
NOAA Technical Memorandum NMFS F/NWC-38

Quantitative Relations Between
Fishing Mortality, 
Spawning Stress Mortality
and
Biomass Growth Rate
(Computed with numerical model FISHMO)

by Taivo Laevastu

January 1983

U.S. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration
National Marine Fisheries Service

Thls TM series is used for documentation and timely communication of preliminary results,
Interim reports, or special purpose information and has not received complete formal

review, editorial control, or detailed editing.



BIBLIOGRAPHIC INFORMATION

PB83-169995

Quantitative Relations between Fishing Mortality, Spawning
Stress Mortality and Biomass Growth Rate (Computed with
Numerical Model FISHMO),

Jan 83

Taivo Laevastu.

PERFORMER: National Marine Fisheries Service, Seattle, WA.
Northwest and Alaska Fisheries Center.
NOAA-TM-NMFS-F/NWC-38

The effects of fishing on a given species biomass have been
quantitatively evaluated. A constant recruitment is assumed
in this study, but the evaluation can be computed on any
known age distribution of exploitable biomass. Fishing
mortality is assumed to be constant with age; however,
spawning stress mortality increases with age. When fishing
(mortality) increases, the spawning stress mortality
decreases relative to total and exploitable biomasses. These
changes are quantitatively shown for two species from the
Bering Sea - walleye pollock, Theragra chalcogramma, and
yellowfin sole, Limanda aspera.

KEYWORDS: *Mortality, *Fisheries, *Fishing.

Available from the National Technical Information Service,
Springfield, Va. 22161

PRICE CODE: PC AO3/MF A01

i 



NOAA Technical Memorandum NMFS F/NWC - 38

QUANTITATIVE RELATIONS BETWEEN

FISHING MORTALITY, SPAWNING STRESS MORTALITY

AND BIOMASS GROWTH RATE

(Computed with numerical model FISHMO)

BY

Taivo Laevastu

Resource Ecology and Fisheries Management Divis ion
Nor thwest  and  A laska  F isher ies  Center

N a t i o n a l  M a r i n e  F i s h e r i e s  S e r v i c e
Nat iona l  Ocean ic  and  A tmospher ic  Admin is t ra t ion

2725 Mont lake Boulevard East
Seatt le,  Washington 98112

January 1983



i i i

ABSTRACT

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

can be  computed  on  any  known age d is t r ibu t ion  o f  exp lo i tab le  b iomass . F ish ing

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

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

( o f t e n  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  w i t h  a g e .

W h e n  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 , the  spawning  s t ress  mor ta l i t y  decreases

r e l a t i v e  t o  t o t a l  a n d  e x p l o i t a b l e  b i o m a s s e s . Inc reased f i sh ing  a lso  causes

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

biomass, assuming  rec ru i tment  rema ins  quas i -cons tan t , As  juven i les  have h igher

i n d i v i d u a l  g r o w t h  r a t e s  t h a n  e x p l o i t e d  y e a r  c l a s s e s , the  g rowth  ra te  o f  the  who le

b iomass  inc reases  when f i sh ing

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  i

t h e r e f o r e , they  vary  f rom spec

shown for two species f rom the

The computat ions of  spawning stress (o r  senescen t )  mor ta l i t y  and  subsequent

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

i x .p o p u l a t i o n  i s  d e s c r i b e d in the Append

increase’s, The above relat ions are dependent on

n  a  g i v e n  p o p u l a t i o n , and  on  the  age  o f  matur i t y ;

e s  t o  s p e c i e s ,  T h e s e  c h a n g e s  a r e  q u a n t i t a t i v e l y

Bering Sea -  w a l l e y e  p o l l o c k , Theragra chalcogramma,

and  ye l lowf in  so le ,  L imanda aspera .
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1 . EFFECT OF FISHING ON THE POPULATION, ITS BIOMASS, AND ITS AGE STRUCTURE

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

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

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

T h e  y o u n g e r  f i s h  h a v e  h i g h e r  g r o w t h  r a t e s  t h a n  o l d e r ,  e x p l o i t a b l e  f i s h  ( s e e  F i g .  1 ) .

Thus ,  the  average g rowth  ra te  o f  the  b iomass  o f  a  g iven  popu la t ion  wou ld  inc rease  as

a  r e s u l t  o f  t h e  “ r e j u v e n a t i o n ”  o f  b i o m a s s  b y  f i s h i n g .

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

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

m o r t a l i t y  i n c r e a s e s  i n  e a c h  y e a r  a b o u t  1 0 %  a b o v e  t h e  m o r t a l i t y  o f  t h e  p r e v i o u s

year (Beverton 1963 ; Laevastu and Larkins 1981). T h i s  m o r t a l i t y  i s  c a l l e d  h e r e

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

a g e - s p e c i f i c  m o r t a l i t y . When inc reased  f i sh ing  removes  o lder  f i sh  wh ich  wou ld

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

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

The above descr ibed dynamical  f ishing dependent changes in a populat ion can

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

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

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

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

w i t h  a g e . In  most  cases  the  magn i tude  (va lue)  o f  th is  mor ta l i t y  i s  unknown and

guessed at. In some cases, where age composi t ion data of  catches from a ‘g iven

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

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

mor ta l i t y  has  usua l l y  been made to  inc rease  w i th  age ,  and  in  some spec ies  to

decrease  aga in  in  the  few o ldes t  year  c lasses .
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Age (years)

Figure 1. Annua l  g rowth  ra tes  ( in  we
of wal leye pol lock.)_,

i g h t

F igure  2 . R e l a t i o n s  b e t w e e n  f r a c t i
a n d  f r a c t i o n  o f  w e i g h t  i
b iomasses of  wal leye pol
y e l l o w f i n  s o l e .

on of numbers
n  e x p l o i t a b l e
lock and
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I t  c a n  b e  a r g u e d  t h a t  a  r e l a t i v e l y  i n t e n s e  f i s h e r y  o n  a  g i v e n  s t o c k  r e m o v e s  a n

e q u a l  f r a c t i o n  o f  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  ( i . e . ,  i s  n o n s e l e c t i v e  i n  r e s p e c t

t o  s i z e / a g e ,  a n d  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e s p e c t i v e  d e n s i t i e s  ( s t r e n g t h s )

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

c l a s s e s  w h i c h  a r e  n o t  f u l l y  r e c r u i t e d  t o  f i s h e r y  ( r e  s i z e  s e l e c t i o n  b y  g e a r ) . ’  T h e

few o ldes t  year  c lasses  in  demersa l  and  semidemersa l  spec ies  (such  as  Pac i f i c  cod ,

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

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

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

o f  numbers  o f  f i sh  f rom each  age  g roup  o f  fu l l y  exp lo i ted  popu la t ion  ( te rmed here

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

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

i l l u s t r a t e d  i n  T a b l e  1  w i t h  d i f f e r e n t  a g e  g r o u p s  o f  w a l l e y e  p o l l o c k ,  T h e r a g r a

chalcogramma, and  ye l lowf in  so le ,  L imanda aspera .  Th is  d i f fe rence  be tween the

f rac t ion  o f  numbers  and  f rac t ion  o f  we igh t  removed  f rom exp lo i tab le  popu la t ion

( F e n
and Few, r e s p e c t i v e l y )  o f  w a l l e y e  p o l l o c k  a n d  y e l l o w f i n  s o l e  is shown in

F igure  2 .  T h e  e f f e c t  o f  f i s h i n g  c a n  a l s o  b e  r e f e r r e d  t o  t o t a l  b i o m a s s  o f  t h e  s p e c i e s

( c o r r e s p o n d i n g  c o e f f i c i e n t  b e i n g F t w ) .  Th is  re la t ion  in  the  two above-ment ioned

spec ies  is  shown in  F igure  3 .

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

Figures 4 and 5. These  two f igures  show the  chang ing  p ropor t ions  o f  juven i les  and

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

2. NUMERICAL COMPUTATIONS OF THE EFFECTS OF FISHING ON THE GROWTH RATE OF

BIOMASS AND ON THE SPAWNING STRESS MORTALITY

The mean g rowth  ra te  ( in  te rms  o f  we igh t )  o f  the biomass of any species can be

computed  i f  we know the  d is t r ibu t ion  o f  b iomass  w i th age and have weight at age

data  a t  hand.  The  g rowth  ra te  computa t ions  a re  ca r r ied  ou t in  a  separa te  numer ica l
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T a b l e  l . - - Re la t i ve  numbers  and  we igh ts  in  kg o f  f i s h  r e m o v e d  b y  f i s h i n g  ( F = O . l )

f rom long- te rm mean  popu la t ions  o f  wa l leye  po l l ock  and  ye l l ow f in  so le .
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F i g u r e  3 .  R e l a t i o n s  b e t w e e n  f r a c t i o n  o f
exploi table numbers removed by
fishery and corresponding fraction
o f  to ta l  b iomass  removed  (wa l leye
p o l l o c k  a n d  y e l l o w f i n  s o l e ) ,

F igure  4 . The percentages of  juven
exp lo i tab le  b iomasses  o f
p o l l o c k  w i t h  d i f f e r e n t  f
i n t e n s i t i e s .

i l e  and
wa l leye

ish ing
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computer programme BIODIS (see Laevastu and Larkins 1981; Laevastu 1979). The mean

b iomass  growth  ra te  changes  when the  d is t r ibu t ion  o f  b iomass  w i th  age is  changed by

f i s h i n g . This change can be numerical ly  computed in a numerical  programme FISHMO

(Laevastu 1982). The  dependence  o f  g rowth  ra te  (g )  on  f i sh ing  mor ta l i t y  was  computed

assuming  kn i fe -edge  cons tan t  rec ru i tment , using long-term mean age composi t ion of

exploi table biomass (al though the computat ions can be made on any known age

compos i t ion)  and  assuming  tha t  the  spawning  s t ress  mor ta l i t y  inc reases  9% per

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

y e a r  c l a s s e s  ( s e e  f u r t h e r  A p p e n d i x ) .

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

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

r a t e s a r e  g i v e n in  F igures  6  and  7  fo r  wa l leye  po l lock  and  ye

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

as such.

f  e x p l o i t a b l e

and monthly growth

l l o w f i n  s o l e .  T h e s e

and must be evaluated

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

d i f f e r e n t  t e r m s  a s  d e s c r i b e d  a b o v e ,  F e n ,  F e w , and F t w)  ,  and corresponding changes

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

F i g u r e s  8  a n d  9  f o r  w a l l e y e  p o l l o c k  a n d  y e l l o w f i n  s o l e ,  r e s p e c t i v e l y . A s  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 , spawning  s t ress  mor ta l i t y  decreases . T h i s  c h a n g e  i s  d i f f e r e n t

in  d i f fe ren t  spec ies  in  te rms o f  b iomass  and  i s  la rge ly  dependent  on  the  g rowth

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

In  numer ica l  b iomass  based  ecosys tem mode ls ,  bo th  f i sh ing  mor ta l i t y  and

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

spec ies . T h e  r e l a t i o n s  b e t w e e n  t h e  m o r t a l i t i e s  e x p r e s s e d  o n  t h i s  b a s i s  a r e

shown in Figure 10. T h i s  f i g u r e  a l s o  d e m o n s t r a t e s  t h a t  t h e s e  r e l a t i o n s  v a r y  f r o m

spec ies  to  spec ies  and consequent ly  they  must  be  de termined fo r  ind iv idua l  spec ies

and popu la t ions .
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F i g u r e  5 . The percen tages  o f  j uven i le  and
e x p l o i t a b l e  B i o m a s s e s  o f  y e l l o w f i n
s o l 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 ,

F igure  6 . Relat ion between monthly growth
r a t e  a n d  f i s h i n g  m o r t a l i t y  ( i n
te rms  o f  numbers  o f  exp lo i tab le
p o p u l a t i o n )  i n  w a l l e y e  p o l l o c k
a n d  y e l l o w f i n  s o l e .
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F igure  7 . Relat ion between monthly growth
r a t e  a n d  f i s h i n g  m o r t a l i t y  ( i n
t e r m s  o f  w e i g h t  o f  t o t a l  b i o m a s s )
i n  w a l l e y e  p o l l o c k  a n d  y e l l o w f i n
s o l e .

F i g u r e  8 . R e l a t i o n  b e t w e e n  f i s h i n g  m o r t a l i t y
(expressed as  F e n ,  F t w ,  and Few )
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  ( l n
%  o f  e x p l o i t a b l e  b i o m a s s )  i n  w a l l e y e
p o l l o c k ) ,
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Figure  9 . R e l a t i o n  b e t w e e n  f i s h i n g  m o r t a l i t y
(expressed as  F e n ,  F t w ,  and  F e w )
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  ( i n  %
o f  e x p l o i t a b l e  b i o m a s s )  i n  y e l l o w f i n
s o l e .

F igure  10 . R e l a t i o n  b e t w e e n  f i s h i n g  m o r t a l i t y
( e x p r e s s e d  o n  t h e  b a s i s  o f  t o t a l
biomass - F t w )  and spawning  s t ress
m o r t a l i t y  o f  t o t a l  b i o m a s s  (  M S )  i n
w a l l e y e  p o l l o c k  a n d  y e l l o w f i n  s o l e .
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3 . SOME POSSIBLE EFFECTS OF FISHING ON RECRUITMENT, AND CONSEQUENT CHANGES IN

GROWTH RATE AND IN BIOMASS AGE STRUCTURE

The numer ica l  resu l t s  o f  g rowth  ra te  and  spawn ing  s t ress  mor ta l i t y  changes  due  to

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

biomass based Schaefer type model to invest i

(Laevastu and Marasco 1983). These s tud ies

w e r e  a p p l i e d  i n  a  s i n g l e  s p e c i e s ,

ga te  the  b iomass  dynamics  w i th  t ime

showed tha t  the  changes  o f  g rowth  ra te

and spawn ing  s t ress  mor ta l i t y  “overcompensated” t h e  r e m o v a l  o f  b i o m a s s  o f  f i s h i n g ;

i . e . , t h e  b i o m a s s  i n c r e a s e d  w i t h  i n c r e a s e d  f i s h i n g . Two poss ib le  causes  fo r  th is

“overcompensat ion” m i g h t  a r i s e  f r o m  s i m p l i f i c a t i o n s  i n  t h e  m o d e l ,  d e s c r i b e d  i n  a

prev ious  chapter : a )  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  b i o m a s s  i s  n o t  f u l l y

realistic, as one- o r  t w o - y e a r  c l a s s e s  y o u n g e r  t h a n  t h e  f i r s t  f u l l y  r e c r u i t e d  y e a r

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

consequent ly  the  g rowth  ra te  and  spawn ing  s t ress  mor ta l i t y  ra te ;  and  b )  when the

b iomass  o f  spawners  decreases  due to  f i sh ing , t h e  l a r v a l  a n d  j u v e n i l e  r e c r u i t m e n t

could decrease. Consequent ly the juveni le biomass would decrease, which would

have two e f fec ts : t h e  g r o w t h  r a t e  i n c r e a s e  d u e  t o  f i s h i n g  w o u l d  b e  l e s s  t h a n  w i t h

c o n s t a n t  j u v e n i l e  b i o m a s s , and  the  rec ru i tment  to  exp lo i tab le  b iomass  wou ld  be

decreased .

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

a s s u m i n g  t h a t  4 2 %  o f  t h e  y e a r  c l a s s  p r i o r  t o  t h e  f u l l  r e c r u i t m e n t  w a s  s u b j e c t  t o

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

m o r t a l i t y  i n  t h e  p r e v i o u s  y e a r  c l a s s . Any other scheme, based on actual ly observed

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

be  in t roduced  in  the  mode l . However, a  w e l l  d e f i n e d  g e n e r a l  c a s e  s e r v e s  b e t t e r

fo r  inves t iga t ion  and  demonst ra t ion  o f  the  changes  in  b iomass  parameters  caused

b y  f i s h i n g .
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The  de f in i t i ons  o f  the  mode l  cond i t ions  and  the  consequent  computa t ions  o f

the parameters descr ibed above included assumptions which were based on simple

and known cond i t ions . However ,  hypo theses  must  be  es tab l i shed fo r  s imu la t ion

o f  t h e  e f f e c t s  o f  f i s h i n g  o n  r e c r u i t m e n t  a n d  o n  c h a n g e  o f  j u v en i le  b iomass . The

hypotheses  in  th is  mode l  mus t  be  l im i ted  by  the  mode l  res t ra i n t  - -  i . e . ,  w h a t  c a n

be  computed  w i th  the  paramete rs  ava i lab le  in  the  mode l .  One o f  t h e  f a c t o r s

a f f e c t i n g  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  t h e  v a r i a t on  o f  p reda t ion  on

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

such as DYNUMES. In  the  p resen t  mode l  i t  was  assumed tha t  the  juven i le  b iomass

d e c r e a s e s  i n  d i r e c t  r e l a t i o n  t o  t h e  q u o t i e n t  o f  t o t a l  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 )  d i v i d e d  b y  u n f i s h e d  t o t a l  b i o m a s s  ( B t / B e ) .  T h i s  c o m p u t a t i o n  u t i l i z e s  a n

iterative procedure.

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

c lass  and  w i th  juven i le  b iomass  ad jus tments  to  dep ic t  rec ru i tment  changes are  g iven

in Tables 2 and 3,  Columns B. The  cor respond ing  va lues  w i th  the  “unad jus ted”  mode l

are given in Columns A for comparison.

The  percen t  adu l t s  i s  h igher  in  the  ad jus ted  mode l  because  o f  the  decrease  o f

juven i le  b iomasses . 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 , w h i c h  r e f e r  t o  t o t a l  b i o m a s s ,  a r e

a l s o  c o r r e s p o n d i n g l y  h i g h e r . The  g rowth  ra tes  have  decreased  in  “ad jus ted”  mode l .

T h e  g r o w t h  r a t e  d e c r e a s e  i s  d i f f e r e n t  i n  t h e  t w o  s p e c i e s  - -  t h e  g r o w t h  r a t e  d e c r e a s e d

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

s m a l l e r  t h a n  i n  t h e  y e l l o w f i n .

The computed changes in the biomass parameters and rates of  processes in the

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

demonstrate t h e  n e c e s s i t y  o f  u s i n g  s p e c i e s - s p e c i f i c  d a t a  i n  a n y  f i s h e r i e s

popu la t ion  dynamics  computa t ions .
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T o  i n v e s t i g a t e  f u r t h e r  t h e  d y n a m i c s  o f  t h e  b i o m a s s  d u e  t o  f i s h i n g ,  t h e

f ishing dependent parameters and rates must be used in an ecosystem model such

as DYNUMES or in a single species model, such as descr ibed by Laevastu and

Marasco (1983) .



Table 2. M o n t h l y  g r o w t h  r a t e s ,  p e r c e n t a g e s  o f  a d u l t s , 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  i n  p o l l o c k  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 ; A  w i t h  k n i f e ’ - e d g e  r e c r u i t m e n t  a n d  c o n s t a n t  j u v e n i l e  b i o m a s s ,  a n d  B  w i t h  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  a n d  w i t h  j u v e n i l e  b i o m a s s  a d j u s t e d  t o  d e p i c t  s o m e  c h a n g e s  i n  r e c r u i t m e n t .

F g  (mon th ly ) P e r c e n t  a d u l 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 B A B A B

0 4 . 1 4 . 1 7 0 . 0 7 0 . 0 25.4 24.5

0.1 4 . 7 4 . 4 6 3 . 1 6 7 . 5 2 0 . 3 2 0 . 8

0.2 5 . 3 4 . 8 5 6 . 4 6 4 . 6 16.2 1 7 . 6

0 . 3 5 . 8 5 . 1 5 0 . 1 6 1 . 3 12.9 1 4 . 8

0 . 4 6 . 3 5 . 4 4 4 . 5 5 7 . 7 1 0 . 3 1 2 . 4  

A - K n i f e - e d g e  r e c r u i t m e n t  t o  f i s h e r y ; j u v e n i l e  b i o m a s s  c o n s t a n t  ( “ c o n s t a n t  r e c r u i t m e n t ” )

B -  4 2 %  o f  y e a r  c l a s s  p r i o r  t o  f u l l  r e c r u i t m e n t  s u b j e c t e d  t o  f i s h e r y ; j u v e n i l e  b i o m a s s  d e c r e a s e d  b y  B t /B e  ( s e e  t e x t ) ,

F  -  F i s h i n g  m o r t a l i t y  ( o n  t h e  b a s e s  o f  n u m b e r s  o f  f i s h )

g - Growth  ra te  o f  b iomass  ( in  percen t  per  month ) .

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



T a b l e  3 . Month 1 y growth rates, p e r c e n t a g e s  o f  a d u l t s  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  i n  y e l l o w f i n  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 ;  A  w i t h  k n i f e - e d g e  r e c r u i t m e n t  a n d  c o n s t a n t  j u v e n i l e  b i o m a s s ,  a n d  B  w i t h  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  a n d  w i t h  j u v e n i l e  b i o m a s s  a d j u s t e d  t o  d e p i c t  s o m e  c h a n g e s  i n

r e c r u i t m e n t .

g  (mon th ly ) P e r c e n t  a d u l t s
A B A B

4 . 4 4 . 4 4 5 . 0 4 5 . 0

Spawning stress mortal  i  ty
A B

12.3 1 1 . 8

0.1 4 . 9 4 . 7 3 7 . 3 4 0 . 0 8 . 4 8 . 4

0 . 2 5 . 3 5 . 0 3 1 . 0 3 5 . 1 5 . 6 5 . 9

0: 3 5 . 5 5 . 3 2 6 . 0 3 0 . 5 3 . 7 4 . 0 2
I

0 . 4 5 . 8 5 . 5 2 2 . 0 2 6 . 4 2 . 4 2 . 7

A  -  K n i f e - e d g e  r e c r u i t m e n t  t o  f i s h e r y ; j u v e n i l e  b i o m a s s  c o n s t a n t  ( “ c o n s t a n t  r e c r u i t m e n t ” )

B - 4 2 %  o f  y e a r  c l a s s  p r i o r  t o  f u l l  r e c r u i t m e n t  s u b j e c t e d  t o  f i s h e r y ; j u v e n i l e  b i o m a s s  d e c r e a s e d  b y  B t /B e  ( s e e  t e x t )

F - F i s h i n g  m o r t a l i t y  ( o n  t h e  b a s e s  o f  n u m b e r s  o f  f i s h )

g  -  Growth  ra te  o f  b iomass  ( in  percen t  per .  month )

S p a w n i n g  s t r e s s  ( o r  s e n e s c e n t )  m o r t a l i t y  g i v e n i n  p e r c e n t  o f  t o t a l  b i o m a s s
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APPENDIX

COMPUTATION OF SPAWNING STRESS (OR SENESCENT) MORTALITY, AND SUBSEQUENT

DERIVATION OF LONG-TERM MEAN AGE COMPOSITION OF FULLY EXPLOITED PORTION

OF   POPULATION

Some comments  by  the  rev iewers  o f  th is  paper  ind ica ted  tha t  the  concepts  o f

spawn ing  s t ress  mor ta l i t y  and  long- te rm mean age  s t ruc tu re  o f  the  exp lo i tab le

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

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

commonly, t h e  “ n a t u r a l  m o r t a l i t y ” i s  assumed to  be  cons tan t  whereas  f i sh ing

m o r t a l i t y  i s  a s s u m e d  t o  b e  a g e  s p e c i f i c . I n  t h i s  p a p e r , the  reverse  is  assumed.

These above-ment ioned concepts  a re  c la r i f ied  in  th is  append ix .

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

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

e a c h  y e a r  c l a s s  ( i . e . , i t  i s  n o t  a g e  ( s i z e )  s p e c i f i c ) . Obv ious ly , t h e  l o w e r  s i z e

l imits depend on mesh size used, a n d  t h u s  a f f e c t  y e a r  c l a s s e s  w h i c h  a r e  n o t

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

somewhat  s ize  se lec t i ve , such  as  a  f i shery  on  spawning  concent ra t ions  on ly ,  and

on f i sh  spec ies  where  there  i s  a  p ronounced segrega t ion  o f  age  (s ize )  g roups

w i t h  d e p t h . I n  s o m e  s p e c i e s  ( e . g . ,  c o d )  o l d , la rge  ind iv idua ls  a re  assumed

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

degree  than  younger  f i sh . T h i s  c o n d i t i o n  h a s  n e v e r  b e e n  q u a n t i f i e d . Furthermore,

the  amount  o f  b iomass  (and  numbers )  in  these  o ld  year  c lasses  i s  low and  the

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

However, in  some spec ies  wh ich  a re  p redominant ly  caught  w i th  s ize-se lec t i ve

g e a r  ( g i l l  n e t s ,  l o n g  l i n e s ) , t h e  f i s h i n g  m o r t a l i t y  i s  a g e  s p e c i f i c .
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The  spawn ing  s t ress  mor ta l i t y  can  be  de te rmined  f rom the  long- te rm age

c o m p o s i t i o n  o f  a  s t o c k . To  ob ta in  a long- te rm age  compos i t ion ,  the  observed

y e a r  c l a s s  s t r e n g t h s  d u r i n g  a t  l e a s t 10 years ( g r e a t e r  n u m b e r  o f  y e a r s  f o r

spec ies  wh ich  have great  var ia t ions i n  y e a r  c lass strength) are summarized and

normal ized. Furthermore, we need data on the a g e  ( s i z e )  o f  m a t u r a t i o n  ( i . e . ,

at  which age 50 and 80% of the stock is sexual l y  m a t u r e ) .

The  fea tu res  wh ich  appear  in  long- te rm mean age  compos i t i on  o f  the  popu la t ion

are  schemat ica l l y  shown in  F igure  11 . F i r s t  w e  s h o u l d  e l i m i n a t e  p a r t i a 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  f i r s t  y e a r  c l a s s  s e l e c t e d  a s  f u l l y  r e c r u i t e d  c a n

be at  t imes ambiguous, and minor adjustments might  be needed. In  these spec ies

where  the  matu ra t ion  ( to  ca  80% o f  the  popu la t ion  as  de te rmined  f rom cor respond ing

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

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

be est imated. Be fo re  matu ra t ion , t o t a l  m o r t a l i t y  i s  m a i n l y  d u e  t o  f i s h i n g  ( t h e

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

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

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

a u t h o r , a l though  some o ther  au thors  (e .g . , Bever ton  1963)  have  ca l led  i t

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

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

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

m o r t a l i t y . Once  h igh  age  c lasses  a re  reached ,  the  mor ta l i t y  (measured  as

percentage change  in  numbers )  w i l l  appear  to  dec rease . T h i s  i s  d u e  t o  t h e

“ ta i l  end”  wh ich  i s  a  consequence o f  some s t rong year  c lasses  wh ich  have ex is ted .

dur ing  the  per iod  used  in  summat ion  o f  the  da ta . As  in  th is  reg ion  the  summat ion

is  bounded by  zero  (no  negat i ve  year  c lasses  poss ib le ) ;  the  norma l i zed  mean in

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

y e a r  c l a s s  d a t a .
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Figure 11. Schematic presentation of the derivation of

long- te rm mean age  f requency  d is t r ibu t ion .



The

s o l e ,  f

F igure

r a t e  o f

long- te rm mean year  c lass  s t reng ths  (no rma l i zed  to  100%)  o f  ye l lowf in

a thead  so le ,  po l lock ,  and  her r ing  f rom the  Ber ing  Sea  a re  shown in

2 (data f rom Niggol  1982). These  da ta  a l l ow the  computa t ion  o f  the

c h a n g e  o f  m o r t a l i t y  w i t h  r e f e r e n c e  t o  p r e v i o u s  y e a r  c l a s s  s t r e n g t h ,
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w h i c h  i s  g r a p h i c a l l y  g i v e n  i n  F i g u r e  1 3 . From the age where the stock is known

to  have  reached 80% matur i t y ,  a  dashed l ine  i s  d rawn,  re

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

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

m a t u r a t i o n . T h e  d i f f e r e n c e  i n  t h e  p o s i t i o n  o f  t h e  1 0 %

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

present ing 10% increase

f o u r  s p e c i e s  r e l a t i v e l y

r s t  f i v e  y e a r s  a f t e r  t h e

Increase  t rend  l ine

caused by incomplete

da ta  on  matu ra t ion . I f  t h e  m a t u r a t i o n  o c c u r s  o n e  y e a r  e a r l i e r  ( a g e  8 ) ,  a

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

t o  t h e  p r e v i o u s l y  m e n t i o n e d  “ t a i l  e n d ” in long-term mean age composi t ion,  caused

by  some s t rong  year  c lasses  wh ich  have  occur red  dur ing  the  per iod  o f  the  da ta

used in the summation.

The mean rate of  increase of  the spawn

species i n  F i g u r e  1 3  i s  s l i g h t l y  l e s s  t h a n

ing  s t ress  mor ta l i t y  i n  t h e  f o u r

10% per year dur i n g  t h e  f i r s t  f i v e

y e a r s  a f t e r  m a t u r a t i o n . On the other hand, Beverton (1963) found  an  inc rease  o f

s e n e s c e n t  m o r t a l i t y  s l i g h t l y  o v e r  9 %  p e r  y e a r ,  u s i n g  a  d i f f e r e n t  a p p r o a c h .  I n

the  present  s tudy  a  9% per  year  inc rease o f  spawning  s t ress  mor ta l i t y  was  used.

(Th is  lower  va lue  a lso  compensates  fo r  the  va lues  wh ich  a re  caused by  the  “ ta i l

end” . )
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F i g u r e  1 3 . P e r c e n t  o f  m o r t a l i t y  ( i n  n u m b e r s )  f r o m  p r e v i o u s  y e a r  c l a s s  f o r  f o u r

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

Bering Sea. Dashed l ine  p resen ts  10% o f  annua l  inc rease  in

m o r t a l i t y  f r o m  t h e  a g e  w h e n  8 0 %  o f  t h e  p o p u l a t i o n  i s  s e x u a l l y  m a t u r e .

M - p r e s e n t s  5 0 %  ( s t a r t  o f  t h e  l i n e )  a n d  8 0 %  ( e n d  o f  t h e  l i n e )  m a t u r i t y

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

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

y e a r , we could

l a s s  w a s  f i r s t

were known. Furthermore, us ing  age compos i t ion  da ta  fo r  a  g iven

compute back to what any year c lass strength was when the year c

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

However, spawn ing  s t ress  mor ta l i t y  ra te  cannot  be  cons idered

.

u n i v e r s a l l y

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

i n  s o m e  p e l a g i c  f i s h  ( e . g . ,  a n c h o v y ) . I t  m igh t  a lso  vary  in  the  same spec ies

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

f u n c t i o n  o f  s i z e  i n  m a n y  s p e c i e s .
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