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ABSTRACT

W h e n  f i s h i n g  ( f i s h i n g  m o r t a l i t y )  i n c r e a s e s  i n  a  g i v e n  p o p u l a t i o n ,  s p a w n i n g

s t r e s s  m o r t a l i t y  ( s e n e s c e n t  m o r t a l i t y )  d e c r e a s e s . Thus  the  change  o f  a  popu la t ion

( b i o m a s s )  i s  n o t  a  l i n e a r  f u n c t i o n  o f  r e c r u i t m e n t  m i n u s  c a t c h  a n d  a  c o n s t a n t

“n a t u r a l  m o r t a l i t y ”. Fur thermore ,  f i sh ing  removes  the  o lder  s lower  g row ing

f i s h . Consequent ly, the  mean g rowth  ra te  o f  the  rema in ing  b iomass  inc reases .

These  two  f i sh ing  dependen t  changes  (ca l led “r e j u v e n a t i o n  o f  p o p u l a t i o n ” b y  s o m e

ear l ie r  researchers )  mus t  be  cons idered  in  b iomass  based  f i shery  mode ls  because

the  remova l  o f  b iomass  by  f i sh ing  i s  compensa ted  by  these  changes  to  a  cons iderab le

ex ten t  i f  rec ru i tment  rema i

e f f e c t  v a r i e s  f r o m  s p e c i e s

spec ies , a g e  o f  f u l l  r e c r u i

are demonstrated with numer

T h e  p r e d a t i o n  m o r t a l i t y

computa t ion . I n  t h i s  s t u d y

j u v e n i l e  a n d  e x p l o i t a b l e  b i o m a s s e s , The  e f fec ts  o f  f i sh ing  on  “uncompensa ted”

biomass dynamics, as  we l l  as  b iomass  dynamics  compensa ted  fo r  f i sh ing  ( i .e . ,

compensa t ing  fo r  concomi tan t  changes  o f  g rowth  ra te  and  spawn ing  s t ress  mor ta l i t y )

ica l  examples for  wal leye pol lock (Theragra chalcogramma)

and  ye l lowf in  so le  (L imanda a s p e r a ) ,

mus t  be  es t imated  in  a  s ing le  spec ies  dynamic

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

cons tan t  f rac t ion  s imu la t ing  the  p reda t ion  by  mammals  and  p reda t ion  on  shoa ls

in  genera l , a n d  a  b i o m a s s  d e n s i t y  d e p e n d e n t  f r a c t i o n  o f  p r e d a t i o n  m o r t a l i t y .

F ish ing  y ie ld  can  be  computed  w i th  an  exp lo i tab le  b iomass  dens i ty  dependent

f i s h i n g  m o r t a l i t y  c o e f f i c i e n t , as  we l l  as  w i th  a  cons tan t  annua l  ca tch  p lus  a

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

i n c i d e n t a l  c a t c h  ( o r  b y c a t c h ) . The meaning of  these types of  computat ion of

f i s h i n g  a n d  t h e  e f f e c t s  o f  f i s h i n g  i n  g e n e r a l  a r e  e x p l o r e d  i n  t h i s  p a p e r .

n s  c o n s t a n t . The  magn i tude  o f  the  “re juvenat ion”

t o  s p e c i e s , and depends on’ the growth rate of the

t m e n t ,  a n d  q u a n t i t a t i v e  r e l a t i o n  b e t w e e n  p r e f i s h e r y
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T h e  r e s u l t s  o f  t h e  n u m e r i c a l  s t u d i - e s  s h o w  t h a t  d i f f e r e n t  s p e c i e s  t o l e r a t e

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

by  the  concomi tan t  decrease  in  spawn ing  s t ress  mor ta l i t y  and  inc rease  in  the

g r o w t h  r a t e  o f  t h e  p o p u l a t i o n . T h e  g r o w t h  r a t e  o f  a  s t o c k  b i o m a s s  i s  a  f u n c t i o n

o f  t h e  d i s t r i b u t i o n  o f  b i o m a s s  w i t h  a g e . T h i s  d i s t r i b u t i o n  i s  a f f e c t e d  b y  f i s h i n g

a n d  b y  a n y  d i s t u r b a n c e  i n  r e c r u i t m e n t . W h e n  t h e  r e c r u i t m e n t  t o  e x p l o i t a b l e  s t o c k

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

f r a c t i o n  o f  j u v e n i l e s  i n  t h e  s t o c k  i s  a f f e c t e d  b y  t h e  c h a n g e  o f  l a r v a l  r e c r u i t m e n t

in  d i rec t  p ropor t ion  to  the  spawn ing  b iomass  removed by  f i sh ing ,  the  compensat ion

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

“overcompensat ion” c a n  s t i l l  o c c u r  i n  s p e c i e s  w h e r e  t h e  f r a c t i o n  o f  e x p l o i t a b l e

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

(e.g., yellowfin sole)-. F u r t h e r ,  t h i s  s t u d y  s u g g e s t s  t h a t  d e n s i t y  d e p e n d e n t

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

e x p l o i t a b l e  b i o m a s s  i s  a  f u n c t i o n  o f  b o t h  s p a w n i n g  b i o m a s s  a n d  c a n n i b a l i s t i c

predati o n  o n  j u v e n i l e s .
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1. THE PURPOSE OF THIS STUDY

Fish ing  removes  the  o lder , l a rger  spec imens  f rom a  g iven  s tock .  These

o lder  f i sh  g row s lower  than  the  rema in ing  younger  f i sh ,  thus  the  mean g rowth

r a t e  o f  t h e  s t o c k  c o u l d  c h a n g e  w i t h  f i s h i n g . Furthermore, t h e  o l d  a g e  ( o r

s e n e s c e n t )  m o r t a l i t y  o f  t h e  s t o c k  w o u l d  d e c r e a s e  w i t h  t h e  r e m o v a l  o f  o l d e r  f i s h :

The in te rac t ions  be tween f i sh ing  and  re juvenat ion  can  be  expec ted  to  be

compensatory, and  the  resu l t s  cou ld  a f fec t  management  op t ions . Th is  numer ica l

s t u d y  a t t e m p t s  t o  c l a r i f y  q u a n t i t a t i v e l y  t h e  e f f e c t s  o f  f i s h i n g  o n  a  s t o c k . The

m a i n  o b j e c t i v e s  o f  t h e  s t u d y  w e r e  t o :

1 )  D e t e r m i n e  q u a n t i t a t i v e l y  t h e  e f f e c t s  o f  r e j u v e n a t i o n  o n  t h e  d y n a m i c s  o f

f i s h  s t o c k s .

2 )  D e t e r m i n e  h o w  d i f f e r e n t  s p e c i e s  r e s p o n d  t o  f i s h i n g .

3 )  D e t e r m i n e  t h e  n a t u r e  o f  t h e  i n t e r a c t i o n  b e t w e e n  f i s h i n g ,  r e j u v e n a t i o n ,

and  rec ru i tmen t .

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

i n t e r a c t i o n s  c a n  b e  l i n e a r i z e d . At higher levels of fishing (F>0.3), when

d e f i n i t e “recruitment overfishing” occurs, many changes in the stock parameters

d u e  t o  f i s h i n g  a r e  n o n l i n e a r . Another  s tudy  i s  p lanned to  examine “rec ru i tmen t

o v e r f i s h i n g ” a n d  t h e  e v e n t s  l e a d i n g  t o  t h e  s t o c k  c o l l a p s e .
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2. EFFECTS OF FISHING ON THE BIOMASS PARAMETERS

T r a d i t i o n a l l y , annua l  f i sh ing  mor ta l i t y  has  been  computed  in  te rms  o f  the

n u m b e r  o f  f i s h  r e m o v e d  f r o m  t h e  e x p l o i t a b l e  p a r t  o f  t h e  p o p u l a t i o n . . I t  can  be

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

o r  t o t a l  b i o m a s s . T i m e  i n t e r v a l s  o t h e r  t h a n  a  y e a r  ( e . g . ,  o n  m o n t h l y  b a s i s )

may also be used. T h e  r e l a t i o n s  b e t w e e n  t h e  d i f f e r e n t  f i s h i n g  m o r t a l i t y

coe f f i c ien ts  fo r  two spec ies  a re  g iven  by  Laevas tu  (1983) . I n  t h e  p r e s e n t

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

( c o n s t a n t  i n  w e i g h t )  f i s h i n g  w e r e  u s e d .

i f  r e c r u i t m e n t  r e m a

Id decrease and the

F i s h i n g  r e m o v e s  o l d e r  f i s h ;  t h u s ,

e x p l o i t a b l e  p o r t i o n  o f  t h e  b i o m a s s  w o u

j u v e n i l e s  w o u l d  i n c r e a s e . T h i s  i s  c a l

g r o w t h  r a t e  o f  t h e  j u v e n i l e  b i o m a s s  i s

l e d  r e j u v e n a t i o n  o f

n e d  c o n s t a n t ,  t h e

p o r t i o n  o f  p r e f i s h e r y

p o p u l a t i o n . S ince  the

h i g h e r  t h a n  t h a t  o f  t h e  e x p l o i t a b l e  b i o m a s s

( s e e  e . g . , N i g g o l  1 9 8 2 ) ,  t h e  m e a n  g r o w t h  r a t e  o f  t h e  w h o l e  ( t o t a l )  b i o m a s s  w i l l

i n c r e a s e  a s  f i s h i n g  i n t e n s i t y  i n c r e a s e s  ( L a e v a s t u  1 9 8 3 ) .

S p a w i n g  s t r e s s  m o r t a l i t y  ( a l s o  c a l l e d  s e n e s c e n t  m o r t a l i t y )  i n c r e a s e s  a b o u t

9  to  10% (number  based)  per  year  a f te r  80% o f  the  popu la t ion  has  reached  matu r i t y

(Bever ton  1963,  Cush ing  1973,  Laevas tu  and  Lark ins  1981) .  F ish ing  removes

m a t u r e  f i s h , some o f  wh ich  wou ld  have  d ied  as  a  resu l t  o f  spawn ing  s t ress  mor ta l i t y .

Consequent ly, t h i s  m o r t a l i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  f i s h i n g ,  t h u s  p a r t i a l l y

c o u n t e r a c t i n g  t h e  e f f e c t s  o f  f i s h i n g  o n  s t o c k  b i o m a s s .

F ish ing  wou ld  decrease  the  numbers  o f  f i sh  in  the  popu la t ion  and  the  s ize  o f

the  b iomass  i s  expec ted  to  decrease  i f  recu i tment  remains  cons tan t . However ,  th is

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

s p a w n i n g  s t r e s s  m o r t a l i t y , because  the  inc rease  in  popu la t ion  g rowth  ra te  caused

b y  t h e  r e l a t i v e  i n c r e a s e  o f  f a s t e r  g r o w i n g  j u v e n i l e  b i o m a s s  i s  e x p e c t e d  t o

compensa te  fo r  losses  due  to  f i sh ing .



 w o u l d  r e m o v e  o l d e r  c a n n i b a l i s t i c  T h e  f i sh ing  o f  a  h igh ly  cann iba l i s t i c  spec ies

specimens, t h u s  r e l i e v i n g  c a n n b a l i s t i c  p r e d a t i o n  p r e s s u r e  o n  t h e  j u v e n i l e s . T h i s

aspec t  o f  f i sh ing  has  been s tud ied  numer ica l l y  by  Laevas tu  and  Favor i te  (1976) .

M o s t  f i s h  s p e c i e s  a r e  c a n n i b a l i s t i c  t o  s o m e  d e g r e e . T h e  e f f e c t s  o f  a  f i s h e r y  o n

c a n n i b a l i s m  a r e  b r i e f l y  d e s c r i b e d  i n  S e c t i o n  3  o n  p r e d a t i o n .

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

the  re la t ions  be tween the  f i sh ing  e f fec ts  and  cor respond ing  b iomass  parameter

changes determined in another numerical  model  (Laevastu 1,983). I n  t h e  f i r s t

numerical  examples, rec ru i tment  to  the  exp lo i tab le  s tock  was  assumed to  be  cons tan t .

In  the  second se t  o f  computa t ions , rec ru i tment  was  made a  func t ion  o f  f i sh ing

(see  Sec t ion  7 ) . I n  r e a l i t y , r e c r u i t m e n t  i s  q u i t e  v a r i a b l e  i n  s p a c e  a n d  t i m e ,

and  m igh t  mask  mos t  o f  the  e f fec ts ;  thus , d i r e c t  v e r i f i c a t i o n  o f  t h e  r e s u l t s  i n

t h e  f i e l d  w i t h  e m p i r i c a l  d a t a  w o u l d  b e  v e r y  d i f f i c u l t .

3. SIMULATION OF PREDATION OF A SINGLE SPECIES POPULATION

M o r t a l i t y  d u e  t o  b e i n g  e a t e n  b y  o t h e r , b i g g e r  f i s h  ( p r e d a t i o n  m o r t a l i t y ) ,

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

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

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

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

ecosystem simulation such as PROBUB or DYNUMES, where  the  p reda t ions  a re  s imu la ted

in  a  de ta i l ed  manner .

In  the  p resen t  s ing le  spec ies  mode l , an at tempt was made to s imulate predat ion

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

the above-mentioned hol i s t i c  ecosys tem mode ls .

on some known, but simpl

of  knowledge gained from

- 3 -



- 4 -

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

(p reda t ion)  mor ta l i t y  can  be  cons idered ,  (and  computed)  as  cons is t ing  o f  two  par ts :

o n e  p a r t  b e i n g  i n d e p e n d e n t  o f  p o p u l a t i o n  d e n s i t y  ( “c o n s t a n t  f r a c t i o n ”) ,  a n d  t h e

o t h e r  p a r t  c h a n g i n g  i n  p r o p o r t i o n  t o  t h e  c h a n g e  i n  s t o c k  s i z e . We fo l l ow  the

same assumptions here. T h e  “c o n s t a n t  f r a c t i o n ” o f  p r e d a t i o n  m o r t a l i t y  w a s  a b o u t

h a l f  o f  t h e  t o t a l  p r e d a t i o n  m o r t a l i t y  w h e n  t h e  b i o m a s s  w a s  a t  t h e  e q u i l i b r i u m .

The  b iomass  dens i t y  dependent  par t  o f  p reda t ion  mor ta l i t y  was  made to  change

l i n e a r i l y  w i t h  t h e  s i z e  o f  t h e  a c t u a l  b i o m a s s .  T h u s ,  t h e  e f f e c t s  o f  f i s h i n g  o n

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

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

Propor t ion ing  o f  cons tan t  and  dens i ty  dependent  p reda t ion  var ies  f rom spec ies

t o  s p e c i e s  a n d  i s ,  i n  g e n e r a l , d i f f i c u l t  t o  a s c e r t a i n  i n  a  s i n g l e  s p e c i e s

c o n s i d e r a t i o n , bu t  can  be  computed  in  a  ho l i s t i c  ecosys tem s imu la t ion ,  such  as

DYNUMES. I n  t h e  p r e s e n t  s t u d y , a n  a p p r o x i m a t e l y  h a l f - h a l f  r e l a t i o n  w a s  s e l e c t e d

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

i n i t i a l  b i o m a s s  i n p u t  v a l u e ) .

4. SIMULATION OF CONSTANT AND DENSITY DEPENDENT FISHING

T h e  e f f e c t s  o f  f i s h i n g  w e r e  s i m u l a t e d  w i t h  t h r e e  d i f f e r e n t  a p p r o a c h e s :

1 )  a  cons tan t  ca tch , i n d e p e n d e n t  f r o m  b i o m a s s  d e n s i t y ,  e x c e p t  i t  v a n i s h e d  e n t i r e l y

a t  l o w  b i o m a s s e s  ( i . e . , w h e n  t h e  b i o m a s s  i s  a b o u t  o n e  f o u r t h  o f  t h e  e q u i l i b r i u m

b i o m a s s ) ;  2 )  f i s h i n g  c o n s i s t i n g  o f  a  c o n s t a n t  c a t c h  p l u s  a  b i o m a s s  d e n s i t y

dependent catch; and  3 )  a  b iomass  dens i ty  dependent  ca tch  on ly . T h e  e f f e c t s  o f

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

the model .
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i sher ies  where  thereC o n s t a n t  c a t c h  o c c u r s  i n  f i s  a  c o n s t a n t  m a r k e t  a n d

p r i c e s  a d j u s t  t o  c h a n g e s  i n  d e m a n d  a n d  s u p p l y . I f  a f ished biomass becomes

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

s h o a l i n g  p e l a g i c  s p e c i e s  a n d  n o t  c a u g h t  e x c l u s i v e l y  d u r i n g  s p a w n i n g ) ,  a n d  t h e .

p r i c e  u s u a l l y  i n c r e a s e s , s t i m u l a t i n g  a  h i g h e r  e f f o r t  o f  f i s h i n g . However, there

i s  a  l o w e r  l i m i t  f o r  c a t c h  p e r  u n i t  e f f o r t  ( a n d / o r  a n  u p p e r  l i m i t  f o r  p r i c e )

and  when these  l im i ts  a re  reached,  f i sh ing  migh t  cease .

F i s h i n g  s i m u l a t i o n  w

m o s t  r e a l i s t i c a l l y  w h a t

c e r t a i n  a m o u n t  o f  s t o c k

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

s  h a p p e n i n g  i n  m a n y  f i s h e r i e s ;  f o r  e x a m p l e ,  t h e r e  i s  a

d e n s i t y )  i n d e p e n d e n t  c a t c h , as modern search methods are

e f f e c t i v e  i n  l o c a t i n g  f i s h a b l e  s h o a l s  e v e n  w h e n  s t o c k s  a r e  a t  a  l o w  l e v e l  o f

a bundance, a n d  a l s o  s t o c k  d e n s i t y  d e p e n d e n t  c a t c h ,  e i t h e r  t a r g e t e d  o r  m o s t l y

b y c a t c h .  H o w e v e r , i n  s o m e  f i s h e r i e s  ( e . g . , t r a w l  f i s h i n g  f o r  f l a t f i s h e s )  t h e

ca tches  a re  mos t l y  s tock  b iomass  dens i ty  dependent .

F i s h i n g  m o r t a l i t y  o p e r a t e s  o n  t h e  e x p l o i t a b l e  b i o m a s s . I n  s i m u l a t i o n s  o f  t h e

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

number based computat ions or b iomass based computat ions. I n  t h e  l a t t e r  c a s e ,  t h e

f i s h i n g  m o r t a l i t y  c o e f f i c i e n t i s  c a l c u l a t e d  r e l a t i v e  t o  e i t h e r  e x p l o i t a b l e  o r ’

t o t a l  b i o m a s s , The  la t te r  i s  used  when no  age  (s ize )  c lass  separa t ion  i s  made

in  the  mode l . T h e  q u a n t i t a t i v e  r e l a t i o n s  b e t w e e n  t h e s e  c o e f f i c i e n t s  w e r e  d e s c r i b e d

by  Laevas tu  (1983) . I n  t h i s  s t u d y  t h e  f i s h i n g  m o r t a l i t y  c o e f f i c i e n t  w a s  c a l c u l a t e d

r e l a t i v e  t o  t h e  w h o l e  b i o m a s s .

5. FORMULAE AND INITIAL VALUES USED IN THIS STUDY’

The monthly b iomass (B t )  was computed with Formula 1 f rom the previous month

b i o m a s s  ( B t - 1 ) :
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The n i t ial  biomasses were arb i

p r e d a t i o n  a n d  f i s h i n g  m o r t a l

s e l e c t e d  i n i t i a l  b i o m a s s  ( i n

f o r  b o t h  s p e c i e s ,  w a l l e y e  p o l l

( c a l l e d  y e l l o w f i n ) ) .

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

t y  w e r e  a d j u s t e d  t o  b e  c o m m e n s u r a t e  w i t h  t h i s

the Present example the input biomass was 4200 kg/km 2

o c k  ( h e n c e f o r t h  c a l l e d  p o l l o c k )  a n d  y e l l o w f i n  s o l e

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

v a l u e s  c a l c u l a t e d  t h e o r e t i c a l l y  ( L a e v a s t u  1 9 8 3 )  a s s u m i n g  k n i f e - e d g e  r e c r u i t m e n t

and  cons tan t  juven i le  b iomass , :

where

and p

i s  t h e  m o n t h l y  f i s h i n g  m o r t a l i t y  c o e f f i c i e n t  o p e r a t i n g  o n  w h o l e  b i o m a s s

was:

P o l l o c k ,  p  =  0 . 7 5

Y e l l o w f i n ,  p  =  0 . 9 5

Other

rec ru

runs  were  made w i th  par t ia l  f i sh ing  on  year  c lasses  wh ich

i t e d  t o  t h e  f i s h e r y , . a n d  w i t h  t h e  f i s h i n g  a f f e c t i n g  j u v e n i

f i s h i n g  a f f e c t i n g  j u v e n i l e  r e c r u i t m e n t )  ( s e e  S e c t i o n  6 ) .  U n d e r

coe f f i c ien t  p  ( f rom Laevas tu  1983)  was :

P o l l o c k ,  p  =  0 . 3 5

Y e l l o w f i n ,  p  =  0 . 8 5

w e r e  n o t  f u l l y

l e  b i o m a s s  ( i . e . ,

t h e s e  c o n d i t i o n s

P r e d a t i o n  m o r t a l i t y  ( C )  c o n s i s t s  o f  a  “c o n s t a n t ” p o r t i o n  ( C , )  a n d  o f  a  b i o m a s s

( d e n s i t y )  d e p e n d e n t  p o r t i o n :

C k  and  n  a re  iden t ica l  in  bo th  spec ies  under  s tudy  (95  kg /km 2  and  0 .02 ,

r e s p e c t i v e l y ) , as these parameters are dependent on input b iomass. The biomass

f r o m  t h e  p r e v i o u s  t i m e  s t e p  ( B t m l ) must be used because the biomass of  the actual

t i m e  s t e p  i s  n o t  a v a i l a b l e  b e f o r e  p r e d a t i o n  m o r t a l i t y  i s  c o m p u t e d .
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F i n a l l y , an  ins tan taneous  p reda t ion  coe f f i c ien t  was  computed :

S p a w n i n g  s t r e s s  m o r t a l i t y  ( s )  w a s  p r e s c r i b e d  f r o m  L a e v a s t u  ( 1 9 8 3 ) .  I n  s o m e

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

t h e  i n v e r s e  r e l a t i o n s  b e t w e e n  f i s h i n g  a n d  s p a w n i n g  s t r e s s  m o r t a l i t y  e f f e c t s :

Yellowfin, r = 0.01

I n  t h e  f i r s t  s e t  o f  r u n s  ( s e e  S e c t i o n  5 )  w h e r e  j u v e n i l e  r e c r u i t m e n t  w a s  n o t

a f f e c t e d  b y  f i s h i n g , t h e  v a l u e s  f o r  r  w e r e : p o l l o c k  0 . 6  a n d  y e l l o w f i n  0 . 8 5 .

In  the  second se t  o f  runs  (see  Sec t ion  6 )  where  the  juven i le  rec ru i tment  was

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

c l a s s e s , t h e  v a l u e s  f o r  r  w e r e : p o l l o c k  0 . 4 ,  y e l l o w f i n  0 . 6 5 .

F i s h i n g  m o r t a l i t y  ( f t w )  c o n s i s t s  o f  “c o n s t a n t ” c a t c h  ( F c )  a n d / o r  d i f f e r e n t

s t o c k  d e n s i t y  d e p e n d e n t  f i s h i n g  ( F d )  a n d / o r  a  c o m b i n a t i o n  o f  b o t h . The constant

c a t c h  w a s  c o n v e r t e d  t o  f i s h i n g  m o r t a l i t y  c o e f f i c i e n t  ( f c ) :

T h e  b i o m a s s  o f  p r e v i o u s  t i m e  s t e p  ( B t - , ) i s  used  fo r  the  same reason as  in

Formula 3 above.
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The  percen tage  o f  b iomass  tha t  i s  exp lo i tab le  (E)  was  computed  w i th  the

a s s u m p t i o n  t h a t  r e c r u i t m e n t  ( a n d  t h e  b i o m a s s  o f  p r e f i s h e r y  j u v e n i l e s  ( A ) )  r e m a i n s

c o n s t a n t :

I n  t h e  f i r s t  s e t  o f  r u n s  ( j u v e n i l e  r e c r u i t m e n t  n o t  c o m p e n s a t e d ) ,  t h e  v a l u e s

fo r  h  were : p o l l o c k  1 2 0 0 ,  y e l l o w f i n  2 1 6 0 . I n  t h e  s e c o n d  s e t  o f  r u n s  j u v e n i l e

r e c r u i t m e n t  w a s  a f f e c t e d  b y  f i s h i n g  a n d  t h e  v a l u e s  f o r  h  w e r e :  p o l l o c k  7 0 0 ,

y e l l o w f i n  1 8 0 0 . (Va lues  der i ved  f rom da ta  in  Laevas tu  1983) .

6. EFFECTS OF FISHING ON THE DYNAMICS OF WALLEYE POLLOCK AND YELLOWFIN SOLE

BIOMASSES WHEN KNIFE-EDGE RECRUITMENT TO FISHERY IS USED, AND FISHING

DOES NOT AFFECT RECRUITMENT TO JUVENILES

Three  d i f fe ren t  se r ies  o f  compute r  runs  were  made,  each  cons is t ing  o f  fou r

numer ica l  exper imen ts  (see  Tab le  1 ) . Each  exper iment  con ta ined  two  sets  o f

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

(384  t / year ,  cu rve  1  on  F igures  1  and  2 ) ,  a n d  c o n s t a n t  c a t c h  p l u s  t h r e e  d i f f e r e n t

d e n s i t y  d e p e n d e n t  f i s h i n g  m o r t a l i t i e s  ( c u r v e s  2  t o  4  o n  F i g u r e s  1  a n d  2 ) . Second

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

w i thou t  a  cons tan t  annua l  ca tch . T h e s e  d i f f e r e n t  f i s h i n g  m o r t a l i t i e s  o p e r a t e d

on the whole biomass, The  co r respond ing  number  based  annua l  f i sh ing  mor ta l i t y

c o e f f i c i e n t s  ( F ) ,  o p e r a t i n g  o n  e x p l o i t a b l e  p a r t  o f  t h e  s t o c k  w o u l d  h a v e  b e e n :  0 . 0 8 4 ,

0 . 1 9 8 ,  a n d  0 . 3 8  f o r  w a l l e y e  p o l l o c k  a n d  0 . 0 7 5 ,  0 . 1 6 ,  a n d  0 . 3 0  f o r  y e l l o w f i n  s o l e .

In  the  f i r s t  exper iment  g rowth  ra te  and spawning  s t ress  mor ta l i t y  were  assumed

n o t  t o  b e  a f f e c t e d  b y  f i s h i n g . F ish ing  was  made to  a f fec t  spawn ing  s t ress  mor ta l i t y

on ly  in  the  second exper iment . I n  t h e  t h i r d  e x p e r i m e n t  f i s h i n g  a f f e c t e d  b i o m a s s



T a b l e  I . - - S e t - u p  o f  n u m e r i c a l  e x p e r i m e n t s  a n d  r e f e r e n c e s  t o  f i g u r e s .
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g r o w t h  o n l y , a n d  i n  t h e  f o u r t h  e x p e r i m e n t  f i s h i n g  a f f e c t e d  b o t h  s p a w n i n g  s t r e s s

mor ta l i t y  and  b iomass  g rowth  ra te .

T h e  r e s u l t s  o f  t h e  n u m e r i c a l  e x p e r i m e n t s  i n  t h e  f i r s t  s e r i e s  o f  c o m p u t e r  r u n s

are  p resented  in  F igures  1  to  16  as  b iomass  change in  e igh t  years  w i th  the

cor respond ing  exper imenta l  cond i t ions  as  descr ibed  above . (The four exper iments

are  p resen ted  on  two  f igu res  each , c o r r e s p o n d i n g  t o  t h e  t w o  d i f f e r e n t ,  a b o v e -

m e n t i o n e d  f i s h i n g  s e t  u p s . )

E x p e r i m e n t  1  ( F i g u r e s  1  t o  4 ) ,  n o

o r  o n  g r o w t h  r a t e  ( “u n c o m p e n s a t e d ”) .

I n  c a s e  o f  c o n s t a n t  c a t c h  ( c u r v e

than the yellowfin biomass (Figure 2)

percentage o f  the  b iomass  tha t  i s  exp

e f f e c t  o f  f i s h i n g  o n  s p a w n i n g  s t r e s s  m o r t a l i t y

1 ) , po l lock  b iomass  decreases  less  (F igu re  1 )

w i th  the  same amount  o f  ca tch . The  l a rge r

l o i t a b l e  a n d  t h e  h i g h e r  g r o w t h  r a t e  f o r

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

d e p e n d e n t  f i s h i n g  ( c u r v e s 2  t o  4 ) ,  t h e  p o l l o c k  b i o m a s s  d e c r e a s e s  f a s t e r  ( F i g u r e  1 )

t h a n  t h e  y e l l o w f i n  b i o m a s s  ( F i g u r e  2 )  a t  a p p r o x i m a t e l y  t h e  s a m e  n u m e r i c a l  f i s h i n g

m o r t a l i t y  c o e f f i c i e n t  ( F ) .  H o w e v e r , the  cor respond ing  b iomass  based f i sh ing

m o r t a l i t y  c o e f f i c i e n t  ( f t w ) i s  abou t  tw ice  as  h igh  fo r  po l lock  as  compared  to

y e l l o w f i n  ( d u e  t o  s p e c i f i e d  i n p u t  i n c r e m e n t s  o f  f d ) .  T h e r e f o r e ,  a  h i g h e r

p ropor t ion  o f  b iomass  wou ld  be  removed  in  the  case  o f  po l lock . The reason for

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

i s  c o n s i d e r a b l y  h i g h e r  ( a b o u t  7 0 % )  t h a n  i n  y e l l o w f i n  ( a b o u t  4 5 % ) .  S o m e  o f  t h e

e f fec ts  o f  above-ment ioned  d i f fe rences  in  b iomass  paramete rs  (g rowth  ra te  and

r e l a t i v e  s i z e  o f  e x p l o i t a b l e  b i o m a s s )  a r e  m o r e  c l e a r l y  s h o w n  i n  F i g u r e s  3  a n d  4 ,

which show the dynamics of “uncompensated ” and unfished biomasses (curve 1) and

b i o m a s s e s  f i s h e d  a t  d i f f e r e n t  r a t e s  ( c u r v e s  2  t o  4 ) .
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Exper iment  2  (F igures  5  to  8 ) , spawn ing  s t ress  mor ta l i t y  compensated  a t

d i f f e r e n t  f i s h i n g  i n t e n s i t i e s ;  g r o w t h  i s  n o t  c o m p e n s a t e d .

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

considerable compensat ion in biomass losses (compare Figures 1 to 4 with Figures

5  t o  8 ) . T h e r e  i s  l e s s  s p r e a d  o f  r e s u l t i n g  b i o m a s s e s  w i t h  t i m e  a t  h i g h  a n d  l o w

f i s h i n g  l e v e l s  t h a n  i n  t h e  u n c o m p e n s a t e d  e x p e r i m e n t  ( E x p e r i m e n t  1 ) .  T h i s  i s  d u e

to increased compensat ion at  more i n t e n s e  l e v e l s  o f  f i s h i n g  ( i . e . ,  t h e  s p a w n i n g

s t r e s s  m o r t a l i t y  d e c r e a s e s  a t  a  h i g h e r  r a t e  t h a n  t h e  i n c r e a s e  o f  f i s h i n g  m o r t a l i t y ) .

The biomass changes in Figures 7 and 8 are smal ler  than those in Figures 5 and 6.

T h i s  i s  d u e  t o  l o w e r  f i s h i n g  m o r t a l i t y  i n  F i g u r e s  7  a n d  8 .

E x p e r i m e n t  3  ( F i g u r e s  9  t o  1 2 ) ,  g r o w t h  i s  c o m p e n s a t e d  f o r e f f e c t s  o f  f i s h i n g ;

spawn ing  s t ress  mor ta l i t y  i s  no t  compensated .

T h e  e f f e c t s  o f  f i s h i n g  o n  g r o w t h  p r o d u c e  q u a n t i t a t i v e l y  s i m i l a r  r e s u l t s  o n

biomass dynamics to those caused by spawning stress changes (compare Figures 5

a n d  6  w i t h  9  a n d  1 0 ) ,  e x c e p t  i n  t h e  c a s e  o f  d e n s i t y  d e p e n d e n t  f i s h i n g  o n l y

( F i g u r e s  1 1  a n d  1 2 )  w h e r e  t h e  r e s u l t i n g  b i o m a s s e s  a r e  s l i g h t l y  h i g h e r . ( A t  v e r y

h i g h  l e v e l s  o f  f i s h i n g ,  ( e . g . , F  g rea te r  than  0.3)  th i s  inc rease  o f  b iomass  migh t

n o t  o c c u r . )

Exper iment  4  (F igures  13  to  16) , both biomass growth and spawning stress

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

The biomass changes are heavily compensated -  bo th  b iomasses  inc rease w i th

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

exper iment . The spread ing  o f  b iomasses  be tween low and h igh  f i sh ing  i s  less  in

p o l l o c k  t h a t  i n  y e l l o w f i n  ( F i g u r e s  1 3  a n d  1 4 ) . (More biomass removed in pol lock,

thus  h igher  compensa t ion . ) I n  c a s e  o f  d e n s i t y  d e p e n d e n t  f i s h i n g  o n l y  ( F i g u r e s  1 5

a n d  1 6 ) ,  t h e  i n c r e a s e  o f  b i o m a s s  i s  l e s s  t h a n  i n  F i g u r e s  1 3  a n d  1 4 .  T h i s  d i f f e r e n c e

16.i s  d u e  t o  l e s s  f i s h ing and less compensat ion of biomass in Figures 15 and
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t h e  h i g h e s t  l e v e l  o f  f i s h i n g , shows the  h ighes t  g rowth  o f  b iomass  - -  “the  more

y o u  f i s h , t h e  m o r e  t h e r e  i s  t o  f i s h ”. Th is  p ronounced  compensa t ion  i s  scarce ly

e x p e c t e d  i n  r e a l i t y , as  the  rec ru i tment  changes  due  to  to ta l  spawn ing  b iomass

changes  (dec rease)  wou ld  coun te rac t  the  compensa t ion  resu l t i ng  f rom in tense

f i s h i n g .

7. DYNAMICS OF WALLEYE POLLOCK AND YELLOWFIN SOLE BIOMASSES UNDER DIFFERENT

FISHING INTENSITIES WHEN FISHING AFFECTS RECRUITMENT

The inc rease  o f  s tocks  o f  f i sh  as  a  resu l t  o f  compensa t ing  mechan isms caused

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

paper, seems somewhat unreal ist ic. However, some of  the observed concomitant

increases of  stocks and landings might be due to the same mechanisms as appl ied

in  the  p rev ious  computa t ions , such  as  the  inc rease  o f  round f i sh  s tocks  and

land ings  in  the  Nor th  Sea in  the  1960’s  and  1970’s ,  and  the  inc reases  o f  many

h e a v i l y  e x p l o i t e d  p e l a g i c  s t o c k s  a  f e w  y e a r s  p r i o r  t o  t h e  t o t a l  c o l l a p s e  o f  t h e s e

s t o c k s  d u e  t o  e x c e s s i v e  f i s h i n g  ( r e c r u i t m e n t  o v e r f i s h i n g )  o n  s h o a l i n g  s p e c i e s .

The  reasons  fo r  the  “overcompensat ions” were considered to be mainly caused

by two assumpt ions made in the computat ions of  the changes of  b iomass parameters

due to f ishing (Laevastu 1983) : 1 )  t h e  k n i f e - e d g e  r e c r u i t m e n t  t o  e x p l o i t a b l e

s t o c k ,  a n d  2 )  r e c r u i t m e n t  ( a n d  j u v e n i l e  b i o m a s s )  r e m a i n s  c o n s t a n t  w h e n  f i s h i n g

increases . These  assumpt ions  a re  p robab ly  unrea l i s t i c . Thus, new numerical

computa t ions  o f  changes  o f  b iomass  g rowth  ra te  and  spawn ing  s t ress  mor ta l i t y  a t

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

f u l l  r e c r u i t m e n t  t o  f i s h e r y  w e r e  s u b j e c t e d  t o  p a r t i a l  f i s h i n g ,  a n d  t h e  r e c r u i t m e n t

iomass  was  made a  func t ion  o f  f i sh ingf r o m  j u v e n i l e s  t o  e x p l o i t a b l e  b

1983). The new pert inent numer

paper,

i c a l  c o e f f i c i e n t s  a r e  g i v e n  i n  S e c t i o n

Laevastu

5  o f  t h i s
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‘Some o f  the  resu l t s  o f  the  second ser ies  o f  computa t ions  w i th  new,  adjusted

c o e f f i c i e n t s  a r e  s h o w n  i n  F i g u r e s  1 7  a n d  1 8 . T h e s e  t w o ’ f i g u r e s  a r e  d i r e c t l y

comparable to Figures 15 and 16 and to Figures 3 and 4 (the latter presenting

uncompensated biomass dynamics). Cons iderab le  dec rease  in  the  b iomass  o f  po l lock

occur red  w i th  the  new coe f f i c ien ts  when compared  to  p rev ious  computa t ions  w i th

i n i t i a l  c o e f f i c i e n t s  ( F i g u r e  1 7  c o m p a r e d  t o  F i g u r e  1 5 ) ,  w h e r e a s  t h e  d e c r e a s e  o f

ye l lowf in  b iomass  i s  sma l le r  (F igu re  18  compared  to  F igure  16) . I n  t h e  l a t t e r

spec ies , t h e  b i o m a s s  s t i l l  i n c r e a s e s  w i t h  i n c r e a s i n g  f i s h i n g . The main reason

f o r  t h e  d i f f e r e n c e s  i n  t h e  d y n a m i c s  o f  b i o m a s s e s  i n  t h e  t w o  s p e c i e s  i s  t h a t  t h e

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

y e l l o w f i n . I n  t h i s  c o n n e c t i o n  i t  i s  w e l l  k n o w n  f r o m  e m p i r i c a l  o b s e r v a t i o n s  t h a t

s t o c k s  o f  d i f f e r e n t  s p e c i e s  r e s p o n d  d i f f e r e n t l y  t o  c o m p a r a b l e  ( e q u a l )  f i s h i n g

pressure .

T h e  i n f l u e n c e  o f  f i s h i n g  o n  t h e  d y n a m i c s  o f  a  s t o c k  b i o m a s s  i s  a f f e c t e d  i n

abou t  equa l  shares  by  the  change  o f  s tock  g rowth  ra te  -and  by  the  change  o f  to ta l

m o r t a l i t y  v i a  t h e  c h a n g e  o f  r e l a t i v e  c o n t r i b u t i o n  o f  s p a w n i n g  s t r e s s  m o r t a l i t y .

T h e  g r o w t h  r a t e  c h a n g e  o f  t h e  s t o c k  i s  a f f e c t e d  v i a t h e  c h a n g e  o f  b i o m a s s

d i s t r i b u t i o n  w i t h  a g e , w h i c h  a l s o  i n f l u e n c e s  t h e  r e c r u i t m e n t  t o  e x p l o i t a b l e  s t o c k .

The  e f fec ts  o f  the  new (ad jus ted)  g rowth  ra tes  o f  b iomass  on  the  b iomass  dynamics

are  shown in  F igures 19 and 20. These  f i gu res  a re  comparab le  to  F igu res  9  and  10 ,

which were computed w i t h  t h e  f i r s t  s e t  o f  c o e f f i c i e n t s  o f  t h e  e f f e c t s  o f  f i s h i n g .

The correspondi

are shown on Fi

w i t h  f i r s t  s e t

n g  e f f e c t s  o f  n e w  ( a d j u s t e d )  s p a w n i n g  s t r e s s  m o r t a l i t y  c o e f f i c i e n t s

gures 21 and 22, which are comparable to Figures 7 and 8,  computed

o f  c o e f f i c i e n t s  o f  t h e  e f f e c t s  o f  f i s h i n g  w i t h o u t  p a r t i a l  f i s h e r y

o n  p r e f i s h e r y  j u v e n i l e s , and  assuming  cons tan t  rec ru i tment .
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The  matu re  popu la t ion  (spawn ing  b iomass)  re leases  abou t  9  percen t  o f  i t s

biomass as “s e x  p r o d u c t s ” (eggs  and  mi l t )  each  year . F ish ing  changes the  s ize

of the spawning biomass, and  consequen t l y  the  to ta l  amount  o f  “sex products”

released changes also. The biomass decreases by the amount of  “sex products”

wh ich  a re  re leased . Furthermore,. t h e  l a r v a l  r e c r u i t m e n t  i s  a f f e c t e d  b y  t h e

amount  o f  eggs  depos i ted  and  cou ld  a lso  change  the  rec ru i tment  to  exp lo i tab le

p a r t  o f  t h e  b i o m a s s  i n  l a t e r  y e a r s . These  poss ib le  e f fec ts  on  b iomass  dynamics

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

re la t ions  be tween the  spawn ing  b iomass  change due  to  f i sh ing  and  rec ru i tment

o f  t h e  j u v e n i l e s :

where C is a “c h a n g e  f a c t o r ”, b e i n g  a  f u n c t i o n  o f  t h e  q u o t i e n t  b e t w e e n  a c t u a l

e x p l o i t a b l e  b i o m a s s  a s  a f f e c t e d  b y  f i s h i n g  ( E t )  a n d  e x p l o i t a b l e  b i o m a s s  i n  a n

unfished population (Eo). B t  i s  t h e  a c t u a l  b i o m a s s .

The above formulas (10 and 11) should not be considered as expressing

e x p l i c i t l y  a n y  c h a n g e s  o f  r e c r u i t m e n t  p e r  s e , but only biomass change due to

changes  in  sex  p roduc t  re lease .

T h e  r e s u l t s  o f  t h e  c o m p u t a t i o n s  w i t h  t h i s  “c h a n g e  f a c t o r ” a n d  w i t h  t h e  a d j u s t e d

(new)  spawning  s t ress  mor ta l i t y  and  growth  coe f f i c ien ts  a re  shown in  F igures  23

and 24.

t h a t  t h e

not iceab

d i f f e r e n

These  f igu res  a re  d i rec t l y  comparab le  to  F igures  17  and  18 ,  showing

e f f e c t  o f  t h e  a d j u s t m e n t  o n  p o l l o c k  b i o m a s s  i s  s m a l l ,  w h e r e a s  i t  i s

l y  l a r g e r  o n  y e l l o w f i n  b i o m a s s . .  T h e  r e a s o n  f o r  t h i s  s p e c i e s  s p e c i f i c

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

p o l l o c k  t h a n  i n  y e l l o w f i n ,  a n d  c o n s e q u e n t l y , f i s h i n g  c h a n g e s  t h e  q u o t i e n t  ( E t /E o )
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i n  p o l l o c k  c o n s i d e r a b l y  l e s s  t h a n  i n  y e l l o w f i n . T h i s  d i f f e r e n c e  m i g h t  a l s o  b e

i n t e r p r e t e d  a s  a n o t h e r  i n d i c a t i o n  t h a t  i n  c a s e  o f  c o m p a r a b l e  s t o c k  s i z e s ,

p o l l o c k  s t o c k  c a n  b e  f i s h e d  m o r e  h e a v i l y  t h a n  y e l l o w f i n  s t o c k .

T h e  r e s u l t s  o f  t h e  s t u d i e s  i n  t h i s  p a p e r  i n d i c a t e  t h a t  e x p e c t e d  c h a n g e s  i n

b iomasses  due  to  f i sh ing  a re  coun te rac ted  to  a  cons iderab le  degree  by  concomi tan t

changes in biomasses. T h e  c h a n g e  o f  t h e  g r o w t h  r a t e  o f  a  s t o c k  i s  l a r g e l y

i n f l u e n c e d  b y  t h e  c h a n g e  o f  b i o m a s s  d i s t r i b u t i o n  w i t h  a g e . T h e  l a t t e r  i s  a l s o

a f f e c t e d  b y  v a r i a t i o n s  i n  p r e d a t i o n  o n  j u v e n i l e s  ( i n c l u d i n g  c a n n i b a l i s m ) ,  w h i c h

i n  t u r n  w i l l  a f f e c t  t h e  r e c r u i t m e n t  t o  e x p l o i t a b l e  s t o c k . Numerical  experiments-

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

i n  t h e  e n v i r o n m e n t  h a s  r e l a t i v e l y  l i t t l e  i n f l u e n c e  o n  b i o m a s s  d y n a m i c s . However,

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

s e l e c t i v i t y  o f  p r e y  i t e m s .

The  compensa t ion  mechan isms wh ich  coun te rac t  the  e f fec ts  o f  f i sh ing  on  the

s t o c k  w i l l  b e  a f f e c t e d  b y  c h a n g e s  i n  p r e d a t i o n  o f  j u v e n i l e s ;  w h i c h  w i l l  a l s o

a f f e c t  r e c r u i t m e n t  t o  t h e  e x p l o i t a b l e  p a r t  o f  t h e  s t o c k  i n  a  m o r e  c o m p l e x  m a n n e r

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

e f f e c t s  o f  f i s h i n g  a n d  c h a n g e s  i n  s t o c k  b i o m a s s  c a u s e d  b y  i t ,  m u s t  b e  c a r r i e d  

o u t  i n  h o l i s t i c  e c o s y s t e m  s i m u l a t i o n s , such as PROBUB and DYNUMES, which can

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

m o r e  r e a l i s t i c  m a n n e r  t h a n  i s  p o s s i b l e  w i t h  a  s i n g l e  s p e c i e s  a p p r o a c h .

8 . CONCLUSIONS

1. G iven  low to  modera te  f i sh ing  (F  max imum 0 .4 )  the  remova l  o f  the  exp lo i tab le

b i o m a s s  b y  f i s h i n g  i s  c o m p e n s a t e d  f o r  b y  t h e  i n c r e a s e  i n  t h e  g r o w t h  r a t e  o f  t h e

popu la t ion  and  by  the  decrease  o f  spawn ing  s t ress  mor ta l i t y .
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2. T h e  e f f e c t s  o f  f i s h i n g  a n d  t h e i r  c o m p e n s a t i o n  t h r o u g h  t h e  p o p u l a t i o n ,

g rowth  ra te  and  spawn ing  s t ress  mor ta l i t y  changes  vary  cons iderab ly ,  f rom spec ies .

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

a m o u n t s  o f  f i s h i n g  w i t h o u t  d e c r e a s i n g  t h e  t o t a l  b i o m a s s .

3. The numerical  exper iments demonstrate that some relat ion between spawning

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

ne i ther  decreases  nor  leve ls  o f f  a t  h igh  spawn ing  b iomass .

a non

4. E m p i r i c a l  r e s u l t s  s u g g e s t  t h a t  r e c r u i t m e n t  t o  e x p l o i t a b l e  s t o c k  m u s t  b e

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

ions  cannot  be  de te rmined  w i th  a  s ing le  spec ies  approach .r e l a t
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Figure  2 . - - C h a n g e  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  w i t h  t i m e  w i t h  d i f f e r e n t  f i s h i n g  i n t e n s i t i e s  
w h i c h  i n c l u d e  a  c o n s t a n t  c a t c h  r a t e  a n d  s p a w n i n g  s t r e s s  m o r t a l i t y
a r e  u n a f f e c t e d  b y  f i s h i n g .





F i g u r e  4 . - - C h a n g e  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  w i t h  t i m e  w i t h  d i f f e r e n t  b i o m a s s  d e n s i t y  d e p e n d e n t
f i s h i n g  c o e f f i c i e n t s . G r o w t h  r a t e  a n d  s p a w n i n g  s t r e s s  m o r t a l i t i e s  a r e  u n a f f e c t e d
b y  f i s h i n g .



F i g u r e  5 . - - C h a n g e  o f  b i o m a s s  o f  p o l l o c k  a s  i n  F i g u r e  1  e x c e p t  s p a w n i n g  s t r e s s  m o r t a l i t y  - i s  
a f f e c t e d  b y  f i s h i n g .



F i g u r e  6 . - - C h a n g e  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  a s  i n  F i g u r e  2  e x c e p t  s p a w n i n g  s t r e s s  m o r t a l i t y
i s  a f f e c t e d  b y  f i s h i n g .







Figure  9 . - -Changes  o f  b iomass  o f  po l lock  as  in  F igure  1  excep t  g rowth  ra te  o f  b iomass
i s  a f f e c t e d  b y  f i s h i n g .



Figure  10 . - - C h a n g e s  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  a s  i n  F i g u r e  2  e x c e p t  g r o w t h  r a t e  o f
b i o m a s s  i s  a f f e c t e d  b y  f i s h i n g .





Figure  12 . - - C h a n g e s  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  a s  i n  F i g u r e  4  e x c e p t  s p a w n i n g  s t r e s s
m o r t a l i t y  i s  a f f e c t e d  b y  f i s h i n g ,



Figure  13 . - -Changes  o f  b iomass  o f  po l lock  as  in  F igure  1  excep t  bo th  spawn ing  s t ress
m o r t a l i t y  a n d  g r o w t h  r a t e  a r e  a f f e c t e d  b y  f i s h i n g .



Figure  14 , - - C h a n g e s  O f  b i o m a s s  o f  y e l l o w f i n  s o l e  a s  i n  F i g u r e  2  
e x c e p t  b o t h  s p a w n i n g  s t r e s s  m o r t a l i t y  a n d  g r o w t h r a t e
a r e  a f f e c t e d  b y  f i s h i n g ,



Figure  15 . - -Changes  o f  b iomass  o f  po l lock  as  in  F igure  3  excep t  bo th  spawn ing  s t ress
m o r t a l i t y  a n d  g r o w t h  r a t e  a r e  a f f e c t e d  b y  f i s h i n g .



Figure  16 . - -Changes  o f  b iomass  o f  ye l lowf in  so le  as  in  F igure  4  excep t  bo th  spawn ing
s t r e s s  m o r t a l i t y  a n d  g r o w t h  r a t e  a r e  a f f e c t e d  b y  f i s h i n g .



-Figure 17. - - C h a n g e s  o f  b i o m a s s  o f  p o l l o c k  w i t h  t i m e  w i t h  d i f f e r e n t  b i o m a s s  d e n s i t y  d e p e n d e n t
f i s h i n g  c o e f f i c i e n t s . S p a w n i n g  s t r e s s  m o r t a l i t y  a n d  g r o w t h  r a t e  c h a n g e s  t o  f i s h i n g
a r e  a p p l i e d . These  changes  were-computed  in  assuming  a  par t ia l  f i shery  on  year
c l a s s e s  p r i o r t o  f u l l  r e c r u i t m e n t , a n d  j u v e n i l e  b i o m a s s  ( a n d  r e c r u i t m e n t )  i s
f u n c t i o n  o f  f i s h i n g .



F i g u r e  1 8 . - - Changes o f  b i o m a s s  o f  y e l l o w f i n  s o l e  w i t h  t i m e  w i t h  d i f f e r e n t  b i o m a s s  d e n s i t y
d e p e n d e n t  f i s h i n g  c o e f f i c i e n t s . S p a w n i n g  s t r e s s  m o r t a l i t y  a n d  g r o w t h  r a t e
c h a n g e s  t o  f i s h i n g  a r e  a p p l i e d . . These changes were computed in assuming a
p a r t i a l  f i s h e r y  o n  y e a r  c l a s s e s  p r i o r  t o  f u l l  r e c r u i t m e n t ,  a n d  j u v e n i l e
b i o m a s s  ( a n d  r e c r u i t m e n t )  i s  f u n c t i o n  o f  f i s h i n g .





F i g u r e  2 0 . - - Changes  o f  b iomass  o f  ye l lowf in  so le  w i th  t ime when g rowth  ra te  o f
b i o m a s s  i s  a f f e c t e d  b y  f i s h i n g .
o f  f i s h i n g .

J u v e n i l e  b i o m a s s  i s  a l s o  a  f u n c t i o n  





Figure 22 . - - C h a n g e s  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  w i t h  t i m e  w h e n  s p a w n i n g  s t r e s s  m o r t a l i t y
i s  a f f e c t e d  b y  f i s h i n g . J u v e n i l e  b i o m a s s  i s  a l s o  a  f u n c t i o n  o f  f i s h i n g .





F i g u r e  2 4 . - - C h a n g e s  o f  b i o m a s s  o f  y e l l o w f i n  s o l e  w i t h  t i m e  a s  i n  F i g u r e  2 1  ( w i t h
n e w  s e t  o f  b i o m a s s  c o e f f i c i e n t s  w h i c h  a r e  a f f e c t e d  b y  f i s h i n g ) .  I n
a d d i t i o n , s p a w n i n g  b i o m a s s  s i z e  i s  a f f e c t i n g  r e c r u i t m e n t  ( s e e  t e x t ) .
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