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ABSTRACT

The f i l t r a t i o n  e f f i c i e n c y  (FE) and  pumping r a t e  (PR) o f  t h e  
A m er ic an  o y s t e r  C r a s s o s t r e a  v i r g i n i c a  w e r e  d e t e r m i n e d  a t  f i v e  l e v e l s  
o f  d i s s o l v e d  o x y g e n :  100%, 50%, 25%, 12%, and 6% s a t u r a t i o n .  D e t e r ­
m i n a t i o n s  w e re  made i n  f l o w i n g  Y ork  R i v e r  x^a te r  a t  t e m p e r a t u r e s  
b e tw e e n  1 8 . 5  a n d  2 6 . 0 ° C u n d e r  n a t u r a l l y  f l u c t u a t i n g  c o n d i t i o n s  o f  
s a l i n i t y  and p a r t i c l e  c o n c e n t r a t i o n .  F o u r  d e t e r m i n a t i o n s  o f  FE and PR 
w e r e  made a t  e a c h  O2  l e v e l  on e a c h  o f  s e v e n  o y s t e r s .  FE was c a l c u l a t e d  
f o r  11 s i z e  r a n g e s  o f  p a r t i c l e s  b e t w e e n  1 . 0 0  and  1 2 . 6  ym i n  d i a m e t e r .  
The PR was c a l c u l a t e d  by  d i v i d i n g  t h e  FE i n t o  t h e  f i l t r a t i o n  r a t e .

FE i n c r e a s e d  w i t h  i n c r e a s i n g  p a r t i c l e  s i z e  up t o  f o u r  t o  
f i v e  ym i n  d i a m e t e r .  T h e r e  was l i t t l e  d i f f e r e n c e  i n  FE b e t w e e n  0 2 
l e v e l s  o f  100%, 50%, and  25% s a t u r a t i o n .  At 12% 0 2 s a t u r a t i o n ,  t h e  
a v e r a g e  FE was r e d u c e d  t o  68.5% o f  t h e  c o n t r o l ' s  FE,  and t o  59,9% o f  
t h e  c o n t r o l ’ s FE a t  6% 0 2 s a t u r a t i o n .  T h e r e  was no i n t e r a c t i o n  b e t w e e n  
p a r t i c l e  s i z e  and O2  l e v e l .  B u t  s i n c e  t h e  FE f o r  s m a l l e r  p a r t i c l e s  
(<4 ym i n  d i a m e t e r )  was low a t  100% O2  s a t u r a t i o n ,  t h e  e f f e c t  o f  low 
O2  l e v e l s w a s  t o  r e d u c e  t h e  FE o f  t h e s e  s m a l l e r  p a r t i c l e s  by a g r e a t e r  
p e r c e n t a g e .

T h e r e  was  no s i g n i f i c a n t  d i f f e r e n c e  i n  PR betx^een 0 2 l e v e l s  
o f  100%, 50%, 25%, and 12% O2  s a t u r a t i o n .  The PR a t  6% O2  s a t u r a t i o n  
was 65.0% o f  t h e  c o n t r o l ’ s PR.

vii



THE EFFECT OF LOW 0 2 LEVELS ON THE 

FILTRATION EFFICIENCY AND PUMPING 

RATE OF CRASSOSTREA VIRGINICA



INTRODUCTION

Low d i s s o l v e d  ox y g en  l e v e l s  o f t e n  l i m i t  t h e  d i s t r i b u t i o n  

o f  a q u a t i c  o r g a n i s m s .  T h i s  i s  p a r t i c u l a r l y  t r u e  o f  b e n t h i c  s p e c i e s ,  

s i n c e  t h e i r  m o b i l i t y  i s  l i m i t e d ,  and  t h e  oxygen  l e v e l  i s  l o w e s t  n e a r  

t h e  b o t t o m .  The e f f e c t  o f  low o x y g e n  l e v e l  on  t h e  d i s t r i b u t i o n ,  g r o w t h ,  

and  s u r v i v a l  o f  c o m m e r c i a l l y  i m p o r t a n t  s p e c i e s  s u c h  as  C r a s s o s  t r e a  

v i r g i n i c a  i s  o f  p a r t i c u l a r  i n t e r e s t .

T h e r e  i s  a l r e a d y  e v i d e n c e  t h a t  t h e  low  l e v e l s  o f  d i s s o l v e d  

oxygen  t h a t  o f t e n  o c c u r  i n  t h e  C h e s a p e a k e  Bay and i t s  t r i b u t a r i e s  

d u r i n g  t h e  w arm er  m on ths  may a d v e r s e l y  a f f e c t  t h e  s u r v i v a l  o f  m o l l u s c s  

i n c l u d i n g  o y s t e r s .  Low oxy g en  l e v e l s  h a v e  b e e n  c i t e d  a s  t h e  c a u s e  o f  

mass  m o r t a l i t i e s  o f  o y s t e r s  and low  s e t s  o f  s p a t  (H aven ,  p e r s o n a l  

c o m m u n i c a t i o n ;  H e w a t t ,  1 9 4 5 - 4 7 ,  1 9 5 3 ) .  More r e c e n t l y ,  e x p e r i m e n t s  

w i t h  s m a l l  o y s t e r s  h a v e  d e m o n s t r a t e d  t h a t  a t  t e m p e r a t u r e s  b e t w e e n  22 

and 24°C and  O2  c o n c e n t r a t i o n s  o f  0 . 2  m l / 1  ( a p p r o x i m a t e l y  2.5% s a t u r a t i o n ) ,  

50% m o r t a l i t y  o c c u r r e d  a f t e r  8 t o  10 d a y s ,  and 100% m o r t a l i t y  a f t e r  10 

to  13 d a y s . T h e s e  e x p e r i m e n t s  a l s o  d e m o n s t r a t e d  t h a t  b i o d e p o s i t i o n  

r a t e s  were  r e d u c e d  by  a b o u t  40% a t  O2  l e v e l s  o f  a p p r o x i m a t e l y  10% 

s a t u r a t i o n  (Haven  and B e n d l , 19 7 5 ) .

D u r i n g  J u l y ,  A u g u s t ,  and S e p te m b e r  t h e  b o t t o m  w a t e r s  o f  some 

p o r t i o n s  o f  t h e  C h e s a p e a k e  Bay and  i t s  t r i b u t a r i e s  become n e a r l y  

d e p l e t e d  o f  d i s s o l v e d  0£ ( H i r e s ,  S t r o u p ,  and  S i e t z ,  1 9 6 6 ;  VIMS H y d ro -  

g r a p h i c  D a t a ,  1 9 6 4 - 1 9 7 4 ,  u n p u b l i s h e d ) .  At d e p t h s  b e lo w  9M, O2  l e v e l s

2



a s  low a s  0 . 2  m l / 1  a r e  common a l o n g  t h e  E a s t e r n  S h o r e  o f  t h e  Bay and 

i n  t h e  Po tom ac  and  R appaha nnock  R i v e r s .  Oxygen i s  s o m e t im e s  u n d e t e c t ­

a b l e  a t  t h e  same d e p t h s  n o r t h  o f  t h e  Po tomac  R i v e r .  U n l e s s  c a r e f u l  

c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  f u t u r e  s i t i n g  o f  sewage d i s c h a r g e s ,  t h e i r  

ad d ed  o r g a n i c  l o a d s  w i l l  c a u s e  f u r t h e r  oxygen  d e p l e t i o n  i n  t h e  Bay and 

i t s  t r i b u t a r i e s .  D r e d g i n g  c a u s e s  s i m i l a r  h a z a r d s  when r e d u c e d  s e d i m e n t s  

a r e  s t i r r e d  up i n t o  t h e  w a t e r  co lum n.

Much g e n e r a l  k n o w le d g e  e x i s t s ,  b u t  t h e r e  i s  a  l a c k  o f  i n f o r ­

m a t i o n  r e l a t i n g  s p e c i f i c a l l y  t o  t h e  o y s t e r  and t o  s u b l e t h a l  e f f e c t s  o f  

low d i s s o l v e d  ox y g en  on i t .  T h i s  s t u d y  i n v e s t i g a t e d  t h e  e f f e c t  o f  

v a r i o u s  oxygen  l e v e l s  on two p a r a m e t e r s ,  pumping  r a t e  (PR) an d  f i l t r a t i o n  

e f f i c i e n c y  (FE) f o r  p a r t i c l e s  o f  d i f f e r e n t  s i z e s .  The pumping r a t e  i s  

t h e  r a t e  o f  w a t e r  t r a n s p o r t  t h r o u g h  t h e  g i l l s  o f  t h e  o y s t e r .  The 

f i l t r a t i o n  e f f i c i e n c y  i s  t h e  p e r c e n t a g e  o f  p a r t i c l e s  i n  t h e  w a t e r  

pumped t h r o u g h  t h e  o y s t e r  t h a t  i s  r e t a i n e d  by t h e  g i l l s .  The  r e a s o n  

f o r  s e l e c t i n g  t h e s e  two p a r a m e t e r s  was t h a t  i f  low oxygen  l e v e l s  

r e d u c e  e i t h e r  t h e  PR o r  t h e  FE, t h e n  t h e  f e e d i n g  a b i l i t y  o f  t h e  o y s t e r  

i s  a l s o  i m p a i r e d .

L i t e r a t u r e  Review

A summary o f  N e l s o n ' s  ( 1 9 6 0 )  d e s c r i p t i o n  o f  t h e  m o rp h o lo g y  

o f  o y s t e r  g i l l s  w i l l  a i d  t h e  u n d e r s t a n d i n g  o f  how f i l t r a t i o n  o f  

p a r t i c l e s  f ro m  t h e  w a t e r  o c c u r s ,  and  how low oxygen  t e n s i o n s  may a f f e c t  

t h e  FE and PR. The g i l l s  a r e  made up o f  rows o f  f i l a m e n t s  t h a t  form 

s h e e t s ,  o r  l a m e l l a e .  I n  t h e  a d u l t  o y s t e r  t h e  l a m e l l a e  a r e  f o l d e d  i n t o  

a  s e r i e s  o f  p l i c a e ,  e a c h  c o n t a i n i n g  8 t o  15 f i l a m e n t s .  The f i l a m e n t s



c o n n e c t i n g  a d j a c e n t  p l i c a e  a r e  l a r g e r  t h a n  t h e  o t h e r  f i l a m e n t s  and 

a r e  known a s  t h e  p r i n c i p a l  f i l a m e n t s .  They  c o n t a i n  b l o o d  v e s s e l s  and 

c h i t i n o u s  r o d s  t h a t  s u p p o r t  t h e  g i l l  ( F i g u r e  1 ) .

P a i r s  o f  l a m e l l a e  a r e  u n i t e d  a l o n g  t h e i r  f r e e  edge  so t h a t  

a  p a i r  fo rm s  h a l f  o f  a  g i l l ,  o r  d e m i b r a n c h .  Each o y s t e r  h a s  f o u r  

d e m i b r a n c h s ,  o r  two g i l l s .  The l a m e l l a e  o f  a. d e m ib r a n c h  a r e  c o n n e c t e d  

by  i n t e r l a m e l l a r  s e p t a e  a p p r o x i m a t e l y  e v e r y  f o u r t h  p r i n c i p a l  f i l a m e n t .  

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

t u b e s  w h ich  l e a d  t o  t h e  c l o a c a l  o r  p r o m y a l  cham ber  ( F i g u r e  2 ) .

Each o f  t h e  f i l a m e n t s  i n  a  p l i c a  h a s  f i v e  t r a c t s  o f  c i l i a ,  

f o u r  o f  w h ich  a r e  p a i r e d  ( F i g u r e  3 ) .  On t h e  o u t e r  s u r f a c e  o f  t h e  

f i l a m e n t  i s  t h e  u n p a i r e d  t r a c t  o f  f r o n t a l  c i l i a  b o r d e r e d  by t r a c t s  o f  

f i n e  f r o n t a l  c i l i a .  On t h e  s i d e s  o f  t h e  f i l a m e n t s  a r e  t h e  l a r g e ,  p a i r e d  

l a t e r o - f r e n t a l  c i l i a  and t h e  l a t e r a l ' c i l i a .  Be tw een  a d j a c e n t  f i l a m e n t s  

a r e  rows o f  o p e n i n g s  ( o s t i a )  t o  t h e  i n t e r i o r  o f  t h e  p l i c a  w h ic h  i s  

c o n t i n u o u s  w i t h  t h e  w a t e r  t u b e s  ( F i g u r e  1 ) .  The l a t e r a l  c i l i a  c r e a t e  

t h e  pumping c u r r e n t ,  f o r c i n g  w a t e r  t h r o u g h  t h e  o s t i a ,  i n t o  t h e  p l i c a e ,  

and  t h e n  i n t o  t h e  w a t e r  t u b e s .  The w a t e r  t h e n  moves t h r o u g h  t h e  w a t e r  

t u b e s ,  a i d e d  by a b f r o n t a l  c i l i a  on t h e  p r i n c i p a l  f i l a m e n t s ,  and  i n t o  

t h e  c l o a c a l  o r  p r o m y a l  cham ber .  The  w a t e r  t h e n  e x i t s  f rom  t h e  p o s t e r i o r  

s i d e  o f  t h e  o y s t e r  ( F i g u r e  2 ) .

The l a r g e  l a t e r o - f r o n t a l  c i l i a  fo rm  a meshwork  b e t w e e n  t h e  

f i l a m e n t s ,  t h u s  s c r e e n i n g  o u t  p a r t i c l e s  w h ic h  a r e  p a s s e d  t o  t h e  f i n e  

f r o n t a l  and f r o n t a l  c i l i a .  The f r o n t a l  c i l i a  t r a n s p o r t  t h e  p a r t i c l e s  

t o  fo o d  c o l l e c t i n g  f u r r o w s  w h ic h  l e a d  t o  t h e  p a l p s .  T h e r e  p a r t i c l e s  

a r e  s o r t e d  and  e i t h e r  r e j e c t e d  o r  p a s s e d  i n t o  t h e  m o u th .



The e f f e c t s  o f  s u b l e t h a l  oxy g en  l e v e l s  on m o l l u s c s  h a s  n o t  

b e e n  f u l l y  i n v e s t i g a t e d .  Low C> 2  l e v e l s  may a f f e c t  m o l l u s c s  by  l o w e r i n g  

c i l i a r y  a c t i v i t y .  A i e l l o  (1960)  showed t h a t  b e l o w  an  O2  t e n s i o n  o f  

37 mm Hg (23% s a t u r a t i o n )  t h e  r a t e  o f  c i l i a r y  b e a t  on M y t i l u s  e d u l i s  

g i l l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  O2  c o n c e n t r a t i o n .  D i f f e r e n t  

c i l i a r y  t r a c t s  i n  t h e  o y s t e r  a r e  r e s p o n s i b l e  f o r  c r e a t i n g  t h e  pumping 

c u r r e n t ,  s t r a i n i n g  p a r t i c l e s  f rom  t h e  w a t e r ,  s o r t i n g  o u t  p o t e n t i a l  

fo o d  p a r t i c l e s ,  and  m oving  i n g e s t e d  m a t e r i a l  t h r o u g h  t h e  d i g e s t i v e  

t r a c t  ( G a l t s o f f ,  1 9 6 4 ) .

Most  p r e s e n t  k n o w le d g e  o f  t h e  e f f e c t  o f  ( ^ t e n s i o n  on PR i s  

f r o m  s t u d i e s  o f  t h e  r e g u l a t i o n  o f  O2  c o n s u m p t i o n .  The  O2  c o n s u m p t io n  

o f  O s t r e a  e d u l i s  was f o u n d  t o  b e  8 . 4 2 - 1 0 . 5 2  cc  0 2 / h r / g m  wet  w e i g h t  a t  

2 4 . 5 - 2 4 . 6 ° C  ( G a l t s o f f  and W h i p p l e ,  1 9 3 0 ) .  T h i s  O2  c o n s u m p t i o n  i s  

m a i n t a i n e d  a t  a  c o n s t a n t  r a t e  down to '  a  c r i t i c a l  O2  t e n s i o n  ( P c ) o f  

88 mm Hg ( G a l t s o f f  and  W h i p p l e ,  1930) o r  100 mm Hg ( P r o s s e r  and  Brown,  

1 9 6 1 ) .  P r e s u m a b l y  when t h e  O2  t e n s i o n  i s  l o w e r  t h a n  88 t o  100 mm Hg 

(55  t o  63% s a t u r a t i o n )  t h e  o y s t e r  i s  a d v e r s e l y  a f f e c t e d  i n  some way.  

M y t i l u s  p e m a  and M. e d u l i s  w e re  f o u n d  t o  i n c r e a s e  t h e i r  PR a s  t h e  O2  

t e n s i o n  d e c l i n e d  t o  Pc , b e lo w  w h ic h  p o i n t  t h e  PR d e c l i n e d  (B ayne ,

1967 and  1 9 7 1 ) .  W alsh  (1974)  f o u n d  M e r c e n a r i a  m e r c e n a r i a  c o u l d  r e g u l a t e  

i t s  © 2  c o n s u m p t i o n  t h e  same way.  O c to p u s  was  fo u n d  t o  i n c r e a s e  i t s  PR 

d u r i n g  e x p o s u r e  t o  low O2  t e n s i o n s  ( P r o s s e r  and  Brown,  1 9 6 1 ) .  However ,  

G a l t s o f f  and W h ip p le  (1 9 3 0 )  fo u n d  no d i f f e r e n c e  i n  t h e  PR o f  C). e d u l i s  

a t  O2  t e n s i o n s  o f  n e a r  s a t u r a t i o n  and 12% s a t u r a t i o n .  S i n c e  t h e  c i l i a  

r e s p o n s i b l e  f o r  c r e a t i n g  t h e  pumping c u r r e n t  i n  b i v a l v e s  r e q u i r e  O2  i n  

o r d e r  t o  f u n c t i o n  ( A i e l l o ,  1960;  G r a y ,  1 9 2 4 ;  W i l b u r  and  Yonge,  1 9 6 6 ) ,  

i t  i s  t o  b e  e x p e c t e d  t h a t  v e r y  low O2  t e n s i o n  w o u ld  h a v e  t h e  e f f e c t  o f  

r e d u c i n g  t h e  PR.



S e v e r a l  i n v e s t i g a t o r s  h a v e  r e p o r t e d  v a r y i n g  F E ' s  i n  b i v a l v e s  

i n c l u d i n g  £ .  v i r g i n i c a  (Chipman and  H o p k i n s ,  1 9 5 4 ;  D r a l ,  1 9 6 7 ;  Hamwi 

and  H a s k i n s ,  1 9 69 ;  J o r g e n s e n ,  1 9 66 ;  L o o s a n o f f  and E n g l e ,  1947 ;  

M a c G i n i t i e ,  1 9 4 1 ;  N e l s o n ,  1 9 6 0 ;  Tammes and D r a l ,  1 9 5 5 ) .  Somet im es  

t h e s e  v a r i a t i o n s  h a v e  b e e n  a t t r i b u t e d  t o  t h e  p r e s e n c e  o r  a b s e n c e  o f  

M a c G i n i t i e ' s  (1941 )  mucus s h e e t  ( J o r g e n s e n ,  1 9 6 6 ) .  I t  seems r e a s o n a b l e ,  

i n  l i g h t  o f  more r e c e n t  w ork  r e f u t i n g  t h e  e x i s t e n c e  o f  mucus s h e e t s  

i n  b i v a l v e s  ( J o r g e n s e n ,  1 9 4 9 ,  1 9 6 6 ;  J o r g e n s e n  and G o l d b e r g ,  1953 ;

Haven and  M o r a l e s - A l a m o , 19 7 0 ) ,  t h a t  t h e  v a r i a t i o n  i n  FE m u s t  be  

a t t r i b u t e d  t o  o t h e r  c a u s e s .  One c a u s e  may b e  c h a n g e s  i n  t h e  w i d t h  o f  

t h e  i n t e r f i l a m e n t a r y  s l i t s  o f  t h e  g i l l s  ( R i c e  and  S m i t h ,  1 9 5 8 ;  W i lb u r  

and  Yonge ,  1 9 6 6 ) .  The s i z e  o f  t h e s e  s l i t s ,  o r  o s t i a ,  c an  b e  v a r i e d  by  

m u s c u l a r  c o n t r a c t i o n ,  and  p r o b a b l y  b y  t h e  amount o f  b l o o d  f i l l i n g  t h e  

i n t e r f i l a m e n t a r y  j u n c t i o n s  ( E l s e y ,  19*35) . I f  t h e  o s t i a  become to o  

w i d e ,  t h e  l a t e r o - f r o n t a l  c i l i a  w ou ld  no l o n g e r  fo rm  a s  e f f e c t i v e  a 

mesh i n  f r o n t  o f  them.  D r a l  (1967)  e x p l a i n e d  t h a t  t h e  FE o f  M. e d u l i s  

may b e  v a r i e d  " by  s h i f t i n g  t h e  r a n g e  o f  t h e  b e a t  o f  t h e  l a t e r o - f r o n t a l  

c i l i a  tow ard  t h e  f r o n t a l  s i d e . . . s o  t h a t  t h e s e  c i l i a  no l o n g e r  b r i d g e  

t h e  o s t i a ,  and s u s p e n d e d  p a r t i c l e s  h a v e  a c h a n c e  t o  p a s s  t h e  f r e e  s p a c e  

t h u s  f o r m e d . "  A l s o  t h e  b e a t  o f  t h e  l a t e r o - f r o n t a l  c i l i a  may become 

u n c o o r d i n a t e d  o r  s t o p  i n  a  p o s i t i o n  t h a t  w ou ld  a l l o w  t h e  p a s s a g e  o f  

p a r t i c l e s  t h r o u g h  t h e  o s t i a  ( D r a l ,  1 9 6 7 ) .

C o n s i d e r i n g  t h e s e  s t u d i e s ,  one  m i g h t  t h e o r i z e  t h a t  low 

l e v e l s  c o u l d  i n f l u e n c e  FE i n  two w a y s .  S i n c e  0£ i s  r e q u i r e d  f o r  t h e  

m a i n t e n a n c e  o f  c i l i a r y  a c t i v i t y  ( A i e l l o ,  1 9 60 ;  G r a y ,  1 9 24 ;  W i l b u r  and 

Yonge ,  1 9 6 6 ) ,  t h e  b e a t  o f  t h e  l a t e r o - f r o n t a l  c i l i a  may become u n c o ­

o r d i n a t e d  o r  s t o p ,  t h u s  r e d u c i n g  t h e  FE. H ow ever ,  i f  t h e  O2  l e v e l  i s
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low enough  t o  h a v e  t h i s  e f f e c t  on  t h e  l a t e r o - f r o n t a l  c i l i a ,  i t  wou ld  

be e x p e c t e d  t o  h a v e  t h e  same e f f e c t  on t h e  l a t e r a l  c i l i a  t h a t  c r e a t e  

t h e  pumping c u r r e n t ,  t h u s  c a u s i n g  t h e  PR t o  d e c l i n e .  The  m o l l u s c  may 

a l s o  a t t e m p t  t o  m a i n t a i n  i t s  PR i n  low  O2  w a t e r  i n  o r d e r  t o  m a i n t a i n  

i t s  r a t e  o f  C> 2  c o n s u m p t i o n .  One way i t  may do t h i s  i s  by i n c r e a s i n g  

t h e  w i d t h  o f  t h e  o s t i a  so t h a t  t h e  g i l l  o f f e r s  l e s s  r e s i s t a n c e  t o  t h e  

p a s s a g e  o f  w a t e r  t h r o u g h  i t .  T h i s  w o u ld  a l s o  d e c r e a s e  t h e  FE ( A t k i n s ,  

1943 ;  E l s e y ,  1935 ;  J o r g e n s e n ,  1955 and  1966;  W i lb u r  and Yonge ,  1 9 6 6 ) .

F o r  t h i s  s t u d y ,  i t  was d e s i r a b l e  t o  u s e  a t e c h n i q u e  w h ic h  

w o u ld  a l l o w  t h e  s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  PR and  FE w i t h o u t  d i s ­

t u r b i n g  t h e  o y s t e r s .  A l i t e r a t u r e  s e a r c h  showed t h a t  n o n e  o f  t h e  

t e c h n i q u e s  d e s c r i b e d  was  e n t i r e l y  s a t i s f a c t o r y .

S e v e r a l  d i r e c t  m e th o d s  o f  d e t e r m i n i n g  PR a r e  d e s c r i b e d  i n  

t h e  l i t e r a t u r e .  G a l t s o f f Ts (1964)  c a r m i n e  cone  m e th o d  was j u d g e d  

u n s a t i s f a c t o r y  s i n c e  i t  im p o s e s  t h e  u n n a t u r a l  c o n d i t i o n  o f  h a v i n g  a 

g l a s s  t u b e  i n s e r t e d  b e t w e e n  t h e  v a l v e s .  T h i s  p r e v e n t s  t h e  c l o s i n g  

o f  t h e  v a l v e s  by  w h ic h  means  t h e  o y s t e r  c an  n o r m a l l y  r e g u l a t e  t h e  

amount o f  w a t e r  i t  pumps.  I t  i s  a l s o  p r o b a b l e  t h a t  t h e  p r e s e n c e  o f  

t h e  t u b e  i n  t h e  c l o a c a l  cham ber  i r r i t a t e s  t h e  a n i m a l .  The v a l u e s  

G a l t s o f f  o b t a i n e d  u s i n g  t h i s  m e thod  ( a  maximum o f  3 . 9  1 / h r  a t  2 5 ° C f o r  

one o y s t e r )  w e re  p r o b a b l y  t o o  low ( W i l b u r  and  Yonge,  1 9 6 6 ) .  G a l t s o f f ’ s 

(1964) r u b b e r  dam a p r o n  m e thod  a p p a r e n t l y  g i v e s  a b e t t e r  e s t i m a t e  o f  t h e  

PR o f  o y s t e r s ,  b u t  was n o t  u s e d  b e c a u s e  o f  t h e  u n r e l i a b l e  FE o b t a i n e d  

by L o o s a n o f f  and E n g l e  (1 9 4 7 )  when t h e y  u s e d  t h i s  m e thod  i n  a f i l t r a t i o n  

s t u d y .  I t  i s  p o s s i b l e  t h a t  t h e  a p r o n  i r r i t a t e d  t h e  o y s t e r  s o  t h a t  a  

n o r m a l  FE was  n o t  f o u n d  ( J o r g e n s e n ,  1 9 6 6 ) ,  o r  t h a t  p a r t i c l e s  o f  f e c e s  

c o l l e c t i n g  i n  t h e  a p r o n  w ere  w ashed  o u t  by t h e  e x h a l a n t  c u r r e n t  and



8

c o u n t e d  as  u n f i l t e r e d  p a r t i c l e s .  The t h i r d  d i r e c t  m e th o d  o f  d e t e r m i n i n g  

PR i n  m o l l u s c s  i s  t h e  d y e  m e th o d  (C o u g h la n  and  A n s e l l ,  1 9 6 4 ) .  The  r a t e  

a t  w h ic h  a d y e  s o l u t i o n  i s  i n t r o d u c e d  i n t o  t h e  i n h a l a n t  s i p h o n  i s  

i n c r e a s e d  u n t i l  i t  m a t c h e s  t h e  PR, and t h e  d y e  c u r l s  b a c k  f rom  t h e  

s i p h o n .  T h i s  me thod  a p p l i e s  o n l y  t o  s i p h o n a t e  s p e c i e s ,  and  t h e r e f o r e  

c o u l d  n o t  b e  u s e d  i n  t h i s  s t u d y .

I n d i r e c t  m e th o d s  o f  d e t e r m i n i n g  t h e  PR i n v o l v e  m e a s u r i n g  

t h e  r a t e  a t  w h ic h  p a r t i c l e s  a r e  removed f ro m  t h e  w a t e r .  T h i s  m e thod  

a c t u a l l y  m e a s u r e s  t h e  f i l t r a t i o n  r a t e  (FR) r a t h e r  t h a n  t h e  PR. The 

FR i s  n o t  e q u a l  t o  t h e  PR u n l e s s  t h e  p a r t i c l e s  b e i n g  c o u n t e d  a r e  r e t a i n e d  

w i t h  100% e f f i c i e n c y .  FR and  PR a r e  r e l a t e d  b y  t h e  f o r m u l a :

FR
PR = --------

FE

The FR i s  an u n r e l i a b l e  e s t i m a t e  o f  t h e  PR s i n c e  t h e  FE c a n  v a r y  

u n p r e d i c t a b l y  (Hamwi and  H a s k i n s ,  1 9 6 9 ) ;  m o r e o v e r ,  p a r t  o f  t h i s  s t u d y  

was c o n c e r n e d  w i t h  t h e  p o s s i b l e  c h a n g e  i n  FE b e t w e e n  O2  l e v e l s .  B u t
4

s i n c e  t h e  FE and FR c o u l d  b e  d e t e r m i n e d  s i m u l t a n e o u s l y ,  a  c o r r e c t e d  PR 

c o u l d  b e  c a l c u l a t e d  f rom  t h e  ab o v e  r e l a t i o n s h i p .  T h i s  c o r r e c t i o n  

t e c h n i q u e  h a s  n o t  b e e n  u s e d  p r e v i o u s l y .

The FR may b e  d e t e r m i n e d  i n  a c l o s e d  ( J o r g e n s e n ,  1943) o r  

f l o w i n g  w a t e r  s y s t e m  (W alne ,  19 7 2 ) ,  b u t  t h e  l a t t e r  i s  p r e f e r a b l e  s i n c e  

i t  a v o i d s  t h e  a c c u m u l a t i o n  o f  m e t a b o l i t e s  and r e c i r c u l a t i o n  o f  f i l t e r e d  

w a t e r  t h r o u g h  t h e  m o l l u s c .  I t  i s  n e c e s s a r y  t h a t  t h e  r a t e  o f  f l o w  be  

g r e a t e r  t h a n  t h e  PR b e f o r e  t h e s e  a d v a n t a g e s  h o l d  (W a lne ,  1 9 7 2 ) .

The m a j o r i t y  o f  f i l t r a t i o n  s t u d i e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  

c o n c e r n  e i t h e r  t h e  FR o r  t h e  r e l a t i v e  FE o f  d i f f e r e n t  s i z e  p a r t i c l e s .

The d e t e r m i n a t i o n  o f  t h e  t r u e  FE a s  d e s i r e d  i n  t h i s  s t u d y  r e q u i r e d  t h e
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s a m p l i n g  o f  t h e  e x h a l a n t  w a t e r .  VanDam (1954)  u s e d  s i p h o n  t u b e s  t o  

s a m p l e  t h e  e x h a l a n t  w a t e r  o f  s c a l l o p s ,  and a m o d i f i c a t i o n  o f  h i s  me thod  

was u s e d  i n  t h i s  s t u d y .

The d e t e r m i n a t i o n  o f  b o t h  FE and  FR r e q u i r e d  a  means  o f  

d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  i n c u r r e n t ,  e x c u r r e n t ,  

and  t h r o u g h  o v e r f l o w  s a m p l e s  c o l l e c t e d .  M ost  o f  t h e  e a r l i e r  i n v e s t i ­

g a t o r s  u s e d  p h o t o m e t r i c  means  ( J o r g e n s e n ,  1 9 4 3 ) ,  b u t  t h i s  n e c e s s i t a t e d  

u s i n g  h i g h  p a r t i c l e  c o n c e n t r a t i o n s .  C o l l o i d a l  g r a p h i t e ,  k a o l i n i t e ,  

o r  a l g a e  c u l t u r e s  w e r e  g e n e r a l l y  a d d e d  t o  t h e  w a t e r .  The  u s e  o f  r a d i o ­

a c t i v e  a l g a e  a l l o w s  t h e  u s e  o f  m ore  n a t u r a l  c e l l  c o n c e n t r a t i o n s  ( R i c e  

and  S m i t h ,  1 9 5 8 ) ,  b u t  h a s  t h e  d i s a d v a n t a g e  t h a t  c u l t u r e s  o f  r a d i o a c t i v e  

p l a n k t o n  m u s t  b e  m a i n t a i n e d .  The  C o u l t e r  e l e c t r o n i c  p a r t i c l e  c o u n t e r  

u s e d  i n  t h e  m o s t  r e c e n t  s t u d i e s  (Haven  and M o r a l e s - A 1 a m o , 1 9 7 0 ;  V a h l ,  

1 9 7 2 a , b ;  W a ln e ,  1972) i s  a d v a n t a g e o u s  s i n c e  t h e  n a t u r a l l y  o c c u r r i n g  

p a r t i c l e s  i n  t h e  \ \ r a te r  may b e  c o u n t e d ,  and was  t h e  m e thod  u s e d  i n  t h i s  

s t u d y .



MATERIALS AND METHODS

T he  b a s i c  d e s i g n  o f  t h i s  e x p e r i m e n t  was t o  h o l d  o y s t e r s  i n  

t r o u g h s  o f  f l o w i n g  York R i v e r  w a t e r  an d  t o  m e a s u r e  t h e i r  PR and FE as 

i n f l u e n c e d  by  v a r i o u s  l e v e l s  o f  d i s s o l v e d  o x y g e n .  F o r  e a c h  o f  s e v e n  

o y s t e r s ,  f o u r  d e t e r m i n a t i o n s  o f  PR and FE w e re  made a t  e a c h  o f  f i v e  

oxy g en  l e v e l s  (100%, 50%, 25%, 12%, and  6% s a t u r a t i o n ) .  F o r  e a c h  o f  

t h e s e  p r e c e e d i n g  f i v e  l e v e l s ,  F E ' s  w e re  c a l c u l a t e d  f o r  11 s i z e  r a n g e s  

o f  p a r t i c l e s  b e t w e e n  1 . 0 0  and  1 2 . 6 0  ym i n  d i a m e t e r .

S i n c e  t h i s  s t u d y  was c a r r i e d  o u t  i n  t h e  f a l l ,  w i n t e r ,  and  

e a r l y  s p r i n g  ( S e p t e m b e r ,  1974 t h r o u g h  A p r i l ,  1 9 7 5 ) ,  t h e  r i v e r  w a t e r  

was warmed t o  b e t w e e n  1 8 . 5  and 2 6 . 0 ° C .  S a l i n i t y  r a n g e d  f ro m  1 2 . 6  t o

2 4 . 0  o / o o .  The f o l l o w i n g  v a r i a b l e s  w e r e  m o n i t o r e d  t h r o u g h o u t  t h e  

s t u d y :  t e m p e r a t u r e ,  s a l i n i t y ,  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  w a t e r

(EV^, w h e re  e q u a l s  t h e  vo lum e o f  p a r t i c l e s  i n  c h a n n e l  i  o f  t h e  

C o u l t e r  C o u n t e r ) ,  r a t e  o f  f l o w  o f  w a t e r  t h r o u g h  t h e  t r o u g h s ,  and  t h e  

p e r c e n t  O2  s a t u r a t i o n .  M u l t i p l e  l i n e a r  r e g r e s s i o n  was u s e d  t o  d e t e r m i n e  

i f  any o f  t h e s e  v a r i a b l e s  o r  t h e  d r y  w e i g h t s  o f  t h e  o y s t e r s  had  any 

e f f e c t  on  t h e  FE o r  PR. A n a l y s i s  o f  v a r i a n c e  was u s e d  t o  com pare  mean 

P R ' s  an d  F E ' s  b e t w e e n  O2  l e v e l s .

A d i a g r a m  o f  t h e  a p p a r a t u s  u s e d  i s  g i v e n  i n  F i g u r e  4.  W a t e r  

was pumped f r o m  t h e  Y ork  R i v e r  t h r o u g h  PVC p i p e s  t o  a  c o n s t a n t l y  o v e r ­

f l o w i n g  t r o u g h  (A) i n  t h e  l a b o r a t o r y .  The w a t e r  f lo w e d  by g r a v i t y  

t h r o u g h  a  h e a t  e x c h a n g e r  (B) t o  a s e c o n d  c o n s t a n t l y  o v e r f l o w i n g  t r o u g h  

( C ) . The u p p e r  end o f  t h i s  t r o u g h  was  d i v i d e d  i n t o  c o m p a r tm e n t s  by

10
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t h r e e  b a f f l e s  (D) . A i r  s t o n e s  (E) w e re  p l a c e d  i n  e a c h  c o m p a r t m e n t ,  and 

v i g o r o u s  a e r a t i o n  a g i t a t e d  t h e  w a t e r  enough to  a v o i d  s u p e r s a t u r a t i o n  

w i t h  g a s s e s .  W a t e r  s i p h o n e d  f ro m  j u s t  b e lo w  t h e  l a s t  b a f f l e  f lo w e d  

i n t o  t h e  t o p s  o f  two PVC O2  s t r i p p i n g  co lumns  ( F ) . The n i t r o g e n ,  

b u b b l e d  i n t o  t h e  b o t t o m s  o f  t h e  co lumns  by  means  o f  a i r  s t o n e s ,  t h u s  

moved c o u n t e r  c u r r e n t  t o  t h e  w a t e r  and  s t r i p p e d  t h e  w a t e r  o f  d i s s o l v e d  

O2  ( S i l v e r ,  W a r r e n ,  and D o u d o f r o f f ,  1 9 6 3 ) .  The r a t e  o f  n i t r o g e n  f l o w ,  

d e t e r m i n e d  by  t h e  f l o w m e t e r s  (G) and  v a l v e s  (H) d e t e r m i n e d  t h e  O2  l e v e l  

o f  t h e  w a t e r  f l o w i n g  t h r o u g h  t h e  v a l v e s  ( I )  i n t o  t h e  c o n t r o l  and 

e x p e r i m e n t a l  t r o u g h s  ( J ) . The c o n t r o l  t r o u g h ,  c o n t a i n i n g  o n l y  an 

o y s t e r  s h e l l ,  was  n e c e s s a r y  t o  d e t e r m i n e  t h e  r a t e  a t  w h ic h  p a r t i c l e s  

s e t t l e d  o u t  as  t h e  w a t e r  f l o w e d  t h r o u g h  t h e  t r o u g h s .  The a v e r a g e  

f r a c t i o n  o f  p a r t i c l e s  n o t  s e t t l i n g  o u t  was u s e d  i n  c a l c u l a t i n g  t h e  FR 

( c f»  p a g e  1 4 ) .  The  t r o u g h s  m e a s u r e d '35 X 8 . 5  X 12 cm h i g h ,  an d  w e re  

d e s i g n e d  t o  c r e a t e  a  l a m i n a r  f l o w  o f  w a t e r  p a s t  t h e  o y s t e r s .  W a t e r  

f ro m  e a c h  t r o u g h  was s i p h o n e d  i n t o  a 125 ml a s p i r a t o r  b o t t l e  w he re  

i t s  ( > 2  c o n t e n t  was m o n i t o r e d  w i t h  a  Y e l lo w  S p r i n g s  I n s t r u m e n t s  O2  p r o b e  

and  m e t e r .

O y s t e r s  b e t w e e n  9 . 5  and  1 0 . 2  cm i n  l e n g t h  w e r e  o b t a i n e d  

f r o m  t h e  P o r o p o t a n k  R i v e r  and  k e p t  i n  t r a y s  s u s p e n d e d  i n  t h e  Y ork  R i v e r  

u n t i l  n e e d e d .  They  w e r e  a c c l i m a t e d  t o  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  

( 1 8 . 5 - 2 6 . 0°C) by  k e e p i n g  them i n  t h e  warm w a t e r  t r o u g h  (C i n  F i g u r e  

4) f o r  a t  l e a s t  two w e e k s .  Widdows and  Bayne (19 71) d e t e r m i n e d  t h a t  

two weeks  was s u f f i c i e n t  t i m e  f o r  M. e d u l i s  t o  become a c c l i m a t e d  t o  

s u c h  a t e m p e r a t u r e  c h a n g e .

A f t e r  t h e  a c c l i m a t i o n  p e r i o d ,  one o y s t e r  was p l a c e d  i n  e a c h  

o f  t h e  f o u r  e x p e r i m e n t a l  t r o u g h s  w i t h  i t s  e x h a l a n t  c u r r e n t  f a c i n g
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d o w n s t r e a m  t o  m i n i m i z e  t u r b u l e n c e  c a u s e d  b y  t h e  e x h a l a n t  c u r r e n t .  The 

f l o w  r a t e  and 0£ c o n t e n t  o f  t h e  w a t e r  w e r e  t h e n  a d j u s t e d  t o  t h e  d e s i r e d  

l e v e l s .  The C> 2  l e v e l s  u s e d  w e re  100%, 50%, 25%, 12%, and  6% s a t u r a t i o n .  

The O2  l e v e l  was  changed  g r a d u a l l y  o v e r  a  p e r i o d  o f  one  o r  two h o u r s  

s i n c e  i t  was  f o u n d  t h a t  i f  t h e  O2  l e v e l  d e c l i n e d  more  r a p i d l y  t h e  

o y s t e r  w o u ld  u s u a l l y  c l o s e .  A f t e r  an  a d d i t i o n a l  h o u r  t o  a l l o w  t h e  O2  

l e v e l  t o  s t a b i l i z e ,  d e t e r m i n a t i o n s  o f  t h e  FE and PR w e r e  b e g u n .

To c a l c u l a t e  t h e  FE o r  FR o f  a m o l l u s c ,  some means  o f  m e a s u r i n g  

t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  w a t e r  b e f o r e  and  a f t e r  f i l t r a t i o n  

was n e c e s s a r y .  The C o u l t e r  C o u n t e r  Model  T^ u s e d  i n  t h i s  s t u d y  i s  

c a p a b l e  o f  r a p i d  and a c c u r a t e  d e t e r m i n a t i o n s  o f  t h e  c o n c e n t r a t i o n s  o f  

d i f f e r e n t  s i z e  p a r t i c l e s  s i m u l t a n e o u s l y .  T h i s  a l l o w e d  t h e  u s e  o f  

n a t u r a l l y  o c c u r r i n g  p a r t i c l e s  i n  t h e  w a t e r ,  and t h e  FE’ s f o r  d i f f e r e n t  

s i z e  r a n g e s  o f  p a r t i c l e s  c o u l d  s t i l l  b e  c a l c u l a t e d .

The C o u l t e r  C o u n t e r  d i s t i n g u i s h e s  b e t w e e n  p a r t i c l e s  o f  d i f ­

f e r e n t  v o lu m e s  r a t h e r  t h a n  d i a m e t e r s .  Thus t h e  r a n g e s  o f  e q u i v a l e n t  

d i a m e t e r s  f o r  t h e  p a r t i c l e s  i n  e a c h  c h a n n e l ,  a s  l i s t e d  i n  T a b l e  1 ,  a r e  

a c t u a l l y  t h e  d i a m e t e r s  o f  s p h e r e s  h a v i n g  t h e  same v o l u m e s .

The r e a d o u t  on t h e  Model  T^ C o u l t e r  C o u n t e r  g i v e s  t h e  t o t a l  

number o f  p a r t i c l e s  c o u n t e d  and  t h e  p e r c e n t a g e  by  v o lum e  i n  e a c h  c h a n n e l .  

I t  was t h e r e f o r e  n e c e s s a r y  t o  e s t i m a t e  t h e  number  o f  p a r t i c l e s  i n  eac h  

c h a n n e l  i n  o r d e r  t o  c a l c u l a t e  a  FE f o r  e a c h  p a r t i c l e  s i z e  r a n g e .  The 

e q u a t i o n s  d e r i v e d  f o r  t h i s  p u r p o s e  a r e  i n  A p p en d ix  I .

The  d e t e r m i n a t i o n  o f  t h e  t r u e  FE n e c e s s i t a t e d  t h e  s a m p l i n g  

o f  t h e  e x h a l a n t  w a t e r  t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  

i t .  A t t e m p t s  t o  m e a s u r e  r e s p i r a t i o n  i n  s c a l l o p s  by  s a m p l i n g  t h e  

e x h a l a n t  w a t e r  w i t h  a  s y r i n g e  o r  s i p h o n  t u b e  (VanDam, 1954)  s u g g e s t e d
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t h a t  s t r i c t  p r e c a u t i o n s  m u s t  b e  t a k e n  t o  i n s u r e  s a m p l i n g  o n l y  t h e  

e x h a l a n t  w a t e r .  A quar ium  w a t e r  c a n n o t  b e  d raw n  i n t o  t h e  s a m p le  w i t h o u t  

d e c r e a s i n g  t h e  a c c u r a c y  o f  t h e  d e t e r m i n e d  FE. To i n s u r e  a c c u r a t e  

r e s u l t s  i n  t h i s  s t u d y ,  t h e  f o l l o w i n g  t e c h n i q u e  was  d e v i s e d .  A dy e  

( g r e e n  f o o d  c o l o r i n g )  was i n t r o d u c e d  i n t o  t h e  i n h a l a n t  c u r r e n t  o f  t h e  

d y s t e r .  The p r e s e n c e  o f  t h e  dye  i n  t h e  e x h a l a n t  c u r r e n t  a i d e d  i n  t h e  

p r e c i s e  p l a c e m e n t  o f  t h e  s i p h o n  t u b e  i n  t h e  e x h a l a n t  c u r r e n t  f rom  t h e  

e p i b r a n c h i a l  ch am b er .  J u d g i n g  f ro m  t h e  dye  p a t t e r n ,  more  w a t e r  p a s s e d  

t h r o u g h  t h e  e p i b r a n c h i a l  cham ber  t h a n  t h e  p r o m y a l .  The  e x h a l a n t  w a t e r  

s a m p le  m u s t  b e  d rawn a t  a r a t e  s l o w e r  t h a n  t h e  PR s o  t h a t  no  w a t e r  

o t h e r  t h a n  t h a t  f r o m  t h e  e x h a l a n t  c u r r e n t  i s  d raw n  i n t o  t h e  s a m p le  

(VanDam, 1 9 5 4 ) .  T h i s  s lo w  r a t e  was a s s u r e d  by  d r a w i n g  o u t  t h e  t i p s  

o f  t h e  1 . 5  mm d i a m e t e r  g l a s s  t u b i n g  u s e d  so  t h a t  t h e  r a t e  a t  w h ic h  t h e  

e x h a l a n t  w a t e r  was  s i p h o n e d  was o n l y  5 -7  m l / m i n .  T h i s  m e a n t  t h a t  i t  

r e q u i r e d  15 t o  20 m i n u t e s  t o  o b t a i n  enough  s a m p l e  t o  c o u n t  a c c u r a t e l y  

on t h e  C o u l t e r  C o u n t e r ,  and  t h u s  e a c h  d e t e r m i n a t i o n  o f  FE and  PR i s  

a c t u a l l y  t h e  o y s t e r ' s  a v e r a g e  p e r f o r m a n c e  o v e r  t h i s  l e n g t h  o f  t i m e .

At t h e  same t i m e  t h e  e x h a l a n t  w a t e r  was  b e i n g  s a m p l e d ,  w a t e r  

s a m p l e s  f ro m  t h e  t r o u g h ,  j u s t  a b o v e  t h e  o y s t e r  ( i n h a l a n t  s a m p l e ) , and  

f ro m  t h e  t r o u g h  o v e r f l o w  w e r e  a l s o  t a k e n .  A few d r o p s  o f  1% H g C ^  

s o l u t i o n w e r e  added  t o  e a c h  s a m p le  t o  p r e v e n t  t h e  g r o w t h  o f  a l g a e  and 

b a c t e r i a  b e f o r e  t h e  p a r t i c l e  c o n c e n t r a t i o n  c o u l d  b e  d e t e r m i n e d  w i t h  

t h e  C o u l t e r  C o u n t e r .

The  FE was c a l c u l a t e d  a s  t h e  p e r c e n t a g e  o f  p a r t i c l e s  r e t a i n e d  

by  t h e  o y s t e r  u s i n g  t h e  f o r m u l a :

P . - P
FE =  —  X 100%

P .



i s  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  i n h a l a n t  w a t e r  s a m p l e ,  and 

Pe  i s  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  e x h a l a n t  w a t e r .  F o u r  

r e p l i c a t e  F E ' s  w e r e  c a l c u l a t e d  f o r  e a c h  o f  t h e  11 c h a n n e l s  a t  e a c h  o f  

t h e  f i v e  l e v e l s  f o r  a l l  7 o y s t e r s .  The p e r c e n t a g e  FE was t h e n  con­

v e r t e d  t o  a n g l e s  u s i n g  t h e  a r c - s i n e  c o n v e r s i o n  b e f o r e  s t a t i s t i c a l  

a n a l y s i s .  FE was a l s o  c a l c u l a t e d  f o r  a l l  p a r t i c l e s  l a r g e r  t h a n  4 . 0 0  ym 

i n  d i a m e t e r .  T h i s  l a s t  FE was  u s e d  i n  c a l c u l a t i n g  t h e  PR.

The FR i s  t h e  r a t e  a t  w h ic h  p a r t i c l e s  a r e  f i l t e r e d  f rom t h e  

w a t e r .  I t  i s  e x p r e s s e d  as  t h e  vo lum e  o f  w a t e r  f ro m  w h ic h  a l l  p a r t i c l e s  

a r e  removed p e r  u n i t  t i m e ,  and was  c a l c u l a t e d  by  t h e  f o r m u l a :

PQ i s  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  t h e  w a t e r  l e a v i n g  t h e  t r o u g h ,  

and F i s  t h e  f l o w  r a t e  t h r o u g h  t h e  t r o u g h .  The c o r r e c t i o n  f a c t o r  c i s  

t h e  a v e r a g e  f r a c t i o n  o f  p a r t i c l e s  n o t  s e t t l i n g  o u t  i n  t h e  c o n t r o l  t r o u g h .  

The FR was  c a l c u l a t e d  f o r  t h e  t o t a l  number  o f  p a r t i c l e s  l a r g e r  t h a n

4 . 0 0  ym i n  d i a m e t e r  and u s e d  t o  c a l c u l a t e  t h e  PR.

The PR, o r  v e n t i l a t i o n  r a t e ,  i s  t h e  r a t e  o f  w a t e r  t r a n s p o r t  

t h r o u g h  t h e  g i l l s  o f  t h e  o y s t e r ,  and was c a l c u l a t e d  by  t h e  f o r m u l a :

FR
PR = -----------

FE

The FR and FE u s e d  t o  c a l c u l a t e  t h e  PR w e re  f o r  t h e  t o t a l  number  o f  

p a r t i c l e s  l a r g e r  t h a n  4 . 0 0  ym i n  d i a m e t e r .  T h i s  s i z e  r a n g e  was  c h o s e n  

i n  a d v a n c e  s i n c e  Haven and  M o r a l e s - A la m o  (1970)  r e p o r t e d  t h a t  p a r t i c l e s  

l a r g e r  t h a n  3  t o  4  ym i n  d i a m e t e r  w e r e  r e t a i n e d  x^ith maximum e f f i c i e n c y .

S i n c e  a l l  o y s t e r s  w e re  a b o u t  t h e  same s i z e ,  and t h e  m e a t s  o f  

t h e  o nes  u s e d  d u r i n g  t h e  s p r i n g  h a d  grown much h e a v i e r  i n  p r e p a r a t i o n
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f o r  s p a w n i n g ,  f o r  s t a t i s t i c a l  a n a l y s i s  t h e  PR’ s w e r e  e x p r e s s e d  a s  

m l / m i n / o y s t e r  r a t h e r  t h a n  i n  t e r m s  o f  w e t  o r  d r y  w e i g h t .

I m m e d i a t e l y  f o l l o w i n g  t h e  c o l l e c t i o n  o f  i n h a l a n t ,  e x h a l a n t ,  

and  t r o u g h  o v e r f l o w  s a m p l e s ,  t h e  d i s s o l v e d  C>2 > w a t e r  t e m p e r a t u r e ,  and  

e x a c t  r a t e  o f  w a t e r  f l o w  t h r o u g h  t h e  t r o u g h  w e r e  r e c o r d e d .  The  C> 2  

c o n c e n t r a t i o n  and t e m p e r a t u r e  w e r e  d e t e r m i n e d  w i t h  a Y e l l o w  S p r i n g s  

I n s t r u m e n t s  O2  p r o b e  w i t h  t h e r m i s t o r  and m e t e r .  The r a t e  o f  w a t e r  

f l o w  was d e t e r m i n e d  by  c o l l e c t i n g  t h e  w a t e r  l e a v i n g  t h e  t r o u g h  i n  a 

g r a d u a t e d  c y l i n d e r  f o r  15 s e c o n d s .  S a l i n i t y  was d e t e r m i n e d  d a i l y  w i t h  

a Beckman i n d u c t i o n  s a l i n o r a e t e r .  A r e l a t i v e  t u r b i d i t y  i n d e x ,  t h e  

t o t a l  p a r t i c l e  c o n c e n t r a t i o n  e x p r e s s e d  i n  m l / 1  (EV-^) , was c a l c u l a t e d  

f ro m  t h e  C o u l t e r  C o u n t e r  d a t a  f o r  i n h a l a n t  w a t e r  s a m p l e s  ( s e e  A ppend ix

I ) .

A f t e r  f o u r  d e t e r m i n a t i o n s  o f  PR and FE a t  e a c h  O2  l e v e l  w e r e  

made on an  o y s t e r ,  an d  t h e  a s s o c i a t e d  a b o v e  m e a s u r e m e n t s  r e c o r d e d ,  t h e  

o y s t e r  was  removed  f ro m  i t s  s h e l l ,  d r a i n e d ,  and  w e i g h e d .  The m e a t  

was t h e n  d r i e d  t o  a  c o n s t a n t  w e i g h t  a t  100°C.

E x p e r i m e n t s  w e r e  a l s o  p e r f o r m e d  t o  d e t e r m i n e  w h a t  e f f e c t s  t h e  

O2  s t r i p p i n g  co lumns  had  on  p a r t i c l e  c o n c e n t r a t i o n  and  d i s t r i b u t i o n .

W a t e r  s a m p l e s  w e r e  t a k e n  b e f o r e  and a f t e r  b u b b l i n g  n i t r o g e n  t h r o u g h  

t h e  w a t e r  and t h e  p a r t i c l e  c o n c e n t r a t i o n s  and d i s t r i b u t i o n s  d e t e r m i n e d  

w i t h  t h e  C o u l t e r  C o u n t e r .  I n  t h e s e  e x p e r i m e n t s  t h e  n i t r o g e n  was  i n t r o ­

d u c e d  i n t o  t h e  co lu m n s  a t  r a t e s  g r e a t  e n o u g h  t o  l o w e r  t h e  O2  c o n t e n t  

o f  t h e  w a t e r  t o  6  a n d  1 2 % s a t u r a t i o n .

M u l t i p l e  l i n e a r  r e g r e s s i o n  was  u s e d  t o  d e t e r m i n e  i f  f l u c t u a t i o n s  

i n  t e m p e r a t u r e ,  s a l i n i t y ,  t o t a l  vo lum e  o f  p a r t i c l e s  i n  t h e  w a t e r  ( E V ^ ) , 

d r y  w e i g h t  o f  t h e  o y s t e r s ,  C> 2  l e v e l s ,  o r  r a t e  o f  f l o w  t h r o u g h  t h e  t r o u g h



h a d  any  e f f e c t  on  f i l t r a t i o n  e f f i c i e n c y .  The  same t e s t  was made t o  

d e t e r m i n e  i f  any  o f  t h e s e  v a r i a b l e s  o t h e r  t h a n  t h e  r a t e  o f  f l o w  t h r o u g h  

t h e  t r o u g h  had  any  e f f e c t  on PR. The i n c l u s i o n  o f  t h e  f l o w  r a t e  i n  

t h i s  a n a l y s i s  w ou ld  h a v e  v i o l a t e d  an  a s s u m p t i o n  o f  t h e  t e s t ,  s i n c e  t h e  

f l o w  r a t e  and PR w e r e  n o t  i n d e p e n d e n t l y  d e t e r m i n e d .  An a n a l y s i s  o f  

v a r i a n c e  was p e r f o r m e d  t o  t e s t  f o r  s i g n i f i c a n t  d i f f e r e n c e s  i n  f l o w  

r a t e s  b e t w e e n  C> 2  l e v e l s .

PR’ s f o r  d i f f e r e n t  O2  l e v e l s  w e r e  com pared  by  a n a l y s i s  o f  

v a r i a n c e .  When t h e  PR was  e x p r e s s e d  a s  m l / m i n / o y s t e r ,  b l o c k i n g  on 

o y s t e r s  d i d  n o t  remove a  s i g n i f i c a n t  amount o f  v a r i a t i o n ,  and s o  a 

c o m p l e t e l y  r a n d o m i z e d  d e s i g n  was u s e d .  A t w o - f a c t o r  a n a l y s i s  of  

v a r i a n c e  w i t h  b l o c k i n g  on o y s t e r s  s u p e r i m p o s e d  w a s  t h e n  u s e d  t o  t e s t  

f o r  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  F E ' s  b e t w e e n  c h a n n e l s  and  b e t w e e n  

O2  l e v e l s .  Where s i g n i f i c a n t  d i f f e r e n c e s  w e r e  i n d i c a t e d ,  t h e  S t u d e n t -  

Newman-Keules  (SNK) t e s t  was  u s e d  t o  d e t e r m i n e  w h i c h  means  w e re  s i g n i f ­

i c a n t l y  d i f f e r e n t .



RESULTS

N i t r o g e n  g a s  b u b b l e d  t h r o u g h  t h e  w a t e r  had  t h e  e f f e c t  o f  

r e d u c i n g  t h e  t o t a l  p a r t i c l e  c o n c e n t r a t i o n  (EVE) 2 0 . 2  t o  30.1% ( T a b l e

2 ) .  T h i s  was p r o b a b l y  due  t o  p a r t i c l e s  b e i n g  h e l d  t o  t h e  s u r f a c e  o f  

t h e  b u b b l e s  by  s u r f a c e  t e n s i o n .  When t h e  b u b b l e s  r e a c h e d  t h e  t o p  o f  

t h e  co lumn t h e y  b u r s t ,  t h r o w i n g  t h e  p a r t i c l e s  a g a i n s t  t h e  s i d e s  o f  

t h e  co lum n .  A c c u m u l a t i o n  o f  p a r t i c l e s  on t h e  s i d e s  o f  t h e  co lumns 

above  t h e  w a t e r  l i n e  was q u i t e  n o t i c e a b l e .  N i t r o g e n  b u b b l e s  a l s o  had 

and  e f f e c t  on t h e  s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s .  T h e r e  w e re  a lw a y s  

f e w e r  s m a l l  p a r t i c l e s  i n  t h e  w a t e r  a f t e r  b u b b l i n g  n i t r o g e n  t h r o u g h  i t ,  

b u t  i n  some c a s e s  t h e r e  w e re  more 1 2 . 7  t o  2 5 . 3  jim d i a m e t e r  p a r t i c l e s  

( c h a n n e l s  1 4 - 1 6 ) .  P o s s i b l y  t h e  n i t r o g e n  b u b b l e s  c a u s e d  t h e  a g g r e g a t i o n  

o f  s m a l l  p a r t i c l e s .  However ,  t h e r e  w e re  s o  few p a r t i c l e s  l a r g e r  t h a n  

1 2 . 6  pm i n  d i a m e t e r  t h a t  r e l i a b l e  e s t i m a t e s  o f  t h e i r  c o n c e n t r a t i o n s  

c o u l d  n o t  be  made.  F o r  t h i s  r e a s o n  F E ' s  w e re  n o t  c a l c u l a t e d  f o r  t h e s e  

l a r g e r  p a r t i c l e s .

The  change  i n  p a r t i c l e  c o n c e n t r a t i o n  d i d  n o t  h a v e  a s i g n i f ­

i c a n t  e f f e c t  on e i t h e r  PR o r  FE ( T a b l e s  3 and 4 ) .  M u l t i p l e  l i n e a r  

r e g r e s s i o n  a n a l y s e s  d e m o n s t r a t e d  t h a t  o n l y  t h e  0 £ l e v e l  had  a s i g n i f ­

i c a n t  e f f e c t  on  PR and  t h e  a v e r a g e  FE f o r  p a r t i c l e s  l a r g e r  t h a n  4 . 0 0  

pm i n  d i a m e t e r .  The e f f e c t s  o f  f l u c t u a t i o n s  i n  EV^, s a l i n i t y ,  t e m p e r a t u r e ,  

f lo w  r a t e ,  and  d r y  w e i g h t  o f  t h e  o y s t e r s  ( T a b l e  5) on FE w e re  a l l  n o n ­

s i g n i f i c a n t  o v e r  t h e  r a n g e s  e n c o u n t e r e d  i n  t h i s  s t u d y  ( a  = 0 . 0 5 ) .

17



18

F l u c t u a t i o n s  i n  IV ^ ,  s a l i n i t y ,  t e m p e r a t u r e ,  an d  t h e  d r y  w e i g h t s  

o f  t h e  o y s t e r s  had  no  d e m o n s t r a t a b l e  e f f e c t  on PR ( a  = 0 . 0 5 ) .  F low 

r a t e  c o u l d  n o t  b e  i n c l u d e d  i n  t h e  a n a l y s i s  f o r  PR’ s s i n c e  PR and  f low  

r a t e  w e re  n o t  i n d e p e n d e n t l y  d e t e r m i n e d .  T h e r e f o r e  an a n a l y s i s  o f  

v a r i a n c e  f o r  d i f f e r e n c e s  i n  f l o w  r a t e s  b e t w e e n  0 £ l e v e l s  was made.

The F r a t i o  f o r  t h i s  t e s t  was s i g n i f i c a n t  ( a  = 0 . 0 1 ) ,  b u t  o n l y  t h e  mean 

f l o w  r a t e s  b e t w e e n  l e v e l s  o f  25% and 50% 0£ s a t u r a t i o n  w e re  s i g n i f i c a n t l y  

d i f f e r e n t  ( a  = 0 . 0 5 )  ( T a b l e  6 ) .  B e c a u s e  t h e  mean P R ' s  f o r  t h e s e  two 

O2  l e v e l s  w e re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( a  = 0 . 0 5 )  ( T a b l e  7 ) ,  we 

c o n c l u d e  t h a t  d i f f e r e n c e s  i n  f l o w  r a t e  b e t w e e n  t r e a t m e n t s  ( Or ,  l e v e l s )  

d i d  n o t  i n f l u e n c e  t h e  P R ' s  b e t w e e n  t r e a t m e n t s .

The mean pumping  r a t e s  a t  e a c h  O2  l e v e l  r a n g e d  f ro m  a  h i g h  

o f  183 m l / m i n / o y s t e r  a t  50% O2  s a t u r a t i o n  to  113 m l / m i n / o y s t e r  a t  6 % 

s a t u r a t i o n  ( F i g u r e  5 ) .  T h e r e  was a s i g n i f i c a n t  d i f f e r e n c e  ( a  = 0 . 0 1 )  

b e t w e e n  t h e  mean P R ' s  f o r  d i f f e r e n t  0^ l e v e l s  ( T a b l e  7) . " The SNK 

a n a l y s i s  showed t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  

mean pumping r a t e s  a t  100%, 50%, 25%, o r  12% O2  s a t u r a t i o n  ( a  = 0 . 0 5 ) .

The mean PR a t  6 % O2  s a t u r a t i o n  was s i g n i f i c a n t l y  l o w e r  t h a n  a t  100% 

o r  50% O2  s a t u r a t i o n ,  b u t  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  PR 

a t  25% o r  12% s a t u r a t i o n  ( a  = 0 . 0 5 ) .  T h u s ,  even  th o u g h  t h e r e  was much 

v a r i a t i o n  i n  t h e  P R ' s ,  we c o n c l u d e  t h a t  t h e  PR a t  6 % O2  s a t u r a t i o n  

was a b o u t  35% l o w e r  t h a n  a t  t h e  c o n t r o l  O2  l e v e l  (100% O2  s a t u r a t i o n ) .

P a r t i c l e  s i z e  ( c h a n n e l s )  and  O2  l e v e l s  had  h i g h l y  s i g n i f i c a n t  

e f f e c t s  on FE ( a  < 0 . 0 0 1 ) ,  b u t  t h e r e  was no s i g n i f i c a n t  i n t e r a c t i o n  

( T a b l e  8 ) .  T h u s ,  O2  l e v e l  e f f e c t  on FE was t h e  same f o r  a l l  p a r t i c l e  

s i z e s  c o u n t e d  i n  t h i s  s t u d y  ( 1 . 0 0  t o  1 2 . 6  ym i n  d i a m e t e r ) .  T h e r e f o r e ,  

w i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  v e r t i c a l  d i s t a n c e s  b e t w e e n  t h e  l i n e s  i n
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F i g u r e  6 , i n  w h ic h  FE v e r s u s  p a r t i c l e  s i z e  i s  p l o t t e d  f o r  t h e  f i v e  C> 2  

l e v e l s ,  a r e  e q u a l .

T a b l e  9 g i v e s  t h e  a v e r a g e  FE f o r  e a c h  c h a n n e l  a t  e a c h  

l e v e l ,  a s  w e l l  a s  t h e  a v e r a g e  FE f o r  e a c h  0£ l e v e l  o v e r  a l l  c h a n n e l s  

and  f o r  e a c h  c h a n n e l  o v e r  a l l  C> 2  l e v e l s .  A v e ra g e  F E ' s f o r  c h a n n e l s  

3 t h r o u g h  9 ( 1 . 0 0 - 5 . 0 3  ym i n  d i a m e t e r )  w e re  a l l  s i g n i f i c a n t l y  d i f f e r e n t  

( a  = 0 . 0 5 )  and i n c r e a s e d  w i t h  i n c r e a s i n g  p a r t i c l e  s i z e  ( T a b l e  9 ) .

T h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  ( a  = 0 . 0 5 )  b e t w e e n  c h a n n e l s  10 

t h r o u g h  13 ( 5 . 0 4 - 1 2 . 6  ym i n  d i a m e t e r ) .  T h i s  means  t h a t  p a r t i c l e s  5 . 0 4  

ym o r  g r e a t e r  i n  d i a m e t e r  w e r e  r e t a i n e d  w i t h  e q u a l  e f f i c i e n c y  a t  e a c h  

O9  l e v e l .  R e t e n t i o n  o f  p a r t i c l e s  i n  c h a n n e l  9 ( 4 . 0 0 - 5 . 0 3  ym i n  d i a m e t e r )  

was m a r g i n a l l y . s i g n i f i c a n t l y  l o w e r  ( a  = 0 . 0 5 ) .

The o v e r a l l  a v e r a g e  FE ( p a r t i c l e s  1 . 0 0 - 1 2 . 6  ym i n  d i a m e t e r )  

a t  100% O2  s a t u r a t i o n  was 73.4% ( T a b l e  9 ) .  The v a l u e s  a t  50% and  25%

O2  s a t u r a t i o n  w e re  s l i g h t l y  l o w e r  a t  6 9 . 3  and  69.4% r e s p e c t i v e l y  and  

w e re  t h e  o n l y  v a l u e s  n o t  d i f f e r i n g  s i g n i f i c a n t l y  f ro m  e a c h  o t h e r  

( a  = 0 . 0 5 ) .  The a v e r a g e  FE d e c l i n e d  t o  50.3% a t  12% O2  s a t u r a t i o n ,  

and  44.0% e f f i c i e n c y  a t  6 % O2  s a t u r a t i o n .



DISCUSSION

The e f f e c t s  o f  s u b l e t h a l  0£ l e v e l s  on m o l l u s c s  i n  g e n e r a l ,  

and  jC. v i r g i n i c a  i n  p a r t i c u l a r ,  h a v e  n o t  b e e n  f u l l y  i n v e s t i g a t e d .  An 

u n d e r s t a n d i n g  o f  how low O2  l e v e l s  m i g h t  a f f e c t  t h e  e c o l o g y ,  d i s t r i b u t i o n ,  

and  g ro w th  o f  c o m m e r c i a l l y  v a l u a b l e  s p e c i e s  i s  i m p o r t a n t  t o  t h e  s h e l l ­

f i s h  i n d u s t r y .  _C. v i r g i n i c a  i s  t h e  m os t  v a l u a b l e  s p e c i e s  o f  m o l l u s c  

i n  t h e  C h e s a p e a k e  B ay ,  and t h i s  s t u d y  i s  a  s i g n i f i c a n t  b e g i n n i n g  to w a rd  

t h a t  g o a l .

W h i l e  _C. v i r g i n i c a  can  s u r v i v e  0£ l e v e l s  a s  low as  6 % O2  

s a t u r a t i o n  f o r  more  t h a n  13 d a y s  (Haven  and B e n d l ,  1 9 7 5 ) ,  t h e r e  i s  l i t t l e  

d o u b t  t h a t  s u c h  low O2  l e v e l s  do h a v e  s i g n i f i c a n t  i m p a c t .  FE was a f f e c t e d  

by an  0£ l e v e l  o f  12% s a t u r a t i o n ,  and b o t h  FE and PR w e r e  l o w e r  a t  6 %

O2  s a t u r a t i o n .  T h e s e  C> 2  l e v e l s  commonly o c c u r  i n  t h e  C h e s a p e a k e  Bay 

d u r i n g  t h e  summer m on ths  ( c f .  H i r e s ,  j e t  _al .  , 1966 and  VIMS H y d r o g r a p h i c  

D a t a ,  u n p u b l i s h e d ) .

F i l t r a t i o n  E f f i c i e n c y  

The d e p e n d e n c e  o f  FE on p a r t i c l e  s i z e  was e x p e c t e d .  A l t h o u g h  

L o o s a n o f f  and E n g l e  (1947)  f o u n d  l i t t l e  c o r r e l a t i o n  b e t w e e n  p a r t i c l e  s i z e  

and FE, t h i s  was  a p p a r e n t l y  due  t o  t h e i r  u s e  o f  t h e  r u b b e r  dam a p ro n  

m e thod  t o  s e p a r a t e  t h e  e x h a l a n t  w a t e r  ( J o r g e n s e n ,  1 9 6 6 ) .  I n v e s t i g a t o r s  

s i n c e  t h a t  t i m e  h a v e  f o u n d  t h a t  FE i s  d e p e n d e n t  on p a r t i c l e  s i z e  

( J o r g e n s e n  and G o l d b e r g ,  1953 ;  H aven  and M o ra l e s -A 1 a m o , 1 9 7 0 ) .  Haven 

and M o ra le s -A la m o  r e p o r t e d  t h a t ,  u s i n g  n a t u r a l l y  o c c u r r i n g  p a r t i c l e s

20
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i n  t h e  York  R i v e r ,  FE i n c r e a s e d  w i t h  i n c r e a s i n g  p a r t i c l e  s i z e  up t o  3 

t o  4 ym i n  d i a m e t e r  a s  d e t e r m i n e d  w i t h  a C o u l t e r  C o u n t e r .  The f i n d i n g s  

o f  t h i s  s t u d y  a r e  e s s e n t i a l l y  i n  a g r e e m e n t .  The FE f o r  C h a n n e l  9 

( p a r t i c l e s  4 . 0 0  t o  5 . 0 3  ym i n  d i a m e t e r )  was  m a r g i n a l l y  s i g n i f i c a n t l y  

l o w e r  t h a n  t h e  FE f o r  h i g h e r  c h a n n e l s .  C h a n n e l  8  c o n t a i n e d  p a r t i c l e s  

a s  s m a l l  a s  3 . 1 7  m i c r o n s  i n  d i a m e t e r  and w o u ld  t h u s  b e  e x p e c t e d  t o  show 

a  l o w e r  t h a n  maximum FE.

I t  was s u s p e c t e d  t h a t  i f  a  low 0£ l e v e l  a f f e c t e d  FE, i t  m i g h t  

h a v e  t h e  g r e a t e s t  e f f e c t  on t h e  FE o f  s m a l l  p a r t i c l e s  s i n c e  t h e y  a r e  

n o r m a l l y  r e t a i n e d  w i t h  l e s s  t h a n  maximum e f f i c i e n c y .  The  n o n s i g n i f ­

i c a n t  F v a l u e  f o r  t h e  i n t e r a c t i o n  b e t w e e n  p a r t i c l e  s i z e  ( c h a n n e l s )  and 

O2  l e v e l  i n d i c a t e d  t h a t ,  w i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  l o w e r  0  ̂ l e v e l s  

r e d u c e d  t h e  FE o f  a l l  s i z e  p a r t i c l e s  by  e q u a l  am o u n ts .  However ,  s i n c e  

t h e  FE f o r  s m a l l e r  p a r t i c l e s  (<4 ym i n  d i a m e t e r )  was a l r e a d y  low a t  

h i g h  O2  l e v e l s ,  i t  was  r e d u c e d  by  a  g r e a t e r  p e r c e n t a g e .  F o r  e x a m p le ,  

t h e  p e r c e n t a g e  r e d u c t i o n  i n  FE b e t w e e n  100% and 6 % O2  s a t u r a t i o n  was 

60.9% f o r  p a r t i c l e s  i n  c h a n n e l  3 ( 1 . 0 0  -  1 . 2 5  ym i n  d i a m e t e r )  and 

28.8% f o r  p a r t i c l e s  i n  c h a n n e l  13 ( 1 0 . 0 8  -  1 2 . 6 0  ym i n  d i a m e t e r ) . T h i s  

i s  an  i m p o r t a n t  p o i n t ,  s i n c e  p a r t i c l e s  1 t o  4 ym i n  d i a m e t e r  may b e  o f  

p a r t i c u l a r  i m p o r t a n c e  t o  o y s t e r  n u t r i t i o n .  Even  th o u g h  t h e y  w e re  n o t  

r e t a i n e d  w i t h  maximum e f f i c i e n c y ,  t h e y  o c c u r r e d  i n  s u c h  l a r g e  num bers  

as  t o  r e p r e s e n t  52% o f  t h e  t o t a l  vo lum e  o f  p a r t i c l e s  (1  t o  12 ym i n  

d i a m e t e r )  r e t a i n e d  by  o y s t e r s  (Haven  and M o r a l e s - A l a m o , 1 9 7 0 ) .

How s m a l l e r  p a r t i c l e s  (1 -  4 m i c r o n s  i n  d i a m e t e r )  a r e  r e t a i n e d  

i s  n o t  w e l l  u n d e r s t o o d .  A t k i n s  (1 9 3 8 )  d e t e r m i n e d  t h a t  t h e  d i s t a n c e  

b e t w e e n  t h e  l a t e r o - f r o n t a l  c i l i a  i n  Ch v i r g i n i c a  i s  b e t w e e n  1 . 5  and 

3 . 7  m i c r o n s .  Only  l a r g e r  p a r t i c l e s  c o u l d  be  e x p e c t e d  t o  be  r e t a i n e d  

w i t h  maximum e f f i c i e n c y .  S m a l l e r  p a r t i c l e s  may be t r a p p e d  a l o n g  w i t h
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l a r g e r  p a r t i c l e s  ( S m i t h ,  1958)  o r  a d h e r e  t o  mucus on t h e  g i l l  i n  some 

way o t h e r  t h a n  b e i n g  c a u g h t  by  a mucus s h e e t  (Haven  and M o r a l e s - A l a m o ,

1 9 7 0 ) .  Tamines and D r a l  (19 5 5 )  r e p o r t e d  t h a t  i n  M y t i l u s  p a r t i c l e s  a d h e r e  

t o ' t h e  l a t e r o - f r o n t a l  c i l i a  and a r e  b r u s h e d  o f f  o n t o  t h e  f r o n t a l  c i l i a .  

Moore (1971)  f o u n d  t h a t  t h e  l a t e r o - f r o n t a l  c i l i a  i n  M y t i l u s  a r e  a c t u a l l y  

c i r r i .  The component  c i l i a  h a v e  f r e e  e nds  b r a n c h i n g  o f f  a t  0 . 6  ym 

i n t e r v a l s  so  t h a t  a  mesh w i t h  a p o r o s i t y  o f  0 . 6  t o  2 . 7  ym i s  fo rm e d .

I t  i s  p r o b a b l e  t h a t  t h e  l a t e r o - f r o n t a l  c i l i a  o f  o y s t e r s  h a v e  a s i m i l a r  

s t r u c t u r e  a s  f i x a t i v e s  t e n d  t o  s e p a r a t e  them i n t o  t h e i r  c o n s t i t u e n t  

f i b e r s  ( A t k i n s ,  1 9 3 8 ) .

Pumping R a te

F o r  a l l  b u t  t h e  l o w e s t  0£ l e v e l  ( 6 % s a t u r a t i o n ) ,  t h e  PR’ s a t  

v a r i o u s  O2  l e v e l s  w e r e  w i t h i n  t h e  r a n g e  d e t e r m i n e d  by  o t h e r  i n v e s t i g a t o r s .  

J o r g e n s e n  (1955)  com pared  t h e  r e s u l t s  o f  PR s t u d i e s  c o n d u c t e d  by  s e v e r a l  

i n v e s t i g a t o r s  by  c o n v e r t i n g  t h e i r  d a t a  t o  s i m i l a r  t e r m s  ( T a b l e  1 0 ) .  

C o m p a r i s o n s  w ere  d i f f i c u l t  s i n c e  d i f f e r e n t  i n v e s t i g a t o r s  n o t  o n l y  u s e d  

d i f f e r e n t  m e t h o d s ,  b u t  s t a t e d  t h e  s i z e  o f  t h e  o y s t e r s  i n  d i f f e r e n t  ways 

o r  n o t  a l  a l l .  F o r  t h i s  r e a s o n ,  J o r g e n s e n  had  t o  e s t i m a t e  some o f  t h e  

w e t  m e a t  w e i g h t s  r e p o r t e d  i n  t h e  t a b l e .  D a t a  f ro m  t h i s  s t u d y ,  c o n v e r t e d  

t o  1 / h r ,  h a v e  b e e n  added  t o  J o r g e n s e n ' s  t a b l e  f o r  c o m p a r a t i v e  p u r p o s e s  

( T a b l e  1 0 ) .  Pumping r a t e s  f o r  100%, 50%, 25%, and  12% O2  s a t u r a t i o n  

w ere  p o o l e d  f o r  t h i s  p u r p o s e ,  s i n c e  no s i g n i f i c a n t  d i f f e r e n c e  was fo u n d

b e t w e e n  t h e  mean P R ' s  f o r  t h e s e  O2  l e v e l s .  The v a r i a t i o n  i n  t h e  w et
\

m e a t  w e i g h t s  o f  t h e  o y s t e r s  u s e d  i n  t h i s  s t u d y  w e re  due  l a r g e l y  t o  

s e a s o n a l  v a r i a t i o n  s i n c e  a l l  o y s t e r s  w e re  p i c k e d  t o  b e  a b o u t  t h e  same s i z e .



W ith  t h e  e x c e p t i o n  o f  J o r g e n s e n ' s  s t u d y  ( 1 9 5 2 ) ,  a l l  t h e  

r e s u l t s  h e  sum m ar ized  ( T a b l e  10) w e r e  made by d i r e c t  m e t h o d s .  S t i l l ,  

t h e  a v e r a g e  P R ' s  d e t e r m i n e d  i n  t h i s  s t u d y  w e r e  w i t h i n  t h e  same r a n g e .  

S e v e r a l  o f  t h e  maximum P R ' s  d e t e r m i n e d  by. t h e  d i r e c t  m e th o d  w e re  g r e a t e r  

t h a n  d e t e r m i n e d  i n  t h i s  s t u d y .  T h i s  may b e  d u e  t o  d i f f e r e n c e s  i n  t h e  

s i z e  o f  t h e  o y s t e r s ,  s i n c e  some w e t  m e a t  w e i g h t s  w e re  e s t i m a t e d ,  o r  t o  

l a t i t u d i n a l  v a r i a t i o n .  Rao (1953)  r e p o r t e d  t h a t  M y t i l u s  c a l i f o r n i a n u s  

f ro m  h i g h e r  l a t i t u d e s  pumped f a s t e r  t h a n  i n d i v i d u a l s  f ro m  l o w e r  l a t i t u d e s  

when com pared  a t  t h e  same t e m p e r a t u r e .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  

d i f f e r e n c e s  i n  maximum P R ' s  w e r e  due  t o  t h e  d i f f e r e n c e s  i n  t e c h n i q u e .  

U n l e s s  t h e  w a t e r  l e v e l  was p r e c i s e l y  a d j u s t e d  when u s i n g  t h e  r u b b e r  

dam a p r o n  m e th o d  i t  i s  p o s s i b l e  some w a t e r  was s i p h o n e d  t h r o u g h  t h e  

o y s t e r .  On t h e  o t h e r  h a n d ,  i n  t h e  m e th o d  u s e d  i n  t h i s  s t u d y  t h e  r a t e  

o f  f l o w  o f  w a t e r  t h r o u g h  t h e  t r o u g h  may h a v e  l i m i t e d  t h e  c a l c u l a t e d  FR. 

The c a l c u l a t e d  FR c a n n o t  b e  g r e a t e r  t h a n  t h e  f l o w  r a t e  s i n c e  FR = (CE) 

( f l o w  r a t e ) .  The f l o w  r a t e  was i n  e x c e s s  o f  t h e  a n t i c i p a t e d  PR d e t e r ­

mined  f r o m  d a t a  s um m a r ized  by  J o r g e n s e n  ( 1 9 6 6 ) ,  b u t  t h e  r e s u l t s  s u g g e s t  

t h a t  t h e  maximum P R ' s  a p p r o a c h e d  o r  may h a v e  e x c e e d e d  t h e  f l o w  r a t e .

T h i s  c o u l d  b e  c o r r e c t e d  i n  f u t u r e  s t u d i e s  by  r e d e s i g n i n g  t h e  t r o u g h  t o  

a l l o w  a  g r e a t e r  f l o w  r a t e  w i t h o u t  i n c r e a s i n g  t u r b u l e n c e .

Walne (19 72) r e p o r t € | p  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  l o g  

o f  t h e  f l o w  r a t e  and t h e  l o g  o f  t h e  FR. T h i s  r e s u l t  i s  q u e s t i o n a b l e  

s i n c e  he  c a l c u l a t e d  FR f rom t h e  f l o w  r a t e .  One a s s u m p t i o n  made i n  

r e g r e s s i o n  and  c o r r e l a t i o n  a n a l y s e s  i s  t h a t  t h e  v a r i a b l e s  a r e  i n d e p e n d ­

e n t l y  d e t e r m i n e d .  F o r  t h i s  r e a s o n ,  i n  t h i s  s t u d y  f l o w  r a t e  was n o t  

i n c l u d e d  i n  t h e  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  o f  v a r i o u s  f a c t o r s  

on  PR. S t i l l  Walne p o i n t s  o u t  t h e  n e c e s s i t y  o f  h a v i n g  t h e  f l o w  r a t e



g r e a t e r  t h a n  t h e  PR. O t h e r w i s e ,  r e c i r c u l a t i o n  o f  f i l t e r e d  w a t e r  t h r o u g h  

t h e  o y s t e r  w i l l  o c c u r  r e g a r d l e s s  o f  any  b a f f l e s  u s e d  i n  t h e  t r o u g h .

Such  r e c i r c u l a t i o n  w i l l  c a u s e  t h e  FR t o  b e  u n d e r e s t i m a t e d .

I n  s p i t e  o f  t h e  p o s s i b l e  l i m i t i n g  e f f e c t  o f  f l o w  r a t e  on 

maximum PR, t h e  d e m o n s t r a t e d  e f f e c t  o f  low O2  l e v e l s  on PR i s  s t i l l  

v a l i d .  None o f  t h e  mean f l o w  r a t e s  f o r  low O2  l e v e l s  d i f f e r e n c  s i g n i f ­

i c a n t l y  f ro m  t h e  c o n t r o l  O2  l e v e l  (100% O2  s a t u r a t i o n ) .  The mean f l o w  

r a t e s  d i f f e r e d  s i g n i f i c a n t l y  o n l y  b e t w e e n  l e v e l s  o f  25% and  50% O2  

s a t u r a t i o n ,  and t h e n  t h e r e  was  no d i f f e r e n c e  i n  mean PR b e t w e e n  t h o s e  

two O2  l e v e l s .

The  pumping o f  w a t e r  t h r o u g h  t h e  g i l l s  s e r v e s  two f u n c t i o n s

i n  b i v a l v e s :  f e e d i n g  and  r e s p i r a t i o n .  I t  h a s  l o n g  b e e n  g e n e r a l l y

b e l i e v e d  t h a t  any  r e g u l a t i o n  o f  t h e  PR i s  a  c o n s e q u e n c e  o f  f e e d i n g  

a c t i v i t y ,  b u t  t h e r e  i s  some r e c e n t  e v i d e n c e  t h a t  s u g g e s t s  t h i s  may n o t  

b e  t h e  c a s e  (B a y n e ,  1967 and  1 9 7 1 ;  Hamwi and  H a s k i n s ,  1 9 6 9 ) .  W i th  t h e  

e x c e p t i o n  o f  G a l t s o f f  and W h i p p l e ' s  (1930 )  e x p e r i m e n t s  on  two o y s t e r s

a t  two O2  l e v e l s , t h e  o n l y  i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  c o n c e r n i n g

PR a t  d i f f e r e n t  O2  l e v e l s  comes f ro m  s t u d i e s  on  t h e  r e g u l a t i o n  o f  O2  

c o n s u m p t i o n  i n  b i v a l v e s .

S e v e r a l  m o l l u s c s ,  i n c l u d i n g  C. v i r g i n i c a , r e g u l a t e  t h e i r  O2  

c o n s u m p t i o n  ( P r o s s e r  and  Brown, 1 9 6 1 ) .  Such r e g u l a t o r s  a r e  a b l e  t o  

m a i n t a i n  t h e  same r a t e  o f  0 ^ c o n s u m p t i o n  e v e n  a s  t h e  O2  t e n s i o n  d e c l i n e s  

t o  some c r i t i c a l  l i m i t  ( P c ) • One way t h a t  m o l l u s c s  may m a i n t a i n  t h e  

same r a t e  o f  O2  c o n s u m p t i o n  as  t h e  O2  t e n s i o n  d e c l i n e s  i s  t o  i n c r e a s e  

t h e  PR. Hamwi (1969)  f o u n d  M. m e r c e a n r i a  was a b l e  t o  r e g u l a t e  i t s  O2  

c o n s u m p t i o n  by  m a i n t a i n i n g  t h e  same PR and  O2  u t i l i z a t i o n  c o e f f i c i e n t  

down t o  an  O2  t e n s i o n  o f  104 mm Hg. A c c o r d i n g  t o  W alsh  (1974)  M.



m e r c e n a r i a  r e g u l a t e d  i t s  C> 2  c o n s u m p t i o n  down t o  40 t o  80 mm Hg by  any  

o f  t h r e e  m e a n s :  (1 )  by  m a i n t a i n i n g  t h e  same PR and  O2  u t i l i z a t i o n

c o e f f i c i e n t ;  (2 )  by  a  d e c r e a s e  i n  PR and an  i n c r e a s e  i n  O2  u t i l i z a t i o n  

c o e f f i c i e n t  s u c h  t h a t  t h e i r  p r o d u c t  (O2  c o n s u m p t io n )  r e m a in e d  c o n s t a n t ;  

(3 )  by  an  i n c r e a s e  i n  PR an d  a t r e n d  to w a rd  a d e c r e a s e  i n  O2  u t i l i z a t i o n  

c o e f f i c i e n t .  Oxygen c o n s u m p t i o n  was more v a r i a b l e  i n  t h i s  t h i r d  mode.  

M y t i l u s  e d u l i s  and  M. p e r n a  i n c r e a s e d  t h e i r  P R ' s  s l i g h t l y  down t o  an 

O2  t e n s i o n  o f  80 t o  100 mm Hg ( B a y n e ,  1967 and  1 9 7 1 ) .  The  i n c r e a s e  i n  

FR was p r o b a b l y  due t o  an  i n c r e a s e  i n  PR. I n  a l l  c a s e s ,  t h e  PR ( o r  FR) 

d e c l i n e d  b e lo w  P c .

The  r e p o r t e d  P c f o r  o y s t e r s  i s  f ro m  50 t o  62.5% O2  s a t u r a t i o n  

( G a l t s o f f  and  Whipple"; 19 3 0 ;  P r o s s e r  and Brown,  1 9 6 1 ) .  Based  on  t h e  

r e l a t i o n s h i p  b e t w e e n  PR and  O2  t e n s i o n  fo u n d  i n  o t h e r  m o l l u s c s ,  one 

would  n o t  e x p e c t  t h i s  s t u d y  t o  show a* s i g n i f i c a n t  i n c r e a s e  i n  PR w i t h  

d e c l i n i n g  O2  t e n s i o n  s i n c e  no m e a s u r e m e n t s  w e r e  made b e t w e e n  1 0 0 % O2  

s a t u r a t i o n  and  P c . The PR d i d  show a t e n d e n c y  t o  d e c l i n e  b e lo w  50% 

s a t u r a t i o n ,  b u t  t h i s  d e c r e a s e  was n o t  s i g n i f i c a n t  e x c e p t  a t  6 % s a t u r a ­

t i o n .  I n  e x p e r i m e n t s  on two o y s t e r s ,  G a l t s o f f  and W h ip p le  (1930)  found  

no s i g n i f i c a n t  d i f f e r e n c e  i n  PR b e t w e e n  O2  l e v e l s  o f  a p p r o x i m a t e l y  

f u l l  s a t u r a t i o n  and 1 2 % s a t u r a t i o n .

T h e r e  i s  a l s o  some e v i d e n c e  t h a t  C_. v i r g i n i c a  may b e  a b l e  t o  

i n c r e a s e  i t s  O2  c o n s u m p t io n  w i t h o u t  i n c r e a s i n g  i t s  PR. A f t e r  a p e r i o d  

o f  s h e l l  c l o s u r e ,  d u r i n g  w h i c h  t i m e  t h e  m o l l u s c s  a c c u m u l a t e d  O2  d e b t s ,

Mya and A r e n a r i a  e x h i b i t e d  P R ' s  s e v e r a l  t i m e s  n o r m a l  as  t h e  d e b t s  w e re  

r e p a i d  ( P r o s s e r  and Brown, 1 9 6 1 ) .  C o l l i e r  ( 1 9 5 9 ) ,  h o w e v e r ,  fo u n d  t h a t  

when C_. v i r g i n i c a  f i r s t  r e o p e n e d  t h e  PR was l o w e r  a l t h o u g h  t h e  O2  

e x t r a c t i o n  c o e f f i c i e n t  was q u i t e  h i g h .



I t  i s  known t h a t  i s  r e q u i r e d  t o  m a i n t a i n  c i l i a r y  a c t i v i t y  

( A i e l l o ,  1 9 60 ;  G r a y ,  1 9 2 4 ) ,  and  i t  i s  t h e  l a t e r a l  c i l i a  t h a t  c r e a t e  t h e  

pumping c u r r e n t  i n  b i v a l v e s .  I n  w e l l  o x y g e n a t e d  w a t e r  b e t w e e n  0 and  

30°C ,  O2  i s  consumed a t  a  r a t e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r a t e  o f  

c i l i a r y  b e a t  ( W i l b u r  and  Yonge ,  1 9 6 6 ) .  Thus i t  i s  t o  b e  e x p e c t e d  t h a t  

a t  v e r y  low  t e n s i o n s  0 £ c o u l d  become a l i m i t i n g  f a c t o r  and  h a v e  t h e  

e f f e c t  o f  r e d u c i n g  t h e  PR. A i e l l o  (1960)  r e p o r t e d  t h a t  t h e  r a t e  o f  

c i l i a r y  a c t i v i t y  i n  M. e d u l i s  was d e p e n d e n t  on O2  t e n s i o n  up t o  37 mm

Hg (23% s a t u r a t i o n ) ,  b u t  i n d e p e n d e n t  o f  0 ^  t e n s i o n  a t  h i g h e r  v a l u e s .
*

H ow ever ,  h i s  d a t a  do n o t  i n c l u d e  m e a s u r e m e n t s  b e t w e e n  7 . 4  mm Hg (5% 

s a t u r a t i o n )  and 37 mm Hg; t h u s  one c a n n o t  b e  s u r e  t h a t  t h e  r a t e  o f  

c i l i a r y  b e a t  d e c r e a s e d  a t  12% s a t u r a t i o n .  S e p a r a t e  e x p e r i m e n t s  c o n d u c t e d  

i n  t h i s  l a b o r a t o r y  (H aven  and  Q u e n s e n ,  u n p u b l i s h e d )  i n d i c a t e d  t h a t  t h e  

r a t e  o f  c i l i a r y  b e a t  i n  G. v i r g i n i c a  was  i n d e p e n d e n t  o f  O2  l e v e l  down 

t o  a b o u t  12% s a t u r a t i o n ,  b u t  t h a t  a t  5 t o  6 % s a t u r a t i o n ,  t h e  r a t e  o f  

c i l i a r y  b e a t  was r e d u c e d  by  a p p r o x i m a t e l y  50%. I t  i s  p o s s i b l e ,  h o w e v e r ,  

t h a t  i n  t h e s e  e x p e r i m e n t s  some a e r a t i o n  o f  t h e  p r e p a r a t i o n s  o c c u r r e d  

d u r i n g  o b s e r v a t i o n .

C o n c l u s i o n

The e f f e c t  o f  low O2  l e v e l s  on  t h e  PR and FE may be  d i r e c t l y  

r e l a t e d .  The r a t e  o f  c i l i a r y  b e a t  w o u ld  b e  e x p e c t e d  t o  d e c r e a s e  some­

w h e re  b e lo w  23% O2  s a t u r a t i o n ,  b u t  t h e  o y s t e r s  c o u l d  m a i n t a i n  a p p r o x i m a t e l y  

t h e  same PR a t  12% O2  s a t u r a t i o n  by  i n c r e a s i n g  t h e  i n t e r f i l a m e n t a r y  

d i s t a n c e  i n  t h e  g i l l s .  T h i s  would  r e d u c e  t h e  r e s i s t a n c e  t h e  g i l l  o f f e r s  

t o  t h e  f l o w  o f  w a t e r  t h r o u g h  i t ,  s i n c e  t h e  s i z e  o f  t h e  o s t i a  i s  i n c r e a s e d ,  

and  a l s o  d e c r e a s e  t h e  FE ( A t k i n s ,  1 9 4 3 ;  E l s e y ,  1 9 35 ;  J o r g e n s e n ,  1955



and 1 9 6 6 ;  W i l b u r  and  Y onge,  1 9 6 6 ) .  At 6 % 0^ s a t u r a t i o n  t h e  o y s t e r s  

w e re  no l o n g e r  a b l e  t o  c o m p e n s a t e  f o r  t h e  r e d u c e d  c i l i a r y  a c t i v i t y  i n  

t h i s  m a n n e r ,  and t h e  PR b e g a n  t o  d e c l i n e .

I t  i s  e m p h a s i z e d  t h a t  t h i s  s t u d y  made no a t t e m p t  t o  m e a s u r e  

t h e  l e n g t h  o f  t i m e  o y s t e r s  pumped a t  e a c h  l e v e l . "  O t h e r  e x p e r i m e n t s  

w e r e  c o n d u c t e d  t o  d e t e r m i n e  t h e  s u r v i v a l  o f  o y s t e r s  a t  low O2  l e v e l s  

(Haven  and  B e n d l ,  19 7 5 ) .  D u r i n g  t h e s e  e x p e r i m e n t s  t h e  number  o f  

o y s t e r s  o p e n  w e r e  c o u n t e d  a t  random t i m e s  d u r i n g  t h e  d a y .  From t h e s e  

c o u n t s  i t  was d e t e r m i n e d  t h a t  o y s t e r s  w e r e  open  l e s s  f r e q u e n t l y  a t  low 

O2  t e n s i o n s .  At 6 % © 2  s a t u r a t i o n  o y s t e r s  w e re  op en  a p p r o x i m a t e l y  54% 

a s  f r e q u e n t l y  a s  c o n t r o l s ,  and 71% a s  o f t e n  a s  12% O2  s a t u r a t i o n .

I f  o y s t e r s  pump o n l y  65% as  f a s t  a t  6 % O2  s a t u r a t i o n  as  a t  

100%, and  t h e i r  FE a t  12% and 6 % O2  s a t u r a t i o n  i s  o n l y  68.5% and 59.9%, 

r e s p e c t i v e l y ,  o f  t h a t  a t  1 0 0 % © 2  s a t u r a t i o n ,  t h e n  one  may e s t i m a t e  t h a t  

f e e d i n g  a t  12% © 2  s a t u r a t i o n  i s  48.6% o f  t h a t  a t  100% O2  - s a t u r a t i o n .  

S i m i l a r l y ,  a t  6 % O2  s a t u r a t i o n  f e e d i n g  w ou ld  b e  e x p e c t e d  t o  b e  21.0% 

o f  t h a t  a t  1 0 0 % O2  s a t u r a t i o n .

We c o n c l u d e  t h a t  e v e n  th o u g h  o y s t e r s  may s u r v i v e  O2  d e f i c i e n ­

c i e s  a s  low a s  6 % s a t u r a t i o n  f o r  more  t h a n  13 d a y s  (H aven and B e n d l ,

19 7 5 ) ,  t h e i r  f e e d i n g  b e h a v i o r  i s  i m p a i r e d  a t  O2  l e v e l s  b e l o w  12% 

s a t u r a t i o n .  The  o c c u r r e n c e  o f  s u c h  low O2  l e v e l s  i n  many a r e a s  o f  t h e  

C h e s a p e a k e  Bay and i t s  t r i b u t a r i e s  d u r i n g  t h e  w arm er  m o n th s  c o u l d  

t h e r e f o r e  h a v e  a  s i g n i f i c a n t  i m p a c t  on t h e  o y s t e r  i n d u s t r y .  G ly c o g e n  

r e s e r v e s  may b e  d e p l e t e d ,  r e s u l t i n g  i n  l o w e r  m e a t  q u a l i t y  i n d e x e s  and 

c o n s e q u e n t l y  l o w e r  m a r k e t  v a l u e .  Lack  o f  a d e q u a t e  f o o d  r e s e r v e s  c o u l d  

a l s o  h a v e  d e l e t e r i o u s  e f f e c t s  on s p a w n in g  a c t i v i t y .
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Mi llimeters

F i g u r e  1:  T r a n s v e r s e  s e c t i o n  o f  a  d e m ib r a n c h  o f  _C. v i r g i n i c a .
c h . r .  -  c h i t i n o u s  r o d s ;  g .  -  g r o o v e ;  i f . j .  -  i n t e r -  
f i l a m e n t a r y  j u n c t i o n  ; i l . m .  -  i n t e r l a m e l l a r  m u s c l e s ;  
i l . s .  -  i n t e r l a m e l l a r  s e p tu m ;  l . m .  -  l o n g i t u d i n a l  
m u s c l e s  o f  t h e  i n t e r l a m e l l a r  s e p tu m ;  o .  -  o s t i u m ;  
o . f .  -  o r d i n a r y  f i l a m e n t ;  p . f .  -  p r i n c i p a l  f i l a m e n t ;  
p i .  -  p l i c a ;  t . f .  -  t r a n s i t i o n a l  f i l a m e n t ;  t r . m .  -  
t r a n s v e r s e  m u s c l e  o f  t h e  i n t e r l a m e l l a r  s e p tu m ;  
w . t .  -  w a t e r  t u b e .  (From G a l t s o f f ,  1 9 6 4 . )
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pr. ch. cl.

ad. m.

i X
Centimeters

F i g u r e  2 :  P o s t e r i o r  v i e w  o f  a  n a r c o t i z e d  o y s t e r ,  ad .m.  -  a d d u c t o r
m u s c l e ;  c l .  -  c l o a c a ;  f .  -  f u s i o n  o f  t h e  m a n t l e  l o b e s  
and g i l l s ;  p r . c h .  -  p ro m y a l  c h am b er ;  r .  -  r e c t u m ;  
w . t .  -  w a t e r  t u b e s .  (From G a l t s o f f ,  1 9 6 4 . )
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Microns

F i g u r e  3.  T r a n s v e r s e  s e c t i o n  o f  an o r d i n a r y  f i l a m e n t  o f  Ch
v i r g i n i c a .  V e r t i c a l  c h i t i n o u s  r o d s  ( s t r i p p l e d  a r e a s )  
and  b l o o d  s p a c e s  a r e  a t  t h e  c e n t e r .  f r . c .  -  f r o n t a l  
c i l i a ;  I f .  c .  -  l a t e r o f r o n t a l  c i l i a ;  I . e .  -  l a t e r a l  
c i l i a ;  o .  -  o s t i u m .  (From G a l t s o f f ,  1 9 6 4 . )
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a i r

\ t /

1 0 -

F i g u r e  4 :  D iag ram  o f  a p p a r a t u s  u s e d  i n  t h i s  s t u d y .  F o r  c l a r i t y ,
o n l y  one O2  s t r i p p i n g  column and two e x p e r i m e n t a l  t r o u g h s  
a r e  shown. A -  o v e r h e a d  t r o u g h ;  B -  h e a t  e x c h a n g e r ;
C -  warm w a t e r  t r o u g h ;  D -  b a f f l e s ;  E -  a i r  s t o n e s ;
F -  O2  s t r i p p i n g  co lum n;  G -  f l o w m e t e r ;  H and I  -  v a l v e s ;  
J  -  e x p e r i m e n t a l  t r o u g h .
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F i g u r e  5 :  A v e ra g e  pumping  r a t e s  a t  f i v e  0 2  l e v e l s .  V e r t i c a l
l i n e s  r e p r e s e n t  95% c o n f i d e n c e  i n t e r v a l s .
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Figure 6 A v e ra g e  f i l t r a t i o n  e f f i c i e n c y  (%) v e r s u s  p a r t i c l e  
d i a m e t e r  (ym) a t  f i v e  O2  l e v e l s .
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TABLE 1
SIZE RANGE OF PARTICLES IN EACH CHANNEL OF 

THE COULTER COUNTER.

S i z e  r a n g e  i n  ym 
C h a n n e l  ( e q u i v a l e n t  d i a m e t e r )

3 1 . 0 0 - 1 . 2 5

4 1 . 2 6 - 1 . 5 8

5 1 . 5 9 - 1 . 9 9

6  2 . 0 0 - 2 . 5 1

7 2 . 5 2 - 3 . 1 6

8  3 . 1 7 - 3 . 9 9

9 4 . 0 0 - 5 . 0 3

10 5 . 0 4 - 6 . 3 4

11 6 . 3 5 - 7 . 9 9

12 8 . 0 0 - 1 0 . 0 7

13 1 0 . 0 8 - 1 2 . 6 0

14 1 2 . 7 - 1 5 . 9

15 1 6 . 0  - 2 0 . 1

16 2 0 . 2 - 2 5 . 3
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TABLE 2
THE PERCENTAGE REDUCTION BY VOLUME OF PARTICLE CONCENTRATION 

CAUSED BY USING N2  TO LOWER THE OXYGEN CONCENTRATION IN THE 

WATER.

6 % 0 2 12 % 0 2 
s a t u r a t i o n  s a t u r a t i o n

C h a n n e l I * I I I I I

3 1 1 . 7 3 4 . 2 8 . 5 2 7 . 9

4 1 4 . 9 4 0 . 2 8 . 8 3 4 . 7

5 1 3 . 9 3 8 . 7 1 5 . 9 3 0 . 1

6 1 3 . 9 3 6 . 7 1 7 . 3 3 1 . 8

7 1 3 . 9 3 0 . 2 1 8 . 4 3 1 . 0

8 1 1 . 8 2 5 . 6 1 9 . 4 3 0 . 1

9 1 2 . 8 3 3 . 4 2 1 . 2 3 1 . 1

1 0 2 1 . 8 3 5 . 8 2 5 . 6 2 4 . 5

1 1 2 1 . 1 2 7 . 0 3 6 . 2 2 7 . 6

1 2 1 7 . 6 2 3 . 6 2 7 . 9 1 8 . 3

13 2 0 . 2 2 0 . 6 2 6 . 6 2 0 . 6

14 6 . 0 - 3 5 . 5 2 5 . 7 4 1 . 0

15 4 8 . 7 - 6 1 . 5 4 6 . 1 - 1 8 . 6

16 4 7 . 0 - 1 1 9 . 8 4 0 . 8 6 5 .7

T o t a l 2 0 . 2 2 5 . 6 2 4 . 7 3 0 . 1

*The Roman n u m e r a l s d e s i g n a t e  d i f f e r e n t e x p e r i m e n t s .
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TABLE 3
RESULTS OF THE MULTIPLE LINEAR REGRESSION ANALYSIS OF 

VARIOUS FACTORS ON PUMPING RATE.

VARIABLE RANGE

(X i)
(x2)
(x3)

(x4)
(x5)

T e m p e r a t u r e  
S a l i n i t y  
T o t a l  vo lum e  
o f  p a r t i c l e s  
Dry  m e a t  w e i g h t  
Oxygen

1 8 . 5  -  2 4 . 0°C
1 2 . 6  -  2 4 . 0  o / o o

0 . 5 3 6  -  9 . 3 4 7  m l / 1
1 . 0 6 8  -  4 . 8 6 9  gm
4 . 0  -  100.0% s a t u r a t i o n

ANALYSIS OF VARIANCE

S o u r c e  

R e g r e s s i o n  

X2  t h r u  5 

D e v i a t i o n

R e g r e s s i o n

t h r u  4 

D e v i a t i o n

SS

5 4 3 0 3 .1 9

6 2 4 9 3 9 .8 1

d f

5

134

R2  = 0 . 0 7 9 4

MS

1 0 8 6 0 .6 4

4 6 6 3 .7 3

1 8 5 5 8 . 5 5  4 4 6 3 9 .6 9

6 6 0 6 8 4 .4 4  135 4 8 9 3 . 9 6

R2  = 0 . 0 2 7 3

2 .3 2 9 *

.9 4 8  n . s

R e g r e s s i o n

X-  ̂ t h r u  5 

R e g r e s s i o n

5 4 3 0 3 .1 9 1 0 8 6 0 .6 4

X-  ̂ t h r u  4 3 5 1 4 4 .5 7 8 7 8 6 .1 4
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T a b l e  3 ( c o n t i n u e d ) .

S o u r c e  SS d f  MS

R e g r e s s i o n

a f t e r

t h r u  4 1 9 1 5 8 .6 2  1 1 9 1 5 8 . 6 2

D e v i a t i o n  6 2 4 9 3 9 . 8 1  134 4 6 6 3 . 7 3

n . s . : Not s i g n i f i c a n t

* :  S i g n i f i c a n t  when a  -  0 . 0 5

F

4 . 1 0 8 *



TABLE 4
RESULTS OF THE MULTIPLE LINEAR REGRESSION ANALYSIS OF VARIOUS 

FACTORS ON FILTRATION EFFICIENCY.

VARIABLE RANGE

(X^) T e m p e r a t u r e  
(X2 ) S a l i n i t y  
(X3 ) T o t a l  vo lum e  

o f  p a r t i c l e s  
(X^) Dry m e a t  w e i g h t s  
(X5 ) F low r a t e  t h r u  

t r o u g h  
(X6 ) Oxygen

1 8 . 5  -  2 6 . 0°C
1 2 . 6  -  2 4 . 0  0 / 0 0

0 . 5 3 6  -  9 . 3 4 7  m l / 1
1 . 0 6 8  -  4 . 8 6 9  gm

164 -  312 m l / m i n
4 . 0  -  1 0 0 . 0 % s a t u r a t i o n

ANALYSIS OF VARIANCE

S o u r c e

R e g r e s s i o n

X^ t h r u  6  

D e v i a t i o n

SS

5 7 5 0 . 1 4

1 2 7 6 5 . 0 4

d f  

6

133 

R2  = 0 . 3 1 0 6

MS

9 5 8 . 3 6

9 5 . 9 8

9 s 9 9 * * *

R e g r e s s i o n  

X-  ̂ t h r u  5 

D e v i a t i o n

R e g r e s s i o n  

X-  ̂ t h r u  6  

R e g r e s s i o n

7 4 9 . 1 5  5 1 4 9 . 8 3  1 . 1 3  n . s ,

1 7 7 6 6 . 0 4  134 1 3 2 . 5 8

R2  = 0 . 0 4 0 5

5 7 5 0 . 1 4 9 5 8 . 3 6

X^ t h r u  5 7 4 9 . 1 5 1 4 9 . 8 3
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T a b l e  4 ( c o n t i n u e d )

S o u r c e  SS d f  MS F

R e g r e s s i o n  

a f t e r

X ±  t h r u  5 5 0 0 0 . 9 9  1 5 0 0 0 . 9 9  5 2 . 1 * * *

D e v i a t i o n  1 2 7 6 5 . 0 4  133 9 5 . 9 8

n . s . :  Not  s i g n i f i c a n t

* ** :  S i g n i f i c a n t  when a  < 0 . 0 0 1



TABLE 5
WET AND DRY WEIGHTS OF OYSTERS USED IN THIS 

STUDY.

O y s t e r

1

2

3

4

5

6 

7

Wet m e a t  
w t . (gm)

6 . 5 8 0

1 1 . 9 1 4

1 1 . 4 3 0

1 1 . 7 0 3

1 7 . 6 0 8

2 2 . 1 0 5

1 5 . 7 1 6

Dry mea t  
w t .  (gm)

1 . 0 6 8

2 . 1 5 4

2 . 0 3 1

2 .4 8 7

3 . 6 3 3

4 . 8 6 9

3 . 9 7 0
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TABLE 6
ANALYSIS OF VARIANCE (ANOVA) AND STUDENT-NEWMAN-KEULES TEST 

. (SNK) FOR DIFFERENCES IN MEAN FLOW RATES BETWEEN 0 2  LEVELS.

ANOVA

S o u r c e  SS d f  MS _F

0 2  l e v e l s  7 2 0 7 . 0 0 0  4 1 8 0 1 .7 5 0  4 . 2 6 4 * *

E r r o r  5 7 0 4 6 . 3 9 3  135 4 2 2 . 5 6 6

* * S i g n i f i c a n t  when a  = 0 . 0 1 .

SNK

A v e ra g e  f l o w  r a t e s  f o r  e a c h  O2  l e v e l  a r r a n g e d  i n  a s c e n d i n g  o r d e r  

( l i n e s  i n d i c a t e  no s i g n i f i c a n t  d i f f e r e n c e s  when a  = 0 . 0 5 ) :

0 2  s a t u r a t i o n  (%) : 2_5 1_2 100 j) _50

A v e ra g e  f l o w  r a t e :  2 4 0 . 1  2 4 8 . 6  2 4 9 . 0  2 5 0 .9  2 6 1 . 6
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TABLE 7
ANALYSIS OF VARIANCE (ANOVA) AND STUDENT-NEWMAN-KEULES (SNK) TEST 

FOR DIFFERENCES IN PUMPING RATES BETWEEN 0 2  LEVELS.

ANOVA

S o u r c e  SS d f  MS

0 2  l e v e l s  8 5 , 2 4 8 . 8 3  4 2 1 , 3 1 2 . 2 1

E r r o r  6 0 0 , 4 8 2 . 6 4  135 4 , 4 4 8 . 0 2

* * S i g n i f i c a n t  when a  = 0 . 0 1 .

SNK

Mean pumping r a t e s  ( m l / m i n / o y s t e r )  f o r  e a c h  0 2  l e v e l  a r r a n g e d  i n  

a s c e n d i n g  o r d e r  ( l i n e s  i n d i c a t e  no s i g n i f i c a n t  d i f f e r e n c e s  when 

a  = 0 . 0 5 )  :

0 2  s a t u r a t i o n  (%) : _50 100 12 25 6 ^

Mean PR: 1 8 3 . 0  1 7 4 . 2  1 5 5 . 1  1 4 2 . 9  1 1 3 . 0

F

4 .7 9 * *
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TABLE 8
2-FACTOR ANALYSIS OF VARIANCE OF FILTRATION EFFICIENCY WITH 

BLOCKING ON OYSTERS.

S o u r c e SS df_ MS ¥

O2  l e v e l s 7 4 , 4 5 8 . 6 5 4 1 8 , 6 1 4 . 6 6 2 4 1 .0 2 * * *

P a r t i c l e  s i z e 2 9 3 , 8 5 9 . 7 4 1 0 2 9 , 3 8 5 . 9 7 3 8 0 .4 8 * * *

I n t e r a c t i o n 2 , 9 6 4 . 7 7 40 1 4 .1 2 0 . 1 8  n . s

B l o c k s  ( o y s t e r s ) 1 6 , 7 6 5 . 2 6 6 2 , 7 9 4 . 2 1

E r r o r 1 1 4 , 2 2 7 . 8 1 1479 7 7 . 2 3

T o t a l 5 0 2 , 2 7 6 . 2 3 1539

* * * S i g n i f i c a n t  when a  < 0 . 0 0 1 .  

n . s . : Not s i g n i f i c a n t
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TABLE 9
AVERAGE FILTRATION EFFICIENCY (PERCENTAGES) FOR EACH CHANNEL 

AT EACH OXYGEN LEVEL, OVER ALL OYSTERS. LINES INDICATE NO 

SIGNIFICANT DIFFERENCE BETWEEN MEANS ( a  = 0 . 0 5 ) .

Oxygen S a t u r a t i o n  (%)

C h a n n e l s 1 0 0 50 25 1 2 6 A v e ra g e

3 2 0 . 2 2 0 . 1 1 9 . 9 1 0 . 3 7 . 9 1 5 . 2

4 3 4 . 0 3 4 . 1 3 4 . 1 1 7 . 1 1 5 . 1 2 6 . 5

5 5 4 . 1 5 2 . 5 5 5 . 5 3 2 . 8 2 9 .9 4 4 . 8

» 6 6 4 . 1 6 1 . 2 6 4 . 2 3 9 . 6 3 6 . 6 5 3 . 2

7 7 3 . 1 7 0 . 4 7 2 . 5 4 8 . 4 4 2 . 7 6 1 . 8

8 8 0 .9 7 6 . 9 7 8 . 6 5 7 . 6 4 8 . 9 6 9 . 2

9 8 7 .9 8 3 . 6 8 3 . 7 6 5 . 2 5 6 . 5 7 6 . 3

1 0 9 1 . 3 8 6 . 3 8 6 . 6 7 0 .9 6 2 . 3 8 0 . 5

1 1 9 2 . 9 8 7 . 7 8 6 . 5 7 4 . 3 6 6 . 4 82.  6

1 2 9 1 . 8 8 6 . 4 8 3 . 9 7 2 . 1 6 5 . 4 8 0 . 8

13 9 0 . 8 8 6 . 1 8 3 . 8 7 1 . 0 6 3 . 6 7 8 . 5

A v e ra g e 7 3 . 4 6 9 . 3 6 9 . 4 5 0 . 3 4 4 . 0
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TABLE 10
COMPARISON OF AVERAGE AND MAXIMUM PUMPING RATES WITH THOSE 

MEASURED BY OTHER INVESTIGATORS.

RESULTS AS SUMMARIZED BY J0RGENSEN ( 1 9 5 5 ) :

Pumping r a t e
Wet w t .  T e m p e r a t u r e  1 / h r

S o u r c e *  ( g m s . ) L o c a l i t y   ^C___  A vg.______ Max.

(1)  c .  20 New E n g la n d  -----  6  26

(2 )  20 New E n g la n d  1 9 -2 6  1 5 . 3  34

(3 )  c .  20 New E n g la n d  1 9 - 2 3  8 . 1  21

(4 )  -----  New E n g la n d  2 8 -3 2    37

( 5 )  13 Y ork  R i v e r ,  9 - 3 0  9 . 6  16
Va.

( 6 ) c .  20 New E n g l a n d  2 2 -2 3  11 1 5 . 5

RESULTS OF PRESENT STUDY:

6 . 6  Y ork  R i v e r ,  1 8 . 5 - 2 4  9 . 5  1 8 . 0
Va.

1 1 . 9  8 . 8  1 8 . 0

1 1 . 4  9 . 5  1 7 . 9

1 1 . 7  9 . 2  1 6 . 2

1 7 . 6  9 . 5  1 6 .7

2 2 . 1  1 1 . 8  1 5 . 5

1 5 . 7  1 0 . 6  1 8 . 6

* (1 )  N e l s o n ,  1935 and 1936 ;  (2 )  L o o s a n o f f  and N omejko ,  1946 ;  (3)  

L o o s a n o f f  and E n g l e ,  1 9 4 7 ;  (4)  L o o s a n o f f ,  1 9 5 0 ;  (5)  G a l t s o f f ,  1947 

( 6 ) J o r g e n s e n ,  1952 .



APPENDIX I

F o r  t h i s  s t u d y  i t  was n e c e s s a r y  t o  e s t i m a t e  t h e  number  o f  

p a r t i c l e s  i n  e a c h  c h a n n e l  o f  t h e  C o u l t e r  C o u n t e r  a s  w e l l  a s  t h e  t o t a l  

vo lum e o f  p a r t i c l e s  c o u n t e d  s i n c e  t h e  C o u l t e r  C o u n t e r  r e a d o u t  g i v e s  

o n l y  t h e  t o t a l  number o f  p a r t i c l e s  c o u n t e d  and t h e  p e r  c e n t  by  volume 

i n  e a c h  c h a n n e l .  F i r s t  t h e  Model  TA C o u l t e r  C o u n t e r  was c a l i b r a t e d  

a c c o r d i n g  t o  t h e  m a n u a l  i n s t r u c t i o n s  -and t h e  w ork  s h e e t  f i l l e d  o u t .  

The p a r t i c l e  s i z e  l i m i t s  f o r  e a c h  c h a n n e l  and  t h e  g e o m e t r i c  mean 

vo lum e  o f  a  p a r t i c l e  i n  e a c h  c h a n n e l  w e re  t h e n  r  tad f ro m  t h e  w ork  

s h e e t .  The d e r i v a t i o n  o f  t h e  f o l l o w i n g  e q u a t i o n s  a ssum es  t h a t  t h e  

g e o m e t r i c  mean volume i s  a  r e l i a b l e  e s t i m a t e  o f  t h e  volume o f  a 

p a r t i c l e  i n  a  p a r t i c u l a r  c h a n n e l .

f ^  = f r a c t i o n  by  vo lum e o f  p a r t i c l e s  i n  c h a n n e l  i ,  and i s  r e a d  f rom  t h e  
C o u l t e r  C o u n t e r

16
16 En^

3
3 f

16
E
3

i

v± = ( f i X Z v p

V.
1

n l
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16
= t h e  t o t a l  number  o f  p a r t i c l e s  c o u n t e d  i n  c h a n n e l s  3 -1 6  i n c l u s i v e ,

3 and  i s  r e a d  f ro m  t h e  C o u l t e r  C o u n t e r

V^ = t h e  g e o m e t r i c  mean volume o f  on e  p a r t i c l e  i n  c h a n n e l  i  ( i n  yra ) 
and i s  r e a d  f rom  t h e  C o u l t e r  C o u n t e r  w o rk  s h e e t

= t h e  vo lum e o f  a l l  p a r t i c l e s  i n  c h a n n e l  i  ( i n .  ym ) and  i s  unknown

n^  = t h e  number  o f  p a r t i c l e s  i n  c h a n n e l  i  and i s  unknown

16
= t h e  t o t a l  vo lum e  o f  p a r t i c l e s  i n  c h a n n e l s  3 -1 6  i n c l u s i v e  and 

3  i s  unknown



APPENDIX II

I n c l u d e d  i n  t h i s  a p p e n d i x  i s  a  summary o f  t h e  d a t a  c o l l e c t e d  

on  e a c h  o f  t h e  s e v e n  o y s t e r s  a t  e a c h  o f  t h e  f i v e  oxygen  l e v e l s .  The 

means (x )  and s t a n d a r d  d e v i a t i o n s  ( s )  g i v e n  a r e  f o r  s a m p l e  s i z e s  o f  

f o u r .  The f i l t r a t i o n  e f f i c i e n c i e s  f o r  e a c h  c h a n n e l  o f  t h e  C o u l t e r  

C o u n t e r  w e r e  c o n v e r t e d  f rom  p e r c e n t a g e s  t o  a n g l e s  u s i n g  t h e  a r c s i n e  

t r a n s f o r m a t i o n *

E x p l a n a t i o n s  o f  column h e a d i n g  a b b r e v i a t i o n s  t h a t  may n o t  

b e  r e a d i l y  i n t e r p r e t a b l e  f o l l o w :

S o / o o  s a l i n i t y  i n  p a r t s  p e r  t h o u s a n d

EV^ t o t a l  vo lum e  o f  p a r t i c l e s  i n  t h e  w a t e r

f l o w  f l o w  r a t e  o f  w a t e r  t h r o u g h  t h e  t r o u g h

PR o y s t e r * s  pumping r a t e

48



12 
C>2 

Te
mp

 
S 

EV
i 

flo
w 

PR 
F

il
tr

at
io

n 
E

ff
ic

ie
nc

y 
in 

D
eg

re
es

 
fo

r 
Ea

ch
 

C
ha

nn
el

 
sa

t,
 

m
g/

1 
°C 

o/
oo

 
ml 

/I 
m

l/m
in

 
m

l/m
in

 
3 

4 
5 

6 
7 

8 
9 

10 
11 

l:

49

CM

o

S£> SO < r  s o CM NO o  o CM rH 0 0  CM o  m rH  UO
s r  r - m  o rH MT O n r x CM 0 0 0O O n < r  o c o  r*. CM O

O  n * O  rH O n x f i n  o o m  c n NO NO m  cm m  m n*  c o
oo i x  H NO x f i n NO sO vO s o

m  o% i n  x f O n r x x r  r x ON CM i n  m SO Is** fH  ON O  n *
0 0  CO CM CM O  CM O  rH r x  cm rH  c n O  ON UO rH i n  m

crs c o i x  no o o  c n m  m ©  i n 0 0  l x SO CM 0 0  v c 0 0  CO
NO NO XT i n NO SO SO SO

i n  i n r x  O CO o
u

l x  OO 0 0  CM r—t rH ON ON m  **3- rH
SO VO CM ON x f  c n i x  r x x f  c n m  c n cm i n CM o o CM CM

r*. c o o  c n cm r x c n  c n no i n N  ON VO CM o o  CO r ^ s o
I x | x X f i n \o VC s o SO

rH  CM i n  o CO rH CM CM i n  no cm c n Os Ml- CO o s CO 0 0
m  o o c n  o CM CM ON CM on i n SD n *  s o s o  < r OO s o

cm < r m  c n O  NO i x  i n o  m i n  o o < r  c n r *  c o CO SO
NO r x c n i n s o v c SO vO

m  v c o  CM 0 0  CM i n  m i— i n i—1 o o CO MT p v  sO SO CO
s o  o s NO 00 c n  no rH  o NO ON rH  SD s o  -<r < r  r** o  o

m  i n CM CM m  no x t  i n i x  m c n  o o CM CO m  cm ON o s
s o NO NO c n x f sO VO s o m

CM CM th  o rH —I rH  ^3* O  © O  ON rH  i—1 cm r-* r -  o
oo  m ON ON O n x f 0 0  x f rH O n 00  iH CM iH m  rH i n  rH

no  cn on o o ON NO o  r x 00  o o r** i n rH CM rH rH
m m i n CM X f i n m VO LO rH

c n  o © CM CM rH  ON cm i n CM rH CM rH o s  r - CO CM
o  s o r x  < r o o  i n i x  m CM O SO sO CO OS Os s o O  CM

o> T-l NO c n  oo CM 0 0 CM O ON LO rH o o  fH P-* rH
i n m CM c n  rH m i n m CM fH

-H  00 no oo on < r no  o o ON rH m  < t O  VC m  m
CM 00 ON o rH  CM XT XT i n  r x c n  i n O  OS rH  CO iH  n*

cm m  r x 0 0  0 0 r x  on NO rH o  on r- i CM CM CM CM ON
x f -O rH CM rH m i n m

r-* m «H r x X f ON CM | x rH X f rH  c n i n  iH m  s o CM CO
00  cm c n  i—i O  NO r x  c n r x  o o rH OS «H s o n *  cm ON ON

SO <1- rH  s o XT NO O n x f rH  CM <3* ON SO CM SO CM r-* o o
c n - o '3 ' rH CM rH CO

r>. vd .H  0 0 c n  x f I—1 rH CM CM CO O 0 4  O HT 0 0 s o  CO
m  c n NO ON r x  cm c n  NO x f  NO m  cm VO *xp c o  n * CO fH

s o  m ON CM c n  oo OO IX ON IX m  r o v c  CM r*x cm c o  r**
CM CM .-1 c n CO iH CO CO CM

o  «n ON 0 0 CM 0 0 NO O c n  o o Os c o  i n c o  r** 0 0  s o
f—i i n i n  no rH  rH < f  m NO NO s o  m s o  CM s r  c o CM fH

CM vO 0 0  IX '■f rH c o  c n NO NO O s o  m O  CM rH  Is**
H rH  iH CM rH CO rH CM c o CM

O  O'. r x  i n Mf NO •O  NO x f  NO m  < r c o CM tH sO  s o

0 0  P ^ .h  m NO NO 0 0  NO rH  0 0 v o i n  rH O  CM -d- CM
OS H no  c n O ' IX cm m o o  c n m  c o c o  i n On iH O  00

T--1 rH CM fH CM jH

O  sO m  vo O  r-- O
O  00 O  NO o  o o O  NO o  o o O  sO CM ON O  CM O  CM

o s  c n m  r x c o  r x CM x f NO © cm m v r  c o CO SO
CM NO x f  cm c n i n  rH 0 0 CO H i n  h
CM CM CM CM CM CM CM CM CM

c n  cm o o  c n i—1 O n x f  0 0 x f  IX CM O -3- O VC rH SO iH
sO SO no  c n c n  oo rH  r x NO IX CM CM sO  CO s o  < t OO CO
t—i s o O  CM cm c n cm c n c n  cm 0 0  iH CO CM cm

c n  o CM rH CM rH c n  © rH  rH d  d rH  d rH  O CM O

o  o O  CM c n  x f m  o c n  i n CO O o  o rH o  o

Os O OO M OO rH c n  © o o  o o o  d d  d o s  o O s rH
rH i—1 rH CM rH fH CM rH rH

i n  o XT CTs no  m o  o O n c n OO CO O  SO m  o rH  m

CM r- i O  rH o  o rH  O o  o CO o CM O O  iH CM rH
CM CM CM CM CM CM ’ CM CM CM

i-H O n 
<3- O

.H  O

i x  O  ON O NO O

r'l o

o o  m
ON r - t

o  o

m o■H rH 
X f  rH
CM

o o m o NO r—I
i n  i—i

I *  a  i x  oi I X  cd IX *o IX «o

CM o  o LO © CO NO rH 0 0
o  o •3- CM NO CM i n
 ̂ .  . • • .  . • •

<V o  © <90 i-4 U1 T-l CM H
o X f CM fH

CO tH

IX  09 X s X s IX 09 IX 09

5.
56

 
0.

46
 

20
.0

 
18

.3
 

1.
79

0 
25

0.
00

 
17

9.
7 

23
.7

0 
30

.5
0 

38
.4

3 
40

.4
2 

43
.7

0 
47

.6
5 

54
.1

0 
57

.7
9 

61
.7

7 
64

.0
6 

59
.2

8
0.

66
 

0.
06

 
0.

0 
1.

3 
0.

56
1 

9.
52

 
58

.9
 

2.
10

 
3.

21
 

5.
94

 
9.

24
 

11
.4

1 
10

.7
8 

7.
49

 
5.

34
 

4.
88

 
2.

48
 

5.
77



A

<r oo cm cn cm rs pH rs on cn CO NO On CO cn i s cm \r\ o CM
cn on ao cn -a- rs  oo in rH IS ©  VO is  rH NO © m  m rH VC
pH

on r~ rs  cn CM CM no m cn cm in no m  in >3- rs m  vo cn rs
SO NO NO m s t rs  ' NO NO vo sr
<t ON in <f CM s t O  CM s t  O O  co rH © O  rs <r rs iH fs*

CM On tn cn on on cn rs  cn CM O ©  CM IS rH ao s r m cn CM
rH pH
<D cm i s ©  rH m  s t o  ao O  ON in no in  s t cm in m  vo cn 00
C r>- is NO vO m fs NO NO vo •O’
C '(0 nO ON O  cn ©  m rs  rH o  o cn rH O  s t cn ,-c m  co m CM

^2 pH «m m rH © m  no o  oo NO CM CTN CO i s  CM cn cn CM r-t rH pH
O  fH

cm m 00 CM s t  in O  ON no in O  NO in cn CM s t sr  rs ON pH
pH is NO NO vO s t IS NO NO vo cn rH
u
co in vo CM O m  © NO ON CM ON rH in no cn rH vo rs ao sa­
w  o I—1 cm O  NO NO CM in h cn s t ao cn ao in 00 CO cn rH vo in

rH
u cn vo O  rH s t  m ao cm ' t  <t f s  On no m s t  CM sr oo ON
o is rs NO in rH s t NO NO NO vo cn

MH oo oo m  m O  NO o  o CM rH ON 00 O  i s cn ao cn sr o pH
(ft NO O rH CM NO s t 0*1 Sf rs  NO NO O O  IS rs  © o  cn o VO
<V O' CM •
0J as oo ON r-H rH m m cm ao rs cn On no m • cn ON ON cn ON
M nO NO NO LO rH cn NO NO nO un cn
GC0) ON ON m  m O  rH <T NO O  CM on cn o  cn no rH VO 00 ON

q i-4 O ON rH cn s t no rs cn rs cn cn on in cn rH 00 pH ps. NO
00

c <r on cn rH oo m rH CM m  o NO On CM NO ao m CM pH ao o
•H NO NO in LO rH cn rH in nO m vr> i—i CN| pH
>s ON © ON © NO rH OS NO O  CM ao oo ON St on rs cn oo 00 CM
a ©  r-T -3- rH cn ON os rs ao no s r  n in cn CM CM O  ON rH On
C rs.
(U ON ON OO rH cn in rH CM O O  is ON NO m  m VO CM vO GO

•H m m in *3* rH Cn rH in in m s t  rH CM
O•H NO o ON CM CM is CO rH O  St ao on- O  rH i s  m rH m O m

VW NO rH no CO ON NO NO O St o rH ON ©  CM ON o in s r o ON
«4-i VO
w CM 00 on m rs  cn CN rH ©  00 no rs in  no O  no pH <N sd* m

in s t s t ST rH cn s t m m ^  rH CM
C*O rs  on <t on m OS O OO rH rH cn rs  is cm cn ON SI­ ON GO
•H oo cn 00 - t 00 ON rs O sr no rH O rH 00 in  On Cs o 00 rs
4J m
CO r-̂  so NO rH CM rH rs  O rs  s t cm rs ao in tn  no OO vo o m
H 'O - t St cn iH CM sr St s t cn CM
i irH -O -st rH ra­ cn on C? fH cm in in no NO rH On O m on CM m
iH ON ON in CO NO O rH OS rH ON in on r s  rH O  NO o  cn O co
PK ^ •  • m • •  • • • • • • • • • • . • • • • •

CO <f CO rH St rH O  rs on cn s r  is OO no no rs O  rs in s r
<n cn cn cn rH cn cn cn m *H
cm <r (S rH no cn cn cm in no in s t cn on O  NO CM o o m
as m ON O rs  s t NO vO cn © nO s t CM rH m  cm sr rs CM sr

cn o  -<r on cn s t  CM cn \o s t  <r in rs on m 00 i s ^  vO O vO
cn CM CM CM rH CM CM CM CM tH

c
•H ■•t rH cn on o  ao O  OS O  00 ao o rH l—t rH cn <r s r CM pH

a; e •  • •  • •  • • » • • • * • • • • • • • *
P-4 ^ 03 rH oo cn rs  cn cm rv cn cm cn rs NO IS m  © rs. pH CM ON

H NO ON no cn CM NO rs. os O  ON rH cn rH NO rs  oo a> cm m VC
6 rH rH i—i rH .rH CM t—i rH p H

C5  *rl O  n» O  ao m  co o  <r o  o O  NO ©  O ©  sr O  CN O O
o  BrH "s** i s  in rs cn -a- in cn os NO CM cn rs NO ON rH O m <a* CO

Hh rH nr cn St cn rH m m St rH r t in rH NO rH cn vO
6 CM CM CM CM CM CM CM CM CM CM

<r m rH IS cn rs rH '■d’ O  NO in no NO is St NO pH CM rs cn
rH oo oo CM OO CM oo o  oo O  rs CM is ON rH m  rH ^  s^ ON CM

iH ^ o  cn ON rH m  o cn cm St CM O  rH rs cn is  CM m  cn cn CM
*H

w  e rH O rH O rH © ■ rH CS rH O rH O o  o o  o iH O p H O

o <t cm LO O CO o ST Os NO NO o  o o  o ao cn oo o o O
G
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