTS 
M=TM/DELT

(3) K= INDEX TO BE USED IN MATRIX ELEMENTS
K=N— 1

(4) J= INDEX TO BE USED IN MATRIX ELEMENTS
J=K— 1
DEFINITIONO PI= 3.14159 
XPI=3.14159 

* * * * * *  IN ITALIZATIONS ***
TIME=0.C 
PS 10 = 0.0 
SLQ=Q.Q
OUTPUTO PROGRAM IDENTIFICATION 
W R ITE(6*203)
OUTPUTC TM * SLM* DELT•DELL 
WRITE (6*205) TM*SLM.DEL T*DELL 

203 FORMAT (1HI *45X, ****SHRIMP POPULATION MODEL***•/50X*
1 ***A IRPLANE L A K E * * •*/38X,•(VARIABLE GRCWTH. BIRTH*.
2* & DEATH RATES)•)

205 FORMAT(25X «•MAX TIME(WK)= ••IX*E12.3./25X*•MAX*•
IIX » *LENGTH(MM)=**E12. 3 »/25X»•DELTA T(WK)= **2X. 
2E12.3*/25X,'DELTA L(MM)= • ,2X .E12.3*//)
LOG ICC CHECK INDEX ID FOR TYPE OF INITIAL DISTRIBUTION 

SUBROUTINE TO BE USED.
IF(ID.EQ.l) GO TO 10 
IF ( ID.EP.2) GO TO 11 
IF (ID.EQ.3) GO TO 12 
IF(ID.EQ.4) GO TO 13

roou>



10 CALL TABLE(DELL* N* S L •P S I * IP .A,IN)
W R I T E (6*208)
W R ITE(6« 2 0 C ) (AC1>.1 = 1.IP)
GO TO 99

11 CALL NONLINCDELL.PSI,SL,N.XPI.N P ,XP,IN>
W R I T E (6 »2G1) { XP(I) ,1=1.NP)
GO TO 9 9

12 CALL LOGNOR(XPI« IN *DELL.AMEAN * V AR . P S I •N ,SL) 
WRITE(6.2C2) AWEAN•VA R
GO TO 99

13 CALL SKEWNCXPI.IN.DELL.AWEAN,VAR.ALPHA •PSI• N.SL)
WRITEC6.2C9) AMEAN.VAR.ALPHA 

209 FORMATC25X.*SKEWED NORMAL DISTRIBUTI O N •/3QX.•WEAN=' * 
1E12* 3 ,/30X.•VARIANCE=• »E12*3*/30X*•ALPHA=•.2X.E12.3) 

99 CONTINUE
200 FORMAT!A©X,F12*5)
208 FORMATC25X.•TABULAR READ AND POLYNOMIAL CURVE FIT*. 

1//38X,'COEFFICIENTS IN ASCENDING ORDER*/)
201 FORMATC35X* 'NONLINEAR CURVE FIT MODEL*./35X.

1•SUM OF TWO SKEWED NORMALS*./45X,•PARAMETERS*./48X,
2* CCEF• OF SKEWNESS-MODE 1 =»•1X.El2o3./•48X.
3* 1/STANDARD DEVI AT ION-MODE1 = ••1X,E12e3•/4 8 X .
A'MEAN-MODE 1= * »15X.E12.3./48X*
5'C O E F • CF SKEWNESS-WODE 2 = ' .E12*3./ 4 8 X ,
6 * 1/STANDARD DEVI ATICN-M0DE2=**E12#3./48X,
7 * MEAN-MODE 2=»•15X,E12 * 3 */A8X.»R A T 10 OF AREAS—MODE1=• 
8.E12.3,/)

202 FORMATC25X**LOG NORMAL DISTRIBUTION•/ 3 Q X ,•ALPHA=* *
IE 12* 3 */20X *•BETAS *.El2» 3)
OUTPUT© INITIAL DISTRIBUTION 
WR ITE C 6* 206)SLO.PSIO
CALL SIMPCPSIO *P SI.DELL *N * SUMS * SFREQ)
DO 8 1=2.IN,2
WRITEC6.20A) SLC I) .PS ICI)•SFREQCI)

8 CONTINUE
WR ITE C 6.210) SUMS



CALL LENT(DELL.M.PSI•SFN,XSL•KK.SUMS•YCES)
CALL GRAPH(XSL.SFN.KK.TIME.SUNS•YCBS)

206 FORMA T (//25X»•** SHRIMP DISTRIBUTT ON***/25X.'LENGTH* 
I.11X. 'COUNT*.12X .‘FREQUENCY*/*19X,E12®3.5X,E12®3)

204 FORMATC19X.E12®3,2C5X,E12®3))
210 FORMATC44X.'TOTAL SHRIMP = ••E12o3)

T = 1® 0 
BRTHO =0 oO 
BRTHPO=C®0 
DETHO=CoC 
OETHPO=0® 0 
T IME=OELT 
00 4 1=l.K 
PC I)=PSICI»
BRTHPCI)=0®0 
DETHP CI )=0®C 

4 VLPCI)=10®24 
C ** START MAIN PROGRAM **

2 CONTINUE
CALL BIRTHC TIME*P »XPI•K» BRTH)
CALL GROWTH CTIME*N•V L •S L •TEMP)
CALL CEATH CDETH*TI ME.N.SL•PSI•TEMF)
XNC1>=CPSIC1)*(C 2*C*DELL/DELT)-VL Cll-VLPC1)> + CELL*

1C(BRTHC1)+BRTHP C1)+BRTHO+BRTHFG)-CDETHC1) + CETHPCl) + 
2DETH0 +OETHPO)) >/CC2®C*DELL/DELT>4VLC1 )+VLPCl))

X N C N )  = 0 . 0  
OO 14 1=2.K
XN CI) = CPSIC1-1)* C C2®0*DELL/DELT)♦ VLCI — 1 l+VLPCI-l)) + 

IPS I CI >*CC 2®0*DELL/DELT)-VL Cll-VLPC I)>+XN<I-l)*
2C C — 2® 0* CELL/DELT ) +VLC I — 1) 4-VLP C I — 1 ) >+DELL*C CBRTHC 1)4 
3BRTHP Cl l+BRTHC I-1>4BRTHPCI-1> ) — C OETH Cl) +DETHPC 1)4 
4DETHC 1-1J + OETHPC1-1)))>/C C2®04DELL/DELT )4VLCI>4 
5VLP C I ) )
IF C ABSC XN C 11 ) ®GT ■* 1®CE— 20) GO TO 14 
XNCI)= 0®0 

14 CONTINUE

205



CALL SIMPC PS IO • XN .DELL • N, SUMS , SFREQ )
DO SO 1=1.N

50 P S K  I ) = XN{ I >
IFC(2«0*T-TIME)»GT«0o0) GO TO 3 
W R I T E {€ » 207) TIME 
WR ITE(6.212)
00 51 I=2 »K•2
WRITE (6.213) S L ( I ) .V L P (I).VL(I)»BRTH(I),DETH( I )•
IPS 1(1).SFREQ(I).SL ( I)

51 CONTINUE
WR ITE(6.210) SUMS
CALL SIMP(BRTHO.BRTH.DELL.N.TBRTH.BFREO)
CALL SIWP<DETHO.DETH.DELL.N.TDETH.DFREQ)
WR ITE(6.211) TBRTH,TDETH

211 FORMAT!44X,'TOTAL BIRTH = • ,E12»3,/ 4 4 X ,'TOTAL DEATH =',512o3) 
207 FORMAT(1H1.5X. 'TIME(WKS)=' ,E12e3>
212 FORMA T(3X,•L E N G T H •,10X,'GROWTHP• ,1 O X ,•GROWTH•,iOX.

1 'BIRTH*•10X.'DEATH*.10X.'COUNT*,1C X , •SPFREO',10X.
2 'LENGTH')

213 FORMAT(1X.E12*3.(7(4X.E12«3)))
CALL LENIN( PSI.SFN.XSL.KK.SUMS,YOBS)
CALL GRAPHtXSL.SFN.KK.TIME.SUMS,YOBS )
T =T + 1«0 

3 TIME=TIME+DELT 
DO 5 1=1, K 
BRTHP{I )=BRTH(I)
DETHP(I)=DETH(I)
V L P (I )=V L ( I)

5 CONTINUE
IF{TIMEoLT* TM) GO TO 2 
CONTINUE
IFCICASE#EQ#NCASE) GO TO 9 
ICASE= ICASE ♦ 1 
GO TO 1 

9 CONTINUE
CALL P L O T (0*0.0* C .999)

206



STOP
END

207



SUBROUTINE LENT(DELTX*N»Y,XFREQ,XSL,K K ,TAREA.Y08S)
D IMENSION Y O B S < 5 0  *DIFF<50>,DIFSQCSC>
DIMENSION Y (500)•XSL(50)«XFREQ(5C)
READ(5•IOC ) SLINT 

100 FORMAT(E12« 3)
ENTRY L E N I N (Y # XFREQ•XSL »KK•TARE A,YCES)
WRITE ( 6 . 2 0 0  SLINT

200 FORMAT(IX•'LENGTH INTERVAL CHANGE OPTION SELECTED*/ 
11QX t 'NEW DELTA L = • *E12«3 • *MILLIMETERS•)
K=SLINT/DELTX 
J J=K 
J = 1 

9 AREA=0*C
DO 10 I=J,JJ
AREA=Y<I)*DELTX + AREA

10 CONTINUE
IF (ARE A«GE* 0*0) GO TO 11 
AREA= OoO

11 CONTINUE 
KK=JJ/K
XFREQ<KK >=AREA/TAREA 
XSL(KK)=SLIN T*(KK— C*5 )
J=JJ+ 1 
JJ=JJ+K
IF( J.GT#N) GO TO 12 
GO TO 9

12 WRITE <6 *201)
201 FORMAT(1AX* • I•« 4X * ’LENGTH < M M )•* 2X » • Y OBSERVED•*2X•

1 •Y CALCULATED ••4 X •«DIFF•,6X • «DIFF SQ*«)
SSDIF=Oi>0
READ(5,110) (YOBSCI), 1=1,KK)

110 FORMAT(EE12«5)
DO 15 1=1*KK
D IFF( I)=YOBS(I)— XFREQ(I )
DIFSQII)=DIFF(I)*DIFF<I)
SSDIF=SSDIF + DIFSQ(l)

208



W R I T E (6*210 ) I•X S L ( I) .YOBS(I )* XFR E C (I)•DIFF 11),DIFSQ< I) 
210 FORMAT(1CX*I 5*5E12*3>
15 CONTINUE

WR ITE(6 *220) SSDIF 
220 FORMAT(IX*•SUM SQUARE DIFFERENCES =».E12i3)

RETURN
END
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SUBROUTINE SIMP(Y O •Y,DELTX»N.AREA,FREC) 
DIMENSION Y(5 0 0 ) •FRE0(5C0)
K=N-1
J=K-1
SUMEV =CoO
SUM0D=0r»0
Y(N)=0c0
DO 4 1=2.J*2

4 SUMEV=SUMEV+Y( I)
DO 5 1=1.K.2

5 SUMQD=SLMOD+Y(I)
AREA=(DELTX/3* 0)*(YO+4.0*SUMOD+2o 9 *SU MEV+Y(N)) 
IF (AREA* EQ«0«0) AREA = lo 0E-2C 
DO 6 1=1.N
FREQC I)=100cO*(Y(I>*DELTX)/AREA

6 CONTINUE 
RETURN 
ENC

210



SUBROUTINE GROWTH IT «N «V »S»TEKP) 
DIMENSION VC5CC).S(500)
XLM=164oC
XLO = 2C*0
XK = C.C625
IF(T# GT = 26c C ) GO TO 1
IF (T aGT*16* 0) GO TO 2
TEVP= Co8333*T+l8*333
GO TO 3

2 TEMP=30 ©0 
GO TO 3

1 TEMP=-0c8*T+50*8
3 CONTINUE

IF CTEMP*GT*11*0) GO TO 4
DO 5 I=l*N • ■
VC I)=«*G

5 CONTINUE 
GO TO 7

4 DO 6 1= 1* N
VC I ) = CXLM - XLO) * XK * EXPC-XK4T)

6 CONTINUE
7 CONTINUE 

RETURN 
END

v.
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SUEROUTINE BIR TH(TI ME•P.XPI*K.8RTH)
DIMENSION P(500)»BRTH(500 >

C BIRTH FUNCTION --- POSITIVE SIDE OF A SINE FUNCTION
IF (T IME.LE.4.0) GO TO 2000 
GO TO 39

2000 AMP=EXP(0•855*TI ME)—1»0
2001 XS IN= 1 # S7#SI N( —XP I * TI ME )

IF ( XSIK«GE»0*0) GO TO AO
39 XSIN— 0
40 CONTINUE
7 DO 20 I = 1* K

BRTH (I )= XSIN4P(I )
20 CONTINUE 

RETURN 
END
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SUBROUTINE OEATH(DEO» T. N. SL.PS I .TEMP) 
DIMENSION DED ( 500 ) »SL( 500 ) .PSK5C0)
XM=C«141
F=0* 0 
E=0*177 
CEL=5 J*£ 
CCL=50«0 
SOD=S«0 
DO 22 1=1.N
IF ( SL ( I )»LT»CEL« ANC»T« LTa SOD ) GO TO 20 
IF(SL(I)«GE«CEL»AND*T.LT.SOD) GC TO 18 
IF(S L (I)•LTo C C L ) GO TO 18 
D E D ( I )=1*0— E X P (— (XM+F+E)*T)
GO TO 21 

18 DECC I > = UO-EXP(-(XM+E)*T> 
GO TO 21 

20 DED( I )=1*0—EXP(—XM#T) 
21 DED(I )=CED(I)*PSI{I)
22 CONTINUE 

RETURN 
END

213



SUBROUTINE NONLIN(DELL.F,SL.N ,XPI.NP,XP.IFIN) 
DIMENSION S L (500). F(5 0 0 ) »XP(20 )
DIMENSION X23(50C) . X 56(500).E 23(500) ,E56(500)
R E A D (5»100) S S L •SLL »NP 

C SSL=STARTING SHRIMP LENGTH• SLL=LAST SHRIMF LENGTH
C NP=NUMBER OF PARAMETERS

IOC FORMAT(2F12*0.IX,15)
C READ PARAMETERS

R£AD(5»110) (X P ( I ) •I=1«N P )
110 FORMAT! El 2* 5)

DO 10 1=1.N 
S L (I)=I+DELL 
F ( I )= OaO 

10 CONTINUE
IS=SSL/DELL 
IB=IS+1 
IL=SLL/DELL 
IF IN=IL-1
CONST = 1«0/SQRT <2#G*XPI)
DO 20 1= I B. I FI N 

C NONLINEAR MODEL
X23(I )=XP( 2) *(SLC I )— X P (3)1 
X56(I)=XP(5)*(SL(I>-XP(6)>
E 2 3(I)=—0*5* X23(I)*X23(I)
E56CI )=-0«5*X56(I)*X56(I)
IF<ABS(E23(I))sGTo2C*C) E23CII=-20 d G 
IF(ABS(E56(I))«GT«20b 0) E56(I)=-20 o 0
F(I)=XP (7)*XP(2>*C0NST*Cl.O-O*5*XP(1>*(X 2 3 <I)-0»33333 

1 *(X 2 3 (I >**3)))*EXP(E23(I)>♦(C1«0-XP(7))*XP(5)*CONST) 
2*{1*0-0»5*XP(4)*(X56(I)-0.33333*(X56(I)**3>))* 
3EXP(ES6(I))
IF(F{ DoGE.C.O) GO TO 20 
F { I )=€•€

20 CONTINUE 
RETURN 
END



SUBROUTINE TABLE(DELL,N,SL.PSI«IP ,A,IL) 
DIMENSION A ( 10),SL(5CC),PSI(500) 
READ(5.101> SSL.SLL.IPD 
IP =IPD +1
READ(5,102) (A ( I ) • 1=1.IP )

1-21 FORMAT(2F12.0.1X.I5)
102 FORMAT(FI2* 5)

00 9 1=1,N 
SL (I) = I*DELL 
P S K I  )=QmO  

9 CONTINUE
IS = SSL/DELL 
IB = IS + 1 
IL = SLL / bELL 
IF IN = IL - l!l  
DO 20 I = IB,IF IN 
SUM =0*0 
DO 10 J=2«IP
SUM = A(J)*(SL(I) ** (J-l)) ♦ SUM 

10 CONTINUE
PS 1(1 )=A( 1)+ SUM 
IF ( P S K I  )• GEb 0* C ) GO TO 20 
P S K I  > = 0*0 

20 CONTINUE 
RETURN 
END

toMLn
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SUBROUTINE LO G N O R (XPI• NN .DELL•ALPHA.V•FREQ*N*XN) 
DIMENSION FREQ(500 ) •X N (500).XLOGI500) .A (500) 
DIMENSION ANUME( 5 0 0 ) .E(500)•D E N (500)*C(5C0)
READ(5.110) ALPHA,V 

riO FORMAT( 2E12« 4)
RE AD(5•100) NN 

100 FORMAT(15)
ENTRY LNOR(ALPHA,V*FREQ)
BETA=SQRT(V)
DO 7 I=1.N 
XN(I)=I*DELL 
FREQ( I )=0.0 

7 CONTINUE
DO 10 1=1.NN
X L O G (I)=ALOG(XN( I ))
A ( I)=XLOG(I)—ALPHA 
ANLMEtI )=A<I)*A< I )
ADENE=2oO*V
E(I)=-(ANUME(I)/ADENE)
IF(ABS(E(I)).GT. (50.0) ) GO TC 10 
DENI I )=BETA*SQRT(2oC*XPI)*XN(I)
C( I ) = ICC. 0 /DEN ( I )
F R E Q ( I)=C( I )*EXP(E (I))

10 CONTINUE 
RETURN 
END
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SUBROUTINE SKE»N(XPI,NN.DELL•AMUX.V.ALPHA.FREQ.N.SL) 
DIMENSION FREQC5C0) ,S L (500).A N U M (500),E(5C0> • A (500 I 
DIMENSION COEFtSOO)
READ(5* 100) AMLX.V,ALPHA 

100 FORMAT C 2E12m 3)
R E A D (S.110) NN 

1 10 FORMA T ( 15)
DO 10 I = 1»N 
SL(I)=I*DELL 
FREQ(I)=0«0 

10 CONTINUE
S IGMA=SQRTCV)
DO 12 1=1.NN
A N U M (I)=(SLCI)-AMUX)**2
E( I )=— ANUMtI)/<2«0*V>
IF ( ABSC E(I ) )• GT» 50 aC ) GO TO 12
At I ) = (ALPHA/2.0)*(t(SL(I)-AMUX)/SIGMA)-((ANUMCI)* 
1(SL( I )-AMUX ) )/{ 3i,C*SIGMA**3) ) »
COEFC I)=( 1.0-A(I))/(SIGMA*SCRT (2# 0 *XPI ) )
FREQt I )=COEF(I)*EXP(E(I))

12 CONTINUE 
RETURN 
END



SUBROUTINE GRAPH(X • Y •N,T.SUMS•Y O B S >
DIMENSION YOBS(502)
DIMENSION B U F (60C O )»X(502).YC5G2)
DIMENSION AB( 6 ) * O R D ( 3 )»HE AD16>.TITLEl (3 ) «TITLE2(5) 
DATA AB/4HLENG.4HTH I.4HN MI«4HLLIM.4HETER«4HS /• 

10RD/4H FRE»4HQLEN*4HCY / .HEAD/4HSHRI «4HMP L.4HENGT, 
24HH F R •4HEQUE « 4H NCY /
DATA IITLEI/4HTIME «4H= W*4HEEKS/
DATA TITLE2/4HT0TA,4HL SH.4HRIMP,4H= /
CALL PLOTS(BUF«600C)
CALL FACTOR(0*80)
CALL PLOT(Ce*C.*— 3)
X(N+1)=C.C 
X(N+2 ) = 1C.0 
Y(N+l)=&.0 
Y (N+2)=0.2C
CALL AXIS(G. 0 *0.0•ORD• +12 *2*0 * 90.0•Y(N+1),Y(N+2)) 
CALL AXIS(G.O aOaC* AB*—24»12.0» C . C .X(N + 1> ,X(N+2> ) 
CALL LINE(X«Y,N.1,-1,671
CALL SYMBOL! 1G.5«0e5•0.14,TITLE1.0.0•12 )
CALL NUMBER(11.2«0.5*G.14*T «O.C»-l >
CALL SYMBOL(10.5,l.C.O*14,TITLE2*C.0.16)
CALL NUMBER(12.5,1.C *0.14.SUMS,C.0.-1)
DO a 1 = 1* N 
Y (I)= YOBS(I)

8 CONTINUE
CALL LINE(X.Y«N«1*-1.86)
CALL PLOT(O.C«— 2.3«—3)

10 RETURN 
END
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1
2

0*025 
12.0 
0* 16624 
0*13315 
36*61274 
—0*10925 
0*23094 
51*08332 
0*757519 
5*0 
0.Co * i e e o s
•00583
•00729
0*0
*05345
*07483
•00097
0*0
*05852
•11896
•01272
0*0
*00558
•06695
•06137

•00385
•10983
•07322

0»0
•07323 
• 11616

0o25 
75* 0

Ce 0
• 19388 
•00146 
• CO146
c«o
• 11565 
•04665 
•C0097 
Oa 0
• 07506 
•08079 
•C0827 
QoO
•00558
•06834
•04881

•00771
• 10212 
•05973

•90253
•08333
•07071

12a 1
7

C»0
a 14869 
•01312

C.O
• 18756 
•03499 
Cod 
OoO
•11069 
c 09033 
•00254 
0*0 
•02371
• 1046 
•01255

•01541
•09056
•04624

•01010
*12374
•03788

1 2 0 * 0

•00729
• 13557

•00146
•00097
• 14577 
•01944 
0*0 
O.C
•07316
•05407
0*0
0*0
•05439
• 12413 
•01255

•01927
•08478
•01541

•01515
• 11616 
•01515

• 03061 
•12099 
•00146

•02915 
•13508 
01652 
• 0
00445 
13041 
93053 
• 0 
oO 
11018 
11018 
00558

0790 
10405 
• 0

•03030
•11616
.99595

0*10787
•02915
•00583

o 0 40 82 
•09329 
•00292 
OoC
•02036
• 11196 
•01718
0«0
•00139
o06834
• 10879 
•00558 
•00193 
•06166
• 11946 
•00193

•04798
• 13384 
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0*0
•00415
•02075
•15353

0*0
•01245
•02075
•16183

0«C
•CC415
•06639
*07884

0*0
•01245 
•08714 
e 06224

0*0
•02075
•09129
•03320

•00415
•01660
•12863
«G166C

220



221

VITA

Charles Wendell Billups was born November 8, 1940 at Chelyan, 

West Virginia. He attended public schools at Milton, West Virginia 

and graduated from Milton High School in May, 1958. He received the 

Bachelor of Science degree in Physics from Marshall University 

(May, 1962).

Following temporary employment as a junior high mathematics 

instructor (Ausust, 1962-January, 1963), he served as an aerospace 

engineer with the National Aeronautics and Space Administration 

at the Marshall Space Flight Center, Huntsville, Alabama. During 

that period, February, 1963 to September, 1969, he was enrolled 

in the Master's program at the Huntsville Center of the University 

of Alabama where he completed course work in the Department of 

Biology. Since September, 1969, he has held a graduate assistant- 

ship at Louisiana State University and is now a candidate for the 

Doctor of Philosophy degree in the Department of Marine Science.


