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E n v i r o n m e n t a l  c o n t a m i n a n t s ,  i n c l u d i n g  m e t a l s ,  c a n  h a v e  
t o x i c  e f f e c t s  o n  m a n y  d i f f e r e n t  o r g a n i s m s  a n d  a f f e c t  
b i o l o g i c a l  p r o c e s s e s  a t  c e l l u l a r ,  p o p u l a t i o n ,  c o m m u n i t y  
a n d  e c o s y s t e m  l e v e l s  o f  o r g a n i z a t i o n .  H e t a l s  a r e  o f  
p a r t i c u l a r  i n t e r e s t  b e c a u s e  t h e y  may  h a v e  a p o s i t i v e  
e f f e c t  a s  m i c r o n u t r i e n t s  a t  l o w  c o n c e n t r a t i o n s  a s  w e l l  
a s  a t o x i c  e f f e c t  a t  h i g h e r  l e v e l s .  

N u m e r o u s  e f f o r t s  h a v e  b e e n  m a d e  t o  c o r r e l a t e  a n d  p r e -  
d i c t  m e t a l - i o n  t o x i c i t i e s  o n  v a r i o u s  a q u a t i c  a n d  t e r -  
r e s t r i a l  s p e c i e s ,  a c c o r d i n g  t o  t h e  p h y s i c a l  a n d  c h e m i -  
c a l  p r o p e r t i e s  o f  t h e  m e t a l s  ( K a i s e r  1 9 8 0 ) .  T h e  a c u t e  
a n d  c h r o n i c  t o x i c i t i e s  o f  m e t a l s  h a v e  b e e n  s t u d i e d  o n  
m a n y  f r e s h w a t e r  o r g a n i s m s  ( K h a n g a r o t  a n d  R a y  1 9 8 9 )  
a n d  a l s o  o n  p l a n t s  ( K o e p p e  1 9 7 7 ;  O u t r i d g e  1 9 9 2 ) .  T h e  
w a t e r  f l e a ,  D a p h n i a  m a g n a ,  a n  i m p o r t a n t  f r e s h w a t e r  
z o o p l a n k t e r ,  i s  a u s e f u l  t e s t  s p e c i e s  ( K h a n g a r o t  a n d  
R a y  1 9 8 9 )  t o  s t u d y  s e n s i t i v i t y  t o  e n v i r o n m e n t a l  t o x i -  
c a n t s  a n d  h a s  b e e n  r e c o g n i z e d  a s  a g e n e r a l  r e p r e s e n t a -  
t i v e  f o r  o t h e r  f r e s h w a t e r  a n i m a l s  ( B a u d o u i n  a n d  S c o p p a  
1 9 7 4 ) .  

As K h a n g a r o t  ( 1 9 9 1 )  d e s c r i b e d ,  l i t t l e  i n f o r m a t i o n  i s  
a v a i l a b l e  o n  t h e  e f f e c t s  o f  m e t a l s  t o  t u b i f i c i d  w o r m s ,  
w h i c h  a r e  w i d e l y  d i s t r i b u t e d  i n  t h e  a q u a t i c  e n v i r o n m e n t  
a n d  a r e  u s e f u l  i n d i c a t o r s  o f  v a r y i n g  d e g r e e s  o f  a q u a t i c  
p o l l u t i o n .  

H o s t  r e c e n t  h a z a r d  e v a l u a t i o n  p r o g r a m s  r e c o m m e n d  a l g a l  
t o x i c i t y  t e s t s  f o r  i n i t i a l  e v a l u a t i o n s  o f  c h e m i c a l s  
t h a t  a r e  e x p e c t e d  t o  r e a c h  s u r f a c e  w a t e r s  a n d  t h a t  h a v e  
s u s p e c t e d  o r  u n k n o w n  p h y t o t o x i c  p r o p e r t i e s .  F o r  h i g h e r  
p l a n t s ,  t h e  a c c u m u l a t i o n  o f  m e t a l s ,  e s p e c i a l l y  c a d m i u m ,  
w a s  t e s t e d  w h e n  p l a n t s  g r e w  i n  s e w a g e  s l u d g e - a m e n d e d  
s o i l s  o r  i n  s o i l s  o f  c a d m i u m  r e s i d u e s  f r o m  p h o s p h a t e  
f e r t i l i z e r s  ( A d e m a  a n d  H e n z e n  1 9 8 9 ) .  No r e p o r t s  w e r e  
a v a i l a b l e  i n d i c a t i n g  t h e  e f f e c t s  o f  t h e s e  m e t a l s  o n  
s e e d  g e r m i n a t i o n  a n d  r o o t  g r o w t h .  
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T h e  p r e s e n t  s t u d y  w a s  c o n d u c t e d  t o  d e t e r m i n e  t h e  a c u t e  
t o x i c o l o g i c a l  e f f e c t s  o f  s o m e  m e t a l s  o n  f o u r  b i o l o g i c a l  
s u b j e c t s  a n d  t o  c o m p a r e  t h e  s u b j e c t s '  s e n s i t i v i t y  t o  
i n d i v i d u a l  t e s t  m e t a l s .  

I~ATERIALS AND I~ETHODS 

T u b i f i c i d  w o r m s  ( T u b i f e x  t u b i f e x ) ,  20 mm i n  l e n g t h , w e r e  
u s e d .  D a p h n i a  m a g n a  s p .  w e r e  c u l t u r e d  f r o m  p a r t h e n o g e -  
n e t i c  f e m a l e s  m a i n t a i n e d  i n  t h e  l a b o r a t o r y .  I n  t h e  
t e s t s ,  6 -  t o  2 4 - h r  o l d  d a p h n i d s  w e r e  u s e d .  B e f o r e  t h e  
t e s t s ,  b o t h  o r g a n i s m s  w e r e  a d a p t e d  t o  t e s t  c o n d i t i o n s  
f o r  24 h r  i n  d i s t i l l e d  w a t e r  c o n t a i n i n g  4 4 . 0  mg/L 
C a C 1 2 . 2 H 2 0 ,  1 2 3 . 2 5  mg/L M g S O 4 . 7 H 2 0 ,  6 2 . 5  mg/L NaItCO 3 
a n d  5 . 7 5  mg/L KC1. V a t e r  t e m p e r a t u r e  w a s  20 ~ a n d  
pH 6 . 6 7 .  F o r  T.  t u b i f e x  t h e  a m o u n t  o f  s o l u t i o n  p e r  d i s h  
w a s  20 mL, a n d  f o r  D. m a g n a  i t  w a s  50 mL. D u r i n g  t h e  
t e s t s ,  t h e  s o l u t i o n s  w e r e  n o t  a e r a t e d ,  o r g a n i s m s  w e r e  
n o t  f e d  n o r  s i t u a t e d  i n  d i r e c t  s u n l i g h t .  E a c h  m e t a l - i o n  
w a s  t e s t e d  i n  t e n  c o n c e n t r a t i o n ~  f o r  T.  t u b i f e x  r a n -  
g i o ~  f r o m  0 . 0 2 4 - 1 . 5 0  mg/L f o r  Hg z + ,  0 . - 5 - 0 - ~ / L  f o r  
Cd~ ~ ,  2 . 0 7 - 2 6 . 9 0  m g / L  f o r  Pb~ + ,  5 6 . 1 9 - 1 7 9 . 8 0  mg/L f o r  
Ash +,  0 . 5 2 - 9 . 4 1  mg/L f o r  C r ~  0 . 9 8 - 7 . 7 9  mg/L f o r  

6+ C r  ( 2 ) ;  f o r  D. m a g n a  t h e  t e s t  c o n c e n t r a t i o n s  r a n ~ e d  
f r o m  0 . 0 1 - 0 . 4 0  mg/L f o r  Ug 2+ ,  0 . 0 9 - 0 . 9 2  mg/L f o r  Cd~+,, 
0 . 4 1 - 1 0 . 3 4  mg/L f o r  Pb~ ~ ,  2 9 . 8 2 - 1 1 5 . 3 8  mg/L f o r  As 3~ ,  

6+ 0 . 0 5 - 1 . 1 4  m g / L  f o r  C r  ( 1 )  a n d  0 . 0 5 - 1 . 0 4  m g / L  f o r  
C r 6 + ( 2 ) .  

S c e n e d e s m u s  q u a d r i c a u d a  / T U R P . / B R E B .  s t r a i n  G r e i f s w a l d  
15 w a s  s u p p l i e d  b y  t h e  D e p a r t m e n t  o f  B o t a n y ,  T ~ e b o f i ,  
C z e c h  R e p u b l i c .  D u r i n g  t h e  t e s t s ,  t h e  c u l t u r e  w a s  i n c u -  
b a t e d  u n d e r  c o n t i n u o u s  l i g h t  a t  25•  ~ a n d  a l i g h t  
i n t e n s i t y  p r o d u c e d  b y  t h r e e  40 V w h i t e  f l u o r e s c e n t  
l a m p s .  T h e  c u l t u r e  w a s  m a i n t a i n e d  i n  a l i q u i d  m e d i u m  
( B ~ s l e r o v ~  a n d  D v o ~ k o v ~  1 9 6 2 )  c o n t a i n i n g  0 . 1  g/L 
KNO3, 0 . 0 1  g/L K 2 H P O 4 . 7 H 2 0 ,  0 . 0 0 1  g/L N g S O 4 . 7 H 2 0 ,  
0 . 0 0 1  g/L F e C 1 3 . G H 2 0 ,  s o i l  e x t r a c t  50 mL, a t  pH 7 . 1 8  
a n d  s u p p l e m e n t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  m e t a l  
i o n s .  E a c h  m e t a l  i o n  w a s  t e s t e d  i n  s i x  c o n c e n t r a t i o n s  
r a n g i n g  f r o m  0 . 1 5 - 0 . 6  mg/L f o r  Hg 2+ ,  0 . 0 0 5 - 0 . 2 5  m g / L  
f o r  Cd , 5 . 5 - 3 3  mg/L ~ o r  Pb , 2 4 - 1 4 4  mg/L f o r  As , 
0 . 2 6 - 5 . 1 2  m g / L  f o r  C r ~  a n d  0 . 1 7 - 3 . 4  mg/L f o r  

6+ 
C r  ( 2 ) .  A p p r o x i m a t e l y  2 5 , 0 0 0  c o e n o b i a  w e r e  i n o c u l a t e d  
i n t o  l O 0 - m L  E r l e n m a y e r  f l a s k s  w i t h  50 mL o f  c u l t i v a t i o n  
m e d i a .  G r o w t h  w a s  m o n i t o r e d  b y  h e m o c y t o m e t e r  e v e r y  
48 h r  d u r i n g  a 2 0 - d  p e r i o d .  

T h e  s e e d s  o f  S i n a p i s  a l b a  w e r e  p l a c e d  i n  1 4 - c m  d i a m e t e r  
P e t r i  d i s h e s  w i t h  f i l t e r  p a p e r  o n  t h e  b o t t o m .  I n  e a c h  
P e t r i  d i s h  50 s e e d s  w e r e  e v e n l y  d i s t r i b u t e d  o n  t h e  
s u r f a c e  o f  t h e  f i l t e r  p a p e r  a n d  t h e  a m o u n t  o f  s o l u t i o n  
u s e d  w a s  10 mL p e r  d i s h .  T h e  d i s h e s  w e r e  n o t  s i t u a t e d  
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i n  d i r e c t  s u n l i g h t .  The  t e s t  c o n c e n t r a t i o n s  f o r  g e r m i -  
n a t i o n  r a n g e d  f r o m  3 6 ~ 1 0 - 3 0 0 . 8 8  mg/L f o r  Hg 2+ , 
2 1 5 . 5 6 - 1 6 8 6 . 0 0  mg/L f o r  Cd z+,  5 8 0 . 1 3 - 1 9 8 9 . 0 0  mg/L f o r  
Pb~ +,  1 1 . 9 8 - 1 1 2 . 3 8  mg/L f o r  As a+ ,  2 5 ~ 9 9 - 3 8 9 . 9 7  mg/L f o r  
C r ~  and  3 9 . 0 0 - 3 1 1 . 9 7  mg/L f o r  C r ~  and  f o r  r o o t -  
g r o w t h  i n h i b i t i o n  2 . 0 0 - 5 2 . 1 5  mg/L f o r  Hg z+ .  1 2 . 4 - 2 1 3 . 5 6  
mg/L f o r  CdZ+.  1 2 5 . 7 5 - 1 0 7 7 . 3 8  mg/L f o r  pb24 ,  1 . 9 8 - 4 5 . 7 0  
mg/L f o r  As 3+,  0 . 5 0 = 5 1 . 0 0  mg/L f o r  C r ~  and  
5 . 0 0 - 7 9 . 8 0  mg/L f o r  C r ~  F o r  e a c h  m e t a l - i o n ,  t e n  
c o n c e n t r a t i o n s  w e r e  t e s t e d .  

E a c h  c o n c e n t r a t i o n  was d u p l i c a t e d  t h r e e  t i m e s  f o r  e a c h  
c a s e  s t u d y .  

F o r  T. t u b i f e x  t h e  e x p o s u r e  l a s t e d  96 h r ,  f o r  D_~. magna 
48 h r ,  f o r  S_~. q u a d r i c a u d a  12 d and  f o r  S. a l b a  72 h r .  
T h e n  t h e  s u r v i v a l  (%) [T_~. t u b i f e x ,  D_~. m a g n a ] ,  g r o w t h  
r a t e s  ( n u m b e r  o f  c o e n o b i a )  [S_~. q u a d r i c a u d a ] ,  g e r m i n a -  
t i o n  (%) and  r o o t  g r o w t h  (cm) [S__~. a l b a ]  w e r e  d e t e r m i n e d .  
The  LC50 and  EC50 v a l u e s  and  t h e i r  95 % c o n f i d e n c e  
l i m i t s  w e r e  c a l c u l a t e d  by  u s i n g  p r o b i t  a n a l y s i s  f o r  
m o r t a l i t y  (T.  t u b i f e x ,  D_~. magna and  S__~. a ! b a  s e e d  
g e r m i n a t i o n )  and  l e a s t  s q u a r e s  r e g r e s s i o n  f o r  g r o w t h  
r a t e  i n h i b i t i o n  ( S .  q u a d r i c a u d a )  and  r o o t  g r o w t h  i n h i -  
b i t i o n  ( S . a l b a ) .  D i f f e r e n c e s  w e r e  c o n s i d e r e d  s i g n i f i -  
c a n t  a t  P < 0 . 0 5  ( H a r r i s  1 9 5 9 ) .  

RESULTS AND D I S C U S S I O N  

T h e r e  w e r e  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  
b e t w e e n  t h e  s e n s i t i v i t y  o f  T_~. t u b i f e x  and  D_~. magna.  
D__= magna was ,  i n  a l l  t e s t s ,  more  s e n s i t i v e  t o  m e t a l  
i o n s  t h a n  T. t u b i f e x .  The  m o s t  n o t a b l e  w e r e  d i f f e r e n c e s  
b e t w e e n  LC50 v a l u e s  f o r  T.  t u b i f ~ x  and  D. m_g_g_n~ w i t h  
C r b + ( 1 )  and  t h e  l o w e s t  ~ t h  As a+ and  Cd 2 . .  The  r a n k  
o r d e r  o f  t o ~ i c i t ~  f o x  t h e  ~ e t a l s  ~ e s t e d  was f o r  

z+ z+ 0+ o+ z+ 3+ T . t u b i f e x :  HK >Cd >Cr [1 )>C~  ( 2 ) > P b  >At , and  f o r  
z+ 0+ z+ o +  z+ 5+ D. magna:  Hg >Cr (1 )>Cd  =Cr ( 2 ) > P b  >As . B o t h  r a ~ k  

~ r d e r s  o f  t o x i c i t y  d i f f e r e d  o n l y  i n  p o s i t i o n  o f  C d  z +  
and  C r 6 + ( 1 ) .  

F o r  S_~ .quadr icauda ,  t h e  m o s t  t o x i c  m e t a l  was C d 2 + . I t  was 
n e a r l y  9000 t i m e s  more  t o x i c  t h a n  As ~+, w h i c h  was t h e  
l e a s t  t o x i c .  The  r a n k  o r d e r  o f  t o x i c i t y  f o r _  S. q u a d r i -  

2+ 2+ O+ 6+ 2+ b + - -  c a u d a  was Cd >Hg >Cr ( 2 ) > C r  ( 1 ) > P b  >As A l s o  f o r  
S. q u a d r i c a u d a ,  As 5+ t h e  l e a s t  t o x i c  m e t a l ,  was t h e  
same a s  t h a t  f o r  D__~. magna  and  T~ t u b i f e x .  The  r e s u l t s  
o f  t h i s  s t u d y  i n d i c a t e  t h a t  p~Z+ and  As 5+ i o n s  a r e  
low i n  t o x i c i t y  t o  t h e  a q u a t i c  o r g a n i s m s  T_~ t u b i f e x ,  
D_~. magna a nd  S_~. q u a d r i c a u d a .  

C o m p a r i s o n s  o f  t h e  LC50(G) v a l u e s  f o r  s e e d  g e r m i n a t i o n  
o f  S__~. a l b a  and  E C 5 0 ( I )  v a l u e s  f o r  i n h i b i t i o n  o f  S__. a l b a  
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r o o t - g r o w t h  i n d i c a t e d  t h a t  t h e r e  w e r e  s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e s .  F o r  i n h i b i t i o n  o f  r o o t - g r o w t h ,  
t h e  E C 5 0 ( I )  v a l u e s  w e r e ,  i n  s o m e  c a s e s ,  n e a r l y  25 t i m e s  
[ C r 6 + ( 1 ) ]  l o w e r  t h a n  w e r e  t h e  LC50(G)  v a l u e s  f o r  g e r -  
m i n a t i o n .  T h e  m o s t  t o x i c  m e t a l  t e s t e d  w a s  As 3+ f o r  
b o t h  g e r m i n a t i o n  a s  w e l l  a s  f o r  r o o t - g r o w t h  i n h i b i t i o n .  
T h e  r a n k  o r d e r  o f  t o x i c i t y  o f  t h e  m e t a l s  t e s t e d  w a s  f o r  

T a b l e  1 .  LC50 a n d  EC50 v a l u e s  ( m g / L )  f o r  m e t a l s  a n d  
t h e i r  c o r r e s p o n d i n g  95 % c o n f i d e n c e  limits ( C L ) .  

M e t a l  pH 
7 . 4 0  
7 . 3 0  D. 44 

As 5+ 8 . 0 2  S. q u a d r i c a ~ a  c 2  61 
7 . 2 8  S.  a l b a  ( G ) ~  30 
7 . 2 5  S.  a l b a  ( I )  u~ 5 
6 . 0 0  T.  t u b i f e x  14 
7 . 2 0  D. m a g n a  3 

Pb 2+ 6 . 4 8  S.  q u a d r i c a u d a  12 
5 . 1 0  S.  a l b a  (G) 1 1 4 8  
5 . 8 0  S.  a l b a  ( I )  263  
6 . 1 5  T.  t u b i f e x  2 
7 . 9 6  D. m a g n a  0 

C r 6 + ( 1 )  6 . 9 8  S. q u a d r i c a u d a  0 
2 . 4 6  S.  a l b a  (G) 123 
4 . 2 0  S.  a l b a  ( I )  5 
7 . 7 0  T.  t u b i f e x  3 
7 . 8 4  D. m a g n a  0 

C r 6 + ( 2 )  7 . 0 6  S.  q u a d r i c a u d a  0 
7 . 2 5  S.  a l b a  (G) 100  
7 . 3 2  S.  a l b a  ( I )  45 
7 . 8 6  T.  t u b i f e x  0 
7 . 8 7  D. m a g n a  0 

Hg 2+ 7 . 1 0  S.  q u a d r i c a u d a  0 
7 . 0 9  S. a l b a  (G) 128 
7 . 7 0  S.  a l b a  ( I )  9 
7 . 8 5  T.  t u b i f e x  1 
7 . 9 5  D. m a g n a  0 

Cd 2+ 7 . 1 5  S.  q u a d r i c a u d a  0 
6 . 1 6  S.  a l b a  (G) 691 
6 . 9 0  S.  a l b a  ( I )  47 

O r g a n i s m  LC50,  
T.  t u b i f  a l  1 2 7 . 3 6  

m a g n a  ~ 

EC50 + 95 % CL 
( 1 0 8 . 7 6 - 1 3 4 . 2 9 )  

. 6 6  ( 3 5 . 2 2 - 5 0 . 9 3 )  

. 0 0  ( 5 9 . 2 5 - 7 0 . 1 4 )  

. 2 0  ( 2 5 . 7 1 - 3 7 . 1 2 )  
49 ( 2 . 8 9 - 6 . 5 8 )  
62 ( 8 . 5 3 - 1 7 . 5 2 )  
73 ( 2 . 7 1 - 5 . 2 8 )  
16 ( 1 0 . 6 3 - 1 5 . 7 1 )  
15 ( 9 6 0 . 8 9 - 1 2 9 8 . 1 2 )  
03 ( 2 5 0 . 4 1 - 2 8 9 . 4 5 )  
91 ( 2 . 0 7 - 3 . 2 0 )  
16 ( 0 . 1 5 - 0 . 1 9 )  
54 ( 0 . 4 8 - 0 . 6 6 )  
00 ( 1 1 9 . 2 8 - 1 5 2 . 4 3 )  
01 ( 4 . 5 8 - 7 . 0 2 )  
31 ( 2 . 7 8 - 3 . 7 4 )  
36 ( 0 . 3 1 - 0 . 5 0 )  
19 ( 0 . 1 4 - 0 . 2 8 )  
00 ( 9 3 . 7 6 - 1 1 5 . 0 0 )  
71 ( 3 6 . 2 5 - 4 7 . 8 9 )  
28 ( 0 . 2 2 - 0 . 3 6 )  
02  ( 0 . 0 1 - 0 . 0 2 )  
24 ( 0 . 1 7 - 0 . 2 7 )  
82 ( 1 1 9 . 8 1 - 1 3 9 . 4 9 )  
33 ( 7 . 5 2 - 1 1 . 0 0 )  
03 ( 0 . 6 8 - 1 . 2 3 )  
36 ( 0 . 3 2 - 0 . 8 6 )  
008  ( 0 . 0 0 6 - 0 . 0 1 2 )  
83 ( 6 7 6 . 5 3 - 7 1 5 . 3 3 )  
86 ( 4 2 . 7 6 - 5 6 . 3 0 )  

a _ a f t e r  96 h r ,  b _ a f t e r  48 h r ,  c _ a f t e r  12 d 
d _ a f t e r  72 h r ,  1 _ LC50 v a l u e ,  2 _ EC50 v a l u e  

5+ 6+ 6+ 2+ 2+ S ~ a l b a  s e e d  g e r m i n a t i o n :  As >Cr  ( 2 ) > C r  ( 1 ) = H g _  >Cd_ 
6+ ~+ z+  >Pb a n d  f o r  r o o t - g r o w t h  i n h i b i t i o n :  C r  ( 1 ) = A s  >Hg 

> C r 6 + ( 2 ) = C d 2 + > p b  2 + .  B o t h  r a n k  o r d e r s  o f  t o x i c i t y  w e r e  
d i f f e r e n t  o n l y  i n  t h e  p o s i t i o n  o f  C r 6 + ( 1 )  a n d  C R Y + ( 2 ) .  
D i f f e r e n c e s  w e r e  a l s o  n o t e d  i n  t h e  p o s i t i o n  o f  Cd z+  a n d  

Z +  �9 Hg i n  c o m p a r i s o n  w i t h  t h e  r a n k  o r d e r s  o f  t o x i c i t y  f o r  
t h e  p r e v i o u s  t h r e e  b i o l o g i c a l  s u b j e c t s .  F o r  t h e m ,  Cd 2+ 
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and  Hg 2+ w e r e  t h e  m o s t  t o x i c  b u t  f o r  S. a l b a  s e e d  
g e r m i n a t i o n  and  r o o t  g r o w t h  i n h i b i t i o n  t h e i r  t o x i c i t y  
was r e l a t i v e l y  l ow ,  e s p e c i a l l y  f o r  g e r m i n a t i o n .  From 
b o t h  r a n k  o r d e r s  o f  t o x i c i t y  t o  p l a n t s ,  t h e  c o n c l u s i o n  
i s  t h a t  t h e  m o s t  t o x i c  m e t a l  i o n  f o r  p l a n t  s e e d s  [ t h e i r  
g e r m i n a t i o n  and  r o o t  g ~ o w t h )  i n  o u r  t e s t s  was As ~+ and  
t h e  l e a s t  t o x i c  was Pb 2+. 

The  r a n k  o r d e r  o f  t o x i c i t y  f o r  T_,. t u b i f e x  was d i f f e r -  
e n t  f r o m  t h a t  r e p o r t e d  by  K h a n g a r o t  ( 1 9 9 1 ) ,  who f o u n d  
t h a t  Pb and  Hg w e r e  t h e  m o s t  t o x i c  and  As and  Cd t h e  
l e a s t  ~ o x i c  i o n s .  I n  ~he  p r e s e n t  s t u d y ,  t h e  LC50 v a l u e s  
f o r  As ~+, Pb 2+ and  Hg z+ w e r e  h i g h e r  and  f o r  Cd 2+ w e r e  
l o w e r  t h a n  K h a n g a r o t  ( 1 9 9 1 )  d e s c r i b e d .  

Vhen t h e  r a n k  o r d e r  o f  t o x i c i t y  f o r  D_~. manna was compa-  
r e d  w i t h  o t h e r  t o x i c i t y  s e q u e n c e s  f o r  t h i s  o r g a n i s m  o r  
o t h e r  C r u s t a c e a ,  m e r c u r y  was t h e  m o s t  t o x i c  m e t a l  i n  
a l l  c a s e s  ( B a u d o u i n  and  S c o p p a  1 9 7 4 ) .  The r a n k  o r d e r s  
o f  o t h e r  m e t a l s  u s e d  h e r e  v a r i e d  f r o m  c a s e  t o  c a s e ,  b u t  
t h e  t o x i c i t y  s e q u e n c e  f o r  m e t a l  i o n s  f o r  D.~. magna was 
u s u a l l y  Hg>Cd>Pb>Cr>As ( K h a n g a r o t  and  Ray 1 9 8 9 ) .  T h e r e  
r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h e s e  d a t a ,  e x c e p t  f o r  
t h e  p o s i t i o n  o f  C r .  

Hany a q u a t i c  o r g a n i s m s  h a v e  t h e  c a p a c i t y  t o  a c c u m u l a t e  
t o x i c  m e t a l s  f r o m  p o l l u t e d  w a t e r .  The  u p t a k e  i s  i n f l u -  
e n c e d  by  c o n c e n t r a t i o n ,  t i m e ,  pH and  t e m p e r a t u r e .  F o r  
S_~. q u a d r i c a u d a ,  pH v a l u e s  w e r e  b e t w e e n  7 . 0  and  7 . 5  and  
a t  t h e s e  pHs i t  h a s  b e e n  r e p o r t e d  t h a t  a h y d r o x y l a t e d  
f o r m  o f  cadmium (CdOH +) s t a r t s  t o  f o r m  ( S e y f r i e d  and  
H o r g a n  1 9 8 3 ) .  T h i s  f o r m  was more  t o x i c  t h a n  b i v a l e n t  
cadmium i o n s ,  s u g g e s t i n g  an  e x p l a n a t i o n  a s  t o  why t h e  
t o x i c i t y  o f  Cd i n  t h i s  c a s e  was many t i m e s  h i g h e r  t h a n  
t h e  t o x i c i t y  o f  o t h e r  m e t a l s .  M e r c u r y  i s  one  o f  t h e  
m o s t  t o x i c  m e t a l s  t o  a l g a e ,  w i t h  l e t h a l  l e v e l s  r a n g i n g  
f r o m  10 t o  50 ppb f o r  m o s t  s p e c i e s  ( B e r l a n d  e t  a l .  
1 9 7 6 ) .  By c o m p a r i s o n ,  l e t h a l  l e v e l s  i n  t h i s  s t u d y  a r e  
h i g h e r .  T h e s e  d i f f e r e n c e s  c o u l d  r e s u l t  f r o m  t h e  
d i f f e r e n t  c u l t i v a t i o n  c o n d i t i o n s  and  t e s t  o r g a n i s m .  I n  
my c a s e ,  t h e  v a l u e s  f o r  S__~. q u a d r i c a u d a ,  f o r .  Pb z+ a s  

~ ~ 9 8 ~  r d ~ : ; ; i b ; ~ e c ~ e ; a s t ~ ; ; e  ~ c R ~ h a ~ n d p ~  ~ .  

From t h e  a v a i l a b l e  l i t e r a t u r e  i t  a p p e a r s  t h a t  Pb i s  
u s u a l l y  more  t o x i c  t h a n  Cr ( K h a n g a r o t  and  Ray 1 9 8 9 ) ,  
b u t  t h e r e  a r e  a l s o  r e p o r t s  i n  w h i c h  t h e  t o x i c i t y  o r d e r s  
a r e  c h a n g e d  ( B a u d o u i n  and  S c o p p a  1 9 7 4 ) .  Few r e p o r t s  on  
t h e  t o x i c i t y  o f  a r s e n i c  a r e  a v a i l a b l e .  I t s  t o x i c i t y ,  
c o m p a r e d  w i t h  o t h e r  m e t a l s ,  i s  n o t  v e r y  h i g h  ( K h a n g a r o t  
1 9 9 1 ) .  Compared  w i t h  o t h e r  m e t a l s  u s e d  i n  t h e r e  t e s t s ,  
a r s e n i c  was t h e  l e a s t  t o x i c .  T h i s  low t o x i c i t y  c a n  be  
a t t r i b u t e d  t o  t h e  a r s e n i c  v a l e n c y  ( V i l l i a m s  and  S i l v e r  
1 9 8 4 ) .  S i n c e  a l g a e  a r e  t h e  p r i m a r y  p r o d u c e r s  i n  many 
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a q u a t i c  e c o s y s t e m s ,  t h e i r  s u s c e p t i b i l i t y  t o  m e t a l  
t o x i c i t y  h a s  b e e n  t h e  s u b j e c t  o f  n u m e r o u s  r e p o r t s .  

B e c a u s e  o f  t h e  s c a r c i t y  o f  l i t e r a t u r e  on m e t a l  t o x i c i t y  
t o  h i g h e r  p l a n t s ,  i n c l u d i n g  s e e d  g e r m i n a t i o n  and  r o o t -  
g r o w t h  i n h i b i t i o n ,  t h e r e  i s  no  p o s s i b i l i t y  t o  c o m p a r e  
r a n k  o r d e r s  o f  t o x i c i t y  f o r  S_~. a l b a  and  LCS0(G) and  
E C 5 0 ( I )  v a l u e s  w i t h  t h o s e  o f  o t h e r  p l a n t  s p e c i e s .  The 
r e s u l t s  o f  t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  m e t a l  i o n s  
had  v e r y  low t o x i c  e f f e c t s  on s e e d  g e r m i n a t i o n ;  t h e y  
a r e  more  l i k e l y  t o  damage r o o t  g r o w t h ,  w h i c h  i s  n e c e s -  
s a r y  f o r  n u t r i e n t  a b s o r p t i o n  and  p l a n t  g r o w t h .  

Two h e x a v a l e n t  c h r o m i u m  s a l t s  w e r e  c o m p a r e d  on t h e  
s u r v i v a l  o f  a q u a t i c  s u b j e c t s ,  s e e d  g e r m i n a t i o n  and  r o o t  
g r o w t h ,  and  i n  t h r e e  c a s e s  ( f o r  s u r v i v a l  o f  T. t u b i f e x ,  
D. m a n n a  and  r o o t - g r o w t h  i n h i b i t i o n  o f  S .  a l b a  s e e d s )  
C r ~  - ( a s  CrO 3 s a l t )  was more  t o x i c  t h a n  C r ~  
( a s  (NH4)2CrO 4 s a l t ) .  F o r  t h e  c o e n o b i a  g r o w t h  r a t e  o f  
S .  q u a d r i c a u d a  and  s e e d  g e r m i n a t i o n  o f  S .  a l b a  s e e d s ,  
c h r o m i u m  s a l t  (NH4)2CrO 4 was more  t o x i c  t h a n  CrO 3. 
T h e s e  d i f f e r e n c e s  may h a v e  b e e n  t h e  r e s u l t  o f  pH w h i c h  
r e g u l a t e s  Cr u p t a k e  ( T r i p a t h i  and  C h a n d r a  1 9 9 1 ) .  

The r a n k  o r d e r s  o f  m e t a l  t o x i c i t y  i n  t h i s  s t u d y  w e r e :  

H g 2 + , p b  2+, C r 6 + ( 1 ) :  
D_~.magna>S_~. q u a d r i c a u d a > T . t u b i f e x > S . a l b a ( I ) > S _ ~ . a l b a ( G )  

C r 6 + ( 2 ) :  
S.quadrlcauda>D__~. magna>T__~. Iub l fex>S.a lba( I )>S_~.a lba(G)  

Cd2+: 
S_~.quadricauda>D_~.magna>T. t u b i f e x > S . a l b a ( I ) > S . a l b a ( G )  

As5+: 
S . a l b a ( I ) > S . a l b a ( G ) > D _ ~ . m a g n a > S _ ~ . q u a d r i c a u d a > T . t u b i f e x  

B a s e d  on t h e s e  r a n k  o r d e r s  o f  s e n s i t i v i t y ,  t h e  mos t  
s e n s i t i v e  a q u a t i c  o r g a n i s m  i s  u s u a l l y  D_~.magna. T h i s  
means  t h a t  D_~. magna i s  a good  b i o l o g i c a l  s u b j e c t  f o r  
t e s t i n g  m e t a l - i o n  t o x i c i t y .  The  t o x i c i t y  o f  m e t a l s  
t o  v a r i o u s  b i o l o g i c a l  s u b j e c t s  and  c o m p a r i s o n s  o f  t h e i r  
s e n s i t i v i t y  s t i m u l a t e d  t h i s  work .  The p r e s e n c e  o f  
m e t a l s ,  o f t e n  i n  l a r g e  a m o u n t s  i n  t h e  e n v i r o n m e n t ,  i n -  
t e r f e r e s  w i t h  v a r i o u s  e c o s y s t e m s .  T h e s e  e c o s y s t e m s  
c o n s i s t  o f  v a r i o u s  n u m b e r s  o f  l l v i n g  o r g a n i s m s  o f  
d i f f e r e n t  s e n s i t i v i t i e s ,  w h i c h  a r e  i n t e r c o n n e c t e d  
t h r o u g h  c o m p l i c a t e d  f o o d  c h a i n s .  T h u s ,  i t  i s  i m p o r t a n t  
t o  u n d e r s t a n d  t h e  t o x i c  e f f e c t s  o f  k e y  m e t a l s  on many 
members  o f  t h e s e  e c o s y s t e m s .  
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