
IN Workshop Report no.28 
page 201 

THE CONSEQUENCES OF CANNIBALISM I N  THE STOCK-RECRUITMENT 
RELATIONSHIP OF PLANKTIVOROUS PELAGIC FISHES SUCH AS ENGMULIS 

Alec 0. MacCall 
California Department of  Fish and Game 

c/o Southwest Fisheries Center 
P.O. Box 271 

La Jolla, California 92038 

and 

Scri pps Inst i tut ion o f  Oceanography 
University of  California, San Diego 

La Jolla, California 92093 
A-008 

- In: G. Sharp (rapporteur), Workshop on the effects 
of environmental variation on the survival of larval 
pelagic fishes. UNFSCO, Intergovernmental Oceanographic 
Commission, Workshop Report 28. (1980) 



IOC Workshop Report no.L8 
page 202 

INTRODUCTION 

Recru i tmen t  i n  c l u p e o i d  f i s h e s  i s  u s u a l l y  h i g h l y  v a r i a b l e  (see Sharp, t h i s  volume, a l s o  
Cushing, 1971; Cushing and H a r r i s ,  1973) .  T h i s  v a r i a b i l i t y  obscures  t h e  n a t u r e  o f  t h e  under -  
l y i n g  r e l a t i o n s h i p  between t h e  expec ted  v a l u e  ( i n  t h e  s t a t i s t i c a l  sense) o f  r e c r u i t m e n t  and 
t h e  abundance o f  t h e  p a r e n t a l  s tock .  A w ide  v a r i e t y  o f  mathemat ica l  models o f  t h e  r e l a t i o n -  
s h i p  have been proposed, b u t  i n  v e r y  few cases have e m p i r i c a l  o b s e r v a t i o n s  been s u f f i c i e n t  
t o  j u s t i f y  a c h o i c e  between models.  W h i l e  g r e a t e r  awareness o f  "The Stock  F e c r u i t n e n t  Prob-  
lem" has been ga ined  i n  t h e  l a s t  two  decades, remarkab ly  l i t t l e  p rog ress  has been made i n  
s o l v i n g  it. As a case i n  p o i n t ,  t h e  c l a s s i c  debate  between Frances W .  C l a r k  and John C .  Mar r  
( C l a r k  and Mar r ,  1955) regarc i ing  d e n s i t y  dependence versus  independence i n  t h e  s t o c k - r e c r u i  t- 
r e l a t i o n s h i p  o f  t h e  P a c i f i c  s a r d i n e  (.:m?i'inops  sa:^ 7 , x m 7 a )  i s  b e i n g  renewed i n  d i s c u s s i o n s  
r e g a r d i n g  management o f  t h e  n o r t h e r n  anchovy ( ? ~ g r ~ . : ! l i z  v ~ ; C L T )  f i s h e r y  wh ich  succeeded i t  i n  
Cal i f o r n i a  . 

No doub t ,  g i v e n  a l o n g  t i m e  s e r i e s  o f  da ta ,  e m p i r i c a l  s t o c k - r e c r u i t m e n t  mode ls  can  be 
However, i n  manaqement's q u e s t  f o r  m a x i m i z i n g  consumpt ive  b e n e f i t  f r o m  most  o f  deve loped.  

these  f i s h e r i e s ,  we a r e  faced w i t h  two prob lems:  1 )  an  i n c o r r e c t  i n t e r i m  c h o i c e  o f  manage- 
ment s t r a t e g y  i s  l i k e l y  t o  t e r m i n a t e  c o l l e c t i o n  o f  t h e  necessary  d a t a  due t o  c o l l a p s e  o f  t h e  
f i s h e r y ;  and 2 )  o v e r l y  c o n s e r v a t i v e  management i s  u s u a l l y  unaccep tab le  due t o  p r e s s i n g  
s o c i a l  and economic needs wh ich  can be n e t  by  f i s h e r y  expans ion .  I n  t h i s  c o n t e x t ,  we canno t  
s i m p l y  choose t o  w a i t  u n t i l  s u f f i c i e n t  d a t a  have been accumula ted  t o  j u s t i f y  a p a r t i c u l a r  
e m p i r i c a l  model; g i v e n  t h e  n a t u r a l  v a r i a b i l i t y  o f  r e c r u i b n e n t ,  t h i s  approach c o u l d  r e q u i r e  
more t h a n  a c e n t u r y .  The a l t e r n a t i v e  i s  t o  a t t e m p t  t o  e l u c i d a t e  t h e  mechanisms d e t e r m i n i n g  
r e c r u i t m e n t ,  and t o  c o n s t r u c t  r a t i o n a l  " cause -and-e f fec t "  models.  

T h i s  paper  examines one cause-and-e f fec t  mechanism wh ich  l e a d s  t o  a c h a r a c t e r i s t i c  
f a m i l y  o f  s t o c k - r e c r u i t m e n t  curves .  
d e n s i t y  dependent mechanisms by  wh ich  c l u p e o i d  p o p u l a t i o n s  a r e  r e g u l a t e d  ( a l b e i t  weak ly ) ,  
c a n n i b a l i s m  i s  i n d i s p u t a b l y  such a mechanism. 
i n c l u d e s  a v a r i e t y  o f  spec ies ,  b u t  t h e  c l e a r e s t  and mcs t  comple te  i n f o r m a t i o n  i s  a v a i l a b l e  
f o r  t h e  genus Engraul is .  

W h i l e  i t  i s  o f t e n  d i f f i c u l t  t o  demonst ra te  s p e c i f i c  

The f o l l o w i n g  d i s c u s s i o n  o f  c a n n i b a l i s m  
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THE R I C K E R  CURVE 

R icke r  (1954) developed what has come t o  be known as t h e  "R icke r  curve" t o  desc r ibe  a 
s tock - rec ru i tmen t  r e l a t i o n s h i p  wherein i n i t i a l  p roduc t i on  o f  o f f s p r i n g  i s  p r o p o r t i o n a l  t o  
s tock s ize,  b u t  t h e i r  subsequent m o r t a l i t y  r a t e  i s  a l s ?  w o p o r t i o n a l  t o  a d u l t  s tock s ize.  
One common form o f  t h e  Ricker  curve i s :  

-bS R = aSe 

where R i s  rec ru i tmen t ,  and S i s  spawner abundance. F i t t e d  c o e f f i c i e n t s  a and b r e f l e c t  
d e n s i t y  independent and dependent f a c t o r s  r e s p e c t i v e l y .  
sc r i bes  t h e  p r o p o r t i o n a l i t y  between spawner abundance and the  instantaneous c o e f f i c i e n t  o f  
m o r t a l i t y  of o f f sp r ing  up t o  the age o f  rec ru i tmen t .  Two mechanisms by which m o r t a l i t y  i s  
l i k e l y  t o  be p r o p o r t i o n a l  t o  pa ren ta l  abundance a r e  1 )  cannibal ism by the  parents  themselves 
( i b i d ) ,  and 2)  food l i m i t a t i o n ,  whereby the l e n g t h  o f  t ime  spent i n  sane vu lne rab le  stage i s  
p r o p o r t i o n a l  t o  t h e  i n i t i a l  number i n  t h i s  stage, and the  m o r t a l i t y  r a t e  i s  constant  over 
t h i s  t ime  (Chapman, 1973). 
cannibal  ism, b u t  f eed ing  l a r v a e  a r e  conceivably  s u b j e c t  t o  both d e n s i t y  denendent mechanisms. 

The food l i m i t a t i o n  mechanism i s  d i f f i c u l t  t o  study. Probably t h e  f i r s t  s tep  would be 
t o  demonstrate the  ex i s tence  o f  s u f f i c i e n t l y  small  coherent patches o f  l a r v a l  f i s h  food such 
t h a t  p reda t ion  by the l a r v a e  i s  a s i g n i f i c a n t  determinant o f  t he  d e n s i t y  o f  food i n  the  patch. 
Current  t h i n k i n g  (Lasker, 1978) i s  t h a t  f avou rab le  food patches a r e  ve ry  l a r g e  w i t h  respec t  
t o  d i s tances  t r a v e l l e d  by larvae,  i . e .  l a r v a l  ambits. An a l t e r n a t i v e  P o s s i b i l i t y  which i s  
p r e s e n t l y  be ing i n v e s t i g a t e d  ( J .  Trent ,  Scripps I n s t i t u t i o n  o f  Oceanography, personal communi- 
c a t i o n )  i s  t h a t  l a r v a e  a r e  a b l e  t o  s u c c e s s f u l l y  feed on the c loud  o f  p lank ton  t h a t  surrounds 
p a r t i c l e s  of "marine snow". The s i z e  of these food patches i s  s u f f i c i e n t l y  small t h a t  feed-  
i n g  by l a r v a l  f i s h  cou ld  a f f e c t  l o c a l  food d e n s i t y .  Th is  mechanism w i l l  n o t  be d iscussed 
f u r t h e r  here. 

I n  p a r t i c u l a r ,  c o e f f i c i e n t  b de- 

ZngrastZis eggs and y o l k  sac l a r v a e  would o n l y  be s u b j e c t  t o  

Cannibal ism has been t h e  r a t i o n a l e  f o r  u s i n g  the Ricker  curve i n  inodels o f  severa l  en- 
g r a u l i d  and c l u p e i d  populat ions,  b u t  i t s  appropr ia teness has n o t  been j u s t i f i e d  q u a n t i t a t i v e l y ;  
cannibal ism has n o t  been shown t o  be o f  s u f f i c i e n t  magnitude t o  account f o r  an approp r ia te  
p o r t i o n  o f  t he  m o r t a l i t y  o f  spawning products .  
i t  appears t o  f i t  the  data. Schaaf and Huntsman (1972) f i t  a Ricker  curve t o  A t l a n t i c  menhaden 
(Brevoortia ty runms)  da ta  w i t h  no d i scuss ion  of an under l y ing  mechanism. 
f i t t e d  C icke r  zur;ies t o  P F c i f i c  sa rd ine  data,  c i t i n ?  cases of Cannibal ism by t h a t  and o t h e r  
species o f  sa-rci.z'nop.:. 

veta (Engrmlis r i r~ ; rens) ,  again oased on n o n - q u a n t i t a t i v e  cons ide ra t i ons  of cannibal ism. 
C;ulland suggested t h a t  m o r t a l i t y  frm cannibal ism could,  i n  p r i n c i p l e ,  be determined from 
d e t a i l e d  examinat ion o f  stomach contents .  A t  t h e  T h i r d  Session o f  the Panel o f  Exper ts  
( I i i s t i t u t o  d e l  F a r  d e l  Peru, 1973), J .  Cs i rke  presented a Rick?? curve f i t  t o  ca tch  p e r  u n i t  
e f f o r t  (CPUE) i n d i c e s  of a d u l t  and r e c r u i t  abundances, b u t  t h e  mechanisms were discussed i n  
only genet~al  terms. 
of t h e  s tock - rec ru i tmen t  curve. 
s i zes  c ? e a r f y  d i c t a t e ?  r e j e c t i o n  o f  a mono ton ica l l y  i nc reas ing  s t c c k  rec ru i tmen t  curve such 
as t h z t  deve!or,ed by sever ton and H o l t  ( f n r  >. conpari;on o f  P i cke r  and Bever ton-Hol t  curves, 
see R icke r  1973, 1975). 

dens i t y  Q?>pendent and independent ntechaqisms ajsumed t o  u n d e r l y  the model. Dens i t y  indepen- 
den t  processes were assumed t o  be a Punction of anchoveta s tock abundance as c a l c u l a t e d  by 
cohor t  a n a l y s i s  ( V P A ) .  
of d e n s i t y  (t~ior%ass p e r  u. t VO~IITP G r  a r w )  -a "h r r  t hsn  o v e r a l l  ahndance.  C s i r k e ' s  methcd 

More o f t e n  the R i c k e r  curve i s  used because 

Murphy (1966, 1967) 

Gulland (19733 suggested t h a t  t i l e  R i c k e r  node1 may be approp r ia te  f o r  t h e  Peruvian ancho- 

I n t e r e s t i n g l y ,  n e a r l y  a l l  o f  t he  data p o i n t s  f e l l  on the  descending l i m b  
Th is  tendency f o r  r e c r u i t m n t  t o  d e c l i n e  a t  i nc reas ing  s tock 

;>ic-ke ( i 3 d 9 )  m r ! i f i e d  Lhe asua! K i c k e r  ci>;-ve i n  o rde r  t:, b e t t e r  d i s t i n g u i s h  between 

HF rma l i zed  that. d e n s i t y  dcymr'ent p r o e s s e s  indeed were a f u n c t i o n  
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o f  quant i f y ing  t h i s  d i f fe rence was ingenious; 
e f f e c t i v e l y  tak ing  advantage o f  the very problem which has made CPUE a poor index o f  abund- 
ance o f  pelagic f ishes. Csirke's model w i l l  be discussed f u r t h e r  i n  a l a t e r  section. As 
before, Csirke assumed t h a t  cannibal ism i s  the most l i k e l y  mechanism determining the shape 
o f  the stock-recrui tment re la t ionsh ip .  He c i t e d  several repor ts  o f  stomach contents, sane 
o f  which ind ica ted  extensive consumption o f  spawning products. 

he u t i l i z e d  CPUE as an index o f  density, 
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QUANTIFICATION OF CANNIBALISM 

U n t i l  r e c e n t l y  q u a n t i f i c a t i o n  o f  t he  impact o f  cann iba l i sm has been d i f f i c u l t  because 
l i t t l e  was known about egg product ion.  
by h i s t o l o g i c a l  a n a l y s i s  o f  anchovy gonads. 
o v u l a t o r y  f o l l i c l e s  l e d  them t o  conclude t h a t  E. rnodux spawned eve ry  6 t o  8 days d u r i n g  t h e  
peak o f  t h e  season. 
spawning products  over  a s i m i l a r  pe r iod .  Hunter  and K imbre l l  ( I n  press) have attempted such 
c a l c u l a t i o n s .  
g a s t r i c  evacuat ion o f  0.701/hr., they est imated d a i l y  consumption t o  be 85.8 eggs, o r  5.1 
eggs/g of f i s h  weight. Th i s  compares w i t h  an average batch f e c u n d i t y  o f  29.7 eggs/g f o r  a l l  
f i s h  ( i n c l u d i n g  males). 

r e l a t i o n s h i p  between consumption ( " ca tch " ) ,  i n i t i a l  abundance and r a t e s  o f  m o r t a l i t y .  Thus 
we have 

Hunter and Goldberg (1980) have reso lved  t h i s  problem 
The frequency o f  occurrence o f  one-day-old pos t -  

Th i s  a l l o w s  d a i l y n r o d u c t i o n  t o  be compared wi th  est imated consumption o f  

Based on a mean of 5.1 eggs p e r  stomach and an instantaneous c o e f f i c i e n t  o f  

I f  we t h i n k  o f  cannibal ism as analogous t o  f i s h i n g ,  the ca tch  equat ion descr ibes the  

cc = EoFc( 1 - e-(Fc + M)te)/(Fc + M) 

where Cc  i s  d a i l y  egg consumption pe r  gram o f  a d u l t s  (5.1 eggs/g) 

Eo i s  d a i l y  egg p roduc t i on  p e r  gram o f  a d u l t s  (29.7 eggs/g) 

Fc i s  c o e f f i c i e n t  o f  m o r t a l i t y  due t o  cannibal ism 
M i s  c o e f f i c i e n t  o f  m o r t a l i t y  due t o  o t h e r  causes, and 

te i s  l e n g t h  o f  t ime eggs a r e  s u b j e c t  t o  m o r t a l i t y ,  i . e .  t ime  t o  ha tch ing  

Two est imates o f  instantaneous c o e f f i c i e n t  o f  t o t a l  m o r t a l i t y  ( Z )  f o r  anchovy eggs 
a r e  a v a i l a b l e .  
about 53%/day ( Z  = 0.775). 
a wide range o f  anchovy abundances. 
o f  egg abundance-at-age ( S t a u f f e r  and Picquelle,1980). Th i s  es t ima te  o f  Z = 0.39 i s  some- 
what lower  and i s  assoc iated w i t h  a l e v e l  o f  anchovy abundance s i m i l a r  t o  t h a t  presumed t o  
e x i s t  i n  1976 and 1977 when Hunter  and K imbre l l  obta ined t h e i r  samples. Under t y p i c a l  condi -  
t i o n s  (ca. 15OC), anchovy eggs hatch i n  about 2.5 days (The i l acke r ,  t h i s  volume). 
poses o f  t h e  p resen t  c a l c u l a t i o n s ,  I assume t h a t  a s i n g l e  d a y ' s  consumption o f  eggs f rom t h e  
pas t  t h r e e  days' cohor t s  i s  e q u i v a l e n t  t o  the  consumption ove r  t h r e e  days o f  a s i n g l e  cohor t .  
Fo r  the l a r g e r  es t ima te  o f  Z (Smith and Lasker,1978), Fc i s  0.153, and accounts f o r  20% o f  
t o t a l  m o r t a l i t y .  
t o t a l  m o r t a l i t y .  

rec ru i fmen t  r e l a t i o n s h i p  o f  anchovy. 
l / h  (Ricker, 1973). A t  t h i s  s tock  s i z e  t h e  d e n s i t y  dependent term i s  e?-?, and t h e  s u r v i v a l  
r a t e  from d e n s i t y  dependent sources o f  m o r t a l i t y  i s  36.8%. 
o f  d e n s i t y  dependent m o r t a l i t y ,  r e c r u i t m e n t  i s  maximal when 

Hunter  and K imbre l l  used an es t ima te  g i ven  by Smith and Lasker (1978) o f  
Th is  i s  an average over t h e  yea rs  1951 through 1969 and inc ludes  

The second es t ima te  o f  Z i s  based on ex tens i ve  sampling 

For  pur- 

The sma l le r  es t ima te  o f  Z g i ves  an Fc o f  0.108, account ing f o r  28% o f  

These est imates o f  F, a l l o w  e v a l g a t i o n  o f  t h e  s i g n i f i c a n c e  o f  cannibal ism t o  t h e  s tock -  
The R icke r  curve (Equat ion 1) has maximum when S = 

I f  cann iba l i sm i s  t h e  o n l y  Source 
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T h a t  i s ,  when the ace spec i f i c  coef f ic ien ts  of density dependent mortali ty ( F c ( t ) )  integrated 
over the time from spawning t o  recruitment ( t R )  i s  equal t o  unity.  I f  the integral  exceeds 
unity,  recruitment will decrease because of density dependent e f fec ts .  
venient reference level f o r  assessment of density dependent e f f ec t s .  I f  we evaluate the 
above integral  over the egg stage alone (2.5 days),  we obtain values o f  0.383 and 0.270 f o r  
our two estimates respectively. Thus, i n  the egg stage alone, t h i s  accounts fo r  one-third of 
the "reference" level of density dependent mortali ty.  

Hunter and  Kimbrell ( i n  press) 
report  t ha t  anchovies d iges t  small larvae beyond recognition in 30 min., so the apparent 
residence time i s  very short .  Also, w i t h  digestion proceeding t h i s  rapidly,  many larvae 
could be decomposed between the time the adult  i s  captured a n d  when the preservative effec- 
t ive ly  s t o p s  digestion. For  example, midwater trawls f o r  adul t  E. mordcu: a re  often 20 mins., 
in duration, and r e t r i eva l  of the net takes another 20 mins. 
preserved, a t  l e a s t  30 mins. have elapsed since the average time of capture. 
t h a t  only the  la rger  larvae c w l d  r e s i s t  digestion l o n g  enough t o  be observed, which i s  
consistent with reported stomach contents. 
rapid sampling methods will  have t o  be developed. One poss ib i l i t y  i s  a preservation system 
acting i n  the cod end of the sampling net. 

I n  the  absence of quant i ta t ive  data on larval mortali ty caused by cannibalism, I o f f e r  
the following speculation. The instantaneous coef f ic ien t  of to ta l  mortali ty of E. rnordar: 
larvae has been estimated by Smith and Lasker (1978) a s  0 .14,  and by Hewitt ( I n  press) as 
0.16. 
Hall, 1974); 
eggs a n d  larvae a re  patchily d is t r ibu ted  a t  a l l  ages; however, patchiness i s  minimal a t  an 
age of about 18 days (Hewitt, In press).  
as the  schools of adul t  anchovies or ien t  preferen t ia l ly  to concentrations of food. However, 
anchovy larvae a re  susceptible t o  cannibalism fo r  many weeks. The one measurable anchovy 
larva encountered by Hunter and Kimbrell ( I n  press) was 17 mm,  which corresponds t o  a l i ke ly  
aqe of over 30 days based on the growth curve given by Hunter (1976). If the averarc da i ly  
coer f ic ien t  o f  mortalit!/ due to  cannibalisrl were a s  low A S  Q.02, i t s  action over 30 days 
woulc1 account Tor enourlh atlditional c'ensity dependent mortali ty t o  reach or exceed the 
"reference" level of 1 .  

This provides a con- 

Similar calculations a re  d i f f i c u l t  t o  make fo r  larvae. 

By the time the samples a re  

I f  cannibalism on larvae i s  t o  be quantified,  

This indicates 

This i s  considerably lower t h a n  estimated egg mortali ty ra tes  ( a l so  see Jones and 
i t  seems reasonable tha t  ra tes  of cannibalism will decrease similarly.  Anchovy 

Dispersion may help decrease the r a t e  of cannibalism, 

The only comparable observations ( i . e .  quantified and taken during the spawning season) 
fo r  the Peruvian anchoveta a r e  reported by Rojas and Ochoa (1973). Rojas and Ochoa did not 
encounter anchovy larvae i n  the anchoveta stomachs, b u t  did encounter 235 anchoveta eggs i n  
95 stanachs taken a t  four s t a t ions  ( I  have omitted t h e i r  s t a t ion  52 in which the stomachs 
were nearly empty). The average stomach therefore contained 2.5 anchoveta eggs, o r  about 
one-half tha t  observed by Hunter and Kimbrell. 
ing r a t e  of th ree  times per day, which i s  considerably l e s s  than Hunter and Kimbrell's gut 
evacuation r a t e  would suggest. However, Rojas and Ochoa a l so  indicated tha t  phytoplankton 
may be digested more rapidly t h a n  zooplankton, and feeding r a t e s  could be generally higher 
f o r  phytoDlankton. 
feeding (O'Connell, 1972; Hunter and Kimbrell, in press ) ,  we m y  expect h i g h e r  rates o f  
cannibalism when adul t s  a r e  f i l t e r - feeding  upon phytoplankton. Because no egg production 
r a t e  estimates a re  ava i lab le  f o r  the Peruvian anchoveta, no firm conclusions can be drawn 
from Rojas and Ochoa (1973). 

Rojas and Ochoa hypothesized a siinirmm feed- 

Because EngmuZis eggs a re  of a s ize  tha t  is  usually consumed by f i l t e r -  
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MODELS OF CANNIBALISM 

Effective ra tes  of cannibalism are  undoubtedly influenced by a wide variety of fac tors ,  
such as adul t  s i ze ,  d i s t r ibu t ion  and behaviour, adul t  a n d  larval food qua l i ty  and concentra- 
t ion,  and ab io t ic  fac tors  such as mixing and temperature. 
t o  t r e a t  a l l  of the possible fac tors  in a cannibalism iliUdel, given our present limited know- 
ledge. 
these influences based on very simple models. These simple models may a l so  provide some 
ins ight  as t o  appropriate management o f  canniba l i s t ic  planktivores. 

Hunter and Kimbrell ( I n  press) argued tha t  a random f i l t e r i n g  model could not describe 
the apparent consumption r a t e  o f  eggs. 
density,  they found tha t  a n  anchovy would have t o  randomly f i l t e r  from 17 t o  25 hlday, which 
they interpreted as indicating non-random, se lec t ive  feeding behaviour. This does not mean 
tha t  we should not begin a modelling e f f o r t  with a random f i l t e r i n g  model. 
Hunter and Kimbrell, a random f i l t e r i n g  model may be su f f i c i en t  t o  approximate the e f f e c t s  of 
cannibalism as  a regulatory mechanism. 
ture  f o r  construction of cannibalism models based on non-random f i l t e r i n g  behaviwr. 

considerations will be omitted so a s  t o  l imi t  the scope of the discussion t o  the fundamental 
framework. I n i t i a l l y ,  the  models will consider only local dynamics. A more in tegra t ive  
view i s  presented i n  the discussion following development of the models. 

I t  would be premature to  attempt 

Rather we may gain a n  indication of the nature, d i rec t ion ,  and perhaps magnitude of 

Under simple assumptions of habi ta t  volume and egg 

Contrary t o  

I t  would cer ta in ly  form a reasonable point of depar- 

The following models assume the time of year t o  be the spawning season. Many s tochas t ic  

Random f i l t e r i n g  model f o r  eggs 

A cohort of eggs will  be subject t o  mortality from cannibalism, with r a t e  coef f ic ien t  
Fc, and t o  the r e s t  of natural mortali ty,  including predation and s ta rva t ion ,  w i t h  r a t e  
coef f ic ien t  M, a s  i n  Equation ( 2 ) .  The r a t e  of cannibalism i s  given by  

Fc = Nvp/V 

where N i s  number o f  adul t  f i sh  (cannibals) 
v i s  average volume of water f i l t e r e d  per f i s h  per u n i t  time 
p i s  f rac t ion  of time spent f i l t e r i n g ,  including f rac t ion  of habi ta t  occupied by eggs, 

and V i s  habi ta t  volume 

The egg mortali ty r a t e  i s  therefore given by 

d E / d t  = - E ( M  + Fc) 

or  

Upon integration we obtain the number of eggs (Eh) surviving the period i n  the egg 
stage (t,),  i .e.  the number o f  eggs tha t  hatch.  
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The i n i t i a l  abundance o f  eggs (Eo) i s  the product  of t he  number o f  f i s h  and the average i n d i -  
v i d u a l  f e c u n d i t y  ( f ) ,  i n c l u d i n g  males and prespawners. Th is  g i ves  

E = fNe -(M + Nvp/V)te 
h ( 7 )  

Th is  equa t ion  has t h e  form o f  a R i c k e r  curve (Equat ion 1) 

where a = f e  -Mte 

b = vpte/V 

and number o f  eggs ha tch ing  i s  analogous t o  rec ru i tmen t .  

i n i t i a l  c o n d i t i o n s  must i nc lude  the  number o f  eggs e f f e c t i v e l y  hatched i n t o  the  l a r v a l  
environment, which w i l l  be c a l l e d  " e f f e c t i v e  fecund i t y " .  
d i v i d e d  i n t o  pre-spawning and post-spawning components. " V i r t u a l  f ecund i t y "  i s  t he  number o f  
eggs re leased i n t o  the  environment, and as Tsukayama and Alvarez ( t h i s  volume) have shown, 
t h i s  component can be a compensatory func t i on  o f  popu la t i on  s i ze ,  i . e .  Eo = f(N)N. 
second component i n v o l v e s  the  subsequent s u r v i v a l  o f  snawning products. Natura l  m o r t a l i t y  
and cannibal ism w i l l  reduce t h e  number o f  eggs which a c t u a l l y  hatch t o  produce larvae.  
Again, cann iba l i sm c l e a r l y  leads t o  compensatory changes i n  e f f e c t i v e  fecund i t y  as a f u n c t i o n  
o f  popu la t i on  s i z e  o r  dens i t y .  

As s t a t e d  p r e v i o u s l y ,  the R icke r  curve has a maximum when the  d e n s i t y  dependent exponent 
i s  equal t o  u n i t y .  Thus e f f e c t i v e  f e c u n d i t y  w i l l  be maximal when 

I n  mode l l i ng  t h e  events i n f l u e n c i n g  the  abundance and s u r v i v a l  o f  pe lag i c  f i s h  l a rvae ,  

E f f e c t i v e  f e c u n d i t y  (Eh) can be 

The 

Nvpte/V = 1 

o r  
Nvpt, = V 

That i s ,  e f f e c t i v e  f e c u n d i t y  i s  maximal when the  l o c a l  nonu la t i on  f i l t e r s  a volume o f  
water e q u i v a l e n t  t o  the h a b i t a t  volume e x a c t l y  once d u r i n g  the l e n g t h  o f  t ime  i t  takes t h e  
eggs t o  hatch, Note t h a t  t h e  l o c a t i o n  o f  t he  maxinum i s  independent o f  n a t u r a l  m o r t a l i t y ,  
a l though the va lue  o f  t h e  maximum i s  not .  

abundance alone. 
model can be compared w i t h  ac tua l  f i s h  d e n s i t i e s .  T h i s  prov ides an independent t e s t  o f  
whether cannibal ism i s  l i k e l y  t o  be an impor tan t  f a c t o r  i n  popu la t i on  regu la t i on .  
and V i l chez  ( t h i s  volume) g i v e  most o f  the i n f o r m a t i o n  necessary t o  perform t h e  c a l c u l a t i o n s .  
They base t h e i r  biomass est imates on anchoveta averaging 6.7 g. 
est imate t h a t  an E. rnordm o f  t h i s  s i z e  would f i l t e r  1.64 l /m in ,  and I w i l l  assume t h a t  t h i s  
i s  v a l i d  f o r  E. ringens as w e l l .  I f  t i m e  t o  ha tch ing  i s  2.5 days, each f i s h  would be capable 
o f  f i l t e r i n g  5900 1 i n  t h i s  pe r iod .  One m e t r i c  t o n  would con ta in  150 000 f i s h ,  so one t o n  
cou ld  f i l t e r  0.88 x lo9 1 i n  2.5 days. Johannesson and Vi lchez r e p o r t  t h a t  most o f  t he  b i o -  
mass was detected i n  t h e  upper 40 m o f  t h e  water column. One square n a u t i c a l  m i l e  a t  t h i s  
depth would c o n t a i n  1.37 x 10" 1.  
2.5-day p e r i o d  ( p  = l . O ) ,  maxiinum e f f e c t i v e  f e c u n d i t y  would correspond t o  a d e n s i t y  o f  156 
tons/mi le2.  
m i l e 2  i n  t h e  years 1973, 1976 and 1978. 
a l l y  exceeding 2000 tons/mi le* .  
can t  e f f e c t  on t h e  p r o p o r t i o n  o f  anchoveta eggs being hatched. 

Note t h a t  i n t e n s i t y  o f  cannibal ism i s  assoc iated w i t h  f i s h  d e n s i t y  (N/V) r a t h e r  than 
The d e n s i t y  o f  f i s h  which maximizes e f f e c t i v e  f e c u n d i t y  accord ing t o  t h i s  

Johannesson 

Leong and O'Connell (1969) 

I f  f i l t e r i n g  were random and continuous over  the  e n t i r e  

Johannesson and Vi lchez found average anchoveta d e n s i t i e s  o f  600 o r  more tons/ 
Local d e n s i t i e s  reached much h ighe r  l e v e l s ,  occasion- 

Even i f  p i s  small ,  cannibal ism i s  l i k e l y  t o  have a s i g n i f i -  
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Recruitment model 

As was discussed previously, cannibalism continues f o r  a t  l ea s t  one mcinth following 
hatching, a l t h c u g h  the r a t e  may be lower. 
ing, larvae a re  of a s i ze  which i s  captured by b i t ing  (Leong a n d  O'Connell, 1969; O'Connell, 
1972; Hunter and  Kimbrell, in press ) .  The r a t i o  of bit inq to  f i l t e r i n g  ac t iv i ty  varied with 
the r e l a t ive  abundance of large and small food par t ic les .  G'Connell (1972) estimated tha t  
the r a t i o  of pa r t i c l e  s i zes  in  southern California waters sLr;jested t h a t  bit ing ac t iv i ty  
could exceed 50A of the to t a l  feeding ac t iv i ty .  While individual f i s h  did not tend t o  a l t e r -  
nate feeding modes when faced with a mixture of pa r t i c l e  s i zes ,  f i sh  a t  the front of the 
school showed more bit ing ac t iv i ty ,  while f i sh  a t  the rear  of the school showed more f i l t e r i n g  
ac t iv i ty .  Although i t  may be a t t r ac t ive  to  model b i t ing  and f i l t e r  feeding as mutually exclu- 
s ive  events ( the  time spent consuming larvae cannot be spent consuming eggs, and  vice-versa),  
a more practical  approach i s  t o  assume tha t  a school consumes a l l  eggs and larvae in i t s  path. 
Either approach requires more knowledge of school s i zes  and behaviwr t h a n  i s  presently ava i l -  
able. 

logous t o  the egg model (Equation 7 ) .  
te i s  the length of the egg period, t: i s  the lenqth during which larvae a re  subject t o  canni- 
balism, and tr  i s  remaining time t o  recruitment. 
e f f i c i e n t ,  Me, f.1, and Mr respectively.  
a function of Dopulation s ize  and density:  

Whereas the anchovy feeds on eggs by f i l t e r  feed- 

If a model incorporating cannibalism on larvae were t o  be constructed, i t  would be ana- 
Larval l i f e  may be divided u p  in to  three periods: 

Each period has a natural mortali ty co- 
The model would now give expected recruitment ( R )  as 

where c i s  r a t e  of cannibalism on larvae. Recruitment will be maximized when 

N p ( v t e  + c t , )  = V 

This i s  analogous t o  Equation (8),and may be interpreted similarly.  If  the appropriate 
un i t  of canniba l i s t ic  ac t iv i ty  i s  the school rather than the individual f i s h ,  then recru i t -  
ment will be maximal when a volume of water equivalent t o  the habi ta t  volume is  swept once 
by the schools over the period from spawning t o  end of vu lnerabi l i ty  ( t e  + t , ) ,  assuming 
p=l. 
possible to  attempt calculations s imi la r  t o  those f o r  eggs. 

I f  the speed and average cross-sectional area of schools were known, i t  wwld be 

Evaluation of t e n s  

The recruitment model (Equation 9 )  contains three terms bearing on recruitment strength: 
fecundity, dens i ty  independent mortali ty,  and density dependent mortality. 
c learer  i f  we transform the equation by taking logarithms: 

These tenns a re  

Here the  coef f ic ien t  of density independent mortali ty has been generalized t o  ZMjti, where 
d n  a rb i t r a ry  large number of stages replace the three simplified stages in Equation 9. 

daring probable values i n  Equation (11). 
fecundity o f  female F. mor& t o  be 389 eggs/g. If  half  the f i s h  a r e  female and they average 
17 g, the average batch focundity i s  3 300 egg/fish per spawning 5atch. 
once every 6-8 days during the  spawning seaswi ( i b i d ) ,  perhaps 15 batches a r e  spawned, giving 
a total  fecundity of 50 000 egg/fish f o r  the year. 

Relative roles of the three tenns i n  determining recruitment can be evaluated by consi- 
Yunter and Goldberg (1979) estimate the batch 

I f  females spawn 

'nus log, i s  approximately 11. The pre- 
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v i w s  d i scuss ion  o f  d e n s i t y  dependent m o r t a l i t y  i n d i c a t e s  t h a t  we should expect  t h i s  c o e f f i -  
c i e n t  t o  be approx imate ly  1. 
m o r t a l i t y  r a t e  commonly exceeds 50% annual ly .  
i s  equal t o  the spawning stock, so log, (WN) TZ 0. 
which the re  i s  no d i r e c t  measure; 
balance. 

Fo r  a s h o r t - l i v e d  f i s h  such as Engraulis, the a d u l t  n a t u r a l  
A t  50%, the replacement l e v e l  o f  r e c r u i t m e n t  

The o n l y  remain ing va lue i s  C M l t i  f o r  
however, i t  n u s t  be approx imate ly  10 f o r  Equat ion (11)  t o  

These values i n d i c a t e  t h a t  t h e  r a t i o  o f  d e n s i t y  indepenaent t o  a e n s i t y  depenaenx f a c t o r s  
( n e g l e c t i n g  d e n s i t y  dependent e f f e c t s  o n - f e c u n d i t y )  i s  10 t o  1.  The preponderance o f  d e n s i t y  
independent i n f l uences  tenas t o  mask tne  r e l a t i v e l y  weaK r e q u l a t i o n  o f  s tock abundance. Th is  
i s  c o n s i s t e n t  w i t h  the large v a r i a b i  i i t y  c h d r a c t e r i s t i c  o f  E iupe id  and e n g r a u l i d  s tocks.  
l a r g e  c o n t r i b u t i o n  o f  d e n s i t y  indepenaent v a r i a o i l i t y  does n o t  a l l o w  tne  popu la t i on  t o  equ 
b r a t e  a t  a s t a b l e  l e v e l .  Rather, e q u i l i b r i u m  takes t h e  form o f  a p r o b a b i l i t y  d i s t r i b u t i o n  
abundances cen t red  about a mean va lue  (see MacCall 1980, Sharp t h i s  volume). A p roduc t i on  
e q u i l i b r i u m  y i e l d  curve may be der ived,  b u t  i t  should be used w i t h  cau t ion :  i t  must be i n  
p re ted  i n  a p r o b a b i l i s t i c  r a t h e r  than d e t e r m i n i s t i c  sense. 

he 
li- 
o f  
o r  
e r -  

Equation (11 )  a l s o  prov ides a framework f o r  c o n s i d e r a t i o n  o f  v a r i a b i l i t y  i n  rec ru i tmen t .  
For a g i ven  popu la t i on  s ize,  f e c u n d i t y  and d e n s i t y  dependent m o r t a l i t y  have f i x e d  average 
values, w i t h  v a r i a b i l i t y  being dependent on environmental cond i t i ons .  The p r o b a b i l i t y  d i s t r i -  
b u t i o n  associated w i t h  t h e  d e n s i t y  independent term w i l l  tend t o  c h a r a c t e r i z e  r e c r u i t m e n t  a t  
a l l  popu la t i on  s izes.  A v a r i a t i o n  i n  any M i t i  w i l l  have an equ iva len t  e f f e c t  on r e c r u i t m e n t  
independent ly  o f  t h e  s tage ( i )  i n  which i t  occurs. The f i n a l  convo lu t i on  o f  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  o f  M i t i  f o r  a l l  i may be complicated. Fo r  example covariance i s  poss ib le ,  a s  
i n  the  case where t h e  h igh  d e n s i t y  o f  escu len t  p a r t i c l e s  requ i red  f o r  successful f i r s t  
f eed ing  w i l l  tend t o  increase the  p r o b a b i l i t y  o f  subsequent successful f eed ing  and s u r v i v a l .  

A l t e r n a t i v e l y ,  i t  nay be poss ib le  t o  d e f i n e  a number o f  stages f o r  which t h e  p r o b a b i l i t y  
d i s t r i b u t i o n s  o f  M i t i  a re independent. The sum o f  severa l  such random v a r i a t e s  ( Z M i t i )  may 
approach a normal p r o b a b i l i t y  d i s t r i b u t i o n  accGrding t o  the Centra l  L i m i t  Theorem. I f  v a r i a -  
b i l i t y  i n  d e n s i t y  independent m o r t a l i t y  dominates o v e r a l l  v a r i a b i l i t y ,  we would expect log, 
(R/N) t o  approach a normal d i s t r i b u t i o n .  Recruitment i t s e l f  would tend t o  be d i s t r i b u t e d  
l og -no rma l l y  about i t s  expected value f o r  a g i ven  s tock s i z e .  There i s  l i t t l e  d i r e c t  e v i -  
dence t o  demonstrate t h e  t r u e  o robab i l  i t y  d i s t r i b u t i o n  o f  rec ru i tmen t ;  indeed, the  proper  
reg ress ion  f u n c t i o n  i s  seldom c l e a r .  
va r iance  of rec ru i tmen t  over  a wide range o f  s tock s izes,  g i v i n g  sane support t o  t h e  hypo- 
t h e s i s  o f  l og -no rma l i t y .  

Use o f  l o g - l o g  t rans fo rma t ion  o f t e n  y i e l d s  a constant  



IOC Workshop Keport 110.28 
page 2 1 1  

0 I scuss I OF1 

These models employ pa ramete r i za t i ons  which simp1 i f y  compl icated c o n d i t i o n s  and processes. 
The f o l ? o w i n g  d i scuss ions  a re  cen t red  on va r ious  types of cons ide ra t i ons  and t h e i r  assoc iated 
parameters. 

E f f e c t s  o f  f i s h  s i z e  

Whereas f i s h  s i z e  has n o t  e x p l i c i t l y  appeared i n  these models, severa l  parameters can 
conven ien t l y  be expressed as power f u n c t i o n s  o f  f i s h  weight  o r  l eng th .  
(1969) est imated t h a t  the volume o f  water  f i l t e r e d  by E. w r d m  per  u n i t  t ime increases 
approx imate ly  as the  square r o o t  o f  f i s h  weiqht. 
t h a t  batch f e c u n d i t y  increases as the 1.6 power o f  ova ry - f ree  female weight  o f  Z. ricrdru:. 
C o l l i n s  (1969) f i t t e d  a l l o m e t r i c  we igh t - l eng th  curves f o r  E. vorduz,  o b t a i n i n g  exponents very 
near 3.0 f o r  anchovies from southern C a l i f o r n i a ,  b u t  exponents were sma l le r  (2.7 t o  2.8) f o r  
f i s h  from c e n t r a l  C a l i f o r n i a .  I f  we standard ize these v a r i a b l e s  t o  l e n g t h  o f  southzrn C a l i -  
f o r n i a  anchovies, weight  increases as the  3.0 power, f i l t r a t i o n  volume increases as the 1.5 
power, and f e c u n d i t y  increases as the  a.8 power. 

bers o f  f i s h .  
so M=Bw-'. 
t i o n  ( 8 )  t o  g i v e  maximum e f f e c t i v e  f e c u n d i t y  a s  a f u n c t i o n  of f i s h  weight  and biomass: 

Leong and O'Connell 

Hunter and Macewicz (1980) have est imated 

These r e l a t i o n s h i p s  a l l o w  the model t o  be expressed i n  terms o f  biomass r a t h e r  than num- 
Biomass (B) i s  g iven by number o f  f i s h  m u l t i p l i e d  by t h e i r  average weight (w), 

For  example, t he  above f i l t r a t i o n  volume r e l a t i o n s h i p  can be s u b s t i t u t e d  i n  Equa- 

B / V  = JG/apte 

where a i s  a constant  of p r o p o r t i o n a l i t y  i n  the  f i l t r a t i o n  volume r e l a t i o n s h i p .  
cates t h a t  optinum d e n s i t y  o f  biomass i s  p r o p o r t i o n a l  t o  t he  square r o o t  o f  the average f i s h  
weight, o r  the 1.5 power o f  average f i s h  l e w t h .  
large,  a l a r g e r  e q u i l i b r i u m  biomass would be expected than i f  they a re  p h y s i c a l l y  smal l .  As 
c o r o l l a r y ,  i n s o f a r  as a f i s h e r y  reduces the average age, and t h e r e f o r e  the average s i ze ,  t he  
ootimrrl  d e n s i t y  o f  t he  resgurce i t s e l f  may be d i n i n i s h c d  T , i i s  aroument holds 01 v 
f o r  t he  f i l t e r  f eed ing  mode o f  cann iba l i sm (eggs). Leong and O'Connell (1969) es imated 
t h a t  p a r t i c u l a t e  feed ing  r a t e  increased as the  1.1 power o f  anchovy weight. 
s h i p  i s  more approp r ia te  t o  cannibal ism o f  l a rvae ,  and t h e  analog o f  equat ion (12 would 
i n d i c a t e  t h a t  t h e  r e l a t i o n s h i p  i s  n e a r l y  independent o f  f i s h  s i ze .  

This  i n d i -  

I n  o t h e r  words, i f  anchovies are p h y s i c a l l y  

This r e l a t i o n -  

H a b i t a t  volume and f i s h  d e n s i t y  

The preceding models have been r e s t r i c t e d  t o  l o c a l  e f f e c t s .  The o v e r a l l  s t o c k - r e c n r i t -  

While e f f e c t i v e  f e c u n d i t y  and p ro -  

R icke r  (1975, p. 294) s t a t e s  t h a t  nonun i fo rm i t y  

merit r e l a t i o n s h i p  i s  an i n t e g r a t i v e  average over ex tens i ve  geographic and temporal v a r i a b i -  
l i t y .  N e i t h e r  the  popu la t i on  ( d e n s i t y  dependent e f f e c t s )  nor  environmental cond i t i ons  
(dens i t y  independent e f f e c t s )  a r e  u n i f o r m l y  d i s t r i b u t e d .  
d u c t i o n  o f  l a r v a e  i s  l i k e l y  t o  conform t o  a R i c k e r  curve f o r  a l o c a l  area, t he  o v e r a l l  s tock-  
rec ru i tmen t  r e l a t i o n s h i p  w i l l  be d i f f e r e n t .  
o f  spawner d i s t r i b u t i o n  i s  l i k e l y  t o  r e s u l t  i n  a f l a t t e r  dome and more g e n t l y  i n c l i n e d  des- 
cending l imb than  t h e  s imple R icke r  curve would i n d i c a t e .  
volume) c l e a r l y  show the  e x t e n t  Jf t h i s  nonun i fo rm i t y :  
c r u i s e  data showed t h a t  55% o f  s tock biomass was concentrated i n  o n l y  13% o f  t h e  t o t a l  area 
o f  d i s t r i b u t i o n .  
o f  the t o t a l  area." 
shapes o f  s tock - rec ru i tmen t  curves a r i s i n g  from observed p a t t e r v s  o f  s tock  d i s t r i b u t i o n .  

Johannesson and V i l chez  ( t h i s  
"est imates de r i ved  from the  7302 

Likewise, d u r i n g  t h e  c r u i s e  7603, 36% o f  the biomass f e l l  w i t h i n  o n l y  3.4% 
I t  may be wor thwh i l e  t o  undertake a s i m u l a t i o n  s tudy t o  examine poss ib le  
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Habitat volume i s  essentially composed of three dimensions: alongshore, inshore- 
offshore, and vertical depth. 
by the stock. 
in distribution with changes i n  population size. 
the (clupeoid) 
duced". 
Santander ( th i s  volume) for E. ringens. 

The relationship of this  pattern t o  reproduction may be elucidated by the following 
model. Consider a se t  of n discrete parcels of water Vi, i = l . . .n .  The f i r s t  parcel cor- 
responds t o  the centre of population distribution, a n d  subsequent parcels are a t  progressive 
distances from the centre. I assume t h a t  density independent mortality i s  least  ( i . e .  con- 
dit ions are most favourable for larvae) a t  the centre, and t h a t  conditions are progressively 
less favourable a t  greater distances fran the centre. Within each parcel the stock-recruit- 
ment relationship i s  a Ricker curve (Equation l ) ,  and each parcel has a density independent 
survival rate a i  which decreases in value as i increases ( a i>a i+ l ) .  The total  population 
(Ntot  = ZNi) i s  distributed among the parcels, and each parcel has a coefficient of f ish 
concentration C j  = Ni/Ntot. Coefficients of concentration are estimated fran the distribu- 
tion o f  population among the parcels. 

which will maximize recruitment f o r  the entire stock, and t o  examine how this  vector changes 
with population size. Without actually solving the equations, I will offer a heuristic 
argument t h a t  th i s  model generates distribution patterns similar t o  those observed for  clu- 
peoids. A t  very low population sizes,  most of the population will be i n  the f i r s t  parcel, 
where reproduction will be the most successful. As the population size increases, density 
dependent mortality will reduce the per capita recruitment rate i n  the f i r s t  parcel unti l  
combined mortality rates in the f i r s t  parcel are equal t o  the density independent mortality 
rate in the second parcel. A t  th i s  point the population will begin expanding i n t o  the 
second parcel. Each successive parcel will be similarly occupied. At each level of Ntot 
the vector of Ci will be such t h a t  the sum of density dependent and density independent 
mortality rates ( i . e .  the total  mortality ra te)  will be the same for  a l l  parcels. Under 
this  condition there i s  no reproductive advantage in migrating t o  another parcel. There 
should be some level of Ntot which maximizes total  recruitment. Above th i s  population size 
maximum recuitment would be obtained by shunting the excess spawners t o  the least  favourable 
area (increasing cn) b u t  th i s  will n o t  happen as long as fish individually attempt to  maxi- 
mize their  own reproduction. 

The f i r s t  two can be combined as a geographic area inhabited 
Engraulid and clupeid fishes often show a characterist ic pattern of changes 

Murphy (1977)  s ta tes  "al l  or nearly a l l  of 

Specific examples of this  pattern are given by S m i t h  (1972) for E. rnordm, and 
stocks contract their  feeding and spawning range as the population i s  re- 

Given the above model, I wish t o  estimate the vector of coefficients of concentration 

As a result  of this  pattern of distribution, average f ish density increases relatively 
more slowly than total  population size. 
relationships may be better described by a generalized Ricker curve such as 

This suggests t h a t  clupeoid stock-recnritment 

-bNC R = aNe 

where 0 < c 5 1. 
limb becomes steeper, and the peak becomes broader with a progressively shallower descending 
limb. Csirke's (1980) stock-recruitment model i s  nearly equivalent t o  equation (13). Catch 
per u n i t  e f for t  ( C / f )  for pelagic fishes may commonly behave as a power function of stock 
abundance, 

When c = 1,  a Ricker curve results.  As c becomes smaller, the ascending 

C/f = aN6 

where 6 < 1 (MacCall, 1976; Ulltang, 1976; Gulland, 1977). 
a useful approximation of c in equation (13). 
estimated i f  stock-recruitment d a t a  a r e  f i t  by a Ricker curve ( c  = 1)  when the actual 
relationship is characterized by c r: 1. 
nounced peak. 

Thus Csirke assumes t h a t  6 i s  
I t  should also be noted that  MSY will be over- 

This i s  because the l a t t e r  curve has a less pro- 
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I have hypothesized t h a t  h a b i t a t  volume changes w i t h  popu la t i on  s i z e  i n ' o r d e r  t o  maxi- 
mize i n d i v i d u a l  reproduct ion.  The mechanisms by which h a b i t a t  volume changes a r e  n o t  known. 
One l i k e l y  p o s s i b i l i t y  i s  a tendency f o r  a d u l t s  t o  f o l l o w  g r a d i e n t s  o f  i nc reas ing  food con- 
c e n t r a t i o n .  Wi thout  s p e c i f y i n g  any ac tua l  processes, i t  i s  sa fe  t o  say t h a t  popu la t i on  
expansion and c o n t r a c t i o n  may occur  by p a r t i a l l y  d i f f e r e n t  mechanisms. For  example, random 
d i f f u s i o n  w i l l  increase the  range o f  f i s h  as age increases. There i s  cons iderable evidence 
t h a t  o l d e r  anchovies a r e  d i s t r i b u t e d  more w i d e l y  than young an-l iovies i n  southern C a l i f o r n i a  
(Mais, 1974).  Larva l  d r i f t  p a t t e r n s  may r e s u l t  i n  sane areas r e c e i v i n g  more r e c r u i t s  than 
others,  r e s u l t i n g  i n  a tendency t o  c o n t r a c t  toward these areas. 
mechanisms f o r  expansion and c o n t r a c t i o n ,  and i f  t h e  balance o f  e f f e c t s  determines t h e  s tock  
d i s t r i b u t i o n ,  then h a b i t a t  volume f o r  t he  same t o t a l  popu la t i on  s i z e  i s  l i k e l y  t o  be charac- 
t e r i s t i c a l  l y  d i f f e r e n t  f o r  i nc reas ing  and decreas ing t rends i n  abundance. Thus, we may 
expect t o  see a "hys te res i s "  i n  the  t r a j e c t o r y  o f  popu la t i on  s i zes  over a c y c l e  o f  decrease 
and increase.  
p r i a t e .  

r e c r u i t m e n t  curve v a r i e s  w i t h  the p a t t e r n  o f  f i s h e r y  removals. 
r e s i d i n g  i n  t h e  c e n t r a l  "most favourable"  areas w i l l  be reproducing c l o s e r  t o  the  peak o r  
on t h e  descending l i m b  o f  t h e i r  l o c a l  s tock - rec ru i tmen t  curves, w h i l e  pe r iphe ra l  segments 
w i l l  be reproducing on t he  ascending l i m b  o f  t h e i r  s tock - rec ru i tmen t  r e l a t i o n s h i p s .  Th is  
i n d i c a t e s  t h a t  f i s h e r y  removals from t h e  pe r iphe ry  may reduce r e c r u i t m e n t  p r o p o r t i o n a l l y  t o  
t h e  f i s h e r y  harvest ,  w h i l e  removals f r a n  t h e  cen t re  may have l i t t l e  e f f e c t  o r  hay  even 
increase rec ru i tmen t .  The most p r o d u c t i v e  p a t t e r n  of f i s h i n g  should be t o  f i s h  c e n t r a l  
areas o f  h i g h  dens i t y ,  and t o  d iscourage f i s h i n q  a t  t he  edges o f  the populat ion.  
and m i g r a t i o n  o f  the f i s h  w i l l  tend t o  reduce the  r e l a t i v e  b e n e f i t  o f  t h i s  geographic f i s h -  
i n g  s t ra tegy .  

The preceding d i s c u s s i o n  has n o t  addressed the aspect o f  depth as a determinant  o f  
h a b i t a t  volume. 
i s  determined by low oxygen concen t ra t i on .  L i m i t i n g  concen t ra t i ons  o f  oxygen may be a s  
sha l l ow  as 10 t o  20 m i n  i nsho re  areas o f f  no r the rn  Peru (see Richman and Smith, i n  press) ,  
The depth and i n t e n s i t y  o f  oxygen d e p l e t i o n  i s  a f u n c t i o n  o f  the r a t e  a t  k h i c h  organic  
m a t e r i a l  f a l l s  ou t  o f  the o v e r l y i n g  water. By consuming l a r g ?  amounts o f  pr imary and secon- 
dary p roduc t i on  i n  the su r face  waters, the anchoveta may reduce t h e  r a t e  o f  d e t r i t a l  f a l l o u t ,  
thereby depress ing the  depth o f  l i m i t i n g  oxygen concen t ra t i on .  Thus, w i t h i n  a g iven geo- 
g raph ic  area, i nc reas ing  d e n s i t y  o f  anchoveta may r e s u l t  i n  increased h a b i t a t  volume, and 
increased rep roduc t i ve  r a t e  due t o  decreased i n t e n s i t y  o f  cannibal ism.  

I f  the re  a re  d i f f e r e n t  

The concept o f  a s i n g l e  u n d e r l y i n g  s tock - rec ru i tmen t  curve may be inappro-  

Another consequence o f  t he  above geographic model i s  t h a t  t he  apparent o v e r a l l  s tock-  
Segments o f  t he  p o p u l a t i o n  

D ispe rs ion  

Over much o f  t he  range o f  t he  Peruvian anchoveta, maximum h a b i t a b l e  depth 

E f f e c t s  o f  food and feed ing  behaviour 

I n t e n s i t y  o f  cannibal ism i s  c l o s e l y  l i n k e d  t o  the  feed ing  behaviour o f  adu l t s .  The 
fo l?ow ing  d i s c u s s i o n  examines t h i s  r e l a t i o n s h i p  from t h r e e  s tandpoints :  
abundance and t o  food composit ion, and non-random feed ing  behaviour. 
a f f e c t  t he  va lue  o f  parameter p, t h e  e f f e c t i v e  t ime  spent feeding. 

remonses t o  food 
These cons ide ra t i ons  

C l e a r l y ,  t h e  amount o f  t ime spent feed ing  w i l l  decrease as food abundance increases 
(O'Connell  1972). The r e l a t i o n s h i p  between these two v a r i a b l e s  i s  p o o r l y  known because o f  
o u r  l a c k  o f  knowledge o f  d i g e s t i o n  pa t te rns .  
s t a n t  r a t e  o f  g u t  evacuat ion,  b u t  t h e i r  data appear t o  suppor t  t h e  ex i s tence  o f  an i n i t i a l  
p e r i o d  o f  reduced g u t  evacuation, perhaps l a s t i n g  1 hour. Such a d e l a y  would increase the  
average res idence t ime  from 1.4 h w r s  t o  2.4 hours. decreasing est imates o f  t o t a l  consump- 
t i o n  by 40". 
p o r t  a batch-feeding model. 
t o  compare g u t  con tec ts  w i t h  concen t ra t i on  of food i n  the  environment i n  o rde r  t o  es t ima te  
volume o f  water  swept o r  l e n g t h  o f  t ime  spent feeding. 

Hunter and K imbre l l  ( I n  press)  assumed a con- 

Rather than a cont inuous feeding model, Rojas and Ochoa (1973) appear t o  sup- 
U n t i l  g u t  evacuat ion p a t t e r n s  a re  b e t t e r  known, i t  i s  d i f f i c u l t  
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Bakun and Parrish ( t h i s  volume) have canpared oceanographic cha rac t e r i s t i c s  of the Peru 
and California currents with respect t o  larval habi ta t .  
Peruvian conditions a r e  favourable to  formation of microlayers of larval food (see Lasker, 
1978) because the r a t i o  of wind mixing t o  upwelling decreases toward the equator. To this  I 
would add tha t  the high dens i t ies  of food may r e s u l t  in l e s s  water being swept during feed- 
ing, and a lower per capita r a t e  of cannibalism ( b  i n  Equation l ) ,  so the peak of the Ricker 
curve occurs a t  a higher density of anchoveta than f o r  the northern anchovy o f f  California.  
Also, because food dens i ty  may vary on a local sca le ,  i t  may be appropriate t o  modify the 
geographic model presented e a r l i e r  so tha t  coef f ic ien ts  of density dependence ( b i )  a l so  vary 
among water parcels. 

Not only may the 
density of spawners be high due t o  crowding in to  areas of upwelling ( i . e .  N/V i s  high), b u t  
i f  food abundance is low, the f i s h  will spend more than a usual proportion of t h e i r  time 
feeding ( p  i s  h i q h ) .  T h i s  combination may r e s u l t  i n  grea t ly  reduced recruitment due t o  
intense cannibalism. I t  may be appropriate t o  harvest these El Nino-induced inshore concen- 
t r a t ions  of anchoveta i n  order t o  increase recruitment. However, i f  density independent 
mortali ty of larvae i s  high, i t  may be more appropriate t o  maximize adul t  survival t o  the 
following year. 

Adult E. rnordux will feed e i t h e r  by b i t ing  o r  f i l t e r i n g  depending on the  s ize  of food 
pa r t i c l e s  and their r e l a t ive  abundance (O'Connell, 1972). T h u s  eggs will tend t o  be canni- 
balized in the presence of phytoplankton, which i s  f i l t e r e d ,  and larvae will tend t o  be 
cannibalized when i n  the presence o f  adu l t  zoonlankton, which i s  b i t ten .  Rojas and Ochoa 
(1973) suggest t h a t  d iges t ive  r a t e s  may be higher f o r  phytoplankton than f o r  zooplankton, in 
which case the  f rac t ion  of time spent feeding ( p )  would be higher i n  the  presence of phyto- 
plankton. 

v i ty  i s  independent of the abundance of eggs or  larvae i n  the  water. Hunter and Kimbrell 
may have prematurely dismissed the u t i l i t y  of simple random f i l t e r i n g  models. They argue 
t h a t  the assumption of random f i l t e r i n g  necessitated an un rea l i s t i ca l ly  la rge  proportion of 
time be spent t o  give the r a t e  of egg cannibalism t h a t  they observed. However, i f  the mean 
residence time of eggs i n  the anchovy gut i s  2.4 hwrs ra ther  than 1.4 hours (see above), 
estimated da i ly  consumption, and accordingly estimated f rac t ion  of time spent f i l t e r i n g  
(17h) would decrease by 40% (10h). 
estimate t h a t  17% of da i ly  egg production was consumed by cannibalism. 
values of Fc derived e a r l i e r  i n  this paper (0.108 t o  0.153), which a r e  more appropriate t o  
the calculation, the length of time spent f i l t e r i n g  will drop by 10% t o  36% from the 25 hwrs 
they estimated. 
O'Connell's (1972) ca lcu la t ions  of the length of time necessary t o  obtain a d a i l y  food ra t ion  
by f i l t e r i n g  i n  areas of food abundance off southern California.  

parison of mean number of eggs per stanach and egg density i n  the same area as determined by 
towed plankton nets. 
though the true functional shape of the re la t ionship  is  unclear. 
hypothesize tha t  a t  low egg concentrations consumption by f i l t e r  feeding i s  incidental ,  
whereas a t  higher concentrations eggs may contribute t o  the stimuli w h i c h  e l i c i t  f i l t e r  feed- 
ing. 

Their discussion indicates t ha t  

E l  Niio conditions may pose a compounded problem f o r  the anchoveta. 

For the purposes of the following discussion, random feeding implies t h a t  feeding a c t i -  

Hunter and Kimbrell's second argument was based on their 
I f  we subs t i t u t e  the 

These lengths of time spent f i l t e r i n g  (10 t o  22 h/day) a r e  cons is ten t  w i t h  

Non-randan feeding behaviour i s  more strongly indicated by Hunter and Kimbrel l ' s  comp- 

Consumption of eggs increases a s  the 1.6 power of egg abundance, a l -  
I t  seem reasonable t o  
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Non-random feed ing  i s  more l i k e l y  as food patch iness increases. L l o y d ' s  (1967) "mean 
crowding" i s  a measure o f  the d e n s i t y  o f  i n d i v i d u a l s  w i t h i n  a patch and i s  t h e r e f o r e  c l o s e l y  
r e l a t e d  t o  t h e  s t i m u l i  e l i c i t i n g  feed ing  by a d u l t  anchovies (Leong and O'Connell ,  1969; 
O'Connell ,  1972). Mean crowding decreases as o v e r a l l  popu la t i on  d e n s i t y  decreases, w h i l e  
patch iness (L loyd,  1967) i s  a measure o f  mean crowding r e l a t i v e  t o  mean densi ty .  H e w i t t  ( i n  
press)  has examined these aspects o f  t h e  s p a t i a l  p a t t e r n  o f  E. mor& l a r vae ,  and has shown 
t h a t  L l o y d ' s  patch iness decreases from 10 t o  8 d u r i n g  the  f i r s t  t h r e e  days f o l l o w i n g  hatch- 
ing.  From spawning t o  a corresponding t o t a l  age o f  s i x  days, numerical abundance decreases 
by about 75% (Me = 0.4, MI = 0.1, t e  = 2.5). Assuming t h a t  t h e  patchiness o f  eggs i s  t he  
same as newly hatched la rvae ,  t h e  combined r e s u l t  i s  an a p p r o x i m t e l y  80% decrease i n  mean 
crowding over  t h e  f i r s t  s i x  days o f  l i f e .  
eggs o r  l a r v a e  t o  e l i c i t  a feed ing  response by a d u l t s  should d i m i n i s h  r a p i d l y  w i t h  t ime. 
Correspondingly, random feed ing  models o f  cannibal ism may p rov ide  s u f f i c i e n t l y  good approx i -  
mations t h a t  non-randomness can be i gno red  o r  can be parameterized by an increase i n  the 
p r o p o r t i o n  o f  t i m e  spent feed ing  ( p ) .  

Thus, any p o t e n t i a l  tendency f o r  concentrat ions of 
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SUMMARY AND CONCLUSIONS 

Major points discussed i n  this paper were: 

The Ricker curve often has been used t o  describe cluoeoid stock-recruitment re la t ion-  

Cannibalism is an important regulatory mechanism i f  F c t i l ,  where Fc i s  the coef f ic ien t  

1 )  
ships, but quant i ta t ive  j u s t i f i c a t i o n  has been lacking. 

2 )  
of canniba l i s t ic  mor ta l i ty  and t i s  the length of time eggs and larvae a re  subject t o  canni- 
bal ism. 

3 )  
t ha t  F c t i s  i n  the range of 0.27 to  0.38 f o r  anchovy eggs. 
may be of reduced in t ens i ty ,  b u t  the to t a l  e f f e c t  indicates t h a t  cannibalism i s  su f f i c i en t ly  
intense t o  be a regulatory mechanism. 

4 )  Cannibalism on eggs i s  represented by a random f i l t e r i n g  model. The r a t e  of canniba- 
lism i s  proportional t o  adul t  abundance and i s  inversely proportional to  habitat  volume: 
stock density r a the r  than stock s i ze  i s  the important consideration. 

5) Acoustic surveys of Peruvian anchoveta have shown dens i t i e s  su f f i c i en t ly  high t h a t  
cannibalism i s  l i ke ly  to have had a s ign i f icant  e f f e c t  on net egg production. 

6 )  Rates of cannibalism on larvae a re  n o t  known. A complete stock-recruitment model can- 
not ye t  be ca l ibra ted  w i t h  respect t o  cannibalism. 

7)  Evaluation of terms i n  a complete stock-recruitment model f o r  E. rwrdm indicates t h a t  
t o t a l  coef f ic ien ts  o f  density independent and density dependent morta!ity a re  approximately 
10 and 1 respectively. 
the r e l a t ive ly  weak regulation of stock abundance. 
t ion  curves must be interpreted in a p robabi l i s t ic  rather t h a n  a deterministic sense. 

8) If  the in tens i ty  of density independent mortali ty i s  a random variable,  and  i s  inde- 
pendent f o r  several d i f f e ren t  l i f e  stages,  recruitment may tend t o  be d is t r ibu ted  log- 
normally about i t s  expected value. 

9) 
of average adul t  f i s h  weight. 

10) The r a t e  of cannibalism on la rvae ,  f o r  a given level o f  biomass, i s  nearly independent 
of average adul t  f i s h  s ize .  

11) Because clupeoids expand and contract  t h e i r  rances w i t h  changes in abundance, adult  
f i s h  density i s  not proportional t o  stock s ize .  The standard Ricker model i s  n o t  appro- 
pr ia te ;  a generalized Ricker model such a s  P = aN EXP(-bNc) i s  more r e a l i s t i c ,  where 
O<c<l. 
from clupeoid stocks. 

12) Contraction and expansion of range w i t h  chanaes in to-ial abundance i s  pi-edicted by a 
geographic model wherein spawners cannibalize the i r  young, density independent survival of 
young decreases toward the  periphery of the range, and spawiier, d i s t r ibu te  themelves so as 
t o  maximize individual reproduction. As adul t  density i n  the most favourable area increases, 
cannibalism causes the to t a l  larval mortali ty rate t o  increase u n t i l  peripheral ,  poorer 
areas became equally a t t r a c t i v e  spawning locations. 

Quantitative information on stomach contents and spawning ra tes  of E. mordm ind ica te  
Further cannibalism on larvae 

The preponderance of density independent influences tends to mask 
Clupeoid stock-recruitment and produc- 

Biomass density givino maximum net egg production i s  proportional t o  the square root 

The standard Ricker model ( c = l )  will overestimate %he maximum sustainable yield 
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13) 
spring throughout the inhabited range. 
dent mortali ty r a t e  a t  the edge of the range. 

14)  T h i s  geographic model suggests t ha t  harvests taken from the center of the range will  
have a smaller impact on abundance than harvests taken from the periphery of the range. 

15) If Peruvian anchoveta consume su f f i c i en t  production t o  decrease the r a t e  of d e t r i t a l  
f a l lou t ,  i t  may cause a deepening of the level of l imiting oxygen concentration. 
anchoveta stock may thereby increase i t s  own habi ta t  volume, and i n  t u r n  increase i t s  own 
reproductive potential .  

16) Rates of cannibalism a re  l i ke ly  t o  depend on the s i ze  and abundance of adul t  food 
organisms. 
because the  high density of food off Peru may r e su l t  in l e s s  time being spent feeding. 

abundance of clupeoids such as E n p n l i s .  An i n i t i a l  framework was constructed which allows 
integration of l i f e  history information, physiolooy, behaviour, and quant i ta t ive  ecology 
into a theory of clupeoid population dynamics. Further work can proceed i n  many d i rec t ions ;  
perhaps the most important i s  t o  incorporate environmental va r i ab i l i t y  in order t o  f u l l y  
describe the v o l a t i l i t y  of clupeoid populations. Finally,  a number of speculations and 
hypotheses have been presented. Some of these may be tested in the f i e l d  or laboratory. 

The optimal d i s t r ibu t ion  of spawners r e su l t s  i s  a constant t o t a l  mortali ty r a t e  of of f -  
This mortality r a t e  i s  equal t o  the density indepen- 

A l a rge r  

The per capita r a t e  of cannibalism may be lower f o r  E. ringens than f o r  E. mordax 

Cannibalism i s  one of the important mechanisms tending t o  regulate the highly variable 
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