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Abstract 

The t r a n s f e r  of c h l o r i n a t e d  hydrocarbons  ( C H C )  i n  a l a b o r a t o r y  s i m u l a t i o n  of a t h r e e  
t r o p h i c  l e v e l  mar ine  food  c h a i n  w a s  s t u d i e d .  The food c h a i n  c o n s i s t e d  of t h e  a l g a l  
f l a g e l l a t e  Dunaliella s p . ,  t h e  r o t i f e r  Brachionus plicatilis, and t h e  l a r v a  of t h e  
n o r t h e r n  anchovy Engraulis mordax.  CHC were i n t r o d u c e d  i n t o  t h e  seawater a t  c o n c e n t r a -  
t i o n s  r e p r e s e n t a t i v e  of nea r - shore  c o n d i t i o n s  o f f  s o u t h e r n  C a l i f o r n i a  w i t h o u t  t h e  
u s e  of d i s p e r s i n g  a g e n t s .  Each t r o p h i c  l e v e l  appeared  t o  he  i n  a s t e a d y - s t a t e  a t  
t h e  t i m e  of f i r s t  sampl ing ,  5 d a y s  a f t e r  i n o c u l a t i o n .  Apparent  p a r t i t i o n  c o e f f i -  
c i e n t s  were c a l c u l a t e d  f o r  e a c h  t r o p h i c  l e v e l .  The CHC c o n t a m i n a t i o n  i n  t h e d i e t  o f  
t h e  r o t i f e r s  and anchovy l a r v a e  w a s  a l s o  c a l c u l a t e d .  Unfed anchovy l a r v a e  accumu- 
l a t e d  t h e  same amount of CHC a s  f e d  l a r v a e  ar.d t h e  f i n a l  c o n c e n t r a t i o n  appea red  t o  
be dependen t  on  t h e  CHC c o n c e n t r a t i o n  i n  t h e  s e a w a t e r .  The d a t a  i n  t h i s  r e p o r t s u g -  
g e s t  t h a t  CHC accumula t ion  i s  n o t  a food-cha in  phenomenon b u t  r a t h e r  t h e  r e s u l t  of 
d i r e c t  p a r t i t i o n i n g  of t h e  compounds between t h e  seawa te r  and t h e  t es t  o rgan i sms .  

Introduction 

The p r e s e n c e  o f  c h l o r i n a t e d  hydrocarbons  
(CHC) i n  t h e  mar ine  envi ronment  h a s  be- 
come a p o i n t  of conce rn  i n  r e c e n t  y e a r s .  
P o l y c h l o r i n a t e d  b i p h e n y l s  (PCB) and 
p e s t i c i d e  r e s i d u e s  have been d e t e c t e d  i n  
seawa te r  (Cox, 1 9 7 1 ;  Harvey et al., 1973; 
Bidleman and Olney, 1 9 7 4  ; Pavlou  et al., 
1974 ; Scura  and McClure, 1975) , sed imen t s  
(Hornet al., 1 9 7 4 ;  MacGregor, 1 9 7 6 )  , plank-  
t o n  (Cox, 1 9 7 0 ;  Risebrough et al., 1 9 7 2 )  , 
f i s h  ( Z i t k o ,  1 9 7 1 ;  MacGregor,1974; Sims 
et al., 1 9 7 5 ) ,  f i s h - e a t i n g  b i r d s  (Moore 
and T a t t o n ,  1965; Risebrough et a l . ,  1 9 6 7 ) ,  
and mar ine  a n i m a l s  (Addison et al., 1973; 
DeLong et a l . ,  1 9 7 3 ) .  CHC are accumula ted  
by mar ine  organisms because  of t h e  l i p o -  
p h i l i c  n a t u r e  of t h e s e  compounds and an 
examina t ion  of t h e  d a t a  show t h a t ,  i n  
g e n e r a l ,  members of t h e  h i g h e r  t r o p h i c  
l e v e l s  c o n t a i n  r e l a t i v e l y  g r e a t e r  amounts 
of CHC.  These o b s e r v a t i o n s  s u p p o r t  t h e  
c o n c l u s i o n  t h a t  CHC are c o n c e n t r a t e d  up 
t h e  food  c h a i n  (Woodwell et a l . ,  1 9 6 7 ) .  
However, i n f o r m a t i o n  i s  scare c o n c e r n i n g  
t h e  mechanism of CHC t r a n s f e r  i n  mar ine  
food webs, p a r t i c u l a r l y  a t  t h e  lower 
t r o p h i c  l e v e l s .  

p r i n c i p a l  means by which a q u a t i c  o rga -  
Most i n v e s t i g a t o r s  a g r e e  t h a t  t h e  two 

nisms accumula t e  CHC are  by e a t i n g  con- 
t amina ted  food  or by a p a r t i t i o n i n g  of 
t h e  compounds d i r e c t l y  from t h e  water 
i n t o  t h e  l i p i d  of t h e  organism u n t i l  a n  
e q u i l i b r i u m  i s  e s t a b l i s h e d .  The r e l a t i v e  
impor tance  of t h e s e  t w o  r o u t e s  of CHC 
accumula t ion  h a s  been d i s c u s s e d  i n  sev-  
e r a l  p a p e r s  (Grzenda et al., 1970; Macek 
and Korn, 1 9 7 0 ;  Hamelink et a l . ,  1971; 
Wi ld i sh  and Z i t k o ,  1971; R e i n e r t ,  1972; 
Sode rg ren ,  1973) . 

I f  e q u i l i b r i u m  p a r t i t i o n i n g  i s  an  i m -  
p o r t a n t  r o u t e  o f  CHC accumula t ion ,  t h e n  
it i s  i m p o r t a n t  k h a t  any  l a b o r a t o r y  d e m -  
o n s t r a t i o n  o f  t h e  t r a n s f e r  of CHC i n  a n  
a q u a t i c  food web shou ld  have  t h e  t es t  
compound p r e s e n t  i n  t h e  water i n  a phys- 
i c a l  s t a t e  s i m i l a r  t o  n a t u r a l  c o n d i t i o n s  
and a t  c o n c e n t r a t i o n s  known t o  e x i s t  i n  
t h e  envi ronment .  Many of t h e  p r e v i o u s  
expe r imen t s  which have  been d e s i g n e d  t o  
d e m o n s t r a t e  t h e  u p t a k e  of CHC by a q u a t i c  
organisms w e r e  conducted  a t  CHC concen- 
t r a t i o n s  g r e a t e r  t h a n  t h e  s o l u b i l i t y  of 
t h e s e  compounds i n  w a t e r ,  and t h i s  cou ld  
a f f e c t  t h e  a p p a r e n t  p a r t i t i o n  c o e f f i c i e n t  
between t h e  organism and t h e  w a t e r  (But- 
l e r ,  1 9 7 0 ) .  Most s t u d i e s  a l s o  used  s u r -  
f a c e - a c t i v e  s o l v e n t s  such  as a c e t o n e  o r  
methanol  t o  keep t h e  CHC i n  s o l u t i o n .  If 
t h e  accumula t ion  o f  CHC by a q u a t i c  o rga -  
nisms i s  dependen t  on a p a r t i t i o n i n g  o f  
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t h e s e  compounds between p o l a r  and non- 
p o l a r  p h a s e s ,  w e  b e l i e v e d  it would be 
i n a p p r o p r i a t e  t o  i n t r o d u c e  even t race 
amounts of o r g a n i c  s o l v e n t s  which c o u l d  
a f f e c t  t h e  p a r t i t i o n i n g  of CHC between 
phases .  

I n  t h e  r e s e a r c h  r e p o r t e d  h e r e  w e  have 
s t u d i e d  t h e  t r a n s f e r  of CHC i n  a l a b o r a -  
t o r y  s i m u l a t i o n  of a t h r e e  t r o p h i c  l e v e l  
mar ine  foodchainconsistingofthe a l g a l  
f l a g e l l a t e  D u n a l i e l l a  s p .  , t h e  r o t i f e r  
B r a c h i o n u s  p l i c a t i l i s ,  and t h e  l a r v a  of t h e  
n o r t h e r n  anchovy E n g r a u l i s  mordax .  

Materials and Methods 

I n t r o d u c t i o n  of CHC in to  S e a w a t e r  and  Med ia  

CHC were i n t r o d u c e d  i n t o  seawater and 
c u l t u r e m e d i a a c c o r d i n g  t o t h e m e t h o d  of 
McClure e t  a l .  ( i n  p r e p a r a t i o n ) .  T h i s  
method re l ies  on t h e  f a c t  t h a t  t h e a t m o -  
s p h e r e  a t  L a  J o l l a ,  C a l i f o r n i a ,  USA, 
c o n t a i n s  an  ave rage  of 2 x 10 -12  g / 1  CHC 
(p redomina te ly  Aroc lor@ 1 2 5 4 ) .  By bub- 
b l i n g  l a b o r a t o r y  a i r  th rough  2 0  1 g l a s s  
ca rboys  c o n t a i n i n g  membrane - f i l t e r ed  
( p o r e  s i z e ,  0 .45  u m )  s e a w a t e r  or  c u l -  
t u r e  media ,  w e  i n t r o d u c e d  CHC i n t o  o u r  
e x p e r i m e n t a l  sys t ems  a t  c o n c e n t r a t i o n s  
s imi la r  t o  t h o s e  found i n  samples  c o l -  
l e c t e d  nea r - shore  o f f  s o u t h e r n  C a l i -  
f o r n i a  (2 .3  t o  1 4 . 0  g x lO-g/l  Aroclor'  
1254 p a r t s  p e r  t r i l l i o n ,  p p t r ;  Scu ra  and 
McClure, 1975; McClure e t  a l . ,  i n  prepa-  
r a t i o n ) .  

The a i r  w a s  pas sed  th rough  a g l a s s  
i n l e t  t u b e  ( 3  mm i n n e r  d i a m e t e r )  which 
ex tended  t h r o u g h  a c o r k - s t o p p e r  s e a l  t o  
t h e  bottom of t h e  ca rboy  where it w a s  
f i t t e d  w i t h  a n  a i r s t o n e .  A i r  w a s  f i l -  
t e r e d  th rough  a membrane f i l t e r  ( p o r e  
s i z e ,  0 .45  urn) b e f o r e  it w a s  bubbled 
th rough  t h e  seawa te r  a t  a r a t e  of 500 t o  
1,000 ml/min. The a i r  e x i t e d  th rough  a 
g l a s s  t u b e  ( 3  mm i n n e r  d i a m t e r )  which 
passed  th rough  t h e  c o r k  s t o p p e r  from 
above  t h e  water l e v e l .  

The c o n c e n t r a t i o n  o f  CHC i n  t h e  a i r  
w a s  moni tored  by p a s s i n g  a measured v o l -  
ume of a i r  th rough  a m i n e r a l  o i l  a i r  
t r a p  as  d e s c r i b e d  by McClure (1976) .  CHC 
were scavenged from t h e  a i r  by t h e  min- 
e r a l  o i l  and s u b s e q u e n t l y  e l u t e d  w i t h  n-  
hexane ( a l l  s o l v e n t s  w e r e  of nanograde  
q u a l i t y  and r e d i s t i l l e d  i n  g l a s s ) .  The 
CHC w e r e  s e p a r a t e d  from t h e  m i n e r a l  o i l  
on a s i l i c a  g e l  column and ana lyzed  by 
g a s  l i q u i d  chromatography (McClure and 
LaGrange, 1 9 7 6 )  . 
A n a l y s i s  of S e a w a t e r  for CHC 

Seawater  and media samples  w e r e  ana lyzed  
f o r  CHC a c c o r d i n g  t o  t h e  method of Scura  

and McClure (1  975) . O n e - l i t e r  samples  
were pumped th rough  a coppe r  column (100 
mm x 5 mm i n n e r  d i a m e t e r )  c o n t a i n i n g  a n  
a d s o r b e n t  which scavenged t h e  CHC from 
t h e  seawater. The a d s o r b e n t  c o n t a i n e d  by 
we igh t  5% a c t i v a t e d  ca rbon  powder, 10% 
MgO, and 85% r e f i n e d  d ia tomaceous  e a r t h .  
The CHC were e l u t e d  from t h e  column w i t h  
1 0  m l  of 30% benzene i n  a c e t o n e  (v /v )  . 
The e l u a t e  w a s  d r i e d  w i t h  Na2S04 and i n -  
t e r f e r i n g  i m p u r i t i e s  were s e p a r a t e d  from 
t h e  CHC on  a n  a lumina  column (McClure, 
1972) . P e s t i c i d e s  w e r e  s e p a r a t e d  from 
PCB on s i l i c a - g e l  b e f o r e  a n a l y s i s  by g a s  
l i q u i d  chromatography (GLC)  (McClure, 
1972) . 

CHC r e s i d u e s  were ana lyzed  on  a Hew- 
l e t t - P a c k a r d  Model 5700 GLC w i t h  a 63Ni 
e l e c t r o n  c a p t u r e  d e t e c t o r .  The g l a s s  
column ( 2  mm i n n e r  d i a m e t e r  x 1 .83  m )  
w a s  packed w i t h  a commerc ia l ly  a v a i l a b l e  
s o l i d  phase  (1 .5% SP2250, 1 .95% SP2401 
on  1 0 0 / 1 2 0  Supelcon  AW-DMCS) . The oven 
t e m p e r a t u r e  was set a t  2OO0C, t h e  i n j e c -  
t i o n  p o r t  a t  25OoC, and t h e  detector a t  
30OoC. CHC w e r e  q u a n t i f i e d  by comparing 
r e t e n t i o n  t i m e  and peak a r e a  w i t h  known 
s t a n d a r d s  (McClure et  a l . ,  i n  p repa ra -  
t i o n ) ,  and CHC i d e n t i t i e s  were v e r i f i e d  
by comparing t h e  Rf v a l u e s  from l i q u i d -  
s o l i d  chromatography on s i l i c a - g e l  ( M c -  
C l u r e ,  1 9 7 2 )  . P e s t i c i d e  s t a n d a r d s  w e r e  
p rov ided  by t h e  Envi ronmenta l  P r o t e c t i o n  
Agency, P e r r i n e  P r i m a t e  I , abo ra to ry ,  Pe r -  
r i n e ,  F l o r i d a ,  USA, and t h e  PCB s t a n d a r d s  
were s u p p l i e d  by t h e  Monsanto Company, 
S t .  Lou i s ,  M i s s o u r i ,  U S A .  The chromato- 
grams of o u r  samples  had a c h a r a c t e r i s t i c  
p r o f i l e  of peaks  which was dominated  by 
Aroc lo r@ 1254. However, s e v e r a l  o t h e r  
peaks  w e r e  f r e q u e n t l y  p r e s e n t ,  i n c l u d i n g  
t h o s e  c o r r e s p o n d i n g  t o  d i e l d r i n ,  DDT and 
i t s  m e t a b o l i t e s  and o t h e r  u n i d e n t i f i e d  
compounds. S i n c e  t h e  predominant  CHC 
d e t e c t e d  i n  o u r  samples  w a s  Aroc lo ra  1254, 
w e  dec ided  t o  f o l l o w  t h e  t r a n s f e r  of t h i s  
compound i n  ou r  e x p e r i m e n t a l  food  c h a i n .  
Un les s  o t h e r w i s e  i n d i c a t e d ,  t h e  t e r m  PCB 
used  i n  t h e  t e x t  w i l l  r e f e r  t o  Aroc lo r@ 
1254. 

A n a l y s i s  of T i s s u e  for CHC 

A l g a l  ce l l s ,  r o t i f e r s ,  anchovy eggs  and 
anchovy l a r v a e  were a n a l y z e d  f o r  CHC ac- 
c o r d i n g  t o  a m o d i f i c a t i o n  of t h e  method 
o f  S t a n l e y  and LeFavoure ( 1 9 6 5 ) .  F i v e  t o  
2 0  mg of d r i e d  t i s s u e  were d i g e s t e d  i n  a 
15  m l  c e n t r i f u g e  t u b e  f o r  2 h a t  6OoC i n  
8 d r o p s  of a m i x t u r e  c o n t a i n i n g  e q u a l  
p o r t i o n s  of g l a c i a l  acet ic  a c i d  and p e r -  
c h l o r i c  a c i d  ( 6 0 % ) .  A f t e r  t h e  t i s s u e  w a s  
comple t e ly  d i g e s t e d ,  0 . 5  m l  e a c h  o f  
hexane ,  a c e t o n e  and d i s t i l l e d  water were 
added t o  t h e  sample.  The sample w a s  
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t h o r o u g h l y  mixed and a l lowed  t o  s e t t l e  
b e f o r e  t h e  hexane-ace tone  f r a c t i o n  w a s  
removed. The t i s s u e  w a s  e x t r a c t e d  t w o  
more t i m e s  w i t h  0 . 5  m l  of hexane; ex- 
t r a c t s  w e r e  pooled  and washed w i t h  0 .5ml  
of d i s t i l l e d  w a t e r .  The solvent-CHC res- 
i d u e  f r a c t i o n  w a s  s e p a r a t e d  from t h e  
d i s t i l l e d  water ,  evapora t ed  j u s t  t o  d ry -  
n e s s  under  vacuum a t  room t e m p e r a t u r e  
(ca. 2 O o C ) ,  c l e a n e d  on a lumina ,  and t h e  
p e s t i c i d e s  s e p a r a t e d  from PCB on s i l i c a -  
g e l b e f o r e a n a l y s i s b y G L C  (McClure, 1 9 7 2 ) .  
Recovery of s t a n d a r d  AroclorB 1254 u s i n g  
t h i s  p rocedure  ranged  from 9 2  t o  98%.  

C u l t u r e  M e t h o d s  

The g r e e n  a l g a  D u n a l i e l l a  s p .  w a s  i s o -  
l a t e d  from San Diego Bay (by A.  Dodson) ;  
it w a s  c u l t u r e d  i n  2 0  1 g l a s s  c a r b o y s  i n  
a medium d e s c r i b e d  by Thomas ( 1 9 6 4 ) .  The 
d i n o f  l a g e l l a t e  Gymnod in ium s p l e n d e n s  w a s  
o b t a i n e d  from D r .  W.H. Thomas of t h e  
S c r i p p s  I n s t i t u t i o n  o f  Oceanography; it 
w a s  a l s o  grown i n  2 0  1 g l a s s  c a r b o y s  i n  
a n  e n r i c h e d  seawa te r  medium c o n t a i n i n g  
s o i l  e x t r a c t  (Lasker  e t  a l .  , 1 9 7 0 )  , k e p t  
i n  c o n s t a n t  l i g h t  (500 t o  700 f t - c )  a t  
23O to  25OC, and c o n t i n u o u s l y  a e r a t e d .  
The r o t i f e r  B r a c h i o n u s  p l i c a t i l i s  w a s  i n -  
o c u l a t e d  i n t o  t h e  D u n a l i e l l a  s p .  c u l t u r e s  
when t h e  a l g a l  c o n c e n t r a t i o n  r eached  l o 5  
t o  106 ce l l s /ml .  The combined c u l t u r e s  
were ma in ta ined  under  t h e  same c o n d i t i o n s  
as  t h e  a l g a e  ( T h e i l a c k e r  and McMaster, 
1 9 7 1 ) .  

E n g r a u l i s  mordax  e g g s  w e r e  c o l l e c t e d  
from a spawning s c h o o l  ma in ta ined  a t  t h e  
N a t i o n a l  Mar ine  F i s h e r i e s  S e r v i c e ,  South- 
w e s t  F i s h e r i e s  C e n t e r  (on  o c c a s i o n  it 
w a s  n e c e s s a r y  t o  u s e  hormones t o  induce  
spawning, a c c o r d i n g  t o  t h e  method of 
Leong, 1 9 7 1 ) .  The l a r v a e ,  r e a r e d  i n  
membrane- f i l t e red  seawater ( p o r e  s i z e ,  
0 . 4 5  1 ~ m )  i n  10 1 c o n t a i n e r s  a t  1 7 O C  
(methods of Lasker  et  a l . ,  1 9 7 0 )  , s t a r t e d  
t o  f e e d  on t h e  t h i r d  day  a f t e r  h a t c h i n g ;  
t h e y  w e r e  f e d  on t h e  d i n o f l a g e l l a t e  Gym- 
n o d i n i u m  s p l e n d e n s  f o r  2 d a y s  because  t h e i r  
mouths were n o t  y e t  l a r g e  enough t o  f e e d  
on r o t i f e r s  (Laske r  et  a l .  , 1 9 7 0 ) .  The 
a v e r a g e  c o n c e n t r a t i o n  of PCB i n  t h e  G .  
s p l e n d e n s  w a s  0 . 6  ppm ( d r y  w e i g h t ) .  A f t e r  
t h e  f i f t h  day ,  and f o r  t h e  remainder  of 
t h e  expe r imen t ,  t h e  anchovy l a r v a e  w e r e  
f e d  r o t i f e r s  a t  a c o n c e n t r a t i o n  of ap- 
p rox ima te ly  50/ml. 

S a m p l i n g  P r o c e d u r e s  

A l g a l  c e l l s  w e r e  c o l l e c t e d  i n  1 1 a l i -  
q u o t s  and coun ted  w i t h  a C o u l t e r  Counter  
(Model B ) .  The ce l l s  were s e p a r a t e d  from 

t h e  medium i n  a KSB-R S e r v a l l  Szent -  
Gyorgyi and B l u m  con t inuous - f low c e n t r i -  
f u g e  i n  which a l l  t u b i n g  and f i t t i n g s  
c o n t a i n i n g  p l a s t i c i z e r s  w e r e  r e p l a c e d  
w i t h  PTFE T e f l o n  p a r t s .  A t  9 ,000  r e v s /  
rnin and a f l o w  r a t e  of 100 ml/rnin, a l l  
p a r t i c l e s  w i t h  a d e n s i t y  g r e a t e r  t h a n  
1 . 1  and a d i a m e t e r  g r e a t e r  t h a n  1 . 2  w 
were removed from t h e  seawater medium. 
The medium w a s  ana lyzed  f o r  CHC a s  de- 
s c r i b e d  ear l ie r .  The c e l l  p e l l e t  w a s  
washed i n  3% ammonium f o r m a t e ,  p i p e t t e d  
i n t o  1 5  m l  c e n t r i f u g e  t u b e s  and r e c e n t r i -  
fuged  a t  2 7 0 0  r evs /min  i n  a S e r v a l l  
a n g l e  c e n t r i f u g e .  The s u p e r n a t a n t  f l u i d  
w a s  c a r e f u l l y  p i p e t t e d  o f f :  t h e  c e l l s  
were r e suspended  i n  approx ima te ly  1 m l  
of fo rma te  s o l u t i o n ,  p i p e t t e d  o n t o  a 
hexane- r insed  microscope  s l i d e  and d r i e d  
a t  55OC t o  a c o n s t a n t  we igh t .  Losses  o f  
CHC u s i n g  t h e  above p r o c e d u r e  ranged  
between 3 and 30% ( r e c o v e r y  w a s  d e t e r -  
mined by u s i n g  14C-DDT as a t r ace r ) .  No 
c o r r e c t i o n s  w e r e  made i n  t h i s  r e p o r t  f o r  
l o s s e s .  

The r o t i f e r s  (99  t o  281 w long and 
6 6  t o  183 w wide) were s e p a r a t e d  from 
t h e  D u n a l i e l l a  s p .  ( 5  t o  8 u m  d i a m e t e r )  
by s l o w  s i e v i n g  th rough  a 35 l.tm N i t ex@ 
s c r e e n .  Gymnod in ium s p l e n d e n s  (53  llm a v e r -  
a g e  d i a m e t e r )  w a s  s e p a r a t e d  from i t s  
medium i n  t h e  s a m e  manner th rough  a 2 0 w n  
Ni tex@ s c r e e n .  The r o t i f e r s  and c e l l s  
were washed on t h e  s c r e e n  w i t h  3% am- 
monium f o r m a t e ,  p i p e t t e d  o n t o  a hexane- 
r i n s e d  microscope  s l i d e ,  and d r i e d  t o  a 
c o n s t a n t  we igh t  a t  55oC. Dr i ed  t i s s u e  
samples  were s c r a p e d  of f  t h e  s l i d e  w i t h  
a s o l v e n t - c l e a n e d  r a z o r  b l a d e ,  weighed 
on a Cahn E l e c t r o b a l a n c e @ ,  and t r a n s -  
f e r r e d  i n t o  15  m l  c e n t r i f u g e  t u b e s  f o r  
CHC a n a l y s i s .  

L i p i d  A n a l y s i s  

P e r c e n t  l i p i d  p e r  u n i t  d r y  we igh t  w a s  
de t e rmined  f o r  r o t i f e r s  and anchovy la r -  
v a e .  Dry t i s s u e  samples  were ground i n  
a n  a g a t e  m o r t a r ,  p l a c e d  i n  a 5 x 100 nun 
g l a s s  p i p e t t e  w i t h  a g lass -wool  p l u g ,  
and d r i e d  a t  55OC t o  a c o n s t a n t  we igh t .  
The samples  w e r e  e l u t e d  w i t h  10 m l  of a 
ch loroform-methanol  s o l i t i o n  ( 2 :  1 v / v )  . 
The samples  w e r e  a g a i n  d r i e d  t o  a con- 
s t a n t  we igh t  a t  55OC, and p e r c e n t  l i p i d  
w a s  c a l c u l a t e d .  

C o n t i n u o u s  I n t r o d u c t i o n  of CHC i n t o  a T h r e e - S t e p  
Food C h a i n  

Areas o f  r a p i d  p h y t o p l a n k t o n  growth  i n  
t h e  ocean  must  a l s o  have some d e g r e e  of 
mixing  t o  r e p l e n i s h  t h e  n u t r i e n t s  u t i -  
l i z e d  by t h e  a l g a e .  T h i s  mixing  w i l l  
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a l s o  r e p l e n i s h  CHC as  t h e y  are  p a r t i -  
t i o n e d  i n t o  t h e  ce l l s ,  r e s u l t i n g  i n  a 
f a i r l y  c o n s t a n t  c o n c e n t r a t i o n  of CHC i n  
t h e  seawater. To d u p l i c a t e  t h e s e  condi -  
t i o n s  i n  t h e  l a b o r a t o r y ,  it i s  i m p o r t a n t  
t o  have a f a i r l y  c o n s t a n t  i n p u t  o f  CHC 
i n t o  t h e  c u l t u r e s .  

W e  found t h a t  when Dunaliella sp .  c u l -  
t u r e s  were c o n t i n u a l l y  bubbled w i t h  a i r  
a t  a r a t e  of a b o u t  500 ml/min, t h e r e  w a s  
a n  i n c r e a s e  i n  t h e  t o t a l  amount o f  PCB 
i n  t h e  c u l t u r e .  The PCB l e v e l s  i n  t h e  
a l g a l  ce l l s  remained r e l a t i v e l y  c o n s t a n t  
even d u r i n g  p e r i o d s  of r a p i d  a l g a l  
growth ,  and t h e  amount o f  PCB t a k e n  up 
by t h e  a l g a e  cou ld  a lways  be  accounted  
f o r  by t h e  amount of PCB l o s t  from t h e  
medium a n d / o r  from t h e  PCB e n t e r i n g  t h e  
sys tem from t h e b u b b l e d a i r .  I n a  t y p i c a l  
2-week expe r imen t  t h e r e  were 3.6 X ~ O - ~  g 
PCB i n  t h e  a i r  t h a t  was bubbled  th rough  
a Dunaliella sp .  c u l t u r e  e a c h  day  ( F i g .  
1 ) .  The PCB c o n c e n t r a t i o n  i n  t h e  medium 
ranged  between 2.3 and 3.1 p p t r  ( g  x 
1 0 - 9 / 1 )  , and t h e  a l g a e  c o n t a i n e d  from 
0.17 t o  0 .23  ppm ( p a r t s  p e r  m i l l i o n ) .  A s  
t h e  number o f  a l g a l  c e l l s  i n c r e a s e d  i n  
t h e  c u l t u r e ,  PCB were p a r t i t i o n e d  o n t o  
t h e  ce l l s ,  r e s u l t i n g  i n  a n  i n c r e a s e  i n  
t h e  t o t a l  amount o f  PCB i n  t h e  c u l t u r e .  

S i n c e  a l g a l  c e l l s  w e r e  c a p a b l e  o f  
t a k i n g  up PCB i n  t h e  manner d e s c r i b e d  
above ,  we u sed  t h i s  t e c h n i q u e  t o  i n t r o -  
duce  CHC i n t o  a t h r e e - s t e p  food  c h a i n .  
Dunaliella s p .  w a s  c u l t u r e d  as  d e s c r i b e d  
ear l ier  w h i l e  CHC were c o n t i n u o u s l y  
i n t r o d u c e d .  A l i q u o t s  w e r e  removed eve ry  
5 d a y s  and t h e  c e l l s  and medium were 
ana lyzed  f o r  CHC ( F i g .  2 ) .  On Day I O ,  
when t h e  a l g a l  c o n c e n t r a t i o n  had r eached  
105 t o  106 cells/ml,  r o t i f e r s  w e r e  i n -  
o c u l a t e d  i n t o  t h e  c u l t u r e  sys tem.  T h i s  
two-s tep  food c h a i n  ( a l g a - r o t i f e r )  w a s  
sampled e v e r y  5 days :  t h e  r o t i f e r s  were 
i s o l a t e d  from t h e  a l g a e  and t h e  medium. 
Each w a s  a n a l y z e d  f o r  CHC. A t  e v e r y  
sampl ing ,  t h e  volume (1  t o  2 l ) ,  of t h e  
a l g a - r o t i f e r  c u l t u r e  removed w a s  r e p l a c e d  
w i t h  a d e n s e  s u s p e n s i o n  of Dunaliella sp .  
c e l l s  t o  m a i x t a i n  t h e  i n i t i a l  a l g a l  con- 
c e n t r a t i o n ,  t h u s  i n s u r i n g  a h e a l t h y  pop- 
u l a t i o n  o f  r o t i f e r s  ( T h e i l a c k e r  and M c -  
Master, 1 9 7 1 ) .  The c o n c e n t r a t i o n  of PCB 
i n  t h e  r ep lacemen t  a l g a e  w a s  a lways  
w i t h i n  0 .15  ppm o f  t h e  sampled a l g a e .  
S t a r t i n g  on  Day 25 o f  t h e  expe r imen t ,  
r o t i f e r s  w e r e  h a r v e s t e d  e v e r y  1 t o  5 
d a y s  and f e d  t o  t h e  anchovy l a r v a e  so 
t h a t  a c o n c e n t r a t i o n  o f  approx ima te ly  50 
r o t i f e r s / m l  w a s  m a i n t a i n e d  i n  t h e  l a r v a l  
r e a r i n g  c o n t a i n e r s .  On Day 2 0  of t h e  ex- 
p e r i m e n t ,  t h e  anchovy eggs  w e r e  sampled 
f o r  CHC and t h e y  ha tched  la te r  i n  t h e  
same day .  The larvae were sampled a g a i n  
when t h e y  w e r e  5 d a y s  o l d  (Day 2 5  of t h e  
expe r imen t )  and e v e r y  5 d a y s  a f t e r  t h a t  

u n t i l  t h e  expe r imen t  w a s  t e r m i n a t e d  on  
Day 45 when t h e  larvae were 25 d a y s  o ld .  
Al though w e  r e p e a t e d  t h i s  expe r imen t  
t h r e e  t i m e s ,  t h e  r e s u l t s  were n o t  poo led  
because  t h e  CHC c o n c e n t r a t i o n  i n  t h e  
c u l t u r e s  w a s  dependen t  on  t h e  amount o f  
CHC i n  t h e  a tmosphere  which v a r i e d  w i t h  
t i m e .  I n  t h i s  r e p o r t  w e  p r e s e n t  t h e  re- 
s u l t s  of o u r  m o s t  comple t e  t es t .  

Results 

The Accumulation of CHC in a Three-Step Marine 
Food Chain 

The c o n c e n t r a t i o n s  o f  CHC i n  t h e  t h r e e  
t r o p h i c  l e v e l s  of o u r  l a b o r a t o r y  mar ine  
food  c h a i n  are p r e s e n t e d  i n  Table 1 .  
During t h e  f i r s t  5 d a y s ,  t h e  number o f  
Dunaliella s p .  c e l l s  i n c r e a s e d  by 1 0 - f o l d  
w h i l e  t h e  medium PCB c o n c e n t r a t i o n  
dropped  from 13 .1  t o  2 . 6  p p t r .  Apparent -  
l y ,  t h e  amount of PCB i n t r o d u c e d  i n t o  
t h e  medium from t h e  a i r  a t  t h i s  time w a s  
n o t  s u f f i c i e n t  t o  keep  up  w i t h  t h e  r a p i d  
u p t a k e  of PCB by t h e  a l g a e ,  so t h e r e  w a s  
a d e c r e a s e  i n  t h e  PCB c o n c e n t r a t i o n  i n  
t h e  medium. However, t h e  PCB c o n c e n t r a -  
t i o n  i n  t h e  Dunaliella s p .  c e l l s  remained  
f a i r l y  c o n s t a n t  ove r  t h e  e x p e r i m e n t a l  
p e r i o d ,  r a n g i n g  from 0 . 1 2  t o  0 .38  ppm 
( d r y  we igh t )  . Brachionus plicatilis ave raged  
a b o u t  t w i c e  as much PCB as t h e  a l g a e  
( 0 . 2 9  t o  0 . 5 4  ppm by d r y  w e i g h t ) .  The 
PCB c o n c e n t r a t i o n  i n  t h e  Engraulis mordax 
l a r v a e  w a s  a l s o  f a i r l y  c o n s t a n t  ( 1 . 1  t o  
2 . 7  ppm by d r y  w e i g h t ) ,  and ave raged  
a b o u t  5 t i m e s  t h e  l e v e l  i n  t h e  r o t i f e r s .  
DDT and DDE l e v e l s  w e r e  b a r e l y  d e t e c t -  
a b l e ,  b u t  t h e s e  r e s u l t s  w e r e  i n c l u d e d  t o  
d e m o n s t r a t e  t h a t  o t h e r  CHC were accumu- 
l a t e d  i n  a manner s i m i l a r  t o  PCB. 

A p p a r e n t l y ,  PCB accumula t ion  had 
r eached  a s t e a d y - s t a t e  i n  e a c h  t r o p h i c  
l e v e l  of t h i s  food  c h a i n  by t h e  t i m e  of 
f i r s t  sampl ing  on  t h e  f i f t h  day  a f t e r  
i n o c u l a t i o n .  I f  t h e  s o u r c e  of PCB i n  t h e  
h i g h e r  t r o p h i c  l e v e l s  w a s  s imp ly  t h e  re- 
s u l t  of a food-cha in  accumula t ion ,  t h e  
c o n c e n t r a t i o n  of PCB i n  t h e  a n i m a l s  
shou ld  have i n c r e a s e d  w i t h  t i m e .  The f a c t  
t h a t  no such  i n c r e a s e  w a s  obse rved  sug- 
g e s t s  t h a t  t h e  organisms d e p u r a t e d  PCB 
d i r e c t l y  i n t o  t h e  water .  

Dietary Sources of PCB Contamination 

I n f o r m a t i o n  r e g a r d i n g  t h e  d i e t a r y  s o u r c e s  
o f  PCB c o n t a m i n a t i o n  i s  i m p o r t a n t  t o  a n  
u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  invo lved  
i n  t h e  t r a n s f e r  o f  PCB i n  a food  c h a i n .  
The amount of PCB i n t h e d i e t  of t h e  ro- 
t i f e r s  w a s  c a l c u l a t e d  a c c o r d i n g  t o  t h e  
f o l l o w i n g  argument.  The work of Thei -  
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Fig.  1. To ta l  amount of Aroclor' 1254 (PCB) i n  
1 1 of Dunaliella sp.  c u l t u r e  ( inc ludes  amount chain experiment,  dep ic t ing  i n p u t s  i n t o  system 
i n  medium and cel ls ,  as ind ica t ed  by height  of and m a t e r i a l s  removed from system 
ba r s )  during exposure t o  bubbled a i r  f o r  1 4  days.  
open ba r s  r ep resen t  f r a c t i o n  of t o t a l  PCB found 
i n  t h e  medium; a c t u a l  concen t r a t ion  of t h e  m e -  
dium i s  shown i n  p a r t s  pe r  t r i l l i o n  ( p p t r ) .  
Po r t ion  of PCB assoc ia t ed  with a l g a l  c e l l s  is  
depicted by cross-hatched b a r s  and a c t u a l  con- 
c e n t r a t i o n  i s  expressed i n  p a r t s  per  mi l l i on  
(ppm). Dry weight of a l g a l  c e l l s  i n  t h e  c u l t u r e  
i s  depicted on r i g h t  o r d i n a t e  

Fig.  2 .  Flow-diagram of t h r e e  t r o p h i c  l e v e l  food- 

Table 1. CHC concentrat ion i n  th ree - s t ep  marine food chain 

Medium Dunaliella sp. Brachionus plicatilis Seawater in larval Engraulis mordax 
( g  x 10-911, pptr) ( 9  x lO-6/g dry (g  x 10-6/g dry tis- rearing container larvae ( g  x 10-6/g 

tissue, ppm) sue, ppm) ( q  x lO-'/l ,  pptr) dry tissue, ppm) 

Day Aroclor' DDT DDE Aroclor' DDT DDE Aroclor@ DDT DDE Aroclora DDT DDE Aroclor' DDT DDE 
1254  1254  1254  1254  1254  

0 1 3 . 1  1 . 1  0 . 2  0.2Sa 0 . 0 2  N D  
5 2 . 6  0 . 6  ND 0 . 3 7  0 . 0 1  N D  

1 0  4 . 3  0.8 N D  0.25 N D  N D  
15 1 3 . 6  0.5 N D  Sample lost 0 . 5 4  0 . 0 2  N D  
2 0  6 . 6  1 . 0  0 . 3  0 . 2 8  0 . 0 1  N D  0 . 2 9  0 . 0 1  ND 2 . 0  ND N D  0 . 3 5 b  
25 8.0 0 . 3  ND 0 . 1 8  ND N D  0 . 3 4  0 . 0 2  N D  1 . 9 3  0 . 1 8  0 . 2 g c  
30  9 . 5  0 . 4  ND 0 . 1 2  N D  N D  0 . 4 9  0 . 0 2  N D  2 . 5 9  0 . 2 1  0.16 
3 5  1 0 . 4  0.6 N D  0 . 1 6  ND ND 0 . 5 1  N D  N D  1 . 1 1  Sample lost 
4 0  5.9 0 . 4  ND 0 .38 ND ND 0 . 4 2  0.02 ND 2 . 0 3  0.09 0 . 0 4  
45  0 . 3 6  0 . 0 3  N D  2 . 6 7  0 . 0 9  0 . 0 1  

* 
* 
* 
* 
* 

aInoculum. 
bAnchovy eggs. 
'5-day old larvae were fed Gymnadinium splendens on Days 3 and 4 .  
*CHC determinations made on Day 20 only because of limited volume of seawater. 
ND: N o t  detected. 
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l a c k e r  and McMaster (1971) i n d i c a t e s  t h a t  
t h e  number of r o t i f e r s  i n  a c u l t u r e  w i l l  
d o u b l e  i n  3 d a y s  a t  24OC i f  t h e  concen- 
t r a t i o n  o f  Dunaliella s p .  r ema ins  a t  105 
cells/ml.  The a v e r a g e  we igh t  of a s i n g l e  
Brachionus plicatilis i s  1 .6 x g (Thei -  
l a c k e r  and McMaster, 1 9 7 1 ) .  T h e r e f o r e ,  
t h e  a v e r a g e  r o t i f e r  i n  a c u l t u r e  must  
assimilate a t  l e a s t  1 . 6  X 10-7 g f r o m  
i t s  food  e v e r y  3 days  i n  o r d e r  t o  d o u b l e  
i n  number. Obv ious ly  t h i s  i s  a n  o v e r l y  
s i m p l e  e x p l a n a t i o n  of e v e n t s  and t h e  
r o t i f e r s  are  n o t  100% e f f i c i e n t  a t  con- 
v e r t i n g  Dunaliella s p .  t o  r o t i f e r  t i s s u e ,  
b u t  w e  have chosen  t h i s  v a l u e  because  it 
r e s u l t s  i n  t h e  m o s t  c o n s e r v a t i v e  es t imate  
of PCB u p t a k e  by t h e  r o t i f e r s .  I n  o u r  
expe r imen t s ,  t h e  r o t i f e r s  a t e  Dunaliella 
s p .  which c o n t a i n e d  a n  a v e r a g e  of 0 .25  
ppm PCB, and t h e r e b y  i n g e s t e d  a t  l eas t  
1.33 X 10 -14  g PCB/day. I f  t h e  a v e r a g e  
r o t i f e r  a s s i m i l a t e d  a l l  t h e  PCB i n g e s t e d  
it would accumula t e  a minimum of  0.08 
ppm PCB e a c h  day  or 0 . 4 2  ppm by Day 5 .  
I t  seems p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  
a v e r a g e  r o t i f e r  c o u l d  assimilate enough 
PCB from i t s  d i e t  t o  a c c o u n t  f o r  t h e  
l e v e l s  d e t e c t e d  i n  i t s  t i s s u e  by t h e  
t i m e  of f i r s t  sampl ing  5 d a y s  a f t e r  i n -  
o c u l a t i o n .  S i n c e  t h e  l e v e l  o f  PCB i n  t h e  
r o t i f e r s  d i d  n o t  i n c r e a s e  w i t h  t i m e  a t  
t h i s  d i e t a r y  l e v e l  of PCB c o n t a m i n a t i o n ,  
t h i s  i n d i c a t e s  t h a t  a tendency  toward 
e q u i l i b r i u m  e x i s t e d  between t h e  organism 
and t h e  seawater and t h a t  PCB were a l s o  
be ing  e x c r e t e d  or  p a r t i t i o n e d  o u t  of t h e  
r o t  i f  er . 

S i m i l a r  c a l c u l a t i o n s  w e r e  made con- 
c e r n i n g  t h e  t r a n s f e r  o f  PCB from t h e  
r o t i f e r  t o  t h e  anchovy l a r v a .  Accord ing  
t o  Hunter  ( 1 9 7 2 ) ,  an  Engraulis mordax lar-  
va between t h e  age  o f  4 and 2 7  days  
makes an a v e r a g e  of 1 .28  s t r i k e s  a t  r o t i -  
f e r s  p e r  minu te .  The o l d e r  t h e  anchovy 
becomes, t h e  more s u c c e s s f u l  i t  becomes 
a t  c a p t u r i n g  i t s  p r e y .  W e  used  t h i s  i n -  
f o r m a t i o n  t o  c a l c u l a t e  t h e  number of 
ro t i f e r s  e a t e n  by a n  anchovy l a r v a  on  
Days 5,  10, 1 5 ,  2 0  and 25. Knowing t h e  
a v e r a g e  c o n c e n t r a t i o n  of PCB i n  t h e  r o t i -  
fers ,  t h e  approx ima te  amount of PCB 
e a t e n  by a l a r v a  w a s  de t e rmined  (Tab le  
2 ) .  To es t imate  t h e  PCB accumula ted  a t  a 
p a r t i c u l a r  a g e  and d r y  w e i g h t ,  t h e  amount 
of PCB e a t e n  p e r  day  w a s  a s c e r t a i n e d  by 
e x t r a p o l a t i n g  between s u c c e s s i v e  5-day 
i n t e r v a l s  and summing t h e  d a i l y  PCB con- 
sumpt i o n .  

Accord ing  t o  t h e s e  c a l c u l a t i o n s ,  an- 
chovy l a r v a e  c o u l d  accumula t e  enough PCB 
from t h e i r  d i e t  by t h e  age  of 1 0  d a y s  t o  
a c c o u n t  f o r  t h e  l e v e l s  d e t e c t e d  i n  t h e i r  
t i s s u e  d u r i n g  t h e  expe r imen t ,  and t h e s e  
l e v e l s  shou ld  have  i n c r e a s e d  w i t h  time. 

However, no i n c r e a s e  w a s  obse rved ;  a 
s t e a d y - s t a t e  seems t o  have been r eached  
by t h e  f i f t h  day  which w a s  m a i n t a i n e d  
th roughou t  t h e  remainder  of t h e  e x p e r i -  
ment. 

T a b l e  3 g i v e s  t h e  a v e r a g e  PCB concen- 
t r a t i o n  i n  t h e  medium, a l g a l  c e l l s ,  r o t i -  
f e r s  and anchovy l a r v a e  f o r  t h e  45-day 
expe r imen t .  W e  have a lso c a l c u l a t e d  t h e  
amount of PCB i n  t h e  l i p i d  o f  t h e s e  or- 
ganisms,  s i n c e  v i r t u a l l y  a l l  t h e  PCB i n  
a n  organism are  c o n c e n t r a t e d  i n  t h e  
l i p i d .  An a p p a r e n t  p a r t i t i o n  c o e f f i c i e n t  
w a s  c a l c u l a t e d  by d i v i d i n g  t h e  PCB con- 
c e n t r a t i o n  i n  t h e  l i p i d  by t h e  concen- 
t r a t i o n  i n  t h e  seawater. When compared 
on a d r y  weight  b a s i s ,  t h e r e  a p p e a r s  t o  
b e  a b i o l o g i c a l  m a g n i f i c a t i o n  of PCB u p  
t h e  food c h a i n ,  s u g g e s t i n g  t h a t  h i g h e r  
members o f  t h e  food  c h a i n  accumula t e  PCB 
by e a t i n g  members o f  lower  t r o p h i c  l e v -  
e ls .  T h i s  t r e n d  i s  n o t  a p p a r e n t  when t h e  
PCB c o n c e n t r a t i o n  i s  compared on a l i p i d  
b a s i s .  Dunaliella s p .  l i p i d  c o n t a i n e d  
s l i g h t l y  more PCB t h a n  t h e  r o t i f e r  l i p i d  
and ,  c o n s e q u e n t l y ,  t h e  p a r t i t i o n  c o e f -  
f i c i e n t  between Dunaliella s p .  l i p i d  and 
seawater w a s  g r e a t e r  t h a n  between r o t i f e r  
l i p i d  and seawater. What appea red  t o  b e  
b i o a m p l i f i c a t i o n  up  t h e  food  c h a i n  when 
compared on  a dry-weight  b a s i s  w a s  i n  
r e a l i t y  o n l y  a r e f l e c t i o n  of t h e  h i g h e r  
p e r c e n t a g e  o f  l i p i d  i n  t h e  r o t i f e r s .  

However, t h e  c o n c e n t r a t i o n  o f  PCB i n  
anchovy l i p i d  w a s  a p p r e c i a b l y  h i g h e r  
t h a n  i n  t h e  l i p i d  o f  t h e  r o t i f e r s  o r  t h e  
a l g a e  (Tab le  3 ) .  The p a r t i t i o n  c o e f f i -  
c i e n t  between anchovy l i p i d  and seawater 
was more t h a n  2 0  t i m e s  t h a t  of t h e  a l g a e  
or r o t i f e r s .  Apparen t ly ,  t h e  p e r c e n t a g e  
of l i p i d  i n  a n  organism i s  n o t  t h e  o n l y  
d e t e r m i n a n t  of t h e  amount o f  PCB accumu- 
l a t e d  by a n  organism.  The chemica l  s t r u c -  
t u r e  of t h e  l i p i d s  o f  a n  organism migh t  
a l s o  a f f e c t  p a r t i t i o n  c o e f f i c i e n t s .  
Grzenda et a l .  ( 1  970) found t h a t  when 
g o l d f i s h  (Carassius auratus) w e r e  exposed 
t o  14C-DDT t h e r e  w a s  no c o r r e l a t i o n  be- 
tween t h e  t o t a l  l i p i d  c o n t e n t  of t h e  
v a r i o u s  o rgan  t i s s u e s  and t h e  r e s i d u e  
c o n c e n t r a t i o n s .  The a u t h o r s  i n t e r p r e t e d  
t h i s  t o  mean t h a t  p e s t i c i d e s  do  n o t  o n l y  
accumula t e  i n  f a t  d e p o s i t s .  T h i s  f i n d i n g  
c o u l d  a l s o  be  i n t e r p r e t e d  t o  mean t h a t  
DDT h a s  d i f f e r e n t  s o l u b i l i t i e s  i n  d i f -  
f e r e n t  t y p e s  o f  l i p i d s .  Al though it 
would b e  r i s k y  t o  conc lude  from o u r  re- 
s u l t s  t h a t  PCB a r e  2 0  t i m e s  more s o l u b l e  
i n  anchovy l i p i d  t h a n  t h e y  are  i n  r o t i f e r  
l i p i d ,  t h e  f o l l o w i n g  series o f  e x p e r i -  
ments do  i n d i c a t e  t h a t  t h e  h i g h e r  con- 
c e n t r a t i o n  o f  PCB found i n  anchovy l i p i d  
w a s  t h e  r e s u l t  of e q u i l i b r i u m  p a r t i -  
t i o n i n g  and n o t  a food-cha in  phenomenon. 



323 Table 2 .  Engrau l i s  mordax. Calculated amount of Aroclor' 1254 (PCB) ea t en  by an  anchovy l a rva  
~ 

Age Average Percent Feeding N o .  of Dry weight Aroclor' Aroclor' Total Calculated Measured 
(days) individ-  success- r a t e  Brachio- of Brachi- 1254 1254 ?+roclor' concentra- concen- 

ual d r y  f u l  (orga- nus p l i -  onus p l i c a -  eaten/ ea t en /  1254 t i o n  of t r a t i o n  
weight feeding nisms/ ca t i l i s  tilis ea ten  day ( g x  day ( g x  ea t en  ( g  Aroclor@ of Aro- 
(9 x s t r i k e s a  m i n ) a  eaten pe r  day 10-11; x 10-11) 1254 i n  clor' 
10-4) p e r  14-h ( g x  ex t r a -  l a rvae  1254 i n  

day po la t ed )  l a rvae  

5 0 . 2 3  3 0  0 . 3 8  319 5.10 2.14 2 . 1 4  
2.58 
3.02 
3.46 
3 . 9 0  

1 0  0 .54  60 0 .77  647 1 0 . 3 5  4 . 3 4  4 .34  
4 .62  
4 . 9 0  
5 .18  
5.46 

15  1 . 4 0  80 1 . 0 2  857 13.71 5.75 5 .75  
5 .90  
6 . 0 5  
6 . 1 9  
6 . 3 4  

20  2.08 9 0  1 . 1 5  966 15 .46  6 . 4 9  6 . 4 9  
6 .64  
6 .78  
6 . 9 3  
7 . 0 8  

25 2.47 1 0 0  1 . 2 8  1075 1 7 . 2 0  7 . 2 2  7 . 2 2  

2.14 
4.72 
7.74 

11 .20  
15 .10  

19.44 
24.06 
28.96 
34.14 
39 .60  

45.35 
51 .25  
57 .30  
63 .49  
69 .83  

76.32 
82 .96  
8 9 . 7 4  
96.67 

103.75 

110.97 

0 . 9 3  1 .93  

3 .60  2 .59  

3 .24  1 .11  

3.67 2.03 

4 .49  2 .67  

aData from Hunter ( 1 9 7 2 ) .  

Table 3. Average concentrat ion of Aroclor@ 1254 (PCB) i n  dry t i s s u e  and l i p i d  of a l g a e ,  r o t i f e r s  
and anchovy l a r v a e  during 45-day food-chain experiment. P a r t i t i o n  c o e f f i c i e n t s  were ca l cu la t ed  by 
d iv id ing  l i p i d  concen t r a t ion  by medium concentrat ion 

Organism Tissue Percent  Lipid Medium P a r t i t i o n  
concen t r a t ion  of l i p i d  concentrat ion of concen t r a t ion  of c o e f f i c i e n t  
Aroclor@ 1254 Aroclor@ 1254 AroclorQ 1254 (x106)  
(PPm) (PPm) ( p p t r )  

Duna l i e l l a  sp. 0 . 2 5  6.4a 3 .91  8 . 2  0 . 4 8  
Brachionus p l i c a t i l i s  0 . 4 2  15.0b 2 . 8 0  8 . 2  0 . 3 4  
Engraul is  mordax 2.06 7 . 5 b  27.46 2 . 0  1 3 . 7 0  

aData from Parsons e t  a l .  
khloroform-methanol ( 2 :  1 v/v) e x t r a c t .  

( 1 9 6 1 ) .  

Table 4.  Engrau l i s  mordax. Concentration of Aroclor@ 1254 (PCB) i n  fed and unfed anchovy l a rvae .  
P a r t i t i o n  c o e f f i c i e n t s  were ca l cu la t ed  by d iv id ing  l i p i d  concentrat ion by medium concen t r a t ion  

Aroclor@ 1254 Aroclor@ 1254 Aroclor@ 1254 Aroclora 1254 P a r t i t i o n  
by dry weight i n  seawater by d r y  weight i n  i n  l i p i d  of c o e f f i c i e n t  
i n  eggs (ppm) ( p p t r )  l a rvae  (ppm) l a rvae  (ppm) ( ~ 1 0 6 )  

Unfed 3-day o l d  l a r v a e  0 . 3 6  2 . 5  2 .80  37.33 1 4 . 9  
Unfed 2-day o l d  l a rvae  0 . 3 3  4 . 5  4 . 7 0  62.67 13 .9  
Average of f ed  l a r v a e  0 . 3 5  2 .0  2.06 27.46 1 3 . 7  

over 25  days 
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Comparison of PCB Accumulation in F e d  and Unfed 
Anchovy Larvae 

I n  a f i n a l  expe r imen t ,  Engraulis mordax 
e g g s  of a known PCB c o n c e n t r a t i o n  w e r e  
ha t ched  and t h e  unfed  larvae w e r e  ana- 
l y z e d  f o r  PCB c o n t e n t  2 t o  3 days  a f t e r  
h a t c h i n g  a t  t h e  t i m e  when t h e  y o l k  sac 
i s  abso rbed  and when t h e y  normal ly  s ta r t  
f e e d i n g  (Tab le  4 ) .  I n  one  t e s t ,  t h e  eggs  
c o n t a i n e d  0 .36  ppm PCB ( d r y  w e i g h t )  and 
were ha tched  i n  seawater c o n t a i n i n g  2 . 5  
p p t r  PCB. Three  d a y s  a f t e r  h a t c h i n g ,  t h e  
unfed  l a r v a e  c o n t a i n e d  2.80 ppm PCB ( d r y  
w e i g h t ) .  I n  a n o t h e r  expe r imen t ,  t h e  i n i -  
t i a l  c o n c e n t r a t i o n  i n  t h e  eggs  w a s  0 .33  
ppm PCB ( d r y  we igh t )  and t h e  seawater 
w a s  4 . 5  p p t r .  Two days  a f t e r  h a t c h i n g  
t h e  l a r v a e  c o n t a i n e d  4 . 7 0  ppm ( d r y  
w e i g h t ) .  I n  b o t h  t e s t s ,  a l t h o u g h  t h e  PCB 
c o n c e n t r a t i o n  i n  t h e  seawater and t h e  
l a r v a e  w a s  d i f f e r e n t ,  t h e  p a r t i t i o n  co- 
e f f i c i e n t  between t h e  seawater and an- 
chovy l i p i d  w a s  almost t h e  same, which 
i n d i c a t e s  t h a t  t h e  PCB c o n c e n t r a t i o n  i n  
t h e  l a r v a e  w a s  dependen t  on  t h e  concen- 
t r a t i o n  i n  t h e  seawater. Also ,  t h e  p a r t i -  
t i o n  c o e f f i c i e n t  of t h e  unfed  l a r v a e  was 
e s s e n t i a l l y  t h e  same as t h e  p a r t i t i o n  
c o e f f i c i e n t  c a l c u l a t e d  from t h e  ave rage  
PCB c o n c e n t r a t i o n  i n  f e d  l a r v a e  from t h e  
t h r e e - s t e p  food-cha in  expe r imen t .  Again,  
t h i s  i n d i c a t e s  t h a t  a n  e q u i l i b r i u m  was 
e s t a b l i s h e d  between t h e  seawa te r  and t h e  
l a r v a e  which w a s  i ndependen t  of t h e  an- 
c h o v y ' s  p o s i t i o n  i n  t h e  food c h a i n .  

Discussion and Conclusions 

The c o n c e n t r a t i o n  of PCB i n  each  t r o p h i c  
l e v e l  of a t h r e e - s t o p  mar ine  food  c h a i n  
( a l g a e  4 r o t i f e r  + anchovy l a r v a e )  

w a s  mon i to red  f o r  4 5  d a y s .  The d i e t a r y  
c o n t a m i n a t i o n  t o  t h e  h i g h e r  t r o p h i c  l e v -  
e l s  w a s  c a l c u l a t e d  and it w a s  de t e rmined  
t h a t  t h e  PCB c o n c e n t r a t i o n  i n  t h e  food  
i n g e s t e d  w a s  a d e q u a t e  t o  accoun t  f o r  t h e  
r e s i d u e s  found i n  t h e  t i s s u e s  of t h e  or- 
ganisms.  When t h e  PCB c o n c e n t r a t i o n  w a s  
de t e rmined  on a d r y  we igh t  b a s i s  t h e r e  
appea red  t o  be an a m p l i f i c a t i o n  i n  a 
s t ep -wise  f a s h i o n  up t h e  food c h a i n .  How- 
e v e r ,  when t h e  PCB c o n c e n t r a t i o n  w a s  
c a l c u l a t e d  on  a l i p i d  b a s i s  t h i s  t r e n d  
w a s  no l o n g e r  a p p a r e n t  i n  t h e  lower t r o -  
p h i c  l e v e l s .  The a l g a e  and t h e  r o t i f e r s  
c o n t a i n e d  e s s e n t i a l l y  t h e  same PCB con- 
c e n t r a t i o n ;  what appea red  t o  be  a food- 
c h a i n  accumula t ion  was r e a l l y  a r e f l e c -  
t i o n  of t h e  h i g h e r  amount of l i p i d  i n  
t h e  r o t i f e r s .  T h i s  d i d  n o t  ho ld  t r u e  f o r  
t h e  h i g h e r  t r o p h i c  l e v e l ;  PCB r e s i d u e s  
i n  t h e  l i p i d  of t h e  f i s h  l a r v a e  w e r e  
a b o u t  10 t i m e s  h i g h e r  t h a n  t h e  i n v e r t e -  
brates .  Al though t h i s  f i n d i n g  s u p p o r t s  

t h e  t h e o r y  of t h e  b i o a m p l i f i c a t i o n  of 
p o l l u t a n t s  up t h e  food  c h a i n ,  w e  have 
c o n t r a d i c t o r y  ev idence  t h a t  s u g g e s t s  
t h a t  anchovy l a r v a e  p a r t i t i o n  PCB d i -  
r e c t l y  from t h e  seawater. W e  found t h a t  
unfed  anchovy l a r v a e  c o n t a i n e d  e s s e n t i a l -  
l y  t h e  same amount of PCB as  f e d  l a r v a e  
and t h a t  t h e  f i n a l  c o n c e n t r a t i o n  i n  t h e  
t i s s u e  w a s  r e l a t e d  t o  t h e  amount of PCB 
i n  t h e  w a t e r .  A l so ,  b i o a m p l i f i c a t i o n  
s u g g e s t s  t h a t  t h e  PCB c o n c e n t r a t i o n  i n  
a n  organism w i l l  i n c r e a s e  w i t h  t i m e  i f  
d i e t a r y  i n p u t s  remain  c o n s t a n t ,  b u t  no 
such  i n c r e a s e  w a s  obse rved  i n  t h i s  s t u d y .  
I n s t e a d ,  a l l  t h r e e  s t e p s  of t h e  food 
c h a i n  w e r e  i n  a s t e a d y - s t a t e  by t h e  t i m e  
t h e  f i r s t  sample w a s  t a k e n .  

The sur face-area- to-volume r a t i o  of 
f i r s t - f e e d i n g  anchovy l a r v a e  i s  l a r g e  
enough t o  e n a b l e  t h e  f i s h  t o  r e l y  upon 
d i f f u s i o n  t o  t a k e  care of r e s p i r a t o r y  
needs .  O lde r  f i s h  m a i n t a i n  a l a r g e  s u r -  
f a c e  a r e a  of d i f f u s i v e  t i s s u e  i n  c o n t a c t  
w i t h  t h e  water by d e v e l o p i n g  g i l l s .  
Aqua t i c  a n i m a l s  which r e l y  upon d i f f u s i v e  
i n t e r a c t i o n  w i t h  t h e  water f o r  r e s p i r a -  
t o r y  and m e t a b o l i c  needs  w i l l  p a r t i t i o n  
l i p o p h i l i c  compounds across t h e s e  mem- 
b r a n e s  and e s t a b l i s h  a n  e q u i l i b r i u m  w i t h  
t h e  su r round ing  wa te r  which w i l l  depend 
on t h e  c o n c e n t r a t i o n  of t h e  compound i n  
t h e  water and t h e  s o l u b i l i t y  o f  t h e  com- 
pound i n  t h e  water and t h e  l i p i d  o f  t h e  
organism.  I t  i s  our  c o n c l u s i o n  t h a t  t h i s  
mechanism i s  t h e  p r imary  d e t e r m i n a n t  of 
t h e  CHC l e v e l s  d e t e c t e d  i n  exposed aqua t -  
i c  organisms.  
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