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INTRODUCTION 

A s  e a r l y  as  1914,  I l j o r t  p roposed  t h a t  d i f f e r e n t i ' l l  m o r t a l i t y  
of f i r s t - f e e d i n g  l a r v a e  due  t o  v a r i a b l e  f e e d i n g  c o n d i t i o n s  c o u l d  
b e  t h e  c a u s e  o f  e x t r e m e  v a r i a t i o n s  i n  y e a r  c l a s s  s t r e n g t h  o f  f i s h .  
l e s t s  of t h i s  s i m p l e  a t t r a c t i v e  h y p o t h e s i s  have  g i v e n  e q u i v o c a l  
r e s u l t s  a t  b e s t .  With r e g a r d  t o  c l u p e i d  l a r v a e ,  on t h e  a v e r a g e ,  
t h e r e  i s  u s u a l l y  n o t  enough rood a v a i l a b l e  f o r  t h e  l a r v a e  t o  s u r -  
v i v e ,  c o n s i d e r i n g  t h e  amount o f  water a l a r v a  is c a p a b l e  o f  
s e a r c h i n g  and i t s  i n e f f i c i e n c y  i n  c a p t u r i n g  food when i t  f i r s t  
s t a r t s  t o  f e e d  ( H u n t e r ,  1 9 7 2 ) .  With t h e  s a m p l i n t  g e a r  c u r r e n t l y  
used  (pumps and p l a n k t o n  n e t s " ) ,  i t  i s  s t i l l  d i f f i c u l t  t o  e s t a b l i s h  
whe the r  any  body o f  water can  s u p p o r t  enough l a r v a l  f i s h  s u r v i v a l  
t o  e n s u r e  t h e  e s t a b l i s h m e n t  of a r o b u s t  year c l a s s .  T o  do  s o ,  
however would b e  a f i r s t  s t e p  toward  d e f i n i n g  c r i t e r i a  f o r  suc -  
c e s s f u l  r e c r u i t m e n t ,  a r e c o g n i z e d  need  i n  a l l  f i s h e r i e s  r e s e a r c h  
t o d a y  ( G u l l a n d  and Boerema, 1 9 7 3 ) .  The s u c c e s s  o f  p e l a g i c  f i s h  i n  
t h e i r  e n v i r o n m e n t  h a s  prompted f i s h e r y  s c i e n t i s t s  t o  p o s t u l a t e  t h a t  
t h e r e  have  t o  b e  s u i t a b l e  c o n c e n t r a t i o n s  o f  food o r g a n i s m  i n  s p a c e  
and t i m e  ( p a t c h e s )  t o  p r o v i d e  f o r  l a r v a l  f e e d i n g  and t h a t  H j o r t ' s  
h y p o t h e s i s  is  s t i l l  v i a b l e  and  s h o u l d  b e  r i g o r o u s l y  t e s t e d .  

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

*Both k i n d s  of g e a r  s ample  a l o t  of water and t e n d  t o  Give  r e s u l t s  
which  a v e r a g e  numbers  of o r g a n i s m s  o v e r  d e p t h s  o r  d i s t a n c e s  and 
c o n s e q u e n t l y  o b s c u r e  f i n e - s c a l e  p a t c h i n e s s  of l a r v a l  f i s h  f o o d .  
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b e h a v i o r .  A l t h o u g h  w e  know r e l a t i v e l y  l i t t l e  a b o u t  t h e  b e h a v i o r  o f  
most  f i s h  l a r v a e ,  i t  is p o s s i b l e  now, w i t h  a t  l eas t  one s p e c i e s ,  
EngrauZis mordax, t o  a s s e m b l e  t h e  p e r t i n e n t  b e h a v i o r a l  d a t a  as  a 
r e s u l t  o f  some r e c e n t  i n t e n s i v e  l a b o r a t o r y  and f i e l d  i n v e s t i g a t i o n s .  
Two r e c e n t  p a p e r s  b y  L a s k e r  (1975 and 1978)  h a v e  p r o v i d e d  e v i d e n c e  
f o r  t h e  a g g r e g a t i o n  of p r o p e r l y  s i z e d  food p a r t i c l e s  i n  the h a b i t a t  
o f  t h e  f i r s t - f e e d i n g  l a r v a l  anchovy o f f  C a l i f o r n i a .  H e  found t h a t  
s t a b i l i t y  of t h e  water column i n  t h e  u p p e r  30 meters a p p e a r e d  t o  
b e  t h e  k e y  c o n d i t i o n  r e q u i r e d  f o r  l a r v a l  anchovy food o r g a n i s m s  t o  
a g g r e g a t e  i n  d e n s i t i e s  h i g h  enough t o  e x c e e d  t h e  t h r e s h o l d  f o r  t h e  
f e e d i n g  s t i m u l u s  o f  f i r s t - f e e d i n g  N o r t h e r n  anchovy l a r v a e .  D i s r u p -  
t i o n  o f  t h i s  s t a b i l i t y  w a s  c a u s e d  b y  v i g o r o u s  s t o r m s  o r  b y  u p w e l l -  
i n g  a l o n g  t h e  c o a s t ,  b o t h  r e s u l t i n g  i n  a d i l u t i o n  of  t h e  m i c r o -  
p l a n k t o n  needed  f o r  f e e d i n g  a n d ,  b y  i n f e r e n c e ,  e x c e s s i v e  m o r t a l i t y  
of a n y  l a r v a e  which  needed  t o  f e e d  i m m e d i a t e l y  a f t e r  t h e s e  e v e n t s  
o c c u r r e d .  I n  a d d i t i o n ,  t h e  work of H u n t e r  (1972 ,  1976 ,  1 9 7 7 ) ,  
H u n t e r  and Sanchez ( 1 9 7 6 ) ,  A r t h u r  (1976 ,  1978) ,  L a s k e r  ( 1 9 6 4 ) ,  
L a s k e r  e t  aZ. (1970)  and Vlymen (1974 ,  1977)  p r o v i d e  u s  w i t h  a 
background o f  b e h a v i o r a l  and p h y s i o l o r i c a l  i n f o r m a t i o n  on the 
l a r v a e  of  t h e  n o r t h e r n  a n c h o v y ,  Engrauzis mordax. The i n t e r e s t  i n  
a n c h o v i e s  g o e s  beyond t h e i r  i m p o r t a n c e  i n  t h e  C a l i f o r n i a  C u r r e n t  
e c o s y s t e m ;  a n c h o v i e s  c o n t r i b u t e  t o  some o f  o u r  l a r g e s t  f i s h e r i e s ,  
a n d ,  i n d e e d ,  when t h e  P e r u v i a n  anchovy f i s h e r y  w a s  a t  i t s  peak ,  
t h e  anchovy c a t c h  made u p  25% o f  t h e  e n t i r e  w o r l d  f i s h  c a t c h .  

T h e s e  s t u d i e s  s u g g e s t  t h a t  p a t c h i n e s s ,  which  r e s u l t s  i n  rela- 
t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  l a r v a l  anchovy f o o d ,  i s  a m a j o r  
f a c t o r  i n  t h e  s u r v i v a l  of  c l u p e i d  l a r v a e ,  a l t h o u g h ,  as w e  w i l l  
i l l u s t r a t e ,  h i g h  c o n c e n t r a t i o n s  a l o n e  c a n n o t  b e  t h e  s o l e  c r i t e r i o n  
f o r  s u r v i v a l .  O t h e r  f a c t o r s ,  s u c h  as t h e  n u t r i t i v e  v a l u e  and 
d i g e s t i b i l i t y  of  t h e  f o o d ,  s i z e  of  t h e  food p a r t i c l e ,  food s e l e c -  
t i o n  b y  t h e  l a r v a ,  l e a r n i n g  by t h e  l a r v a ,  and a v a r i e t y  of o t h e r  
b e h a v i o r a l  m o d a l i t i e s ,  have  t o  b e  t a k e n  i n t o  c o n s i d e r a t i o n  i f  one  
is  t o  p r e d i c t  w h e t h e r  a p a r t i c u l a r  f e e d i n g  r e g i m e  w i l l  b e  f a v o r a b l e  
t o  l a r v a l  a n c h o v i e s .  I n  t h i s  i n v e s t i g a t i o n ,  w e  c o n s i d e r  t h e  n a i v e * ,  
f i r s t - f e e d i n g  anchovy l a r v a  p r e s e n t e d  w i t h  food on t h e  f i r s t  d a y  i t  
is c a p a b l e  of  f e e d i n g .  P a t c h i n e s s  o b v i o u s l y  p r o v i d e s  h i g h e r  a b s o -  
l u t e  c o n c e n t r a t i o n s  of food p a r t i c l e s  t h a n  i s  u s u a l l y  found i n  t h e  
anchovy l a r v a ’ s  e n v i r o n m e n t .  We a t t e m p t  t o  show h e r e  that  h i g h  
food c o n c e n t r a t i o n s  c h a r a c t e r i s t i c  o f  p a t c h e s  i n  t h e  sea,  which 
a p p e a r  t o  p r o v i d e  a b u n d a n t  food  i n  t h e  n o r m a l  f o r a g i n g  d i s t a n c e  of 
t h e  l a r v a ,  may s t i l l  n o t  b e  s u f f i c i e n t  t o  p r o v i d e  f o r  l a r v a l  

*The term n a i v e  encompasses  b o t h  t h e  c o n c e p t  of n o n - s e l e c t i v i t y  of  
p r e y  and a p a t t e r n  of s e a r c h  b a s e d  upon t h e  random walk ( ‘ t h e  
b l u n d e r i n g  i d i o t ’  model ,  M u r d i e ,  1 9 7 1 ) .  
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anchovy growth and s u r v i v a l  on t h e  f i r s t  d a y  o f  f e e d i n g .  B e c a u s e  
of  t h e  r a p i d  deve lopment  o f  l e a r n i n €  i n  l a r v a e  and t h e  i n c r e a s e  i n  
s u c c e s s  of  c a p t u r e  and  s e l e c t i v i t y ,  w e  h a v e  c h o s e n  t o  a n a l y z e  o n l y  
t h e  f i r s t  d a y  o f  f e e d i n g  b y  anchovy where  l e a r n i n g  h a s  n o t  h a d  the 
o p p o r t u n i t y  t o  d e v e l o p .  Iiowever, w e  b e l i e v e  t h i s  n-.odelin& t e c h n i q u e  
c a n  b e  e x t e n d e d  t o  assess growth  and s u r v i v a l  i n  o l d e r  l a r v a e  as 
w e l l .  

LARVAL ANCHOVY BEHAVIOR Aid3 FOOD DISTRIBUTIOI? 

A f i r s t - f e e d i n g  l a r v a l  anchovy is  d e p e n d e n t  f o r  food  on a v e r y  
l o c a l  scale.  Its swimming and f e e d i n g  b e h a v i o r  h a s  b e e n  s t u d i e d  by 
H u n t e r  (1972)  i n  g r e a t  d e t a i l .  The p e r t i n e n t  r e s u l t s  f rom h i s  s t u d y  
r e l a t i v e  t o  t h e  c a p t u r e  of  food i s  t h a t  f e e d i n g  a p p e a r s  t o  b e  en- 
t i r e l y  v i s u a l  and t h a t ,  a t  f i r s t  f e e d i n g ,  s u c c e s s  of  p r e y  c a p t u r e  
r a n g e s  from 10-30% of  t h e  m i c r o - ,  phyto-  and  z o o p l a n k t e r s  a t t a c k e d  
b y  t h e  l a r v a  ( F i g u r e  1). 

From l a b o r a t o r y  and  f i e l d  w o r k ,  L a s k e r  (1975)  showed t h a t  t h e r e  
i s  a c r i t i c a l  t h r e s h o l d  c o n c e n t r a t i o n  of food p a r t i c l e s  f o r  g u t -  
f i l l i n g  b y  f i r s t - f e e d i n g  anchovy l a r v a e .  A t  t h e  p r e v a l e n t  o c e a n i c  
t e m p e r a t u r e ,  13-14OC i n  t h e  a n c h o v y ' s  spawning  g r o u n d ,  L n s k e r  found 
t h a t  a b o u t  t h i r t y  40-50 pm p a r t i c l e s / m l ,  were needed  i n  t h e  l a r v a ' s  
immedia te  e n v i r o n m e n t  t o  s t i m u l a t e  f e e d i n g  and g u t  f i l l i n g .  T h i s  
is  r e m a r k a b l y  similar t o  p r e y  c o n c e n t r a t i o n s  which are d e t e r m i n e d  
from Vlymen's  (1977)  computer  s i m u l a t i o n  f o r  m e e t i n g  t h e  l a r v a ' s  
e n e r g e t i c  n e e d s  on t h e  f i r s t  d a y  of  f e e d i n g .  I n  t h e  l a b o r a t o r y ,  
however ,  o t h e r  f a c t o r s  f o r  s u c c e s s f u l  f e e d i n g  are a p p a r e n t  and c a n  
modi fy  t h e s e  t h r e s h o l d  c o n c e n t r a t i o n s .  T h e s e  were l i s t e d  b y  
L a s k e r  (1975)  as f o l l o w s .  

P a r t i c l e  S i z e  a t  F i r s t  F e e d i n g  Appears  t o  b e  C r i t i c a l  

We know from t h e  s tomach c o n t e n t  work on l a r v a l  a n c h o v i e s  b y  
A r t h u r  (1976)  as w e l l  as from i n v e s t i g a t i o n s  b y  R o j a s  d e  Mendio la  
(1974)  on t h e  l a r v a  of  t h e  P e r u v i a n  anchovy E. r,ingt?ns, t h a t  t h e s e  
l a r v a e  can  c a p t u r e  and e a t  p a r t i c l e s  as l a r g e  as 100 u m  i n  smal les t  
d i m e n s i o n  when t h e y  f i r s t  b e g i n  t o  f e e d ,  b u t  t h a t  t h e  u s u a l  d i e t  
c o n t a i n s  smaller p a r t i c l e s  w i t h  a minicium s i z e  i n g e s t e d  from 25 pr,,, 
and n a u p l i i  w i t h  a n  a v e r a g e  w i d t h  of  68  pm.  A r t h u r  (1976)  rAentions 
t h a t  a b o u t  20% o f  t h e  food found i n  v e r y  e a r l y - s t a g e  anchovy l a r v a e  
were " u n i d e n t i f i e d  s p h e r e s  . . . p r o b a b l y  of p l a n t  o r i g i n "  b u t  m o s t l y ,  
h e  and o t h e r  w o r k e r s  d e s c r i b e  copepod e g g s  and n a u p l i i  as dominant  
i d e n t i f i a b l e  f o o d s  found i n  t h e  l a r v a l  i n t e s t i n e .  For  e x a m p l e ,  
d u r i n g  t h e  f i r s t  few d a y s  of  f e e d i n g ,  s tomach c o n t e n t s  r e v e a l e d  43% 
of i n g e s t e d  p a r t i c l e s  were copepod n a u p l i i ;  a t  9 d a y s  of  a g e ,  when 
t h e  l a r v a  is  6 mm l o n g ,  68% o f  t h e  food p a r t i c l e s  found are  copepod 
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F i g u r e  1. F e e d i n g  s u c c e s s  ( p e r c e n t  of a t t a c k e d  p r e y  c a p t u r e d )  of  
anchovy l a r v a e  o f  v a r i o u s  a g e s  f e d  Brachionus. L a r v a l  age  i s  
p l o t t e d  on l o g  s c a l e ,  e q u a t i o n  f o r  l i n e  i s  p e r c e n t  s u c c e s s  = 9 3 . 2  
( l o g  age )  - 33.30. Two open c i r c l e s ,  l a r v a e  f e d  Gyi,wodinium ( f rom 
H u n t e r ,  1972)  . 

n a u p l i i  a n d  a t  14 d a y s  ( c a .  8 mm l o n g ) ,  91Z were n a u p l i i ' ; .  D o u b l i n g  
t h e  d i a m e t e r  o f  a s p h e r i c a l  p a r t i c l e  i c c r e a s e s  i ts  volume 8 t i m e s .  
I n  t h e  e n v i r o n m e n t  of t h e  anchovy l a r v a ,  this d i f f e r e i i c e  c a n  h a v e  
a profound e f f e c t  on t h e  feedin :  l a r v a .  For  e x a m p l e ,  wher. f e e d i n g  

"Gut c o n t e n t  s t u d i e s  s u f f e r  from t h e  u n c e r t a i n t y  t h a t  p a r t i c l e s  
found may b e  t h e r e  b e c a u s e  t h e y  c n u l d  n o t  b e  d i g e s t e d .  However,  
t h e  p a r t i c l e  s i z e s  a c t u a l l y  i n g e s t e d  are p e r t i n e n t  i n  t h e  f o l l o w i n g  
d i s c u s s i o n .  
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on s m a l l  p a r t i c l e s ,  t h e  anchovy l a r v a  must  c a p t u r e  ( a c c o r d i n g  t o  
Hun te r )  a p p r o x i m a t e l y  230 f o r t y - m i c r o n  d i a m e t e r  p a r t i c l e s  a d a y .  
I f  t h e  c a p t u r e  e f f i c i e n c y  on t h e  f i r s t  day  o f  f e e d i n g  is l o % ,  t h e  
l a r v a  must  a t t a c k  2,300 p a r t i c l e s .  I iowever,  t h e  c a p t u r e  and d i g e s -  
t i o n  of a s i n g l e  80 pm p a r t i c l e  p r o v i d e s  e n e r g y  a t  least  e q u i v a l e n t  
t o  8 f o r t y - m i c r o n  p a r t i c l e s .  L a r g e  p a r t i c l e s ,  however ,  are n o t  
c a p t u r e d  w i t h  as h i g h  an  e f f i c i e n c y  as  small o n e s  and t h i s  l o w e r  
e f f i c i e n c y  is  r e l a t e d  t o  mouth s i z e  ( H u n t e r ,  1 9 7 7 ) .  E u n t e r  (1977) 
a l s o  shows t h a t  when t h e  anchovy l a r v a  r e a c h e s  6 mm i n  s i z e  ( approx-  
i r n a t e l y  9 d a y s  o f  a g e ) ,  i t s  me tabo l i sm h a s  r e a c h e d  a l e v e l  whereby 
i t  c a n n o t  s u r v i v e  on s m a l l  p a r t i c l e s  a l o n e .  Thus ,  i n  any  a n a l y s i s  
of t h e  f e e d i n g  e n v i r o n m e n t ,  c o n s i d e r a t i o n  o f  b o t h  p a r t i c l e  s i z e  and 
p a r t i c l e  c o n c e n t r a t i o n  seems t o  b e  e s s e n t i a l .  

The Number o f  Par t ic les  P e r  U n i t  Volume i n  t h e  Anchovy 
L a r v a ' s  Envi ronment  Must b e  Above a Minimum C o n c e n t r a t i o n  

H u n t e r  (1977) e v a l u a t e d  two methods  a v a i l a b l e  f o r  d e t e r m i n i n g  
t h e  food d e n s i t y  r e q u i r e m e n t s  f o r  s u r v i v a l  o f  anchovy l a r v a e  u s i n g  
a s i m p l e  s e a r c h i n g  model a s  w e l l  as l a b o r a t o r y  d e n s i t y  e x p e r i m e n t s .  
Sis c o n c l u s i o n s  were  t h a t  l a b o r a t o r y  d e n s i t y  e x p e r i m e n t s  y i e l d  
h i g h e r  food d e n s i t y  r e q u i r e E e n t s  f o r  s u r v i v a l  o f  anchovy l a r v a e  
t h a n  s i m p l e  s e a r c h i n g  m o d e l s ,  b u t  t h a t  t h e  fo rmer  s u f f e r  f rom t h e  
p o s s i b l e  e x i s t e n c e  of l a r v a l  d e n s i t y  d e p e n d e n t  i n t e r a c t i o n s  and 
t h a t  t h e  small e x p e r i m e n t a l  t a n k  volume may l i m i t  t h e  s e a r c h i n g  
c a p a c i t y  o f  t h e  l a r v a .  While t h e  s e a r c h i n g  model i s  n o t  a f f e c t e d  
by  t h e s e  v a r i a b l e s ,  i t  i s  g r o s s l y  a f f e c t e d  by e r r o r s  i n  t h e  
p a r a m e t e r s  and t h e  a s s u m p t i o n s  r e q u i r e d  by t h e  rrodel .  

U s i n g  l abora to ry - spawned  , f i r s t - f e e d i n g  anchovy l a r v a e  as  a 
b i o a s s a y  of sea w a t e r  a b o a r d  s h i p ,  L a s k e r  (1975) showed t h a t  g u t  
f i l l i n g  by  a f i r s t - f e e d i n g  anchovy l a r v a  i n  n a t u r a l  w a t e r  a t  
13-14OC o n l y  o c c u r s  when a d e n s i t y  o f  a b o u t  30 f o r t y - t o - f i f t y  
micron  p a r t i c l e s / m l  is  p r e s e n t  a t  f i rs t  f e e d i n g .  H e  v e r i f i e d  t h i s  
w i t h  l a b o r a t o r y  e x p e r i m e n t s .  A s  t h e  l a r v a  grows and becomes a T.:ore 
e f f i c i e n t  f e e d e r ,  t h e  number of  p a r t i c l e s  p e r  u n i t  volume needed  
f o r  f e e d i n g  is less b e c a u s e  t h e  a n i m a l  i n c r e a s e s  t h e  s i z e  o f  t h e  
p a r t i c l e s  i t  t a k e s  and b e g i n s  t o  i g n o r e  smaller o n e s .  A t  least  
f o r  f i r s t - f e e d i n g  l a r v a e ,  t h e  r e s u l t s  o b t a i n e d  by L a s k e r  g i v e  a 
r e a s o n a b l e  estimate o f  t h e  minimum d e n s i t y  o f  40-50 LIE p a r t i c l e s  
r e q u i r e d  f o r  f i r s t  f e e d i n g  by  anchovy l a r v a e .  Vlymen (1977)  h a s  
d e m o n s t r a t e d ,  t h r o u g h  a p r e y  c o n c e n t r a t i o n  random w a l k  model and 
a Markov c h a i n  p r e y  a t t a c k  mode l ,  t h a t  t h e r e  is  a q u a n t i t a t i v e  
c o n n e c t i o n  be tween t h e  growth  o f  a l a r v a  and g e o m e t r i c  a r r a n g e m e n t  
of p r e y  i n  i t s  e n v i r o n m e n t .  He c o n c l u d e s  from h i s  r o d e l  t h a t  s u r -  
v i v a l  a f t e r  t h e  f i r s t  d a y  of f e e d i n g  can  b e  a c h i e v e d  a t  p a r t i c l e  
c o n c e n t r a t i o n s  o f  be tween 14 and 32 f o r t y - n i c r o n  p a r t i c l e s / c m 3  i n  
a g e o m e t r i c a l l y  s t r u c t u r e d  p a t c h y  env i ronmen t  w i t h  p a t c h e s  h a v i n g  
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a p a r t i c l e  c o n c e n t r a t i o n  o f  32 p a r t i c l e s / c m 3  and a n  i n t e r p a t c h  
r e g i o n  h a v i n g  c o n c e n t r a t i o n s  14 p a r t i c l e s / c m 3 .  The r a d i u s  of t h e  
p a t c h e s ,  and t h e  i n t e r p a t c h  r e g i o n  used  i n  Vlymen's s i m u l a t i o n ,  
are i n  c e n t i m e t e r s ,  a s c a l e  which  is  n o t  r o u t i n e l y  sampled i n  t h e  
sea. 

The Kind of  Food Organism D e t e r m i n e s  L a r v a l  S u r v i v a l  and Growth 

S c u r a  and J e r d e  (1977) showed i n  a number o f  l a b o r a t o r y  e x p e r i -  
men t s  t h a t  f i r s t - f e e d i n g  N o r t h e r n  anchovy l a r v a e  w i l l  i g n o r e  and 
f a i l  t o  f e e d  on p a r t i c l e s  less t h a n  20 v m  i n  d i a m e t e r .  These  
i n c l u d e d  d i a t o m s ,  whe the r  s i n g l e  o r  i n  c h a i n s ,  and m i c r o f l a g e l l a t e s ,  
e . g . ,  D u n a l i e l l a  o r  T e t r a s e Z m i s .  Diatoms are r a r e l y  r e p o r t e d  from 
g u t  c o n t e n t  s t u d i e s  of anchovy l a r v a e .  I n  t h e  e v e n t  a p a r t i c l e  i s  
l a r g e  enough t o  be  s e e n  and e a t e n  by an anchovy l a r v a ,  t h e  n u t r i -  
t i o n a l  and c a l o r i c  c o n t e n t  o f  t h e  p a r t i c l e  must b e  s u f f i c i e n t l y  
h i g h  i n  t h e  a g g r e g a t e  t o  p r o v i d e  f o r  me tabo l i sm and g rowth .  L a s k e r  
e t  aZ. (1970)  a l s o  showed t h a t  t h e r e  w a s  a s t r i k i n g  d i f f e r e n c e  
be tween t h e  a b i l i t y  of v a r i o u s  n i c r o z o o p l a n k t o n  t o  s u p p o r t  l a r v a l  
anchovy growth  and s u r v i v a l .  For  example ,  v e l i g e r  l a r v a e  of some 
s n a i l s  s u p p o r t e d  no  anchovy l a r v a  growth o r  s u r v i v a l ,  w h i l e  t h e  
d i n o f l a g e l l a t e  Gymnodinium spZendens and t h e  r o t i f e r  Brachionus 
p l i c a t i l i s  c o u l d  b e  used  t o  rear t h e  a n i m a l  ( H u n t e r ,  1 9 7 6 ) .  The 
d i n o f l a g e l l a t e  P r o r o c e n t m m  d o e s  n o t  s u p p o r t  g r o w t h ,  as S c u r a  and 
J e r d e  (1977) have  shown, n o r  d o e s  t h e  d i n o f l a g e l l a t e  Gonyaulax 
p o l y e d r a .  Prorocen tmm may s i inp ly  b e  t o o  s m a l l  and n o t  have  enough 
c a l o r i e s  p e r  c e l l ;  b u t  GonyauZm, a l a r g e r  c e l l ,  c a n  b e  c a p t u r e d  i n  
g r e a t  q u a n t i t y  by  t h e  l a r v a  a n d ,  a l t h o u g h  smaller t h a n  Gymnodinium, 
might  have  been  e x p e c t e d  t o  s u p p o r t  growth and s u r v i v a l ,  b u t  d i d  n o t  
d o  s o  i n  l a b o r a t o r y  e x p e r i m e n t s .  

PROBABILITIES OF EIJCOUNTER AT DIFFERENT DENSITIES 

I n  t h i s  s e c t i o n ,  we s u g g e s t  an a p p r o a c h  wh ich ,  when coup led  
w i t h  f i e l d  i n f o r m a t i o n  on t h e  d i s t r i b u t i o n  of p r o p e r - s i z e d  food 
p a r t i c l e s  f o r  f i r s t - f e e d i n g  anchovy l a r v a e ,  may p r o v i d e  a t o o l  w i t h  
which t o  d e t e r m i n e  t h e  e x t e n t  and  goodness  o f  f i t  of anchovy l a r v a e  
f e e d i n g  g rounds .  6Jith t h i s  i n f o r m a t i o n ,  i t  may be  p o s s i b l e  t o  p r e -  
d i c t  w h e t h e r  r e c r u i t m e n t  w i l l  be  s u c c e s s f u l  from any p a r t i c u l a r  
spawn i n  g . 

I m p o r t a n t  f e a t u r e s  of anchovy l a r v a e  b e h a v i o r  have  been  p o i n t e d  
o u t  above .  The most i m p o r t a n t  of t h e s e ,  f o r  p u r p o s e s  o f  t h i s  d i s -  
c u s s i o n ,  are t h e  t h r e s h o l d  c o n c e n t r a t i o n s  f o r  f e e d i n g ,  t h e  number 
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o f  s t r i k e s  a f i r s t - f e e d i n g  l a r v a  makes i n  a day* ,  t h e  p e r c e n t  
s u c c e s s  w i t h  which i t  c a n  c a p t u r e  f o o d ,  and t h e  maximum s i z e  p a r t i -  
c le  i t  c a n  s u c c e s s f u l l y  i n g e s t  a t  f i r s t  f e e d i n g .  Al though u s u a l l y  
t h e r e  is  a h y p e r b o l i c  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e  i n  ocean  water 
w i t h  t h e  l a r g e s t  p a r t i c l e s  b e i n g  f e w e s t  i n  number (Vlymen, 1 9 7 7 ) ,  
o f t e n  i n  t h e  env i ronmen t  o f  t h e s e  l a r v a e  we f i n d  p a t c h e s  c o n t a i n i n g  
two o r  more s p e c i f i c  s i z e  classes o f  p a r t i c l e s  t o g e t h e r ,  e . g . ,  
copepod n a u p l i i  and d i n o f l a g e l l a t e s .  A s  a f i r s t - f e e d i n g  anchovy 
l a r v a  s w i m s  among t h e s e  p a r t i c l e s ,  i t  e n c o u n t e r s  t h e  most  p r e v a l e n t  
o rgan i sm most  f r e q u e n t l y  and c a p t u r e s  a t  least  10% of  t h o s e  a t  which  
i t  s t r i k e s .  I f  t h e  animal  a t t a c k s  a n a u p l i u s  t w i c e  t h e  d i a m e t e r  o f  
a d i n o f l a g e l l a t e  i n  a h u n t i n g  series and manages t o  c a p t u r e  i t ,  t h e  
n a u p l i u s  c a n  p r o v i d e  as much as an  o r d e r  o f  magn i tude  more e n e r g y  
t h a n  t h e  smaller p a r t i c l e  on which  i t  w a s  f e e d i n g .  T h e r e f o r e ,  t h e  
f e e d i n g  b e h a v i o r  o f  an  i n d i v i d u a l  anchovy l a r v a  i s  c o n s t r a i n e d  b y  
a )  t h e  c o n c e n t r a t i o n  and k i n d  o f  p r e y  which w i l l  s t i m u l a t e  a f e e d i n g  
a t t a c k ;  b)  t h e  p r e y  d i s t r i b u t i o n ;  c )  t h e  p h y s i c a l  and p h y s i o l o g i c a l  
l i m i t a t i o n  on t h e  number o f  p o s s i b l e  a t t a c k s ;  and d)  t h e  g u t  volume.  

I n  t h e  f irst  a n a l y s i s  shown be low,  V l F . e n ' s  (1977) computer  
growth model** f o r  N o r t h e r n  anchovy l a r v a e  is  used  w i t h  some modi- 
f i c a t i o n  t o  s i m u l a t e  a random d i s t r i b u t i o n  of  two s i z e  r a n g e s  o f  
p a r t i c l e s ,  45-55 pm and 95-105 pm i n  d i a m e t e r .  T h e r e f o r e ,  on t h e  
first d a y  of f e e d i n g ,  t h e  l a r v a  is  f a c e d  w i t h  a l o c a l l y  homogeneous 
env i ronmen t  c o n t a i n i n g  a random s e l e c t i o n  of p a r t i c l e s  s u i t a b l y  
s i z e d  f o r  i n g e s t i o n .  The c o n c e n t r a t i o n s  of t h e  p a r t i c l e s  ( T a b l e  1) 
are s u c h  t h a t  t h e y  encompass t h e  r a n g e  f o r  t h e s e  s i z e s  found b y  
s u r v e y s  i n  t h e  S o u t h e r n  C a l i f o r n i a  B i g h t ,  t h e  ma jo r  spawning  and 
f e e d i n g  ground o f  t h e  N o r t h e r n  anchovy.  When one  d o e s  t h i s ,  con-  
c e n t r a t i o n s  of t h e  two p a r t i c l e s  can  b e  found t h a t  p r o v i d e  f o r  
me tabo l i sm at  l ea s t ,  and growth  when t h e s e  c o n c e n t r a t i o n s  a r e  
exceeded .  T h i s  a n a l y s i s  assumes  t h a t  t h e  p l acemen t  of l a r g e  p a r t i -  
c l e s  i n  t h e  f e e d i n g  queue o f  s m a l l  p a r t i c l e s  i s  random, w i t h  t h e  
r e s u l t s  g i v e n  as t h e  a v e r a g e  growth  ra te  f o r  t h e  p o p u l a t i o n  of 
f i r s t - f e e d i n g  anchovy l a r v a e  on t h e  f i rs t  d a y .  

*Hunter  and Thomas (1974) have  shown t h a t  t h e  ra te  of l a r v a l  anchovy 
f e e d i n g  i n c r e a s e s  w i t h  i n c r e a s i n g  food d e n s i t y .  S t r i k e  rates o f  
anchovy l a r v a e  can  b e  as h i g h  as 10 p e r  m i n u t e ,  b u t  u s u a l l y  a v e r a g e  
4 t o  5 p e r  m i n u t e .  We u s e  10 s t r i k e s  p e r  m i n u t e  i n  t h i s  s i m u l a t i o n  
model .  

**Some o f  t h e  t e r m i n o l o g y  employed ( e . g . ,  s i z e  s p e c i f i c  c a p t u r e  
r a t e s )  is  more g e n e r a l  t h a n  a c t u a l l y  r e q u i r e d  f o r  t h i s  p a p e r .  The 
m a t h e m a t i c s  and n o t a t i o n  used  w e r e  chosen  i n  o r d e r  t o  s i m p l i f y  t h e  
a d a p t a t i o n  o f  Vlymen's  work and i n  a n t i c i p a t i o n  of f u r t h e r  work on 
t h e  same t o p i c .  
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T a b l e  1 

A n a l y s i s  of  a v e r a g e  g r o w t h  i n  m i l l i m e t e r s  o f  anchovy l a r v a e  f o r  t h e  
f i r s t  d a y  of  f e e d i n g  i n  v a r y i n g  c o n c e n t r a t i o n s  o f  o r g a n i s m s  i n  two 
s i z e  r a n g e s :  45-55 and 95-105 pm a t  14.0OC, a 10% c a p t u r e  s u c c e s s  
ra te  and random d i s t r i b u t i o n .  Energy  p e r  e a c h  small p a r t i c l e  i s  
4.236 * 
b a s e d  on c a l o r i c  c o n t e n t  o f  Gymnodinium spZendens (Vlymen, 1977)  
and a copepod n a u p l i u s ,  r e s p e c t i v e l y  ( L a s k e r  , 1965)  . 

cal .  and f o r  e a c h  l a r g e  p a r t i c l e s  i s  4 .523  * 10-4 c a l .  

C o n c e n t r a t i o n s  o f  C o n c e n t r a t i o n s  of  95-105 pm p a r t i c l e s / m l  
45-55 pm 

p a r t i c l e s l m l  0.00 0 .001  0 . 0 1  0 . 1  1 .o  1 0 . 0  

0 .0  
1 . 0  

1 0 . 0  
20.0 
30 .O 
4 0 . 0  
5 0 . 0  
60.0 
7 0 . 0  
80.0 
9 0 . 0  

100.0 
200.0 
3 0 0 . 0  

-0.08 
-0.08 
-0.08 
-0.07 
-0.07 
-0.06 
-0 .06  
-0.05 
-0 .05  
-0.04 
-0.04 
-0.04 
-0.03 
-0.03 

-0.08 
-0.08 
-0.08 
-0.07 
-0.07 
-0.06 
-0.06 
-0.05 
-0.05 
-0 .04  
-0.04 
-0.04 
-0.03 
-0.03 

-0.08 
-0.08 
-0.08 
-0.07 
-0.07 
-0.06 
-0.06 
-0.05 
-0.05 
-0.04 
-0.04 
-0.04 
-0 .03  
-0.03 

-0.08 -0.08 
-0.08 -0.08 
-0.08 -0.07 
-0.07 -0.07 
-0.07 -0.06 
-0.06 -0.06 
-0.06 -0.05 
-0.05 -0.05 
-0.05 -0.04 
-0.04 -0.04 
-0.04 -0.03 
-0.03 -0 .03 
-0.03 -0.02 
-0.03 -0.02 

-0.02 
-0.01 
-0.01 
-0.01 

0.00 
0 .00 
0.01  
0 . 0 1  
0 . 0 1  
0.02 
0 . 0 2  
0 . 0 2  
0 . 0 1  
0 .oo 

I f  t h e  l a r v a  c o u l d  a t t a c k  a l l  p r e y  i n  i t s  v i s u a l  f i e l d ,  t h e  
e x p e c t e d  number of  c a p t u r e s ,  N , ,  would be t h e  p r o d u c t  of t h e  number 
N of  p o t e n t i a l  a t t a c k s  ( e x c u r s i o n s ) ,  t h e  p r o b a b i l i t y  of a t t a c k  PA, 
t h e  p r o b a b i l i t y  P S I S )  of a c t u a l l y  s e l e c t i n g  o r g a n i s m s  of s i z e  S 
( i n  t h i s  a n a l y s i s  PS(SI=I), t h e  r e l a t i v e  f r e q u e n c y  RiSI  o f  o r g a n i s m s  
of s i z e  S i n  t h e  p r e y  d i s t r i b u t i o n  and t h e  p r o b a b i l i t y  of c a p t u r e  
X ( S ) ,  i . e . ,  where  BIN,) i s  t h e  a v e r a g e  number of p r e y  c a p t u r e d ,  

U 
E f "  I = N PA C PS(SI H(S) PC(Ls) e s=R 

U 
where  N 5 N,,,m, and 
a c c e p t a b l e  o r  a v a i l a b l e  p r e y .  

7: 
S=2 

i n d i c a t e s  a summation o v e r  a l l  s i z e s  of 
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Vlymen’s  (1977)  model c o r r e c t s  t h e  a t t a c k  and c a p t u r e  rates 
f o r  d e l a y s  be tween e a c h .  
t h e r e  is  a f i n i t e  t i m e  b e f o r e  t h e  n e x t  a t t a c k .  T h i s  is  t a k e n  i n t o  
c o n s i d e r a t i o n  i n  programming t h e  s u r v i v a l  and growth o f  anchovy 
l a r v a e  f e e d i n g  on d i f f e r e n t  s i z e d  p a r t i c l e s ;  t h e  a t t a c k  p r o b a b i l i -  
t i e s  are c a l c u l a t e d  as d e f i n e d  i n  t h e  program diagrammed i n  
F i g u r e  2 .  

I n  o t h e r  w o r d s ,  once  an  a t t a c k  i s  made, 

The e x p e c t e d  volume vc of c a p t u r e d  o rgan i sms  w i l l  b e  

Nma, where  N 5 

When V f S )  is t h e  volume o f  o r g a n i s m s  of s i z e  s, t h e  g r o s s  e n e r g y  
r e t u r n  GE, w i l l  b e  

U 
E ( G E c )  = N PA FS(S) R(S) P C ( S )  CAL(S) 

S=L 

where  C A L f S )  i s  t h e  c a l o r i e s  p e r  o r g a n i s m  of s i z e  S and 

N 2 1J7,,,m 

5 : VF,, Lc 

s = 45-55 u m ;  S = 95-105 uni 
1 2 

= 10 s t r i k e s l m i n  = 6 0 0 / h r .  = 7200112-hr .  day N m m  

]c(S) = c o n s t a n t  f o r  a n y  l e n g t h  

P S f S  1 = I’S(S,) = 1 1 
N 1% i s  c a l c u l a t e d  from Vlymen (1977)  and i s  a f u n c t i o n  of 

t o t a l  c o n c e n t r a t i o n  

TC = C + C2 where  C1 = 1, 1 0 ,  2 0 ,  3 0 ,  4 0 ,  5 0 ,  6 0 ,  7 0 ,  80,  1 

9 0 ,  100, 200, and 300/ml and 

Cz = 0 . 0 0 1 ,  0 .01 ,  0 . 1 ,  1 . 0  and 1 0 . 0 / m l .  

5 R(S ,J = -, R f S  ) = -  
1 TC 2 TC 



FOR FOR 

T = 1 4  K = 100.0 
w 00 

L = . 4  cn 
N = 0 DAYS 

BEGIN BTFQ = ,2117 - 1.80 

CALCULATE ATTACK PROBABILITIES: 

p [ o ~  1 

P[1]  = ( 1  - P [ o l ) + c l / c I  

ATTI + ATTP 
49.852 

CALCULATE SURVIVAL 

PROBABILITIES. i . e . ,  

Af = ENAV - ENOUT 

ENOUT 

(ENOUTl t ENOUTZ) 

. 2 9  ENIH 

SUCL = . l o ,  .932 LOG(N + 4) 
- ,333 ,  .3D 

w 

ENOUTZ = 1.214'STEN'NE 

I- 

FOR 

C2 = 0, 1, IO, 20, 30. 

40. 50. 60. 70, 80, 
90, 100, 200, 300 

w 

I I CALCULATE I I I  ORDER: 
BMET. STEPl. 
ENET. ENAV. 

4 

6 (  GVOL/TVOL)? 

NP . NPP NE 
NPP t N I I  

ATTP = ATTACK(L, CP. NP) 

CALCULATE CALCULATE I N  ORDER: 

TVOL = (CI*PVOL[I] + C2*PVOL[Z])/CI 

TCAL = (Cl*CALPfl ]  + CZ*CALP[Zl)/Cl 

W[I]. CALP[I l .  PVOL[I]. 

W [ Z ] ,  CALP[2]. PVOL[2], 

F i g u r e  2 .  Program m o d i f i e d  a f t e r  Vlymen (1977)  f o r  d e t e r m i n i n g  
s u r v i v a l  and  growth  o f  f i r s t - f e e d i n g  l a r v a l  anchovy i n  v a r i o u s  food  
c o n c e n t r a t i o n s .  N o t a t i o n  a f t e r  Vlymen (1977) follows: 
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L = l a r v a l  a n c h o v y  l e n g t h ,  4 m m  
N = 0 ,  f i r s t  d a y  o f  f e e d i n g  
T = 14.OoC 
K = d i s p e r s i o n  c o e f f i c i e n t  o f  1 0 0 . 0 0 ,  i . e .  random d i s t r i b u t i o n  o f  p r e y  
BTFQ = t e m p e r a t u r e  d e p e n d e n t  e x c u r s i o n  f r e q u e n c y  
SUCL = a g e  d e p e n d e n t  s u c c e s s  o f  c a p t u r e  f u n c t i o n  
C1 = c o n c e n t r a t i o n  o f  s m a l l  p r e y  
C2 = c o n c e n t r a t i o n  o f  l a r g e  p r e y  
L O L M  = l o w e r  p r e y  c o n c e n t r a t i o n  l i m i t s  
U P L M  = u p p e r  p r e y  c o n c e n t r a t i o n  l i m i t s  
C I  = i n t e r p a t c h  c o n c e n t r a t i o n  
C P  = i n t r a p a t c h  c o n c e n t r a t i o n  
DP = p a t c h  d i a m e t e r  
D I  = i n t r a p a t c h  d i s t a n c e  
NEXIP ( D , L , C )  = n u m b e r  o f  s t e p s  r e q u i r e d  t o  t r a v e r s e  d i s t a n c e  D i n  

t r a t i o n  o f  f o o d  p a r t i c l e s  C by l a r v a  o f  l e n g t h  L 
= number  o f  e x c u r s i o n s  a l a r v a  o f  l e n g t h  L w i l l  

c o n c e  
N P P  = NEXIP ( D P , L , C P )  

NE = number  o f  e x c u r s  
N P  = D r o D o r t i o n  o f  t o  

r e q u i r e  t o  t r a v e r s e  a p a t c h  o f  r a d i u s  D P  a n d  
c o n c e n t r a t i o n  C P  

= number  o f  e x c u r s i o n s  a l a r v a  o f  l e n g t h  L w i l l  
r e q u i r e  t o  t r a v e r s e  a n  i n t e r p a t c h  o f  r a d i u s  DI 
a n d  p a r t i c l e  c o n c e n t r a t i o n  CI 

o n s  i n  12 h o u r s  o f  f o r a g i n g  
a 1  d a i l y  f o r a g i n g  e x c u r s i o n s  s p e n t  i n  p a t c h e s ,  . .  

a n d  NI = i n  b e t w e e n  p a t c h e s  
ATTACK ( L , C , N )  c a l c u l a t e s  t h e  number  o f  a t t a c k s  on  p r e y  made b y  a n  a n c h o v y  

l a r v a  o f  l e n g t h  L w i t h  N e x c u r s i o n s  i n  p r e y  c o n c e n t r a t i o n  C ;  N I ,  
a t t a c k s  b e t w e e n  p a t c h e s ;  N P ,  a t t a c k s  i n  p a t c h e s  

C A L P  = c a l o r i c  v a l u e  o f  p a r t i c l e s  
M M N  = s i z e  o f  p a r t i c l e s  
P V O L  = volume o f  p a r t i c l e  
G V O L  = maximum g u t  v o l u m e  o f  l a r v a  o f  l e n g t h  L 
TVOL = t o t a l  v o l u m e  o f  p a r t i c l e s  e a t e n  
T C A L  = t o t a l  c a l o r i e s  o f  p a r t i c l e s  e a t e n  
SUCL*(ATTl+ATTP) = p a r t i c l e s  s u c c e s s f u l l y  a t t a c k e d  
N E  = number  o f  e x c u r s i o n s ;  e x c u r s i o n s  a t  n i g h t  = 0 . 2 1 4  N E  
STEN = e n e r g y  p e r  e x c u r s i o n  
ENIN = e n e r g y  i n ,  o r  d a i l y  r a t i o n  o f  c a l o r i e s  
E N O U T l  = e n e r g e t i c  d e b t  o f  a t t a c k s  
E N O U T Z  = e n e r g e t i c  d e b t  o f  24 h o u r s  o f  s w i m m i n g ,  i . e .  1 .214*NE*STEN 
BMET = t e m p e r a t u r e  and  l e n g t h  d e p e n d e n t  b a s a l  m e t a b o l i c  d e b t  f o r  24 h o u r s  
E N A V  = a v a i l a b l e  e n e r g y  o r  0 . 4 8  ENIN 
E N E T  = e n e r g y  o f  a t t a c k  = 3 STEN 
0 . 2 9  ENIN = e n e r g y  c o s t  f o r  m e c h a n i c a l  p r o c e s s i n g  o f  f o o d  
P[O] = p r o b a b i l i t y  o f  n o  a t t a c k  
P[1]  = p r o b a b i l i t y  o f  a t t a c k  on  s m a l l  p a r t i c l e  
P[2] = p r o b a b i l i t y  o f  a t t a c k  o n  l a r g e  p a r t i c l e  
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T h i s  s i m u l a t i o n  i m p l i e s  t h a t  t h e  t o t a l  number o f  p a r t i c l e s  i n  t h e  
l a r v a ' s  e n v i r o n m e n t  g o v e r n s  t h e  f r e q u e n c y  of s t r i k e s .  The l a r g e r  
p a r t i c l e s ,  even  a t  t h e i r  h i g h e s t  c o n c e n t r a t i o n ,  are i n g e s t e d  r a n -  
domly ( n o n - s e l e c t i v i t y )  . T e c h n i c a l l y ,  d e s p i t e  t h e  h i g h e s t  concen-  
t r a t i o n s  o f  t h e  l a r g e s t  p a r t i c l e s  ( e . g . ,  n a u p l i i ) ,  t h e s e  must b e  
t a k e n  v e r y  i n f r e q u e n t l y  i f  t h e  c o n c e n t r a t i o n  o f  small p a r t i c l e s  i s  
so h i g h  t h a t  t h e  l a r g e r  p a r t i c l e s  r a r e l y  show u p  i n  t h e  f e e d i n g  
queue .  T h e r e f o r e ,  i t  i s  n o t  t h e  a b s o l u t e  c o n c e n t r a t i o n  of t h e  
l a r g e  p a r t i c l e s  t h a t  g o v e r n  t h e i r  c a p t u r e  b y  t h e  l a r v a ,  b u t  r a t h e r  
t h e i r  c o n c e n t r a t i o n  r e l a t i v e  t o  t h e  l a r g e r  number of smaJ.1 p a r t i c l e s  
i n  t h e  l a r v a l  e n v i r o n m e n t .  T a b l e s  1, 3 and 5 show t h e  r e s u l t s  of  
t h i s  s i m u l a t i o n .  A f u l l  d i s c u s s i o n  o f  t h e s e  r e s u l t s  i s  g i v e n  i n  
t h e  f o l l o w i n g  s e c t i o n .  

A second a n a l y s i s  ( T a b l e s  2 ,  4 and 6 )  i s  b a s e d  upon t h e  same 
random a r r a n g e m e n t  of  l a r g e  p a r t i c l e s  among s m a l l  p a r t i c l e s ,  b u t  

T a b l e  2 

A n a l y s i s  of p e r c e n t  s u r v i v a l  o f  anchovy l a r v a e  a f t e r  t h e  f i r s t  day  
o f  f e e d i n p  i n  v a r y i n g  c o n c e n t r a t i o n s  of o r g a n i s m s  i n  two s i z e  
r a n g e s :  45-55 and 95-105 u m  a t  14.0OC and random d i s t r i b u t i o n .  
A t t a c k  r a t e  i s  10 p e r  m i n u t e  and s u c c e s s  of  Kaq_t_ure i s  lo%-. Energy 
p e r  e a c h  s m a l l  p a r t i c l e  i s  4.236 i c  l O - ~ - c ~ ~ .  and f o r  e a c h  l a r g e  
p a r t i c l e  i s  4.523 ;-< 10-4 c a l .  b a s e d  on c a l o r i c  c o n t e n t  of  
Gynmodiniurti si lenderis ( V l y n e n ,  1 9 7 7 )  and a copepod n a u p l i u s ,  
r e s p e c t i v e l y  ( L a s k e r ,  1 9 6 5 ) .  

C o n c e n t r a t i o n s  of 
45-55 ;im 

C once  n t r a t e  o f 9 5 - 10 5 ~i m pa r t i c 1 e s / m l  

p a r t  i c l e s / m l  0.00 0 . 0 0 1  0 . 0 1  0 . 1  1 .o 1 0 . 0  

0 . 0  
1.0 

10.0 
20.0 
30.0 
40 .0  
50 .0  
60.0 
70.0 
80 .0  
90 .0  

100.0 
200.0 
300.0 

0.0 0.0 0 .o 0.0 0 .o 31 .O 
0 . 0  0 . 0  0 .o 0.0 0 .o 30.0 
0 . 0  0 .0  0 . 0  0 . 0  0 . 0  34.7 
0 . 0  0 .o 0 .o 0 .o 0 . 0  4 1 . 1  
0 .o 0 - 0  0.0  0 . o  0.0  47.5 
0.0 0 .o 0 -0 0 .o 0 -0 5 4 . 1  
0 . 0  0.0 0.0 0 .o 0 .0 60 .2  
0 . 0  0 . 0  0 . 0  0 .o 0 . 0  6 6 . 2  
0 . 0  0 - 0  0 .o  0.0 0 . o  71.6  
0 .0  0 . 0  0 .0  0.0 0 .0  76 .6  
0 .o 0 .0  0 .o 0.0  0 . 1  81 .O 
0 . o  0.0  0 .0 0 .0 0 .5  84.7 
0.1 0 . 1  0 . 1  0 - 1- 1.4 6 2 . 9  
0 . 1  0.1  0 . 1  0 . 1  0.7 40.5 
___ __ _____ 
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T a b l e  3 

A n a l y s i s  of  a v e r a g e  g r o w t h  i n  m i l l i m e t e r s  o f  anchovy l a r v a e  f o r  t h e  
f i r s t  d a y  of f e e d i n g  i n  v a r y i n g  c o n c e n t r a t i o n s  of o r g a n i s m s  i n  two 
s i z e  r a n g e s :  45-55 and 95-105 pm a t  1 4 . 0 O C ,  a 20% c a p t u r e  s u c c e s s  
rate and random d i s t r i b u t i o n .  Ene rgy  p e r  e a c h  s m a l l  p a r t i c l e  is  
4.236 * c a l .  and  f o r  e a c h  l a r g e  p a r t i c l e  i s  4.523 * 10-4 c a l .  
b a s e d  on c a l o r i c  c o n t e n t  of Gymnodinium spzendens (Vlymen, 1977)  
and a copepod n a u p l i u s ,  r e s p e c t i v e l y  ( L a s k e r  , 1965) . 

C o n c e n t r a t i o n s  of  C o n c e n t r a t i o n s  of  95-105 pm p a r t i c l e s / m l  
45-55 pm 

- 
p a r t i c l e s  / m l  0.00 0.001 0 .01  0.1 1.0 10.0 

0.0 
1.0 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70 .0  
80.0 
90.0 

100.0 
200 .o 
300.0 

-0.08 
-0.08 
-0.07 
-0.06 
-0.04 
-0.03 
-0.02 
-0.01 
0.00 
0.02 
0.03 
0.04 
0.06 
0.06  

-0 .OB 
-0.08 
-0.07 
-0.06 
-0.04 
-0.03 
-0.02 
-0.01 

0.00 
0.02 
0.03 
0 .04  
0.06 
0 .06  

-0.08 -0.08 
-0.08 -0.08 
-0.07 -0.07 
-0.06 -0.05 
-0.04 -0.04 
-0.03 -0.03 
-0.02 -0.02 
-0.01 -0 .01  
0.00 0 . 0 1  
0 .02  0.02 
0 .03  0 .03  
0.04 0.04 
0.06 0.06 
0.06 0.06 

-0.07 0 .07  
-0.07 0 .07  
-0.05 0 . 0 8  
-0.04 0.09 
-0.03 0.10 
-0.02 0.11 
-0.00 0.12 
0.01 0.13 
0.02 0.14 
0.03 0.15 
0.04 0 .15  
0.05 0.16 
0.07 0.13  
0 .06  0 . 1 0  

t h e  r e s u l t s  are g i v e n  i n  p e r c e n t  s u r v i v a l .  S u r v i v a l  p r o b a b i l i t i e s  
are c a l c u l a t e d  from t h r  f r e q u e n c i e s  w i t h  which  t h e  49,852 e x c u r -  
s i o n s  (made by  a l a r v a  i n  a 12-hour  day )  would end i n  a n  a t t a c k .  
Vlymen (1977)  h a s  assumed t h a t  " awareness"  o r  c o n d i t i o n s  f o r  a n  
a t t a c k  w i l l  o c c u r  when t h e  number o f  p a r t i c l e s  w i t h i n  t h e  v i s u a l  
f i e l d ,  K ,  i s  1 and c a l c u l a t e d  t h i s  p r o b a b i l i t y  t o  b e :  

where  V p r  i s  t h e  volume o f  t h e  v i s u a l  f i e l d  = 0.0159L3 where  I , ,  
t h e  l e n g t h  of t h e  l a r v a ,  i s  i n  c e n t i m e t e r s  and X i s  c o n c e n t r a t i o n  
i n  number of  p r e y  p e r  m i l l i l i t e r .  The c o n d i t i o n  n e c e s s a r y  f o r  s u r -  
v i v a l  is t h a t  t h e  e n e r g y  b a l a n c e  AELO; t h e  a v a i l a b l e  e n e r g y  i s  
c a l c u l a t e d  from t h e  a c t u a l  i n t a k e  of N Z  s m a l l  p a r t i c l e s  and TVz 
l a r g e  p a r t i c l e s  when food i s  l i m i t i n g  o r  from t h e  maximum d i g e s t i -  
b l e  volume o f  food e s t i m a t e d  t o  b e  6 * g u t  volume i n  a 12-hour  d a y .  
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T a b l e  4 

A n a l y s i s  o €  p e r c e n t  s u r v i v a l  of  anchovy L a r v a e  a f t e r  t h e  f i r s t  d a y  
o f  f e e d i n g  i n  v a r y i n g  c o n c e n t r a t i o n s  of o r g a n i s m s  i n  two s i z e  
r a n g e s :  45-55 and 95-105 pm a t  14.OoC and random d i s t r i b u t i o n .  
A t t a c k  rate is 10 p e r  m i n u t e  and s u c c e s s  of c a p t u r e  is 20%.  E n e r g y  
p e r  e a c h  s m a l l  p a r t i c l e  i s  4 . 2 3 6  * c a l .  and f o r  e a c h  l a r g e  
p a r t i c l e  i s  4 . 5 2 3  $C 10-4 ca l .  b a s e d  on c a l o r i c  c o n t e n t  of 
Gymodin ium s p l e n d e n s  (Vlymen, 1977)  and a copepod n a u p l i u s  , 
r e s p e c t i v e l y  ( L a s k e r  ~ 1965)  . 

C o n c e n t r a t i o n s  of C o n c e n t r a t i o n s  of  95-105 pm p a r t i c l e s / m l  
45-55 pm 

p a r t i c l e s / m l  0.00 0.001 0.01 0.1 1.0 10 .0  

0 .o 
1 .0  

10 .0  
20 .o 
3 0 . 0  
4 0 . 0  
5 0 . 0  
6 0 . 0  
7 0 . 0  
8 0 . 0  
90 .0  

100.0 
200 .o 
300.0 

0 .o 
0.0 
0.0 
O . @  
0 .o 
0 . 1  

1 4 . 1  
8 0 . 5  
9 9 . 5  
99 .9  
9 9 . 9  
9 9 . 9  
99 .9  
99 .9  

0.0 
0.0 
0 .o 
0 .o 
0 .o 
0.1 

1 4 . 1  
8 0 . 5  
9 9 . 5  
99 .9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 s  .9  

0 .oo 
0 .oo 
0.00 
0 .oo 
0.00 
0 . 1  

1 5 . 3  
8 0 . 4  
9 9 . 5  
99.9 
99 .9  
9 9 . 9  
99 .9  
9 9 . 9  

0 .o 0 . 0  
0.0 0 .o 
0.0 0.0 
0.0 0 . 4  
0 .o 5 .4  
0 . 4  29 .8  

2 2 . 1  72 .2  
83 .4  9 5 . 8  
9 9 . 5  9 9 . 8  
9 9 . 9  9 9 . 9  
99 .9  99 .9  
99 .9  99 .9  
99 .9  99 .9  
9 9 . 9  9 9 . 9  

-~ __ 

9 8 . 6  
98.7 
9 9 . 6  
9 9 . 9  
9 9 . 9  
9 9 . 9  
99 .9  
99 .9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
99 .9  

To s i m u l a t e  t h e  c o n d i t i o n s  needed  f o r  s u r v i v a l  ( a s  opposed t o  
a v e r a g e  growth  shown i n  T a b l e s  1, 3 and 5) , t h e  f o l l o w i n g  c o n d i t i o n s  
must b e  m e t  b y  t h e  model :  a )  t h e  e n e r g y  b a l a n c e  is s u c h  t h a t  AELO 
( i n  Vlymen’s n o t a t i o n  ENIN-ENOUT) , and b )  t h e  a v a i l a b l e  e n e r g y  i s  
t h e  sma l l e r  of  e i t h e r  of  two q u a n t i t i e s ,  E N I N  = 0 . 4 8  [ N ,  C A L ( S 1 )  f 
N Z  C A L ( S Z ) ]  ( i . e . ,  t h e  a c t u a l  c a t c h )  o r  when food i s  n o t  l i m i t i n g ,  

For  a n y  r e a l i z a t i o n  k of  a t r i n o m i a l ,  t h e  r e l a t i v e  f r e q u e n c y  
f(.”J,k, N 1 , k ,  N 2 , k )  of  o b c a i n i n g   NO,^, N 1 , k  and N2,k  a t t a c k s  on 
p a r t i c l e s  i s  
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T a b l e  5 

A n a l y s i s  of a v e r a g e  g rowth  i n  m i l l i m e t e r s  o f  anchovy l a r v a e  f o r  t h e  
f i r s t  day  of f e e d i n g  i n  v a r y i n g  c o n c e n t r a t i o n s  of o r g a n i s m s  i n  two 
s i z e  r a n g e s :  45-55 and 95-105 u m  a t  14.0°C, a 30% c a p t u r e  s u c c e s s  
rate and random d i s t r i b u t i o n .  Energy  p e r  e a c h  s m a l l  p a r t i c l e  is 
4.236 k 10-5 c a l .  and f o r  e a c h  l a r g e  p a r t i c l e  is 4.523 * 10-4 c a l .  
b a s e d  on c a l o r i c  c o n t e n t  o f  Gymnodinium splendens (Vlymen, 1977) 
and a copepod n a u p l i u s ,  r e s p e c t i v e l y  ( L a s k e r ,  1965) .  

C o n c e n t r a t i o n s  o f  C o n c e n t r a t i o n s  o f  95-105 u m  p a r t i c l e s / m l  
45-55 p m  

p a r t i c l e s / m l  0.00 0.001 0.010 0.1 1.0 10.0 

0 .o -0.08 
1 . 0  -0.08 

10.0 -0.07 
20.0 -0.06 
30.0 -0.03 
40 .0  -0.01 
50 .O 0.00 
60 .O 0.02 
70 .0  0.03 
80.0 0.05 
90 .0  0.06 

100.0 0.08 
200 .o 0 .11 
300.0 0 .11  

-- __- 

-0.08 -0.08 
-0.08 -0.08 
-0.07 -0.07 
-0.05 -0.05 
-0.03 -0.03 
-0.01 -0.01 
0.00 0.00 
0 .02  0.02 
0.03 0 . 0 3  
0.05 0.05 
0.06 0.06 
0.08 0.08 
0.11 0.11  
0.11 0.11 

-.___ 

-0.C8 
-0.08 
-0.06 
-0.05 
-0.03 
-0.01 
0.00 
0 .02  
0.04 
0.05 
0.06 
0.08 
0.11 
0 .11  

-0.06 
-0.06 
-0.04 
-0.03 
-0.01 

0.01 
0.02 
0.04 
0.05 
0 .OJ 
0.08 
0 .09  

. 0 .11  
0.11 

0.12 
0 .12  
G.13 
0 .14  
0.16 
0.17 
0.18 
0 .19  
0 .20  
0 .22  
0 .23  
0 .24  
0 .19  
0.16 

where  N = t o t a l  number of e x c u r s i o n s  made by  t h e  l a r v a  ( o b t a i n e d  
from t a i l  b e a t  f r e q u e n c i e s ) ,  

N = N - N I - N Z  is t h e  number o f  e x c u r s i o n s  i n  which no  a t t a c k s  
have  b e e n  made, 

F = p r o b a b i l i t y  o f  a t t a c k  on s m a l l  p a r t i c l e s ,  

P2 = p r o b a b i l i t y  of a t t a c k  on l a r g e  p a r t i c l e s ,  and 

P = l -P1-€'2 is t h e  p r o b a b i l i t y  of no a t t a c k s .  

1 

0 
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T a b l e  6 

A n a l y s i s  of p e r c e n t  s u r v i v a l  of anchovy l a r v a e  a f t e r  t h e  f irst  d a y  
o f  f e e d i n g  i n  v a r y i n g  c o n c e n t r a t i o n s  o f  o r g a n i s m s  i n  two s i z e  
r a n g e s :  45-55 and 95-105 pm a t  14.OoC and random d i s t r i b u t i o n .  
A t t a c k  ra te  is  10 p e r  m i n u t e  and s u c c e s s  of c a p t u r e  is  30%.  Energy  
p e r  e a c h  s m a l l  p a r t i c l e  i s  4 .236  +. 10-5 c a l .  and f o r  e a c h  l a r g e  
p a r t i c l e  is 4 . 5 2 3  
Gymodinium splendens (Vlymen, 1 9 7 7 )  and a copepod n a u p l i u s ,  
r e s p e c t i v e l y  ( L a s k e r ,  1 9 6 5 )  . 

10-4 c a l .  based  on c a l o r i c  c o n t e n t  o f  

C o n c e n t r a t i o n s  o f  C o n c e n t r a t i o n s  of 95-105 pm p a r t i c l e s f m l  
45-55 pm 

p a r t i c l e s f m l  0.00 0.001 0 .01  0 . 1  1.0 10.0 

0 .0  
1.0 
10.0 
20  .o 
3 0 . 0  
4 0 . 0  
5 0 . 0  
6 0 . 0  
7 0  .O 
8 0 . 0  
9 0 . 0  
100 .o 
200  .o 
300 - 0  

0 .0  
0 .o 
0 .o 
0 .0  
0 .o 

31 .0  
9 7 . 1  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  
9 9 . 9  

0 .o 0 .0  0 .o 
0 .o 0 .o 0 .o 
0 .o 0 .0  0.0 
0 .o 0 .o 0 .o 
0 .0  0 . 1  0 . 6  

3 1 . 0  31 .9  4 2 . 3  
9 7 . 1  9 7 . 1  9 7 . 4  
9 9 . 9  9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  9 9 . 9  
99 .9  9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  9 9 . 9  

0 .o 9 9 . 9  
0 .0 9 9 . 9  
0 . 3  9 9 . 9  
7 . 2  9 9 . 9  

4 3 . 1  9 9 . 9  
87 .7  9 9 . 9  
9 9 . 5  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  
9 9 . 9  9 9 . 9  

The p r o b a b i l i t i e s  Po+PI+Pg = 1 and t h e  a t t a c k s  p l u s  no a t t a c k s  
e q u a l  t o t a l  number of e x c u r s i o n s ,  i . e . ,  NO+NI+N2 = N .  

T o  estimate s u r v i v a l  o v e r  t h e  f i r s t  day  of l i f e ,  a l l  
) must  be  d e t e r m i n e d  t o  s a t i s f y  f ( N  0,k’ Nl,k’ Nz , k  

C +N C )>ENOUT when Vl+NZJk V 2  5 6 * p t  volume .48 ( N l , k  I 2 , k  2 

o r  

.48  ( N 1  Cl+N2 k C . , 1 6 * p t  volurce 
J , A  > ENOUT V +N V N l , k  1 2,k 2 

where N V +N V >6*gut volume. 7 , k  1 2,k  2 
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I n  a d d i t i o n ,  s i n c e  t h e  maximum s t r i k e  rate is l O / m i n u t e ,  w e  
must impose t h e  f i n i t e  r e s t r i c t i o n  t h a t  Nl+N2 5 12 (hrs . )  * 60 
(min/hr) * 10 (strikes/min) = 7200. 

Although a l l  of t h e  N ( N - 1 )  p o s s i b l e  outcomes  h a v e  a f i n i t e  
p r o b a b i l i t y  of o c c u r r e n c e ,  t h e  number o f  c a l c u l a t i o n s  c a n  be  s i g -  
n i f i c a n t l y  r educed  b y  c o n s i d e r i n g  o n l y  outcomes i n  t h e  r a n g e s  : 

O , k < ~  p0 + m VN p0 (I-P ) N P - m VN P ( i - p 0 )  < N 0 0 0 

<N P + m VN P ( I - P ~ )  
1 ,k  1 1 N p1 - m fl p1 ( I - P ~ )  i N 

where N2,k = N - N o , ~  - N 1 , k  and where m r e p r e s e n t s  t h e  number of 
s t a n d a r d  d e v i a t i o n s  and can  b e  made a s  l a r g e  as n e c e s s a r y .  I n  t h i s  
c a l c u l a t i o n ,  m=4 so  t h a t  t h e  p r o b a b i l i t y  of any outcome f a l l i n g  
o u t s i d e  t h e  r a n g e  w i l l  b e  n e g l i g i b l e  e x c e p t  f o r  t h e  v e r y  l o w e s t  
p a r t i c l e  d e n s i t i e s ;  i . e . ,  f o r  e s t i m a t i n g  s u r v i v a l  of s a y  <0.01%. 

The p r o b a b i l i t i e s  I’ P and P, a r e  d e t e r m i n e d  as  f o l l o w s :  

? = 1 - (flT4‘I + .32’TP)/49,852 ( F i g u r e  2 )  

0’ 1 2 

0 
where P i s  t h e  p r o b a b i l i t y  of n o  a t t a c k s  and 0 

1 - PO is  t h e  p r o b a b i l i t y  of a t t a c k  on e i t h e r  l a r g e  o r  s m a l l  
p a r t i c l e s ,  and ATTI + ATiJP i s  t h e  t o t a l  number of 
a t t a c k s .  

n 

and P = (1 - P )  (-c) 
2 0 c1 + c,, 

where  C = c o n c e n t r a t i o n  of  s m a l l  p a r t i c l e s ,  

C2 = c o n c e n t r a t i o n  o f  l a r g e  p a r t i c l e s .  

1 
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RESULTS OF SIMULATED FEEDING BY FIRST-FEEDING ANCHOVY LARVAE 

Minimum s u r v i v a l  b y  f i r s t - f e e d i n g  anchovy l a r v a e  t o  a s e c o n d  
d a y  o f  f e e d i n g  d e p e n d s  on t h r e s h o l d  c o n c e n t r a t i o n s  o f  small p a r t i -  
c les  and n o t  on t h e  p r e s e n c e  o r  a b s e n c e  of  l a r g e  p a r t i c l e s .  From 
T a b l e s  2 ,  4 and 6 ,  l a r g e  p a r t i c l e s  c a n  b e  s e e n  t o  e n h a n c e  s u r v i v a l ,  
b u t  e v e n  i n  t h e  h i g h e s t  c o n c e n t r a t i o n  of l a r g e  p a r t i c l e s  e v e r  
r e c o r d e d  from t h e  N o r t h e r n  anchovy l a r v a ' s  e n v i r o n m e n t ,  a b o u t  
0 . 3 / m l ,  and w i t h  c a p t u r e  s u c c e s s  set a t  t h e  h i g h e s t  l e v e l  p o s s i b l e  
( 3 0 % ) ,  anchovy l a r v a e  c a n  n e i t h e r  grow n o r  s u r v i v e  t h e  f i r s t  d a y  
of f e e d i n g  on  a d i e t  of l a r g e  p a r t i c l e s  a l o n e .  A p r o b a b l e  food  
e n v i r o n m e n t  that  t h e  l a r v a  e n c o u n t e r s  is a p r o p o r t i o n  o f  s m a l l  t o  
l a r g e  food  p a r t i c l e s  of 30:O. l  o r  30:O.Ol p e r  m i l l i l i t e r .  A t  30 
s m a l l  p a r t i c l e s  p e r  m i l l i l i t e r ,  n o  anchovy l a r v a e  w i l l  s u r v i v e  t h e  
f i r s t  d a y  ( T a b l e  6 ) .  Only  when l a r g e  p a r t i c l e s  become p r e v a l e n t  
a t  t h i s  low c o n c e n t r a t i o n  of  small p a r t i c l e s ,  i . e .  , when t h e r e  are  
be tween 0 . 0 1  and O . l / m l  o r  1 0  t o  100 p e r  l i t e r ,  i s  t h e r e  a s m a l l  
i n c r e a s e  i n  s u r v i v a l ,  a l t h o u g h  a v e r a g e  growth  r e m a i n s  n e g a t i v e .  
However,  t h e  d i f f e r e n c e  i n  growth and s u r v i v a l  is s t r i k i n g  when 
t h e  l a r v a  h a s  i n  i t s  immedia te  e n v i r o n m e n t  40 s m a l l  p a r t i c l e s  p e r  
m i l l i l i t e r  i n s t e a d  of 3 0 .  S u r v i v a l  i n  t h i s  i n s t a n c e  is i n c r e a s e d  
t o  31% and l a r g e  p a r t i c l e s  n a k e  l i t t l e  d i f f e r e n c e  e v e n  i n  concen-  
t r a t i o n s  as h i g h  as 0 .1  p e r  m i l l i l i t e r .  Above 0 . 1  p e r  m i l l i l i t e r  
(lOO/L) o f  l a r g e  food p a r t i c l e s  , s u r v i v a l  becomes g r e a t l y  enhanced  
as l o n g  as 40 s m a l l  p a r t i c l e s  p e r  m i l l i l i t e r  are a l s o  p r e s e n t .  A t  
c o n c e n t r a t i o n s  g r e a t e r  t h a n  1 0 / m l  , t h e  d i s t a n c e  of a f i r s t - f e e d i n g  
l a r v a  from i ts  n e a r e s t  p o s s i b l e  food i t e m  is  w i t h i n  i t s  p e r c e p t i v e  
f i e l d ,  2 . 7  mm ( H u n t e r ,  1 9 7 2 ) .  The d i s t a n c e  a t  30 and 40 p a r t i c l e s  
p e r  m i l l i l i t e r  are 1.78 t o  1 . 6 2  mm,  r e s p e c t i v e l y  ( G a l l a g h e r  and 
B u r d i c k ,  1 9 7 0 ) .  T h i s  may be  a c r i t i c a l  r a n g e  f o r  t h e  l a r v a .  

I t  is  c l e a r  f rom t h e  s i m u l a t i o n  o f  a 10% c a p t u r e  s u c c e s s  ra te  
shown i n  T a b l e s  1 and 2 t h a t  u n d e r  v i r t u a l l y  a l l  c o n c e n t r a t i o n s  and 
c o m b i n a t i o n s  of  f o o d ,  a c o n c e n t r a t i o n  of  n a u p l i i  n o t  y e t  s e e n  i n  
t h e  sea,  1 0 / m l  (lO,OOO/L), is needed t o  i n s u r e  r e a s o n a b l e  s u r v i v a l  
t o  t h e  second d a y  of  f e e d i n g .  A t  20 and 30% c a p t u r e  r a t e s ,  t h e r e  
i s  good a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  O ' C o n n e l l  and 
Raymond (1970)  who found t h a t  t h e r e  w a s  good s u r v i v a l  of  young 
anchovy l a r v a e  a t  n a u p l i a r  c o n c e n t r a t i o n s  of  4000/L,  a l s o  a b n o r -  
m a l l y  h i g h  when compared t o  c o n c e n t r a t i o n s  found i n  t h e  o c e a n .  

P .  E .  Smith ( p e r s o n a l  communicat ion)  b e l i e v e s  t h a t  s u r v i v a l  
a f t e r  t h e  f i r s t  d a y  of  f e e d i n g ,  as  deduced from f i e l d  c o l l e c t i o n s ,  
can  b e  as h i g h  as  75%.  T h i s  v a l u e  is e n c o u n t e r e d  i n  t h i s  s i m u l a -  
t i o n  i n  c o n c e n t r a t i o n s  of  p r e y  f r e q u e n t l y  found i n  t h e  sea i n  
d i n o f l a g e l l a t e  blooms ( i . e . ,  where s m a l l  p a r t i c l e s  are be tween 40 
and 50/ml)  and e m p h a s i z e s  t h e  i m p o r t a n c e  of s p a t i a l  and t e m p o r a l  
a g g r e g a t i o n s  o f  food p a t c h e s  i n  t h e  l a r v a ' s  e n v i r o n m e n t .  
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When t h e  c a p t u r e  s u c c e s s  ra te  is low (lo%, T a b l e s  1 and 2 ) ,  
t h i s  i n c r e a s e s  t h e  n e g a t i v e  a s p e c t  of h a v i n g  l a r g e  numbers  o f  
s m a l l  p a r t i c l e s  a v a i l a b l e  t o  t h e  l a r v a .  
l a r v a  is  so o c c u p i e d  by  a t t a c k s  on ene rgy-poor  p a r t i c l e s  and t h a t  
it r a r e l y  e n c o u n t e r s  and c a n n o t  c a p t u r e  enough l a r g e ,  e n e r g y - r i c h  
p a r t i c l e s  a t  t h i s  low c a p t u r e  s u c c e s s  rate t o  s u r v i v e  o r  grow 
t h r o u g h  t h e  f i r s t  day  o f  f e e d i n g .  

It i s  e v i d e n t  t h a t  t h e  

T a b l e s  3 and 4 i l l u s t r a t e  t h e  r e s u l t s  o f  a n  i n t e r m e d i a t e  
c a p t u r e  s u c c e s s  rate,  20%. P o s i t i v e  growth is o n l y  a c h i e v e d  when 
70-80 small food p a r t i c l e s  p e r  m i l l i l i t e r  are a v a i l a b l e  ( T a b l e  3) 
and t h e r e  is v e r y  l i t t l e  t o  b e  g a i n e d  by h a v i n g  l a r g e  p a r t i c l e s  
i n  t h e  env i ronmen t  u n l e s s  t h e y  are i n  h u n d r e d s  p e r  l i t e r .  S u r v i v a l  
( T a b l e  4)  i s  a c h i e v e d  a t  much lower  c o n c e n t r a t i o n s  o f  small p a r t i -  
c l e s  w i t h  t h e  c r i t i c a l  v a l u e  a b o u t  50 /ml .  S u r v i v a l  enhancement  by 
l a r g e  food  p a r t i c l e s  o c c u r s  i n  t h i s  s i m u l a t i o n  when l O - l O O / L  of 
t h e s e  are p r e s e n t  c o i n c i d e n t a l l y  w i t h  t h e  l a r g e r  number o f  srr,aller 
p a r t i c l e s  . 

THE RELATION BETWEEN PHYTOPLANKTON AND ZOOPLANKTON SPATIAL 
DISTRIBUTION AND LARVAL ANCHOVIES I N  THE SEA 

It is  l o g i c a l  t o  i n q u i r e  t o  what  e x t e n t  t h e  c o n c e n t r a t i o n s  o f  
m a l l  and l a r g e  food p a r t i c l e s  needed  f o r  a d e q u a t e  s u r v i v a l  and 
growth o f  f i r s t - f e e d i n g  anchovy l a r v a e  are found i n  t h e  N o r t h e r n  
anchovy spawning  ground d u r i n g  t h e  spawning  s e a s o n ,  December t h r o u g h  
March. 

P h y t o p l a n k t o n  

I n  1 9 7 4 ,  L a s k e r  (1975) found t h a t  c h l o r o p h y l l  maximum l a y e r s  
o c c a s i o n a l l y  c o n t a i n e d  p a r t i c l e  d e n s i t i e s  which c o u l d  p r o v i d e  good 
f e e d i n g  f o r  f i r s t - f e e d i n g  anchovy l a r v a e .  For  example ,  i n  a s e r i e s  
of s t a t i o n s  a l o n g  t h e  C a l i f o r n i a  c o a s t  n e a r  Los  A n g e l e s ,  t h e  d e n s i -  
t ies  o f  t h e  d i n o f l a g e l l a t e  Gymodinium splendens i nduced  f e e d i n g  by  
f i r s t - f e e d i n g  anchovy l a r v a e  (on  s h i p b o a r d )  a t  c o n c e n t r a t i o n s  from 
34 t o  more t h a n  300 p e r  m i l l i l i t e r .  Gymodinium w a s  p r e s e n t  a s  an  
a p p a r e n t l y  c o n t i n u o u s  p a t c h  which e x t e n d e d  a l o n g  t h e  c o a s t  a p p r o x i -  
m a t e l y  100 k i l o m e t e r s .  An i n ? p o r t a n t  o b s e r v a t i o n  w a s  t h a t  s to rmy  
c o n d i t i o n s  w e r e  found t o  d i s r u p t  t h e s e  l a y e r s  and r e d u c e  t h e  m i n i -  
mum d e n s i t i e s  be low t h r e s h o l d  l e v e l s  f o r  l a r v a l  anchovy f i rs t  
f e e d i n g .  

I n  a l a t e r  s t u d y ,  L a s k e r  (1978)  r e p o r t e d  on an e x t e n s i v e  s u r -  
vey  made a l o n g  t h e  C a l i f o r n i a  and Baja C a l i f o r n i a  c o a s t s  i n  1975 
where he s o u g h t  t o  d e t e c t  areas o f  anchovy spawning  where p a r t i c l e  
d e n s i t i e s  w e r e  above  minimum t h r e s h o l d s  f o r  f i r s t - f e e d i n g  l a r v a l  
anchovy.  H e  found a r e m a r k a b l e  p a t c h  o f  t h e  d i n o f l a g e l l a t e  
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Gonyaulax polyedra e x t e n d i n g  from a t  l eas t  P o i n t  C o n c e p t i o n  t o  t h e  
Mexican b o r d e r ,  a d i s t a n c e  of 300 k i l o m e t e r s .  The seaward  e x t e n t  
of t h i s  v e r y  l a r g e  p a t c h  r anged  from a few k i l o m e t e r s  i n  December 
1974 t o  40  k i l o m e t e r s  i n  J a n u a r y  1975 ;  t h e  l a t t e r  e x t e n d i n g  a c r o s s  
t h e  S o u t h e r n  C a l i f o r n i a  B i g h t  from t h e  ma in land  s h o r e  t o  t h e  Channel  
I s l a n d s .  

The v e r t i c a l  d i s t r i b u t i o n  of d i n o f l a g e l l a t e  p a t c h e s  h a s  b e e n  
s t u d i e d  from t i m e  t o  t i m e .  S h a r p  c h l o r o p h y l l  maxima c o i n c i d e  w i t h  
d i n o f l a g e l l a t e  maxima b u t ,  w i t h  c u r r e n t  s a m p l i n g  g e a r ,  t h e s e  p a c c h e s  
s e e m  t o  b e  many meters t h i c k .  However, K i e f e r  and L a s k e r  (1975)  
a n a l y z e d  t h e  v e r t i c a l  m i g r a t i o n  of G:/rnnodiniwn spZendens p o p u l a t i o n s  
and g o t  v e r y  s h a r p  c h l o r o p h y l l  maxima o n l y  1 t o  2 meters t h i c k  
( F i g u r e  3 ) .  V i s u a l  s i g h t i n g s  of d i n o f l a g e l l a t e  b looms a t  t h e  s u r -  
f a c e  o f t e n  g i v e  t h e  f a m i l i a r  r e d  o r  r u s t  c o l o r  o f  a “ r e d  t i d e . ”  
I n  1976,  t h e  r i c h  P e r u v i a n  u p w e l l i n g  s y s t e m  e x p e r i e n c e d  a v a s t  
bloom o f  Gymnodinium sp lendens  which became so d e n s e  i n  some p l a c e s  
t h a t  hydrogen  s u l f i d e  w a s  p roduced  when t h e  o r g a n i s m s  d i e d .  I n  
P e r u  t h i s  phenomenon i s  known as “ a g u a j e ”  and e x t e n d e d  from P i m e n t a l  
t o  M a t a r a n i ,  a d i s t a n c e  of 2 ,000 k i l o m e t e r s ,  i n  a more o r  less 
c o n t i n u o u s  p a t c h  (B. R o j a s  d e  Mend io la  and  J. V a l d i v i a  o f  t h e  
I n s t i t u t o  d e l  Mar d e l  P e r u ,  p e r s o n a l  communica t ion ) .  

I n  1 9 7 5 ,  when G o n y m l m  ; o l y ~ d r ~  w a s  t h e  dominant  p a r t i c l e  i n  
t h e  f e e d i n p  s i z e  r a n g e  o f  f i r s t - f e e d i n g  anchovy l a r v a e  and 
Gyrrnodiniun, s p l e n d e n s  s i m i l a r l y  d omina t ed t h e  P e r u v i a n  u p w e l l  i n  g 
s y s t e m ,  i t  i s  t e r l p t i n g  t o  s p e c u l a t e  t h a t  En! jrnu?is  nioi>J~.~. f i r s t -  
f e e d i n g  l a r v a e  a t e  Gonyaularr: i n  numbers o f f  C a l i f o r n i a  w h i l e  t h e  
P e r u v i a n  anchovy f i r s t - f e e d i n g  l a r v a e ,  E n p w u Z i s  r?nca ’is, were  
e a t i n g  Tyrmodiniwn. I n  t h e  fo rmer  b e c a u s e  o f  t h e  poor n u t r i t i o n a l  
v a l u e  o f  G o n y a u l m ,  a poor y e a r  c l a s s  would have  been  e x p e c t e d  
w h i l e  i n  t h e  l a t t e r  w e  would have  e x p e c t e d  t o  see a good y e a r  c lass .  
C o m p l i c a t i n g  t h e  Gony, :u lm s i t u a t i o n  i n  1 9 7 5 ,  however ,  was t h e  fact  
t h a t  a m a s s i v e  u p w e l l i n g  i n  t h e  m i d s t  o f  t h e  anchovy spawning  sea- 
son  d e s t r o y e d  t h e  p a t c h e s  o f  G U ~ ~ ~ ~ C I U L I I . C  and i n  f a c t  s e v e r e l y  r educed  
p a r t i c l e  c o n c e n t r a t i o n s  be low t h e  t h r e s h o l d  needed  f o r  g u t  f i l l i n g  
and m e t a b o l i c  n e e d s  o f  f i r s t - f e e d i n g  l a r v a e .  I n d e e d ,  t h e  1975 y e a r  
c l a s s  o f  t h e  N o r t h e r n  anchovy w a s  v e r y  poor  compared t o  o t h e r  y e a r s  
(Sunada ,  C a l i f o r n i a  Depar tment  o f  F i s h  and (,arne, p e r s o n a l  communi- 
c a t i o n )  w h i l e  t h e  P e r u v i a n  anchovy showed a r e s u r g e n c e  from p r e v i o u s  
l o w  l e v e l s  i n  i t s  1975 y e a r  c l a s s .  L’hile t h e s e  are  a t  p r e s e n t  o n l y  
s i n g l e  o b s e r v a t i o n s ,  t h e y  s u g g e s t  t h a t  i t  may be  w o r t h w h i l e  t o  
i n v e s t i g a t e  b o t h  p a r t i c l e  d e n s i t i e s  and d i s t r i b u t i o n  a n d  n u t r i t i o n a l  
c o n t e n t  o f  l a r v a l  anchovy iood  t u  l o r e c a s t  whe the r  a r e c r u i t m e n t  
w i l l  b e  s u c c e s s f u l  o r  n o t .  Mic rozoop lank ton  c o n c e n t r a t i o n s  n e v e r  
exceeded  30 p e r  l i t e r  i n  h u n d r e d s  of  s a m p l e s  t a k e n  d u r i n g  1974 and 
1975 i n  t h e  C a l i f o r n i a  s t u d i e s  d e s c r i b e d  above .  
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Zoop lank ton  

When food is found i n  anchovy l a r v a e  i n t e s t i n e s ,  i t  u s u a l l y  
c o n s i s t s  o f  copepod n a u p l i i ,  copepod e g g s  and a v a r i e t y  of  simi- 
l a r l y  s m a l l  m i c r o z o o p l a n k t e r s ,  r e g a r d l e s s  o f  where  t h e  anchovy 
p o p u l a t i o n  i s  found*. Y e t ,  as w e  i n d i c a t e d  b e f o r e ,  t h e  sampled  
d e n s i t i e s  o f  t h e s e  p o t e n t i a l  food o r g a n i s m s  have  a l w a y s  seemed t o  
b e  t o o  low t o  m a i n t a i n  e n g r a u l i d s .  T h i s  c o n f l i c t i n g  e v i d e n c e  l e a d s  
one t o  b e l i e v e  t h a t  p a t c h e s  of  m i c r o z o o p l a n k t o n  may b e  p r e v a l e n t  
i n  p r o d u c t i v e  areas where  a n c h o v i e s  are f o u n d ,  b u t  p r e s e n t  s a m p l i n g  
g e a r  u n d e r e s t i m a t e s  t h e  c o n c e n t r a t i o n  f a c t o r .  On o c c a s i o n ,  when a 
sample  of  water i s  d i s c o v e r e d  t o  h a v e  a l a r g e  number of  n a u p l i i  o r  
o t h e r  m i c r o z o o p l a n k t e r s  , t h e  s a m p l e ,  when r e t a k e n  i n  t h e  same 
p l a c e ,  d o e s  n o t  d u p l i c a t e  t h e  r e s u l t s .  However,  on one o c c a s i o n ,  
L a s k e r  (1978)  showed t h a t  i n  s a m p l e s  c o n t a i n i n g  o v e r  100 mic ro -  
z o o p l a n k t e r s  p e r  l i t e r  t a k e n  0.8 kn a p a r t ,  i . e . ,  2 and 2 . 8  km from 
t h e  C a l i f o r n i a  s h o r e ,  t h e r e  w a s  a r e m a r k a b l e  c o h e r e n c e  i n  t h e  
numbers  and s i z e  d i s t r i b u t i o n  o f  copepod n a u p l i i  and p o s t - n a u p l i a r  
copepods  ( F i g u r e  4 ) .  T h i s  d u p l i c a t i o n  i n d i c a t e d  t h a t  a p a t c h  of  
a t  l eas t  0 . 8  km i n  l i n e a r  e x t e n t  o f f s h o r e  w a s  sampled  d e s p i t e  a 
p r e v a i l i n g  a l o n g - s h o r e  c u r r e n t .  It  s h o u l d  a l s o  b e  n o t e d  t h a t  
m o t i l e  p h y t o p l a n k t o n  food r e p r o d u c e  on an h o u r l y  o r  d a i l y  s c a l e  
w h i l e  n a u p l i i  are a s t a g e  i n  a copepod l i f e  c y c l e  o f  s e v e r a l  
weeks .  The p r e d a t i o n  on copepods  by  a m a j o r  f i s h  p o p u l a t i o n  l i k e  
t h e  N o r t h e r n  anchovy c o u l d  c u m u l a t i v e l y  h a v e  a marked d e p r e s s a n t  
e f f e c t  on t h e  l o c a l  abundance  of  n a u p l i i .  

The p o i n t  w e  w i s h  t o  make i s  t h a t  t e m p o r a l  and s p a t i a l  s ta- 
b i l i t y  of  t h e  ocean  is a p r e r e q u i s i t e  f o r  s u c c e s s f u l  f e e d i n g  b y  
c l u p e i d  l a r v a e .  Food o r g a n i s m s  must have  t ime t o  a g g r e g a t e  a n d ,  
once  p a t c h e s  are fo rmed ,  t h e y  must h a v e  a s u f f i c i e n t l y  l o n g  l i f e  
t o  p e r m i t  l a r v a l  f i s h  f e e d i n g .  However,  i t  i s  much more l i k e l y  
t h a t  t h e r e  w i l l  b e  a g g r e g a t i o n s  o f  s m a l l  p a r t i c l e s  t h a n  l a r g e  o n e s  
and t h i s  i n  t u r n  f a v o r s  f i r s t  day  l a r v a l  s u r v i v a l  and g rowth .  

The model d e s c r i b e d  h e r e  t o  d e t e r m i n e  a d e q u a t e  f e e d i n g  o f  
v a r i o u s  s i z e  p a r t i c l e s  f o r  f i r s t - f e e d i n g  anchovy l a r v a e  c a n  b e  
e x t e n d e d  t o  o l d e r  l a r v a e  a s  Vlymen ( 1 9 7 7 )  h a s  shown i n  h i s  a n a l y s i s  
of t h e  e f f e c t  o f  p r e y  m i c r o d i s t r i b u t i o n  t o  l a r v a l  anchovy g rowth .  

_____ 

*Most o f  t h e  anchovy l a r v a e  examined have  no food i n  t h e i r  i n t e s -  
t i n e s .  Whether t h i s  i s  due t o  rough t r e a t m e n t  i n  p l a n k t o n  n e t s ,  
t o  t h e  s e v e r i t y  o f  t h e  u s u a l  Fo rma l in  p r e s e r v a t i o n ,  o r  i s  the  normal  
s i t u a t i o n  i n  t h e  sea i s  n o t  known. K j e l s o n  e t  aZ. (1975) have  
shown, however ,  t h a t  menhaden l a r v a e  l o s e  much o f  t h e i r  g u t  con-  
t e n t s  w i t h  rough l a b o r a t o r y  h a n d l i n g  e q u i v a l e n t  t o  f i e l d  c a p t u r e .  
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W e  know from t h e  s i m u l a t i o n  p r e s e n t e d  i n  t h i s  p a p e r  t h a t  t h e  enigma 
p r e s e n t e d  by t h e  l a c k  of r e a s o n a b l y  l a r g e  numbers  of n a u p l i i  i n  t h e  
sea f o r  l a r v a l  anchovy food  may b e  e x p l a i n e d  b e c a u s e  t h e  l a r v a e  
d o n ' t  need  them, n o r  d o  t h e  l a r v a e  e n c o u n t e r  them w i t h  a s u f f i c i e n t -  
l y  h i g h  f r e q u e n c y  f o r  t h e s e  l a r g e  p a r t i c l e s  t o  make more t h a n  a 
t o k e n  c o n t r i b u t i o n  t o  s u r v i v a l  and growth on t h e  f i r s t  d a y  of  
f e e d i n g  . 

SUMMARY 

Based on  l a b o r a t o r y  and f i e l d  d a t a ,  a s i m u l a t i o n  model of  
f i r s t - f e e d i n g  anchovy l a r v a e  , Enigraulis mordax,  w a s  c o n s t r u c t e d  
t o  i n v e s t i g a t e  t h e  e f f e c t  o f  d i f f e r e n t  p r e y  s i z e  on  s u r v i v a l  and 
growth .  F i r s t - f e e d i n g ,  n a i v e  anchovy l a r v a e  must  depend a l m o s t  
e n t i r e l y  on s m a l l  p a r t i c l e s  ( c a .  45 pm d i a m e t e r )  f o r  e a r l y  s u r v i v a l ,  
d e s p i t e  t h e i r  a b i l i t y  t o  c a p t u r e  l a r g e  p a r t i c l e s .  The a b s o l u t e  
c o n c e n t r a t i o n  of  l a r g e  p a r t i c l e s  ( c a .  90 Dm d i a m e t e r )  d o e s  n c t  
govern  t h e i r  c a p t u r e  by t h e  l a r v a e ;  r a t h e r  , t h e  more numerous s m a l l  
p a r t i c l e s  d i s t r a c t  t h e  l a r v a e  from c a p t u r i n g  l a r g e  p a r t i c l e s .  
S i m u l a t i o n  shows t h a t  a 10% p r e y  c a p t u r e  e f f i c i e n c y  w i l l  n o t  s u f -  
f i c e  f o r  s u r v i v a l  o r  growth  and t h a t ,  a t  h i g h e r  c a p t u r e  e f f i c i e n -  
c ies  ( 2 0 - 3 0 % ) ,  t h e r e  i s  a t h r e s h o l d  of  30-50 s m a l l  p a r t i c l e s  p e r  
m i l l i l i t e r  needed  f o r  s u b s t a n t i a l  s u r v i v a l  and growth .  L a r g e  
p a r t i c l e s ,  e . g . ,  copepod n a u p l i i ,  can  e n h a n c e  s u r v i v a l  when t h e y  
r e a c h  c o n c e n t r a t i o n s  be tween 10 and 100 p e r  l i t e r  i n  t h e  same 
e n v i r o n m e n t  c o n t a i n i n g  above-  t h r e  s h o l d  numbers  of s m a l l  p a r t i c l e s  . 
An i m p o r t a n t  d i s t i n c t i o n  i s  made be tween s u r v i v a l  and a v e r a g e  
g r o w t h ;  i t  i s  shown t h a t  l a r v a e  may s u r v i v e  i n  s i g n i f i c a n t  numbers  
i n  f e e d i n g  r e g i m e s  i n  which t h e  a v e r a g e  growth f o r  t h e  p o p u l a t i o n  
i s  n e g a t i v e .  These  r e s u l t s  a re  d i s c u s s e d  i n  r e l a t i o n  t o  a c t u a l  
f i e l d  d a t a  f rom t h e  spawning  ground of  t h e  N o r t h e r n  anchovy.  
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