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ABSTRACT 

The biological response model for red king crab (Pa ra1  i thodes camtschat i ca )  
consists of seven estimated recruitment/growth functions and several 
definitional identities. The recruitment/growth formulations were derived 
from variations of Ricker's spawner-recruit framework and Deriso's compound 
growth technique. The seven behavioral re1 ationships combine to form a 
recursive, age-structured growth model for sexual ly mature ma1 e and femal e 
king crab. The sexes are modeled separately to reflect the impact of 
ma1 es-only harvest regul at i ons on popul at ion abundance. Primary research 
emphasis was given to the male equations because of this regulation. 
Individual single age class equations are derived for beginning stocks of 5-, 
6-, 7-, and 8-year-old males, and for 5-year-old females; aggregate age class 
equations are derived for 9-to-14-year-old males, and for 6-to-14-year-old 
females. Statistical significance, overall fit and ability of these equations 
to predict history are very good. 

KEY WORDS: A1 aska king crab, recruitment, growth, trajectory adjusted 
intrinsic recruitment, biological response, population 
dynamics, age class 



INTRODUCTION 

The Alaskan k i n g  c rab  i n d u s t r y  i s  i n  a  t r a n s i t i o n  per iod ,  r ecove r i ng  f rom a 
d ramat ic  boom-bust cyc le .  "K ing crab"  i s  t h e  common name g i v e n  t o  some 
crustaceans i n  t h e  f a m i l y  o f  stone crabs, L i t hod idae .  Three spec ies a re  
commerc ia l ly  s i g n i f i c a n t ,  i n c l u d i n g  t h e  r e d  k i n g  c r a b  (Para7i thodes 
camtschat ica),  t h e  b l u e  k i n g  c rab  (Para7i thodes p7atypus), and t h e  brown o r  
go lden k i n g  c rab  (L i thodes  aequispina).  A l l  t h r e e  species i n h a b i t  waters  o f  
t h e  n o r t h  P a c i f i c  Ocean. They a re  s i m i l a r  i n  appearance though n o t i c e a b l y  
v a r i e d  i n  s h e l l  c o l o r .  The r e d  k i n g  c rab  has been t h e  corners tone  o f  t h e  
Alaskan k i n g  c rab  i n d u s t r y  because o f  i t s  l a r g e  s i ze ;  shal low,  inshore  
d i s t r i b u t i o n ;  and h i s t o r i c a l l y  g r e a t e r  abundance. The o t h e r  two k i n g  c rab  
species,  though harvested commercial ly,  have been much l e s s  abundant and 
r e s t r i c t e d  t o  more 1 ocal  i zed and remote h a b i t a t s .  Harvest  p ressure  and 
commercial importance o f  these two species has inc reased  d u r i n g  t h e  pas t  6  
years  p r i n c i p a l l y  because r e d  k i n g  c rab  s tocks  have dec l ined ;  o n l y  l i m i t e d  
( p r i m a r i l y  i n c i d e n t a l )  catches were made p r i o r  t o  1981. 

Statewide harves ts  o f  r e d  k i n g  c rab  began an unprecedented p e r i o d  o f  growth 
i n  1969 t h a t  con t inued  through 1980. Harvests  more than  t r i p l e d ,  c u l m i n a t i n g  
i n  r e c o r d  catches o f  185.7 m i l l i o n  l b .  Growth i n  t h e  B r i s t o l  Bay f i s h e r y  
management area was l a r g e l y  r espons ib l e  f o r  t h e  boom; B r i s t o l  Bay harves ts  
r ose  f rom 8.6 m i l l i o n  1b i n  1970 t o  t h e  reco rd  ca t ch  o f  130 m i l l i o n  1b i n  
1980. W i t h i n  3  years,  however, t h e  i n d u s t r y  co l lapsed .  K ing  c r a b  s tocks  were 
so scarce t h a t  t h e  Alaska Department o f  F i s h  and Game (ADF&G) ordered 
complete c l o s u r e  o f  t h e  B r i s t o l  Bay f i s h e r y  i n  1983. Statewide harves ts  
plummeted t o  26.9 m i l l i o n  1b. Catch dropped an a d d i t i o n a l  10 m i l l i o n  1b by 
1985 (U.S. Department o f  I n t e r i o r  1947-1975; ADF&G 1969-1983, 1970-1985). 
Depressed s tock  c o n d i t i o n s  p e r s i s t  today. The economic wake o f  t h i s  c o l l  apse 
has been ex tens ive ,  i n v o l v i n g  v i r t u a l l y  every  p a r t i c i p a n t  i n  t h e  f i s h e r y .  
Between 1980 and 1983, ex-vessel  revenues t o  f ishermen f e l l  by  more t han  50%, 
d ropp ing  by $93.2 m i l l  i on .  Processor sa les  dropped $178.0 m i l l  i o n  (a  60% 
reduc t i on ) ,  whi 1  e  s a l  es f rom who1 esal  e r s  dec l  i ned by $304.2 m i  11 i o n  ( a  66% 
r e d u c t i o n ) .  M u l t i m i l l i o n  d o l l a r  f i s h i n g  vessels  were i d l e d ,  o the rs  s h i f t e d  
i n t o  d i f f e r e n t  f i s h e r i e s ,  process ing p l a n t s  c losed  and an i ndus t r y -w ide  
r e s t r u c t u r i n g  commenced. 

The s i g n i f i c a n c e  o f  t h e  c o l l a p s e  may be p laced i n  pe rspec t i ve  by cons ide r i ng  
t h e  f a c t  t h a t  t h e  k i n g  c rab  f i s h e r y  was t h e  second most va luab le  Alaska 
seafood i n d u s t r y  between 1968 and 1983. Only t h e  combined ex-vessel  va lue  o f  
a l l  s i x  salmonid spec ies harvested i n  Alaska exceeded t h a t  o f  k i n g  c rab  
(ADF&G 1969-1983). Yet, t h e  s ta tew ide  k i n g  c rab  ca t ch  r a r e l y  exceeded 
o n e - t h i r d  t h e  t o t a l  ca t ch  o f  salmon, by weight .  

The impact  o f  t h e  c o l l a p s e  extends w e l l  beyond t h e  Alaskan economy. Butcher 
e t  a l .  (1981) i d e n t i f i e d  d i r e c t  l i n kages  between t h e  s h e l l f i s h  s e c t o r  and t h e  
economy o f  t h e  Puget Sound area i n  western Washington. Only 32% o f  t o t a l  
s h e l l f i s h  revenues were re tu rned  t o  t h e  Alaskan economy i n  d i r e c t  purchases 
o f  goods and se rv i ces .  Much o f  t h e  remain ing 68% were spent i n  t h e  S e a t t l e  
area f o r  vessel  maintenance and c o n s t r u c t  ion,  gear and suppl i es, and genera l  
consumer goods. Moreover, most o f  t h e  p rocess ing  and c o l d  s to rage  f i r m s  were 
based i n  t h e  S e a t t l e  area. The d im in ished  f l o w  of processed k i n g  c rab  



products  t o  domestic and fore ign  markets a l s o  caused a  t r i p 1  ing of nominal 
wholesale and r e t a i l  p r i c e s  between 1980 and 1986 (NMFS, 1969-1984). 

Shor t  of blaming t h e  open-access mi l ieu  of t h i s  common proper ty  f i s h e r y ,  
s p e c i f i c  causes o r  con t r ibu t ing  f a c t o r s  t o  t h e  c o l l a p s e  must be i d e n t i f i e d  
i f  policymakers a r e  t o  con t r ibu te  t o  a  recovery. Resolution of t h e  under- 
l y ing  bioeconomics i s  e s s e n t i a l .  This  r e p o r t  i s  one in  a  s e r i e s  of t h r e e  t h a t  
c o l l  e c t i v e l y  comprise a  bioeconomic a n a l y s i s  of t h e  A1 askan king c rab  
indus t ry ;  i t  addresses  t h e  b io logica l  response submodels. A second r epor t  
d e t a i l s  t h e  economic/market submodel s ,  from i n i t i a l  ha rves t  t o  f i n a l  
consumption (Matul i  ch,  Hanson and Mi t t e l  hammer, 1988a). The bi 01 ogi cal  and 
economic submodels a r e  then in t eg ra t ed  in  t h e  f i n a l  r e p o r t  t o  s imula te  
i ndus t ry  responses/behavior under a  v a r i e t y  of h i s t o r i c a l  and po ten t i  a1 
f u t u r e  pol icy  scena r ios  (Matul ich ,  Hanson and Mi t t e l  hammer, 1988b). The 
research  f ind ings  contained in  t h e s e  t h r e e  r e p o r t s  a r e  intended t o  provide 
i n s i g h t  i n t o  f u t u r e  management of t h e  f i s h e r y .  

This  r e p o r t  p re sen t s  a  r ecu r s ive ,  age-s t ruc tured  growth model f o r  sexual ly  
mature male and female king crab.  Individual age c l a s s  equat ions  a r e  
est imated s t a t i s t i c a l l y  from National Marine F i she r i e s  Serv ice  (NMFS) Br i s to l  
Bay Trawl Survey Data f o r  red king crab .  Recruitment/growth model 
s p e c i f i c a t i o n s  a r e  der ived from v a r i a t i o n s  on Ricker ' s  (1954) spawner- recru i t  
framework and Deri so ' s  (1980) compound growth model . The ana lys i  s  presented 
here should be regarded a s  pre l iminary ,  in  p a r t ,  due t o  t h e  s h o r t  time 
s e r i e s ;  only 18 yea r s  of da t a  a r e  a v a i l a b l e  f o r  a n a l y s i s .  Moreover , i t  
r e p r e s e n t s  a  f i r s t  a t tempt  a t  formulat ing such a  model i n  t h e  context  of an 
i n t e g r a t e d  bi oeconomic ana lys i s  of t h e  indus t ry .  

THEORETICAL ISSUES AND THE ANALYTICAL FRAMEWORK 

Total harves t  each season i s  a  func t ion  of several  f a c t o r s ,  one of which i s  
t h e  abundance of  1  egal l y  harvestabl  e  king crab.  Consequently, t h e  bi 01 ogical  
submodel must quan t i fy  lega l  king c rab  biomass. The 1 i t e r a t u r e  on king c rab  
i s  ex tens ive .  Most s t u d i e s ,  however, have focused on s i n g u l a r  dimensions of 
c r ab  1 i f e  h i s t o r y ,  e . g . ,  morphology, taxonomy, physiology, r a t h e r  than 
providing systemic population model s capable of es t imat ing  s tock  abundance. 
One except ion i s  Ba l s ige r ' s  (1974) computer s imula t ion  model of t h e  ea s t e rn  
Bering Sea king c rab  populat ion.  Using d a t a  from a s e r i e s  of tagging 
experiments conducted in  1954 through 1961 and 1966 through 1968, he 
est imated growth, age, na tura l  mor t a l i t y ,  and f i s h i n g  e x p l o i t a t i o n  r a t e s .  
These r e s u l t s  were used t o  develop a  model s imulat ing king c rab  populat ion 
response t o  var ious  management s t r a t e g i e s .  

Bal s i g e r '  s  work provides valuable  information on t h e  c o r r e l a t i o n  between 
growth and age s t r u c t u r e  c h a r a c t e r i s t i c s .  I t  i s  no t ,  however, amenable t o  use 
in  general  bioeconomic a n a l y s i s  of t h e  indus t ry  because i t  cannot be updated 
e a s i l y ;  no Bering Sea tagging s t u d i e s  have been done i n  r ecen t  yea r s .  
Population abundance d a t a  a r e  a v a i l a b l e  from biomass e s t ima te s  generated from 
t h e  annual NMFS summer trawl surveys. NMFS has r e l a t e d  t h e s e  s ize- f requency  
d a t a  a s  measured by carapace l eng th ,  t o  age-frequency c l  a s s i  f i c a t i o n s  of red 
king c rab .  These d a t a  r ep re sen t  only an approximation of age, not  knife-edge 
recru i tment  i n t o  any given age c l a s s .  



A principal objective of the biological model presented in t h i s  report  i s  t o  
l i nk  king crab l i f e  history charac te r i s t i cs  with the impact of harvest in 
order t o  estimate legal crab abundance. In general ,  abundance of legal ly  
harvestable f i sh  populations i s  influenced by the  combined e f f ec t s  of growth, 
natural  morta l i ty ,  and harvest mortal i ty on the exploited stocks 
(co l lec t ive ly  referred t o  as escapement), and recruitment of new individuals 
in to  the  legal population. Fl uctuating recruitment c l ea r ly  has affected 
population abundance and age s t ruc ture  in the southeastern Bering Sea king 
crab f ishery . Accordingly, a dynamic framework i s  needed t ha t  incorporates 
changes in both growth and natural/harvest mortal i  t y  . 
Choosing a su i tab le  analytical  framework was complicated by the  notion of 
recruitment as i t  per ta ins  t o  king crab. Recruitment typ ica l ly  r e f e r s  t o  
simultaneous entry  of juvenile f i sh  in to  both the  sexually mature and 
lega l ly  harvestable population. King crab are  an exception. Male and female 
king crab appear t o  r ec ru i t  in to  the  sexually mature population around age 5 
(when ma1 es  average 4.0 in 1 ength) . Females are somewhat small e r ,  may take 
longer t o  mature, b u t  should be sexually mature by age 7 (4.3 in .  in length) .  
Recruitment in to  the  harvestable population (harvest recruitment) ,  however, 
does not occur unt i l  age 8,  and i s  r e s t r i c t ed  t o  males; females never r ec ru i t  
in to  the  harvestable population. Minimum s i ze  1 imits  and a males-only harvest 
regulation r e s t r i c t  commercial harvest t o  male king crab a t  l e a s t  8 years 
old.  Male king crab r ec ru i t  in to  the  commercial f i shery an average of 3 y r  
a f t e r  recruitment in to  the sexually mature population. Lack of coincidence 
between these two face t s  of recruitment underscores the need fo r  an 
age-structured model. The biological response model must be able t o  predict  
the  abundance of 5-year-old male r ec ru i t s  as a function of t h e i r  parent 
spawning stock, and t race  the movement of these newly matured males in to  the  
l ega l ly  harvestable population 3 y r  1 a t e r  and beyond. Female recruitment in to  
the  adult  spawning stock must be modeled as well.  Since females cannot be 
harvested, l e s s  a t tent ion i s  given t o  the  age s t ruc ture  of female 
recruitment. 

The age-structured bi 01 ogi cal model can be conceptual i  zed as a recursive 
system consist ing of seven s tochast ic  response functions and several iden- 
t i t i e s .  The i den t i t i e s  are defined with the  empirical r e su l t s  in the  next 
subsection. The general recursive s t ruc ture  i s  i l l u s t r a t e d  in Table 1.  A1 1 
biological variables represent to ta l  biomass of the  specified age cohort in 
mill ions of l i v e  weight pounds a t  the  s t a r t  of the  regulation harvest year 
(July  1 ) .  As such, they define beginning stocks of the given age cohort. 
Beginning stocks of the  s ingle  age c lass  cohorts ( i - e . ,  MALE5, MALE6, MALE7, 
MALE8, and FEM5) are  comprised solely of new r ec ru i t s  from the  previous age 
c lass .  The aggregate cohorts (MALE914 and FEM614) include both new 
recruitment and net survival of the aggregate stocks from the  previous 
period. The 9-to-14-year-old males (MALE914) can be pooled because they a l l  
are  f u l l y  recruited in to  the harvestabl e population and generally managed as 
a s ingle  stock. Though information on spec i f ic  age s t ruc ture  of the  legal 
stocks might aid harvest management, incomplete age c lass  catch s t a t i s t i c s  
prevent modeling the  c lasses  independent of one another. The 6-to-14-year-old 
females (FEM614) can be aggregated t o  simplify model s t ruc ture  since they 
a1 so are  managed as a s ingle  cohort. 

In general ,  individual age c lass  abundance in period t may be conceived as 
some function of the  previous age group in period t - 1  ( i  . e . ,  the  p re recru i t  



Table 1. Hypothesized recursive structure of the king crab submodel. 

a 
Dependent Variable 

Potential Explanator 
Population Variables 

x 

5-year-old male biomass: 
MALE5 ADULTt-6 

6-year-old male biomass: 
MALE6 MALE 5 ADULTt - - 

7-year-old male biomass: 
MALE 7 MALE6t-l, ADULTt - 

8-year-old male biomass: 
MALE8 MALE7t - ADULTt - 

9-to-14-year-old male biomass: 
MALE914 MALE8t-l, MALE914t - QHARVTt-l 

5-year-old female biomass: 
FEM5 ADULTt-6 

6-to-14-year-old female biomass: 
FEM614 FEM5t-l, FEM614t - 

a 
All biological variables are measured at the start of the harvest 
season (July 1) in millions of live weight pounds and represent new 
recruitment into the age class. ADULTt . is defined as total male and 
female spawning stock biomass ages 5 to-i4) lagged i periods. QHARVTt-l 
is total king crab harvest from the southeastern Bering Sea lagged one 
period. 



cohor t ) ,  and/or by the  parent spawning stock t h a t  created it. This i s  t he  
general hypothesis f o r  MALE6, MALE7 and MALE8. A1 though cu r ren t  ADF&G s i z e  
1  i m i t  r egu la t i ons  permi t  harves t ing  a  p o r t i o n  o f  8 -yea r -o ld  males once the  
season opens, t he  beginning stock o f  MALE8 i s  no t  in f luenced d i r e c t l y  by the  
e x p l o i t a t i o n .  The p o t e n t i a l  i n f l uence  o f  p r e r e c r u i t s  on MALE5 and FEM5 k ing  
crab cannot be inc luded e x p l i c i t l y  i n  an a n a l y t i c a l  framework because no 
re1  i a b l  e  popu la t ion  est imates are avai 1  able f o r  t he  4-year -o ld  age c lass .  
Current  abundance o f  t he  aggregate 9- to -14-year -o ld  male cohor t  (MALE914tJ 
p o t e n t i a l l y  can be in f luenced by growth, recru i tment  and na tu ra l  s u r v i v a l  
( i  . e . ,  MALE8tS-1 and MALE914t,-l, r espec t i ve l y ) ,  bu t  a1 so by harvest  du r ing  the  
prev ious pe r iod  (QHARVTt-1). The aggregate female cohort  (FEM614t), may be 
conceptual i zed s i m i l  a r l y ,  except t h a t  females cannot be harvested. The 
i n f l uence  o f  recru i tment  and na tu ra l  su rv i va l  may be captured by FEM5t-l and 
FEM614 -1, respec t i ve l y .  Ne i ther  o f  t he  aggregate cohorts  can be expla ined by 
a  s ing  ! e, parenta l  spawning stock, there fore ,  no ADULTt-1 term i s  inc luded i n  
e i t h e r  hypothesized r e l a t i o n s h i p .  

Representat ion o f  these seven re1 a t i ons  i n  a  s p e c i f i c  a n a l y t i c a l  framework 
i s  d e r i  ved from var ious  t h e o r e t i c a l  and a n a l y t i c a l  approaches recorded i n  the  
l i t e r a t u r e  (see C la rk  1976, 1985; Cushing 1973; Ricker  1975; Schaefer 1968; 
Walters 1986; Waugh 1984). 

The well-known Gordon-Schaefer surp lus y i e l d  model could be used t o  represent  
t he  general re1  a t i  onship between harvest ,  e f f o r t ,  and 1  egal s tock  abundance 
i n  the  k i n g  crab f i s h e r y .  However, Schaefer's use o f  a  l o g i s t i c  equat ion t o  
model s tock abundance i s  too  s i m p l i s t i c  t o  be app l ied  here (see Schaefer 
1957, 1959). The l o g i s t i c  model t r e a t s  t o t a l  s tock  as a  s i n g l e  u n i t  based on 
aggregate abundance i n  the  previous t ime per iod,  independent o f  age 
s t r u c t u r e .  No e f f o r t  i s  made t o  separate recru i tment  from general popu la t ion  
growth. 

Two commonly used a l t e r n a t i v e s  t o  the  l o g i s t i c  growth model are the  
Beverton-Holt  dynamic pool framework (Beverton-Holt  1957) and the  Ricker  
s tock / recru i  tment re1  a t  ionsh i  p  (Ri cker  1954). The Beverton-Hol t model 
a c t u a l l y  i s  a  harvest  y i e l d  model, having been developed as an age-st ructured 
a l t e r n a t i v e  t o  t h e  Gordon-Schaefer surp lus y i e l d  framework. Although Beverton 
and H o l t  segregated recru i tment  from t o t a l  harvest  i n  t h e i r  model, t he  
approach i s  inadequate t o  use here. Beverton and H o l t  assumed t h a t  
i n d i v i d u a l s  r e c r u i t e d  i n t o  the  f i s h e r y  a t  a  constant r a t e ,  tempered on l y  by 
na tu ra l  m o r t a l i t y  and the  age o f  recru i tment .  They had no e x p l i c i t  1  inkage 
between spawning stock dens i t y  and r e c r u i t  abundance. A v a r i e t y  o f  dens i t y  
dependent r e c r u i t  f unc t i ons  have been f i t  t o  the  Beverton-Holt  model, bu t  
environmental f l u c t u a t i o n s  have, i n  p rac t i ce ,  made i t  d i f f i c u l t  t o  
e m p i r i c a l l y  est imate the  re1  a t i  onship between spawning stock and recru i tment  
(Waugh 1984). 

Ricker,  on the  o ther  hand, developed a  s p e c i f i c  s tock - rec ru i  tment 
r e l a t i o n s h i p  t h a t  d i r e c t l y  r e l a t e s  recru i tment  o f  a  g iven age c lass  t o  i t s  
parent  popu la t ion .  The Ricker  model i s  no t  a  harvest  y i e l d  framework; i t  
focuses on l y  on b i o l o g i c a l  response o f  t he  e x p l o i t e d  species. Though the  
Ricker  method i s  no t  de f ined e x p l i c i t l y  as an age-st ructured approach, i t  can 
be mod i f ied  t o  model i n d i v i d u a l  age classes i n  a  recu rs i ve  equat ion system. 
Thus, i t  provides a  p o t e n t i a l  framework f o r  modeling k i n g  crab recru i tment  
and l e g a l  s tock abundance. 



Ricker originally modeled the number of recruits in time period t (Rt) as a 
nonl i near function of parental stock abundance ntl periods earl i er (Pt- (ntl ) 
and two estimated parameters (a, b) as shown in equation (1). 

Both a and b are assumed to be positive, creating a dome-shaped, density 
dependent re1 at i onship between spawning stock abundance and recruitment . 
Ricker was investigating salmon population dynamics in which there is a 
single adult spawning cohort. The model originally was intended for species 
that reproduce only once before experiencing complete mortal i ty . Furthermore, 
Ricker assumed that entry into the sexually mature population occurs 
simul taneously with harvest recruitment . 
The Ricker framework need not be restricted to modeling adult and harvest 
recruitment. Any age class can be modeled so long as the assumption of a 
single age cohort is maintained. In this more general case (equation Z ) ,  
recruitment can be viewed as entry into a specific age class, e.g., 
recruitment into the 6-year-old population. 

Recruitment into the nth age class in period t (RnYt) is shown to be a 
function of properly 1 agged (t- (ntl) ) parental spawning stock, ref1 ect i ng the 
time period required for gestation and growth of the progeny into the given 
age/size class. The parameters a and b are denoted by subscript because they 
are unique to the age class being modeled. 

Equation (2) provides an expectation of the recruitment that would occur if 
normal, average conditions prevail throughout the development of an age 
cohort, changing only as the age class develops. These rates also are 
expected to follow the same trajectory from one generation to the next. 

This general ized Ricker framework predicts age cl ass recruitment based on an 
underlying expected natural propensity to recruit. However, observed age 
class growth may fluctuate up or down from intrinsic tendencies. A Ricker 
approach ignores a variety of potenti a1 sources of predictive error i ncl udi ng 
the effects of cycl ic variations, environmental perturbations, structural 
changes in survival or mortality, measurement errors of previous age class 
stocks that are used to predict the abundance of some subsequent age class, 
and even errors inherent in using carapace size to estimate age classes of 
king crab. The longer the lag required for age class prediction, i .e., the 
further a particular age class is removed from the parental spawning stock 
estimates, the greater the potential for cumulative predictive error. 

Species characterized by multiple age class spawning (hereafter referred to 
as mu1 ticohort species), 1 i ke king crab, afford opportunities to adjust 



estimates of the expected age class trajectory with intermediate 
observations of age class abundance. Observed deviations from the intrinsic 
recruitment trajectory prior to actual recruitment can be incorporated to 
improve the estimate of actual age class development. Such adjustment is not 
possible in the context of single spawning cohort species, like salmon, 
because intermediate observations of a particular cohort are not possible. 

A Trajectory Adjusted Intrinsic Recruitment (TAIR) model is developed here 
to proxy the cumulative effects of predictive error on intrinsic recruitment 
tendencies. Specifically, an intermediate observation of age cl ass abundance 
is used to adjust the intrinsic recruitment trajectory formed by a Ricker 
model. This TAIR framework is theoretically based, empirically flexible and 
it improves the predictive accuracy of observed age class development. 

The TAIR specification initially hypothesized is given in equation (3) for 
6-year-01 d ma1 e recruits. 

Recruitment of 6-year-old male king crab is hypothesized as a geometric 
weighted average of two expectations. The ini ti a1 expectation, (MALE6t) is 
formed as a Ricker spawner-recruit model in equation (6). 

The intrinsic recruitment trajectory is formed 7 yr earlier based solely 
upon spawning stock biomass. Total spawning stock biomass (ADULTt-7) is 
aggregated for pedagogical exposition. It is disaggregated by sex later in 
the empirical sect ion. 

The adjustment to this trajectory involves two components: (1) the second 
expectation ( c ~ M A L E ~ ~ , ~ ) ,  formed as the growth and survival of an 
intermediate observation of prerecrui t biomass, and (2) geometric weights (wl 
and w2) that measure the relative importance of each expectation. These 
components adjust the intrinsic recruitment trajectory to more accurately 
reflect actual spawning, growth and survival. Accordingly, this weighted 
adjustment process proxies the cumulative effects of predictive error that 
cannot be modeled at the time of spawning. The parameter c6 is an age 
specific growth and survival rate. The adjustment term is incorporated 
multiplicatively because Ricker (1954, p. 573) argued that inclusion of ". . 
environmentally caused devi at ions from the reproductive norm must be 
mu1 tip1 icative rather than additive." 

The TAIR specification is empirically flexible, permitting the data to 
determine the tendency toward intrinsic recruitment. If w2 = 0 and wl = -1.0, 
then the Ricker specification given in equation (4) predicts observed 



recruitment. If w2 = 1.0 and wl = 0, growth and survival of observed 
prerecrui t bi omass i s suff i ci ent to expl ai n age cl ass recruitment . When 
neither of these parameters are zero, then the TAIR specification predicts 
recruitment through an adjustment to the intrinsic recruitment rate. 

Equations (3) and (4) are combined in (5) to model current abundance of 
6-year-old male king crab. 

Two parameters (a6 and c6) cannot be identified statisticaTly as separate 
parameters in this specification. An estimable but more aggregate form of (5) 
that combines the influence of these parameters is given by equation (6). 

where j6 = a6 W 1  W2 
'6 

B 6 = b w  6 1 

The null hypothesis that H . (wl + w2) = 1.0 can be tested with a t-statistic - 2  O S A 2  A 

given by((Gl + 5 ) - 1 ) ( a  + r coVwlw2 )-', where refers to the estimated 
W~ W 2  'i .. 

A 

variance of wi , and COVwlw2 is the estimated covariance between wl and w2. 

Rejection of the nu1 1 hypothesis imp1 ies a sl ightly different functional 
form given in equation (7) that is consistent with the concept of a 
geometric weighted average of expectations and is statistically 
indistinguishable from equation (6). 



The parameters xl and x2 add additional flexibility to the underlying 
functional forms that represent both the Ricker spawner-recrui t model and 
the adjustment component. The implied estimated equation becomes equation 
(8). 

where j6 = as W1 "2 
'6 

* * 
The estimated geometric weights wl and w2 now take on a composite meaning. 
In conclusion, the TAIR framework provides a flexible functional re1 a- 
tionship that utilizes two pieces of information to estimate age class 
recruitment. Prerecruit data concerning observed age class abundance may be 
used to adjust the original expectation formed from spawning stock data. 
This adjustment process is possible because the NMFS population surveys 
provide annual estimates of abundance at age. 

The TAIR framework is empirically applicable to only two of the seven king 
crab cohort equations: 6- and 7-year-old males. Inaccurate data on 4- 
year-old male and female crab abundance, coupled with limited time series 
observations and the large number of parameters, foreclose empirical 
application of this framework in modeling the other adult age classes. 

The beginning biomass of 5-year-old king crab is modeled separately for males 
and females because sex specific growth rates begin to differ at this age. 
In general, 5-year-olds recruit from the previous period's 4-year-old 
population. Inaccurate biomass estimates of 4-year-01 d king crab require 
that 5-year-old male and female biomass be predicted solely from the observed 
spawning stock that created it 6 yr before. A variation of the lagged Ricker 
stock/recruitment framework specified in equation (2) can be used in this 
case. Nonlinear least squares may be used to estimate the gender-specific 
parameters. 

Data limitations prevent using the TAIR framework to model male crab biomass 
in the 8- and 9-to-14-year-old age cohorts. The recursive structure of TAIR 
reduces degrees of freedom in the 8-year-old class equation below three. 
This is considered unsui tab1 e for adequate hypothesis testing. The problem is 
even more pronounced in the 9-to-14-year-old aggregate relationship. 



Fortunately, Deri so (1980) developed an approach to - model composite fi sh 
stocks that only requires a three-period recursive structure rather than the 
ntl period delay used in the TAIR approach. Deriso hypothesized that total 
harvestable biomass in the current period (Ht) is a function of three 
factors: (1) growth and survival of the harvestable stock from the previous 
period (Ht, ) ,  (2) a "correction" for growth and age structure changes in the 
legal popu f ation based on variations observed between the previous two 
periods (Ht-1 and Ht-2), and (3) the biomass of new recruits (Rt). This delay 
di fference equation takes the general form: 

where mt, nt and Pt are parameters. 

Detailed derivation of equation (9) can be found in Deriso (1980, 1983) and 
Wal ters (1986). 

The Deriso framework reduces to the recruitment component (ptRt) when 
modeling growth of a single age class. For example, the stock of 8-year-old 
males at the beginning of period t (MALE8t) depends only upon the recruitment 
of 7-year-olds from period t-1 (MALE7t-l). Eight-year-old males in period t-1 
are assumed to become 9-year-olds at the beginning of period t. Thus, the 
stock of 8-year-olds in t-1 does not influence the abundance of 8-year-olds 
in t, and no H t - i  or Ht-% terms are required. Nonetheless, Deriso's concept 
of "correcting" t e growt path can be incorporated, providing it enters as 
an adjustment to the recruitment relationship (ptRt), rather than as a delay 
difference correction. Time series data of male 8-year-olds suggest such an 
adjustment may be appropriate. There is some evidence inherent in the Bristol 
Bay red king crab trawl survey data and in the catch history of other fishery 
areas, that an underlying cycl ic phenomenon periodically may a1 ter the 
intrinsic rate of recruitment. Accordingly, beginning stocks of 8-year-old 
males may be conceptualized as a composite, nonlinear cyclic function of 
7-year-old ma1 es from the previous period, i . e. , equation (10) . 

The first parameter (48) measures average recruitment of 7-year-01 d ma1 es 
into the 8-year-old population. The second composite term is a periodic 
correction factor based on the cosine function (cos), time, and prerecruit 
biomass. It shifts the slope of the recruitment function, incorporating the 
influence of possible periodic fluctuations which would be accounted for 
implicitly in the TAIR framework. There are three estimated parameters 
associated with the composite correction component (zl, z ,  13). The first 
parameter (21) measures the amplitude of the periodic tren , the second (z ) 
is the period of the trend, and the third (zg) represents the phase. ~ 2 e  



TIME70 v a r i a b l e  i s  a l i n e a r  counter t h a t  begins w i t h  1.0 i n  1970, increasing 
i n  u n i t  increments each year.  Use o f  t he  cosine funct ion i n  equation (10)  
requ i res  employing n0nl i nea r  1 east squares t o  est imate the model parameters. 
P a r t i a l  d i f f e r e n t i a t i o n  of equation (10) w i t h  respect t o  MALE7t,l reveals the 
hypothesized average and p e r i o d i c  impacts o f  7 -year -o ld  biomass i n  t - 1  on 
8-year -o ld  recru i tment  (equation 11). 

The hypothesized $ to -  14-year-o ld re1 a t i onsh ip  more c l o s e l y  f o l l o w s  Der i  so's 
framework because several harvestable age classes are aggregated together .  
Beginning s tock  abundance i n  the  cu r ren t  p e r i  od (MALE914t) conceivably 
depends on s u r v i v a l  o f  e x i s t i n g  9- to -14-year -o ld  males from t h e  previous two 
per iods  (MALE914 -1 and MALE914t - 2 ,  respec t i ve l y )  and recru i tment  o f  t 8-year-o lds i n t o  he cu r ren t  popul a t  I on (MALE8t- 1) .  The general re1  a t  ionsh i  p 
takes t h e  form o f  equation (12). 

€quat i  on (12) i s  inadequate because i t  does n o t  expl i c i  t l  y incorpora te  
harvest  m o r t a l i t y  i n t o  the  b i o l o g i c a l  submodel. Harvest must be inc luded 
d i r e c t l y  so t h a t  e x p l o i t a t i o n  impacts on k ing  crab stocks are  accounted. 
These impacts can be inc luded through the  su rv i va l  c o e f f i c i e n t s  ( s t -1 ,  s t -2 ) .  
Net s u r v i v a l  from t h e  previous pe r iod  ( s t -1 )  can be def ined as t h e  d i f f e r e n c e  
between average na tu ra l  su rv i va l  r a t e  over the  pe r iod  (u t -1 )  and t h e  impact 
o f  harvest  on n a t u r a l  su rv i va l  ( u t - 1 ~ ~ -  ) ,  where harvest  impacts are measured 
by t h e  p ropor t i ona te  harvest  r a t e  ( v ~ - ~ \ .  Expl i c i  t representa t ion  o f  s t -  1 i s  
g iven by (13). 

The r e l a t i o n s h i p  f o r  s t - 2  can be represented i n  a s i m i l a r  fashion. Harvest 
r a t e  ( v  -1) i s  t h e  p ropor t i on  o f  l e g a l  k ing  crab stocks a t  t h e  beginning o f  
t -1 (LEEALS~.~)  t h a t  were caught i n  t - 1  (QHARVESTt.l), i .e., equation (14). 

S u b s t i t u t i n g  the r i gh t -hand  s ide o f  equation (14) i n t o  (13) disaggregates the  
inf luence o f  harves t  m o r t a l i t y  and na tu ra l  su rv i va l  i n  the  n e t  s u r v i v a l  
parameter (equat ion 15). 



Replacing s  - 1  and s t - 2  i n  equat ion (12) w i t h  the  appropr ia te  form o f  
equat ion (1 k ) g ives  t h e  Der iso- type model i n i t i a l l y  est imated f o r  the 
9 - to -14 -yea r -o ld  aggregate cohort  (equat ion 16). 

Cycl i c  pe r tu rba t  ions  can be accommodated i n  equat ion (16) by hypothesiz ing 
the  recru i tment  component (r9MALE8t-l) i s  s i m i l a r  t o  i t s  8 -yea r -o ld  
counterpar t  s p e c i f i e d  as equat ion (10).  The non l inear  form o f  equat ion (16) 
requ i res  us ing  non l inear  l e a s t  squares t o  est imate the  s u r v i v a l  and 
rec ru i tmen t  parameters ( u t -  1, ut -2 ,  r g )  . 
A l l  equat ions i n  t he  b i o l o g i c a l  submodel are func t i ons  o f  s t r i c t l y  
predetermined va r iab les  ( e i t h e r  exogenous o r  lagged endogenous). Thus, t he  
equat ions can be est imated w i thout  us ing  a  simultaneous systems approach, and 
are  segmentable from s t a t i s t i c a l  ana lys i s  o f  k i n g  c rab  i n p u t  and output  
markets. The segmentabl e  charac ter  of the  b i  01 ogi  ca l  submodel does n o t  imply, 
however, t h a t  po l  i c y  ana lys i s  o r  management o f  c rab  stocks can and/or should 
be-_ independent o f  market consequences. Dynamic feedback e f f e c t s  among the  
age-s t ruc tured c rab  stocks, market p r i c e  s igna ls  and i n d u s t r y  we l l -be ing  can 
o n l y  be s tud ied  i n  t he  contex t  o f  t he  composite bioeconomic framework. See 
Matul ich,  Hanson and M i  t t e l  hammer (1988b) f o r  i n t e g r a t i o n  o f  b i o l o g i c a l  and 
market models i n t o  a  composite bioeconomic ana lys is  o f  t he  Alaska King crab 
i ndus t r y .  

EMPIRICAL RESULTS OF ME BIOLOGICAL SUBMODEL 

King c rab  popu la t i on  est imates f o r  t h e  southeastern Ber ing Sea developed by 
t h e  NMFS were used t o  est imate t h e  parameters o f  t he  b i o l o g i c a l  response 
submodel. Observat ions were a v a i l a b l e  f o r  t he  pe r iod  from 1968 t o  1985. 
Four c r i t e r i a  c o l l e c t i v e l y  were used t o  judge the  goodness o f  s t a t i s t i c a l  f i t  
and t o  r e f i n e  t h e  empi r ica l  regress ion  s p e c i f i c a t i o n s :  (1) s ign  and 
magnitude consis tency o f  t h e  parameter est imate w i t h  a  p r i o r i  reasoning and 
prev ious studies;  (2) s t a t i s t i c a l  s i g n i f i c a n c e  o f  t he  est imates, as measured 
by the  t - t e s t  repo r ted  p a r e n t h e t i c a l l y  below the  corresponding c o e f f i c i e n t ;  
(3)  explanatory power o f  the  est imated equat ions as measured by t h e  
c o e f f i c i e n t  o f  de terminat ion  ( R ~ )  ; and (4) t h e  r e l a t i o n s h i p ' s  a b i l  i t y  t o  
p r e d i c t  h i s t o r i c a l  observat ions and t u r n i n g  p o i n t s  o f  t he  dependent va r i ab le ,  
as i n d i c a t e d  by graph ica l  comparison o f  observed versus p red i c ted  age c lass  
recru i tment .  A l l  f o u r  o f  these c r i t e r i a  need t o  be considered because o f  t he  
l i m i t e d  da ta  set .  

Est imates of t h e  behaviora l  b i  01 og i ca l  response equat ions are presented 
c h r o n o l o g i c a l l y  by sex. The beginning biomass o f  5 -year -o ld  males i s  repo r ted  
f i r s t ,  f o l l owed  by male 6-, 7 - ,  8-, and 9- to -14-year -o ld  male cohorts .  The 
emp i r i ca l  r e s u l t s  f o r  5- and 6- to -14-year -o ld  females completes t h e  



discussion. Deviations between empirical and conceptual specifications are 
discussed. A1 1 equations were estimated using the "SYSNLIN" nonl i near 1 east 
squares procedure developed by SAS Institute (1984). Presence of 
heteroscedasticity in the 7- and 8-year-old equations required the use of 
weighted nonlinear least squares. The variance of the dependent variable was 
specified to be proportional to the square of the prerecruit stock; weights 
were equal to the inverse of the prerecruit stock. 

Numerous attempts were made to incorporate the influence of handling 
mortal ity on nonlegal crab. Female and sublegal male king crab frequently are 
caught along with legal males during the fishing season. Though nonlegal crab 
are returned immediately to the water, unintentional harvest and handl ing 
were hypothesized to create added stress and increase overall mortal ity. Both 
total harvest in the southeastern Bering Sea and the number of potlifts made 
during a season were tested as proxies for handling mortality in each of the 
nonlegal response equations . No stat i st i cal evidence of handl i ng stress was 
found from this preliminary evaluation. Parameter estimates for each of these 
handling stress measures lacked statistical significance. 

The nonl inear least squares estimate of the re1 ationship predicting beginning 
5-year-old male biomass in period t (MALE5t) is given by equation (17). 

Abundance of 5-year-old males (MALE5t) is estimated as a variation of the 
basic Ricker stock/recrui tment re1 ationship specified in equation (2). The 
influence of adult breeding stock 6 yr earlier provided the best statistical 
fit when di saggregated by sex. A1 ternative specification of adult spawning 
stock abundance in the exponential term and the leading, density independent 
term included combined male and female biomass (ADULTt-6), elimination of the 
male variable (MALE514t-6), and several variations of the interaction term 
(FM514t-6). Comparable specifications were eval uated for MALE6t and MALE7t 
equations. MALE5 is shown to be a function of: the lagged, sexually mature 
female biomass ( 1 EM514t-6) measured in millions of pounds; lagged adult male 



biomass (MALE514 -6) also measured in millions of pounds; and of the 
interaction (pro 8 uct) between males and females (FM514 - ) measured in 
billions of pounds. An indicator variable, IND77, marks 1 b 7 7 as an outlier 
observation that suffers from sampling error. The 1977 observation of 
5-year-old males is nearly double that of adjacent years; IND77 forces the 
regression through the observed data point. 

The statistical goodness of fit measures in conjunction with Figure 1 
illustrate the predictive accuracy of equation (17) for the period 1974 to 
1985. The estimated ma1 e 5-year-old crab stocks (MALE5HAT) predict the 
historical data (MALE5) with excellent precision. Conventional t-statistics 
reported in parentheses below the parameter estimates test whether a 
particular parameter is significantly different from zero. The exception here 
and in subsequent equations involves the t-statistic on the mu1 tip1 icative 
constant term. That test is based upon the null hypothesis that the estimated 
parameter equals 1.0, rather than zero. It would be inappropriate to test the 
zero value because such a test implicitly refers to a model which is 
statistically unidentified in all of the remaining parameters. 

The specific functional form of this Ricker model in which adult spawning 
stock is disaggregated by sex, characterizes a saddle function that 
imp1 icates two density dependent characteristics, as illustrated by Figure 2. 
Density dependence in the female direction is a prominent feature of this 
graph. For any given 1 eve1 of adult ma1 e abundance (MALE514t.6), recruitment 
of 5-year-old males (MALE5t) rises and then declines with ~ncreasing female 
density (FEM514t-6). The second concept of density dependence concerns 
maximal levels of recruitment shown to occur along the ridge of the saddle 
function portrayed in Figure 2. Following this ridge in the direction of 
increasing adult males draws attention to the notion of a density dependent 
reproduction efficiency frontier, where optimal abundance of adult females 
increases at an increasing rate as adult male biomass expands. 

The reproductive efficiency re1 ationship a1 so is evident by taking the 
partial derivative of equation (17) with respect to adult females, yielding: 

where: e(.) represents the exponential term in equation (19). 

Setting equation (18) to zero and solving for the conditional, optimal level 
of adult females as a function of males yields the implied optimal 
correspondence between adul t ma1 es and femal es (equation 19). 

The notion of a reproduction efficiency frontier can be grafted from Figure 2 
and equation (19) into a two-dimensional illustration, Figure 3. Let adult 
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Figure 2.  Three dimensional perspective of 5-year-old male king crab recruitment ( R )  based on 
male ( M )  and female ( F )  spawning stock abundance i n  t-6. 



MALE51 4t-6 BIOMASS (million pounds) 
U FEM514t-6 

F i g u r e  3 .  Optimal male and female spawning s tock  l e v e l s  (MALE 514t-6i FEM514t-6~, r e s p e c t i v e l y )  
imp1 i e d  by t h e  5 -year -o ld  male k i n g  c rab  (MALEt) r e c r u i t m e n t  f u n c t ~ o n .  



male brood stock equal 300 mill ion Ib. Solution of equation (19) results in 
the corresponding optimal adult female biomass of 47.418 million Ib. 
Substituting this combination of male and female density into equation (17) 
produces a maximum expected recruitment of 43.813 million 1 b of 5-year-old 
males. Female stocks can be varied, holding male abundance constant at 300 
mill ion 1 b, to verify that MALE5t recruitment decl ines, i .e., consider 
points above or below this curve. Suppose FEM514t-6 increases 20 million I b 
to 67.418 million Ib. Estimated recruitment would fall to 40.856 million 1b. 
Similarly, a reduction of adult female biomass to 27.418 million 1b would 
result in only 38.625 million 1b of MALE5t recruits. 

The reproduction efficiency frontier shown in Figure 3 also may be viewed as 
an expansion path--the path that should be followed to optimally increase 
MALE5t recruitment. Recruitment not only increases as one moves out the 
expansion path, but the optimal ratio of male to female biomass changes as 
well. This can be seen more clearly in Figure 4 in which the sex ratio (by 
weight) is related to adult male biomass. The optimal ratio of adult male to 
female biomass increases as MALE514t-6 expands, reaching a maximum of 6.7:l 
when adult males equal 384.5 million 1 b MALE514t-6 abundance beyond 384.5 
million lb, in turn, corresponds to a falling ratio. 

A variety of factors observed in other species may support the notion of an 
optimal sex ratio imp1 ied by this density dependent reproductive 
relationship--these include searching efficiency, competition among males and 
fecundity. One might expect searching efficiency to increase nonlinearly as 
both male and female abundance levels rise. By itself, this phenomenon would 
seem to contradict the dome shape of Figure 4. Instead, it implies a density 
dependent sex ratio that declines throughout as adult male biomass grows. 

However, for low female stocks, competition among males presumably 
intensifies in a nonlinear fashion as male abundance rises. Within this 
context, the shape of Figure 4 would suggest that up to modest levels of 
males and females, the rate of competition among males rises faster than the 
associated increased searching efficiency. Despite the evidence that a 
sexually mature male can successfully fertilize up to seven females in a 
given season, only a fraction of the adult males appear to be sexually 
active. That fraction of sexually active ma1 es decreases with heightened 
competition, and then begins to rise once a threshold of female biomass is 
achieved. Figure 4 shows this to occur at about 58 million 1b FEM514t-6. 

Density dependent fecundity might also contribute to the general shapes of 
Figures 2 through 4. Fecundity in many species is believed to be a 
se1 f -regul ati ng reproduction mechanism that dampens as the breeding 
population grows. If this is the case with king crab, it may partially 
explain: (a) why the optimal sex ratio changes, and (b) why female abundance 
ultimately must expand at an increasing rate relative to males if recruitment 
is to grow. Inclusion of clutch size data in the spawner-recruit framework 
may lend insight into the explicit role of fecundity. 

Like any Ricker function, equation (17) should be viewed as an approxi- 
mation, representative of recruitment behavior only over some re1 evant range 
of data. For example, suppose MALE514t-6 equals zero. By equation (19), 
FEM514t-6 is positive and thus, according to equation (17), recruitment into 
the 5-year-old cohort will be positive. This clearly is a biological 





impossibility. Future research is needed to impose concavity on the 
underlying functional form. Similarly, a vertical asymptote is reached in 
Figure 2 at 768 million 1b of adult male biomass. The implied optimal female 
stocks would be infinitely large. Both abundance levels are equally 
impl ausi bl e. However, the deficiency associated with extremely 1 arge parent 
stocks is not particularly troublesome since harvest pressures will prevent 
such an occurrence. 

The historically observed ratios of male to female brood stock densities are 
above and below the implied optimal sex ratio given by equation (17). The 
implication is that recruitment may have been less than possible. In future 
seasons, when the female spawning stock biomass exceeds that implied to be 
optimum by equation (17), harvesting some adult females may be desirable. 
Whether females should be harvested even under these conditions, depends upon 
managerial objectives of the fishery, price feedback effects and time 
horizon. Future research is needed to better define the notion or existence 
of a density dependent optimal sex ratio, and its impl ication for management. 
Since this is the first research to find the possibility of an optimal sex 
ratio in red king crab, and since stock conditions are severely depressed, 
the risk of altering the long-standing policy of male-only harvest outweighs 
the possible short-term benefits. Additional research is needed before a 
recommendation to change this policy could be regarded prudent. 

The nonl inear least squares estimate of the TAIR model characterizing 
beginning biomass of 6-year-01 d ma1 es is represented by equation (20) . 

The statistical goodness of fit measures in conjunction with Figure 5 
illustrate good predictive accuracy. All t-statistics test the null 
hypothesis around zero except for the mu1 tip1 icative constant term which 
tests 1.0. 
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Conceptually, equation (20) is equivalent to the analytical approach 
hypothesized in equation (6), given the disaggregation of adult spawning 
stocks discussed for equation (17). Density dependence is similar to the 
5-year-old male cohort. An indicator variable, IND77, marks 1977 as an 
apparent out1 ier observation suffering from the same sampl ing error problem 
hypothesized in the MALE5t, relationship. 

Recall from the discussion of equation (3) that wl and w2 embody the 
adjustment to intrinsic recruitment in the TAIR framework. If w2 = 0 and wl = 
1.0, recruitment can be explained solely on the basis of spawning stock 
abundance. The appropriate functional form is an empirical issue. The point 
estimate for wl is 1.50104, while w is 0.22434. The 95% confidence interval 
around the w2 parameter does inclu 2 e zero, though the point estimate would 
suggest there may be some adjustment to the intrinsic recruitment trajectory. 
Assuming w2 equals zero, the wl exponent on FEM514t-7 is not statistically 
different from 1 .O. The imp1 ied intrinsic recruitment expectation would 
appear to be that of a pure Ricker specification. 

Comparison of equation (20) with a pure, unadjusted Ricker specification 
reveals the importance of adjustment. The Ricker specification of intrinsic 
recruitment provided poor predictions for 1981-1985. Inclusion of prerecruit 
abundance as part of the adjustment mechanism seems to be picking up changes 
in natural mortality, possibly due to unmeasured environmental factors, catch 
of sublegal crabs in the directed fishery, bycatch in the ground fishery, 
disease or measurement errors in the data. The low t-statistic on the 
MALE5t-1 exponent (w ) is suspected to be a consequence of multicollinearity 
in this abbreviated f ata set. 

Seven-Year-Old Ma1 es (MALE7+) 

The weighted nonlinear least squares estimate of the male 7-year-old TAIR 
model is given in equation (21). A weighted estimation procedure was used to 
treat the presence of heteroscedastici ty, as discussed earl ier. 



The statistical goodness of fit measures in combination with Figure 6 
illustrate the predictive accuracy of equation (21) over the period 1976 to 
1985. The t-statistic for the parameter premultiplying the bracketed function 
tests the null hypothesis around 1.0. All other t-statistics refer to tests 
around zero. 

The estimated MALE7 re1 ationship para1 lel s that of the MALE6t equation, 
differing only by t k e actual parameter estimates, and the inclusion of a 
different indicator variable (IND83). IND83 indicates a situation in which 
observed prerecrui t popul at i on decl i ned in 1982 whi 1 e age cl ass recruitment 
increased in 1983. This situation corresponds either to: favorable growth 
conditions, in which crab grew across more than a single age class; 
immigration of crab from other areas; or an unusually large sampl ing error. 

Like the 6-year-old cohort, equation (21) reveals modest adjustment to the 
expected 7-year-old recruitment trajectory. The w2 parameter was estimated to 
be 0.33399, suggesting that 7-year-old recruitment is adjusted even more by 
prerecruit biomass than is 6-year-old recruitment. The value of w l  is 
2.42368. The null hypothesis that wl t w2 = 1.0 is rejected suggesting that 
equation (8) is the appropriate specification of TAIR. 

Eight-Year-Old Ma1 es (MALE8t) 

The Deriso framework hypothesized in equation (10) to predict beginning 
8-year-old male biomass proved to have empirical merit. The estimated 
MALE8t relationship is given by equation (22). 

Equation (24) was estimated with a weighted, nonl inear seemingly unrel ated 
regressors technique (SUR). The weighting procedure discussed earlier was 
used as a correction for heteroscedasticity. Parameter values in the cosine 
component of MALE8t were shared with corresponding parameters in the MALE914 
equations, necessitating a systems approach of seemingly unrelate $ 
regressors. The MALE8t and MALE914t equations were estimated simultaneously, 
incorporating cross-equation parameter restrictions. The period and phase of 
the cosine cycle were assumed to be invariant parameters across cohorts, 
while the amp1 itude was allowed to vary across age classes. All t-test values 
are significant and the accuracy of equation (22) in predicting observed 
MALE8t data is quite good, as shown in Figure 7. 







The estimated intrinsic growth of 7-year-old ma1 es into the 8-year-old 
population, as measured by the first term in equation (22), conforms to the 
earlier hypothesis: MALE7t-1 experience a net weight gain as they recruit 
into the MALE8t cohort. Stated differently, biomass growth exceeds natural 
mortal i ty, on average. 

Incorporation of the cosine function serves to perturb the intrinsic 
recruitment rate in a systematic fashion. The cyclic variation is dependent 
on time increments calibrated to zero in 1970 and increasing in single units 
each subsequent year (TIME70). The first parameter measures the amplitude of 
the periodic function, i .e., 0.40034. The amp1 i tude represents the maximum 
deviation from the intrinsic recruitment rate that is estimated to occur. 
The second parameter in the bracketed component is the period of the cycl ic 
time trend (measured in radians). The estimated period translates into a 
14-yr cycle which happens to coincide with the maximum life expectancy of red 
king crab. The final parameter in the bracketed term is the phase of the 
cycle (also estimated in radians). Phase measures the distance between the 
nearest peak and the origin in time. In this case, the estimated peak in the 
cycle occurs in 1975. Thus, observed recruitment periodical ly fluctuates 
about the mean rate of 1.1617--ranging from 0.76 to 1.56 during a 14-yr 
period. However, these results are tentative because there is insufficient 
data to model more than one apparent cycle. 

An- indicator variable marks the 1983 MALE8 observation (IND83). IND83 is 
employed in the MALE8t equation for the same reason it is used in the 
estimated MALE7t relationship. 

Although the MALE8t relationship could not be estimated directly as a 
spawner-recruit relationship, the recursive structure of the biological 
response submodel faci 1 i tates algebraic sol uti on of 8-year-01 d ma1 e 
recruitment in terms of male and female breeding stocks nine periods before 
(i e., MALE514t,-g and FEM514t-g). Recall that there were insufficient 
historical data to provide adequate degrees of freedom for empirical 
estimation of a spawner-recruit MALE8t relationship. Successive back 
substitutions using the estimated equations for MALESt, MALE6t and MALE7t 
(excl uding IND77 and IND83) yields equation (23). 

This expression includes the periodic time trend used in both the MALE8 and 
MALE914 equations, and for purposes of illustration, is referenced to T 1 ME70 
equal s 4.0. Equation (23) a1 so incorporates the compound growth and modi f i ed 
Ricker frameworks developed for the MALE5t, MALE6t and MALE7t re1 ationships. 
Detailed derivation of equation (23) from the estimated equat~ons for MALE5t, 
MALE6t, MALE7t and MALE8t can be found in Appendix A. 



Figure  8  i s  a  mapping o f  the  product ion sur face corresponding t o  equat ion 
(23) f o r  s p e c i f i e d  ranges o f  MALE514t-g and FEM514 -9 (0 t o  600 and 0  t o  500 
m i  11 i o n  1  b, respec t i ve l y ) .  The general i zed  sadd f e  shape o f  t he  sur face 
r e f l  ec t s  t h e  dens i t y  dependent re1  a t ionsh ips  c h a r a c t e r i s t i c  of a  R i  cker  
s p e c i f i c a t i o n  i n  which lagged a d u l t  male and female abundance are used t o  
p r e d i c t  recru i tment .  

One would expect t he  sur face t o  be concave w i t h  respect  t o  t he  FEM514t-g 
p l  ane ( t h e  dens i t y  dependent i n f l  uence) . However, the  1  arge recru i tment  
p red i c ted  a t  low a d u l t  brood s tock  d e n s i t i e s  are  c o u n t e r i n t u i t i v e .  Large 
recru i tment  (exceeding 200 m i l l i o n  I b )  a t  extremely low FEM514t-g and 
MALE514t -9 1  evel s  i s  unreal i s t i  c. A  more reasonable expecta t ion  i s  t h a t  
recru i tment  w i  11 be p ropo r t i ona te l y  1  ower a t  small brood s tock  dens i t i es ,  
inc reas ing  on l y  as MALE514t-9 and FEM514t-CJ expand (assuming a  near opt imal 
sex r a t i o ) .  I n  f a c t ,  one would expect recru i tment  t o  resemble t h a t  o f  MALE5t, 
as g iven by the  product ion surface i l l u s t r a t e d  i n  F igure  2. It i s  doubt fu l  
t h a t  F igure  8  accura te ly  po r t rays  the  t r u e  recru i tment  r e l a t i o n s h i p  a t  low 
l e v e l s  o f  male and female spawners, even though t h e  pronounced peak 
accura te ly  r e f l  ec t s  the  under ly ing  b i o l o g i c a l  data. 

The NMFS observed record  8-year -o ld  recru i tment  i n  1978 and near record  
recru i tment  i n  1979 desp i te  the  apparent ex is tence o f  depressed brood stock 
cond i t i ons  9  y r  before.  E igh t -year -o ld  male biomass was est imated t o  be 102.9 
and 84.1 m i l l i o n  I b ,  respec t i ve l y .  Corresponding t o t a l  a d u l t  male biomass was 
on l y  118.8 m i l l i o n  1b i n  1969 and 60.7 m i l l i o n  1b i n  1970. S i m i l a r l y ,  
sexua l ly  mature female abundance was 45.5 and 21.8 m i l l i o n  1b i n  each o f  
these 2  years. Lack o f  conformi ty  t o  a  p r i o r i  expectat ions, coupled w i t h  
excel 1  en t  p r e d i c t i v e  power, suggests the  possi b i  1  i t y  o f  sampl i n g  e r r o r  back 
i n  1969 and 1970. Accordingly,  t he  relevance o f  F igure 8  below 150 m i l l i o n  1b 
o f  a d u l t  females o r  below 115 m i l l  i o n  1b o f  a d u l t  males i s  quest ionable. 

F igure 9  i s  a  t runcated vers ion  o f  F igure 8. It i l l u s t r a t e s  the  product ion  
sur face g iven by equat ion (23) f o r  MALE514t-g and FEM514t-g values ranging 
from 150 t o  500 and 115 t o  235 m i l l i o n  l b ,  respec t i ve l y .  Most o f  t he  
h i s t o r i c a l  observat ions f a l l  w i t h i n  these ranges. I n  t h i s  context ,  t he  
est imated MALE8t r e l a t i o n s h i p  does conform t o  a  p r i o r i  expectat ions.  However, 
a d d i t i o n a l  research i s  needed t o  impose concavi ty  a t  low male and female 
abundance 1 evel s. 

Aggregate 9-to-14-Year-Old Male Biomass (MALE914t) 

The a n a l y t i c a l  framework hypothesized i n  equat ion (16) generated poor 
empi r ica l  r e s u l t s  when est imated f o r  t he  pe r iod  from 1968 t o  1984. Although 
the  est imated r e l a t i o n s h i p  had an R~ o f  0.9108, the  est imated na tu ra l  
s u r v i v a l  parameter ( u i )  was i n s i g n i f i c a n t  and t h e  equat ion p red i c ted  negat ive 
MALE914 biomass i n  1983. 

Three general a l t e r n a t i v e s  were evaluated as replacements f o r  t he  Der iso 
approach g iven by equat ion (16). These a l t e r n a t i v e s  inc luded:  a  l i n e a r ,  
two-per iod recu rs i ve  f u n c t i o n  o f  lagged MALE914 abundance; a  l i n e a r  
p roduct ion  model w i t h  and w i thout  p e r i o d i c  adjustment ( i  .e., w i t h  and w i thout  
a  cosine t ime t rend  as used i n  the  MALE8t equat ion);  and a  n e t  s u r v i v a l  
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approach w i t h  p e r i o d i c  adjustment. Forecast ing p o t e n t i a l  o f  t h e  est imated 
re1  a t i  onship s t r o n g l y  in f luenced choice o f  the  f i n a l  empi r ica l  model . 
The n e t  s u r v i v a l  approach w i t h  p e r i o d i c  adjustment generated the  best 
r e s u l t s .  Th is  approach may be viewed as an adaptat ion o f  t he  o r i g i n a l  Der iso 
framework, where the  separate in f luences o f  recru i tment ,  na tu ra l  s u r v i v a l  and 
harvest  m o r t a l i t y  are evaluated i n  aggregate. The aggregate term can be 
described as a  measure o f  p o t e n t i a l  ne t  su rv i va l  (equat ion 24).  

P o t e n t i a l  Net Surv iva l  = MALE8t-l + (MALE914t-1 - QHARVTt-1) (24) 

Equation (24) represents the  stock o f  male k i n g  crab i n  pe r iod  t - 1  t h a t  
p o t e n t i a l l y  w i l l  form the  aggregate 9- to-14-year  o l d  male popu la t ion  i n  
pe r iod  t. The f i r s t  term i n  equat ion (24) i s  p o t e n t i a l  recru i tment ;  t he  
second pa ren the t i ca l  term q u a n t i f i e s  poss ib le  escapement. 

Combining the  r igh t -hand s ide  o f  equat ion (24) w i t h  a  c y c l  i c  adjustment 
f a c t o r  s i m i l a r  t o  t h a t  used i n  equat ion (22) prov ides the  f o l l o w i n g  weighted, 
nonl inear ,  seemingly unre la ted  regression est imates as i n  equat ion (25) .  

The est imated parameter values i n  equat ion (25) agree w i t h  a  p r i o r i  
expectat ions and are e f f e c t i v e  i n  modeling MALE914 biomass. Abundance o f  
beginning stocks o f  9 - to -14-year -o ld  male crab invo lves  a  s l i g h t  (1.03582) 
compounding o f  n e t  crab su rv i va l  from per iod  t -1 (as de f ined by equat ion 
(24)),  p l u s  o r  minus the  c y c l i c  adjustment f a c t o r .  F igure 10 i l l u s t r a t e s  the  
p r e d i c t i v e  accuracy o f  equat ion (25).  

This  composite cohor t  equat ion (25)  d i f f e r s  s i g n i f i c a n t l y  from the  Der i  so 
model hypothesized i n  equat ion (16), though i t  mainta ins t h e  under ly ing  
dynamics o f  popu la t ion  growth t h a t  Der iso was at tempt ing t o  model. That i s ,  
age c lasses grow as a  r e s u l t  o f  t he  combined in f luences o f  recru i tment  and 
escapement, "corrected"  by some measure o f  abundance i n  a  prev ious pe r iod (s ) .  
Equation (25) i s  s i m i l a r  t o  the  r e l a t i o n s h i p  est imated f o r  MALE8t i n  equat ion 
(22).  D i f fe rences between equations (22) and (25) inc lude:  t he  use o f  
d i f f e r e n t  i n d i c a t o r  var iab les ,  and i nco rpo ra t i on  o f  the  p e r i o d i c  adjustment 
f a c t o r  as an i n t e r c e p t  s h i f t e r  r a t h e r  than a  slope s h i f t i n g  r e l a t i o n s h i p .  





Indicator variables marking the 1981 and 1984 observations (IND81 and IND84, 
respectively) were included in the specification. The 1981 observation was 
included to represent a one-time, structural change in natural mortal i ty. It 
was included despite the low t-statistic because of improved predictive 
power. The IND84 variable incorporates the influence of no harvest in 1983. 
The coefficient of IND84 can be interpreted as the impact of fishery closure 
on age class growth, i .e., MALE914t is estimated to have increased by 13.4679 
million lb during the closure. 

As with the 8-year-old cohort, three forms of periodic adjustment were 
examined: a slope shifting form that is proportional to prerecruit 
abundance, an intercept form, and a combination of both. When modeled as a 
slope shifter (as in the MALE8t equation), periodic adjustment represents a 
marginal change in the intrinsic rate of biomass growth (or recruitment) and 
is proportional to prerecruit stock levels. If periodic changes shift only 
the intercept term in the growth model, adjustment is constant and additive, 
though its re1 ati ve effect i s inversely proporti onal to prerecrui t density . 
The effect of periodic adjustment will diminish as prerecruit abundance 
increases. The best empirical estimate and historical predictions were 
generated with the intercept form (i.e., the cosine relationship was not 
mu1 ti pl i ed by 1 agged MALE914 abundance). 

Re1 ative magnitude differences between the amp1 i tude estimates in equations 
(22) and (25) reflect the dissimilar forms of adjustment used. The amplitude 
estimated in equation (25) is larger than that predicted in equation (22) 
because it measures anticipated biomass deviations by actual weight rather 
than as a marginal rate. Periodic adjustment is estimated to cause a maximum 
variation of 26.5 million lb in average net survival among the MALE914t 
cohort, whereas MALE8t recruitment conceivably will deviate by plus or minus 
0.4 about its intrinsic rate of 1.16117. The period and phase parameters were 
shared between MALE914t and MALE8t equations. 

Five-Year-01 d Female Biomass (FEM5t) 

A lagged stock/recruitment framework similar to that estimated for MALE5t in 
equation (17) generated a suitable model to predict the beginning biomass of 
5-year-old female king crab. The nonlinear least squares estimate is given by 
equation (26). 



All t-statistics test the null hypothesis around zero except for the 
multiplicative constant term which tests 1.0. Accuracy of equation (26) in 
predicting historical FEM5t observations is illustrated by Figure 11. Overall 
expl anatory/predicti on power of equation (26) is acceptable, though the 
estimated model predicts a turning point in population biomass 1 yr before it 
is observed (1977-78). It also predicts two slight biomass increases that 
were not observed (1975, 1981). General sampling error of females is 
suspected to underpin the minor deficiencies of equation (26). 

Unlike the MALE5t equation in which a single observation is marked due to 
possible sampling error (i .e., 1977), a 3-yr. period beginning in 1977 is 
marked in the female relationship using IND7779. It is hypothesized that the 
same general sampl ing problem affected female biomass estimates in 1977, but 
subsequently was repeated in 1978 and 1979. 

The relative magnitude differences between parameter estimates in equations 
(26) and (17) stem from gender specific size variations observed in male and 
female king crab. Five-year-old males tend to be larger than 5-year-old 
females. Thus, one would expect higher male intrinsic recruitment rates based 
on biomass. Comparison of parameter estimates in the two equations supports 
this fact. 

Aggregate 6-to-14-Year-Old Female Biomass (FEM614t) 

Absence of harvest pressure on adult female stocks motivated a deviation in 
modeling philosophy. The explicit, recursive structure employed in MALE6t 
through MALE914t equations was regarded unnecessary. Instead, 
6-to-14-year-old female king crab were aggregated into a single composite 
cohort. The nonl i near 1 east squares estimates presented in equation (27) 
represent a compromi se specification that serves the primary need of accurate 
prediction, short of making FEM614t exogenous. In fact, FEM614t could have 
been exogenized were it not for the ultimate usage in simulating future 
scenarios through 1992. Had FEM614t been treated as exogenous in the 
biological submodel, there would have been no means to specify this data in 
future periods. 





All t-statistics test the null hypothesis at zero, except for that of the 
mu1 tip1 icative constant, which tests 1 .O. Figure 12 i 11 ustrates accurate 
prediction of FEM614t. biomass data. Though overfi t, equation (27) minimally 
meets the needs of this research. One should not regard this specification as 
an adequate behavioral re1 ati on. 

The combined recruitment/escapement model represented by equation (27) has 
three major components: (1) a lagged Ricker stock-recruitment relationship, 
(2) a net survival component based on compounded growth of FEM614t-1 and (3) 
indicator variables to mark three specific observations. The first bracketed 
component has the same interpretation as that presented for the MALE5t,, 

, and FEM5t re1 ationships. It represents density dependent 
recruitment , o 6-year-old females based on the spawning stock that created 
them 7 yr before. The second exponential component quantifies survival and 
growth of FEM614 stocks from period t-1 by simple compounding. The third 
exponenti a1 term incorporates three indicator variables into the framework: 
IND78, IND81, and IND83. IND78 and IND81 are included to mark out1 ier 
observations assumed to suffer from sampl ing error. The third indicator 
variable (IND83) marks the hypothesized, one--time, structural change in 
mortality observed in this and other male age classes. All three major 
components have a multiplicative effect on one another; an additive 
re1 at i onsh i p between recrui tment and escapement was eval uated, but produced 
unacceptable empirical results. Future research is needed to explain the 
behavioral process of female age class recruitment. 

Definitional Identities 

The biological response submodel is fully defined with the addition of 
several identities (equations 28, 29, and 30) defining adult spawning stock 
abundance and legal and nonlegal crab stocks. 

These three equations quantify the beginning biomass of all adult females, 
adult males, and the product of both sexually mature female and male king 
crab, respectively . 
The legal king crab population is defined by minimum size limit and 
males-only harvest regulations imposed by ADF&G. Only that portion of the 
adult male population greater than or equal to the minimum size requirement 
can be legally harvested. Legal biomass at the start of period t (LEGALSt) is 
given by the identity specified in equation (31). 





SIZELIM i s  a  n u m e r i c a l l y  equ i va len t  t r ans1  a t i o n  o f  t h e  r e g u l a t e d  s i z e  1 i m i t  
( de f i ne$  i n  inches)  i n t o  a  percentage va lue.  T h i s  percentage corresponds t o  
t h e  p r o p o r t i o n  o f  8 - y e a r - o l d  males a t  t h e  s t a r t  o f  p e r i o d  t (MALE8tJ t h a t  
l e g a l l y  can be caught d u r i n g  t h e  f i s h i n g  season (see Appendix B f o r  f u r t h e r  
d i scuss ion  and d e r i v a t i o n  o f  SIZELIMt). 

The beg inn ing  s t o c k  o f  nonlegal  c rab  i n  p e r i o d  t (NONLEGALS ) i nc l udes  a1 1 
5 - t o -  14 -yea r -o l d  female k i n g  c rab  (FEM514t) and sub1 egal  d - t o  8 - y e a r - o l d  
males. U t i l i z i n g  equat ions (28) ,  (29) and (31), NONLEGALSt i s  d e f i n e d  i n  
equa t ion  (32).  

The complete b i o l o g i c a l  response submodel i s  i l l u s t r a t e d  i n  m a t r i x  form i n  
Table 2. T h i s  i l l u s t r a t i o n  h i g h l i g h t s  t he  r e c u r s i v e  aspects o f  t h e  
age -s t ruc tu red  submodel. B i o l o g i c a l  response o f  t h e  f i s h e r y  can be 1 inked  t o  
a  market submodel through t h e  lagged harves t  v a r i a b l e  (QHARVTt-1). I t  i s  
because o f  t h i s  lagged i n t e r a c t i o n  t h a t  t h e  response framework i s  segmentable 
f rom t h e  market submodel, Matul  i c h ,  Hanson and M i  t t e l  hammer (1988a). It does 
n o t  f o l l o w ,  however, t h a t  k i n g  c rab  s tocks  should be managed i n  i s o l a t i o n  o f  
market f o r c e s  and t h e  assoc ia ted  dynamic feedback e f f e c t s .  See Matul  i c h ,  
Hanson and Mit te lhammer (1988b) f o r  an i n t e g r a t i o n  o f  t h i s  r e c u r s i v e  
age -s t ruc tu red  model w i t h  t h e  A1 askan k i n g  c rab  i n d u s t r y  market submodel s. 



Table 2 .  Summary of b io log ica l  response submodel. 

Explanatory Variables 

M M 
A A  F F Q T 

M M M M L  L E E F H I 
A A A A E  E F M M M A M  
L L L L 9 5 E 6 5 5 R E 

Dependent E E E E 1 1 M 1 1 1 v 7  
Variable 5 6 7 8 4 4 5 4 4 4 T 0 

MALE5 

MALE6 L 

MALE 7 L 

MALE8 L 

LEGALS X X 

NONLEGALS X X X X 

X denotes current  value of explanatory var iable .  

L denotes lagged value of explanatory var iable .  

Indica tor  va r i ab les  a r e  not included i n  t h i s  summary. 
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APPENDICES 



Appendix A. Derivation of Partially Reduced Form for MALE8 
t 

Recursive structural features of the biological response submodel 
accommodate algebraic solution of 8-year-old male recruitment (MALE8 t ) as 
a function of male and female breeding stocks nine periods before 
(MALE514 -9 respectively). Repeated back substitutions 
using tke for 5-, 6-, and 7-year-old male 
recruitment, i.e., MALESt, MALE6t, MALE7t (excluding indicator variables 
IND77 and IND83) yields a partially reduced form expression for MALE8 
based on spawning stock abundance. Derivation of this partially reduces 
form involves four structural equations (given here using simplified, but 
equivalent, functional notation). 

MALE8t = aMALEYt - + [b cos(cTIME70-d)] MALE7t - (A. 1) 

(A. 3) 

These four equations correspond to the estimated relationships specified 
in Chapter 4 (i.e., equations 22, 21, 20 and 17, respectively). 

The right-hand expression of equation (A.2) can be lagged one period and 
substituted forthe MALE7t - terms in equation (A.l). 

(hFEM514t - + iFM514 + jMALE514t 9) 
t-9 - 

MALEst = a{f [FEM~I~;~ - e 1 (A. 5) 

Collecting terms gives equation (A.6). 



(hFEM514t - 
MALE8 = [a + b cos (cTIME70-d) ] f [FEM514; e 

t - 

The expression for MALEGt, in turn, can be lagged two periods and 
substituted into equation A.6. 

(hFEM514t - 
MALEBt = [a + b cos (cTIME70-d) ] f [ F E M ~ I ~ ~  e 

t-9 (A. 7) 

Equation (A.4) can be used to make the final substitution in the MALE8 t 
equation. The right-hand expression for MALE5 must be lagged three 

t 
periods. The resulting expression is given by equation (A.8). 

(hFEM514t - + iFM514t-g 
MALEQt = [a + b cos(cTIME70-d) If [FEM~I~; - ge 

(A. 8) 
1MALE514t-g) (pFEM514t-g + qFM514t-g + rMALE514t-g) 

] {rn [~E24514: - e I 

Distributing the exponents over the bracketed relationships and combining 
like terms yields the desired partially reduced form in functional 
notation. 

g + nk + sk MALEBt = [a + b cos (cT1ME70-d) I imkusk {FEM514t - (A. 9) 

[(h + pk + vsk) FEM514t - + (i + qk + wsk) FM514t-9 
e 

+ (j + rk + xsk) M71LE514~ - 9] 
1 

Each of the parameters specified in (A.9) can be replaced by their 
estimated values. 



from Equation (25)  : from Equation (24)  : 

a = 1.16117 f = 0.05833 
b = 0.40034 g = 2.42368 
c = 5.83152 h = -0.05442 
d = 3.52198 i = 0.00008292 

j = -0.01132 
from Equation (23 )  : k = 0.33399 

from Equation (20 )  : 

Substitution and simplification of equation (A.9) using these parameter 
estimates generates the spawner-recruit relationship for MALE8 implied by 
this partially reduced form of the biological response submodel. 

(A. 1 0 )  



Appendix B. Explanation and Derivat ion of t h e  SIZELIM Var iab le  
t 

The SIZELIM v a r i a b l e  i nco rpora t e s  minimum s i z e  l i m i t  r e s t r i c t i o n s  i n t o  
t 

t h e  equat ion de f in ing  l e g a l l y  ha rves t ab le  biomass. S i ze  l i m i t  r egu la t ions  
a r e  e s t a b l i s h e d  according t o  carapace width measurements. Regulat ions 
h i s t o r i c a l l y  have allowed a l l  9-to-14-year-old males and some po r t ion  of 
t h e  8-year-olds t o  be harvested.  Est imation of l e g a l  biomass r e q u i r e s  
t h a t  t h e  minimum width r egu la t ion  be transformed i n t o  a  percentage va lue .  
This t ransformat ion  uses  a  p r o b a b i l i t y  d i s t r i b u t i o n  based on a  s tandard  
normal d e n s i t y  funct ion.  SIZELIMt r e p r e s e n t s  t h e  p r o b a b i l i t y  t h a t  
8-year-old males w i l l  have s h e l l s  no smal le r  than  t h a t  r equ i r ed  by t h e  
s i z e  l i m i t  r egu la t ion .  

SIZELIMt i s  c a l c u l a t e d  assuming t h a t  i nd iv idua l  8-year-old males a r e  
normally d i s t r i b u t e d  by width about t h e  midpoint of t h e  c o h o r t ' s  s i z e  
range, with t h r e e  s tandard  dev ia t ions  from t h e  midpoint de f in ing  upper and 
lower bounds of t h e  d i s t r i b u t i o n .  NMFS b i o l o g i s t s  e s t ima te  t h a t  8-year- 
o l d  males range i n  width from 6.18 t o  6.63 inches  (157.1 t o  168.3 mm, 
r e s p e c t i v e l y )  , having a  midpoint of 6.405 inches.  Given t h e  assumptions 
and s i z e  ranges,  t h e  cumulative p r o b a b i l i t y  of an 8-year-old male having a  
carapace a t  l e a s t  6.5 inches wide ( t h e  cu r r en t  minimum width)  i s  0.1271. 
Therefore,  t h e  l a r g e s t  12.71 pe rcen t  of  MALE8 c rab  a r e  assumed t o  be 
l e g a l l y  ha rves t ab le .  

t 
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