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Adapt ive  C o n t r o l  of  F i s h i n g  Systems 

C a r l  J. Wal te r s  and Ray Hi lborn* 

A b s t r a c t  

T h i s  paper  d i s c u s s e s  some formal  t e c h n i q u e s  f o r  
d e c i d i n g  how h a r v e s t i n g  p o l i c i e s  should  be  modif ied  i n  
t h e  f a c e  of u n c e r t a i n t y .  Parameter  e s t i m a t i o n  and dy- 
namic o p t i m i z a t i o n  methods a r e  combined f o r  t h e  Ricker  
s t o c k  r e c r u i t m e n t  model t o  show how e x p l o i t a t i o n  r a t e s  
should  be manipula ted  t o  g i v e  more i n f o r m a t i o n  abou t  
t h e  model p a r a m e t e r s .  I n  g e n e r a l ,  h a r v e s t i n g  r a t e s  
should  be  lower t h a n  would be  p r e d i c t e d  by t h e  b e s t  
f i t t i n g  r e c r u i t m e n t  c u r v e  u n l e s s  t h i s  c u r v e  p r e d i c t s  
t h a t  t h e  s t o c k  i s  v e r y  p r o d u c t i v e .  A d e c i s i o n  proce-  
d u r e  i s  developed f o r  comparing a l t e r n a t i v e  s t o c k  re- 
c r u i t m e n t  models;  when a p p l i e d  t o  t h e  F r a s e r  River  
sockeye salmon, t h e  p rocedure  i n d i c a t e s  t h a t  a n  e x p e r i -  
men ta l  i n c r e a s e  i n  escapements  would be wor thwhi le .  
I t  a p p e a r s  t h a t  t h e r e  i s  c o n s i d e r a b l e  promise f o r  ex- 
t e n d i n g  t h e s e  methods and p rocedures  t o  c a s e s  where 
t h e  s t o c k  s i z e  i s  unknown and where f i s h i n g  e f f o r t  i s  
p o o r l y  c o n t r o l l e d .  

I .  I n t r o d u c t i o n  

A v a r i e t y  of dynamic models have been used i n  r e c e n t  y e a r s  

t o  e s t a b l i s h  f i s h e r y  r e g u l a t i o n s  and t o  c a t c h  q u o t a s ;  i n c r e a s -  

i n g l y ,  e l a b o r a t e  m o n i t o r i n g  sys tems have been developed t o  pro- 

v i d e  sound s t a t i s t i c a l  e s t i m a t e s  of model pa ramete r s .  Most 

models a r e  used o n l y  t o  p r e d i c t  optimum e q u i l i b r i u m  h a r v e s t  r a t e s ,  

though t h e r e  have been a few r e c e n t  a t t e m p t s  t o  d e v e l o p  h a r v e s t  

s t r a t e g y  c u r v e s  o r  " c o n t r o l  laws" t h a t  s p e c i f y  optimum h a r v e s t  

r a t e s  f o r  non-equi l ibr ium s i t u a t i o n s  ( A l l e n  [ I ] ;  W a l t e r s  [S]). 

Given a t i m e  s e r i e s  from which model parameter  e s t i m a t e s  have 

been d e r i v e d ,  it h a s  o f t e n  been assumed t h a t  t h e  b e s t  management 

s t r a t e g y  i s  t o  a c t  a s  though t h e s e  e s t i m a t e s  were a c t u a l l y  
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c o r r e c t :  t h a t  i s ,  i n s e r t  t h e  e s t i m a t e s  i n t o  t h e  model ( o r  i n t o  

s e v e r a l  a l t e r n a t i v e  m o d e l s ) ,  g e n e r a t e  a  y i e l d  c u r v e  o r  a n  i s o -  

p l e t h  d i ag ram t h a t  r e v e a l s  a n  a p p a r e n t l y  optimum h a r v e s t  p o l i c y ,  

and recommend t h a t  t h i s  p o l i c y  b e  f o l l o w e d .  

L i t t l e  a t t e n t i o n  h a s  been p a i d  t o  t h e  problem t h a t ,  by 

f o l l o w i n g  t h e  a p p a r e n t l y  optimum p o l i c y ,  t h e  f i s h e r y  migh t  be  

b r o u g h t  t o  a n  e q u i l i b r i u m  t h a t  i s  n e i t h e r  t r u l y  o p t i m a l  n o r  pro-  

d u c t i v e  o f  t h e  t y p e  of  d a t e  n e c e s s a r y  t o  d e t e r m i n e  t h e  t r u e  o p t i -  

mum. L u c k i l y ,  mos t  f i s h e r i e s  have  gone t h r o u g h  a p e r i o d  o f  more 

o r  less u n c o n t r o l l e d  deve lopment  o f  t h e  p o i n t  o f  o b v i o u s  o v e r -  

e x p l o i t a t i o n ,  a l l o w i n g  u s  t o  i n t e r p o l a t e  a n  optimum reg ime  from 

d a t a  on  a  b road  r a n g e  o f  s t o c k  s i z e s .  Ano the r  problem subse -  

q u e n t l y  a r i s e s :  when a f i s h e r y  h a s  been  h e l d  n e a r  some e q u i l i b -  

r i u m  f o r  a  l o n g  p e r i o d  o f  t i m e ,  how much c o n f i d e n c e  c a n  w e  have  

i n  o l d e r  d a t a  f rom t h e  n o n - e q u i l i b r i u m  p e r i o d ?  Env i ronmen ta l  

c a r r y i n g  c a p a c i t i e s  may h a v e  changed ,  s e l e c t i o n  by t h e  f i s h e r y  

may have  produced  new g e n e t i c  t y p e s  c a p a b l e  o f  r e s p o n s e s ,  o r  t h e  

o l d  d a t a  may be s i m p l y  u n r e l i a b l e .  I m p l i c i t  i n  many r e s e a r c h  

programs i s  t h e  a s s u m p t i o n  t h a t  d e t a i i e d  b i o l o g i c a l  s t u d i e s  on  

p o p u l a t i o n s  n e a r  e q u i l i b r i u m  w i l l  a l l o w  - a  p r i o r i  d e t e r m i n a t i o n  

o f  optimum h a r v e s t i n g  p o l i c i e s ,  t h u s  making it u n n e c e s s a r y  t o  

i n t r o d u c e  t r i a l  and e r r o r  c h a n g e s  o r  l a r g e  scale e x p e r i m e n t s  i n  

h a r v e s t  r a t e s ;  t h i s  a s s u m p t i o n  a p p e a r s  t o  b e  n a i v e  and  u n j u s t i -  

f i e d  a t  p r e s e n t .  

T h i s  p a p e r  a d d r e s s e s  t h e  q u e s t i o n  o f  how h a r v e s t i n g  d e c i -  

s i o n s  s h o u l d  b e  m o d i f i e d  t o  t a k e  a c c o u n t  o f  s t a t i s t i c a l  unce r -  

t a i n t y .  I n  s e e k i n g  a  f o r m a l  framework f o r  d e a l i n g  w i t h  t h i s  

q u e s t i o n ,  w e  have  been  drawn t o  t h e  l i t e r a t u r e  on  c o n t r o l  sys t em 

t h e o r y ,  where  t h e  problem i s  a d d r e s s e d  u n d e r  t h e  h e a d i n g  o f  

" a d a p t i v e "  o r  " d u a l "  c o n t r o l  ( L a r s o n  [ 8 1 ) .  To s i m p l i f y  t h e  

d i s c u s s i o n ,  w e  w i l l  c o n c e n t r a t e  p r i m a r i l y  on  s i t u a t i o n s  where  

t h e  s o t c k - r e c r u i t m e n t  r e l a t i o n s h i p  ( a s  opposed  t o  growth  and 

n a t u r a l  m o r t a l i t y )  i s  t h e  c r i t i c a l  d e t e r m i n a n t  of  p o t e n t i a l  y i e l d .  

The a n a l y s i s  i s  d i v i d e d  i n t o  two p a r t s :  a )  w e  l o o k  a t  t h e  case 

where a s i m p l e  model ,  t h e  R i c k e r  s t o c k - r e c r u i t m e n t  c u r v e ,  i s  

assumed t o  be  t h e  c o r r e c t  f u n c t i o n a l  form and o n l y  t h e  model 

p a r a m e t e r s  a r e  u n c e r t a i n ;  and b )  w e  examine more g e n e r a l  c a s e s  



where t h e  form o r  shape  of  t h e  s t o c k - r e c r u i t m e n t  f u n c t i o n  i s  un- 

c e r t a i n ,  s t o c k  s i z e s  a r e  n o t  d i r e c t l y  measurab le ,  and f i s h i n g  

e f f o r t  i s  p o o r l y  c o n t r o l l e d .  

11. Adapt ive  C o n t r o l  w i t h  t h e  Ricker  Model 

A s  i n d i c a t e d  by s e v e r a l  a u t h o r s  w i t h  many examples i n  

P a r r i s h  [ 1 1 ] ,  t h e  s i m p l e  model developed by Ricker  [ I41  h a s  been 

used o f t e n  i n  t h e  a n a l y s i s  of s t o c k - r e c r u i t m e n t  r e l a t i o n s h i p s  

where 

Rt = r e c r u i t s  ( a d u l t s )  a t  end of  g e n e r a t i o n  t ;  

S t - l  = spawners a t  t h e  s tar t  of g e n e r a t i o n  t; 

a = a  s t o c k  p r o d u c t i o n  pa ramete r ;  

B = e q u i l i b r i u m  s t o c k  parameter  ( e q u i l i b r i u m  s t o c k  i n  

absence  of  f i s h i n g  i s  e q u a l  t o  1 / B ) ;  

v t  = a  random env i ronmenta l  f a c t o r  normal ly  d i s t r i b u t e d  
2 w i t h  mean 0.0 and v a r i a n c e  a . 

F o r  t h e  d i s c u s s i o n  t h a t  f o l l o w s ,  it i s  c r i t i c a l  t h a t  v t ,  t h e  

n o i s e  f a c t o r ,  b e  normal ly  d i s t r i b u t e d .  There  i s  good e m p i r i c a l  

ev idence  f o r  t h i s  assumpt ion  f o r  a  sockeye salmon p o p u l a t i o n  on 

t h e  Skeena River  ( A l l e n  [ I ] ) .  A . . t h e o r e t i c a l  j u s t i f i c a t i o n  can  

be c o n s t r u c t e d  by n o t i n g  t h a t  ev t  c a n  b e  viewed a s  a  random s u r -  

v i v a l  f a c t o r  r e s u l t i n g  from s e v e r a l  independent  and m u l t i p l i c a -  

t i v e  env i ronmenta l  f a c t o r s  o p e r a t i n g  i n  series. (Thus vt  r e p r e -  

s e n t s  a  sum of s e v e r a l  random f a c t o r s  and should  be  normal ly  

d i s t r i b u t e d  by t h e  c e n t r a l  l i m i t  theorem.)  

L e t  u s  assume t h a t  t h e  management o b j e c t i v e  i s  t o  maximize 

t h e  sum of d i s c o u n t e d  c a t c h e s  o v e r  t i m e  

w 

max C t e  -6t 

t = O  



where 

Ct = catch = Rt - St; 

6 = a discount rate. 

The discount rate is critical in adaptive control problems, since 

without 5 = 0 we would put all management emphasis on obtaining 

improved information for the distant future, regardless of the 

cost in terms of lost yields in the near future. It is known 

(Allen [I] ; Walters [5] ) that, for the objective in equation ( 2 )  

when a and B are not uncertain, the optimum management policy is 
to allow a fixed escapement each year: choose 

where is the optimum escapement, computed from a and B 
(Ricker [151). 

Ordinarily, we would recommend that management actions be 

based on estimates of 5 computed from regression estimates 8, 
A 

L 

and Bt. The Ricker model can be rewritten (after Dahlberg, [3]) 

in the form 

this is a linear regression for (y = a + Bx) with 

and 



W e  would p r o b a b l y  i g n o r e  some u s e f u l  i n f o r m a t i o n  t h a t  comes f rom 

r e g r e s s i o n  a n a l y s i s ,  namely,  t h e  p a r a m e t e r  c o v a r i a n c e  m a t r i x  

t h a t  measu res  o u r  u n c e r t a i n t y  a b o u t  t h e  p a r a m e t e r  estimates g i v e n  

d a t a  t o  t i m e  t .  F u r t h e r ,  unde r  t h e  a s s u m p t i o n  t h a t  t h e  vt are 

n o r m a l l y  d i s t r i b u t e d  and i n d e p e n d e n t  o f  o n e  a n o t h e r ,  it c a n  b e  

shown t h a t  G t , B t ,  and  t h e  e l e m e n t s  o f  G t ,  c o n s t i t u t e  a set  o f  

" s u f f i c i e n t  s t a t i s t i c s " .  Tha t  i s ,  t h e r e  i s  no o t h e r  f u n c t i o n  or 

m a n i p u l a t i o n  o f  d a t a  t h a t  c a n  g i v e  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  

t h e  u n d e r l y i n g  t r u e  R i c k e r  p a r a m e t e r s .  

The o b j e c t i v e  o f  a d a p t i v e  c o n t r o l  a n a l y s i s  i n  t h i s  case i s  

t o  show how t h e  c h o i c e  o f  escapement  St s h o u l d  b e  r e l a t e d  t o  6 
as w e l l  as t o  6 and  6 .  The a n a l y s i s  c a n  b e  f o r m u l a t e d  as a prob-  

l e m  i n  s t o c h a s t i c  dynamic o p t i m i z a t i o n  (Walters [ 5 1 ) :  g i v e n  t h e  

s y s t e m  s t a te  a t  any  t i m e  as measured by ) R t , ~ t ,  P ~ , B ~ / ,  what  

c h o i c e  o f  Ct w i l l  g i v e  t h e  best e x p e c t e d  c o m b i n a t i o n  of  p r e s e n t  

r e t u r n  and  f u t u r e  r e t u r n s ,  r e c o g n i z i n g  t h a t  a v a r i e t y  of  p o s s i b l e  

f u t u r e  s tates  may o c c u r  b e c a u s e  o f  random e v e n t s ?  To s o l v e  prob-  

l e m s  o f  t h i s  t y p e ,  w e  mus t  b e  a b l e  t o  f o r m u l a t e  a model t h a t  

s p e c i f i e s  how e a c h  o f  t h e  s t a te  v a r i a b l e s  ( R , & ,  e t c . )  w i l l  change  

i n  r e l a t i o n  t o  t h e  v a r i e t y  o f  s t o c h a s t i c  outcomes t h a t  may o c c u r  

be tween  t i m e s  t and  t + 1 .  W e  must  a lso  b e  a b l e  t o  a s s i g n  prob-  

a b i l i t i e s  t o  e a c h  o f  t h e s e  s t o c h a s t i c  ou tcomes .  F u t u r e  r e c r u i t -  

ment s ta tes  ( R t + l )  c a n  b e  p r e d i c t e d  w i t h  t h e  R i c k e r  model, b u t  

a n a l o g o u s  p r e d i c t i v e  f o r m u l a e  are r e q u i r e d  for  t h e  s t a t i s t i c a l  

p a r a m e t e r s .  The f o l l o w i n g  s e c t i o n  shows how t h e s e  f o r m u l a e  c a n  

b e  d e r i v e d  f rom a s p e c i a l  fo rm o f  r e g r e s s i o n  a n a l y s i s .  

A .  R e c u r s i v e  o r  A d a p t i v e  P a r a m e t e r  ~ s t i m a t i o n  

Suppose w e  b e g i n  a t  t i m e  t = 0 n o  d a t a  b u t  w i t h  p r i o r  es t i -  
A A 

mates a. and  B o .  W e  m i g h t  w i sh  t o  a s s i g n  no  c o n f i d e n c e  t o  t h e s e  

estimates, which  i s  e q u i v a l e n t  t o  s a y i n g  t h a t  w e  r e c o g n i z e  



2  o2 and o  t o  b e  v e r y  l a r g e ,  o r  
CY B 

6 where L i s  some l a r g e  number ( e . g .  10 1 .  I n  ~ a y e s i a n  s t a t i s t i c a l  

t e r m s ,  w e  a r e  i n  e f f e c t  a s s i g n i n g  a  " d i f f u s e  p r i o r "  d i s t r i b u t i o n  

f o r  a and B ( R a i f f a  and S c h l a i f e r  [ 1 3 ] ) .  With s t a r t i n g  c o n d i t i o n s  

such  a s  t h e s e ,  it c a n  be  shown t h a t  o r d i n a r y  r e g r e s s i o n  a n a l y s e s  

c a n  b e  w r i t t e n  i n  a  s p e c i a l  " r e c u r s i v e "  fo rmat  (Young [ 2 2 ] ) .  

The g e n e r a l  f o r m a t  i s  p r e s e n t e d  h e r e ,  s i n c e  it may b e  of i n t e r e s t  

o u t s i d e  t h e  a d a p t i v e  c o n t r o l  c o n t e x t .  

I n  g e n e r a l ,  l i n e a r  r e g r e s s i o n  e q u a t i o n s  a r e  w r i t t e n  i n  t h e  

form 

where 

Y i  = dependen t  o b s e r v a t i o n s ;  

x  = independen t  v a r i a b l e s ;  and i j  

e = e r r o r  t e r m s .  i 

T h i s  form can  b e  w r i t t e n  more comple te ly  i n  v e c t o r  n o t a t i o n .  

That  i s  

where - a  and xi r e p r e s e n t  t h e  v e c t o r s  ( a l , a 2 , . . . , a m )  and 

(xi, ,xi2 I . aim ) ,  r e s p e c t i v e l y .  u s i n g  t h i s  n o t a t i o n ,  w e  c o u l d  

w r i t e  t h e  common r e g r e s s i o n  fo rmulae  i n  r e c u r s i v e  form a s  



and 

where gn and dn reefr t o  t h e  parameter  and pa ramete r  e r r o r  c o v a r i -  
t h  a n c e  e s t i m a t o r s ,  r e s p e c t i v e l y ,  a f t e r  t h e  n- d a t a  p o i n t  i s  ac- 

q u i r e d ,  and o2 i s  t h e  r e g r e s s i o n  e r r o r  v a r i a n c e .  These formulae  

a l l o w  new d a t a  p o i n t s  t o  be  added t o  a r e g r e s s i o n  a n a l y s i s  wi th-  

o u t  t e d i o u s  computa t ions  i n v o l v i n g  m a t r i x  i n v e r s i o n .  E s t i m a t i o n  

f o r  t h e  Ricker  model can  be w r i t t e n  i n  t h e  r e c u r s i v e  form w i t h  

s imi la r  t r a n s f o r m a t i o n s  c a n  b e  developed f o r  a v a r i e t y  of  o t h e r  

f i s h e r i e s  models.  

Equa t ions  (8a )  and (8b)  a r e  c r i t i c a l  f o r  t h e  a d a p t i v e  con- 

t r o l  f o r m u l a t i o n  developed i n  S e c t i o n  111. Note t h a t  t h e  change 

i n  pa ramete r  u n c e r t a i n t y  from any o b s e r v a t i o n  o r  t i m e  s t e p  t o  
A 

t h e  n e x t ,  as measured by $ - 2 
n  'n-1 depends on a ,Pn- l ,  and on 

t h e  c h o i c e  of x  i . e .  on t h e  c h o i c e  of St -n ' - f o r  t h e  Ricker  model. 
Changes i n  t h e  pa ramete r  estimates as measured by gn - -n- 1  
depend on: 

A 

a )  t h e  l e v e l  of u n c e r t a i n t y  a s  measured by Pn-, and a2; 

b) t h e  c h o i c e  of sn; and 

C )  t h e  a p r i o r i  p r e d i c t i o n  e r r o r ,  - - Dn - (-n-1 a x -n - y n )  



The a  p r i o r i  p r e d i c t i o n  e r r o r  Dn i s  t h e  d i f f e r e n c e  between t h e  - 
observed yn and i t s  p r e d i c t e d  v a l u e  u s i n g  t h e  l a t e s t  x d a t a  and -n 
t h e  o l d e r  o r  p r i o r  pa ramete r  e s t i m a t e s ,  gnml.  T h i s  p r e d i c t i o n  

e r r o r  ( t h a t  i s  t h e  o n l y  u n c o n t r o l l e d  o r  s t o c h a s t i c  i n p u t  i n t o  

t h e  - 6i and 6 changes  f o r  any t i m e  s t e p ) ,  c a n  be  r e w r i t t e n  a s  two 

e r r o r  components 

The f i r s t  component i s  t h e  d e v i a t i o n  o f  y  from t h e  t r u e  model,  n  
w h i l e  t h e  second component r e p r e s e n t s  d e v i a t i o n  o f  t h e  parameter  

e s t i m a t e s  from t h e  t r u e  v a l u e .  I f  t h e  r e g r e s s i o n  e r r o r s  v t  a r e  

normal ly  d i s t r i b u t e d ,  b o t h  of  t h e s e  e r r o r  components a r e  normal ly  

d i s t r i b u t e d ;  t h u s  Dn shou ld  have a  normal d i s t r i b u t i o n  w i t h  mean 

z e r o  and v a r i a n c e .  Tha t  i s  

With d a t a  a v a i l a b l e  up t o  any t i m e  s t e p ,  w e  c a n  compute p r o b a b i l -  

i t i e s  f o r  d i f f e r e n t  v a l u e s  o f  D n ,  and t h u s  have d i f f e r e n t  param- 

e ter  e s t i m a t e s  a t  t h e  n e x t  t i m e  s t e p .  T h i s  i s  known a s  p r e p o s t e -  

r i o r  a n a l y s i s  i n  s t a t i s t i c a l  d e c i s i o n  t h e o r y  ( R a i f f a  [ 1 2 ] ) .  For  

t h e  Ricker  model,  Dn i s  i n t e r p r e t e d  a s  

Having chosen a  v a l u e  f o r  D n ,  w i t h  i t s  a s s o c i a t e d  p r o b a b i l i t y ,  

w e  c a n  p r e d i c t  Rt by s o l v i n g  e q u a t i o n  (12)  a s  

A - 
Rt - Bt-1 s t - l  (1 3 )  

( g i v e n  D n )  



This  i s  t h e  o r i g i n a l  Ricker  model, w i th  an  e r r o r  component t h a t  

r e f l e c t s  n o t  on ly  t h e  n o i s e  vt b u t  a l s o  t h e  u n c e r t a i n t y  about  

cx and 8 .  
The a d a p t i v e  r e g r e s s i o n  equa t i ons  ( 8 )  c a n  be modif ied  t o  

" f o r g e t "  o l d e r  d a t a .  There a r e  two s imple  t y p e s  of  mod i f i ca t i ons :  

a )  exponen t i a l  p a s t  weight ing of  d a t a ,  based on t h e  assumption 

t h a t  a l l  d a t a  become p r o g r e s s i v e l y  less r e l i a b l e  a s  t h e y  become 

o l d e r ;  and b )  parameter  v a r i a n c e  i nc r emen ta t i on ,  based on t h e  

more s p e c i f i c  assumption t h a t  t h e  paramete rs  do  v a r y  i n  some 

random o r  u n s p e c i f i a b l e  sy s t ema t i c  way ove r  t i m e .  For  exponen- 

t i a l  p a s t  we igh t ing ,  w e  d e f i n e  a  d i s c o u n t  f a c t o r  Vd t h a t  r ep re -  

s e n t s  t h e  v a l u e  of  any o b s e r v a t i o n  r e l a t i v e  t o  t h e  nex t  one t h a t  

i s  ob t a ined ;  f o r  example, i f  we want t o  assume t h a t  an  observa-  

t i o n  a t  t i m e  t - 1  i s  worth 90% a s  much a s  a n  o b s e r v a t i o n  a t  t i m e  

t ,  t h e n  Vd = 0.9. Using t h i s  d i s c o u n t  f a c t o r ,  e q u a t i o n s  ( 8 )  a r e  
2 T A  simply modif ied  by changing t h e  denominator terms a + x ~ P ~ - ~ ~ ~  

When t h e r e  i s  reason  t o  b e l i e v e  t h a t  one o r  more paramete rs  a r e  

changing ove r  t i m e ,  t h e  e s t i m a t i o n  i s  modified by i n t r o d u c i n g  a  

parameter  v a r i a t i o n  m a t r i x  Q, where t h e  e lements  of  t h e  m a t r i x  

a r e  chosen t o  r e f l e c t  t h e  expected r a t e  of change i n  t h e  param- 

eters .  For example, i f  w e  b e l i e v e  t h a t  t h e  Ricker  f3 parameter  

may change abou t  10% p e r  year  from an  average  v a l u e  of abou t  1 om6 
(whi le  t h e  cx parameter  i s  s t a b l e ) ,  w e  cou ld  set 

I n  s t a t i s t i c a l  t e r m s ,  t h e  e lements  of Q a r e  i n t e r p r e t e d  a s  v a r i -  

ances  on a  random walk p roces s ;  t h u s  a  10% change from a  ba se  of  

r e p r e s e n t s  a  s t a n d a r d  d e v i a t i o n  of  o r  a  v a r i a n c e  of 
-7 2 (1  0  ) . The Q m a t r i x  i s  in t roduced  i n t o  e q u a t i o n s  ( 8 )  s imply 



by r e p l a c i n g  e v e r y  Pt-l w i t h  where 

The c h o i c e  of Vd of Q i s  n o t  p a r t i c u l a r l y  c r i t i c a l ;  t h e  major  
A 

e f f e c t  i n  b o t h  c a s e s  i s  t o  p r e v e n t  Pt from go ing  t o  z e r o  o v e r  

t i m e ,  s o  t h a t  new o b s e r v a t i o n s  c a n  c o n t i n u e  t o  e f f e c t  changes  

i n  2. - 

B.  A d a ~ t i v e  D e c i s i o n  S t r u c t u r e  and O ~ t i m i z a t i o n  

The problem of  a d a p t i v e  c o n t r o l  and o p t i m i z a t i o n  f o r  t h e  

Ricker  model c a n  be  v i s u a l i z e d  i n  t e r m s  of  t h e  d e c i s i o n  t ree 

shown i n  F i g u r e  1 .  A t  any p o i n t  i n  t i m e ,  t h e  manager i s  f a c e d  

w i t h  a  r e c r u i t m e n t  R t ,  a  summary of  p a s t  d a t a  i n  t e r m s  of st 
A 

and B t ,  and w i t h  u n c e r t a i n t i e s  i n  terms of  o2 and t h e  e lements  
A 

of Pt. H e  must choose  a  h a r v e s t  Ct ;  t h e r e  a r e  many p o s s i b l e  

c h o i c e s ,  b u t  t h e  o p t i m i z a t i o n  problem c a n  be  approximated by 

l o o k i n g  a t  a  r educed ,  d i s c r e t e  set  of  p o s s i b i l i t i e s  ( e . g .  

Given any c h o i c e  o f  C t h e r e  a r e  many p o s s i b l e  random o u t -  t f  
comes; t h e s e  c a n  b e  summarized i n  t e r m s  of  d i s c r e t e  d e v i a t i o n s  

Dt from t h e  r e g r e s s i o n  p r e d i c t o r s  of  y  = I n  ( R t + l / ~ t )  . The 

r e a s o n i n g  i s  a s  f o l l o w s :  

a )  Given C t ,  St i s  c a l c u l a t e d  a s  Rt - St; 
A A 

b )  a ,Bt ,  and St a r e  used  t o  make a  r e g r e s s i o n  p r e d i c t i o n  

Yt+l [ e q u a t i o n s  ( 7 )  and ( 9 )  1 ; 
A 

c )  P r o b a b i l i t i e s  f o r  d i f f e r e n t  outcomes yt+l = yt+l  + Dt 
a r e  computed from t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  D t ,  

t h a t  i s  normal w i t h  mean z e r o  and v a r i a n c e  g i v e n  by 

e q u a t i o n  ( 1 1 ) ;  

d )  Each outcome yt+l  i s  i n s e r t e d ,  a l o n g  w i t h  C t ,  i n t o  t h e  

r e c u r s i v e  r e g r e s s i o n  e q u a t i o n s  ( 8 )  t o  o b t a i n  new es t i -  
A A A 

mates  a t+ l  B t + l  , Pt+l  ; and 

e )  S i n c e  yt+l = 1n(Rtc l /St )  1 Rt+l  f o r  each  outcome yt+l  i s  . 
g i v e n  a s  Ste  Y t + l  [ e q u i v a l e n t  t o  e q u a t i o n  (1 3 )  1 . 





I f  w e  know t h e  t o t a l  f u t u r e  v a l u e  f o r  b e i n g  i n  any  n e x t  
h 

state {%+l l a t + l  I B t + l  '%+l  ), w e  c a n  c a l c u l a t e  t h e  e x p e c t e d  
v a l u e  f o r  making a  C d e c i s i o n .  T h i s  e x p e c t e d  v a l u e  i s  t h e  sum t 
of  p r o d u c t s  o f  p r o b a b i l i t i e s  o f  n e x t  s t a t e s ,  t i m e s  t h e  v a l u e s  

a s s o c i a t e d  w i t h  t h e s e  n e x t  s t a t e s ,  p l u s  t h e  v a l u e  of  C i t s e l f .  
t 

The d i f f i c u l t y  i s  t h a t  w e  c a n n o t  immed ia t e ly  a s s i g n  a  v a l u e  f o r  

e a c h  o f  t h e  n e x t  s t a t es ,  s i n c e  t h a t  s t a t e  i s  i t s e l f  a  s t a r t i n g  

p o i n t  f o r  a n o t h e r  d e c i s i o n  t r ee  s i m i l a r  t o  F i g u r e  1 .  I f  w e  l o o k  

a h e a d  a few t i m e  s t e p s ,  t h e  number o f  b r a n c h i n g  p o s s i b i l i t i e s  

becomes e s s e n t i a l l y  i n f i n i t e .  The re  i s  a  p a r t i a l  way o u t  o f  t h i s  

p roblem u s i n g  t h e  "backward r e c u r s i o n "  p r o c e d u r e  of  dynamic p ro -  

gramming. A s i m p l i f i e d  d i s c u s s i o n  o f  t h i s  p r o c e d u r e  i s  g i v e n  i n  

W a l t e r s  [ 5 ] ;  t h e  b a s i c  i d e a  i s  t h a t  w e  b e g i n  t h e  o p t i m i z a t i o n  

c a l c u l a t i o n s  a t  some t i m e  p o i n t  f a r  enough i n  t h e  f u t u r e  t h a t  

t h e  d i s c o u n t e d  v a l u e s  a f t e r  t h a t  p o i n t  c a n  b e  n e g l e c t e d .  W e  

t h e n  move backwards  t o w a r d s  t h e  p r e s e n t ,  e v a l u a t i n g  d e c i s i o n s  a t  

e a c h  o f  t h e  t i m e  s t e p s  i n  t e r m s  o f  f u t u r e  v a l u e s  t h a t  have  j u s t  

been  computed f o r  t h e  n e x t  t i m e  s t e p s  f o r w a r d .  

U n f o r t u n a t e l y ,  e v e n  dynamic programming i n v o l v e s  f o r m i d a b l e  

c o m p u t a t i o n  p rob lems .  I f  a t  e a c h  o f  t h e  t i m e  s t e p s  w e  examine 

o n l y  t e n  d i s c r e t e  v a l u e s  f o r  e a c h  o f  t h e  s i x  s t a t e  v a r i a b l e s  
A 

) , 10 c a t c h  l e v e l s  and 10 v a l u e s  o f  D t ,  w e  ~ R ~ ~ ~ ~ ~ ~ ~ , ~ ~ , ~  B " ~ B  
must  compute  a b o u t  1  o8 s o l u t i o n s  f o r  e q u a t i o n s  ( 8 )  and  (1 3 )  . 
The problem c a n  b e  r e d u c e d  somewhat by u s i n g  s p e c i a l  c o m p u t a t i o n  

p r o c e d u r e s  ( L a r s o n  [ 8 ] ) ,  b u t  t h e r e  i s  a c l e a r  need f o r  d i f f e r e n t  

ways o f  l o o k i n g  a t  t h e  problem.  The o p t i m i z a t i o n  need  o n l y  b e  

c a r r i e d  o u t  f o r  a  few r e p r e s e n t a t i v e  v a l u e s  o f  t h e  e n v i r o n m e n t a l  - 

v a r i a n c e  o 2  and  t h e  d i s c o u n t  r a t e  6  i n  o r d e r  t o  g e t  a  c o m p l e t e  

a d a p t i v e  p i c t u r e  f o r  t h e  R i c k e r  model .  Given  02  and  6,  t h e  op- 

t i m ' i z a t i o n  a u - t o m a t i c a l l y  a r r i v e s  a t  b e s t  h a r v e s t  r a t e s  f o r  a l l  

s t o c k  s i z e - p a r a m e t e r  v a l u e - p a r a m e t e r  u n c e r t a i n t y  c o m b i n a t i o n s ,  

i n  t h e  form o f  a  m u l t i d i m e n s i o n a l  " c o n t r o l  l a w . "  ( A l l e n  [ I ]  and 

Walters [5]  h a v e  r e f e r r e d  t o  o n e  d i m e n s i o n a l  v e r s i o n s  o f  t h i s  

c o n t r o l  law as " s t r a t e g y  c u r v e s . " )  

A f u r t h e r  p o i n t  w o r t h  n o t i n g  i s  t h e  s i z e  o f  a d a p t i v e  o p t i -  

m i z a t i o n  p rob lems .  L e t  u s  s u p p o s e  t h a t  i n s t e a d  o f  t h e  R i c k e r  

model w e  w i sh  t o  a n a l y z e  some model w i t h  t h r e e  p a r a m e t e r s  ( s a y ,  



a 1 , a 2 ,  and a 3 ) .  Even i f  w e  can  pu t  t h i s  model i n t o  t h e  l i n e a r  

r e g r e s s i o n  form wi th  normal ly  d i s t r i b u t e d  e r r o r s ,  t h e  number of  
A A A  

s t a t e  v a r i a b l e s  f o r  t h e  dynamic o p t i m i z a t i o n  is  10 ( R t ,  a ,  , a 2  , a3 , 
2  2  2  

f *  f * *a1 f * a 2 f * a 3  a l  a 2  a l  a3 ,*a 2  a  3  1 .  
Thi s  i s  t o o  l a r g e  a  problem f o r  even t h e  b e s t  modern computers 

t o  hand le .  

C .  S o l u t i o n s  f o r  S p e c i a l  Cases 

I n s t e a d  of c a r r y i n g  o u t  t h e  t e d i o u s  and expens ive  computa- 

t i o n s  f o r  t h e  f u l l  a d a p t i v e  o p t i m i z a t i o n ,  w e  e l e c t e d  t o  examine 

two s p e c i a l  c a s e s  t h a t  appear  t o  be of management i n t e r e s t  and 

t h a t  should r e v e a l  t h e  g e n e r a l  f l a v o r  of  t h e  f u l l  s o l u t i o n .  

These c a s e s  a r e  shown i n  F i g u r e  2, and r e f l e c t  two extreme s i t u a -  

t i o n s  : 

Case 1 :  The f i s h e r y  i s  j u s t  beginning,  and t h e  s t o c k  i s  

near  n a t u r a l  e q u i l i b r i u m ;  B can  be  t r e a t e d  a s  known and t h e  

main u n c e r t a i n t y  i s  abou t  a .  

Case 2: The f i s h e r y  has  been ho ld ing  spawning s t o c k s  a t  

low l e v e l s  f o r  many y e a r s ;  a  i s  w e l l  known and t h e  main 

u n c e r t a i n t y  i s  abou t  (3. Many P a c i f i c  salmon f i s h e r i e s  s e e m  

t o  f i t  t h i s  c a s e ;  environmenta l  c a r r y i n g  c a p a c i t i e s  may have 

changed c o n s i d e r a b l y  i n  r e c e n t  y e a r s .  

I n  e i t h e r  of t h e  c a s e s  t h e  s i z e  of  dynamic o p t i m i z a t i o n  problem 

i s  reduced c o n s i d e r a b l y  by t r e a t i n g  one parameter  a s  known. I n  

Case 1 ,  t h e  s t o c k  and r e c r u i t m e n t  d a t a  can  be expressed  i n  s t o c k  

u n i t s  r e l a t i v e  t o  t h e  n a t u r a l  equ i l i b r i um:  t h e  Ricker  model c an  

be  w r i t t e n  i n  t h e  form 

h 

where t h e  sys tem s t a t e  v e c t o r  f o r  o p t i m i z a t i o n  becomes t 0-2}f { ~ t t a t  a  
and t h e  v a r i a b l e s  i n  t h e  a d a p t i v e  r e g r e s s i o n  e q u a t i o n s  become 



CASE 1 :  DEVELOPING F I S H E R Y ,  B KNOWN 
AND ci UNCERTAIN. 

SPAWNERS ,St-, 

CASE 2 :  OLDER FISEIERY WITH UNXELIABLE 
DATA ON NATURAL STOCKS, ci 

KNOWN AND B UNKNOWN. 

F i g u r e  2 .  M a n a g e m e n t  s i t u a t i o n s  t h a t  p e r m i t  
s i m p l i f i e d  adap t ive  o p t i m i z a t i o n .  



I n  Case 2 ,  t h e  Ricker model i s  assumed t o  main ta in  i t s  u s u a l  

form, t h e  op t imiza t ion  s t a t e  v e c t o r  becomes { R ~ ,  B ~ , u ~ ) ,  and t h e  

adap t ive  r e g r e s s i o n  v a r i a b l e s  become 

where a i s  t h e  reasonably c e r t a i n  e s t i m a t e  of a. 

Severa l  dynamic programming s o l u t i o n s  f o r  t h e  s i m p l i f i e d  

c a s e s  were c a r r i e d  o u t  on a  PDP 11/45 computer system. Each of  

t h e  s o l u t i o n s  r e q u i r e d  about  f i v e  hours of computer t ime ,  which 

i s  no t  exces s ive  cons ide r ing  t h e  broad range of stock-parameter-  

u n c e r t a i n t y  combinations t h a t  must be  eva lua ted .  By t r i a l  and 

e r r o r ,  w e  d i scovered  t h a t  it was necessary t o  u s e  10 d i s c r e t e  
A 

A ~ 2  ^ 2  
l e v e l s  f o r  each of t h e  v a r i a b l e s  (Rt,ut o r  Bt tua  o r  a g ) ,  and t o  

move backwards i n  t i m e  around 20 s t e p s  ( g e n e r a t i o n s ) ;  f i n e r  s t a t e  

i n t e r v a l s  and more t ime  s t e p s  d i d  no t  change t h e  s o l u t i o n s .  

Represen ta t ive  r e s u l t s  f o r  Case 1 (a u n c e r t a i n )  a r e  shown 

i n  F igure  3 .  Each of t h e  i s o p l e t h  diagrams show opt imal  h a r v e s t  
A 

r a t e s  f o r  a  c r o s s  s e c t i o n  through t h e  Rt - a p lane  a t  one un- 
2  

t 
c e r t a i n t y  (aa) l e v e l .  The most s t r i k i n g  f e a t u r e  of t h e s e  r e s u l t s  

i s  t h a t  opt imal  h a r v e s t  r a t e s  a r e  n e a r l y  independent of 2 f o r  
2  l a r g e  oa. What w e  expected t o  s e e  was some i n d i c a t i o n  t h a t  

spawning popula t ions  should be reduced (h igh  e x p l o i t a t i o n )  when 
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a  i s  u n c e r t a i n ;  by e q u a t i o n s  ( 8 )  and ( 1 7 ) ,  w e  would e x p e c t  t h e  

g r e a t e s t  r e d u c t i o n  i n  u n c e r t a i n t y  by conduc t ing  such a n  " e x p e r i -  
2  ment." A s  t h e  c r o s s  s e c t i o n  f o r  h igh  u n c e r t a i n t y  (a, = 4.0)  i n  

F i g u r e  3  shows, exper iments  i n v o l v i n g  h igh  e x p l o i t a t i o n  r a t e s  

a r e  o p t i m a l  o n l y  i f  G t  i s  a l s o  l a r g e ;  indeed it a p p e a r s  t h a t  t h e  

b e s t  s t r a t e g y  i s  t o  avo id  h igh  h a r v e s t  exper iments  when a i s  low 

and t h e  s t o c k  s i z e  i s  l a r g e .  The o p t i m i z a t i o n  a l s o  t a k e s  i n t o  

accoun t  t h e  p o s s i b i l i t y  t h a t  low spawning s t o c k s  w i l l  r e v e a l  a 

t o  b e  s m a l l ;  t h u s  a  p e r i o d  of r e c o v e r y  w i t h o u t  h a r v e s t  w i l l  be 

n e c e s s a r y .  Examining t h e  low u n c e r t a i n t y  ( a 2  < 0.1 ) diagram i n  a  
F i g u r e  3 ,  it i s  a p p a r e n t  t h a t  t h e  o p t i m a l  h a r v e s t  r a t e  f o r  any 

s t o c k  s i z e  i s  i n s e n s i t i v e  t o  a ,  no m a t t e r  what t h e  env i ronmenta l  

n o i s e  o2  (Walters [ 5 ]  o b t a i n e d  a  s i m i l a r  r e s u l t ) .  W e  shou ld  n o t  

e x p e c t  t h e  o p t i m a l  h a r v e s t  s t r a t e g y  t o  depend g r e a t l y  o n  a: i f  

t h i s  s t r a t e g y  i s  n e a r l y  independent  of a i n  t h e  f i r s t  p l a c e .  

The r e s u l t s  f o r  Case 2  ( B  u n c e r t a i n )  i n d i c a t e  a  s i m i l a r  
h 

p a t t e r n ;  t h e  optimum h a r v e s t  s t r a t e g y  i s  q u i t e  i n s e n s i t i v e  t o  B 
when a* i s  h i g h  ( F i g u r e  4 ) .  Examining e q u a t i o n s  ( 8 )  and (1 8 ) ,  B 
w e  would e x p e c t  h i g h  spawning s t o c k s  t o  produce t h e  g r e a t e s t  

r e d u c t i o n  i n  u n c e r t a i n t y  abou t  B;  y e t  t h e  o p t i m i z a t i o n  b a l a n c e s  

t h e  v a l u e  of low e x p l o i t a t i o n  ( h i g h  S  ) exper iments  a g a i n s t  t h e  t 
l o s s  i n  immediate y i e l d s  t h a t  such exper iments  would e n t a i l .  

Low h a r v e s t  exper iments  a r e  c a l l e d  f o r  o n l y  when t h e r e  i s  i n t e r -  

med ia te  u n c e r t a i n t y  abou t  8. 

111. S e l e c t i o n  Among A l t e r n a t i v e  Models 

The a n a l y s i s  i n  S e c t i o n  I1 t o o k  two s o u r c e s  of  u n c e r t a i n t y  

i n t o  accoun t :  random env i ronmenta l  v a r i a t i o n ,  and u n c e r t a i n t y  

a b o u t  p r o d u c t i o n  pa ramete r s .  S e c t i o n  I11 e x p l o r e s  a  t h i r d  t y p e  

of  problem: u n c e r t a i n t y  a b o u t  t h e  b a s i c  f u n c t i o n a l  form of t h e  

s t o c k  r e c r u i t m e n t  r e l a t i o n s h i p .  A s  a n  example, c o n s i d e r  t h e  

d a t a  i n  F i g u r e  5 on " o f f - c y c l e "  r u n s  of  sockeye salmon 

(Oncorhynchus n e r k a )  i n  t h e  F r a s e r  R i v e r .  S e v e r a l  s u b p o p u l a t i o n s  

of sockeye i n  t h i s  r i v e r  system e x h i b i t  c y c l i c  dominance (Ward 

and Lark in  [ 2 0 ] ) ,  w i t h  v e r y  l a r g e  " c y c l e "  r u n s  e v e r y  f o u r  y e a r s  

(1962, 1966, ....) t h a t  a p p a r e n t l y  f o l l o w  a  d i f f e r e n t  s tock-  

r e c r u i t m e n t  r e l a t i o n s h i p  from t h e  o f f - c y c l e  r u n s .  Escapement 



STOCK UNITS ] 

2 Note: Results obtained with environmental variance o = 0.5 

and discount rate 6 = 4% per generation. 

Figure 4. Optimal exploitation rates for v$rious stock sizes, 
equilibrium population sizes (l/Bt), and uncertainties 

2 about $ (a-), assuming Ricker form is correct and 
B 

is known (see case 2, Figure 2). 



l e v e l s  i n  t h e  o f f - c y c l e  y e a r s  have a p p a r e n t l y  been chosen under  

t h e  assumpt ion  t h a t  h igh  s p a w ~ i n g  p o p u l a t i o n s  may r e s u l t  i n  

lowered r e c r u i t m e n t  because  of  o v e r u t i l i z a t i o n  ( s p a c e ,  oxygen, 

e t c . )  of  spawning a r e a s ;  F i g u r e  5  d o e s  n o t  s u p p o r t  t h i s  assump- 

t i o n ,  a t  l e a s t  when t h e  whole r i v e r  system i s  t r e a t e d  a s  a  s i n g l e  

p o p u l a t i o n  u n i t .  A l so ,  t h e  overspawning phenomenon shou ld  have 

r e s u l t e d  i n  damping o r  d e s t r u c t i o n  of  h i g h e r  c y c l e  y e a r s  d u r i n g  

t h e  e a r l y  development  of t h e  f i s h e r y .  However, t h e r e  i s  no 

e v i d e n c e  of t h i s  (Ward and L a r k i n  [ 2 0 ] ) ;  t h e  o f f - c y c l e  y e a r s  s u s -  

t a i n e d  a n n u a l  c a t c h e s  o f  around 4 m i l l i o n  f i s h  u n t i l  t h e  d e s t r u c -  

t i v e  H e l l ' s  Ga te  S l i d e s  of  1911. The b e s t  f i t t i n g  Ricker  c u r v e  

f o r  t h e  d a t a  ( c u r v e  q 1  i n  F i g u r e  5; a  = 1.9 ,  B = 0.44) d o e s  p r e -  

d i c t  t h a t  p r o d u c t i o n  would d e c l i n e  f o r  spawning s t o c k  above 2  

m i l l i o n ,  b u t  it seems e q u a l l y  r e a s o n a b l e  t o  assume t h a t  t h e  c o r -  

r e c t  r e l a t i o n s h i p  is  a  s a t u r a t i n g  c u r v e  of t h e  "Bever ton  H o l t "  

t y p e  (Ricker  [ I  51 ) . That  i s  

where 

a  = l/(maximum r e c r u i t s  p e r  spawner ) ;  

B = l/(maximum r e c r u i t s  e v e r  p o s s i b l e ) ;  

Vt e = random env i ronmenta l  s u r v i v a l  f a c t o r  a s  i n  e q u a t i o n  

A v i s u a l  f i t  t o  t h i s  r e l a t i o n s h i p  i s  shown i n  F i g u r e  5  a s  c u r v e  

q 2 ;  t h e  p a r a m e t e r s  ( a  = 0.1237, B = 0.1025) w e r e  chosen s o  a s  t o :  

( a )  c l o s e l y  match t h e  Ricker  c u r v e  th rough  t h e  a v a i l a b l e  

d a t a ;  and 

( b )  p r e d i c t  a n  e q u i l i b r i u m  s t o c k  (8 .5  m i l l i o n )  t h a t  seeds 

r e a s o n a b l e  c o n s i d e r i n g  e a r l y  c a t c h  r e c o r d s .  

Whatever t h e  f i t t i n g  p r e c e d u r e  and even a l l o w i n g  f o r  d e c r e a s e  i n  

p r o d u c t i o n  f o r  h i g h  spawning s t o c k s  ( d o t t e d  l i n e s  o f f  c u r v e  q 2  
i n  F i g u r e  5 ) ,  s i g n i f i c a n t  improvements i n  y i e l d  c o u l d  b e  o b t a i n e d  



N o t e :  Da t a  shown a r e  f o r  1939-1973, o m i t t i n g  e v e r y  

f o u r t h  o r  c y c l e  y e a r  b e g i n n i n g  i n  1942. v l - -  
l e a s t  s q u a r e s  f i t  t o  R i c k e r  model ;  v 2 - - v i s u a l  

f i t  t o  Beve r ton -Ho l t  model .  Graph a x i s  i n  

m i l l i o n s  o f  f i s h .  

F i g u r e  5.  A l t e r n a t i v e  s t o c k - r e c r u i t m e n t  mode l s  f o r  
F r a s e r  R i v e r  Sockeye  Salmon, o f f - c y c l e  y e a r s .  



i f  t h e  q 2  c u r v e  i s  c o r r e c t .  The q u e s t i o n  i s :  shou ld  a n  e x p e r i -  

ment ( reduced h a r v e s t s  f o r  one o r  more y e a r s )  be conducted  t o  

t e s t  t h i s  p o s s i b i l i t y ?  

I n  p r i n c i p l e  t h i s  q u e s t i o n  c o u l d  be  a d d r e s s e d  w i t h  t h e  op- 

t i m i z a t i o n  approach i n t r o d u c e d  i n  S e c t i o n  11. The s t o c k -  

r e c r u i t m e n t  r e l a t i o n s h i p  can  b e  w r i t t e n  i n  t h e  form 

where B i  r e p r e s e n t  model s e l e c t i o n  p a r a m e t e r s  t h a t  t a k e  o n l y  

t h e  v a l u e s  0  o r  1  and a r e  c o n s t r a i n e d  a s  C B i  = 1  ( s o  t h a t  a l l  

b u t  one  o f  t h e  B i  must e q u a l  O ) ,  and t h e  f i  a r e  a l t e r n a t i v e  models 

such a s  t h e  Ricker  [ e q u a t i o n  ( I ) ]  and t h e  Beverton-Holt  [ e q u a t i o n  

( 1 9 ) l .  Wood [211, Smallwood [I71 and o t h e r s  have shown t h a t  it 

i s  p o s s i b l e  t o  c a l c u l a t e  t h e  p r o b a b i l i t y  t h a t  each B i  = 1  (model 

i i s  c o r r e c t ) ,  g i v e n  t h a t  t h e  t r u e  model i s  among t h e  a l t e r n a -  

t i v e s  r e p r e s e n t e d .  These p r o b a b i l i t i e s  a long  w i t h  pa ramete r  

e s t i m a t e s  and measures  of  u n c e r t a i n t y  f o r  each of t h e  a l t e r n a t i v e  

models c a n  be  formed i n t o  a n  extended v e c t o r  of s t a t e  v a r i a b l e s .  

U n f o r t u n a t e l y ,  t h e  number of v a r i a b l e s  invo lved  makes dynamic 

programming o p t i m i z a t i o n  i m p r a c t i c a l .  Thus some d r a s t i c  s i m p l i -  

f i c a t i o n s  and approx imat ions  a r e  n e c e s s a r y  i n  o r d e r  t o  t r a c e  t h e  

most l i k e l y  s t a t i s t i c a l  outcomes and t h e  most promis ing  d e c i s i o n  

p o s s i b i l i t i e s .  

S i n c e  f u l l  a d a p t i v e  c o n t r o l  a n a l y s i s  i s  n o t  f e a s i b l e ,  t h e  

remainder  of  t h i s  s e c t i o n  a t t e m p t s  t o  d e v e l o p  a s i m p l i f i e d  pro-  

c e d u r e  i n t e n d e d  t o  d i s c r i m i n a t e  between a l t e r n a t i v e  p r o d u c t i o n  

models.  The p rocedure  i s  modi f i ed  from a  g e n e r a l  approach sug- 

g e s t e d  by Bard [21,  and i n v o l v e s  t h e  f o l l o w i n g  f i v e  b a s i c  s t e p s .  

( a )  I d e n t i f i c a t i o n  o f  a  series of  models,  o r  o f  a l t e r n a t i v e  

" s t a t e s  of n a t u r e "  q 1 , q 2 , . . . , q m  t h a t  a r e  t o  be compared. A l t e r -  

n a t i v e  q might  b e  t h e  Ricker  model, q 2  1  might  be t h e  Beverton-  

Hol t  model, n 3  might  b e  a  s imple  f r e e  hand c u r v e  e x t r a p o l a t i n g  

from e x i s t i n g  d a t a ,  and s o  f o r t h .  



(b) Assignment of prior or judgemental probabilities 

p*(ql), p*(q2) ... to each of the alternative states of nature. 
These probabilities might be derived through some statistical 

procedure, or they may represent simple intuition. Reflecting 

on the Fraser River data, we might for example assign p* (Ricker 

model) = 0.7, and p* (Beverton-Holt model) = 0.3. Though both 

models fit the data about equally well, this probability assign- 

ment would give some weight to the common arguments about over- 

spawning. 

(c) Identification of a series of alternative harvesting 

experiments A1 ,A2,.. . ,A, each of which would be reasonably 
certain to discriminate between the alternative models but would 

require different lenghts of time to complete. For the Frazer 

River example, some reasonable alternatives are 

dl - continue the present escapement policy (St around 1 .0 

million/yr.) indefinitely. That is, do not experiment 

and hope that luck will eventually provide the necessary 

data. 

d2 - Allow escapements intermediate between the optima for 
the alternative models; considering all environmental 

variability, this experiment would probably not give 

definite results for at least 20 years. 

4 - Allow the optimum escapement (S = 2.0 million) for 
t 

the Beverton-Holt model. At this escapement level, 

any tendency for overspawning should be apparent with- 

in five years while it is unlikely that environmental 

circumstances would combine for that long to give con- 

sistently low recruitments if the saturating model was 

true. 

In general, the experiments should reflect tradeoff between 

small harvest manipulations that require a long time to yield 

definitive results and large harvest manipulations that yield 

results quickly. The length of experiment required at any escape- 

ment or stock level can be assessed by examining expected vari- 

ability around the alternative stock-recruitment models at that 

escapement level. 



(dl  C a l c u l a t i o n s  of  expected  long-term r e t u r n s  f o r  each o f  

t h e  combina t ions  of  exper iment  and s t a t e  o f  n a t u r e .  The e lements  

of Table  1 below must be e v a l u a t e d :  

Table  1 

Experiment 
1 

TRUE 
STATE v22 . 

Here V r e p r e s e n t s  t h e  expec ted  t o t a l  v a l u e  of  a l l  f u t u r e  har-  
i j 

v e s t s ,  g i v e n  t h a t  exper imenta l  s t r a t e g y  i s  a p p l i e d  and t h e  
J 

t r u e  s t a t e  of  n a t u r e  i s  q i .  Le t  u s  suppose t h a t  s t r a t e g y  & 
j 

i n v o l v e s  a l l o w i n g  a c e r t a i n  escapement f o r  T y e a r s .  I f  T 
j j j 

i s  chosen c a r e f u l l y ,  w e  should  be  r e a s o n a b l y  c e r t a i n  of d e t e c t i n g  

t h a t  q i  i s  t h e  t r u e  s t a t e  of n a t u r e  a f t e r  t h e  T y e a r s ;  w e  should  
j 

be u n w i l l i n g  t o  a c c e p t  q i  a s  t h e  t r u e  s t a t e  u n t i l  t h e  T y e a r s  
j 

have e l a p s e d .  (Any exper iment  n o t  meet ing  t h e s e  q u a l i f i c a t i o n s  

should  n o t  b e  i n c l u d e d ) .  Thus, V i j  can  be  c a l c u l a t e d  a s  t h e  

expected  v a l u e  of  two d i s c o u n t e d  sums: ( a )  t h e  sum of c a t c h e s  

d u r i n g  t h e  T exper iment  y e a r s ,  g i v e n  t h a t  escapement i s  a p p l i e d  
j j 

and model qi i s  c o r r e c t ;  and ( b )  t h e  sum of  c a t c h e s  a f t e r  t h e  

T ' t h  y e a r ,  g i v e n  t h a t  t h e  optimum escapement f o r  model qi  i s  
j 

fo l lowed t h e r e a f t e r .  The f i r s t  component r e f l e c t s  t h e  s h o r t - t e r m  

impac t s  of  t h e  exper iment ,  w h i l e  t h e  second component r e f l e c t s  

long  t e r m  b e n e f i t s .  The s i m p l e s t  way t o  c a l c u l a t e  V i j  i s  t o  d o  

a whole series o f  s i m u l a t i o n  t r i a l s ,  each  u s i n g  model-q i  and a 

d i f f e r e n t  sequence  of random environmenta l  i n p u t s .  For  each  of 

t h e  t r i a l s  w e  c a l c u l a t e  



where (C I E  ) i s  d e f i n e d  a s  t h e  c a t c h  i n  y e a r  t u s i n g  e x p e r i m e n t a l  
t j - 

escapement E and (Ct  1 ~ ~ )  a s  t h e  c a t c h  i n  yea r  t g i v e n  t h e  o p t i -  
1 ,  A 

mum escapement E; f o r  model r\;  (6 i s  t h e  d i s c o u n t  r a t e ) .  I t  
I I 

shou ld  n o t  be  n e c e s s a r y  t o  perform more t h a n  abou t  20 t r i a l s  of 

l e n g t h  T ; 50 g e n e r a t i o n s  f o r  r e a s o n a b l e  d i s c o u n t  r a t e s .  
V i j  i s  

found a s  t h e  a v e r a g e  of v l j  a c r o s s  t h e s e  t r i a l s .  To deve lop  t h e  

e n t i r e  s t r a t e g y - e x p e r i m e n t  t a b l e ,  it i s  n e c e s s a r y  t o  do  abou t  

m x n  x 20 s i m u l a t i o n  t r i a l s .  T h i s  i s  a  t r i v i a l  computing exer -  

cise.  

(el S e l e c t i o n  of  t h e  exper iment  w i t h  maximum expec ted  

b e n e f i t s .  Each of  t h e  columns o f  t h e  s t r a t e g y - e x p e r i m e n t  Table  1 

g i v e s  t h e  r e t u r n s  t o  b e  expec ted  from one exper iment  f o r  each of  

t h e  p o s s i b l e  s t a t e s  of  n a t u r e .  The o v e r a l l  v a l u e  f o r  t h e  e x p e r i -  

ment i s  s imply  t h e  sum o f  t h e s e  r e t u r n s  weighted  by t h e  p r i o r  

p r o b a b i l i t i e s  f o r  t h e  n i .  Tha t  i s ,  t h e  expec ted  v a l u e  of e x p e r i -  

ment j i s  

The b e s t  exper iment  i s  t h a t  which h a s  t h e  maximum expec ted  v a l u e .  

The key p o i n t  a b o u t  t h i s  s e l e c t i o n  p rocedure  i s  t h a t  it t a k e s  i n t o  

accoun t  a l l  p o s s i b l e  s t a t e s  o f  n a t u r e  i n  e v a l u a t i n g  each  of  t h e  

proposed exper iments .  

The f i v e  s t e p s  o u t l i n e d  above l e n d  themse lves  w e l l  t o  a  

gaming s i t u a t i o n  i n  which t h e  r e s o u r c e  manager i s  asked t o  d e v i s e  

a l t e r n a t i v e  r e c r u i t m e n t  models ,  t o  a s s e s s  t h e i r  p r o b a b i l i t i e s ,  

and t o  e v a l u a t e  a l t e r n a t i v e  e x p e r i m e n t a l  schemes. The most c r i t -  

i c a l  p o i n t  i n  t h e  a n a l y s i s  i s  t h e  i d e n t i f i c a t i o n  of a p p r o p r i a t e  

d u r a t i o n s  f o r  a l t e r n a t i v e  exper iments .  I f  t h e  manager i s  o v e r l y  

p e s s i m i s t i c  ( e . g .  i f  he assumes t h a t  some exper iment  w i l l  r e q u i r e  

T; y e a r s  t o  be  c e r t a i n  which model i s  c o r r e c t  when i n  f a c t  fewer 
J 

y e a r s  a r e  r e q u i r e d ) ,  p e r f e c t l y  good exper iments  may appear  poor 

i n  r e l a t i o n  t o  t h o s e  s t a t e s  of n a t u r e  f o r  which t h e  exper imenta l  

escapement E i s  f a r  from o p t i m a l .  On t h e  o t h e r  hand, t h e  manager 
j 

may be  o v e r c o n f i d e n t ,  and may s u g g e s t  a  s h o r t  exper iment  t h a t  i n  



r e a l i t y  would s i m p l y  r e s u l t  i n  l o s s  of  y i e l d  w i t h  no improvement 

i n  u n d e r s t a n d i n g  a b o u t  t h e  sys tem.  I n  a  gaming s i t u a t i o n ,  t h e  - 
b e s t  T f o r  a n y  p roposed  E c a n  b e  e v a l u a t e d  q u i c k l y  by f a c i n g  

j j 
t h e  manager w i t h  s e v e r a l  s t o c h a s t i c  s i m u l a t i o n s  f rom e a c h  o f  t h e  

p o s s i b l e  t r u e  models  w h i l e  n o t i n g  how l o n g  it t a k e s  t o  b e  s u r e  

which model i s  b e i n g  u s e d  i n  e a c h  o f  t h e  s i m u l a t i o n s .  More p r e -  

c i s e l y ,  t h e  a n a l y s t  sets  up  a series o f  t r i a l s .  F o r  e a c h  o f  t h e  

t r i a l s  t h e  manager c h o o s e s  a n  escapement  Ei, and t h e  a n a l y s t  
J 

s e c r e t l y  c h o o s e s  a  model v i .  A s t o c h a s t i c  s i m u l a t i o n  w i t h  Q i s  i 
t h e n  i n i t i a t e d  and  c a r r i e d  f o r w a r d  i n  t i m e  u n t i l  t h e  manager 

p o s i t i v e l y  i d e n t i f i e s  t h e  r e s u l t s  as coming from v i .  The number 

o f  s i m u l a t i o n  s t e p s  r e q u i r e d  f o r  t h e  v a r i o u s  t r i a l s  c a n  b e  p l o t t e d  

i n  r e l a t i o n  t o  t h e  c h o i c e s  o f  Ei. T h i s  p l o t  w i l l  r e f l e c t  t h e  
2 

m a n a g e r ' s  s u b j e c t i v e  d e f i n i t i o n  o f  " p o s i t i v e "  r e s u l t s ,  a n a l o g o u s  

t o  h i s  c h o i c e  o f  c o n f i d e n c e  l i m i t  p r o b a b i l i t i e s  ( e . g .  90% v s .  9 5 % )  

i n  o r d i n a r y  s t a t i s t i c a l  p rob lems .  The d e g r e e  of random v a r i a t i o n  

i n t r o d u c e d  i n  e a c h  of  t h e  t r i a l s  s h o u l d  r e f l e c t  u n c e r t a i n t y  a b o u t  

t h e  model p a r a m e t e r s  a s  w e l l  a s  e x p e c t e d  e n v i r o n m e n t a l  v a r i a t i o n  

by u s i n g  t h e  v a r i a n c e  r e l a t i o n s h i p  i n  e q u a t i o n  (11 )  or  i t s  sub-  

j e c t i v e  e q u i v a l e n t .  

To t e s t  t h e  p r o c e d u r e ,  w e  c a r r i e d  o u t  a gaming a n a l y s i s  o n  

t h e  F r a s e r  R i v e r  problem w i t h  o n e  o f  t h e  a u t h o r s  a c t i n g  a s  manager 

and t h e  o t h e r  a s  a n a l y s t .  Two a l t e r n a t i v e  models  were c o n s i d e r e d :  

v1  = R i c k e r  c u r v e  f rom F i g u r e  5; and 

n 2  = Bever ton -Ho l t  c u r v e  f rom F i g u r e  5. 

By examining  t h e  d a t a  and f o l l o w i n g  t h e  t r i a l  p r o c e d u r e  f o r  T 
j 

o u t l i n e d  i n  t h e  p r e v i o u s  p a r a g r a p h ,  w e  a r r i v e d  a t  t h e  f o l l o w i n g  

se t  o f  e x p e r i m e n t s :  

dl - a l l o w  a n  e scapemen t  of  1 . 0  m i l l i o n  i n d e f i n i t e l y .  (Thus 

d o  n o t  e x p e r i m e n t )  ; 

.$ - a l l o w  a n  e scapemen t  of  1 . 5  m i l l i o n  f o r  1 5  y e a r s :  2  

-$ - a l l o w  a n  escapement  o f  2 .0  m i l l i o n  f o r  5 y e a r s ;  and  
3 

- a l l o w  a n  e scapemen t  o f  3 .0  m i l l i o n  f o r  3  y e a r s .  4 



S i m u l a t i o n  t r i a l s  t o  e v a l u a t e  t h e  V i j  w e r e  performed,  assuming 

a  d i s c o u n t  r a t e  of 4 %  p e r  g e n e r a t i o n  ( i . e .  1 %  p e r  y e a r  f o r  F r a s e r  

s o c k e y e ) .  The r e s u l t s  a r e  g i v e n  below i n  Tab le  2 .  

Tab le  2 

Expected F u t u r e  Va lues  f o r  A l t e r n a t i v e  H a r v e s t i n g  
Exper iments  on Off-Cycle F r a s e r  R ive r  Sockeye.* 

Experiment 

TRUE q~ 
77.2 77.8 75.4 71.7 

STATE 
q 2  92.4 108.2 110.9 110.6 

* 
Elements  o f  t h e  t a b l e  a r e  d i s c o u n t e d  sums o f  c a t c h e s ,  
i n  m i l l i o n s  o f  f i s h .  

When o n l y  two o r  t h r e e  a l t e r n a t i v e  s t a t e s  of  n a t u r e  a r e  t o  

b e  compared ( a s  i n  t h e  F r a s e r  example ) ,  t h e  a n a l y s i s  can  be pre-  

s e n t e d  i n  a n  e l e g a n t  form t h a t  s i m p l i f i e s  t h e  problem of  a s s i g n -  

i n g  s u b j e c t i v e  p r o b a b i l i t i e s  t o  t h e  a l t e r n a t i v e  models.  Suppose 

w e  make a  g r a p h  where t h e  a b s c i s s a  i s  V ( expec ted  v a l u e  of 
1  j  

exper iment  j  g i v e n  t h a t  q i s  t r u e )  and t h e  o r d i n a t e  is  V 1  2 j 
( expec ted  v a l u e  of exper iment  j  g i v e n  t h a t  q 2  i s  t r u e ) .  Each of 

t h e  exper iments  c a n  be  p l o t t e d  a s  a  p o i n t  on t h i s  g r a p h  ( F i g u r e  6 ) .  

P o i n t s  t h a t  a r e  c l o s e  t o  t h e  o r d i n a t e  r e p r e s e n t  exper iments  o r  

p o l i c i e s  t h a t  a r e  good i f  q 2  i s  t r u e ,  and poor i f  q1 i s  t r u e ;  

p o i n t s  n e a r  t h e  a b s c i s s a  r e p r e s e n t  p o l i c i e s  t h a t  a r e  good i f  q1  

i s  t r u e ,  and poor i f  q i s  t r u e .  I f  w e  d e s i g n a t e  t h o s e  e x p e r i -  2 
ments t h a t  c a n  d i s t i n g u i s h  between t h e  q i  a s  " e f f e c t i v e  e x p e r i -  

men t s , "  t h e n  t h e  g r a p h i c a l  r e p r e s e n t a t i o n  a l l o w s  u s  t o  s o r t  o u t  

a  s m a l l e r  s u b s e t  of  " e f f i c i e n t  exper iments"  t h a t  a r e  b e s t  f o r  a t  

l e a s t  some v a l u e s  o f  p* ( q i )  . I n  F i g u r e  6, exper iments  and-  2 
d a r e  e f f i c i e n t ,  w h i l e  exper iments  3 dl and d4 a r e  i n e f f i c i e n t  

d 

s i n c e  d2 and d3 have b e t t e r  expected  v a l u e s  f o r  a l l  a s s ignments  



LINE REPRESENTING 
TOTAL VALUE 

VALVE GIVEN q1 

Note: Graph u n i t s  a r e  d i s c o u n t e d  ( 4 % / g e n e r a t i o n )  

surfis of c a t c h e s ,  i n  m i l l i o n s  of f i s h .  

dl - d4 d e n o t e  escapement exper iments  d e f i n e d  

i n  t e x t .  T o t a l  v a l u e  l i n e  i s  g iven  by v a l u e  = 

p * ( n l )  [ v a l u e  g iven  TI,] + p* (9) [ v a l u e  g iven  

F i g u r e  6 .  Values  of  a l t e r n a t i v e  F r a s e r  R ive r  h a r v e s t i n g  
exper iments  i f  t h e  a l t e r n a t i v e  models q l  and 
n 2  i n  F i g u r e  5 a r e  c o r r e c t .  



of p * ( q i ) .  W e  a r e  t r y i n g  t o  f i n d  t h a t  exper iment  d which 
j  

maximizes t h e  " o b j e c t i v e  f u n c t i o n " :  

T h i s  o b j e c t i v e  f u n c t i o n  c a n  be  r e p r e s e n t e d  a s  a  series o f  s t r a i g h t  

l i n e s  on  F i g u r e  6 ,  w i t h  h i g h e r  l i n e s  r e p r e s e n t i n g  l a r g e r  y  v a l u e s  

and g r e a t e r  s l o p e s  r e p r e s e n t i n g  l a r g e r  v a l u e s  of p * ( q l ) .  TO f i n d  

t h e  optimum exper iment ,  w e  move t h e  l i n e s  downward (choose  lower 

y  v a l u e s )  u n t i l  it f i r s t  t o u c h e s  a  " f e a s i b l e  p o i n t "  r ep resen t . ing  

some d The key p o i n t  i s  t h a t  w e  c a n  i d e n t i f y  r a n g e s  of  p* ( q l )  
1 '  

f o r  which any e f f i c i e n t  A. i s  o p t i m a l ,  s imply  by changing p * ( q l )  
3 

s o  a s  t o  s t e e p e n  o r  f l a t t e n  t h e  o b j e c t i v e  f u n c t i o n  l i n e .  The 

r e s u l t s  o f  t h e  p r o c e s s  on t h e  F r a s e r  River  example a r e  g i v e n  i n  

T a b l e  3 below. 

T a b l e  3 

Range of p* ( R i c k e r )  For Which $. i s  B e s t  
3 

none 

0.4 - 1 . 0  

0.0 - 0.4 

none 

Thus, t h e  manager d o e s  n o t  need t o  p r e c i s e l y  s p e c i f y  h i s  judge- 

ment a b o u t  p* ( q l )  a s  a  s i n g l e  number. 

The F r a s e r  R ive r  t e s t  r e s u l t s  s u g g e s t  t h e  f o l l o w i n g  conc lu -  

s i o n s :  

( a )  P r e s e n t  management p o l i c y  f o r  o f f - c y c l e  y e a r  i s  n o t  

o p t i m a l  f o r  e i t h e r  o f  t h e  models shown i n  F i g u r e  5; 

some a l t e r n a t i v e  (and pe rhaps  u n c l e a r l y  s p e c i f i e d )  

model i s  i n  u s e ,  o r  t h e  r e a l  management o b j e c t i v e s  a r e  

u n r e l a t e d  t o  maximizat ion  o f  . d i s c o u n t e d  long- term c a t c h e s .  



( b )  A modest exper iment  i n v o l v i n g  i n c r e a s e d  escapements  

(1 . 5  m i l l i o n )  shou ld  c a u s e  no s e r i o u s  problems i f  t h e  

Ricker  model i s  c o r r e c t ;  it may, i n  f a c t ,  r e s u l t  i n  

c o n s i d e r a b l y  h i g h e r  y i e l d s  over  t h e  long  r u n .  

(c )  A more d r a s t i c  e x p e r i m e n t a l  p o l i c y  i n v o l v i n g  escape-  

ments of  2.0 m i l l i o n  f o r  s e v e r a l  y e a r s  would b e  more 

a d v i s a b l e  i f  t h e r e  i s  c o n s i d e r a b l e  c o n f i d e n c e  t h a t  t h e  

t r u e  s t o c k - r e c r u i t  r e l a t i o n s h i p  i s  s i m i l a r  t o  t h e  

c u r v e  q 2  i n  F i g u r e  5 .  

To t e s t  t h e  e f f e c t  of  d i s c o u n t i n g  r a t e  on t h e s e  c o n c l u s i o n s ,  w e  

r e e v a l u a t e d  Tab le  2  f o r  6 = I $ ,  6 = 10%,  6 = 20X, and 6 = 30% 

p e r  g e n e r a t i o n .  For  6 g r e a t e r  t h a n  20%, t h e  tests sugges ted  t h a t  

t h e  modest exper iment  i s  t h e  b e s t  u n l e s s  p* ( R i c k e r )  is  less t h a n  

0.2. For  6 = I % ,  t h e  d r a s t i c  exper iment  becomes t h e  b e s t  a l t e r -  

n a t i v e  u n l e s s  p* ( R i c k e r )  i s  g r e a t e r  t h a n  0.6. 

I V .  E x t e n s i o n s  and G e n e r a l i z a t i o n s  

P r e v i o u s  s e c t i o n s  have  d e a l t  mos t ly  w i t h  u n c e r t a i n t y  a b o u t  

s t o c k  r e c r u i t m e n t  r e l a t i o n s h i p s .  Two major  a s sumpt ions  have  

been t h e  d i s c u s s i o n :  a )  s t o c k  s i z e  i s  d i r e c t l y  measurab le  wi th -  

o u t  e r r o r ;  and b )  f i s h i n g  e f f o r t  i s  f u l l y  c o n t r o l l a b l e  t o  conform 

w i t h  b i o l o g i c a l  recommendations. S i n c e  t h e s e  assumpt ions  a r e  

o f t e n  n o t  j u s t i f i e d ,  S e c t i o n  I V  a t t e m p t s  t o  show how t h e  c o n c e p t s  

and methods i n t r o d u c e d  p r e v i o u s l y  c o u l d  be  extended t o  i n c l u d e  

t h e s e  a d d i t i o n a l  s o u r c e s  o f  u n c e r t a i n t y .  

A.  S c h a e f f e r  P r o d u c t i o n  Model 

The i d e a  o f  u s i n g  l o g i s t i c  p o p u l a t i o n  growth assumpt ions  

a s  a  b a s i s  f o r  p r o d u c t i o n  mode l l ing  was f i r s t  made popu la r  by 

S c h a e f f e r  [16]  i n  h i s  s t u d i e s  of  P a c i f i c  t u n a s .  I n  i t s  s i m p l e s t  

form, t h e  " S c h a e f f e r  Model" c a n  be  w r i t t e n  a s  



where 

Nt = stock size, usually in biomass units; 

a,B = production parameters with similar definitions as in 

the Ricker Model; 

Ct = total catch. 

Noting that equation (22) is not directly usable (since Nt is not 

observable for most populations), Schaeffer and others have 

assumed a simple "observation model" to accompany the dynamic 

model 

where 

qt = catch per unit effort; 

Et = some effort measure having units (boats) x (time fish- 

ing per boat); 

c = catchability coefficient. 

Substituting the observation model (23) for (22), we obtain an 

expression containing only observable quantities and parameters 

this can be simplified to give 

For parameter estimation and adaptive control analysis, this 

version of the Schaeffer Model can be cast into the recursive 

regression format with 



Though t h e r e  i s  no reason  h e r e  t o  expec t  such s t a t i s t i c a l  proper-  

t i e s  a s  normal ly  d i s t r i b u t e d  e r r o r s ,  t h e  r e g r e s s i o n  format  a t  

l e a s t  p rov ide s  a u n i f i e d  framework f o r  e v a l u a t i n g  parameter  un- 

c e r t a i n t i e s .  Also ,  t h e  format  a u t o m a t i c a l l y  p rov ide s  a s imp le  
A A 

s t a t e  e s t i m a t o r ,  ].It = qt/ct .  More compl ica ted ,  s t a t i s t i c a l l y  

n o n l i n e a r  v e r s i o n s  of  equa t i on  (24) c an  be dev i s ed  us ing  more 

r e a l i s t i c  o b s e r v a t i o n  models t han  equa t i on  ( 2 3 ) .  Recurs ive  non- 

l i n e a r  e s t i m a t i o n  t e chn iques  a r e  beginning t o  appear  i n  t h e  

l i t e r a t u r e  under t h e  g e n e r a l  heading "extended Kalman f i l t e r s "  

(Young [221 ) .  

The S c h a e f f e r  Model g i v e s  a remarkably good f i t  t o  h i s t o r i c a l  

d a t a  f o r  many l a r g e  f i s h e r i e s ,  a s  shown i n  F i g u r e  7 .  I n  f i t t i n g  

t h e s e  d a t a ,  w e  used t h e  l i n e a r  r e g r e s s i o n  scheme i n  e q u a t i o n s  (24) 

t o  o b t a i n  e s t i m a t e s  of a ,B,  and c. I n  a l l  c a s e s  t h e  d a t a  had 

a l r e a d y  been c o r r e c t e d  f o r  changing v e s s e l  e f f i c i e n c y  (changing 

c ) ;  t h u s  it was n o t  nece s sa ry  t o  i n t r o d u c e  d i s c o u n t i n g  of  o l d  

d a t a  o r  a parameter  v a r i a t i o n  m a t r i x  Q (see S e c t i o n  11) i n t o  t h e  

r e g r e s s i o n  e q u a t i o n s .  I t  i s  c l e a r  t h a t  f u r t h e r  a d a p t i v e  c o n t r o l  

work f o r  t h e  S c h a e f f e r  Model i s  j u s t i f i e d ,  and w e  i n t end  t o  

deve lop  more complete  a n a l y s e s  i n  a f u t u r e  paper .  

B. Incomplete  Con t ro l  of  F i s h i n g  E f f o r t  

The f i s h e r i e s  l i t e r a t u r e  abounds w i t h  b i o l o g i c a l  models and 

e q u i l i b r i u m  y i e l d  a n a l y s e s ;  a lmos t  no a t t e n t i o n  h a s  been pa id  t o  

t h e  dynamics of  t h e  p reda to r -p rey  system t h a t  r e s u l t s  from 
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0  

F i g u r e  7. Observed changes  i n  some f i s h e r i e s  compared t o  
s i m u l a t e d  t r e n d s  p r e d i c t e d  by t h e  S c h a e f f e r  model 
( e q u a t i o n s  1 3 ,  2 3 )  u s i n g  p a r a m e t e r  e s t i m a t o r  f rom 
r e g r e s s i o n  a n a l y s i s .  
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incomple te  c o n t r o l  of economic inves tment .  F i s h e r y  f l e e t s  have 

b a s i c  " r e p r o d u c t i v e "  ( inves tment )  and " m o r t a l i t y "  ( d i s i n v e s t m e n t )  

r e l a t i o n s h i p s  t h a t  i n  p r i n c i p l e  make them s i m i l a r  t o  any p r e d a t o r  

p o p u l a t i o n  (Smith [ 1 8 ] ;  G a t t o  e t  a l .  [ 5 ] ) .  I n  t h e  absence  of 

inves tment  c o n t r o l ,  many f i s h i n g  f l e e t s  have developed t o  t h e  

p o i n t  where p r e s s u r e  f o r  s h o r t - t e r m  economic and s o c i a l  w e l f a r e  

b e n e f i t s  h a s  made it v i r t u a l l y  i m p o s s i b l e  t o  implement b i o l o g i -  

c a l l y  sound long-term p o l i c i e s ;  t h e  c u r r e n t  s t a t e  of  t h e  

I n t e r n a t i o n a l  Whaling Commission i s  a  good example. 

To p u r s u e  t h e  p reda to r -p rey  ana logy ,  we may f i n d  it u s e f u l  

t o  t h i n k  of management c o n t r o l s  d i r e c t e d  a t  f i s h i n g  e f f o r t  a s  

g e n e r a t i n g  a  " r e a c h a b l e  r e g i o n "  of s t o c k  s i z e  and inves tment  

combinat ions  ( F i g u r e  8 )  around t h e  "nominal t r a j e c t o r y "  of  d e v e l -  

opment t h a t  would o c c u r  w i t h o u t  management. Inves tment  c o n t r o l  

may occur  a s  s u b s i d i e s  t o  i n c r e a s e  t h e  r a t e  of inves tment ,  o r  a s  

t a x e s  and d i r e c t  r e g u l a t i o n s  t o  r educe  it. I f  t h e  f i s h e r y  f l e e t  

can  o p e r a t e  economical ly  a t  v e r y  low s t o c k  s i z e s ,  and i f  o n l y  

s m a l l  c o n t r o l  d e c r e a s e s  i n  e f f o r t  a r e  p o s s i b l e  each y e a r ,  it may 

be i m p o s s i b l e  t o  move t h e  f i s h e r y  t o  a  s t a t e  where maximum sus -  

t a i n e d  y i e l d  i s  p o s s i b l e .  T h i s  problem may become s e r i o u s  i f  t h e  

f i r s t  i n c r e m e n t a l  c o n t r o l s  a r e  n o t  a p p l i e d  u n t i l  t h e  f i s h e r y  i s  

w e l l  developed.  One i s  reminded of t h e  adage  a b o u t  ounces  of  

p r o t e c t i o n  and pounds of  c u r e .  

L i m i t a t i o n s  on c o n t r o l  changes from one t i m e  s t e p  t o  t h e  

n e x t  may be  r e p r e s e n t e d  i n  dynamic o p t i m i z a t i o n  by i n c l u d i n g  

t h e  c o n t r o l  l e v e l  ( e f f o r t ,  h a r v e s t  r a t e ,  e t c . )  a s  a n  a d d i t i o n a l  

s t a t e  v a r i a b l e .  For  example, i f  t h e  sys tem s t a t e  w i t h o u t  e f f o r t  
A 

l i m i t a t i o n  was r e p r e s e n t e d  a s  ( R  ) , t h e  s t a t e  w i t h  l i m i t a -  
A 2  t f C l t f O C l  

t i o n  would b e  ( U t - l  Rt , a t  , oa) , where U t - l  i s  t h e  e x p l o i t a t i o n  r a t e  
I 

from t h e  p r e v i o u s  t i m e  s t e p .  I n s t e a d  of look ing  a t  a l l  p o s s i b l e  
2  h a r v e s t  r a t e s  a t  each of t h e  t i m e  s t e p s  f o r  each of  t h e  ( ~ ~ ~ 6 ~ ~ 0 ~ )  

combina t ions ,  t h e  o p t i m i z a t i o n  would o n l y  examine h a r v e s t  r a t e s  

U over  a n  i n t e r v a l  t 



GOOD S I T U A T I O N  

--+ CONTROLLED PATH 
----+UNCONTROLLED PATH 

STOCK 

PATHOLOGICAL S I T U A T I O N  --- CONTROLLED PATH - UNCONTROLLED PATH 

Figure  8 .  Imper fec t  c o n t r o l  o f f i s h i n g e f f o r t  may r e s u l t  
i n  a  r e s t r i c t e d  " reachable  reg ion"  of s tock  s i z e  
and e f f o r t  combinations a s  a  f i s h e r y  develops .  
The p o i n t  " 0 "  denotes  optimum equ i l i b r ium s t a t e .  



where 

kl  = maximum permissable  annual dec rease  i n  e x p l o i t a t i o n  

r a t e ;  

k2 = maximum permissable  annual  i n c r e a s e  i n  e x p l o i t a t i o n  

r a t e .  

S imi la r  c o n s t r a i n t s  can be app l i ed  i n  gene ra t ing  exper imental  

ha rves t  regimes f o r  t h e  ana lyses  mentioned i n  Sec t ion  111. 

A s e r i e s  of i n t e r e s t i n g  i s s u e s  a r i s e  concerning t h e  s e l e c -  

t i o n  of a p p r o p r i a t e  va lues  f o r  t h e  c o n t r o l  l i m i t s  kl and k2.  The 

maximum r a t e  of i n c r e a s e  i n  ha rves t ,  k2 ,  w i l l  depend on p r i v a t e  

and pub l i c  w i l l i n g n e s s  t o  i n v e s t  i n  t h e  f i s h e r y  and on t h e  a v a i l -  

a b i l i t y  of f i s h i n g  gear  t o  be t r a n s f e r r e d  from a l t e r n a t i v e  f i s h -  

e r i e s .  The maximum r a t e  of decrease ,  k l ,  w i l l  depend on t h e  reg-  

u l a t o r y  power ves t ed  i n  t h e  management agency, on t h e  w i l l i n g n e s s  

of t h e  agency t o  accep t  r e s p o n s i b i l i t y  f o r  immediate economic and 

s o c i a l  hardsh ips ,  and on t h e  expected p r o f i t a b i l i t y  of t h e  f i s h e r y  

F i s h e r i e s  agenc ies  a r e  beginning t o  f a c e  t h e s e  p o l i t i c a l  and 

economic i s s u e s ,  and op t imiza t ion  formula t ions  may provide a  use- 

f u l  focus  f o r  formal deba t e  even i f  no q u a n t i t a t i v e  s o l u t i o n s  

a r e  a t tempted.  

V.  Summary 

This  paper moved from formal op t imiza t ion  a n a l y s i s  of t r i v i a l  

models t o  broader  approaches f o r  exper imental  management. The 

formal a n a l y s i s  was conducted i n  o rde r  t o  d i scover  simple p r i n c i -  

p l e s  t h a t  might be a p p l i e d  i n  more complex and r e a l i s t i c  f i s h e r i e s  

s i t u a t i o n s  where u n c e r t a i n t y  i s  a  key f a c t o r .  The p r i n c i p l e s  

t h a t  emerged a r e  i n t u i t i v e l y  reasonable:  ( a )  when product ion 

parameters a r e  u n c e r t a i n ,  t h e  h a r v e s t  r a t e s  used should be lower 

t han  would be supposed if on ly  t h e  a v a i l a b l e  parameter e s t i m a t e s  

were cons idered ;  and ( b )  when t h e  equ i l i b r ium s t o c k  s i z e  i s  un- 

c e r t a i n  b u t  product ion r a t e s  a r e  we l l  unders tood,  t h e  h a r v e s t  

r a t e s  should be lowered. When t h e  g e n e r a l  form of t h e  produc t ion  

r e l a t i o n s h i p  i s  u n c e r t a i n  and when management c o n t r o l  i s  l i m i t e d ,  

formal op t imiza t ion  becomes impossible ;  however, a  gaming procedure  



may help to devise and to evaluate alternative management strate- 

gies. The gaming procedure involves defining a series of possible 

models, selecting a series of effective experiments, and calculat- 

ing the optimum experiment under subjective prior probabilities 

for all models. This technique is an immediately useable solu- 

tion for complex fisheries problems. Future work is continuing 

to overcome the computational obstacles encountered in formal 

optimization of complex models. 



References 

[ 1 1  Allen, K. R. The Influence of Random Fluctuations in 
the Stock-Recruitment relations hi^ on the Economic 

L 

Return from Salmon Fisheries. Rapp. No. 164. Conseil 
International Pour L'Exploration De La Mer, 1973, 
pp. 351-359. 

[2] Bard, Yonathan. Nonlinear Parameter Estimation. New York, 
Academic Press, p. 341. 

[3] Dahlberg, M.L. Stock-and-Recruitment Relationships and 
Optimum Escapements of Sockeye Salmon Stocks of 
the Chignik Lakes, Alaska. Rapp. No. 164. Conseil 
International Pour L'Exploration De La Mer, 1973, - 
pp. 98-105. 

[4] Garrod, D.J. "Empirical Assessments of Catch/Effort 
Relationships in North Atlantic Cod Stocks." - 

ICNAF Res. Bull. No. 6 (1969), pp. 26-34. 

[51 Gatto, M., Rinaldi, S., and Walters, C. A Predator-Prey 
Model for Discrete-Time Commercial Fisheries. IIASA- 
RR-75-5. Laxenburq, Austria, International Institute 
for Applied systems ~nal~sis, 1975, p. 38. 

[61 Grosslein, M.D., and Hennemuth, R.C. Spawning Stock and 
Other Factors Related to Recruitment of Haddock on 
Georges Bank. Rapp. No. 164, Conseil International 
Pour L'Exploration De La Mer, 1973, pp. 77-88. 

[7] International Whaling Commission. Annual Report for 1967-68, 
1969. 

[81 Larson, R.E. State Increment Dynamic Programming. New York, 
American Elsevier Publishing Co., 1968, p. 300. 

[9] Lux, F.E. "Landings Per UnitofEffort, Age Composition, 
and Total Mortality of Yellowtail Flounder, Limanda 
ferruginea (Storer) , off New England." ICNAF Res. Bull. 
No. 6 (1969) pp. 35-43. 

[lo] Marr, J.C. "The Causes of Major Variations in the Catch of 
the Pacific Sardine, Sardinops caerulea (Girard)," 
7 
Biology of Sardines and Related Species, Rome, Food 
and Agricultural Organization of the United Nations 
(1969), pp. 667-791. 



Parrish, B.B. (Ed) . Fish Stocks and Recruitment. Rapp. 
No. 164, Conseil ~nternationa~~our LVExploration 
De La Mer, 1973. 

Raiffa, H. "Decision Aqalysis: Introductory Lectures On 
Choices Under Uncertainty, Reading (Massachusetts), 
Addison-Wesley, 1968. 

Raiffa, H., and Schlaifer, R. Applied Statistical ~ecision 
Theory, Cambridge, Massachusetts, Massachusetts 
Institute of Technology Press, 1961, p. 356. 

Ricker, W.E. "Stock and Recru.itment," Journal Fish. Res. Bd., 
Canada 1 1  : (1954), pp. 559-623. 

Ricker, W.E. Critical Statistics from Two Reproduction ---- 
Curves, Rapp. No. 164, Conseil International Pour 
L'Exploration De La Mer, 1973, pp. 333-340. 

Schaeffer, M.B. "Some Aspects of the Dynamics of Populations 
Important to the Management of the Commercial Marine 
Fisheries," Bulletin of the 1nternations.l Trop. 
Tuna Comrnissi.on, No. 1 (1954), pp. 27-56. 

Smallwood, R. "A Decision Analysis of Model Selection," 
IEEE Trans. on Systems Science and Cybernetics, 
Vol. SSC-4, No. 4, 1968. 

Smith, V.L. "Economics cf Production from Natural Resources," 
American Economic Review, No. 58 (1968), pp. 409-431. 

Southward, G.M. A Simulation of Management Strategies -.-- 
in the Pacific Halibut Fisher~, Report No. 47, 
International Pacific ~alibu~~ommission, 1968. 

Ward, F.J., and Larkin, P.A. Cyclic Dominance in Adams 
River Sockeye Salmon, Progress Report 11, Pacific 
Salmon Fisheries Commission, 19G4, p. 116. 

Wood, E.F. A Bayesian Approach to ~nalyzing Uncertainty 
Among ~ t o c h a x  Models, IIAS.A-RR-74- 16. Laxenburg, 
Austria, International Institute for Applied Systems 
Analysis, 1974, p. 19. 

Young, Peter. "Recursive $.pprozches to Time Series 
-~nal~sis." Institute b£ Mathematics and its Appli- 
cations, 10 (1974), pp. 209-224. 


