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ABSTRACT 

A y ie ld-per-recrui t  model i s  developed f o r  the Alaska t r o l l  chinook salmon 
f ishery,  incorporating hooking mortal i t y ,  f i shing mortal i t y  growth, natural 
mortal i ty,  and maturation ra te .  The yield-per-recruit  model provides a con- 
ceptual framework f o r  evaluating the e f f ec t s  of s i z e  l im i t s ,  gear r e s t r i c t i ons ,  
and time-area closures.  Landed value per r ec ru i t  i s  a l so  calculated using a 
price function which tracks ex-vessel prices through the  f ishing season. 
Growth i s  allowed t o  vary depending on the age of maturity. Natural mortal i ty 
i s  specified as  an inverse function of f i s h  age. A s i z e  re la ted  hooking mor- 
t a l i t y  function i s  constructed based upon mortal i ty observed under t r o l l i n g  
conditions. A re la t ionship  between hook s i ze  and mouth s i ze  i s  hypothesized 
to  explain the observed increase in hooking mortal i ty w i t h  f i s h  length. Fishing 
mortal i ty i s  estimated from an analysis  of micro-wire tag recovery data. Results 
of the  model a r e  presented a s  response surfaces of y ie ld  w i t h  respect  t o  s i z e  and 
f ishing mortal i t y .  Adding hooking mortal i ty  t o  a yield-per-recruit  model causes 
the yie ld  response surface t o  decline with increasing f ishing mortal i ty so t h a t  
a global maximum appears on the surface. Response surfaces of y ie ld  w i t h  respect  
to  s i z e  l im i t  and hooking mortal i ty a r e  a l so  presented. The model demonstrates 
t ha t  the  optimum s i ze  l im i t  i s  a continuous increasing function of f i sh ing  mor- 
t a l i t y  r a t e  and i s  a continuous decreasing function of hooking mortal i ty.  Based 
on the most 1 ikely estimates of f i sh ing  and hooking mor ta l i t i e s ,  a s i z e  1 imit of 
24.0 inches would maximize yie ld  i n  weight of chinook salmon i n  the Alaska t r o l l  
f i shery and a s i ze  l im i t  of 26.5 inches would maximize the landed value of the 
catch. Gear r e s t r i c t i ons  to  reduce hooking mortal i ty had a negative impact on 
yie ld  i n  a l l  cases investigated since the  decrease in CPUE associated with the  
gear r e s t r i c t i on  outweighed the advantages of reduced hooking mortal i ty.  Time- 
area closures i n  high-density shaker areas  would probably increase yie ld  from 
the f ishery by only 2% t o  7%. These r e l a t i ve ly  minor increases in y ie ld  must 
be balanced against  the  negative socio-economic impacts of the  time-area closures. 
The most serious shortcoming of the current  configuration of the  model i s  the  
assumption t ha t  f i shing mortal i ty i s  independent of maturity stage. More pre- 
c i s e  est imates of f i sh ing  mortal i ty r a t e s  by maturity group and age would allow 
more precise estimation of optimum s i ze  l im i t s  from the  model. 

Key words: y ie l  d-per-recrui t model , computer simulation, hooking mortal i t y  , 
chinook salmon, Alaska t r o l l  f i shery , shaker mortal i t y ,  eumetric 
y i e ld ,  landed value-per-recruit,  gear r e s t r i c t i ons ,  time-area c lo-  
sures ,  optimization, s i z e  1 imit .  



INTRODUCTION 

For most f i sh  populations, there i s  a minimum size of harvest which will maximize 
the yield in weight from a given number of recrui ts  a t  a given rate  of fishing 
mortality. Recruits are members of the population present in the fishing area 
and susceptible to  the fishing gear used. The minimum s ize of harvest giving 
th i s  maximal or "eumetric" yield (Beverton and Hol t 1957) depends on the rela- 
tionships among the rates  of fishing mortality, natural mortality, pre-recruit 
fishing mortal i ty , and growth. 

Current regulations for  the Southeastern Alaska commercial t ro l l  fishery specify 
a 28-inch minimum size fo r  chinook salmon. However, minimum size res t r ic t ions  
i n  t ro l l  salmon f i sher ies  are only par t ia l ly  effective because significant mor- 
tal i t y  resul ts  from the capture and release process. Reasonable estimates of 
mortal i t y  fo r  released chinook salmon range from 15% to 45% (Wright 1970), 
although Ricker (1976) suggests 50% as  a conservative estimate and rates  a s  
high as 77% (Parker and Black 1959) have been recorded. Previous studies of 
yield per recrui t  in t r o l l  chinook f i sher ies  (Parker 1960; Parks 1975) have sug- 
gested that  losses in yield t o  the fishery from hooking mortality on sublegal 
f ish may exceed the gains in yield resulting from growth and capture a t  older 
ages. In f a c t ,  Parker (1960) recommended tha t  time and area res t r ic t ions  be 
explored as  an a1 ternative means of increasing yiel  d per recrui t .  

Previous yield-per-recruit models did not simultaneously consider changes in 
natural mortality with age, the different ial  growth rates  of different  maturity 
groups of chinook salmon, and possible variation in hooking mortality with f i sh  
size.  Realistic modeling of chinook salmon l i f e  history should consider these 
variables since any of them could have a substantial impact on the form of the 
eumetric fishing curve. In t h i s  study, a yield-per-recruit model which includes 
these variables i s  developed. In addition, the value of the yield per recru i t  
to  the fishermen, i s  considered, using recent ex-vessel prices, a t  different  
combinations of fishing mortality and s ize l imits .  

The effectiveness of s ize l imits  might be increased by requiring the use of t r o l l -  
ing gear which reduces the mortality of sublegal f i s h ,  termed "shakers", which 
are hooked and released. The advantages of using gear res t r ic t ions  to  reduce 
hooking mortality a re  quantified in th i s  study in terms of increased yield using 
the yiel  d-per-recrui t model . 
Fol 1 owing Parker's (1 960) i n i t i a l  recommendation, closures of suspected high 
shaker-density areas were proposed in the in i t i a l  draf ts  of the Southeastern 
Alaska t r o l l  f ishery management plan. The proposed cl osures were rejected on 
the basis of detrimental socio-economic impacts and undesirable effects  of fishing- 
e f fo r t  s h i f t s  out of the closed areas. While certain fishing areas do have signi- 
f icant ly higher shaker catch rates  (Funk 1981 ; Fried 1977), the potential benefits 
resulting from the closure of these areas have not been quantified in terms of 
increased yield or value to the fishery. The derived yield-per-recruit model i s  
used to  estimate the benefits resulting from several time-area c1 osure schemes. 



REVIEW OF PREVIOUS CHINOOK SALMON YIELD-PER-RECRUIT MODELS 

The e a r l i e s t  q u a n t i t a t i v e  reference t o  the in f luence o f  hooking m o r t a l i t y  on 
y i e l d  i n  t r o l l  chinook f i s h e r i e s  r e s u l t e d  f rom a  tagging study performed by 
Mi lne and B a l l  (1956). While no formal model o f  y i e l d  was employed, they 
stated: 

I n  re leas ing  e i t h e r  small coho salmon p r i o r  t o  an opening date o r  
small spr ing  salmon below a  minimum s i z e  1  i m i t ,  a  m o r t a l i t y  o f  one- 
h a l f  would appear t o  be o f f s e t  on ly  i f  the  surv ivors  double t h e i r  
weight; bu t  even then no ga in  i n  n e t  product ion could r e s u l t  s ince 
on ly  a  p o r t i o n  of the  f i s h  cou ld  be recaptured. Because o f  t h i s  h igh  
m o r t a l i t y ,  any r e g u l a t i o n  r e q u i r i n g  the  re lease o f  small t r o l l - c a u g h t  
salmon does n o t  appear t o  be a  promising conservat ion measure. 

Parker (1960) was the  f i r s t  t o  apply a  form o f  y i e l d - p e r - r e c r u i t  model t o  
chinook salmon. His model examines the r e l a t i o n s h i p  o f  chinook salmon growth 
and m o r t a l i t y  ra tes .  He computed the  na tura l  m o r t a l i t y  r a t e  f rom an ocean 
tagging experiment (Parker and Kirkness 1956). An unusual growth model was 
u t i l i z e d  i n  which growth r a t e  was a  f u n c t i o n  o f  f i s h  l eng th  ins tead of age. 
Parker compared the r e l a t i v e  growth r a t e s  o f  each m a t u r i t y  group w i t h  the na t -  
u ra l  m o r t a l i t y  ra te .  However, he lacked est imates o f  the  propor t ions  of a  
given year c lass  dest ined t o  be mature a t  each age and the re fo re  could n o t  ob ta in  
a  combined est imate of y i e l d  from a l l  m a t u r i t y  groups. Parker 's  model employed 
h igh  est imates of hooking m o r t a l i t y ,  w i t h  20% from i m e d i a t e  physical  damage 
fo l l owed  by 71% delayed m o r t a l i t y  from fa t i gue .  The r e s u l t s  o f  Parker 's  model 
demonstrated a  negat ive e f f e c t  o f  s i z e  l i m i t s  on y i e l d  f o r  s i z e  l i m i t s  g rea ter  
than 22.5 inches, and suggested a  probable negat ive e f f e c t  down t o  s i z e  1  i m i t s  
as small as 15 inches. 

Henry (1972) est imated the  parameters o f  a  von Ber ta lan f f y  growth model f o r  f a l l  
chinook releases from two Columbia R iver  hatcher ies.  The r e s u l t i n g  growth models 
were combined w i t h  ranges of na tu ra l  m o r t a l i t y  est imates t o  c a l c u l a t e  t o t a l  y i e l d  
from each re lease a t  vary ing  ra tes  o f  f i s h i n g  m o r t a l i t y  f o r  f i s h  aged 3, 4, and 
5 .  Matur i  ty-group propor t ions  were n o t  considered f i x e d  a t  re lease time. While 
the e f fec t  o f  vary ing  the f i s h i n g  m o r t a l i t y  of age-3 f i s h  was examined, the 
e f fec t  of e x p l i c i t l y  vary ing  s i z e  l i m i t s  was not .  Ocean f i s h i n g  a t  ages 3 and 
4 tended t o  decrease the t o t a l  y i e l d  a t  reasonable l e v e l s  o f  na tu ra l  m o r t a l i t y .  

Parks (1975) inc luded an eva lua t ion  of s i z e  1  i m i t s  i n  a  systems model of the 
Washington coasta l  t r o l l  , sport ,  and n e t  f i s h e r i e s .  H is  model incorporated 
age-specif  i c  f i s h i n g  morta l  i t y  ra tes  and d i s c r e t e  l e v e l  s  o f  hooking morta l  i t y  
f o r  each age. Hooking mortal  i t y  was h igh  f o r  small f i s h  (80% f o r  age 1  ) and 
low f o r  l a r g e  f i s h  (10% fo r  age 5). Natura l  m o r t a l i t y  was considered n o t  t o  
be age-spec i f i c  because est imates were n o t  ava i l ab le .  Growth was est imated by 
i n t e r p o l a t i o n  i n  a  t a b l e  of average weights-at-age. Matur i ty -group-spec i f i c  
f unc t i ons  were no t  used. Both catch i n  numbers and landed value o f  the ca tch  
remained constant  w i t h  s i z e  l i m i t s  up t o  22 inches and decreased markedly w i t h  
l a r g e r  s i z e  l i m i t s .  The model's r e s u l t s  were r e l a t i v e l y  i n s e n s i t i v e  t o  changes 
i n  t he  r e l a t i o n s h i p  between hooking m o r t a l i t y  and age. 



Parker (1959) identified the need for  determining the relat ive abundance of 
maturity groups i n  the immature population before the effects  of various s ize 
1 imits could be properly evaluated. O'Connor's (1977) model provided the f i r s t  
available estimates of such maturity group proportions a t  an early l i f e  history 
stage. Using such estimates of maturi ty-group proportions, a yiel  d-per-recrui t 
model can be constructed to  evaluate the combined gains and losses i n  yield a t  
a l l  ages of each maturity group of an out-migrating year c lass  which resu l t  
from various management strategies.  

METHODS 

Structure of the Chinook Salmon Yield-Per-Recruit Model 

Yield-per-recruit models are  customarily derived from a different ial  equation 
describing the ra te  of accumulation of yield from a single year c lass  of recrui ts .  
The ra te  of yield accumulation i s  defined as  the product of an instantaneous 
rate of fishing mortality, a model of population s ize,  and a model of average 
weight a t  age: 

where: Y = yield from fishery 

t = age 

F = instantaneous fishing mortality rate  

N = survival model g i v i n g  the number of f i sh  i n  the population 
of age t 

w = growth model describing average weight a t  age t 

The differential  equation i s  integrated to  express the yield accumulated over 
the l ifespan of the single year c lass  of recrui ts  : 

where: t = a g e  of entry into the fishery 
P ' 

t x  = maximum age 

I t  i s  frequently impossible t o  obtain a closed algebraic solution to  the differ-  
ent ia l  equation because of the complexity of ~ ( t )  or w ( t )  . In these cases the 
integral must be approximated numerically. Ricker (1 975) and Paul i k and Bay1 i f f  
(1 967) describe some methodologies fo r  the numerical approximation. Yield i s  



usually expressed as yield relat ive to  an arbi t rary i n i t i a l  number of recrui ts  
to  the fishery, hence the term "yield per recrui t" .  In the classical models of 
yield per recrui t  (e.g., Beverton and Holt 1957), equilibrium conditions are 
assumed to ex is t  in the fishery so that  the yield accumulated over the 1 ifespan 
of one year c lass  of recrui ts  i s  equal to  the annual yield from a l l  age classes 
of the population. Equilibrium conditions resu l t  i f  f ishing mortality, natural 
mortality, and recruitment have been constant for  a duration of a t  l eas t  one 
fishable lifespan, so that  a s table  age distribution has been reached. Yield 
per recru i t  i s  customarily examined over a range of age-at-entry and fishing- 
mortality levels.  The resulting response surface i s  then analyzed to  determine 
optimum management strategies.  

Since chinook salmon have a relat ively fixed l i f e  history cycle, i t  i s  of inter-  
e s t  to merely compute the yield from a single year c lass  over i t s  en t i re  l i f e  
history, avoiding the assumptions necessary to  model annual yield from a l l  age 
classes. In th is  manner the "year c lass"  can be viewed as a group of f i sh  
released from a hatchery or a group of wild-stock out-migrants from a particular 
r iver  system. Most current tagging experiments usually provide growth, maturity, 
and mortality parameter estimates pertaining to  such year c lass  groups. The man- 
agement objective, i n  terms of the yield-per-recruit model, i s  to  choose a s ize 
l imit  which maximizes the yield in weight from a year c lass  group of out-migrants. 
Yield-per-recruit models cannot be used to  define an optimum fishing mortality 
ra te  because the effects  of overharvest or underharvest on future recruitment are  
ignored . 
Since ex-vessel prices paid for  chinook salmon are  a function of f i sh  s ize,  and 
hence age, i t  i s  of in te res t  t o  examine the landed value of the yield over a 
range of ages-at-entry : 

where v = value i n  dollars of the yield-per-recruit, and 

P = ex-vessel price per pound of a f i sh  of age t 

Several features of chinook salmon l i f e  history complicate the development of 
traditional yield-per-recruit models. Chinook salmon mature and leave the ocean 
to  spawn a t  ages 2 through 5 .  The proportions maturing a t  ages 2 and 6 a re  
extremely small and are  ignored i n  the present model. Life history events for  
maturity groups 3, 4, and 5 a re  depicted for  a typical f a l l  chinook hatchery stock 
in Figure 1. Spawning occurs in the f a l l ,  and f r y  are  released the following 
spring. Age i s  measured from a release date of June 15 i n  the present model. 
Elay 15 to  September 20 fishing-season dates a re  also shown. Fish are  assumed 
not to encounter fishing gear d u r i n g  the summer imnediately a f t e r  release. 
Maturity-group-3 f i s h  a r e  susceptible to  encounters with fishing gear fo r  two 
fishing season; maturity-group-4 f i sh  for  three seasons; and maturity-group-5 
f i sh  fo r  four fishing seasons. Also shown are the ages a t  which f ish from each 
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Figure 1 .  Life h is tory  events f o r  a typical f a l l  chinook hatchery stock. 



of the  m a t u r i t y  groups reach the c u r r e n t  28- inch s i ze  l i m i t ,  us ing  the  
matur i t y -g roup-spec i f  i c  growth f unc t i ons  of O'Connor (1  977). 

Since parameters o f  t h e  qrowth f u n c t i o n  f o r  chinook salmon a r e  a l lowed t o  
depend on the age o f  m a t u r i t y ,  the  growth f unc t i on  w i l l  be expressed as wy( t ) ,  
where g i s  t h e  m a t u r i t y  group. Su rv i va l  models have been proposed f o r  chinook 
salmon i n  which n a t u r a l  m o r t a l i t y  i s  a  f unc t i on  o f  f i s h  age (Henry 1972; Cleaver 
1959) o r  a  cont inuous f u n c t i o n  of f i s h  we igh t  (O'Connor 1977). The s u r v i v a l  
model used here i s  bo th  ma tu r i t y -g roup -spec i f i c  and a  cont inuous f u n c t i o n  of age, 
and i s  i d e n t i f i e d  as ~ , ( t ) .  Ex-vessel p r i c e  i s  a  f u n c t i o n  o f  f i s h  we igh t  and 
a l s o  f l u c t u a t e s  i n  a  p r e d i c t a b l e  f ash ion  du r i ng  each f i s h i n g  season. The p r i c e  
f unc t i on  w i l l  be expressed as P(T, we igh t ) ,  where T i s  t ime measured w i t h i n  a  
f i s h i n g  season. F i sh ing  m o r t a l i t y  w i l l  be assumed t o  be cons tan t  beyond the  age 
of f u l l  r ec ru i tmen t .  F i sh ing  m o r t a l i t y  w i l l  be modi f ied t o  accomodate p a r t i a l l y  
r e c r u i t e d  age c lasses and hooking m o r t a l i t y .  The instantaneous r a t e  o f  f i s h i n g  
m o r t a l i t y ,  a l l o w i n g  f o r  p a r t i a l l y  r e c r u i t e d  age classes, w i l l  be denoted F ~ .  

O'Connor ( 1  977) has est imated the  p ropo r t i ons  o f  two Columbia R i v e r  f a 1  1  chinook 
hatchery re l ease  groups which matured a t  ages 2 through 5. Wi th  these es t imates  
of matu r i t y -g roup  p ropo r t i ons  a t  re lease  t ime,  the  y i e l d  f rom each m a t u r i t y  group 
o f  out -migrants  can be computed independent ly.  The y i e l d  f rom the  e n t i r e  re lease  
group can then be evaluated as t h e  sum o f  the  y i e l d s  f rom each m a t u r i t y  group. 
Since f i s h i n g  does n o t  occur con t inuous ly ,  t he  i n t e g r a l  o f  t he  y i e l d  equa t ion  
must be eva lua ted  piece-wise over  each f i s h i n g  season i n t e r v a l  [T,,T,I i n  which 
each m a t u r i t y  group (9) exper iences f i s h i n g  m o r t a l i t y  a t  each age (t) : 

To ta l  Value = C Ft 1 - N y ( ~ )  W o l ~ )  - P(T,w) d~ 

Parameter Es t ima t i on  

The app rop r i a te  forms of each of the  f u n c t i o n s  N g ( ~ t r  wq(r) , and P ( r  ,w) and a v a i l  - 
ab le  parameter es t imates  were determined from a  rev iew o f  t he  l i t e r a t u r e  and f rom 
a d d i t i o n a l  data.  

Growth : 

Two k inds  of growth models a r e  used t o  eva lua te  chinook y i e l d  p e r  r e c r u i t .  
O'Connor (1977 combined a  1 i n e a r  length-at -age model w i t h  an exponent ia l  weight -  
l e n g t h  model t o  es t ima te  ma tu r i t y -g roup -spec i f i c  parameters o f  t h e  growth f unc t i on :  

b 
*(m *t  + L')  g w (t) = a q  

4 4 

where wq(t) i s  weight  i n  k i lograms,  t i s  t ime from re lease ,  L' i s  l e n g t h  a t  
re lease ,  b i s  t h e  exponent of t h e  we igh t - leng th  r e l a t i o n s h i p ,  g i s  m a t u r i t y  
group, and a and m a r e  parameters est imated f rom t h e  length-at -age model. The 
data employed i n  e s t i m a t i n g  t he  parameters were de r i ved  f rom severa l  sources and 
p e r t a i n  t o  Columbia R i v e r  f a l l  chinook i n  genera l .  O'Connor's (1977) parameter 



est imates a r e  l i s t e d  i n  Table 1.  The r e s u l t i n g  growth curves f o r  m a t u r i t y  groups 
3, 4 ,  and 5 a r e  shown i n  F igure  2. OIConnor ob ta ined  f i t s  w i t h  R z  > .99 f o r  t h e  
length-at -age r iodel .  Goodness o f  f i t  f o r  t h e  combined weight-at-age model was 
n o t  repor ted ,  b u t  appears t o  be h igh.  

Henry ( 1  972) est imated t he  parameters o f  a  non-maturi ty -group-spec i f  i c  von 
B e r t a l a n f f y  growth equat ion f o r  severa l  broods o f  Col umbia R i ve r  f a 1  1  chinook by 

Henry 's  (1972) parameter es t imates  f o r  t h e  1961 t o  1964 broods of f a l l  chinook 
from t h e  Spr ing  Creek hatchery a re :  w, = 12.76 kg, to  = 1.02, and k = 1.1. 
The r e s u l t i n g  growth curve i s  shown i n  F igure  2. Henry (1972) d i d  n o t  r e p o r t  
goodness-o f - f i t  s t a t i s t i c s  f o r  t h e  von B e r t a l a n f f y  growth model. 

Na tu ra l  Mor ta l  i t y :  

OIConnor (1977) de r i ved  a  s u r v i v a l  model f o r  chinook salmon i n  which t he  n a t u r a l  
m o r t a l i t y  r a t e  was assumed a  d e c l i n i n g  f u n c t i o n  o f  f i s h  weight .  H i s  model i s  
based on t he  assumption t h a t  n a t u r a l  m o r t a l i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  f i s h  
weight.  He used t h e  p rev ious ly -d iscussed  growth f u n c t i o n  and es t imated  a  con- 
s t a n t  of p r o p o r t i o n a l i t y ,  K, f o r  each m a t u r i t y  group f rom a  model i n c o r p o r a t i n g  
catch,  escapement, and t a g  recovery data:  

where ~ ~ ( t )  i s  ins tantaneous n a t u r a l  m o r t a l i t y  i n  u n i t s  of l /month a t  t months 
a f t e r  re lease .  The es t imates  of K f o r  m o r t a l i t y  groups 3, 4, and 5 from the  
1961 brood yea r  f o r  Spr ing  Creek f a l l  chinook were: 0.011, 0.015, and 0.019, 
r e s p e c t i v e l y .  The r e s u l t i n g  instantaneous r a t e s  o f  n a t u r a l  m o r t a l i t y  a r e  shown 
i n  F igu re  3. 

OIConnor (1977) de r i ves  a  s u r v i v a l  model based on t he  n a t u r a l  m o r t a l i t y  r a t e  
func t ion .  The model i s  based on t h e  d i f f e r e n t i a l  equa t ion  

S u b s t i t u t i o n  o f  t h e  f u n c t i o n  ~ ( t )  and i n t e g r a t i o n  of t h e  d i f f e r e n t i a l  equa t jon  
g ives  OIConnor's s u r v i v a l  model ( m a t u r i t y  group subsc r i p t s  have been om i t t ed  
here f o r  simp1 i c i  t y )  : 

- { [ K /  (am ( 1  -b) ) l I (mt+L1  ) 
1-b - ( y ) l - b  

~ ( t )  = N e I + ~ t \  
0 



Tab1 e 1 . Maturi ty-group-specif i c  growth parameter es t imates  f o r  general ized 
Columbia River f a l l  chinook (from 0 'Connor 1977). 

Maturity 
Group a b m L ' 

Y g Y Y 
(9) (kg/cm) (cm/month) (cm) 
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Figure 2. Exponential maturity-group-specific and von Bertalanffy growth models 
for Columbia River fall chinook salmon. 
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Figure 3. Maturity-group-specific mortality rates for fall chinook salmon, 
using OIConnor's inverse-weight-proportional model. 



where t i s  t i n e  i n  an i n t e r v a l  over which f i s h i n g  has occurred cont inuously  and N~ 
i s  the popu la t ion  s i z e  a t  t he  beginning o f  t he  i n t e r v a l .  

Other authors have pos tu la ted  constant  values fo r  t h e  chinook n a t u r a l  m o r t a l i t y  
ra te .  Parker and Kirkness (1 956) est imated an instantaneous na tu ra l  morta l  i ty 
r a t e  o f  0.417 from the r e s u l t s  of an ocean tagging experiment. Parker (1960) 
l a t e r  expanded h i s  ana lys is  and conserva t ive ly  est imated a range of 0.36 t o  0.51 
f o r  n a t u r a l  m o r t a l i t y .  Ricker  (1956) notes t h a t  biases i n  Parker 's  (1960) 
assumptions would produce i n f l a t e d  est imates, making them perhaps two o r  t h ree  
times too  high. Cleaver (1969) and Henry (1972) bo th  est imated a value o f  0.45 
fo r  the na tu ra l  m o r t a l i t y  r a t e  of Columbia R iver  f a l l  chinook. These est imates 
p e r t a i n  t o  the  e n t i r e  sa l twater  l i f e  h i s t o r y ,  however. Ricker  (1976) est imates 
t h a t  t he  instantaneous annual na tu ra l  m o r t a l i t y  r a t e  o f  l a r g e  salmon (age 2+) 
i n  the  ocean i s  approximately 0.10. The p o i n t  est imate o f  0.10 annual ly,  o r  
0.008333 monthly, i s  used here i n  an a1 t e r n a t i v e  form o f  s u r v i v a l  model . The 
usual simple exponential  model of s u r v i v a l  i s  employed: 

where F i s  f i s h i n g  m o r t a l i t y ,  M i s  na tu ra l  m o r t a l i t y ,  and N~ i s  t he  number o f  
f i s h  a v a i l a b l e  t o  the f i s h e r y  a t  reference t ime to. 

Fish ing  Morta l  i t y  : 

O'Connor (1 977) est imated monthly instantaneous f i s h i n g  morta l  i t y  r a t e s  f o r  both 
the 1961 and 1963 broods from the Spr ing Creek hatchery a t  0.055. F i sh ing  mor- 
t a l i t y  was computed over a l l  ocean f i s h e r i e s  and d i d  n o t  account f o r  s p a t i a l  
v a r i a t i o n  i n  t he  d i s t r i b u t i o n  o f  f i s h .  Condi t ions i n  ocean t r o l l  f i s h e r i e s  have 
changed considerably s ince  the  1963-1968 pe r iod  t o  which these est imates apply. 

As an example o f  more recent  instantaneous f i s h i n g  m o r t a l i t y  ra tes ,  coded w i r e  
tag  recover ies  from three upper Columbia b r i g h t  t ag  groups a re  examined (Table 
2) .  V i r t u a l  popu la t ion  es t imat ion  techniques (Gul land 1965; Fry 1949; Derzhavin 
1922) can be used t o  back-calculate the  i n i t i a l  popu la t ion  s i z e  and instantaneous 
f i s h i n g  m o r t a l i t y  r a t e s  when the f i n a l  popu la t ion  s ize ,  catches, and na tu ra l  mor- 
t a l i t y  are known. Two g r e a t l y  s i m p l i f i e d  models o f  t he  s p a t i a l  d i s t r i b u t i o n  of 
the stocks and o f  f i s h i n g  e f f o r t  are used t o  p lace  upper and lower bounds on 
est imated f i s h i n g  m o r t a l i t y  i n  the Alaska t r o l l  f i s h e r y .  To ob ta in  the  lower 
bound, the  f i s h  stocks were assumed t o  r e a r  e n t i r e l y  i n  Southeastern Alaskan 
waters. The stocks would thus be exposed t o  f i s h i n g  morta l  i t y  from the  Alaska 
t r o l l  f i s h e r y  bo th  as immatures and as matures. Tag recover ies  ou ts ide  Alaska 
a re  assumed t o  be composed on l y  o f  mature f i s h  enroute t o  the  Columbia River .  
Under these assumptions, an est imate o f  the  t o t a l  number o f  f i s h  matur ing a t  a 
g iven age which remained a t  the end o f  t h e i r  f i n a l  f i s h i n g  season can be obta ined 
by summing escapement; Columbia R iver  harvest;  and Oregon, Washington, and B r i t i s h  
Columbia ocean harvests. The homeward m ig ra t i on  i s  assumed t o  occur q u i c k l y  
enough so t h a t  na tu ra l  m o r t a l i t y  can be ignored. To ob ta in  an upper bound on 
f i s h i n g  m o r t a l i t y ,  f i s h  stocks a r e  assumed t o  r e a r  j o i n t l y  i n  Canadian and 
Alaskan waters. An est imate o f  the t o t a l  number o f  mature f i s h  remaining a t  
the end o f  t h e i r  f i n a l  f i s h i n g  season can then be obta ined by summing escapement, 



Table 2. Est imated recove r i es  of t h r e e  1975-brood upper Columbia R i v e r  coded 
w i r e  t a g  groups, and es t imated  t o t a l  r ecove r i es  o f  1975-brood upper 
Col umbia b r i g h t  s tocks ( f rom Washington Department of F i s h e r i e s ,  
1981). 

Taa m e  

Area : 

A l  aska 45 190 80 23 291 225 123 300 122 106,331 

B r l t l s h  
Colurnbla 295 285 58 188 270 79 562 402 72 108,499 

Washlngton- 
Oregon 14 45 2 22 33 9 58 48 3 12,538 

Col umbla 
R i v e r  80 303 30 47 260 54 120 488 23 65,649 

Escapement 74 280 28 43 240 50 1 1 1  451 21 60,364 

Approximated f o r  each t a g  code and age us ing  92% o f  t he  Columbia R i v e r  har -  
ves t .  T h i s  f i g u r e  was d e r i v e d  t o  r ep resen t  t h e  e n t i r e  1975 brood escapement 
us ing  methods independent of t ag  r e t u r n s  by t h e  Washington Department o f  
F i s h e r i e s  (1981). 



Col umbia River  harvest  , and Oregon-Was h ington ocean harvest.  The combined 
recover ies  from the  B r i t i s h  Columbia and Alaska t r o l l  f i s h e r i e s  a re  then used 
t o  est imate f i s h i n g  m o r t a l i t y .  

V i r t u a l  popu la t ion  techniques u t i l i z e  the  general catch equat ion r e l a t i n g  catch, 
c, i n  a  one year  i n t e r v a l  w i t h  f i n a l  popu la t ion  s i ze  N , + , :  

When M, c, and N , + ~  a r e  known, F can be determined f rom t h i s  expression w i t h  a  
Newton-Raphson i t e r a t i o n  which u t i l  i zes i t s  d e r i v a t i v e :  

The es t ima t ion  procedure proceeds backwards, us ing  the  tag  recover ies  i n  Table 2, 
the  twomodels o f  s p a t i a l  d i s t r i b u t i o n ,  and a  monthly instantaneous na tu ra l  mor- 
t a l i t y  r a t e  o f  0.0083 (0.10 annual ly) .  S t a r t i n g  w i t h  the est imate of the  number 
of f i s h  matur ing a t  age 5  which remained a t  the  end o f  the f i s h i n g  season, an 
instantaneous r a t e  o f  f i s h i n g  m o r t a l i t y  f o r  the 1980 season and the  number o f  
f i s h  present  a t  the beginning o f  the  f i s h i n g  season can be ca lcu la ted .  The number 
of matur i ty-group-5 f i s h  which were present  a t  t he  end o f  t he  prev ious f i s h i n g  
season i s  then c a l c u l  ated w i t h  an exponential  s u r v i v a l  model which incorpora tes  
the  instantaneous na tu ra l  m o r t a l i t y  r a t e .  The t o t a l  number o f  f i s h  remaining a t  
the end o f  t h i s  prev ious f i s h i n g  season i s  then ca l cu la ted  by summing the number 
of matur i ty-group-5 f i s h  and the  escapement and south-coastal  f i s h e r y  recover ies  
of age-4 f i s h .  The back-calculat ions are  cont inued through th ree  f i s h i n g  seasons. 
An average f i s h i n g  m o r t a l i t y  r a t e  f o r  a l l  three f i s h i n g  seasons i s  est imated by 
weight ing each season's f i s h i n g  m o r t a l i t y  by the  ca tch  dur ing  t h a t  season. A  
f i s h i n g  m o r t a l i t y  r a t e  i s  a l so  computed us ing  est imates of t o t a l  1975-brood upper 
Col umbia R iver  b r i g h t  recover ies  obtained from the  Washington Department o f  Fish- 
e r i e s  (Table 2). I n  d e r i v i n g  f i s h i n g  m o r t a l i t y  r a t e s  from these data w i thou t  
reference t o  age, the  recover ies  of t he  1975 brood year over ages 2  t o  5  a r e  
assumed t o  represent  the recover ies  o f  4  successive brood years harvested du r ing  
a  s i n g l e  season. The r e s u l t i n g  monthly instantaneous f i s h i n g  m o r t a l i t y  r a t e  e s t i -  
mates range f rom 0.050 t o  0.205 (Table 3) .  Y i e l d  per  r e c r u i t  w i l l  be evaluated 
over monthly instantaneous f i s h i n g  m o r t a l i t i e s  i n  the  range o f  0.02 t o  0.40. 
De ta i l ed  y i e l d  p r o j e c t i o n s  w i l l  be made f o r  the  range 0.055 t o  0.20. 

A l l  immature f i s h  a re  probably n o t  a v a i l a b l e  t o  the  t r o l l  f i s h e r y .  O'Connor (1977) 
suggests f i s h i n g  m o r t a l i t y  r a t e s  on age-2 f i s h  by the  f a c t o r  0.325 t o  a l l o w  f o r  
incomplete recru i tment  a t  t h i s  age. Th is  value was obta ined by assuming age 2  
f i s h  were f u l l y  r e c r u i t e d  t o  the coas ta l  s p o r t  f i s h e r y  and examining the  r a t i o  
of age 2  t o  age 3  f i s h  i n  the  spo r t  catch. When s u f f i c i e n t  est imates become 
ava i l ab le ,  incomplete recru i tment  would be b e t t e r  handled as a  func t ion  o f  both 
age and m a t u r i t y  group. I n  the  present  conf igura t ion  o f  the  model, a  gear selec- 
t i v i t y  c o e f f i c i e n t  o f  0.325 i s  used f o r  age-2 f i s h .  The gear s e l e c t i o n  c o e f f i c i e n t  
i s  1.0 f o r  ages 3, 4, and 5. 



Table 3. Weighted means o f  t h e  v i r t u a l  p o p u l a t i o n  es t imates  o f  ins tantaneous 
f i s h i n g  m o r t a l i t y  r a t e  a t  ages 3, 4, and 5  f o r  t h r e e  coded w i r e  
t a g  groups and f o r  t he  e n t i r e  1975 brood o f  upper Columbia b r i g h t s ,  
us i ng  two models o f  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s tocks.  

Tag Code Upper estimate of F1 L w e r  estlmate of F 2  

At l 1 975 brood 
upr lver  br i ghts 0.205 

Assuming s tocks r e a r  j o i n t l y  i n  Alaska and B r i t i s h  Columbia. 

Assuming s tocks  r e a r  o n l y  i n  Alaska and t h a t  non-Alaskan recove r i es  a r e  on l y  
mature f i s h .  



Matu r i t y :  

I n  order  t o  compute y i e l d  w i t h  the  approach o u t l i n e d  above, i t  i s  necessary t o  
know t h e  p r o p o r t i o n  o f  a stock which w i l l  r e t u r n  t o  spawn a t  each age. OIConnor's 
(1977) model i s  the on ly  source o f  these parameter est imates. The est imates f o r  
m a t u r i t y  groups 2 t o  5 f o r  the 1961 brood from the Spring Creek Hatchery are  
0.0001, 0.05, 0.7, and 0.2499. 

Hooking M o r t a l i t y :  

Wright (1970) reviews s tud ies  of chinook hooking morta l  i t y  and concludes t h a t  
reasonable est imates of the percentage k i l l e d  1 i e  between 15% and 45%. However, 
much h igher  est imates have been reported. Parker and Black (1959) est imated 
extremely h igh  ra tes  o f  hooking m o r t a l i t y  i n  a study i n  which small chinook 
salmon were he ld  f o r  observat ion i n  l i v e  tanks on board a vessel f o r  some t ime 
a f t e r  hooking. They est imated an i n i t i a l  20% m o r t a l i t y  from d i r e c t  i n j u r y ,  
fo l lowed by an a d d i t i o n a l  71% m o r t a l i t y  ascr ibed t o  the  a f t e r - e f f e c t s  of f a t i gue .  
Wright (1 970) c r i t i c i z e s  the  h igh  morta l  i t y  est imate from 1 ive- tank ho ld ing  
experiments, n o t i n g  t h a t  the s t ress  induced by confinement together  w i t h  hook- 
i n g  s t ress  cou ld  have s y n e r g i s t i c  ef fects on morta l  i t y .  However, R icker  (1  976) 
f e e l s  t h a t  "an o v e r a l l  est imate o f  50% seems r a t h e r  conservat ive" .  

Hooking m o r t a l i t y  can be incorporated i n t o  the  su rv i va l  models descr ibed above 
by app ly ing  the  f i s h i n g  m o r t a l i t y  r a t e  f o r  l ega l  f i s h  t o  undersize f i s h  as w e l l ,  
b u t  reducing i t s  va lue by the  p ropo r t i on  o f  undersize f i s h  which su rv i ve  hooking 
encounters. A hooking-mortal i ty model i n  which hooking mortal  i t y  i s  a func t ion  
o f  f i s h  l eng th  i s  postu lated.  The f i s h i n g  m o r t a l i t y  r a t e  on undersize f i s h  can 
thus be expressed as F-H(L) where H(L) i s  a l i n e a r  f u n c t i o n  o f  f i s h  l e n g t h  rang ing  
from from 0 t o  1 which describes the  p r o b a b i l i t y  o f  a f i s h  being k i l l e d ,  given an 
encounter w i t h  f i s h i n g  gear. Above the  s i z e  l i m i t ,  H(L) = 1. Since age o f  e n t r y  
i s  the endpoint i n  computing su rv i va l  i n  the  present  model, two d i f f e r e n t  forms 
o f  t he  su rv i va l  model can be used w i t h  the hooking m o r t a l i t y  funct ion.  Above the  
s i z e  1 i m i  t, H(L) = 1 and su rv i va l  reduces t o  OIConnorls (1 977) model . Be1 ow the  
s i z e  l i m i t  a  su rv i va l  model can be der ived from 

The f u n c t i o n  H ~ L )  can be expressed as a f u n c t i o n  of t ime. I f  H(L) i s  assumed 
l i n e a r  w i t h  length  L, H(L) = h * ~  + C. If L i s  l i n e a r  i n  t ime, ~ ( t )  = m g * t  + L ' ,  
where L; i s  a matur i  ty-group-speci f  i c  l e n g t h  a t  re lease (f=o) , and mg i s  a g 

matur i  ty-group -specif i c  constant,  then 

H(t )  = hmgt  + ( h . '  + C) 
9 

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  the  d i f f e r e n t i a l  equat ion f o r  s u r v i v a l  and i n t e g r a t i n g  
(see Appendix 1 ) g ives 



The m a t u r i t y  group subsc r i p t  g i s  omi t ted  f rom parameters K , a , m , b , and 
L' i n  t he  above expression f o r  s i m p l i c i t y .  9 9 9 9  
9 

Est imat ion  o f  t he  Re la t ionsh ip  o f  Hooking M o r t a l i t y  and F i sh  Size:  

S ize-spec i f i c  hooking m o r t a l i t y  data a re  requ i red  t o  est imate the  parameters of 
t he  func t i on  H(L). Very l i t t l e  s i z e - s p e c i f i c  hooking m o r t a l i t y  data f o r  chinook 
salmon are  a v a i l a b l e  i n  t h e  1  i t e r a t u r e .  Mathews (1  977) reviewed shaker mor ta l  i t y  
s tud ies  by Wright (1969), and B u t l e r  and L o e f f e l  (1972) and est imated t h a t  "a 
10-15% hooking m o r t a l i t y  r a t e  would be reasonable f o r  chinook on t h e  l a r g e r  end 
of t h e  shaker range, such as occur on t h e  Fairweather Grounds, and 25-30% f o r  
chinook on the  small end." 

A d e t a i l e d  source o f  s i z e - s p e c i f i c  hooking m o r t a l i t y  data were prov ided by a  
tagg ing  study conducted by the  Alaska Department o f  F i s h  and Game i n  I c y  S t r a i t ,  
Southeastern Alaska, du r i ng  A p r i l  and May 1981. A d e s c r i p t i o n  o f  t he  s tudy and 
p r e l i m i n a r y  r e s u l t s  a r e  g iven i n  Bethers (1981 ) .  The o b j e c t i v e s  o f  t h i s  s tudy 
were t o  compare s i n g l e  and t r e b l e  hook re lease m o r t a l i t i e s  and t o  i n v e s t i g a t e  
general s tock  d i s t r i b u t i o n  pa t te rns .  The f i s h  l e n g t h  and s e v e r i t y  o f  hooking 
wounds were r o u t i n e l y  recorded as a  p a r t  o f  t he  tagg ing  opera t ion  a l l o w i n g  pre-  
l i m i n a r y  es t ima t i on  o f  t he  r e l a t i o n s h i p  between hooking m o r t a l i t y  and s ize .  
More re f i ned  est imates o f  t h i s  r e l a t i o n s h i p  w i l l  be poss ib le  a f t e r  t h e  t a g  recov- 
e ry  i n fo rma t i on  becomes ava i l ab le .  

Using normal commercial t r o l l i n g  methods, 842 f i s h  were captured i n  t h e  I c y  
S t r a i t  tagg ing  study. The f i s h  were graded by s e v e r i t y  o f  the  hooking i n j u r y .  
Grade "A" f i s h  su f fe red  o n l y  s u p e r f i c i a l  wounds and showed l e s s  than f o u r  drops 
o f  blood. Grade "B" f i s h  showed s i g n i f i c a n t  i n j u r y  w i t h  more bleeding, b u t  w i t h  
no g i l l  o r  eye i n j u r y ,  and the  wounds were judged probably  n o t  f a t a l .  Grade "C"  
f i s h  showed s i g n i f i c a n t  i n j u r y ,  p ro fuse  b leed ing  o r  g i l l  o r  eye wounds, and were 
judged as probable m o r t a l i t i e s .  Grade "Mu f i s h  were dead when examined. Since 
the  f i s h  were des t ined  f o r  use i n  a  tagg ing  study, hand l ing  o f  t he  f i s h  once 
a longside t h e  boat  was somewhat a t y p i c a l  o f  a  commercial t r o l l i n g  operat ion.  
Large f i s h  were boated i n  a  w i re  basket t o  which a  small e l e c t r i c a l  p o t e n t i a l  
had been app l ied .  The e l e c t r i c a l  c u r r e n t  e f f e c t i v e l y  subdued the  f i s h  a l l o w i n g  
hook removal, l e n g t h  measurement, and t a g  i n s e r t i o n .  Because o f  the  c a r e f u l  
hand l ing  o f  the  hooked f i s h  these r e s u l t s  a re  probably  a  lower bound on hooking 
m o r t a l i t y  i n  t h e  commercial f i s h e r y .  

O f  the  842 observat ions, 826 were caught on e i t h e r  s i n g l e  o r  t r e b l e  hooks, and 
susta ined no unusual non-hooking i n j u r i e s .  The few f i s h  caught on double hooks 
are  n o t  considered. The l e n g t h  frequency d i s t r i b u t i o n  o f  a l l  grades o f  these 
826 f i s h  caught on bo th  s i n g l e  and t r e b l e  hooks i s  reasonably symmetrical (F ig -  
ure 4a). However, the  l e n g t h  frequency d i s t r i b u t i o n  o f  grades "C"  and "FI" t he  
probable and known m o r t a l i t i e s ,  i s  markedly skewed toward l a r g e r  f i s h  (F igure  4b). 

I n  o rder  t o  examine t h e  r e l a t i o n s h i p  between the  p ropo r t i on  k i l l e d  and 1  ength, 
the  f i s h  were accumulated i n  100 mm l e n g t h  i n t e r v a l s .  The p ropo r t i on  k i l l e d  
i n  each l eng th  i n t e r v a l  was est imated by d i v i d i n g  the  known and probable mor- 
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Figure 4a. Length frequency d i s t r ibu t ion  of a l l  grades of chinook salmon 
captured with s ingle  and t r eb l e  hooks in the Icy S t r a i t  tagging 
study. 

300 400 600 sea 790 see Q B ~  1000 I 180 

FORK LENGTH (MM) 

Figure 4b. Length frequency d i s t r ibu t ion  of grades "C" and "M" (known and 
probable mor ta l i t i e s )  of chinook salmon captured w i t h  s ing le  and 
t r eb l e  hooks i n  the Icy S t r a i t  tagging study. 



t a l i t i e s  (grades "C"  and "M") by the t o t a l  number o f  f i s h  caught i n  the  i n t e r v a l  
(grades "A", "Buy "C", and "Mu) : 

C + M  est imated m o r t a l i t y  = A + + + 

Some of the  grade "C"  f i s h  a r e  known t o  have surv ived s ince some grade "C" tags 
were recovered i n  the  f i s h e r y  a t  a  l a t e r  date (M. Bethers, Alaska Dept. of F i sh  
and Game, pers. comm.). It i s  assumed t h a t  the e f f e c t  o f  the  su rv i va l  of some 
of the grade "C" f i s h  i s  approximately balanced by m o r t a l i t i e s  from the  "A" and 
"B" grades. Separate propor t ions  were computed f o r  t r e b l e  and s i n g l e  hooks s ince 
a  d i f f e r e n c e  i n  m o r t a l i t y  f o r  the  two hook types was hypothesized. The smal lest  
(300-400 mm) and 1  arges t  (1 000-1 100 mm) 1 ength i n t e r v a l  s  were exc l  uded because 
sample s izes  were small. The expected number o f  m o r t a l i t i e s  was a t  l e a s t  2  i n  
each o f  the  remaining i n t e r v a l s .  The r e s u l t i n g  propor t ions  show a  d e f i n i t e  t r e n d  
toward increas ing  m o r t a l i t y  a t  l a r g e r  s izes  (F igure 5a). Single-hook m o r t a l i t y  
appears t o  be greater  than treble-hook morta l  i t y .  An ana lys i s  o f  covariance of 
the  m o r t a l i t y  p ropo r t i ons  was performed, us ing s ing le  and t r e b l e  hook types as 
treatments and f i s h  l eng th  as a  covar ia te .  An a r c s i n  t rans format ion  of the square 
r o o t  o f  t he  p ropo r t i on  k i l l e d  was used s ince small p ropor t ions  were invo lved a t  
the smal ler  f i s h  sizes. M o r t a l i t y  p ropor t ions  were weighted by the sample s i z e  
i n  each i n t e r v a l  f o r  t he  ana lys i s  o f  covariance. There was no s i g n i f i c a n t  d i f f e r -  
ence (p > .05) i n  the slopes of t h e  two regressions f i t t e d  independently (Table 
4 ) .  There was a  very h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  (p < .005) i n  m o r t a l i t y  of 
the  two hook types when f i s h  l eng th  was accounted f o r .  The r e s u l t i n g  regressions 
f i t t e d  through the transformed m o r t a l i t y  p ropor t ions  from the two hook types a re  
shown i n  F igure 5b. The regressions have equal slopes. 

The m o r t a l i t i e s  r e s u l t i n g  from t h i s  experiment must be considered an absolute 
lower bound on m o r t a l i t i e s  which would be experienced i n  the  f i shery .  F i sh  were 
handled by t r a i n e d  b i o l o g i s t s  us ing  unusual techniques t o  subdue the  f i s h  i n  
order  t o  minimize handl ing i n j u r y .  Under t y p i c a l  commercial f i s h i n g  cond i t i ons  
hooked f i s h  would be dragged through the  water f o r  a  longer pe r iod  of t ime before 
being removed from the 1  ines  and greater  i n j u r y  would commonly r e s u l t  f rom hook 
removal. I n  a d d i t i o n  the  m o r t a l i t i e s  represented by these data are  on ly  one 
p o r t i o n  o f  t o t a l  hooking m o r t a l i t y .  Add i t i ona l  m o r t a l i t y ,  n o t  represented i n  
these data, i s  t o  be expected a f t e r  re lease due t o  i n f e c t i o n  o f  hooking i n j u r i e s ,  
l o s s  of scales, and f a i l u r e  t o  recover f rom hooking s t ress .  Estimates o f  mor- 
t a l  i t y  from these fac to rs  may be poss ib le  a f t e r  a l l  t a g  recover ies  have been 
ana 1  yzed. 

I n  order  t o  cover the  wide range of hooking m o r t a l i t y  est imates present  i n  the  
1  i te ra tu re ,  th ree  l e v e l s  of inc reas ing  l eng th - re la ted  hooking morta l  i t y  a re  
evaluated i n  the y i e l d - p e r - r e c r u i t  model. The slope o f  the  r e l a t i o n s h i p  o f  
hooking m o r t a l i t y  w i t h  l eng th  computed from the  I c y  S t r a i t  tagging study i s  
assumed t o  ho ld  a t  a l l  th ree  l e v e l s  o f  hooking m o r t a l i t y .  The I c y  S t r a i t  
tagging data a r e  used t o  represent  a  lower bound on hooking mortal  i t y  i n  the 
commercial f i s h e r y ,  assuming a 50:50 r a t i o  o f  t r e b l e  t o  s i n g l e  hooks. The 
r e s u l t i n g  r e l a t i o n s h i p  corresponds t o  10% m o r t a l i t y  f o r  20-inch f i s h  ( f o r k  l eng th )  
and 20% mortal  i t y  f o r  30-inch f i s h .  As an in termediate l e v e l  o f  hooking m o r t a l i t y ,  
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Figure 5a. Proportions of s ingle  and treble-hooked f i s h  k i l l ed  a s  a function 
of length in the Icy S t r a i t  tagging study. 
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Figure 5b. Arcsine (square roo t )  transformed s ing le  and t r eb l e  hook mortal i t i e s  
and regressions estimated from analys is  of covariance. 



Table 4. Ana l ys i s  o f  covar iance o f  m o r t a l i t y  f r om t r e b l e  and s i n g l e  hooks 
w i t h  f i s h  l eng th .  An a r c s i n e &  t r ans fo rma t i on  i s  used. Depen- 
dent  v a r i a b l e s  a r e  wei,ghted by t he  number o f  observa t ions  i n  each 
100 mm l e n g t h  i n t e r v a l .  

2 l a e g r .  I D e v i a t i o n s  from Regr.  
ldf  l M. S. 

l w i t h i n  I I 
I I I 

11 T r e b l e  1 51 
I I I 

2i S i n g l e  i 5i 
I I I 

I 1-1 1- 
5 1 I I D i f f e r e n c e  between s l o p e s :  - 

I 1-1 I 
6 lBetween(B)I 11 706 3,531 17.761 I 

I I I I 
7 1 ~  + B 111 1197,409 66,371 44,235 1 1 0  21,921 2,192.1 

I I I I 
8 I I I B e t w e e n a d j u s t e d m e a n s :  I 1 15,521 15,521.5 

848.4 
Comparison of s l o p e s :  F = - = 1.223, d . f .  = 1,8 ( N . S . )  693.9 

Comparison o f  a d j u s t e d  means: F - 15,521.5 711.0 = 21.83, d . f .  = 1,9 ( p <  .005) 

Regress ion  model: y i j  - - ai + j3Xij + C i j  

Parameter  e s t i m a t e s :  j3 = 0.320 

a  - -2.3426 
t r e b l e  - 

a - 6.4724 
s i n g l e  - 



35% m o r t a l i t y  a t  20 inches and 45% a t  30 inches i s  used. M o r t a l i t i e s  o f  60% 
and 70% a t  20 and 30 inches i s  used as an upper bound on hooking m o r t a l i t y .  
Constant values o f  hooking m o r t a l i t y  (no v a r i a t i o n  w i t h  l eng th )  a re  a l s o  used 
i n  order  t o  i n v e s t i g a t e  t h e  s e n s i t i v i t y  o f  t he  model t o  t h i s  assumption. Two 
models of a decreasing f i s h  size-hooking m o r t a l i t y  r e l a t i o n s h i p  a re  a l s o  
employed, us ing  the  negat ive slope suggested by Mathews (1977). 

The 1 ow-1 eve1 model o f  negat ive s i  ze-re lated hooking morta l  i t y  assumes 20% 
m o r t a l i t y  f o r  20-inch f o r k  l eng th  f i s h  and on ly  10% m o r t a l i t y  f o r  30-inch f i sh .  
An in te rmed ia te  l e v e l  o f  decreasing s i ze - re la ted  hooking m o r t a l i t y  assumes 45% 
m o r t a l i t y  f o r  a 20-inch f o r k  l eng th  f i s h  and on ly  35% m o r t a l i t y  f o r  30-inch f i s h .  

Ex-vessel Pr ice :  

Pr ices  pa id  t o  f ishermen f o r  chinook salmon vary w i t h  f i s h  size, f l e s h  c o l o r ,  
and t ime du r ing  the  f i s h i n g  season. Ex-vessel p r i c e s  a re  u s u a l l y  a t  t h e i r  
lowest l e v e l s  a t  t he  beginning o f  the  year  and tend t o  increase s lowly  through 
the f i s h i n g  season. Larger f i s h  are  more marketable and fe tch  h igher  p r i c e s .  
Three s i z e  ca tegor ies  were i n  e f f e c t  i n  t he  Alaska t r o l l  f i s h e r y  i n  1981 : "small ", 
l e s s  than 9 Ibs ;  "medium", 9 t o  11 Ibs ;  and " large" ,  more than 11 Ibs .  White- 
f l eshed  f i s h  b r i n g  p r i c e s  w e l l  below those o f  red- f leshed f i s h .  Because whi te-  
f leshed f i s h  a re  r e l a t i v e l y  r a r e  i n  the  t r o l l  f i s h e r y ,  on ly  red- f leshed p r i c e s  
a re  considered. Ex-vessel p r i c e s  a t  var ious  f i sh-buy ing  s t a t i o n s  were ex t rac ted  
from weekly market summary r e p o r t s  publ ished by the  Nat ional  Marine F i she r ies  
Service i n  the  Fishery Market News f o r  each week o f  t he  1981 Alaska t r o l l  salmon 
season. The average p r i c e  f o r  a l l  r e p o r t i n g  buying s t a t i o n s  i n  Southeastern 
Alaska was computed f o r  each week. Pr ices  f o r  each s i z e  category e x h i b i t  increas-  
i n g  l i n e a r  t rends throughout the  f i s h i n g  season (F igure 6 ) .  L inear  regressions 
were computed t o  represent  the t rends i n  ex-vessel p r i c e s  i n  each s i z e  category. 

The value o f  an average f i s h  i n  each o f  the  th ree  m a t u r i t y  groups over i t s  l i f e  
h i s t o r y  was computed us ing  OIConnor's (1977) growth f u n c t i o n  and the  1981 Alaska 
ex-vessel t r o l l  p r i c e s  (F igure 7).  D i s c o n t i n u i t i e s  i n  the value f u n c t i o n  occurred 
du r ing  week 24 f o r  matur i ty-group-3 f i s h  and du r ing  week 36 f o r  matur i ty-group-5 
f i sh .  These d i s c o n t i n u i t i e s  appear when the  mediumllarge p r i c e  break i s  achieved 
i n  both cases. Other pr ice-break thresholds are reached before  and a f t e r  t he  
f i s h i n g  seasons. 

Computer Est imat ion Procedures 

A computer program was developed i n  Fo r t ran  t o  est imate y i e l d  per  r e c r u i t  a t  
var ious combinations of s i z e  l i m i t s ,  f i s h i n g  m o r t a l i t y  ra tes ,  and hooking mor- 
t a l i t i e s .  The model employs a numerical i n t e g r a t i o n  procedure t o  est imate the  
i n t e g r a l  o f  ~ ( t )  * w ( t )  o r  ~ ( t )  - w ( t )  . p ( t )  since closed a lgeb ra i c  expressions f o r  
the  equat ions cannot be obtained. The model t racks  each m a t u r i t y  group indepen- 
den t l y  and accumulates y i e l d  piece-wise over each f i s h i n g  season i n t e r v a l  i n  
which f i s h i n g  m o r t a l i t y  and p r i c e  a re  continuous. D i s c o n t i n u i t i e s  i n  the p r i c e  
and f i s h i n g  m o r t a l i t y  funct ions due t o  achiev ing f u l l  recru i tment  t o  t he  f i s h -  
e r y  r e q u i r e  p a r t i t i o n i n g  of the  f i s h i n g  seasons i n t o  several i n t e r v a l s  i n  some 
cases. The Fo r t ran  implementation o f  the model i s  presented i n  Appendix 11. 



X:  ADF&G STATISTICAL WEEK 

Figure 6. 1981 Alaska ex-vessel chinook salmon prices ($/l b) by s ize category 
as a function of ADF&G s t a t i s t i c a l  week. Prices are  averaged from 
a l l  reporting Southeastern Alaskan t ro l l  landing ports. 
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Figure 7. Value of an individual chinook salmon of three maturity groups as 
estimated from the  maturity-group-specific growth functions of 
O'Connor (1977) and t r o l l  ex-vessel pr ices  by s i ze  category from 
the 1981 Alaska t r o l l  f i shery.  



Verificat ion of the Model 

To verify the model, the  parameter est imates of Beverton and Holt (1957) f o r  
North Sea pla ice  were used. A1 though Beverton and Hol t ' s  model was much simpler 
in form, t h e i r  parameter est imates were used t o  drive a l l  age-structured fea- 
tures  of the model. Parameter est imates used and numerical r e s u l t s  obtained a r e  
given i n  Appendix I1  I .  The resul t ing y i e l  d-per-recrui t response surface (Figure 
8 )  i s  very s imi lar  t o  the contour p lo t  of the surface given by Beverton and Hol t 
(1957, p .  318, Fig. 17.14). Yield-per-recruit values computed by the model were 
within 0.04% of the values l i s t e d  by Beverton and Hol t (1957). 

RESULTS 

A complex y ie l  d-per-recrui t response surface r e s u l t s  from model ing simultaneous 
harvest of a l l  maturity groups, because growth r a t e s  vary f o r  each maturity 
group and f i sh ing  seasons a re  not continuous. For t h i s  reason, the behavior of 
submodels predict ing population numbers and biomass a s  a function of time i s  
examined f i r s t ,  w i t h  f ixed f i sh ing  and hooking mortal i ty r a t e s .  Next, the yie ld-  
per-recrui t response surface i s  explored under simp1 i f  ied ,  hypothetical condi - 
t ions  in which each maturity group i s  harvested independently. Yield and value 
per r e c r u i t  f o r  harvesting a l l  maturity groups simultaneously i s  then computed 
and optimum s i ze  l im i t s  a r e  ascertained.  Final ly ,  the e f f e c t s  of several gear 
r e s t r i c t i o n s  and time-area closures a r e  examined. 

Trends in Stock Numbers and Biomass with Age 

Submodel trends in stock numbers and biomass with age a r e  examined using growth, 
maturi ty,  and mortal i ty parameter est imates derived from O'Connor's 1963 brood 
Spring Creek stock. A 28-inch s i z e  l im i t  w i t h  50% hooking mortal i ty a t  a l l  f i s h  
s izes  i s  assumed. Population s i z e  decl ines  rapidly in the  months just following 
re lease  in a1 1 three  maturity groups when the weight-related natural  mortal i t y  
function i s  used (Figure 9 ) .  F i s h  maturing a t  the l a t e r  ages have slower growth 
r a t e s  i n  the  model and thus have higher mortal i ty r a t e s .  The e f f e c t  of applying 
monthly instantaneous f ishing mortal i ty r a t e s  of 0.10 and 0.20 over a May 15 t o  
September 20 f i sh ing  season is  a l so  indicated. Fishing mortal i ty causes the 
population t o  decline in a stepwise fashion s ince  f i sh ing  occurs during only 
par t  of the year. 

The r a t i o  of biomass t o  the i n i t i a l  biomass of each maturity group over i t s  l i f e  
history i s  shown in Figure 10,  using the same growth, maturity and mortal i ty 
parameter est imates.  Biomass of the three re lease  groups declines f o r  a shor t  
period just a f t e r  re lease ,  but begins t o  increase when the growth r a t e  overtakes 
the mortal i ty r a t e .  Since an exponential growth model w i t h  no asymptote has been 
assumed, biomass continues t o  increase unt i l  the f i s h  leave the  ocean. The nat-  
ural mortal i ty model may give unreal i s t i c a l l y  high values during ear ly  l i f e  his- 
tory.  However, the actual  chinook y i e l  d-per-recrui t model begins tracking chin- 
ook l i f e  h is tory  reasonably a t  age 2. Fishing a t  a monthly instantaneous r a t e  
of 0.1 slows the r a t e  of biomass increase markedly and an instantaneous f i sh ing  
mortal i ty r a t e  of 0.2 appears t o  preclude fu r t he r  gains i n  stock biomass. 



Figure 8. Yield-per-recruit response surface f o r  North Sea   la ice, e s t i m t e d  
by the  yield-per-recrui t model w i t h  the parameters of   evert on and 
Holt (1957). 
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Figure 9. Proportion of original out-migrants surviving with and without fish- 
ing mortality for each of the three maturity groups, using OIConnorls 
exponentially declining model of survival. A 28-inch size 1 imit with 
50% hooking mortality is assumed. 
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Figure  10. R a t i o  t o  o r i g i n a l  biomass o f  out -migrants  s u r v i v i n g  w i t h  and w i t h -  
o u t  f i s h i n g  m o r t a l i t y  f o r  each o f  t he  t h r e e  m a t u r i t y  groups, us i ng  
O'Connor 's s u r v i v a l  and growth models. A 28- inch s i z e  l i m i t  w i t h  
50% hooking m o r t a l i t y  i s  assumed. 



Y i e l  d-Per-Recrui t by M a t u r i t y  Group 

Due t o  the  complexity o f  t he  y i e l d  surface which r e s u l t s  when a l l  m a t u r i t y  groups 
a r e  harvested simultaneously, y i e l d - p e r - r e c r u i t  response surfaces are  f i r s t  com- 
puted separate ly  f o r  each m a t u r i t y  group. The minimum s i ze  l i m i t  i s  va r i ed  from 
19 t o  33 inches and the  monthly instantaneous f i s h i n g  m o r t a l i t y  r a t e  i s  va r i ed  
from 0.02 t o  0.40. Growth i s  computed from the  matur i ty-group-speci f ic  model . 
the in te rmed ia te  s i ze - re la ted  hooking m o r t a l i t y  f u n c t i o n  i s  used, corresponding 
t o  40% hooking morta l  i t y  a t  26.5 inches ( t o t a l  l eng th ) .  For matur i ty-group-3, 
the y ie ld -pe r - rec ru i  t response sur face (F igure 11 ) i nd i ca tes  t h a t  reducing s i z e  
l i m i t s  below 26.5 inches has l i t t l e  e f f e c t  on y i e l d  a t  any r a t e  o f  f i s h i n g  mor- 
t a l  i t y  . The response surface slopes steeply downward w i t h  s i z e  1 im i  t s  1 arger 
than 26.5 inches. When the f i s h i n g  m o r t a l i t y  r a t e  i s  below 0.06, y i e l d  i s  maxi- 
mized w i t h  the smal les t  s i z e  l i m i t  examined (19 inches) .  A t  these low r a t e s  of 
f i s h i n g  m o r t a l i t y ,  f i s h i n g  must begin a t  an e a r l y  age t o  maximize harvest  from 
the stock be fore  i t  reaches m a t u r i t y  and leaves the  ocean f i s h i n g  grounds. A t  
f i s h i n g  m o r t a l i t y  r a t e s  above 0.10, y i e l d  a t  any f i x e d  f i s h i n g  m o r t a l i t y  r a t e  
increases s l i g h t l y  as the  s i ze  1 i m i t  i s  increased f rom 19 inches t o  21.5 inches. 
I n  t h i s  range growth r a t e  exceeds the combined ra tes  o f  biomass l o s s  f rom na tu ra l  
and hooking m o r t a l i t y .  With f i s h i n g  m o r t a l i t y  r a t e s  above 0.10, y i e l d  remains 
constant  f rom a s i ze  l i m i t  o f  21.5 inches up t o  a s i z e  l i m i t  o f  26.5 inches. 
According t o  the  growth model used, f i s h  f rom maturi ty-group-3 a r e  21.5 inches 
l ong  a t  the end o f  t h e i r  f i r s t  vu lnerable f i s h i n g  season, 16.5 months a f t e r  
release. A t  the  beginning o f  t he  second f i s h i n g  season, 22 months a f t e r  re lease,  
these f i s h  are 26.5 inches i n  length.  Size l i m i t s  between 21.5 inches and 26.5 
inches have no e f f e c t  on the  y i e l d  f rom t h i s  m a t u r i t y  group s ince these lengths  
are  a t t a i n e d  between f i s h i n g  seasons. Y i e l d  decl ines markedly w i t h  s i z e  1 i m i t s  
above 26.5 inches a t  a l l  r a t e s  o f  f i s h i n g  m o r t a l i t y .  With these s i z e  l i m i t s  the 
maturi ty-group-3 f i s h  a re  l e g a l l y  r e t a i n e d  on l y  i n  t h e i r  f i n a l  summer. With s i ze  
l i m i t s  l a r g e r  than 26.5 inches, s i g n i f i c a n t  p o r t i o n s  o f  the popu la t ion  mature 
w i thou t  being harvested. Growth over t h e  f i n a l  f i s h i n g  season i s  i n s u f f i c i e n t  
t o  compensate f o r  losses t o  ma tu r i t y ,  hooking, and na tu ra l  m o r t a l i t y .  

The y i e l d - p e r - r e c r u i t  response sur face from maturi ty-group-4 shows a d i s t i n c t  
r i d g e  maximum a t  F = 0.14 over a l l  s i zes  examined (F igure 12).  This  reponse 
surface i s  markedly d i f f e r e n t  from the  t y p i c a l  y i e l d  surfaces f o r  o ther  species 
(e.g., Nor th  Sea p l a i c e ,  F igure 8 ) ,  because o f  t he  e f f e c t  o f  hooking m o r t a l i t y .  
Hooking m o r t a l i t y  causes y i e l d  t o  dec l i ne  a t  h igher  f i s h i n g  m o r t a l i t y  r a t e s  fo r  
a l l  s i z e  l i m i t s .  The response sur face i s  f l a t  a t  a l l  f i s h i n g  m o r t a l i t y  r a t e s  
f o r  s i z e  l i m i t s  from 19 t o  22.5 inches. F i sh  f rom t h i s  m a t u r i t y  group a r e  
between t h e i r  f i r s t  and second vulnerable f i s h i n g  seasons i n  t h i s  s i z e  range. 
Between s i z e  l i m i t s  o f  22.5 and 28.5 inches the y i e l d  response f i r s t  increases 
s l i g h t l y  and then decreases t o  a lower l e v e l  a t  any f i xed  f i s h i n g  m o r t a l i t y .  A 
g lobal  maximum i s  reached w i t h  a s i z e  l i m i t  o f  25 inches a t  a f i s h i n g  m o r t a l i t y  
r a t e  o f  0.14. The response sur face i s  f l a t  over a l l  f i s h i n g  m o r t a l i t y  r a t e s  f o r  
s i z e  l i m i t s  f rom 28.5 inches t o  32.5 inches. I n  t h i s  s i z e  range, f i s h  f rom mat- 
u r i t y  group 4 a r e  between f i s h i n g  seasons 2 and 3. S ize l i m i t s  l a r g e r  than 32.5 
inches r e s t r i c t  the  harvest  of matur i ty-group-4 f i s h  i n  t h e i r  f i n a l  f i s h i n g  sea- 
son, and the  y i e l d  response surface slopes sharp ly  downward. 

Matur i ty-group-5 f i s h  a r e  on ly  19.5 inches i n  l eng th  a t  the  s t a r t  o f  t h e  second 
vulnerable f i s h i n g  season. Y i e l d  per r e c r u i t  i s  constant  up t o  t h i s  s i z e  l i m i t ,  



Figure 1 1 .  Yield-per-recruit response surface computed with assumptions of 
independent harvest of maturity-group-3 and intermediate size- 
related hooking mortal ity. 



Global Maximum Yield (25 i n . ,  F = .14) 

Figure 1 2 .  Yiel d-per-recrui t response surface computed w i t h  assumptions of 
independent harvest of maturity-group-4 and intermediate s ize-  
re1 ated hooking mortal i ty.  



a t  a l l  f i sh ing  mortal i ty r a t e s ,  and then begins t o  increase with increasing 
s i z e  1 imi ts  (Figure 13).  A pronounced maximum i n  the y ie ld  surface i s  evi-  
dent with s i z e  l im i t s  between 24 and 27 inches a t  an instantaneous monthly 
r a t e  of f i shing mortal i ty of 0.12. Yield per r e c r u i t  i s  constant between 24 
and 27 inches since f i s h  from t h i s  maturity group a r e  between t h e i r  second and 
th i rd  vulnerable f i shing seasons i n  t h i s  s i z e  range. Yield declines sharply 
with s i z e  l im i t s  l a rger  than 27.0 inches, the s i z e  a t  which these f i s h  en te r  
the  th i rd  vulnerable f i shing season, even though the f i s h  a r e  not in t h e i r  f i na l  
year. The combined e f f ec t s  of biomass losses  from natural and hooking mortal i ty 
a re  not o f f s e t  by growth with these large s i z e  1 imi ts .  The y ie ld  surface f l a t t e n s  
again a t  the 31.5 inch s ize  of maturity-group-5 f i s h  a t  the end of the t h i r d  vul- 
nerable f i sh ing  season. The surface would begin declining again a t  the s i z e  a t  
which maturity-group-5 f i s h  en te r  t h e i r  f i na l  f i sh ing  season. 

Y ield-Per-Recrui t f o r  a1 1 Maturity Groups 

Yield per r e c r u i t  f o r  the  e n t i r e  re lease  group is  computed using the  est imates of 
maturity group proportions a t  out-migration time. Growth, maturi ty,  and mortal- 
i t y  parameters a r e  derived from OIConnor Is 1961 brood Spring Creek est imates.  
The yie ld-per- recrui t  response surface computed fo r  a l l  maturity groups w i t h  no 
hooking morta l i ty  (Figure 14) i s  s imi lar  i n  form t o  t ha t  computed f o r  North Sea 
pla ice  (Figure 8 ) .  There i s  no global maximum evident  on the  response surface.  
The optimum s i ze  l i m i t  f o r  each level of f i sh ing  mortal i ty i s  indicated by the 
darkened in tersect ions  on the surface. A eumetric f i sh ing  curve i s  f i t t e d  by 
eye t o  these points  on the response surface. The optimum s i ze  l imi t  increases 
from 21.5 inches a t  a f i sh ing  morta l i ty  r a t e  of 0.02, t o  31.5 inches fo r  f i sh ing  
mortal i t i e s  g rea te r  than 0.20. 

When a low level of hooking mortal i ty i s  added t o  the model, the optimum s i ze  
l im i t s  become smaller f o r  a l l  f i sh ing  mortal i ty r a t e s  and the yie ld-per- recrui t  
surface begins t o  slope downward a t  higher f i shing mor ta l i t i e s  (Figure 15) .  
This y i e ld  surface r e su l t s  from using the  maturity-group-specific y i e ld  model 
w i t h  the  s ize-re la ted  hooking mortal i ty function which was estimated from the  
Icy S t r a i t  tagging study. T h i s  r e l a t i ve ly  low level of hooking morta l i ty  cor- 
responds t o  15% mortal i ty f o r  26.5-inch f i s h  ( t o t a l  length).  The y ie ld  surface 
now displays a global maximum a t  a f i shing mortal i ty r a t e  of 0.28 and a s i z e  
l im i t  of 30 inches. Increasing t he  s i z e  l i m i t  from 22 inches t o  28 inches 
markedly increases y i e ld ,  except a t  very low f i sh ing  mortal i t y  ra tes .  Size 
l imi t s  between 28 and 32.5 inches have only a small e f f e c t  on y ie ld .  Yield 
declines w i t h  s i z e  l im i t s  l a rger  than the 32.5-inch s i z e  a t  which the dominant 
maturity-group-4 en te r s  i t s  f i na l  f i sh ing  season. 

A t  a moderate level of s ize-re la ted  hooking mortal i t y  (40% a t  26.5 inches) 
optimum s i ze  l im i t s  a r e  f u r t he r  reduced, and the yield-per-recruit  surface slopes 
downward more rapidly a t  high l eve l s  of f i sh ing  mortal i ty (Figure 16).  The global 
maximum i s  now achieved a t  a f i sh ing  mortal i ty r a t e  of 0.14 w i t h  a s i z e  1 imit of 
25.0 inches. Increasing the s i z e  l i m i t  from 25 t o  28 inches a t  a f i sh ing  mor- 
t a l i t y  r a t e  of 0.14 r e su l t s  i n  a 5% reduction i n  y ie ld .  Optimum s i ze  l i m i t s  
over a broad range of f i sh ing  mor ta l i t i e s  appear a s  a s l i g h t  bulge in the res-  
ponse surface between 25 and 27 inches. Yield-per-recruit does not decline 
rad ica l ly  unt i l  s i z e  l im i t s  a r e  increased beyond 32.5 inches. 



Figure 13. Yield-per-recruit response surface computed with assumptions of 
independent harvest of maturity-group-5 and intermediate size- 
related hooking mortal ity, 



Eunetr  1 c Fl sh I ng Curve 

Figure 14. Yield per r ec ru i t  of a l l  maturity groups of chinook salmon as  a 
function of s i z e  1 imit and instantaneous f ishing mortal i t y  r a t e ,  
assuming no hooking mortality. 



Global Maximum Yield (30 in., F = .28) = 3.87 Kg per Recruit 

Eunetr i c Fi sh i ng Curve \ 

Figure 15. Yield per recruit for all maturity groups of chinook salmon as a 
function of size 1 imi t and instantaneous fishing mortal i ty, assuming 
low size-related hooking mortal ity corresponding to 15% mortal ity 
for 26.5-inch fish. 



I Emtr f c Fi sh 1 ng Curve 

Figure 16. Yield per r e c r u i t  of a l l  maturi ty groups of chinook salmon a s  
a funct ion  of s i z e  1 imi t and instantaneous f i s h i n g  mortal i t y ,  
assuming moderate s i ze - re l a t ed  hooking mor ta l i ty  corresponding 
t o  40% mor ta l i ty  f o r  26.5-inch f i s h .  
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With severe s i ze - re la ted  hooking m o r t a l i t y  (65% t o  26.5 inches)  y i e l d  i s  maxi- 
mized on ly  w i t h  very small s i z e  l i m i t s  (F igure  17) .  The g loba l  maximum y i e l d  
occurs a t  a f i s h i n g  m o r t a l i t y  r a t e  o f  0.12 w i t h  a 20.5-inch s i z e  l i m i t .  Y i e l d  
dec l ines  r a p i d l y  w i t h  l a r g e r  s i z e  1 i m i  t s .  A t  a f i s h i n g  morta l  i t y  r a t e  o f  0.12, 
y i e l d  i s  reduced 20% when s i z e  l i m i t s  a re  increased from 20.5 inches t o  28.0 
inches. Inc reas ing  the  s i z e  l i m i t  beyond 28 inches has l i t t l e  f u r t h e r  de t r imenta l  
e f fec t  on y i e l d  u n t i l  a 32.5 i nch  s i z e  l i m i t  i s  reached. 

Y i e l d  computed w i t h  the  matur i t y -g roup-spec i f i c  model b u t  us ing a constant  50% 
hooking m o r t a l i t y  a t  a1 1 s izes  (F igure  18) appears t o  be in te rmed ia te  i n  form 
between t h e  y i e l d  sur face computed us ing the  s i z e - r e l a t e d  hooking m o r t a l i t y  
model a t  moderate and severe l e v e l s  o f  hooking m o r t a l i t y  (F igures 16 and 17) .  
No unusual f ea tu res  a re  ev iden t  i n  the  y i e l d  response surface. The g loba l  maxi- 
mum y i e l d  i s  achieved a t  a f i s h i n g  m o r t a l i t y  o f  0.12 and a s i z e  1 i m i t  o f  23 
inches. Y i e l d  i s  reduced 11% by i nc reas ing  the  s i z e  1 i m i t  f rom 23 inches t o  
28 inches a t  t h i s  l e v e l  o f  hooking m o r t a l i t y .  

When hooking m o r t a l i t y  i s  assumed t o  decrease w i t h  f i s h  s i z e  and a low l e v e l  o f  
hooking morta l  i t y  i s  used, corresponding t o  20% m o r t a l i t y  f o r  20-inch f i s h  
( f o r k  l eng th )  and 10% m o r t a l i t y  f o r  30- inch f i s h  the  response sur face  o f  F igure  
19 i s  obtained. This  response sur face r e t a i n s  the  same bas ic  fea tures  as when 
a s i m i l a r  low l e v e l  o f  hooking m o r t a l i t y  i s  assumed t o  increase w i t h  f i s h  s i z e  
(F igure  15),  b u t  optimum s i z e  l i m i t s  a re  increased 1 inch .  The g loba l  maximum 
i s  reached w i t h  a s i z e  o f  30.5 inches a t  an instantaneous monthly f i s h i n g  mr- 
t a l i t y  of 0.22; w i t h  hooking m o r t a l i t y  i nc reas ing  w i t h  f i s h  l e n g t h  the  optimum 
s i z e  l i m i t  a t  t h i s  f i s h i n g  m o r t a l i t y  was 29.5 inches. 

A t  an in te rmed ia te  l e v e l  o f  decreasing s i ze - re la ted  hooking m o r t a l i t y  correspond- 
i n g  t o  45% m o r t a l i t y  f o r  20- inch f i s h  ( f o r k  l eng th )  and 35% m o r t a l i t y  f o r  30- inch 
f i s h  t he  opposi te  t r e n d  i s  observed (F igure  20). Optimum s i z e  1 i m i t s  a re  1 t o  
1.5 inches smal ler  than f o r  t he  corresponding i nc reas ing  s i z e - r e l a t e d  hooking 
m o r t a l i t y  model. The g loba l  maximum i s  reached w i t h  a s i z e  1 i m i t  o f  on l y  23.5 
inches a t  a f i s h i n g  m o r t a l i t y  o f  .12; w i t h  hooking m o r t a l i t y  i nc reas ing  w i t h  
f i s h  l eng th  the  optimum s i z e  l i m i t  a t  t h i s  f i s h i n g  m o r t a l i t y  was 24.5 inches. 

The use o f  Henry 's  (1972) von B e r t a l a n f f y  growth model w i t h  a constant  monthly 
instantaneous n a t u r a l  m o r t a l i t y  r a t e  o f  0.00833 and cons tan t  50% hooking m o r t a l i t y  
induces some minor a l t e r a t i o n s  i n  t he  form o f  t he  response sur face (F igure  21). 
Optimum s i z e  l i m i t s  a re  smal ler  than w i t h  OIConnor's (1977) matur i ty-group-  
s p e c i f i c  growth models. This  e f f e c t  i s  due t o  t h e  asymptot ic growth o f  the  von 
Be r ta l  an f fy  model which decreases the  advantage o f  delayed capture. 

S e n s i t i v i t y  o f  Y ie ld-Per-Recru i t  t o  Wooking M o r t a l i t y  

The s e n s i t i v i t y  o f  y i e l d  per  r e c r u i t  t o  t h e  l e v e l  of hooking m o r t a l i t y  i s  bes t  
i l l u s t r a t e d  by t h e  response sur face o f  y i e l d  per  r e c r u i t  as a f u n c t i o n  o f  s i z e  
1 i m i t  and hooking morta l  i t y  w i t h  the  f i s h i n g  m o r t a l i t y  r a t e  h e l d  constant.  The 
response sur face computed f o r  F = 0.055 i s  shown i n  F igure  22. Hooking m o r t a l i t y  
i s  assumed t o  be cons tan t  a t  a l l  f i s h  lengths.  Also shown on t h e  response sur -  
face  i s  a curve showing the  s i z e  l i m i t s  a t  which y i e l d  i s  maximized f o r  a g iven 
value o f  hooking m o r t a l i t y .  The p o i n t s  a long t h i s  optimum s i z e  1 i m i t  curve, 
represent ing  p a i r s  o f  hooking m o r t a l i t i e s  and corresponding optimum s i z e  l i m i t s ,  



Global Maximum Yield (23 in., F = .12) = 2.32 Kg per Recruit 
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Figure 17. Yield per recruit of all maturity groups of chinook salmon as 
a function of size limit and instantaneous fishing mortality, 
assuming severe size-related hooking mortality corresponding 
to 65% mortality for 26.5-inch fish. 



Recrui t  Global Maximum Yield (23 i n . ,  F = -12)  = 2.36 Kg per 

Figure 18. Yield per r e c r u i t  of a l l  maturi ty groups of chinook salmon a s  
a  funct ion  of s i z e  l i m i t  and instantaneous f i s h i n g  mor ta l i t y ,  
assuming a cons tant  50% hooking mor ta l i t y  f o r  a l l  s i z e s  of 
sublegal f i s h .  

a I Eunetr I c F 1 sh 1 ng Curve 



Global Maximum Yield (30.5 in., F = 0.22) = 3.22 Kg per Recruit 

Figure 19. Yield per recruit of all maturity groups of chinook salmon as 
a function of size limit and instantaneous fishing mortality, 
assuming low inversely size-related fishing mortal ity corres- 
ponding to 15% mortality for 26.5-inch (total length) fish. 



Global Maximum Yield (23.5 in., F = 0.12) = 2.37 Kg per Recruit 

\ M 1 nor Local Max l mum 

Figure 20. Yield per recruit of all maturity groups of chinook salmon as a 
function of size limit and instantaneous fishing mortality, 
assuming intermediate inversely size-related fishing mortal ity 
corresponding to 40% mortal ity for 26.5-inch (total length) fish. 



Figure 21. Yield-per-recruit response surface computed using Henry's (1972) 
von Bertalanffy growth function,  a constant 0.00833 monthly instan- 
taneous natural mortal i ty and a constant 50% hooking mortal i ty f o r  
a l l  s i zes  of sublegal f i s h .  



Figure 22.  Yield per r e c r u i t  of a l l  maturi ty groups of chinook salmon a s  
a funct ion  of s i z e  l i m i t  and hooking mor ta l i ty  with monthly 
instantaneous f i s h i n g  mor ta l i ty  held constant  a t  0.055. 



are  depicted i n  2-dimensional space i n  Figure 23. This curve slopes downward 
f rom an optimum s i z e  l i m i t  o f  25 inches w i t h  no hooking m o r t a l i t y  t o  an optimum 
s i z e  1 i m i t  o f  19 inches a t  60% hooking morta l  i t y .  Also shown i n  F igure 23 a r e  
the  values o f  y i e l d  per  r e c r u i t  obta ined as a f u n c t i o n  o f  hooking m o r t a l i t y ,  
us ing the  optimum s i z e  1 i m i t  curve and a constant  28-inch s i ze  1 i m i t .  Y i e l d  per  
r e c r u i t  w i t h  optimum s i z e  l i m i t s  dec l ines  s teep ly  w i t h  increasing hooking mor- 
t a l  i t i e s  when hooking m o r t a l i t y  i s  low and appears t o  approach an asymptote a t  
higher l e v e l s  o f  hooking m o r t a l i t y .  Y i e l d  per  r e c r u i t  w i t h  a f i x e d  28-inch s i z e  
l i m i t  decreases almost l i n e a r l y  as hooking m o r t a l i t y  increases. The response 
surface computed f o r  F = 0.10 i s  shown i n  Figure 24. The optimum s i z e  l i m i t  
curve (F igure 25) slopes downward i n  an almost l i n e a r  fash ion  f rom an optimum 
s i z e  l i m i t  of 29 inches a t  0% hooking m o r t a l i t y  t o  an optimum s i z e  l i m i t  of 19 
inches a t  65% hooking m o r t a l i t y .  With no hooking m o r t a l i t y  and the  corresponding 
29-inch optimum s i z e  1 i m i t ,  y i e l d  i s  39% higher  than when hooking m o r t a l i t y  i s  
60% and the 20.5 i nch  optimum s i z e  l i m i t  i s  used. The constant  28-inch s i z e  
l i m i t  r e s u l t s  i n  a 17% reduct ion  i n  y i e l d  compared t o  the optimum s i z e  1 i m i t  a t  
60% hooking m o r t a l i t y  and almost no reduc t i on  y i e l d  f rom the  optimum s i z e  l i m i t  
a t  0% hooking m o r t a l i t y .  

The y i e l d  response sur face a t  F = 0.20 (F igure 26) slopes downward more severely  
than a t  F = 0.10, both w i t h  respect  t o  decreasing s i z e  l i m i t  and increas ing  
hooking m o r t a l i t y .  Optimum s i z e  1 i m i t s  a r e  somewhat l a r g e r  a t  very low l e v e l s  
of hooking m o r t a l i t y ,  and dec l i ne  t o  s l i g h t l y  smal ler  s izes  a t  h igher  l e v e l s  of 
f i s h i n g  m o r t a l i t y  (F igure  27). A t  60% hooking m o r t a l i t y ,  y i e l d  w i t h  a 28-inch 
s i z e  l i m i t  i s  reduced 16% below t h a t  which would be obta ined w i t h  the optimum 
19-inch s i z e  1 i m i t  fo r  t h i s  l e v e l  o f  hooking m o r t a l i t y .  

Landed Value-Per-Recruit f o r  a l l  M a t u r i t y  Groups 

Since chinook salmon p r i c e s  increase w i t h  s ize,  landed va lue -pe r - rec ru i t  response 
surfaces tend t o  show somewhat l a r g e r  optimum s i z e  l i m i t s .  The response sur face 
o f  landed value us ing  the  low s i ze - re la ted  hooking m o r t a l i t y  f u n c t i o n  (F igure 28) 
i s  s i m i l a r  i n  form t o  the corresponding y i e l d - p e r - r e c r u i t  sur face a t  low hooking 
morta l  i t y  (F igure 15), except t h a t  the optima a re  more pronounced. The g l  obal 
maximum occurs a t  the  same 30-inch s i z e  1 i m i t ,  b u t  a t  a s l  i g h t l y  lower f i s h i n g  
mortal  i t y  r a t e  o f  0.26. A t  moderate hooking m o r t a l i t y  the  landed value g loba l  
maximum (F igure  29) s h i f t s  up t o  a s i z e  l i m i t  o f  27.5 inches from the 25 inches 
of the corresponding y i e l d  maximum. Other f ea tu res  of t he  value response surface 
a r e  s i m i l a r  t o  the  y i e l d  response surface. A t  severe hooking m o r t a l i t y  t he  landed 
value g loba l  maximum (F igure  30) occurs a t  23 inches w i t h  a f i s h i n g  m o r t a l i t y  r a t e  
o f  0.10 compared t o  20.5 inches a t  0.12 f o r  the  y i e l d  g lobal  maximum. 

E f f e c t s  o f  Gear R e s t r i c t i o n s  t o  Reduce Hooking M o r t a l i t y  

The I c y  S t r a i t  Tagging Study demonstrated t h a t  c e r t a i n  types o f  t r o l l  i n g  gear may 
reduce the  m o r t a l i t y  o f  undersize f i s h  which a r e  hooked and must be released. 
Some types of t r o l l  i n g  gear may a1 so be s i  ze-se lec t ive  and thus reduce the  number 
o f  s t r i k e s  by small f i s h .  While the l a t t e r  method i n  e f f e c t  a l t e r s  the  age of 
recru i tment  t o  the  f i s h e r y ,  e i t h e r  e f f e c t  can be approximated by examining y i e l d  
per  r e c r u i t  f o r  reduced l e v e l  s o f  hooking morta l  i t y  , H(L) , i n  mode1 . 
For example, t he  I c y  S t r a i t  Tagging Study i n d i c a t e s  t h a t  there  would be a 5.9% 
reduct ion  i n  hooking morta l  i t y  if only  t r e b l e  hooks were used i n  t h e  f i s h e r y ,  



X HOOKING MORTALITY 

Figure 23. Optimum s i ze  l imi t  ( l e f t  ordinate)  and y ie ld  per r ec ru i t  using the  
optimum s i z e  l i m i t  and a 28-inch s i ze  l im i t  ( r i g h t  ordinate)  a s  
functions of hooking mortal i ty  with the monthly instantaneous r a t e  
of f i sh ing  mortal i ty held constant a t  0.055. The optimum s i ze  l im i t  
curve contains the  pairs  of points lying along the maximum y ie ld  
l i n e  indicated on the response surface in Figure 20. The optimum 
y ie ld  curve i s  a projection of the maximum y ie ld  l i n e  of Figure 20 
onto the  hooking mortal i ty-yield plane. The y ie ld  a t  28 inches i s  
a projection of the  y ie ld  values along the  28-inch grid l i n e  of 
Figure 20 onto the hooking mortal i ty-yiel d plane. 
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Figure 24. Yield per r e c r u i t  of a l l  maturi ty groups of chinook salmon a s  a  
funct ion of s i z e  l i m i t  and hooking mor ta l i ty  with monthly ins tantan-  
eous f i s h i n g  mor ta l i ty  held constant  a t  0.10. 



X HOOKING MORTALITY 

Figure 25. O p t i m u m  s i ze  l imi t  ( l e f t  ordinate)  and yie ld  per r ec ru i t  using the 
optimum s i ze  l im i t  and a 28-inch s i ze  1 imit ( r i gh t  ordinate)  a s  
functions of hooking mortal i  t y  with the monthly instantaneous r a t e  
of f ishing mortal i ty held constant a t  0.10. The optimum s i ze  l im i t  
curve contains the pa i r s  of points lying along the maximum y ie ld  
l i n e  indicated on the response surface in Figure 22. The optimum 
y ie ld  curve i s  a projection of the maximum y ie ld  1 ine of Figure 22 
onto the hooking mortality-yield plane. The y ie ld  a t  28 inches 
i s  a projection of the yie ld  values along the 28-inch grid 1 ine of 
Figure 22 onto the hooking mortal i  ty-yiel d plane. 



Figure 26. Y i e l d  per r e c r u i t  of a l l  m a t u r i t y  groups o f  chinook salmon as a  
f unc t i on  of s i z e  l i m i t  and hooking m o r t a l i t y  w i t h  monthly i ns tan -  
taneous f i s h i n g  m o r t a l i t y  he ld  constant  a t  0.20. 



Figure  27. Optimum s i z e  1 i m i  t ( l e f t  o rd ina te )  and y i e l d  per  r e c r u i t  us ing  the  
optimum s i z e  1 i m i t  and a 28-inch s i z e  l i m i t  ( r i g h t  o rd ina te )  as 
func t ions  o f  hooking m o r t a l i t y  w i t h  t he  monthly instantaneous r a t e  
o f  f i s h i n g  morta l  i t y  he ld  constant  a t  0.20. The optimum s i z e  1 i m i t  
curve conta ins  t h e  p a i r s  o f  p o i n t s  l y i n g  a long the  maximum y i e l d  
l i n e  i n d i c a t e d  on the  response sur face i n  F igure  24. The optimum 
y i e l d  curve i s  a p r o j e c t i o n  o f  t he  maximum y i e l d  1 i n e  o f  F igure  24 
on to  the hooking m o r t a l i t y - y i e l d  plane. The y i e l d  a t  28 inches i s  
a p r o j e c t i o n  o f  t h e  y i e l d  values a long the  28-inch g r i d  l i n e  of 
F igure  24 onto the  hooking mor ta l  i t y - y i e l  d plane. 
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Global Maximum Value (30 in., F = .26) = $10.17 per Recruit 

Figure 28. Landed value-per-recruit response surface for all maturity groups 
of chinook salmon, assuming low size-related hooking mortality 
corresponding to 15% for 26.5-inch fish. 



Global Maximum Value (27.5 i n . ,  F = .14) = $6.56 per Recrui t  

Figure 29. Landed va lue-per- recru i t  response sur face  f o r  a l l  maturi ty groups 
of chinook salmon, assuming moderate s i ze - re l a t ed  hooking mortal i t y  
corresponding t o  40% f o r  26.5-inch f i s h .  
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Global Maximum Value (23 in., F = . l o )  = $5.45 per Recruit 

Figure 30. Landed value-per-recruit response surface for all maturity groups 
of chinook salmon, assuming severe size-related hooking mortality 
corresponding to 65% for. 26.5-inch fish. 



compared t o  a 50:50 r a t i o  o f  s i n g l e  and t r e b l e  hooks. The e f f e c t s  o f  a 5% 
reduct ion  i n  hooking m o r t a l i t y  on y i e l d  a re  i l l u s t r a t e d  i n  F igure 31. Hooking 
m o r t a l i t y  i s  assumed t o  be a constant  percentage over a l l  f i s h  s izes  i n  these 
comparisons. With a constant  28-inch s i z e  l i m i t ,  the y i e l d  increases a re  almost 
constant  f o r  a1 1 l e v e l s  o f  hooking mortal  i t y  and the r e s u l t s  appear as ho r i zon ta l  
l i n e s  i n  F igure  31. With a monthly instantaneous f i s h i n g  m o r t a l i t y  r a t e  of 0.20, 
the increase i n  y i e l d  i s  approximately 8%. When the f i s h i n g  m o r t a l i t y  r a t e  i s  
0.10 the  increase i n  y i e l d  i s  on ly  4%. When optimum s i z e  l i m i t s  f o r  a given 
l e v e l  o f  hooking m o r t a l i t y  a r e  used, the  percentage gain i n  y i e l d  decreases w i t h  
increased hooking m o r t a l i t y .  A t  F = 0.20, y i e l d  increases 10.5% when hooking 
m o r t a l i t y  i s  on ly  5%, b u t  y i e l d  increases j u s t  2% a t  60% hooking m o r t a l i t y .  A t  
F = 0.10 the  percentage gains i n  y i e l d  a re  lower and decrease more s lowly,  rang- 
i n g  from 4.5% t o  1 .I%. 

Increases i n  y i e l d  from gear r e s t r i c t i o n s  must be balanced aga ins t  the  negat ive 
impacts o f  t he  gear r e s t r i c t i o n s .  Host o f t e n  these negat ive impacts take the 
form of reduced CPUE o f  l ega l  f i s h  and the re fo re  reduced y i e l d .  The y i e l  d-per- 
r e c r u i t  model prov ides a means o f  expressing t h e  cos ts  and b e n e f i t s  o f  gear 
r e s t r i c t i o n s  i n  the  same u n i t s .  For example, a gear r e s t r i c t i o n  which reduces 
hooking m o r t a l i t y  from 40% t o  35% causes a 6.7% increase i n  y i e l d  when F = 0.20 
and optimum s i ze  l i m i t s  a re  used (F igure  31). Thus the  gear r e s t r i c t i o n  i s  on l y  
benef ic ia l  i f  i t  does n o t  decrease the  CPUE (and hence y i e l d )  o f  l e g a l  f i s h  more 
than 6.7%. D i r e c t  comparison o f  percentage gains i n  y i e l d  f rom the  gear r e s t r i c -  
t i o n  and percentage decreases i n  CPUE are  poss ib le  i f  the  r e l a t i v e  s i z e  d i s t r i b u -  
t i o n  of the  catch i s  n o t  affected by the  gear r e s t r i c t i o n .  

Some p o t e n t i a l  e f f e c t s  o f  gear r e s t r i c t i o n s  on y i e l d  can be evaluated w i t h  the  
y i e l d - p e r - r e c r u i t  model, us ing  the  r e s u l t s  o f  prev ious i n v e s t i g a t i o n s  of t r o l l i n g  
gear. The present  con f i gu ra t i on  o f  the model must be assumed t o  be appropr ia te  
f o r  the t ime pe r iod  and l o c a t i o n  o f  t he  study. For example, B u t l e r  and Loef fe l  
(1972) s tud ied  m o r t a l i t y  r a t e s  o f  chinook salmon caught w i t h  barbed and barb less 
s i n g l e  hooks. Since these experiments were performed o f f  t he  Oregon coast  between 
1959 and 1968, O'Connorls est imates o f  growth, m a t u r i t y  , and m o r t a l i t y  parameters 
from the  1963-1968 f i s h i n g  seasons should be app l i cab le  f o r  a f i r s t  approximation. 
B u t l e r  and Loe f fe l  (1972) est imated immediate hooking m o r t a l i t i e s  f rom shor t -  
term observat ions o f  captured f i s h  i n  on-board ho ld ing  tanks. Delayed m o r t a l i t y  
est imates f o r  f i s h  which surv ived the  immediate m o r t a l i t y  were der ived from tag  
recover ies.  An immediate m o r t a l i t y  o f  8.0% f o r  barbed hooks was est imated 
f o l  lowed by delayed morta l  i t y  o f  7.3% f o r  a t o t a l  o f  15.3% morta l  i ty. Using 
the y i e l d - p e r - r e c r u i t  model w i t h  the  26-inch s i z e  l i m i t  which was i n  e f f e c t  i n  
1969, an instantaneous monthly f i s h i n g  m o r t a l i t y  o f  0.055, and a 15.0% hooking 
m o r t a l i t y ,  y i e l d  per r e c r u i t  i s  est imated by the  model t o  be 2.0333 kg. For 
barb less hooks, an immediate m o r t a l i t y  o f  6.1% fo l lowed by a delayed m o r t a l i t y  
of 6.9% was est imated. Y ie ld  per  r e c r u i t  a t  13.0% hooking m o r t a l i t y  i s  est imated 
t o  be 2.0553 kg, an increase o f  on l y  1.1%. However, the  CPUE o f  l ega l - s i zed  f i s h  
us ing barb less hooks was 5% lower than the CPUE w i t h  barbed hooks. Net y i e l d  
from the  f i s h e r y  would thus be reduced 3.9% by a gear r e s t r i c t i o n  r e q u i r i n g  the  
use o f  barb less hooks. Using an a l t e r n a t i v e  methodology, B u t l e r  and L o e f f e l  
est imated t h a t  t he  use o f  barb less hooks would r e s u l t  i n  a change i n  landed value 
t o  the  f i s h e r y  rang ing  from a n e t  l o s s  o f  $33,500 t o  a n e t  gain o f  $4,500. Using 
t h e i r  est imates o f  t he  1969 t o t a l  Oregon catch, the weight d i s t r i b u t i o n  o f  t he  
catch, and the 1969 p r i c e  s t ruc tu re ,  i t  i s  est imated t h a t  t h i s  range corresponds 
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% HOOKING MORTALITY BEFORE GEAR R E S T R I C T I O N  

Figure 31. Increase in yield resulting from a 5% reduction in hooking mortality, 
as a function of hooking mortality prior to the reduction at various 
combinations of size limits and fishing mortalities. 



t o  a net  change in y i e ld  ranging from -3.9% t o  +0.52%. Thus the yie ld-per- recrui t  
est imate i s  identical  t o  the lower end of t h i s  range. 

Boydston (1972) performed an experimental comparison of the  CPUE of plugs, spoons, 
hootchies, and b a i t  in the California t r o l l  f i shery .  Plugs were found t o  catch 
only 15% a s  many shakers a s  other 1 ure types. However, plugs reduced the CPUE of 
legal-sized f i s h  approximately 50%, Since the experiments were conducted i n  1969, 
O'Connor's (1977) parameter est imates can again be used i n  the y i e l  d-per-recruit  
model f o r  a reasonable approximation. Assuming a hooking mortal i ty of 30%, an 
instantaneous monthly f ishing mortal i ty r a t e  of 0.055 and the 26-inch s i z e  l i m i t  
which was i n  e f f e c t  a t  the time of the study, y ie ld  per r e c r u i t  i s  estimated a t  
1,9274 kig. Reducing hooking mortal i t y  by 85% t o  4.5% r e su l t s  i n  a yield-per- 
r e c r u i t  est imate of 2.1111, a 9.5% increase. However, the plugs-only r e s t r i c t i o n  
would have reduced CPUE by 50% and ne t  y i e ld  t o  the f i shery  would have decreased 
by 40.5%. If  F were assumed t o  be 0.10, net  y ie ld  would have decreased by 32% 
and i f  F were a s  high a s  0.20, net  y ie ld  would have decl ined only 12%. The 
assumption t ha t  the gear r e s t r i c t i on  t o  plugs only would not change the  s i z e  d is-  
t r ibu t ion  of the legal  catch i s  necessary t o  d i r ec t l y  compare CPUE changes t o  
y ie ld  changes. This assumption i s  violated t o  some degree i n  this case s ince  
s i z e  s e l ec t i v i t y  has been demonstrated f o r  plugs (Milne 1955; P i t r e  1970). 

P i t r e  (1970) performed a s imi lar  comparison of plugs, spoons, and f l a she r  gear 
types i n  the Canadian t r o l l  f i shery .  Plugs caught from 16% t o  31% a s  many shakers 
a s  the  other gear types and 68% t o  86% a s  many legal chinooks. Plugs ac tua l ly  
caught 15% more legal f i s h  than f l a she r  gear i n  one experiment. Assuming a 75% 
reduction i n  hooking mortal i ty from 30% t o  7.5%, a 25% reduction in legal CPUE,  
an i n i t i a l  F of 0.055, and a 26-inch s i z e  1 imi t ,  r e s t r i c t i on  t o  plugs only would 
cause a 17% decrease i n  net  y i e ld .  A t  F = 0.10, net  y ie ld  would decrease 9% and 
a t  F = 0.20, ne t  y ie ld  would increase 8%. 

Eva1 uating the Effects  of Time-Area Closures 

Parker (1960) recommended t h a t  time-area closures in areas  w i t h  high proportions 
of immature chinook should be explored a s  an a l t e rna t i ve  t o  s i z e  l i m i t s  f o r  
increasing y ie ld  per r e c ru i t .  L i t t l e  d i r ec t  data on imature-to-mature r a t i o s  
has been col lec ted from the  f i shery  t o  date .  However, w i t h  the inception of a 
voluntary logbook program i n  1976, a source of undersize chinook catch r a t e  data 
became avai lable .  Records from the  Alaska Tro l le r s  Association Troll Logbook 
Program provide the only large  sample of d i r e c t  observations on undersize chinook 
occurrence fo r  Southeastern A1 askan waters. The 1 ogbook records contain re1 a t ive ly  
precise information on location of capture and the  amount of e f f o r t  expended. 
Assuming t ha t  CPUE computed from the logbook records i s  approximately proportional 
t o  f i s h  densi ty ,  spa t i a l  and temporal var ia t ion i n  shaker d i s t r i bu t i ons  can be 
examined. Projections from logbook records can only be used i n  conjunction w i t h  
the current  28-inch s i z e  l i m i t .  

Funk  (1 981 ) repor ts  s ign i f i can t  spa t i a l  and temporal var ia t ion in shaker CPUE 
computed from the logbook records. Shaker CPUE was highest during l a t e  June and 
ea r ly  July i n  most areas .  The Clarence S t r a i t  and Fairweather Inner Bank log- 
book areas  had higher shaker CPUE than other areas  i n  a l l  three years examined. 
Similar r e su l t s  were reported i n  an examination of 1976 and 1977 logbook records 
by Fried (1 977). Thorsteinson (1 981 ) examined shaker sub1 egal -to-legal r a t i o s  



and also found substantial spatial  and temporal variation. While i t  i s  obvious 
that some benefits would accrue from the closure of areas having h i g h  shaker 
densit ies,  the magnitude of the e f fec ts  of closures on yield from the fishery 
have not been determined. The yield-per-recruit model provides a conceptual 
framework f o r  evaluating the effects  of time-area closures. 

With the current 28-inch size 1 imit, shakers consist primarily of 2-year-old 
f i sh  from a1 1 maturity groups and 3-year-old f i sh  from maturity groups 4 and 
5 (Figure 1 ) .  Closure of an area w i t h  high shaker density would s h i f t  fishing 
e f fo r t  into areas where these 2 and 3 year olds are less  abundant. The 2 and 
3 year olds thus become less  fu l ly  recruited to  the fishery. This e f fec t  can 
be modeled by reducing the gear select ivi ty  coefficients for  these age classes,  
thus reducing the i r  instantaneous fishing mortality rate .  The magnitude of t h i s  
reduction can be estimated from the spatial distribution of shaker CPUE and from 
the spatial  distribution of e f fo r t  in the fishery. 

Average shaker CPUE during the three-year period 1977-1979 for  each of 10 logbook 
fishing areas (see Figure 32) i s  shown i n  Table 5. Shaker CPUE i s  computed in 
standardized units of catch per hour and i s  adjusted f o r  the e f fec ts  of targeting 
on coho l a t e  in the season by methods given in F u n k  (1981). The Cape Spencer and 
Fairweather Inner Bank areas are  pooled since only one year of data from Cape 
Spencer contained enough observations to estimate shaker CPUE re l iably.  Shaker 
catch per hour was converted to catch per day using the season-average number of 
hours fished per day of 10.80 from 1977 t ro l l  logbooks (Anonymous 1979). The 
total  e f fo r t  expended in each fishing area (Table 5)  i s  computed from average 
t r i p  lengths (days fished per landing) by area from port sampling data, and from 
the total  number of landings per area. Only power t ro l l  catch and e f fo r t  i s  
used. The ADF&G s t a t i s t i ca l  areas (Figure 33) corresponding t o  the areas of 
Figure 32 are  1 isted i n  Table 5. Trollers fishing in 1979 tended to  report f i sh-  
i n g  i n  offshore areas whenever possible in order to  avoid additional State tax 
assessments. This problem only af fec ts  the e f for t  estimates fo r  areas 157 and 
181 in the present summary scheme. Due to  th i s  effort-reporting problem, 50% of 
the e f for t  reported in area 157 (Fairweather Outer Banks) i s  applied to  area 181 
(Fairweather Inner Banks). The estimated numbers of shakers caught in the en t i re  
power t r o l l  fishery i s  then computed from the catch-per-day and total  days fished 
for  each area. 

The ef fec t  of an area closure i s  simulated by assuming that  e f fo r t  would move out 
of the closed areas into other areas i n  proportion to  the amount of e f f o r t  already 
in those areas. The total  number of shakers caught i s  then recomputed using the 
CPUEs from the remaining open area and the new e f fo r t  distribution. Given the 
total  number of shakers caught with and without the closure cl and c2, the natural 
mortal i t y  rate  M,  and the fishing mortality ra te  F, the magnitude of the gear 
sel ect ivi  ty coefficient , G ,  required to  represent the reduced recruitment of 2 
and 3 year 01 ds with the new e f fo r t  distribution can be estimated from the catch 
equation 
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Figure  32. Logbook f i s h i n g  areas and t r o l l  i n g  l o c a t i o n s  repo r ted  i n  the  1977 
t r o l l  logbooks. Each do t  represents t he  l o c a t i o n  o f  one day of 
f i s h i n g  e f f o r t .  



e 5. Est imates of power t r o l l  e f f o r t  and shaker ca t ch  by area. Shaker ca t ch ihou r  i s  de r i ved  from 1977- 
1979 logbook records .  Average t r i p  l eng ths  a r e  de r i ved  f rom p o r t  sampl ing data and t h e  numbers o f  
l and ings  a r e  from ADF&G f i s h  t i c k e t  summaries. 
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Figure 33. Alaska Department of Fish and Game s t a t i s t i c a l  areas  101 t o  189 
and por t  sampl ing summary areas  1 t o  6. 



Table 6. Effect of the closure of several high shaker density areas on yield 
from the power t ro l l  f l e e t .  

AOFG STAT l S T  I CAI ARFAS CLOSED 

116,181,183 
None m 101 . W . 1 5 0  

Boat days 
transferred out 
of cl  osed areas 

Unaffected boat days 67,675 62,734 59,575 

Est. shaker catch 184,642 177,880 167,159 

% decrease i n  
shaker catch 

Reduction I n  gear selec- 
t i v i t y  coef f ic ient :  

Increase i n  y i e l d  as 
a r e s u l t  of closure: 



Two area closure schemes a re  evaluated. The current  28-inch s i z e  1 imi t is used. 
Closure of the Fairweather Inner Bank and Cape Spencer areas  f o r  the e n t i r e  sea- 
son i s  estimated t o  reduce the overall shaker harvest by only 3.7%, resu l t ing  i n  
a gear s e l ec t i v i t y  coef f i c ien t  of 0.944 - 0.959 (Table 6 ) .  According t o  the 
current  configuration of the y ie l  d-per-recrui t model , these closures would 
increase the  y ie ld  from the f ishery  by 0.7% a t  a monthly instantaneous f i sh ing  
mortal i ty r a t e  of 0.06. A t  a f i shing mortal i ty r a t e  of 0.10 y ie ld  would be 
increased 1.3% and a t  a f i sh ing  mortal i ty r a t e  of 0.20 y i e ld  would be increased 
2.9%. The Clarence S t r a i t  area consis tent ly  had the highest shaker CPUE i n  the 
logbook records f o r  1977-1979. Closure of t h i s  a rea ,  in addit ion t o  the Fair- 
weather Inner Bank and Cape Spencer a reas ,  would r e s u l t  i n  a 9.5% reduction i n  
the number of shakers hooked. W i t h  the closure of a l l  three  of these f i sh ing  
a reas ,  y ie ld  from the f i shery  would increase 1.8% a t  a f i sh ing  morta l i ty  r a t e  
of 0.06, 3.3% a t  a f i shing mortal i ty r a t e  of 0.10, and 7.1% a t  a f i sh ing  mortal i ty 
r a t e  of 0.20. 

DISCUSS ION 

The current  28-inch s i z e  l i m i t  is intended t o  protect  immature 3-year-old f i s h  
while allowing harvest of mature 3 year olds (Natural Resource Consultants 1981 ) .  
However, the process of choosing an optimum s i z e  l im i t  i s  much more complex than 
merely choosing the  s i z e  l im i t  which bes t  protects  the  dominant maturity group 4 
throughout i t s  second vulnerable f i sh ing  season. The chinook salmon yield-per-  
r e c r u i t  model demonstrates t ha t  the  optimum s i z e  l im i t  i s  a continuous increasing 
function of f i sh ing  mortal i ty r a t e  and a continuous decreasing function of hook- 
ing mortal i ty.  Since precise values f o r  nei ther  f i sh ing  mortal i ty r a t e  nor hook- 
ing mortal i ty a re  known f o r  the  Alaska t r o l l  f i shery ,  an exact  optimum s i ze  l i m i t  
cannot be recommended a t  t h i s  time. The optimum s i ze  l i m i t  changes subs tan t ia l ly  
over the  ranges of f i sh ing  mor ta l i t i e s  and hooking mor ta l i t i e s  estimated f o r  the  
f ishery .  Based on the estimated range of monthly instantaneous f i sh ing  mortal i ty 
r a t e s  of 0.055 t o  0.20, a May 15 t o  September 20 f ishing season, and a 30% t o  50% 
range of hooking morta l i ty ,  the r e s u l t s  of the model imply t h a t  a 21 t o  28-inch 
range of s i z e  1 imi ts would give optimum y i e ld  (Figure 34). With the more probable 
0.10 f ishing mortal i ty r a t e  and an intermediate 40% hooking morta l i ty ,  the point 
est imate of the s i z e  l im i t  which optimizes y ie ld  i s  23.5 inches. For these point  
est imates,  y ie ld-per- recrui t  would increase 8.4% from the present y ie ld  w i t h  the 
28-inch s ize  l i m i t .  

The wide range of optimum s i ze  l i m i t s  recommended from the current  configuration 
of the model r e s u l t s  from the r e l a t i ve ly  wide range of est imates of f i sh ing  mor- 
t a l  i t y  and hooking mortal i ty r a t e s  present  in the 1 i t e r a t u r e  and imp1 ied by 
current  t r o l l  f i shery  data .  More precise est imates of instantaneous f i sh ing  
mortal i t y  could be derived from a thorough examination of coast-wide coded wire 
tagging information. Estimates of t o t a l  tags recovered from a given re1 ease,  
a f t e r  expansion t o  correct  f o r  sampling f r ac t i ons ,  a r e  needed f o r  a l l  ocean 
f i s h e r i e s ,  terminal f i s h e r i e s ,  and escapement. 
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Figure 34. Summary o f  optimum s i z e  l i m i t s  as a  func t ion  o f  hooking m o r t a l i t y  
a t  th ree  l e v e l s  of f i s h i n g  m o r t a l i t y .  Also i nd i ca ted  i s  the  lower 
bound o f  optimum s i z e  l i m i t s  computer from 30% hooking m o r t a l i t y  
a t  F = 0.055, and the upper bound of optimum s i z e  l i m i t s  computed 
f rom 50% hooking mortal  i t y  a t  F = 0.20. 



I t  will be d i f f i c u l t  to  increase the precision of hooking mortality estimates. 
A relatively large number of estimates of hooking mortality rates  have been 
made for  various experimental and commercial f ishing conditions. The uncertainty 
of the hooking mortal i ty estimate resul ts  from attempting to extrapolate from 
limited observations to  the ent i re  fishery in general. 

Refined estimates of the instantaneous natural mortal i t y  ra te  a re  not 1 i kely to  
increase the precision of the optimum size recommendations. Estimates of annual 
natural mortality rates  fo r  age 2+ salmon i n  the ocean are 1 1 2  t o  1/8 of the e s t i -  
mates of fishing mortality ra tes .  As a resu l t ,  yield per recrui t  appears to be 
relat ively insensitive to  the level of natural mortality. 

Size l imits  may have an additional positive e f fec t  on yield by deterring t r o l l e r s  
from fishing in high shaker-density areas. Even i f  a number of large f i sh  are 
available for  harvest in a given area, the presence of shakers effectively 
reduces CPUE. Trolling l ines  must be run more often to  remove shakers and to 
replace ba i t  deteriorated by shaker s t r ikes .  As a resu l t ,  fewer hooks are  actively 
fishing per unit time. A mechanism describing th i s  deterrent e f fec t  can easi ly  be 
incorporated into the yield-per-recruit model. The deterrent e f fec t  will effec- 
t ively s h i f t  some proportion of fishing e f fo r t  from the high shaker density areas 
to  areas where age-2 and 3 f i sh  a re  l e s s  fu l ly  recruited. A mechanism similar to  
that  used to  compute the e f fec t  of a time area closure can be uti l ized. While i t  
would be d i f f i cu l t  to estimate the proportion of e f fo r t  that  would voluntarily 
s h i f t  out of the h i g h  shaker density area,  the sensi t ivi ty  of yield per recrui t  
to  the deterrent e f fec t  could be evaluated. 

The model resu l t s  predict increases in yield of from 1% to 7% i f  presently-known 
high shaker density areas were closed. The model configuration assumes that  e f fo r t  
would move from the closed areas into the remaining open areas in proportion to 
the amount of e f f o r t  previously i n  the open area. CPUE of legal f i sh  in the 
remaining open areas i s  assumed not to  change. In rea l i ty  CPUE in these other 
open areas would be reduced somewhat due to the increased concentration of fishing 
gear on the already crowded fishing grounds. Localized depletion of stocks due to  
concentrations of e f fo r t  could fur ther  reduce CPUE. Closures have other negative 
impacts which are  d i f f i cu l t  to quantify. Closure of areas adjacent to  small 
Southeastern Alaskan communities would impact small-boat fishermen who sel l  the i r  
catch each day and who would not be able to  range out into the remaining open 
areas. The abil  i t y  t o  f i sh  traditional grounds carr ies  a strong positive value 
t o  some fishermen. These values may outweigh the increases i n  yield resulting 
from area closures. 

Information from the Icy S t r a i t  Tagging Study demonstrates a highly significant 
difference in hooking mortality between t reble  and single hooks. The lower mor- 
t a l i t y  observed fo r  t reble  hooks i s  contrary to  the intuit ion of most fishermen. 
Treble-hooked f i s h  are  often more d i f f i c u l t  to  release sine several barbs a re  
often embedded i n  the f lesh.  However, t h i s  d i f f icu l ty  appears to  be more than 
compensated for  by the difference in severity of the hooking wounds. Single 
hooks present a smaller cross-sectional area to  the f i sh  and tend to  be ingested 
more deeply, resulting in a higher proportion of g i l l  injur ies  (M. Bethers, Alaska 
Dept. of Fish and Game, pers. comm.). Haw (1963) found similar differences in 
the location and severity of wounds caused by single and treble hooks and noted 
tha t  the location of the wound appeared to  a f fec t  survival. The same relationship 
between hook s ize and mouth s ize appears to  explain the observed differences in 



mortality by f i sh  length for both single and treble hooks. Haw (1963) reports 
an opposite trend w i t h  length for  increased recoveries of tagged f i sh .  However, 
he notes that  tag-shedding rates  were also found to be higher in small f i sh  and 
that  t h i s  effect  could also explain the observed differences i n  tag recovery 
rates.  

The yield-per-recruit model demonstrates that  unless instantaneous rates of f i sh-  
i n g  mortality are very high, gear res t r ic t ions  which u t i l i ze  the observed differ-  
ences i n  hooking mortality and s ize select ivi ty  of different  types of t rol l ing 
gear a r e  not l ikely to  increase yield from the f ishery.  Other undesirable e f fec ts  
of imposing gear res t r ic t ions  are  not easy to  quantify. Some fishermen have 
developed an intimate famil iar i ty  with certain gear types over a number of years 
and would find the forced transit ion to  a new gear type d i f f i cu l t .  Freedom from 
regulatory res t r ic t ion  of any kind carr ies  a certain value to  many fishermen. 
Trollers in particular tend to  be staunchly independent and may prefer to  sacri-  
f i ce  some potential yield to  maintain the i r  independence from further  regulation. 

The sole purpose of a size-1 imit res t r ic t ion ,  or any associated measures to  reduce 
hooking mortal i t y ,  i s  to  increase yield from the fishery. Size l imits  have very 
1 i t t l e  e f fec t  on problems associated with overharvest. The present si ze 1 imi t 
does a1 low maturi ty-group-2 f i sh  to  escape unharvested except fo r  hooking mortal i t y .  
However, only a very small proportion of chinook salmon mature a t  age 2.  Ricker 
(1980) points out that  t h i s  e f f ec t ,  while negligible in terms of conservation of 
existing stocks, could easi ly  resu l t  in longer-term genetic selection for  early 
maturation. Troll s ize  1 imits a re  one of several factors  suspected to  have 
caused the decline i n  age and s ize of chinook salmon in recent decades. 

I t  should be emphasized that  yield-per-recruit models cannot be used t o  s e t  
optimum fishing mortality rates .  Overall f ishing mortality rates  should be 
designed t o  achieve escapement goals which optimize spawner-recruit relationships. 
The level of fishing mortality a t  the global maximum evident on the yield-per- 
recrui t  response surface does not represent the optimum long-term management 
strategy. The yield-per-recruit model ignores the e f fec ts  of overharvest on 
future recruitment. Given a fishing mortality ra te  determined from methods 
designed t o  optimize recruitment, the corresponding s ize l imit  along the eumetric 
fishing curve determines the optimum management strategy. 

The most serious shortcoming of the current configuration of the model i s  the 
assumption tha t  fishing mortality is  independent of maturity stage. Fishing mor- 
t a l i t y  was allowed to vary only with age in order to  allow f o r  incomplete recrui t -  
ment. In real i t y ,  f ishing mortality probably changes with both age and degree of 
maturity a t  different  ra tes  w i t h i n  each maturity group. Preliminary examination 
of fishing mortality ra tes  f o r  several coded wire tag recovery groups suggests 
that  fishing mortality i s  higher f o r  maturing f i sh  a t  each age. Age and maturity- 
group-specif i c  fishing mortal i t y  rates  could be estimated us ing  tag recovery 
information i f  the age-specific ra t ios  of immatures to  matures i n  the catch were 
known. 

The yiel  d-per-recruit model provides a conceptual framework f o r  eval ua ti  ng the 
e f fec ts  of s ize  1 imits,  gear res t r ic t ions ,  and time-area closures. W i t h  refined 
estimates of fishing mortal i t y  ra tes  by maturity group and age, the yield-per- 
recru i t  model could become a more useful tool fo r  t r o l l  f ishery management 
planning . 



CONCLUSIONS 

1.  A s i ze  l im i t  of 24.0 inches would optimize y ie ld  in weight of chinook 
salmon i n  the Alaska t r o l l  f i shery ,  based on the most 1 ikely est imates 
of f i shing and hooking mor ta l i t i e s .  Yield would be increased 8.4% over 
the y ie ld  with the current  28-inch l im i t .  

2. A s i z e  l im i t  of 26.5 inches would optimize the landed value in do l l a r s  of 
chinook salmon in the Alaska t r o l l  f i shery ,  based on the most 1 ikely e s t i -  
mates of f i shing and hooking mor ta l i t i e s .  Landed value would be increased 
only 1.6% over the landed value w i t h  the current  28-inch l im i t .  

3. Unless the instantaneous monthly r a t e  of f i shing mortal i ty i s  g rea te r  than 
0.10 monthly ( f o r  a 4.17 month f i sh ing  season), no s i z e  l i m i t  f o r  chinook 
salmon should exceed 26 inches. 

4. Yield per r e c r u i t  does not change radical ly  with varying s i z e  l im i t s .  In 
the face  of uncertain parameter est imates,  there i s  l i t t l e  r i s k  in terms of 
l o s t  y i e ld  t o  the f i shery  when s i z e  l im i t s  a r e  not optimal. 

5. Gear sa tura t ion resu l t ing  from hooked sublegal fish reducing the amount of 
gear ac t ive ly  f ishing was not modeled but could fu r t he r  decrease optimum 
s i ze  l im i t s .  

6. Landed value i s  maximized a t  l a rger  s i z e  l im i t s  than y ie ld  a t  corresponding 
r a t e s  of hooking mortal i ty.  These differences become more pronounced a t  high 
r a t e s  of hooking mortal i ty.  

7. Shaker mortal i ty  est imates i n  the  1 i t e r a tu r e  range from 15% t o  86%. Values 
most commonly used by f i shery  managers a r e  generally 30% t o  50%. 

8. Including maturity groups other than the dominant age-4 group i n  a y ie ld  
analys is  makes y ie ld  maxima more pronounced on the s i z e  l imi t - f ishing 
mortal i ty y ie ld  response surface. The l o s s  of maturity-group-3 f i s h  makes 
the y ie ld  surface decline a t  larger  s i z e  1 imits and the small sublegal s i zes  
of the maturity-group-5 f i s h  causes the  surface t o  decline a t  smaller s i z e  
1 imits .  

9. Adding hooking mortal i ty t o  the yield-per-recruit  model causes the y ie ld  
response surface t o  decl ine w i t h  increasing f i sh ing  mortal i t y .  A global 
maximum appears on the response surface.  

10. The yie ld-per- recrui t  model was r e l a t i ve ly  insensi t ive  t o  the re la t ionship  
between hooking mortal i ty and f i s h  length over the range of pos i t ive  and 
negative slopes of hooking mortal i t y  re la t ionships  used. Varying the  slope 
of the  hooking mortal i ty-fish length re la t ionship  changed the optimum s i z e  
l im i t  by a t  most 1.5 inches. Optimum s i ze  l im i t s  a r e  l a rger  f o r  models 
with decreasing hooking mortal i ty with increasing f i s h  length than f o r  
models with increasing hooking mortal i ty w i t h  increasing f i s h  length when 
overall  hooking mortal i ty l eve l s  a r e  1 ow. However, optimum s i ze  1 imi t s  
a r e  smaller f o r  the  models w i t h  decreasing hooking mortal i ty than f o r  those 
with increasing hooking mortal i t y  when overall hooking mortal i ty  is  i n t e r -  
mediate o r  high. 



11. Most gear r e s t r i c t i o n s  reduce y i e l d .  The e f fec t  o f  gear r e s t r i c t i o n s  
which reduce hooking m o r t a l i t y  must be weighed aga ins t  t he  decreases i n  
CPUE of l e g a l  f i s h  caused by the  gear r e s t r i c t i o n .  Examples f rom the  
l i t e r a t u r e  o f  t e s t  f i s h i n g  w i t h  gear which reduce hooking m o r t a l i t y  a l l  
showed decreased y i e l d  when analyzed w i t h  the y i e l  d-per- recru i  t model . 

12. Gear r e s t r i c t i o n s  which reduce hooking m o r t a l i t y  cause the  l a r g e s t  increase 
i n  y i e l d  per  r e c r u i t  a t  low f i s h i n g  m o r t a l i t y  and hooking m o r t a l i t y  ra tes .  
The e f f e c t  o f  gear r e s t r i c t i o n s  on y i e l d  decreases w i t h  h igher  f i s h i n g  and 
hooking morta l  i t y  ra tes .  

13. B e t t e r  est imates of f i s h i n g  m o r t a l i t y  ra tes  f o r  t he  Alaska t r o l l  f i s h e r y  
would a l l ow  more p rec i se  es t imat ion  o f  optimum s i z e  l i m i t s .  

14. Closure of h igh-densi ty  shaker areas ( inshore waters n o r t h  of Cape Spencer 
and t h e  Clarence S t r a i t  area) would probably increase the  o v e r a l l  y i e l d  t o  
the f i s h e r y  by on l y  2% t o  7%. 

15. Gear s a t u r a t i o n  e f f e c t s  a l s o  discourage t r o l l e r s  from f i s h i n g  i n  h lgh  
shaker dens i ty  areas. Such vo lun tary  e f f o r t  s h i f t s  ou t  o f  h igh  shaker 
dens i t y  areas tend t o  increase the  value o f  a s i z e  l i m i t .  However, no 
data are  a v a i l a b l e  w i t h  which t o  est imate the  magnitude of t h i s  ef fect .  

15. The ADF&G I c y  S t r a i t  Tagging Study i nd i ca tes  t h a t  hooking morta l  i t y  
increases w i t h  f i s h  l e n g t h  and t h a t  s i n g l e  hooks cause s i g n i f i c a n t l y  
h igher  m o r t a l i t y  than t r e b l e  hooks. Both e f f e c t s  can be exp la ined by 
the hypothesis t h a t  the  r e l a t i o n s h i p  between hook s i z e  and mouth s i z e  
c o n t r o l s  t he  depth of swallowing and hence t h e  s e v e r i t y  of hooking i n j u r i e s .  
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APPENDIX I 

D e r i v a t i o n  of Surv iva l  Model I nco rpo ra t i ng  Length-Re1 a ted  Hooking Mor ta l  i ty 



DERIVATION OF A  SURVIVAL MODEL WITH HOOKING MORTALITY A 

LINEAR FUNCTION OF FISH LENGTH 

A s u r v i v a l  model i n  which the f i s h i n g  m o r t a l i t y  o f  sublegals va r ies  as a l i n e a r  
f u n c t i o n  o f  f i s h  l eng th  can be der ived f rom 

where, M~ i s  a  matur i ty -group-spec i f i c  na tura l  m o r t a l i t y   function,^^ i s  an age- 
s p e c i f i c  instantaneous f i s h i n g  mor ta l  i t y  r a t e ,  and H ( L )  i s  the  hooking mor ta l  i t y  
funct ion.  The subscr ip ts  w i l l  be omi t ted from M and F f o r  simp1 i c i t y .  The 
f u n c t i o n  H ( L )  can be expressed as a  l i n e a r  f unc t i on  o f  t ime us in  a  l i n e a r  rowth 
i n  l eng th  model, ~ ( t )  = m e t  + L',  where L .  i s  l eng th  a t  re lease Qtime t = 07. If 
H ( L )  i s  assumed l i n e a r  w i t h  l e n g t h  L ,  H ( L )  = h * ~  + C .  Thus, 

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  the  d i f f e r e n t i a l  equat ion f o r  s u r v i v a l  g ives  

dN - = ( ~ ( t )  + ~ [ h m t  + ( ~ L ' + C )  I ) at, and 
N  

In N  = .[ -M ( t )  dt - +/'  ~ h m t  dt - .( F ( h ~ '  +C) dt , 

which reduces t o  

I f  N = N~ a t  re lease ( t = O )  , 

C  [ K / ( a m ( l - b ) ) l  * ( L ' )  (1 -b) 
e o = N  

0 O e  
, and 



APPENDIX I1 

Listing of the Fortran program YIELDS which computes yield per recruit for a 
semelparous species with disjoint fishing seasons, age-related natural mortality, 
size-related sublegal hooking mortality, and maturity-group-specific growth. 



PROGRAM YIELDS 

The present  c o n f i g u r a t i o n  o f  YIELDS i s  designed t o  execute on a Honeywell 66/40 
runn ing  under the  GCOS/TSS b a t c h / i n t e r a c t i v e  opera t ing  system. S l i g h t l y  modi- 
f i e d  vers ions o f  t h e  program have been executed on a CDC Cyber 173 under NOS 
and on var ious  microcomputers running CP/M w i t h  M ic roso f t  For t ran  compi lers.  

C a l l i n g  Hierarchy o f  Program YIELDS 

YIELDS 



PROGRAM YIELDS 
C 
C--Purpose: Canpute y ie ld -pe r - rec ru i t  based on modi f ied  Beverton-Holt 
C-- y i e l d  equation. A l l w s  f o r  non-continuous f i s h i n g  seasons, 
C-- semelparous l i f e  h i s t o r y  w i t h  maturat ion a t  d i f f e r e n t  ages. 
C-- Allows f o r  d ~ f f e r e n t  growth ra tes  f o r  f i s h  maturing a t  
C-- d i f f e r e n t  ages. Allows age-dependent natura l  mortal  l t y  t o  
C-- be speci f ied.  Allows f o r  age-specl f ic  f i s h i n g  m o r t a l i t y .  
C-- Allows f o r  sublegal hooking m o r t a l i t y  w i t h  hooklng m o r t a l i t y  
C-- a func t i on  o f  sfze. Al so computes l anded va l  ue-per-recruit. 
C-- Ex-vessel p r i ces  a r e  al lowed t o  f l u c ~ u a t e d  w l t h l n  f l s h l n g  
C-- seasons and be we1 ght-cl  ass spec1 f 1 c. 
C-- The y i e l d  equation I s  evaluated over a 
C-- range of d i s c r e t e  f l s h i n g  m o r t a l i t y  and s i z e  l l m i t  values t o  
C-- produce a response surface. Subroutine PICTURE i s  c a l l e d  t o  
C-- d l  sp l ay the  su r f  ace. 
C--Def i n i t i o n s :  
C-- LMlN - Minimum s i z e  I l m i t  (vary ing)  
C-- LMlNl - smal lest  s i z e  l i m l t  evaluated (19 Inches) 
C-- KEN - t h e  number of s i z e  I l m l t s  t o  evaluate 
C-- DELTLN - In te rva l  behreen s i z e  l rmi ts  
C-- FRAT10 - r a t i o  o f  f i s h l n g  m o r r a l i t y  t o  f u l l y  r e c r u i t e d  
C-- f i s h i n g  m o r t a l i t y  f o r  each age 
C-- F - ar ray  s t o r i n g  t h e  age-specif ic f i s h i n g  m o r t a l i t i e s  
C-- F1 - lowest f i s h i n g  morta l  19 evaluated (0.02) 
C-- NF - t h e  number o f  f i s h i n g  m o r t a l i t y  l eve ls  t o  evaluate 
C-- DELTAF - i n t e r v a l  between f i s h i n g  mortality l e v e l s  
C-- TI3 - t ime  of beginning of each o f  t h e  5 f i s h i n g  seasons (mo) 
C-- TE - t ime o f  end o f  each of t h e  5 f i s h i n g  seasons (months) 
C-- P - m a t u r i t y  group p ropor t i on  
C-- HKMOD - hookfng morta l  lty model 
C-- NATMOD - natura l  mortal  i t y  model 
C-- ZNTMRT - leve l  o f  na tura l  morta l  i t y  (if NATMOD = 2) 
C-- YIELD - array s t o r i n g  t h e  NF by KEN y i e l d  sur face 
C-- MOERO - t y p e  of growth model ( 1 =vonB, 2=mod. exp) 
C-- VALMOD - f I ag f o r  v a l  ue-per-recruit  form ( i f  .true. 1 
C--Structure: 
C-- Ma1 n program YIELDS merely increments F and Tc and d r i ves  
C-- FUNCTION GETYLD t o  ccmpute actual  y ie lds .  If f l a g  PLOTIT I s  
C-- s e t  . t rue. subrout ine PICTURE i s  c a l l e d  a t  t e rm ina t ion  t o  
C-- d l  spl ay a 3-d representa t ion  o f  t h e  response su r f  ace. A %EN 
C-- by NF t a b l e  conta in ing  t h e  va lues  o f  YIELD I s  w r i t t e n  t o  
C-- FORTRAN u n i t  6 ( te rmina l ) .  
C-- S e t t i n g  OUTTST .TRUE. t u rns  on a lengthy debug output  mode 
C-- Growth model parameters are I n i t 1 a l ized 1 n t o  array GPARMS f o r  
C-- ease i n  passing. 
C 

REAL LMIN,LMINI 
REAL YIELD(20,30),XPlC(20,30),YPIC(20,30) 



REAL P(5),F(5),T6(5),TE(5),GPARMS(25),FRAT10(5) 
LOGICAL WTTST,PRTST,ROTIT,VALMOD 
COMMON /TEST/ OU TTST, PRTST 
COMMON /HOOKVL/ HKMOD 

C--VALMOD-val ue model -TRUE==> I ncl  ude p r  Ices; FALSE==> y l e l  d model only  
COMMON /MODELS/ V A L  MOD, NATMO0,ZNTMRT 
COMMON / I MSL ER/ NERR1, NERR2, NCALLS 

C 
C 

DATA FRAT10 j0.0, 0.325, 1.0, 1.0, 1.0/ 
C 

DATA TB / 0.0,10.0,22.0,34.0,46.0/ 
C 

DATA TE /9.9999,16.5,28.5,40.5,52.5/ 
C 

DATA R /1.0/, P /0.0, 0.0001, 0.05, 0.70, 0.2499 / 
C 

DATA F1 /0.02/, LMlNl /I 9.0/, NF /20/ 

DATA NLEN /30/,DELTAF /.02/, DELTLN /0.5/ 

DATA NERRl /O/, NERR2 /O/, NCALLS /0/ 

DATA NWARN /O/, MOCGRO /2/ 

DATA GPARMS / 

AGE = 1 2 3 4 5 

MODEL : 
I 2 

8 6.067E-6, 6.067E-6, 3.950E-6, 3.725E-6, 4.727E-6, 
C LINF B 

8 3.200, 3.200, 3.304, 3.31 8, 3.263, 
C K M 

8 3.571, 3.571, 2.542, 2.091, 1.685, 
C TO LPRIM 

8 8.00, 8.00, 8.00, 8.00, 8.00, 
C B K  

8 0.001 7, 0.001 7, 0.01 1, 0.015, 0.018 / 
C 
c----------------------------------------------------------------- 
C 
C 

NATMOD = 1 
HKMOD = 3.0 
OUTTST = .FALSE. 
PRTST = . FALSE. 



PLOTIT = .TRUE. 
VPLMOD = .TRUE. 

C 
I F  ( PLOTIT CALL ROTST 

C 
C--Convert lengths I n  inches t o  cent imeters 
C 

LMlNl = LMlNl * 2.54 
DELTLN = DELTLN * 2.54 

C 
WRlTE(6,1002) ( (  lm in l+ f  loat(llen-1)*deltln)/2.54,1Ien=1,30) 

1002 Fomat(40X, I S  IZE AT ENTRY (TOTAL LENGTH IN CM)',/, 
8 4X,18F7.1,/,4X,12F7.1,//,4X,(F',/) 

C 
C--Loop on t i s h i n g  mortal  lty increment 
C 

DO 30 I F  = 1,NF 
C 
C--Compute f i s h i n g  m o r t a l i t y  schedule f o r  at 1 5 age c lasses 
C 

DO10 1 = 1.5 
F ( I )  = FRATIO(1) * (F1 + FLOAT(1F-l)*DELTAF) 

10 CONTINUE 
C 
C--Loop on mlnimum s i z e  increment 
C 

DO 20 ILEN = 1,NLEN 
C 
c--Compute m i  nimum size, t o t a l  length and then conver t  t o  f o r k  length 
C 

LMlN = LMIN1 + FLOAT( ILEN-1 )*DELTLN 
C 

LMlN = (LMIN-5.337)/0.9768 
C 
C--Compute y i e l d  f o r  t h i s  mlnimum s i z e  and f i s h i n g  m o r t a l i t y  
C 

Y 1ELD( IF, ILEN) = GEMD(LMIN,R,P, F,TB,TE,MODGRO,GPARMS) 
C 

20 CONTINUE 
C 

FX = F1 + FLOAT( I F-1 )*DUTAF 
C 

WRITE(6,1001) f x , ( y fe ld ( i f ,  l l en ) ,  l l e n = l  ,nlen) 
1001 Format(F4.2,18f7.4,/,1~,3~,12f7.4,/) 

C 
30 CONT l NUE 

C 
CALL Dl SPLA( ' QATR I ER = 1 ERRORS$', NERRI 
CALL DISPLA(' QATR IER = 2 ERRORS$', NERR2) 
CALL DISPLA(' CALLS TO DT$',NCALLS) 

C 



IF  ( PLOTIT CALL PICTURE(YlELD,XPIC,YPIC, 
8 NF,NEN,NF,6.,7.,-8.,-6.,10.,0,0,0,2,3,0) 

I F  ( PLOTIT 1 CALL PLOT(0.,0.,999) 
C 
C 

STOP 
END 
RINCI ION GETYLD(LMIN, R,P, F,TB, TE,MOCGRO,GPARMS) 

C 
C-- Get y l e l d  dver  a l l  m a t u r l t y  groups and ages f o r  a g iven  
C-- mlnlmum s l z e  and f l s h l n g  mor ta l  f t y  schedule. 
C 

INTEGER AGE 
REAL LMIN,P(5),F(5),TB(5),TE(5),GPARMS(25),NSlZE 
REAL NSTART, NBEG I N 
LOGICAL OUTTST,PRTST 
COMMON /TEST/ OUTTST, PRTST 

C 
c------------------------------------------------------------- 
C 

GETYLD = 0.0 
C 
C--Loop on m a t u r l t y  groups 
C 

DO 100 MTGWP = 3,5 
C 

CALL LODCOM(D2,D3,11,12,GPARMS) 
TMIN = AGNTRY(LMIN,MTGRlP,MODGRO) 

C 
C--Canpute I n l t 1 a l numbers 
C 

NBEGIN = R * P(MTGRUP1 
C 
C 
C--Loop on ages w i t h i n  m a t u r l t y  groups 
C 

DO 200 AGE = 2,MTGRUP 
C 
C 

NSTART = MEGIN 
C 
C--Compute surv l v a l  o f  matur I t y  group t o  end o f  prev l ous f 1 sh 1 ng season 
rr 

I F  ( AGE .LT. 3 GO TO 250 
C 

NSTART = NSTART * 
& NSiZE(MTGRUP,TMIN,F(J),TB(J ),TE(J-1 ),TE(J)) 

C 



C 
300 CONT l NU E 

C 
2 50 CONT I NUE 

C 
GETYLD = GETYLD 

a + 
8 NSTART * BVHOLT(TMIN,F(AGE),TB(AGE),TE(AGE-1) , 
8 TE(&E),MTGRUP, MOCGR0,GPARMS) 

C 
200 CONTINUE 

c 
100 CONTINUE 

C 
RETURN 
END 
REAL FUNCTION NS IZE(MTGRUP,TMIN,F,TB,OLDTE,TE) 

C 
C-- Compute p r o p o r t i  on of popul a t1  on surv i v  i ng one compl e t e  year. 
C-- Assume preseason t ime i n t e r v a l  o f  length  TB - OLDTE w i t h  
C-- only natura l  m o r t a l i t y  ( M I .  
C-- Assume f l s h i n g  season o f  length  TE-TB w i t h  F and M operat ive.  
C 

INTEGER MTGRUP 
REAL F, TB, OLDIE, TE 
LOG ICAL OUTTST, PRTST, LEGAL 
COMMON /TEST/ OUTTST, PRTST 

C 
c-------------------------------------------------------- 
C 

LEGAL = .TRUE. 
C--Compute su rv i va l  t o  s t a r t  o f  f i s h i n g  season 
C 

NSIZE = ZMORT(O.O,TB,CLDTE,MIGRUP,LEGAL 
C 

C--Fish o f  legal  s i z e  be fore  f l sh ing  season 
C 

NSIZE = NS IZE * ZMORT(F,TE,TB,mRUP,LEGPL 1 
GO TO 300 

C 
100 IF(TMIN .LE. TE) GO TO 200 

C 
C--Fish reach lega l  s i z e  a f t e r  f l s h l n g  season b u t  a re  s t f l  l 
C--Hooked a t  r a t e  F--so reduce f i s h i n g  m o r t a l i t y  by hooking su rv i va l  
C 

LEGAL = .FALSE. 
NSIZE = NSIZE * ZMORT(F,TE,TB,MTGRUP,LEGAL 
GO TO 300 

C 



200 CONT l NUE 
C 
C--Fish reach legal  s l z e  dur lng  f l s h l n g  season 
C 
C--Fi r s t  compute surv l v a l  t o  age-of-entry (TMI N) 
C 

LEGAL = .FALSE. 
NSIZE = NSIZE * ZMORT(F,TMIN,TB,MTGWP,LEGAL) 

C 
C--Then compute s u r t i v a l  a f t e r  f l s h  reach legal s l z e  
C 

LEGAL = .TRUE. 
NSIZE = NSIZE * ZMORT(F,TE,TMIN,MTGWP,LEGAL) 

C 
300 CONT I NUE 

C 
C 

RETURN 
END 
FUNCTION BVHOLT(TMIN8F,T8,CLDTE,TE,MTGRUP,MODGR0,GPARMS) 

C 
C-- Compute y i e l d  per r e c r u i t  dur lng  one f i s h i n g  season from 
c-- one matu r i t y  group. i n teg ra te  Beverton-Hol t y i e l  d equation 
c-- from beginnlng (TE) t o  end (TB) of one f i s h i n g  season. 
c-- Ccmputes surv i v a l  from end of prev ious season (CLDTE) t o  
c-- beginning o f  present season (TB). Checks f o r  f i s h  reaching 
c-- legal  age dur lng the  present f i s h i n g  season and rese ts  
c-- s t a r t l n g  pol  n t  o f  y l e l  d accumul a t l o n  i f  necessary. 
c-- I f  VALMOD was s e t  .TRUE., t h e  q u a n t i t y  In tegra ted i s  landed 
c-- value-per-recrult ,  no t  y ie ld .  Regardless o f  t h e  va lue of 
c-- VALMOD t he  l l m i t s  o f  i n teg ra t l on  are  r e s e t  I f  necessary such 
c-- t he  i ntegral  I s  no t  eval uated over srnal I-medl um and 
c-- med 1 urn- l arge p r  i ce J umps. 
C 

REAL GPARMS(25),K,AUX(6) 
LOG l CAL OU TTST, PRTST, FBREAK, L EGAL 
EXTERNAL DT 
COMMON /TEST/ CU TTST, PRTST 
DATA EPS / I  .OE-3/,ND I M  /6/, START /0.0/ 

C 
C--------------------------------------------------------------- 
C 

CALL LODCOM( F, TB, MTGRUP, MODGRO,GPARMS) 
C 
C--If f i s h  below legal s i z e  dur lng  t h i s  season, no y l e l d  
C 

I F  (TMIN .GT. TE) GO TO 300 
C 
C--Cmpute surv I v a l  To s t a r t  of season 
C 

LEGAL = .TRUE. 



START = ZMORT(O.O,TB,CCDTE,WGWP,LEGAL) 
C 

TBB = TB 
C 

IF  ( TMlN .LE. TB) GO TO 200 
C 
C--Fish reach legal  s i z e  du r lng  f l s h l n g  season, 
C--so canpute su rv l va l  t o  AGNTRY 
C 

LEGAL = .FALSE. 
START = START * ZMORT(F,TMIN,TB,MTGRJP,LEGPL) 
LEGAL = .TRUE. 

C 
C--Reset s t a r t l n g  p o i n t  of y i e l d  accumulation t o  age legal  s i z e  reached 
C 

TBB = TMlN 
C 

200 CONTINUE 
C 
c--Check f o r  smal I-medium o r  medium-large p r i c e  jump t h i s  season 
C 

IF  ( PBREAK(TE,TBB,TBREAK) GO TO 250 
C 
c--No p r i c e  jumps, i n teg ra te  over whole season t o  ccmpute y i e l d  
C 

CALL LODCOM( F, TBB, MTGRUP, MODGR0,GPARMS 1 
CALL QATR(TBB, TE, EPS, ND IM, DT,QATVAL, I ER, AUX) 
BVHOLT = F * START * QATVAL 
GO TO 400 

C 
250 CONTINUE 

C 
c--Price jump dur ing  t h i s  season - f i r s t  eval uate 1 ntegra l  up t o  break: 
C 
C 

CALL LODCOM( F, IBB, MTGRUP, MODGRO, GPARMS 
CALL QATR(TBB,TBREAK-0.0001 ,EPS,NDIM,DT,QANAL, IER,AUX) 
BVHCCT = F * START * QATVAL 

C 
c--Now eval uate i n t e g r a l  f r a n  break t o  end o f  season 
c--Check f o r  another p r i c e  break f l r s t :  
C 

I F  ( PBREAK(TE,TBREAK,TBRK2) 1 GO TO 280 
C 
C 

START = START * ZMORT(F,TBREAK,TBB,MTGRUP,LEGK) 
CALL LODCOM(F,TBREAK,MTGWP,MODGRO,GPARMS) 
CALL QATR(TBREAK+0.0001 ,TE, EPS, NDIM, DT,QATVAL, IER,AUX) 
BVHCLT = BVHCLT + ( F * START * QATVAL) 
GO TO 400 



280 CONTINUE 
C 
C--Second p r l c e  break - eva lua te  I n t e g r a l  from f l r s t  t o  second break 
C 
C 

START = START * ZMORT(F,TBREAK,lBB,MTGRJP,LEGAL) 
CALL LODCOM( F, TBREAK, MTGWP, MOffiR0,GPARMS 1 
CALL QATR(TBREAK+0.0001 ,TBRK2-0.0001 ,EPS,NDIM,DT, 

8 QANAL, IER, WX) 
BVHOLT = BVHOLT + (F* START * QATVAL 

C 
C--Now eva lua te  i n t e g r a l  from second p r l c e  break t o  end o f  season 
C 
C 

START = START * ZMORT(F8TBRK2,Tf3REAK,MTGRJP,LEGAL) 
CALL LODCOM(F,TBRK2,MTGWPP,MOffiR0,GPARMS) 
CALL QATR(?BRK2+0.0001 ,TE,EPS,NDIM,DT,QATVAL, IER,AUX) 
BVHOLT =-BVHOLT + ( F  * START * QATVAL) 
GO TO 400 

C 
300 CONTINUE 

C 
C--Fish below lega l  slze, no y l e l d  
C 

BVHOLT = 0.0 
C 

400 CONT l NUE 
C 
C 

RETURN 
END 
SUBRCUTINE LODCOM(F,TB,MTGRUP,MODGRO,GPARMS) 

C 
C-- Load common b l  ock DTARGS f o r  access from DT, GROWTH, ffiNTRY,ZMORT 
C 

REAL GPARMS(25) 
COMMON /DTARGS/ FX, lBX, MATX, MODGRX,GPX(25 1 

C 
c--------------------------------------------------------- 
C 
C--Transfer arguments t o  common /DTARGS/ f o r  pass lng t o  DT 
c 

FX = F 
lBX = TB 
MATX = MTGW P 
MODGRX = MODGRO 
DO 40 1 = 1,25 

GPX( I )  = GPARMS( I )  
10 CONT l NUE 

C 
C 



RETURN 
END 
FUNCT ION DT(T) 

C 
C-- D i f f e r e n t i a l  p o r t i o n  o f  Bev-Holt equat ion f o r  QATR t o  
C-- numer lca l ly  in tegra te .  
C-- T i s  t ime from beginnlng o f  f i s h i n g  seaso. 
c-- T + TB i s  t ime  from re lease 
C 

REAL M 
LOG ICAL OUTTST,PRTST,LEGAL 
EXTERNAL GRWM 
COMMON /TEST/ OUTTST, PRTST 
COMMON /DTARGS/ F,TB, MERUP, MOCGRO,GPARMS(25) 
COMMON / I MSL ER/ NERR1, NERR2, NCALL S 

C 
c--------------------------------------------------------------- 
C 

LEGAL = .TRUE. 
C 

WEIGHT = GRCWTH(T,MTGRUP, MOCGRO) 
C 

DT = ZMORT(F,T,TB, MTGRUP,LEGAL * WEIGHT * PRICE(T,WEIGHT) 
C 

NCALLS = NCALLS + 1 
I f  ( p r t s t )  WRITE(6,3000) DT 

3000 Format(2x, 'DT =',f10.6) 
C 

RETURN 
END 
REAL FUNCTION ZMORT(F,TZ,Tl ,MTGRUP,LEGAL) 

C 
C-- Compute p r o p o r t l o n  o f  pop. present  a t  TI surv i v  i ng t o  t ime  T2 
C-- us ing OIConnorls (1977) model w i t h  na tura l  morta l  i t y  as a 
C-- d e c l i n i n g  exponential  f u n c t i o n  o f  f i s h  weight. 
C 

INTEGER MTGRUP 
REAL F,DELTAT,AX(5),BBX(5),MX(5),LPRIMX(5),KX(5),A,BB,M,LPRIM,K 
LOGICAL OUTTST,PRTST,LEGAL,VALMOD 
COMMON /MODEL S/ VAL MOD, NATMOD, Z NTMRT 
COMMON /TEST/ OUTTST, PRTST 
COMMON /DTARGS/ DUM(21, IDUM(2) ,GPARMS(25) 

C 
EQU IVALENCE ( AX(1) ,GPARMS( 1)  1, 

& ( BBX(l),GPARMS( 6) 1, 
& ( MX(I),GPARMS(lI) 1, 
& (LPRIMX(1 ),GPARMS( 16) 1, 
8 ( KX(l),GPARMS(21) 

C 
c--------------------------------------------------------- 
C 



ZNATMT(K,M,DELTAT,LPRIM,BB,A) = 
C 

& K * ((M*DELTAT+LPRIM)**(l-BB) - LPRIM**(l-BB)) 
C .............................................. 

& / (  A * M * (I-BB) ) 
C 

A - - AX(MTGRUP) 
BB = BBX(MTGRUP1 
M - - MX(MTGRUP) 
LPRIM = LPRIMX(MTGRJP) 
K = KX(MTGRUP) 

C 
IF ( NATMOD . EQ. 2 GO TO 100 

C 

c--Natural Mortal l t y  as a f unct ion o f  age: 
C 

ZMORT = 

C 
GO TO 900 

C 
100 CONTINUE 

C 
C--Constant natura l  mortal i t y  
C 

ZMORT = EXP( -(F*TZ*HOOK(LEGPL,TZ,M,LPRIM) + ZNTMRT*T2 1 
C .................................................. 

& / EXP( -(F*Tl*HOOK(LEGPL,Tl,M,LPRIM) + ZNTMRT*Tl 
C 

900 CONTINUE 
KETURN 
END 
REAL FUNCTION HOOK(LEGAL,T,M,LPRIM) 

C 
C-- Determl ne hooking mortal  l t y  I f  LEGAL I s  .FALSE. 
c-- I f  LEGAL .TRUE. r e t u r n  w i t h  value 1.0 . 
C-- Hooking mortal  lty model i s  determ 1 ned by the  va l  ue of  HKMOD. 
c-- I f  HKMOD i s  1.,2., o r  3., a l i n e a r  model of hooking mortal  l t y  
c-- as a f unc t lon  o f  I ength i s  used: 
c-- Hooking Mortal  i-ty a t  20 I n  30 i n  
C 

c-- HKMOD = 1.0 ==> Severe 80% 50% 
c-- HKMOD = 2.0 ==> Moderate 60% 30% 
c-- HKMOD = 3.0 ==> Low 40 % 10% 
c-- HKMOD = any o ther  value ==> Constant hooklng m o r t a l i t y  equal 
c-- t o  t h e  va l  ue o f  HKMOD 
c-- (p ropor t i on  k i l l e d  by 



hooklng encounter) C-- 

LOGICAL LEGAL 
REAL T,L PR I M, HKMOD, M, H 
COMMON /HOOKVL/ HKMOD 
DATA H / 3.90 945E-3 / 

C 
c--------------------------------------------------------------------- 
C 

I F  ( .NOT. LEGAL 1 GO TO 100 
HOOK = 1.0 
GO TO 500 

C 

c--Severe hooklng mortal  l t y  
C 

100 IF  ( HKMOD . NE. 1.0 1 GO TO 200 
HOOK = (0.5 * H * M * T I  + (H * LPRIM) + 0.40140 
GO TO 500 

C 

c--Moderate hooking mortal  l t y  
C 

200 IF  ( HKMOD .NE. 2.0 1 GO TO 300 
HOOK = (0.5 * H * M * T) + (H * LPRIM) + 0.15140 
GO TO 500 

C 

c--Low hooking m o r t a l i t y  
C 

300 I F  ( HKMOD .NE. 3.0 1 GO TO 400 
HOOK = (0.5 * H * M * T I  + (H * LPRIM) - 0.10098 
GO TO 500 

C 

c--Constant hooklng mortal  i ty 
C 

400 CONTINUE 
HOOK = HKMOD 
GO TO 500 

500 CONTINUE 
C 

c--adjust hook i f  o u t  o f  l i m l t s  o f  v a l i d l t y  
C 

I F  ( HOOK .GT. 1.0) HOOK = 1.0 
I F  ( HOOK .LT. 0.0) HOOK = 0.0 

C 

RETURN 
END 
FUNCTION GROWTH(T,MTGRUP,MODGRO) 

C 
C-- Compute we1 gh t  a t  t ime T from b e r t a l  anf f y  growth curve, I f  MODGRO=1 
C-- or from OfConnorls non-l inear model i f  MODGRO = 2. 
C-- FUNCTION AGNTRY - i s  s i m i l a r  bu t  computes age a t  length T 
C 

REAL LMlN 



REAL A(5) ,BB(5) ,M(5) ,LPRIM(5)  
REAL W INF(5),K(5),T0(5),B(5),L I N F ( 5 )  
COMMON /DTARGS/ DUM(21, 1WM(2),GPARMS(25) 

C 
C--blOCGRO = 1 
C 

EQU IVALENCE ( W I N F ( 1 )  ,GPARMS( 1 )  1, 
d ( L I N F ( 1  ),GPARMS( 6) 1, 
a ( K(I),GPARMS(II) 1, 
& ( TO(I),GPARMS(16) 1, 
8 ( B (  1 ),GPARMS(21) 

C 
C--FSODGRO = 2 
C 

EQUIVALENCE ( A(l),GPARMS( 1 )  1, 
& ( BB(l),GPARMS( 6 )  1, 
& ( M( l ) ,GPARMS(11) 1, 
a (LPRIM( 1 ),GPARMS( 16) 

C 
c----------------------------------------------------- 
C 

I F(MODGR0 . NE. 1 )  GO TO 1 0 0  
GROWTH = W INF(MTGf3JP) * 

8 (1.0 - EXP(-K(MTGRUP)*(T-TO(MTGRUP)) ) )**B(MTGRUP) 
GO TO 200 

1 0 0  CONTINUE 
GROWTH = A(MTGRUP1 * 

8 (M(MTGRUP)*T + LPRIM(MTGRUP) ** BB(MTGRUP1 
200 CONTl NUE 

C 
RETURN 
END 
FUNCI ION AGNTRY(LMIN,MTGRUP,MODGRO) 

C 
C-- C o m p u t e  a g e  a t  l e n g t h  L M l N  u s i n g  von B e r t a l  a n f f y  g r o w t h  m o d e l ,  
c-- i f  MODGRO = 1 ,  or 0' C o n n o r ' s  non I I n e a r  m o d e l  I f  MODGRO = 2. 
C 

REAL L M l N  
REAL A(5),BB(5l,M(5),LPRlM(5) 
REAL W INF(5),K(5),T0(5),B(5),L I N F ( 5 )  
COMMON /DTARGS/ DUM(21, IDUM(2),GPARMS(25) 

C 
C--MODGRO = 1 
C 

EQUIVALENCE ( W I N F ( 1  ),GPARMS( 1 )  1, 
8 ( L I N F (  1 )  ,GPARMS( 6) 1, 
8 ( K( l ) ,GPARMS(11) 1, 
& ( TO(l ) ,GPARMS(16) 1, 
8, ( B( l ) ,GPARMS(21)  

C 
C--MODG RO=2 



C 
EQUIVALENCE ( A ( l  ),GPARMS( 1)  1, 

& ( BB(1 ),GPARMS( 6)  1, 
a ( M(I),GPARMS(II 1 1, 
d (LPRIM(1 ),GPARMS(16) 

C 
c----------------------------------------------------- 
C 

IF(MODGR0 .NE. 1) GO TO 300 
AGNTRY = TO(MTGRUP)-ALOG( 1 .O-LMIN/L INF(MTGRUP) )/K(MTGRUP) 
GO TO 400 

300 CONTINUE 
AGNTRY = (LMIN - LPRIM(MTGRUP))/M(MTGRUP) 

400 CONTINUE 
RETURN 
END 
REAL FUNCTION PRICE(MONTH,WEIGHT) 

C 
C-- Returns ex-vessel pr i ce-per-pound f o r  f i sh o f  average 
C-- weight lWEIGHTfl a0 t ime "MONTHw frm re1 ease 
C-- PR l CE BREAKS : < 9LBS = SMALL 
C-- 9 - 11 LBS = MEDIUM 
C-- >= 11 LBS = LARGE 
C 
C-- Pr  i ces l ncrease l i near l y w i t h  t l me through t r o l  l season 
C-- P r i c e  regressions based on 1981 t r o l l  season p r i c e s  as 
C-- repor ted  i n  F ishery Market News. Pr ices  a r e  averaged f o r  a l  l 
C-- p o r t s  i n  southeast Alaska. 
C 
C-- Times a r e  adjusted t o  r e f l e c t  re1 ease date o f  June 15 
C-- 5.5 months are  subtracted o f f  of  "MONTH" t o  c a l i b r a t e  t o  0.0 
C 

REAL MONTH1 ,MONM,WEiGHT,WTX 
LOG I CAL VAL MOD, WTTST, PRTST 
COMMON /TEST/ OUTTST, PRTST 
COMMON /MODELS/ VPL MOD, NATMOD,ZNTMRT 

C 
c----------------------------------------------------------------- 
C 
C--If y i e l d  model, j u s t  r e t u r n  as 1.0 
C 

IF(VALMOD) GO TO 45 
PRICE = 1.0 
RETURN 

45 CONT l NUE 
C 
C-- Ad jus t  f i s h  age t o  t lme  w i t h i n  one f i s h i n g  season 
C 

MONTH1 = MONTH - 6.50 
WTX =WElGHT*2.20462 

50 CONT INUE 



IF(MONTH1 .LT. 12.0) GO TO 100 
MONTHl = MONTHl - 12.0 
GO TO 50 

100 CONTINUE 
C 
C--Smal l 
C 

IF  ( WTX .GE. 9.0 GO TO 200 
PRICE = 0.05106 * MONTHl + 1.420 

If ( p r t s t )  WRITE(6,3001) MONTH,MONTHl ,WTX,WEIGHT,PRICE 
300 1 Format(2X,lSmall, MONTH,MONTH~,WTX,WEIGHT,PRICE',~F~O.~) 

GO TO 400 
C 
C--Med t um 
C 

200 IF  ( WTX .GE. 11.0) GO TO 300 
PRICE = 0.05471 * MONTHl + 1.822 

I f ( p r f s t )  WRITE(6,3002) MONTH,MONTHl,WTX,WEIGHT,PRICE 
3002 F0rmat(2X,~Medium, MONTH,MONTHl ,WTX,WEIGHT,PRICEq,5F10.4) 

GO TO 400 
C 
C--L ar  ge 
C 

300 CONTINUE 
PRlCE = 0.1209 * MONTHl + 1.859 

If ( p r t s t )  WRlTE(6,3u03) MONTH,MONTHl ,WTX,WEIGHT,PRICE 
3003 Format(2X,lLarge, MONTH,MONTH1,WTX,WEIGHT,PRICE1,5F10.4) 

GO TO 400 
400 CONTINUE 

C 
RETURN 

C 

END 
LOG I CAL FUNCTION FBREAK(TE,TBB, TBREAK) 

C 

c-- Pr I ce Break - Determl ne If p r i c e  break 
c (average weight  = 9 o r  11 Ibs )  f a l l s  i n  
c t h i s  f i s h i n g  season 
c I f  so r e t u r n  .TRUE. and age a t  t ime of break 
c as TBREAK, t o  be used as l l m i  t of I n t e g r a t  I o n  . 
c f o r  IMSL r o u t i  ne QATR. 
c Use e i t h e r  von B e r t a l a n f f y  growth model ( 1 )  o r  
c OIConnorf s exponent i al  growth model (2). 

INTEGER MTGRUP,MODGRO 
REAL TE, TBB, TBREAK 
REAL A(5),BB(5),M(5),LPRIM(5) 
REAL W iNF(5),K(5),T0(5),8(5),L INF(5) 
LOGICAL VALMOD 
COMMON /MODEL S/ VALMOD, NATMOD,ZNTMRT 
COMMON /DTAf#;S/ F, TB, MTGRUP, MODGRO,GPARMS( 25 

C 



C--MODGRO = 1 
C 

EQU IVALENCE ( W INF( 1 )  ,GPARMS( 1 ) 1, 
8 ( LINF(I),GPARMS( 6)  1, 
8 ( K(I),GPARMS(11) 1,  
8 ( TO(I),GPARMS(16) ), 
8 ( B ( l  ),GPARMS(21) 1 

C 
C--blODGRO=2 
C 

EQUlVPLENCE( A(l),GPARMS( 1)  1, 
8 ( BB(I),GPARMS( 6)  1, 
8 ( M(I),GPARMS(11) 1, 
8 (LPRIM(1 ),GPARMS(16) 1 

C 
c----------------------------------------------------------------- 
C 

PBREAK = .FALSE. 
I F  ( .NOT. VALMOD) GO TO 900 

C 

c--compute age a t  9 and 11 I bs us ing appropr la te  growth model 
C 

c--pounds t o  k I l o g r m s  
C 

W9 = 9.0/2.20462 
W11 = 11.0/2.20462 

C 

I F  ( MODGRO .NE. 1 1 GO TO 100 
C 
c--von Ber ta  l anf f y  
C 

AGE9 = -ALE(  1-EXP( (ALOG( w~)-PLOG(W INF(MTGRUP) ) )/B(MTGFdJP) 1 ) /  
C ....................................................... 

8 K(MTGRUP1 + TO(MTGRUP) 
AGE1 1= -ALOG(1-EXP( (ALOG(W11)-ALOG(W INF(MTGFUP) ) )/B(MTGFUP) ) I /  

C ........................................................ 
8 K(MTGFUP1 + TO(MTGFdJP) 

GO TO 200 
C 

c--matur i ty group s p e c i f i c  (O'Connorl 
C 

100 CONTINUE 
C 

AGE9 =(EXP 
8 ((ALOG( W9)-ALOG(A(MTGRUP1 1 )/BB(MTGRUP) 1-LPR IM(MTGRUP) I /  

C ................................................... 
8 M(MTGRUP) 

AGE1 1 =(EXP 
8 ((ALOG(W11)-ALOG(A(MTGWP) ) )/BB(MTGRUP) 1-LPRIM(MTGRUP) )/ 

C ................................................... 
8 M(MTGRUP1 



GO TO 200 
C 

200 CONTINUE 
C 

IF(AGE9 .LE. TBB .OR. AGE9 .GT. TE) GO TO 300 
PBREAK = .TRUE. 
TEREAK = AGE9 
GO TO 930 

300 IF(AGE11 .LT. TBB .OR. AGE11 .GT. TE) GO TO 900 
PBHEAK = .TRUE. 
TBREAK = AGE1 1 
GO TO 900 

900 CONT l NUE 
RETURN 
END 
SUBRCUTINE QATR(XL,XU,EPS,NDIM,FCT,Y, IER,AUX) 

C 
c-- Purpose 
c-- To canpute an approximation f o r  i n teg ra l  FCT(x), summed 
c-- over x from XL t o  XU. 
c-- Descr ip t ion  o t  parameters 
c-- XL - t h e  lower bound o f  t h e  I nterva l  
c-- XU - t h e  upper bound o f  t h e  i n t e r v a l  
c-- EPS - t h e  upper bound o f  t h e  absolute e r r o r  
c-- NDlM - t h e  dimension of t h e  a u x i l i a r y  storage ar ray  AUX 
c-- FCT - the name o f  t h e  external  f u n c t i o n  subprogram used. 
c-- Y - t h e  r e s u l t i n g  approximation f o r  t h e  i n teg ra l  value. 
c-- I ER - a resul  ti ng e r r o r  parameter 
c-- AUX - an a u x i l i a r y  storage array w i t h  dimension NDlM 
c-- Remarks 
c-- E r ro r  parameter i s  coded i n  t h e  f o l  low i ng form: 
c-- IER = 0 ==> It was poss ib le  t o  reach t h e  requ i red  accuracy 
c-- No er ror .  
c- IER = 1 ==> it was lmposslble t o  reach t h e  requ i red  accuracy 
c-- because o f  rounding errors.  
c-- IER = 2 ==> I t  was impossible t o  check accuracy because NDIM 
c-- I s  less than 5 or the  requ i red  accuracy could 
c-- not  be reached w i t h i n  NDIM-1 steps. NDlM should 
c-- be increased 
c-- Method 
c-- Evaluat ion o f  Y I s  done by means o f  t rapeziodal  r u l e  i n  
c-- connection w i t h  Ranberg's P r inc ip le .  On r e t u r n  Y conta ins 
c-- t h e  best  poss ib le  approximatton o f  t h e  In teg ra l  value and 
c-- t h e  vec tor  AUX the  upward diagonal o f  t h e  Ranberg scheme. 
C 

C-- From 1BM SSL, w i t h  mods, 11/15/81, FCF 
C 

DIMENSION AUX( 1) 
LOG l CAL OU TTST, PRTST 
COMMON /TEST/ OU TTST, PRTST 
COMMON / I MSLEW NERR1, NERR2, NCALL S 



C 
c----------------------------------------------------------------- 
C 

AUX(1)=.5*(FCT(XL)+FCTo(IJ)) 
H=W-XL 
IF(NDIM-1)8,8,1 

1 IF(H)2,10,2 
2 HH=H 

E=EPS/ABS(H) 
DELT2=O. 
P=l . 
JJ=l 
DO 7 I=Z,NDIM 
Y=AUX( 1 1 
DEL TI =DEL T2 
HD=HH 
HH= .5 *HH 
P= .5*P - 

X=XL +HH 
SM=O . 
DO 3 J=l,JJ 
$M=SM+FCT(X) 

3 X=X+HD 
AUX( I )=.5*AUX( 1-1 )+P*SM 
Q=1. 
J I= 1-1 
DO 4 J=1,JI 
1 I =  1-5 
Q=Q+Q 
Q=Q+Q 

4 AUX( I I )=WX( I I+1 )+(AUX( I !+I)-WX( I I ))/(Q-1.) 
DELT2=ABS(Y-AUX( 1) 1 
IF(  I-5)7,5,5 

5 IF(DELT2-E)10,10,6 
6 IF(DELT2-DELT117,11,11 
7 JJ=JJ+JJ 
8 IER=2 

WRITE(6,2002) XL,W 
2002 FORMAT(ZX,'ERROR RETURN FROM QATR, IER = 2, X,XU = ',2F10.4) 

NERR2 = NERR2 + 1 
9 Y=H*AUX(1) 

RETURN 
10 IER=O 

GO TO 9 
11 IER=I 

WRITE(6,2001 &,XU 
2001 FORMAT(2X,'ERROR RETURN FROM QATR, IER = 1, &,XU = 1,2F10.4) 

NERRl = NERRl + 1 
Y=H*Y 
KETURN 
END 



SUBROUTINE DISRA( IMSG, IVAL 
C 
C-- D lsp l  ay a l  pha message IMSG t o  te rmina l  f o l  laved by in teger  IVPL 
C-- S t r i n g  IMSG I s  assumed t o  end I n  $. 
C-- Maximum length o f  message i s  70 char. 
C 

INTEGER l V &  
CHARACTER I MSG*a),AV&*lO,OREC*80 

C 
c-------------------------------------------------------------------- 
C 

DO 5 1 = 1,a) 
CALL CONCAT(OREC, I,' ',1,1) 

5 CONTINUE 
DO 10 1 = 1,70 

IF(KOMPCH( IMSG, I,lH$,1,1 ).EQ.O) GO TO 20 
10 CONTINUE 

C 
20 CONTINUE 

C 
CALL CONCAT(OREC,2, iMSG,1, 1-1 1 
IEND = I + 10 
ENCODE(AV&,2000)IVN 
CALL CONCAT(OREC, I+l,AVAL,1,10) 
WRITE(6,lOOO) OREC 

1000 FORMAT(A80) 
2000 FORMAT ( I 1 0 

C 
RETURN 
END 



APPENDIX I11 

Model V e r i f i c a t i o n  



Appendix I11 - Tab1 e  1. 
from the  Nor th  Sea 
(1957, p. 311 F ig .  
Sea p l a i c e .  

Resul ts  o f  model v e r i f i c a t i o n  by comparing the  ou tpu t  
p l a i c e  con f i gu ra t i on  o f  the  model t o  Beverton and H o l t ' s  
17.1 ) tabu la ted  values o f  y i e l d - p e r - r e c r u i t  f o r  Nor th  

Parameter est imates: t = 3.72 years 
P ' 

= 15.0 years 

M = 0.10 

w, = 2,867 g  

K = 0.095 

= -0.815 years 

Yie ld-Per-Recru i t  (g)  

F Beverton and Hol t Age-structured chinook model 

Average d i f f e r e n c e  = 0.037% 
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