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CHAPTER 1. 

GENERAL INTRODUCTION

A l a b o r a t o r y  based t o x i c i t y  s t u d y  was conduc te d  i n t o  t h e  e f f e c t s  o f  

d i s s o l v e d  z i n c  when p r e s e n t  above e s s e n t i a l  t r a c e  l e v e l s ,  on two s p e c ie s  o f  

m o r p h o l o g i c a l l y  s i m i l a r  f r e s h w a t e r  amphipod c r u s t a c e a n s ,  Gammarus pulex ( L . )  

w h i c h  i s  n a t i v e  t o  t h e  B r i t i s h  I s l e s ,  and Crangonyx pseudogracilis 

( B o u s f i e l d )  w h ic h  i s  a r e l a t i v e l y  r e c e n t  i n t r o d u c t i o n  f ro m  e a s t e r n  N o r t h  

A m e r i c a .  The pe r fo rm a n c e  o f  t h e  s t u d y ,  t h e  r e s u l t s  o b t a i n e d ,  and t h e i r  

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

S t u d i e s  o f  t h i s  n a t u r e  a re  g e n e r a l l y  i n i t i a t e d  i n  respo nse  t o  a s p e c i f i c  

e n v i r o n m e n t a l  p rob lem ,  and t a k e  t h e  fo rm  o f  e i t h e r  a t o x i c i t y  t e s t  o r  a 

b i o a s s a y .  W h i l s t  m e t h o d o l o g i c a l l y  t h e s e  two approaches  a re  s i m i l a r  t h e y  can 

be d i s t i n g u i s h e d  by t h e  r e l a t i v e  emphasis  g i v e n  t o  a n im a l  and t o x i c a n t .

I f  t h e  o b j e c t  o f  t h e  s t u d y  i s  t o  b i o l o g i c a l l y  q u a n t i f y  t h e  s t r e n g t h  o f  a 

t o x i c a n t  u s in g  a p r e - d e t e r m i n e d  re spo nse  o f  t h e  t e s t  o r g a n i s m ,  t h e  p r o c e d u r e  

adop te d  i s  a b i o a s s a y .  The o rg a n is m  i s  e s s e n t i a l l y  a t o o l  and i t s  r e s p o n s e  

o f  no g r e a t e r  i n t e r e s t  th a n  i t s  use as a s t a n d a r d  w i t h  w h ic h  t o  compare t h e  

t o x i c  e f f e c t s  o f  d i f f e r e n t  p o l l u t a n t s .  S i n g l e  c e l l e d  o rg an ism s  a r e  p o p u l a r  

f o r  b i o a s s a y  p u rp o s e s ,  s i n c e  t h e y  l a c k  complex h o m e o s t a t i c  sys tems f o r  

d e a l i n g  w i t h  e n v i r o n m e n t a l  change ( M i l l s  1976) .  T h i s  approach  has been 

c o m p r e h e n s i v e l y  e v a l u a t e d  by M a r t i n  ( 1 9 7 3 ) .  In  a t r u e  t o x i c i t y  t e s t  i t  i s  

t h e  o rg a n ism  and i t s  re spon se  when exposed t o  d i f f e r e n t  c o n c e n t r a t i o n s  o f  a 

r e c o g n i s e d  t o x i c a n t  w h ic h  a re  o f  p r i m a r y  i m p o r t a n c e .  S tu d i e s  h a v i n g  t h i s  

emphasis  a re  l e s s  numerous w i t h i n  t h e  l i t e r a t u r e  th a n  b io a s s a y s .

T h i s  l a b o r a t o r y  s t u d y  was i n i t i a t e d  i n  re sponse  t o  a r e l a t i v e l y  

t r a n s i e n t  b u t  d e l e t e r i o u s  i n c i d e n c e  o f  z i n c  p o l l u t i o n  i n  W i l l o w  B rook ,



a s m a l l  N o r t h a m p t o n s h i r e  R i v e r .  The main o b j e c t  o f  t h e  s t u d y  was t o  o b t a i n  

c o n s i s t e n t  l a b o r a t o r y  a c u te  and c h r o n i c  t o x i c i t y  d a ta  f o r  t h e  two amphipod 

s p e c i e s ,  f r o m  w h ic h  a g r e a t e r  u n d e r s t a n d i n g  c o u ld  be o b t a i n e d  o f  t h e  way i n  

w h i c h  t h e i r  d i s t r i b u t i o n  and abundance were a f f e c t e d  by z i n c  p o l l u t i o n  i n  

t h e  more complex f i e l d  e n v i r o n m e n t .  T h is  was t h e r e f o r e  a t r u e  t o x i c i t y  s t u d y  

s i n c e  i t  was t h e  a n im a ls  and t h e i r  c o m p a r a t i v e  respon ses  t o  t h e  same 

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

T h i s  approach  i s  i l l u s t r a t e d  d i a g r a m m a t i c a l l y  as f o l l o w s ;

2 . TOXICANT 
Z in c

3 . TEST TYPE
c h r o n i c
a c u te

1. TEST ANIMALS
Gammarus pulex 

Crangonyx pseudogracilis

PREDICTIVE RESULTS:
What e f f e c t  w i l l  d i s s o l v e d  z i n c  
have on t h e  r e l a t i o n s h i p  between 
th e  two amphipod s p e c ie s  i n  the  

F i e l d  S i t u a t i o n

The r e m a in d e r  o f  th e  i n t r o d u c t i o n  i s  d e d i c a t e d  t o  a more d e t a i l e d  

c o n s i d e r a t i o n  o f  t h e s e  t h r e e  components  o f  t h e  t o x i c i t y  s t u d y .



1. ANIMALS

G e n e r a l  f e a t u r e s  o f  t h e  Amohipoda

The m a la c o s t r a c a n  s u p e r - o r d e r  P e r a c a r i d a  c o n t a i n s  an e s t i m a t e d  11500 

s p e c i e s .  48% o f  w h ic h  b e lo n g  t o  t h e  o r d e r  Amphipoda.  P e r a c a r i d a  i s

d i s t i n g u i s h e d  f r om  o t h e r  c r u s t a c e a n  g roups  i n  h a v in g  o n l y  one t r u e  t h o r a c i c  

segment fu s e d  t o  t h e  head ,  and eggs w h ic h  a re  bo rne i n  a t h o r a c i c  brood  

pouch and w h ic h  h a t c h  i n t o  j u v e n i l e s  r a t h e r  th a n  a t r u e  l a r v a l  s t a g e .

Amongst t h e  p e r a c a r d i a n s  t h e  amphipods a re  d i s t i n g u i s h e d  by t h e  f o l l o w i n g  

c o m b i n a t i o n  o f  c h a r a c t e r i s t i c s :  The body has no c a rapace  and i s  l a t e r a l l y

compressed w i t h  v e n t r a l l y  d i r e c t e d  c o x a l  p l a t e s .  Coxa l  g i l l s  o c c u r  on t h e  

i n t e r i o r  base o f  some t h o r a c i c  l i m b s .  There a re  seven p a i r s  o f  un i ram ous  

l i m b s  on t h e  t h o r a x ,  t h e  f i r s t  f o u r  p a i r s  o f  w a l k i n g  l e g s  b e in g  d i r e c t e d  

f o r w a r d s ,  and t h e  l a s t  t h r e e  p a i r s  backw ards .  The abdomen b ea rs  t h r e e  

a n t e r i o r  p a i r s  o f  m u l t i - j o i n t e d  p leop o d s  and t h r e e  p o s t e r i o r  p a i r s  o f  few  

j o i n t e d  u ro p o d s .

The o r d e r  Amphipoda i s  d i v i d e d  i n t o  f o u r  s u b - o r d e r s :  Gammar idea. 

C a p r e l l i d e a .  H y p e r i i d e a  and I n g o l f i e l l i d a . The Gammaridea. c o m p r i s i n g  85% o f  

known amphipod s p e c ie s  a re  b a s i c a l l y  more p r i m i t i v e  th a n  h y p e r i i d s  o r  

c a p r e l l i d s .  In  c o n t r a s t  t o  t h e  r e s t  o f  t h e  Amphipoda th e y  a re  w id e s p r e a d  

w i t h  g r e a t  d i v e r s i t y  o f  h a b i t  and h a b i t a t .  A l l  m a jo r  f a m i l i e s  a re

r e p r e s e n t e d  i n  t h e  B r i t i s h  f a u n a ,  t h o s e  n o t  r e c o r d e d  a re  m o s t l y  g ro u p s  o f  

1-10 s p e c ie s  h a v in g  l i m i t e d  d i s t r i b u t i o n a l  ranges ( L i n c o l n  1979 ) .  Both

Gammarus pulex and Crangonyx pseudogracilis a re  members o f  t h e  Gammar idea.

C l a s s i f i c a t i o n

The c l a s s i f i c a t i o n  o f  t h e  Gammaridea i s  c o n s i d e r e d  t o  be f a r  f r om  

s a t i s f a c t o r y  ( L i n c o l n  op.  c i t . ) .  and i &  p r e s e n t l y  u n d e r g o in g  c o n s i d e r a b l e  

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



f a m i l y  Gammaridae w h ic h  has l o n g  been r e c o g n i s e d  as a h e te ro g e n e o u s  complex 

o f  s p e c ie s  and genera t h a t  cann o t  be r e a d i l y  a s s ig n e d  t o  any o f  t h e  o t h e r  

r e c o g n i s a b l e  f a m i l i e s  o f  th e  Gammaridea ( B o u s f i e l d  1977 ) .  Of i n t e r e s t  i n  t h e  

c o n t e x t  o f  t h i s  s tu d y  i s  t h e  e f f e c t  o f  t h i s  r e o r g a n i s a t i o n  on t h e  

c l a s s i f i c a t o r y  r e l a t i o n s h i p  between t h e  two t e s t  s p e c i e s .

The Crangonyx  s e c t i o n  o f  t he  f a m i l y  Gammaridae was o r i g i n a l l y  d e s i g n a t e d  

by S c h e l l e n b e r g  i n  1936 t o  c o m p r i s e  15 gene ra  o f  f r e s h w a t e r  amphipod 

c r u s t a c e a n s  w h ic h  d i f f e r e d  enough f ro m  o t h e r  members o f  t h e  f a m i l y  t o  

w a r r a n t  s p e c i a l  r e c o g n i t i o n .  The re  has s i n c e  been c o n s i d e r a b l e  m o d i f i c a t i o n  

o f  S c h e l l e n b e r g ' s o r i g i n a l  d e f i n i t i o n  ( H o l s i n g e r  1977) .

B o u s f i e l d  (1958)  c l a s s e d  Amphipoda under  two h e a d in g s :  t h o s e  o f

r e l a t i v e l y  r e c e n t  m a r in e  o r i g i n  and t h o s e  o f  a n c i e n t  f r e s h w a t e r  l i n e a g e  

h a v i n g  no m o r p h o l o g i c a l l y  c l o s e  r e l a t i v e s .  The Crangonyx  s e c t i o n  o f  t h e  

Gammaridae was p la c e d  i n  t h e  l a t t e r  g ro u p  and Crangonyx pseudogracilis 

d e f i n e d  as t h e  new s p e c i f i c  name f o r  i n d i v i d u a l s  p r e v i o u s l y  d e s c r i b e d  as 

Crangonyx gracilis ( F o r b e s ) ,  Melita parvimana (H o lm e s ) .  Eucrangonyx gracilis 

( K u n k e l .  Johansen .  H u b r i c h t  & M ac k in )  and Crangonyx gracilis gracilis 

( H u b r i c h t ) .

The e r e c t i o n  o f  t h e  f a m i l y  C r a n g o n y c t i d a e  was f o r m a l i s e d  by

B o u s f i e l d  (19 7 3 ) .  W h i l s t  H o l s i n g e r  (1974 )  was p r i n c i p a l l y  i n  ag reemen t  w i t h  

t h e  s u b d i v i s i o n  o f  t h e  Gammaridae i n t o  s m a l l e r ,  more n a t u r a l  s u b - u n i t s  he 

o b j e c t e d  t o  t h e  new c l a s s i f i c a t i o n  w i t h o u t  f u r t h e r  c o n s i d e r a t i o n  o f  some 

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

o f  t h e  f a m i l y  C r a n g o n y c t i d a e  and i t s  component genera  ( H o l s i n g e r  1 97 7 ) .  I n  

t h e  same j o u r n a l  B o u s f i e l d  (1977)  f u r t h e r  r e v i s e d  h i s  o r i g i n a l  scheme, 

p r o p o s i n g  t h e  c r e a t i o n  o f  s i x  new s u p e r - f a m i l i e s  f r o m  w i t h i n  t h e  Gammar idae.

Amongst t h e  s i x  were th e  Gammaroidea. c o n t a i n i n g  a lm o s t  a l l  t h e  ep ig e a n

f r e s h w a t e r  t y p e s  endemic t o  t h e  N o r t h e r n  h em isphe re  ( i n c l u d i n g  Gammarus 

pulex), and th e  C r a n g o n y c t o i d e a . w h i c h  i n c l u d e d  t h e  new ly  r e v i s e d

C r a n g o n y c t i d a e .
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This  c l a s s i f i c a t i o n  has r e c e n t l y  r e c e i v e d  c r i t i c i s m  (Barnard  & Karaman 

1980) ,  a l t h o u g h  the  s u p e r f a m i l y  C r a n g o n yc to id e a  i s  c o n s id e re d  t o  be th e  most  

c o h e s i v e  o f  th e  new p r o p o s a l s .  W h i l s t  G. pulex and C. pseudogracilis were 

t h e r e f o r e  i n i t i a l l y  p la ced  w i t h i n  t h e  same f a m i l y ,  w i t h  each subsequen t  

r e v i s i o n  o f  amphipod s y s t e m a t i c s  c l e a r  c l a s s i f i c a t o r y  d i f f e r e n c e s  have 

em erged.

M o r p h o l o g i c a l  d i f f e r e n c e s  between G. oulex and C. pseudopracilis

The obv ious  m o r p h o l o g i c a l  d i f f e r e n c e s  between the two spec ies  w h ich  a i d  

i n  t h e i r  i d e n t i f i c a t i o n  are  shown i n  F i g .  1.1 & 1 .2 ,  and l i s t e d  i n  an 

accompanying t a b l e  (Tab le  1 . 1 ) .

MORPHOLOGICAL DIFFERENCES

CRANGONYX PSEUDOGRACILIS
1 RANGES IN  COLDURjWHlTE TO SLATE 

BLUE.
THINLY CUTIC ULIZED : OFTEN TRANSPARENT. 
CRAWFORD 119371

2 MALE TYPICALLY SMALLER THAN FEMALE.
BOUSFIELD (1956 I

3 STERNAL GILLS PRESENT 
BOUSFIELD (1 9 5 6 )

4  MALE ANT. 2 FLAGELLUM W IT H  C L U B -  
SHAPED SENSORY STRUCTURES - 
(A S T H E T A S K S  ?)
P IN K S TER  (19801

GAMMARUS PULEX
ALMOST ALWAYS ORANGE-BROWN

HEAVILY CUTICULI2ED ; OPAQUE. 
(P E R S .O B S .)

MALE TYPICALLY LARGER THAN FEMALE.
BOUSFIELD 11956)

STERNAL GILLS ABSENT 
BOUSFIELD (19581

MALE A N T .2 FLAGELLUM W ITH  THICK BRUSH 
OF SENSORY s e t a e  INSERTED IN  DOUBLE 
ROWS ON INNER MARGIN OF ALL BUT MOST 
D IS TA L SEGS. GLEDHILL. SUTCLIFFE . AND 
W IL L IA M S  (1976)

5 ABDOMINAL SIDE PLATES 1 ‘ 3 LATERAL 
CORNERS ACUTE. THAT OF 2 STRONGLY 
PRODUCED POSTERIORLY.
FRYER 119521 .BOUSFIELD (19581

6 DORSAL SURFACE OF UROSOME W ITHO UT  
S P IN E S  OR SETAE OR VERY SPARSELY 
SETOSE.
G L E D H IL L .S U T C L IF F E .A N D  W IL L IA M S  119761

7 OUTER RAMUS OF UROPOO 3 W ITH  
MARGINAL SPINES, BUT SETAE RARE OR 
ABSENT
IN N E R  RAMUS VERY SHORT; 1/5 LENGTH
OF OUTER RAMUS.
GLEDHILL SUTCLIFFE AND W ILL 1 AMS 11976 1

8 TELSON CLEFT TO MIDDLE.
G LEDHILL SUTCLIFFE AND W ILL IA M  S U 9761

PLATE 2 HAS POSTERIOR CORNER OF 
VENTRAL MARGIN NOT AS ACUTELY 
PRODUCED AS 3 .
G LE D H ILL.SU TC LIFFE . AND W ILL IA M $(19761

DORSAL SURFACE OF UROSOME W ITH  
S P IN E S  AND SETA E.
G LE D H ILL  S U TC LIFFE  AND W IL L IA M S I1 97 6 )

OUTER RAMUS OF UROPOD 3 ARMED W ITH  
S P IN E S  AND LONG SETAE.

INNER RAMUS AT LEAST 1 /2  LENGTH  
OF OUTER RAMUS
GLEDHILL SUTCLIFFE AND W IL L IA M S  (19761

TELSON CLEFT TO BASE.
IP E R S .Q B S  1

TABLE 1.1
M o r p h o l o g i c a l  d i f f e r e n c e s  between C. pseudogracilis 
and G. pulex.
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FIG. 1.2a 
6. pulex v e n t r a l  s u r f a c e  
showing s i l v e r  s t a i n e d ,  
q u a d r a t e ,  c o x a l  g i l l s .

FIG. 1.2b 
C. pseudogracilis v e n t r a l  
s u r f a c e  showing s i l v e r  
s t a i n e d  c o x a l  and s t e r n a l  
g i l l s .



In  g e n e r a l  6. pulex ( F i g .  1 . 3 ) ,  i s  a l a r g e r ,  m o r p h o l o g i c a l l y  more r o b u s t  

spec ies  th a n  C. pseudogracilis, and i n v a r i a b l y  an opaque o ra nge -b ro w n  i n  

c o l o u r .  I n  c o n t r a s t  C. pseudogracilis ( F i g .  1 .4  M . 5 ) ,  e x h i b i t s  a w ide  

c o lo u r  range  f rom  w h i t e  t o  o l i v e  g re en  and s l a t e  b l u e ,  w i t h  t h e  i n t e r n a l  

organs f r e q u e n t l y  c l e a r l y  v i s i b l e  t h r o u g h  t h e  more d e l i c a t e ,  sem i 

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

W h i l s t  t h e r e  i s  no c l e a r  s e x u a l  d im o r p h i s m  i n  6. pulex t h e  males te nd  t o  

be l a r g e r  s i n c e  t h i s  i s  advan ta geous  f o r  p r e - c o p u l a t o r y  m a t i n g  a c t i v i t y  

(Hynes 1955a) .  In  C. pseudogracilis w h i c h  has no p r e - c o p u l a t o r y  p a i r i n g  

t h e r e  i s  marked s e x u a l  d im o r p h i s m  w i t h  fe m a les  (G-IOmm) much l a r g e r  th a n  

males (3-5mm) ( F i g .  1 .4  & 1 . 5 ) .  Loco m o t io n  i n  G. pulex i s  r e s t r i c t e d  a lm o s t  

e x c l u s i v e l y  t o  swimming on t h e  s i d e ,  w h i l s t  i n  C. pseudogracilis b o th  

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

swimming v e n t r a l  s i d e  upperm os t  a re  common.

FIG.  1.3 
Gammarus pulex d



FIG. 1.4 
Crangonyx pseudogracilis

FIG. 1.5 

Crangonyx pseudogracilis 6



D i s t r i b u t i o n  and h a b i t a t

There are n ine  spec ies  o f  t he  genus Gammarus reco rded  f rom f r e s h  and 

brack ish w a te r  i n  and around th e  B r i t i s h  I s l e s .  G. pulex i s  a n a t i v e  

eu ry to p ic  spec ies  found i n  s treams and r i v e r s  o f  a l l  t y p e s ,  as w e l l  as l a k e s  

and f i e l d  ponds (Hynes 1955b).  I t  occurs  i n  w a te rs  o f  m o d e ra te l y  h igh  t o  l o w  

mineral  c o n t e n t ,  bu t  i s  n o t  found where the  pH c o n s i s t e n t l y  f a l l s  be low 5.8  

(Hynes, Hacan & W i l l i a m s  1980) .  I t s  d i s t r i b u t i o n  ex tends i n t o  mounta in  

streams i n  Cumbr ia,  bu t  i t  i s  absent  f rom some w e s te rn  p e n in s u la s  and the  

extreme n o r t h  o f  S c o t la n d ,  and m a in l y  absen t  f rom i s l a n d s  i n c l u d i n g  Orkney, 

Shetland and Faeroes,  b u t  p re s e n t  on th e  I s l e  o f  Man and I r e l a n d .

G. pulex commonly l i v e s  be low stones and l o o s e  le aves  i n  w e l l  oxygena ted 

waters.  Agrawal  (1965)  s t u d i e d  g u t  c o n te n t s  o f  G. pulex and conc luded t h a t  

i t  fed m a in l y  on a l g a l  f i l a m e n t s  and v e g e ta b le  m a t t e r  a l t h o u g h  i n  l a b o r a t o r y  

c o n d i t i o n s  dead, d y in g  o r  moul ted an im a ls  may be ea ten ( p e r s .  o b s . ;  

Clegg 1952; W i l l o u g h b y  & S u t c l i f f e  1976) .

C. pseudogracilis i s  n a t i v e  t o  e a s t e r n  N o r th  Amer ica,  i t s  d i s t r i b u t i o n  

extending f rom South O n t a r i o ,  so u th w e s te rn  Quebec, and Vermont t o  M i s s o u r i ,  

th roughou t  t h e  M i s s i p p i  d r a in a g e  b a s i n ,  t h e  lo w e r  p a r t  o f  t h e  S t .  Lawrence 

system and Amer ican A t l a n t i c  wa te rsheds  ( B o u s f i e l d  1958; Smi th 1977) .  I t  has 

a lso been re co rded  f rom  th e  Grea t  Lakes (B a r to n  & Hynes 1976) .

C. pseudogracilis was f i r s t  re co rd ed  i n  B r i t a i n  by Crawfo rd  (1937)  i n  

the f i l t r a t i o n  p l a n t  o f  t he  Lea B r id ge  Waterworks.  M e t r o p o l i t a n  Water  Board.  

The i n f e r e n c e  t h a t  i t  had a l r e a d y  been p r e s e n t  i n  England f o r  some t im e  was 

made by T a t t e r s a l l  (1937)  who s ta t e d  t h a t  h i s  i d e n t i f i c a t i o n  o f  a specimen 

from the  same area found some yea rs e a r l i e r  was now c o n f i rm ed  by C r a w fo r d ' s  

p u b l i c a t i o n .
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D u r in g  t h e  n e x t  t w e n t y  y e a r s  r e p o r t s  o f  i t s  o c c u r r e n c e  i n  t h e  M id la n d s  

( B a s s i n g d a l e  1 94 6 ) .  South o f  Eng land  (R e id  1948) ,  Wales (Hynes 1951) ,  and 

N o r t h  o f  Eng land  ( F r y e r  1952) were made. Reid (1948 )  sugges ted  t h a t  i t  was 

n o t  t h e  range  o f  t h i s  s p e c ie s  b u t  t h e  know ledge o f  i t s  range  w h ic h  had 

i n c r e a s e d  so r a p i d l y ,  b u t  Hynes (1955b)  who c o m p i le d  a d e t a i l e d  d i s t r i b u t i o n  

map con c lu d e d  t h a t  i t  had sp read  r a p i d l y  t h r o u g h o u t  t h e  c a n a l  system and 

n a v i g a b l e  w a te rw ay s  s i n c e  i t s  i n t r o d u c t i o n .  T h i s  v i e w  was su p p o r te d  by 

B o u s f i e l d  ( 1 9 5 8 ) .  The f i r s t  r e c o r d  o f  C. pseudogracilis f r o m  S c o t l a n d  was by 

Warw ick (1959)  who sugges te d  t h a t  i t  was l i k e l y  t o  have been i n t r o d u c e d

d i r e c t l y  f r o m  Canada t o  Grangemouth on t i m b e r .  I t  was n o t  t a k e n  i n  I r e l a n d

u n t i l  1969 where i t  was t h o u g h t  t o  have been c a r r i e d  on th e  f e e t  and 

f e a t h e r s  o f  w a t e r f o w l  (Holmes 1975) .

C. pseudogracilis i s  c h a r a c t e r i s t i c a l l y  t h o u g h t  t o  f a v o u r  t h e  s lo w  

f l o w i n g  o r  s t i l l  w a t e r  e n v i r o n m e n t  o f  c a n a l s ,  c a n a l i s e d  r i v e r s ,  ponds and 

r e s e r v o i r s  ( B o u s f i e l d  1958; H o l l a n d  1976 ) .  I t  i s  now common t h r o u g h o u t  t h e  

c a n a l  sys tem and i s  s t i l l  t h o u g h t  t o  be e x t e n d i n g  i t s  range ( G l e d h i l l ,  

S u t c l i f f e  & W i l l i a m s  1976) .  I t  has a l s o  been ta k e n  f ro m  b r a c k i s h  w a t e r  

(Hynes 1955b; H o l l a n d  1976) .  H o l l a n d  (op .  c i t . )  r e p o r t e d  t h a t

C. pseudogracilis was una b le  t o  e s t a b l i s h  i t s e l f  i n  any s t ream s o r  r i v e r s  i n  

t h e  area  o f  t h e  Mersey & Weaver R i v e r  A u t h o r i t y ,  a t t r i b u t i n g  t h i s  t o  i t s  

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

l o c a t i o n s  s t u d i e d  i t  was found  t o  c o - e x i s t  w i t h  G. pulex, H o l l a n d  (op .  c i t . )  

c o n c lu d e d  t h a t  t h e r e  was no e v id e n c e  f o r  d i r e c t  i n t e r s p e c i f i c  c o m p e t i t i o n  

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

C. pseudogracilis f r o m  o r g a n i c a l l y  p o l l u t e d  w a t e r  (Hynes 1955b; Holmes

op.  c i t . ;  P i n k s t e r  e t  a l .  1980) .  However ,  H o l l a n d  (o p .  c i t . )  was u n a b le  i n  

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

u n a c c e p ta b l e  t o  G. pulex.

11



C o m p a r a t i v e  v a l u e

The f e a t u r e s  w h ic h  make t h e s e  two s p e c ie s  i n t e r e s t i n g  f o r  a c o m p a r a t i v e  

t o x i c i t y  s t u d y  can be summar ised as f o l l o w s ;

1) They have b o th  m o r p h o l o g i c a l  and c l a s s i f i c a t o r y  s i m i l a r i t i e s .

2) G. pulex i s  a n a t i v e  s p e c i e s  w i t h  a w e l l  documented r a n g e .

C. pseudogracilis i s  a r e c e n t  i n t r o d u c t i o n  w h ich  i s  p r e s e n t l y  s t i l l

e x t e n d i n g  i t s  r a n g e ;  t h e  two s p e c ie s  a re  known t o  c o - e x i s t  b u t  t h e

c o n d i t i o n s  under  w h ic h  e i t h e r  i s  a b l e  t o  g a i n  adva n ta ge  have n o t  been

d e t e r m i n e d .

3)  G. pulex i s  known t o  be s e n s i t i v e  t o  b o th  o r g a n i c  and m e t a l  p o l l u t i o n

( A b e l  1980;  Costa 1986, 1967a, 1967b, 1980; Dav ies  1940 ) .  C. pseudogracilis

i s  assumed t o  be t o l e r a n t  o f  o r g a n i c a l l y  p o l l u t e d  c o n d i t i o n s  b u t  e v i d e n c e  o f  

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

i s  unknown.

2. ZINC 

I n t r o d u c t i o n

The name ' z i n c *  i s  o f  German d e r i v a t i o n  and l i t e r a l l y  t r a n s l a t e d  means 

' o f  unknown o r i g i n ' .  Z i n c  i s  one o f  t h e  l e s s  common e le m e n ts .  I t  has been 

e s t i m a t e d  t o  c o n s t i t u t e  0.004% o f  t h e  E a r t h ' s  c r u s t ,  i s  tw e n t y  f i f t h  i n  

o r d e r  o f  abundance o f  e l e m e n ts ,  and i s  f a r  s c a r c e r  th a n  l e s s  f a m i l i a r  

e l e m e n ts  such as z i r c o n i u m ,  vanad ium, t i t a n i u m  o r  s t r o n t i u m  ( R ic e  1 9 8 3 ) .  

E l e m e n t a l  z i n c  has a to m ic  number 30, and a t o m ic  w e i g h t  6 5 .38  and i s  

c h e m i c a l l y  c l a s s e d  as a t r a n s i t i o n  m e t a l  (Parkes  & M e l l o r  1939;

Sneed & B r a s te d  1 955 ) .
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Z i n c  u s u a l l y  o c c u r s  i n  c o m b i n a t i o n  w i t h  s u l p h u r  o r  oxygen ,  g e n e r a l l y  as 

p a r t  o f  a p o l y - m e t a l l i c  o re  o f  w h ic h  l e a d - z i n c  o r e s ,  c o p p e r - z i n c  o re s  and 

l e a d - c o p p e r - z i n c  o re s  a re  t h e  most common. These o re s  may a l s o  c o n t a i n  

s i l v e r ,  cadmium, t i n ,  b i s m u t h ,  t h a l l i u m ,  i n d iu m  and germanium i n  

e c o n o m i c a l l y  i m p o r t a n t  q u a n t i t i e s  (Racham a l la  & B e l l  1976) .

E s s e n t i a l  n a t u r e  as a m i c r o - n u t r i e n t

Z i n c  i s  a u n i v e r s a l  c o n s t i t u e n t  o f  l i v i n g  m a t t e r ,  and i t s  e s s e n t i a l  r o l e  

as a m i c r o - n u t r i e n t  f o r  t h e  g ro w th  and deve lop m en t  o f  m i c r o - o r g a n i s m s ,

p l a n t s  and a n im a ls  has been c o n c i s e l y  rev ie w e d  by R ice  ( 1 9 6 3 ) .  U n l i k e

e le m e n ts  such as c a rbo n  and n i t r o g e n  w h ic h  fo rm  s t r u c t u r a l  components  i n  t h e  

l i v i n g  c e l l ,  z i n c  i s  a s s o c i a t e d  w i t h  enzymes w h ic h  r e g u l a t e  th e  c e l l u l a r  

m e t a b o l i s m .  In  m e t a l  p r o t e i n s  z i n c  i s  n o n - s p e c i f i c a l l y  bound and e a s i l y  

removed by d i s s o c i a t i o n ,  w h i l s t  i n  t h e  m e ta lo -en zym es  i t  i s  s p e c i f i c a l l y  

bound i n t o  t h e  p r o t e i n  m a t r i x  (Bachmann 1963) .

T o x i c  p r o p e r t i e s

I n  c o n t r a s t  t o  many o r g a n i c  p o l l u t a n t s ,  excess m e t a l s  such as z i n c

c a n n o t  be m i c r o b i a l l y  decomposed and a re  t h e r e f o r e  p o t e n t i a l l y  haza rdous  t o  

l i v i n g  o r g a n i s m s .  When th e  r a t e  a t  w h ic h  z i n c  i s  r e l e a s e d  i n t o  t h e

e n v i r o n m e n t ,  u s u a l l y  as a r e s u l t  o f  human a c t i v i t y ,  exceeds t h e  n a t u r a l  r a t e  

o f  c y c l i n g  i t  may be t a k e n  up i n  s u f f i c i e n t  q u a n t i t i e s  by p l a n t s  and a n im a ls  

t o  become t o x i c  (Stumm & B i l i n s k i  1972) .  I f  t h e  human in d u c e d  m o b i l i s a t i o n  

o f  m e t a l s  a re  compared w i t h  t h e  g l o b a l  r a t e  o f  m o b i l i s a t i o n  t h r o u g h  n a t u r a l  

g e o l o g i c a l  p r o c e s s e s ,  z i n c  j o i n s  i r o n ,  co p p e r ,  manganese,  l e a d ,  t i n  and 

a n t im o n y  i n  h a v in g  a m a r k e d l y  enhanced m o b i l i t y  (3930 x 10^ t onnes  pe r  y e a r  

as a g a i n s t  370 x 10^ a t  t h e  g e o l o g i c a l  r a t e )  ( W e a t h e r l e y ,  Lake & Rogers 

1980) .
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A common c h a r a c t e r i s t i c  o f  many p u b l i c a t i o n s  c o n c e r n i n g  t h e  im p a c t  o f  

i n d u s t r a l i s a t i o n  on t h e  e cosys tem  i s  t o  u t i l i s e  t h e  t e r m  heavy m e t a l "  t o  

d e s c r i b e  a he te ro g e n o u s  g roup  o f  m e t a l l i c  e l e m e n t s ,  i n c l u d i n g  z i n c ,  w h i c h  

have t o x i c  p r o p e r t i e s  t o  b i o l o g i c a l  t i s s u e s .  C h e m i c a l l y  t h e s e  e le m e n ts  a r e  

most  commonly i n  t h e  m i d d l e  b l o c k  o f  t h e  p e r i o d i c  t a b l e ,  h a v i n g  a t o m i c  

number  22 -92 and s p e c i f i c  g r a v i t y  4 . 5 - 2 2 . 5 .  However , t h e  l a n t h a n i d e s  and 

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

" h e a v y " .  As Waldechuck (1974)  and N ie b o e r  & R ic h a r d s o n  (1960)  p o i n t  o u t ,  

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

c l e a r  d e f i n i t i o n  can be c o n s t r u c t e d .

An a l t e r n a t i v e  c l a s s i f i c a t i o n  based on th e  a to m i c  p r o p e r t i e s  and 

s o l u t i o n  c h e m i s t r y  o f  t h e  m e t a l  i o n s  i s  s ugg es te d  by N ie b o e r  &

R ic h a r d s o n  (op .  c i t . ) ,  and w h i l s t  t h i s  w ou ld  p r o v i d e  a b e t t e r  b a s i s  f o r  

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

r e p l a c e m e n t  o f  "Heavy m e t a l  p o l l u t i o n "  w i t h  " P o l l u t i o n  by excess  q u a n t i t y  o f  

t r a c e  m e t a l "  wou ld  seem most  a p p r o p r i a t e .

Z i n c  i n  t h e  f r e s h w a t e r  e n v i r o n m e n t

In  t h e  f r e s h w a t e r  e n v i r o n m e n t  z i n c  becomes p a r t i t i o n e d  between

d i s s o l v e d ,  s e d im e n ta r y  and b i o t i c  phases .  Complex e q u i l i b r i a  a r e  e s t a b l i s h e d  

between t h e  m e t a l  i n  t h e  s ed im en ts  and aqueous phases where  s o l u b l e ,

c o l l o i d a l  and p a r t i c u l a t e  fo rm s  a re  a l l  p r e s e n t .  T h i s  i s  i l l u s t r a t e d

d i a g r a m m a t i c a l l y  i n  a f i g u r e  re p ro d u c e d  f ro m  Coombs (1980)  ( F i g .  1 . 6 ) .  The 

z i n c  c y c l e  may t h e r e f o r e  be t h o u g h t  o f  as a f l u x  o f  z i n c  between t h e  

d i f f e r e n t  phases ,  super im posed  on t h e  movement o f  t h e  phases t h e m s e l v e s .  Fo r  

examp le ,  bo th  t h e  u p ta k e  o f  a z i n c  i o n  f r om  s o l u t i o n  by a c l a y  p a r t i c l e  and 

t h e  movement o f  t h a t  p a r t i c l e  as i t  s e t t l e s  t o  become p a r t  o f  t h e  b o t t o m  

s e d im en ts  i s  i n c l u d e d  (Bachmann 1963) .
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FIG.  1.6
M u l t i - p h a s i c  p h y s i c o - c h e m i c a l  forms i n  w h ic h  t r a c e  
m e ta l s  may o c c u r  i n  n a t u r a l  w a t e r s .
From Coombs (1 9 8 0 ) .  I n  t h i s  example Me"* = Z n ^ * .

Z in c  e x i s t s  i n  t h e  l i q u i d  phase as a h y d r a t e d  i o n ,  a complexed i o n  o r  

a s s o c i a t e d  w i t h  s o l u b l e  o r g a n i c  compounds.  The p e rc e n ta g e  o f  t o t a l  z i n c  

p r e s e n t  w h ic h  rem ains  i n  s o l u t i o n  w i l l  be d e t e r m in e d  by t h e  pH, a l k a l i n i t y  

and s o l u t e  exp o s u re .  Wi th  i n c r e a s i n g  pH and a l k a l i n i t y  z i n c  i s  p r e c i p i t a t e d ,  

w h i l s t  d u r i n g  f l o o d i n g  t r a n s i e n t  r e d i s s o l u t i o n  f r om  s e d im e n ta r y  d e p o s i t s  may 

o c c u r  ( W e a t h e r l e y ,  Lake & Rogers 1980) .

Z in c  e x i s t s  i n  t he  s o l i d  phase as p a r t  o f  an i n o r g a n i c  p r e c i p i t a t e ,  

o c c u p y i n g  space i n  th e  c r y s t a l  l a t t i c e  o f  c l a y s ,  as an exchangeab le  i o n  i n  

o r g a n i c  o r  i n o r g a n i c  comp lexes ,  o r  as a f u n c t i o n a l  component  o f  t he  

m e t a b o l i c  systems o f  l i v i n g  o r g a n i s m s .  The r e l a t i v e  i n s o l u b i l i t y  o f  t h e  

s a l t s  z i n c  c a r b o n a t e  and z i n c  h y d r o x i d e  p la c e  an upper  l i m i t  on th e

q u a n t i t i e s  o f  d i s s o l v e d  z i n c  found  i n  n a t u r a l  w a te r s  (O 'Connor  & Renn 1964 ) .
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The s o l u b i l i t y  o f  z i n c  c a r b o n a t e  i s  a f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  

t h e  c a r b o n a te  i o n ,  and i s  dependen t  upon th e  pH v a l u e  and c o n c e n t r a t i o n  o f  

b i c a r b o n a t e  i o n  i n  s o l u t i o n .  E i t h e r  a 1 0 - f o l d  i n c r e a s e  i n  ha rdness  o r  u n i t  

i n c r e a s e  i n  pH w i l l  b r i n g  a bou t  a 1 0 - f o l d  r e d u c t i o n  i n  th e  c o n c e n t r a t i o n  o f  

d i s s o l v e d  z i n c  (S o lb e  1974) .  Z i n c  h y d r o x i d e  i s  formed f ro m  th e  f o l l o w i n g  

r e a c t i o n  ;

Zn**  + ZHgO ^  ZnOH* ♦ H^O f  H* ^  Z n lO H )^ !  + 2H*

A t  pH 7 o n l y  0.25% o f  t h e  t o t a l  d i s s o l v e d  z i n c  i s  ZnOH* r i s e s

t h e  e q u i l i b r i u m  s h i f t s  t o  t h e  r i g h t  f o r m i n g  z i n c  h y d r o x i d e .  At  pH 11, 97.2% 

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

p r e c i p i t a t e  o f  p o t e n t i a l  im p o r t a n c e  i s  z i n c  s u l p h i d e  w h ich  i s  formed under  

r e d u c i n g  c o n d i t i o n s  such as t h e  oxygen d e p l e t e d  h y p o l i m n i o n ,  o r  w i t h i n  t h e  

s e d im e n ts .  Z i n c  may a l s o  be adsorbed o r  c o - p r e c i p i t a t e d  w i t h  o t h e r  compounds 

(Bachmann op.  c i t . ) .  A common c o - p r e c i p i t a t e  i n  l a k e s  i s  t h a t  o f  z i n c  w i t h  

f e r r i c  o x i d e .

One o f  t h e  m a jo r  a d s o r b e n t  s p e c ie s  p r e s e n t  i n  s t ream  sed im en ts  i s  c l a y ,  

and t h e  f i x a t i o n  o f  z i n c  i o n s  by c l a y  m i n e r a l s  has formed th e  s u b j e c t  o f  a 

number o f  i n v e s t i g a t i o n s  ( F a r r a h  & P i c k e r i n g  1977; Bourg & F i l b y  1974) .  As a 

c a t i o n ,  z i n c  may e i t h e r  occupy a p o s i t i o n  i n  t h e  c r y s t a l  l a t t i c e  where i t  i s  

un exch a nge ab le ,  o r  a t t a c h  t o  n e g a t i v e l y  charged s i t e s  on th e  s u r f a c e  where 

i t  i s  ex c han g eab le  and i n  dynamic  e q u i l i b r i u m  w i t h  i o n s  i n  s o l u t i o n .

The a b i l i t y  t o  remove c a t i o n s  f r om  s o l u t i o n  i s  dependent  on t h e  c a t i o n  

exchange c a p a c i t y  ( C . E . C . )  o f  t he  c l a y  m i n e r a l ,  t he  p roc es s  b e in g  pH 

d ep e n d e n t .  C lay  m i n e r a l s  a c t  as a b u f f e r  r e s e r v o i r  f o r  t h e  amount o f  z i n c  i n  

s o l u t i o n  and t h e r e f o r e  i f  z i n c  i o n s  a re  added t o  n a t u r a l  w a t e r s  t h e  

suspended c l a y s  w i l l  te n d  t o  r e - e s t a b l i s h  t h e  o r i g i n a l  s t a t e  by r e - a d s o r b i n g  

some o f  t h e  added z i n c  (Bourg & F i l b y  op.  c i t . ) .
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D e t e r m i n a t i o n  o f  t o x i c i t y

Two mechanisms o f  z i n c  up ta ke  by l i v i n g  m a t e r i a l s  have been d e f i n e d  as 

t h e  s p e c i f i c  u t i l i s a t i o n  o f  z i n c  i n  t h e  s y n t h e s i s  o f  c e r t a i n  enzymes, and 

t h e  n o n - s p e c i f i c  a d s o r p t i o n  o r  i o n  exchange r e a c t i o n s  (Bachmann op.  c i t . ) .

The p h y s i c o - c h e m i c a l  s t a t e  o f  t h e  m e t a l  i s  t h e  key f a c t o r  i n  t h e

Î d e t e r m i n a t i o n  o f  i t s  a v a i l a b i l i t y  t o  t h e  b i o t a ,  w h i l s t  t h e  m e t a b o l i s m  o f  t h e

I i n d i v i d u a l  o r g a n i s m  w i l l  d e te r m i n e  i t s  t o x i c i t y .  When complexed w i t h  c l a y  o r

I o r g a n i c  p a r t i c l e s  t h e  a v a i l a b i l i t y  o f  z i n c  f o r  u p t a k e ,  and t h e r e f o r e  i t s
!
I t o x i c i t y ,  i s  c o n s i d e r e d  t o  be r e l a t i v e l y  l o w  ( W e a th e r l e y  e t  a l .  1980) .

( However ,  W e n ts e l ,  M c In to s h  & Anderson  (1977)  found  t h a t  c h i r o n o m i d  l a r v a e  

a v o id e d  s i l t  l oam  o r  loam s e d im en ts  c o n ta m in a te d  w i t h  z i n c ,  chromium and 

cadmium. The m a j o r  c o n t r i b u t i o n  o f  sed im en ted  z i n c  to w a rd s  t o x i c i t y  may be 

i n  i t s  p o t e n t i a l  f o r  r e d i s s o l u t i o n  under  a p p r o p r i a t e  e n v i r o n m e n t a l  

c o n d i t i o n s  such as reduced  pH, e l e v a t e d  t e m p e r a t u r e  and p h y s i c a l  d i s t u r b a n c e  

(Ey res  & Pugh Thomas 1978) .

I t  i s  g e n e r a l l y  i n  th e  d i s s o c i a t e d  i o n i c  fo rm  Zn**  t h a t  z i n c  i s  

c o n s i d e r e d  most  t o x i c  as a f r e s h w a t e r  p o l l u t a n t  ( L l o y d  1960 ; Sk idmore 

1965) .  I n  r e c e n t  y e a rs  t h e r e  has been a m a jo r  a t t e m p t  t o  i d e n t i f y  more 

p r e c i s e l y  t h e  s p e c i e s  o f  m e ta l s  w h ic h  e x i s t  i n  n a t u r a l  w a t e r s ,  s i n c e  th e  

common p r o c e d u r e  o f  r e l a t i n g  t o t a l  m e t a l  c o n c e n t r a t i o n  t o  t o x i c i t y  has been 

found  i n  some cases t o  p r o v i d e  m i s l e a d i n g  r e s u l t s  ( F l o r e n c e  1977; Stumm & 

B i l i n s k i  1972) .  Depend ing on t h e  c h e m i c a l  fo rm  o f  t h e  m e t a l ,  a w a t e r  w i t h  a 

h ig h  t o t a l  m e t a l  c o n c e n t r a t i o n  may be l e s s  t o x i c  than  one w i t h  a l o w e r  

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

A c c o r d i n g  t o  Nue rnbe rg  (1 9 8 2 ) ,  v o l t a m e t r y  c o n s t i t u t e s  o b v i o u s l y  t h e  most  

p o w e r f u l  and c o n c l u s i v e  method f o r  i n v e s t i g a t i o n  on t h e  s p é c i a t i o n  o f  

d i s s o l v e d  m e t a l  t r a c e s  i n  n a t u r a l  w a t e r s .  A l t h o u g h  i t s  p o t e n t i a l i t i e s  have 

y e t  t o  be f u l l y  e x p l o i t e d ,  t h e r e  a re  d i f f i c u l t i e s  w i t h  t h i s  t e c h n i q u e .
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V a r i o u s  m e t a l  c l a s s i f i c a t i o n s  c a n n o t  be i d e n t i f i e d  as e x a c t  c h e m i c a l  

s p e c i e s ,  a n a l y t i c a l  measurement  may d e s t r o y  t h e  n a t u r a l  e q u i l i b r i u m  o f  m e t a l  

fo rm s  p r e s e n t ,  and i t  i s ,  a t  p r e s e n t ,  a l o n g  and t e c h n i c a l l y  complex 

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

W h i l s t  i n f o r m a t i o n  o f  t h e  t y p e  o f  m e t a l  s p e c ie s  e n c o u n te r e d  unde r  

d i f f e r e n t  c h e m i c a l  c o n d i t i o n s  i s  advan ta geous  f o r  a b e t t e r  u n d e r s t a n d i n g  o f  

t h e  d i s t r i b u t i o n  and f u n c t i o n  o f  t r a c e  e lem e n ts  i n  n a t u r a l  w a t e r s ,  t h e s e  

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

s t u d y  i m p r a c t i c a l .

Sources o f  z i n c  p o l l u t i o n  i n  t h e  a q u a t i c  e n v i r o n m e n t

W e a t h e r l e y  e t  al. ( 1 9 8 0 ) ,  i d e n t i f i e d  s e v e r a l  p ro ce s s e s  w h ich  cause t h e  

r e l e a s e  o f  excess  z i n c  i n t o  t h e  f r e s h w a t e r  e n v i r o n m e n t  a t  p o t e n t i a l l y  t o x i c  

l e v e l s .  These can be summar ised as f o l l o w s ;

1) W e a th e r in g  and wash ing  o f  o v e rb u rd e n  z i n c  o r  o t h e r  o re  b o d ie s  and o f  

c o r r e s p o n d i n g  o re  t a i l i n g s .

2) L e a c h in g  o f  s m e l t e r  s l a g s .

3) S p i l l s ,  washdowns, and r i n s i n g s  f ro m  e l e c t r o - r e f i n i n g  f o r  z i n c  and 

i n d u s t r i a l  p l a n t s  u s in g  z i n c  compounds o r  m e t a l s .

4) D i s p o s a l  o f  m a t e r i a l s  c o n t a i n i n g  z i n c  f r o m  c h e m ic a l  o r  i n d u s t r i a l  

p l a n t s .

5) The s c r u b b i n g  o f  s m e l t e r  and i n c i n e r a t o r  fumes c o n t a i n i n g  z i n c .

6) Domes t i c  and i n d u s t r i a l  sewage c o n t a i n i n g  h ig h  z i n c  l e v e l s  d e r i v e d  

f r o m  t h e  use o f  z i n c  c o n t a i n i n g  p r o d u c t s .

7) R a d i o a c t i v e  i s o t o p e  Zn f ro m  n u c l e a r  power  p l a n t  o p e r a t i o n s  o r  

f a l l o u t  f r o m  n u c l e a r  weapon t e s t i n g .
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The m a jo r  and most  p e r m a n e n t l y  hazardous  sou rces  o f  z i n c  p o l l u t i o n  f o r  

f r e s h w a t e r  e n v i r o n m e n ts  come f ro m  m i n i n g  o f  z i n c i f e r o u s  o r e  b o d i e s ,  and t h i s  

t o p i c  has c o n s e q u e n t l y  r e c e i v e d  most  a t t e n t i o n  i n  t h e  l i t e r a t u r e  ( C a r p e n t e r  

1936; Jones 1940, 1958; Brown 1977a; S c u l l i o n  & Edwards 19 80 ) .  The methods

I by w h i c h  z i n c  i s  r e c o v e r e d  f ro m  s u b s u r f a c e  o re s  r e q u i r e  b o th  w a t e r  and
I
( c r u s h i n g  e q u ip m e n t .
I

The f i n e  w as tes  ( t a i l i n g s ) ,  p roduced  i n  t h e  e x t r a c t i o n  p ro cess  c o n t a i n  

i n s u f f i c i e n t  q u a n t i t i e s  o f  z i n c  t o  be o f  economic im p o r t a n c e  and a r e  

c o n s e q u e n t l y  d e p o s i t e d  as dumps. Even a f t e r  c e n t u r i e s  o f  d i s u s e  mine  dumps 

may g e n e r a t e  s u f f i c i e n t  q u a n t i t i e s  o f  z i n c  by b o th  p h y s i c a l  t r a n s f e r  and 

b a c t e r i a l  a c t i v i t y  t o  a d v e r s e l y  a f f e c t  t h e  a d j a c e n t  f r e s h w a t e r  e n v i r o n m e n t .  

The e f f e c t s  can be e x t e n s i v e ,  and a re  o c c a s i o n a l l y  i r r e v e r s i b l e  

( W e a t h e r l e y  et al. 1980) .  Jones (1958 )  r e p o r t e d  t h a t  a t  c e r t a i n  d i s u s e d  

mines  i n  t h e  v a l l e y  o f  t h e  R i v e r  Y s t w y t h ,  open a d i t s  c o n t i n u e d  t o  d i s c h a r g e  

w a t e r  h e a v i l y  p o l l u t e d  w i t h  z i n c  s a l t s  n e a r l y  40 y e a rs  a f t e r  t h e  mine had 

been c l o s e d .

As a consequence o f  t h e  s e m i -pe rm ane n t  n a t u r e  o f  t h i s  p o l l u t a n t  s o u rc e  

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

t h e  e f f e c t s  o f  z i n c  p o l l u t i o n ,  and t h e  subsequen t  r e c o v e r y  o f  t h e  f r e s h w a t e r  

body,  when th e  s ou rce  i s  removed,  can be d e t e r m i n e d .  H a r d i n g ,  Say & W h i t t o n  

(1981 )  s t u d i e d  t h e  r e c o v e r y  o f  t h e  R i v e r  E th row  f r o m  a m i x t u r e  o f  o r g a n i c  

p o l l u t i o n  f ro m  sewage w o r k s ,  and z i n c  p o l l u t i o n  f ro m  a paper  p r o c e s s i n g  

f a c t o r y .  They r e p o r t e d  a c l e a r  change i n  f a u n a l  commun i ty  s t r u c t u r e  o v e r  2 

y e a r s  as o r g a n i c  p o l l u t i o n  d e c re a s e d ,  b u t  were u n a b le  t o  d i s c e r n  any c l e a r  

b e n e f i c i a l  consequences o f  t h e  s te a d y  d e c re a s e  i n  z i n c  c o n c e n t r a t i o n  f r o m  

1.11 mM i n  1975 t o  0 .27  mM i n  1979, w i t h i n  t h e  t r i b u t a r y  c a r r y i n g  z i n c  

e f f l u e n t  t o  t h e  r i v e r .
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3 . THE MULTI-TEST APPROACH

T h is  t o x i c i t y  s tu d y  c o m p r i s e s  a s e r i e s  o f  t e s t s  o f  v a r i a b l e  d u r a t i o n ,  

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

c om p rehe n s iv e  d e s c r i p t i o n  o f  z i n c  t o x i c i t y  t o  G.pulex and C.pseudogracilis.

The s tu d y  i s  i n i t i a t e d  w i t h  an a n a l y s i s  o f  a c u te  z i n c  t o x i c i t y  t o  

m a tu re  a d u l t s  o f  b o th  s p e c i e s .  The s h o r t  t e s t  d u r a t i o n ,  and r e s p o n s e  

c r i t e r i o n  o f  d e a th  c o n f e r s  on i t  l i t t l e  f i e l d  r e l a t e d  v a l u e ,  b u t  r e n d e r s  i t  

a c l e a r ,  u n e q u i v o c a l  d e m o n s t r a t i o n  o f  t o x i c i t y  and c o n s e q u e n t l y  a v a l u a b l e  

s t a r t i n g  p o i n t .

Of more a p p l i e d  i n t e r e s t  a re  c h r o n i c  t o x i c i t y  t e s t s  w h ic h  e x p l o r e  l o n g e r  

t e r m  e f f e c t s  o f  s u b - a c u te  t o x i c a n t  l e v e l s .  The i d e a l  c h r o n i c  t e s t  w i l l  

d e t e r m i n e  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  t o x i c a n t  w h ic h  causes no a d v e r s e  

e f f e c t s  on th e  d i s t r i b u t i o n  and abundance o f  t h e  t e s t  s p e c ie s  o v e r  a t  l e a s t  

3-4  l i f e  c y c l e s .  The t i m e  consuming a s p e c t  o f  t h i s  app roach  makes i t  

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

s u i t a b l e  compromise between i d e a l  and p r a c t i c a l  o b j e c t i v e s  must be made. The 

p e r i o d  between f e r t i l i z a t i o n  o f  t h e  egg w i t h i n  t h e  fe m a le ,  and r e l e a s e  o f  

t h e  young i s  g e n e r a l l y  c o n s i d e r e d  t o  be t h e  most v u l n e r a b l e  l i n k  i n  t h e  l i f e  

c y c l e  o f  t h e  t e s t  s p e c ie s  (Sprague  1976 ) .  T h i s  p e r i o d  o f  a p p r o x i m a t e l y  21 

days i n  b o th  s p e c ie s  has t h e r e f o r e  been s e l e c t e d  t o  e x p l o r e  t h e  e f f e c t s  o f  

z i n c  on brood  s i z e  and deve lo p m e n t  t i m e ,  and on t h e  c o n d i t i o n  o f  t h e  a d u l t  

f e m a l e .  The f a t e  o f  t h e  young o v e r  t h e  f i r s t  21 days a f t e r  r e l e a s e  has a l s o  

been m o n i t o r e d .  W h i l s t  t h i s  t e s t  i s  o f  l o n g e r  d u r a t i o n  th a n  t h e  a c u t e  

a pp roac h ,  and t h e  response  c r i t e r i o n  n o t  so s e v e r e ,  t h e  u l t i m a t e  r e s u l t  i s  

t h e  same s i n c e  an i n a b i l i t y  t o  p rodu ce  v i a b l e  young w i l l  e v e n t u a l l y  r e s u l t  

i n  e x t i n c t i o n  o f  th e  p o p u l a t i o n .
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The t h i r d  s e r i e s  o f  t e s t s  a r e  concerned  w i t h  b e h a v i o u r a l  re s p o n s e s  t o

z i n c  and i n  c o n t r a s t  t o  t h e  p r e v i o u s  e x p e r im e n t s  i t  was n o t  i n i t i a l l y  

p o s s i b l e  t o  c a t e g o r i s e  them as a c u te  o r  c h r o n i c  s i n c e  b o th  t h e  e f f e c t i v e  

c o n c e n t r a t i o n s ,  and th e  t y p e  o f  r esponse  w h ic h  w ou ld  be o b t a i n e d  was 

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

z i n c  c o n c e n t r a t i o n  f o r  t h e  e x t i n c t i o n  o f  t h e  p o p u l a t i o n ,  b u t  t o  e x p l o r e  th e  

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

c o n t e x t  o f  p r e v i o u s l y  d e t e r m in e d  a c u t e  and c h r o n i c  l e v e l s .  The t e s t s  i n  t h i s  

s e c t i o n  a re  d i v i d e d  i n t o  two p a r t s  concerned  w i t h  b o th  a v o i d a n c e ,  and

a c t i v i t y  changes i n  t h e  p resence  o f  d i s s o l v e d  z i n c .  The d e m o n s t r a t i o n  o f  an 

a v o id a n c e  r e s p o n s e ,  e s p e c i a l l y  be low  a c u t e l y  l e t h a l  z i n c  l e v e l s ,  has o b v io u s  

f i e l d  r e l a t e d  i n t e r e s t  b u t  changes i n  a c t i v i t y  w i t h  no o b v i o u s  s u r v i v a l  

v a l u e  have a l s o  been c o n s i d e r e d .

The f i n a l  s e r i e s  o f  t e s t s  c o n c e n t r a t e  e x c l u s i v e l y  on p h y s i o l o g i c a l

a s p e c t s  o f  z i n c  t o x i c i t y  and,  i n  common w i t h  t h e  b e h a v i o u r a l  s t u d y ,  t h e y  do 

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

t o x i c i t y  are  changes i n  oxygen c o ns u m p t ion  and g i l l  v e n t i l a t i o n  r a t e ,  and

t h e  main aim o f  t h e s e  t e s t s  i s  t o  assess t h e i r  use as i n d i c a t o r s  o f  z i n c  

t o x i c i t y ,  and t o  p r o v i d e  some i n s i g h t  i n t o  t h e  mode o f  a c t i o n  o f  t h e  

t o x i c a n t .

Summary o f  s t u d v  aims

A r e l a t i v e l y  t r a n s i e n t  i n c i d e n c e  o f  z i n c  p o l l u t i o n  i n  t h e  uppe r  reac he s  

o f  W i l l o w  B roo k ,  a s m a l l  N o r t h a m p t o n s h i r e  r i v e r ,  has r e c e n t l y  p r o v i d e d  th e  

o p p o r t u n i t y  t o  s t u d y  th e  e f f e c t s  o f  z i n c  on f r e s h w a t e r  f l o r a  and fa una  

d u r i n g  b o th  p o l l u t e d  p e r i o d  ( S o lbe  1973, 1977) ,  and subsequen t  r e c o v e r y  

phase a f t e r  changes i n  e f f l u e n t  t r e a t m e n t  had e f f e c t i v e l y  removed t h e  s o u rc e  

o f  p o l l u t i o n  ( H a r p e r ,  Hancock & Dav ies  1979) .
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T h is  s t u d y  aims t o  d e t e r m i n e  t h e  r e l a t i v e  t o x i c i t y  o f  z i n c  t o  two 

f r e s h w a t e r  amphipod s p e c ie s  found  i n  W i l l o w  B rook ,  i n  o r d e r  t o  assess t h e  

e x t e n t  t o  w h ic h  z i n c  p o l l u t i o n  may have d i c t a t e d  t h e i r  d i s t r i b u t i o n  and 

abundance d u r i n g  and a f t e r  p o l l u t i o n .  S in ce  i t  i s  t h e  a n i m a l s ,  and t h e i r  

c o m p a r a t i v e  response  t o  t h e  same p o l l u t a n t  w h ic h  a re  o f  p r i m a r y  i n t e r e s t  

t h i s  i s  a t r u e  t o x i c i t y  s t u d y  r a t h e r  th a n  a b i o a s s a y  s e r i e s .

No s i n g l e  t o x i c i t y  t e s t  used i n  t h i s  s t u d y  can a c c u r a t e l y  d e s c r i b e  t h e  

e f f e c t s  o f  z i n c  on t h e  two t e s t s  s p e c i e s .  However ,  when p e r fo rm e d  as a 

c o h e r e n t  u n i t  under  i d e n t i c a l  c o n t r o l l e d  c o n d i t i o n s ,  t h e  c o l l e c t i v e  

i n f o r m a t i o n  o b t a i n e d  can bo th  a s s i s t  i n  p r e d i c t i n g  t o x i c  e f f e c t s  o f  z i n c  

w i t h i n  t h e  f i e l d  s i t u a t i o n ,  and c o n t r i b u t e  to w a rd s  c u r r e n t  t h e o r i e s  o f  

t o x i c a n t  a c t i o n .
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CHAPTER 2

WILLOW BROOK : A CASE OF ZINC POLLUTION

ENVIRONMENTAL BACKGROUND

W i l l o w  Brook i s  a s m a l l  r i v e r  w h ic h  r i s e s  on N o r t h a m p t o n s h i r e  Sand 

I r o n s t o n e  near  t h e  i n d u s t r i a l  town o f  Corby (SP 901 .88 5 )  a t  an a l t i t u d e  o f  

a p p r o x i m a t e l y  130 m O.S. I t  s u b s e q u e n t l y  f l o w s  f o r  27 km t h r o u g h  m a i n l y  

a r a b l e  l a n d ,  w i t h  o c c a s i o n a l  d e c id u o u s  and c o n i f e r o u s  w ood land ,  t o  j o i n  t h e  

R i v e r  Nene nea r  E l t o n  M i l l s ,  C a m b r id g e s h i r e  ( F i g .  2 . 1 ) .  The g r a d i e n t  

d e c re a s e s  f rom  a p p r o x i m a t e l y  8 m km  ̂ i n  t h e  uppe r  reaches  t o  2 . 2  m km  ̂ i n  

t h e  l o w e r  reaches  a t  F o t h e r i n g h a y .

W i l l o w  Brook d r a i n s  a ca tchm en t  area  o f  8962 ha.  The l a n d  s u r r o u n d i n g  

th e  upper  h a l f  o f  t he  brook c o n s i s t s  o f  g r e y - b r o w n  n e u t r a l  t o  a c i d  p o d s o l i c  

s o i l s  and i n c l u d e s  some brown f o r e s t  s o i l s ,  a c i d  brown s o i l s ,  and g l e y  

s o i l s .  D ra in a g e  i s  good t o  i m p e r f e c t .  The la n d  s u r r o u n d i n g  t h e  l o w e r  h a l f  o f  

t h e  b ro o k  i s  a c i d i c  p o d s o l i z e d  s o i l  i n c l u d i n g  i r o n  p o d s o l s ,  humus p o d s o l s ,  

a c i d  brown s o i l s  and g l e y  p o d s o ls  w i t h  v a r i a b l e  d r a i n a g e .  Much o f  t h e  

ca tc h m e n t  area  i s  a r a b l e  f a r m l a n d  w i t h  t h e  main c rops  b e in g  whea t ,  b a r l e y ,  

o a t s ,  p o t a t o e s ,  suga r  b e e t ,  f o d d e r  r o o t s ,  g reen  c rops  and g r a s s .  O c c a s i o n a l  

wood land  i s  p r e d o m i n a n t l y  oak,  ash,  and o t h e r  broad le a v e d  s p e c ie s  

( Q u i n l a n  1971) .

The b roo k  o r i g i n a t e s  as t h r e e  f a s t  f l o w i n g  s m a l l  s t r e a m s ,  o n l y  3-5 m 

w id e  (T a b le  2 . 1 ) ,  w i t h  an average  g r a d i e n t  o f  3 .75  m km"^ (S o lbe  1973) .  The 

S o u th e rn  s t ream  has i t s  sou rce  i n  t he  s o u th  w es t  c o r n e r  o f  Corby ( F i g .  2 . 2 ) .  

The C e n t r a l  s t re am  a r i s e s  near  t h e  fo r m e r  Corby S t e e lw o r k s  and r e c e i v e s  th e  

town e f f l u e n t  b e f o r e  j o i n i n g  w i t h  t h e  S o u th e rn  s t ream  nea r  Weldon.
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FIG. 2.1
Map of  Wil low Brook showing i t s  r i s e  near Corby as 
th ree  smal l  streams, and i t s  conf luence w i th  the  
River Nene a t  El ton M i l l s .

s =
N =

Southern stream, C = 
Northern stream

C e n t ra l  stream

1 ) Stanion road br idge (SP 903 .085)
2) Weldon road br idge (SP 929.894)
3) Deene road br idge (SP 955.928)
4) King's C l i f f e (TL 002.970)
5) Woodnewton (TL 037.94 1 )
6) Fotheringhay (TL 063 .935 )
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The b ro a d e r  s t r eam  so formed c o n t i n u e s  n o r t h  e a s tw a r d ,  r e c e i v i n g  v i l l a g e  

e f f l u e n t  b e f o r e  e n t e r i n g  an 11.4 ha l a k e  a t  Deene. The N o r t h e r n  s t re a m  

a r i s e s  t o  t h e  n o r t h  o f  Corby and f l o w s  e a s t  n o r t h  eas tw a rds  t o  e n t e r  t h e  

n o r t h  arm o f  Deene Lake.

Deene Lake i s  g e n e r a l l y  l e s s  th a n  2 m deep w i t h  a s o f t  mud b o t to m .  Wate r

I
I f r o m  th e  N o r t h e r n  s t ream  i n i t i a l l y  f o l l o w s  t h e  n o r t h  bank o f  t h e  l a k e  s i n c e

I i t s  f l o w  r a t e  i s  s l o w e r  t h a n  t h e  combined S ou the rn  and C e n t r a l  s t r e a m s .  

Wate r  l e a v i n g  th e  n o r t h  e a s t  s i d e  o f  t h e  l a k e  a t  t h e  o u t f a l l  w e i r  i s

I g e n e r a l l y  w e l l  m ixed .  Deene Lake t h e r e f o r e  b u f f e r s  v a r i a t i o n  i n  f l o w  and 

c h e m i c a l  q u a l i t y  o f  ups t r eam  w a t e r s ,  b e f o r e  t h e y  a re  d i s c h a r g e d  downs tream.

Below Deene Lake t h e  b roo k  f l o w s  i n  a n o r t h  e a s t e r l y  d i r e c t i o n  o v e r

s t o n y  r i f f l e s  and a ha rd  c l a y  bed ( F i g .  2 . 3 ) .  E f f l u e n t  f r o m  a v i l l a g e  sewer

i s  r e c e i v e d  a t  B u lw i c k  b e f o r e  t h e  b ro ok  passes i n t o  B la th e r w y k e  Lake.  T h i s  

l a k e  i s  t h e  b i g g e s t  i n  t h e  sys tem h a v in g  a t o t a l  area  o f  19.9 ha. I t  i s  

a p p r o x i m a t e l y  3 m deep i n  t h e  s o u t h e r n  p a r t  and up t o  6 .5  m a t  t h e  n o r t h  

e a s t e r n  e x t r e m i t y .

Downstream o f  B la th e r w y k e  Lake t h e  f l o w  changes t o  e a s t e r l y  and t h e  

b ro o k  r e c e i v e s  e f f l u e n t  f r o m  a sewage t r e a t m e n t  works  a t  K i n g ’ s C l i f f e .  Here 

i t  i s  r e l a t i v e l y  f a s t  f l o w i n g ,  o v e r  a s t ream  bed o f  co a rse  g r a v e l  and weed.  

A p p r o a c h in g  A pe tho rpe  t h e  Brook bends so u th  and t h e  v e l o c i t y  i s  reduced  as 

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

( < 0 .5  m ) , muddy, 4 .5  ha l a k e .

Below th e  l a k e  t h e  Brook i s  s l o w e r  and more weedy, e n t e r i n g  a s e r i e s  o f

l o n g  r i f f l e s  and p o o l s  w i t h  a g r a d i e n t  o f  2 .2  -  2 .4  m k m " ^ . a s o u t h  

e a s t e r l y  f l o w  i s  m a i n t a i n e d  t o  Woodnewton where i t  resumes an e a s t e r l y

c o u rs e  p a s s in g  t o  t h e  n o r t h  o f  F o t h e r i n g h a y  ( F i g .  2 . 4 ) ,  t o  e n t e r  t h e  R i v e r  

Nene a t  E l t o n  M i l l s .  The s i z e  o f  t h e  b roo k  i s  f a i r l y  u n i f o r m  be low Deene 

Lake a t  abou t  6 .5  m w ide  and 0.3  m deep (T a b le  2 . 1 ) .  The u n d e r l y i n g  r o c k  i s  

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

a pH o f  abou t  8 ( T a b le  2 . 2 ) .
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FIG.  2 .2

FIG.  2 . 2  STANION ROAD BRIDGE. CORBY (SP 9 0 3 .8 8 5 )
S o u th e r n  s t r e a m  s i t e ,  u p s t r e a m  o f  b o th  sewage w o rk s  and 
s t e e l w o r k s .  The s team i s  s u b j e c t  t o  c o n s i d e r a b l e  a n n u a l  
v a r i a t i o n  i n  d e p t h .  6 . pulex i s  t h e  d o m in a n t  s p e c i e s .

FIG.  2 .3  DEENE OUTFALL WEIR (SP 9 5 5 .9 2 8 )
I m m e d i a t e l y  dow ns t re am  o f  Deene Lake t h i s  s e c t i o n  o f  
W i l l o w  Brook  i s  a t y p i c a l  r i f f l e  h a b i t a t .  The r o c k y  
s t r e a m  bed i s  c o a t e d  w i t h  sewage f u n g u s .

FIG.  2 .4  FOTHERINGHAY (TL 0 6 3 .9 3 5 )
F u r t h e s t  sample s i t e  dow ns t re am ,  t h i s  s i t e  i s  d o m in a te d  
by G. pulex.
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FIG.  2 .3

t

FIG.  2 .4
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SITE GRID REFERENCE STREAM WIDTH 
(m)

MEAN VELOCITY OF FLOW 
(m s~  ̂ )

STANION RD BRIDGE SP 903.805 2.52 -

WELDON RD BRIDGE SP 929.894 2.74 1 .556
DEENE RD BRIDGE SP 955.928 7.00 1 . 788
KING'S CLIFFE TL 002.970 6.46 1 .936
WOODNEWTON TL 037.941 5.89 1 .476
FOTHERINGHAY TL 063.935 6.86 0. 860

TABLE 2.1
Stream width and v e l o c i t y  of  f lo w  at  s ix  
s i t e s  on Wil low  Brook, taken on 0 6 .1 1 .1 9 8 0 .

SITE GRID REFERENCE pH TEMPERATURE ( ° c )

STANION RD BRIDGE SP 903.885 7.35 11.2
WELDON ROAD BRIDGE SP 929.894 8.05 13.5
DEENE ROAD BRIDGE SP 955.928 7.90 14.0
KING'S CLIFFE TL 002.970 8.10 13.8
WOODNEWTON TL 037.941 8.20 13.0
FOTHERINGHAY TL 063.935 8.30 13.0

TABLE 2.2
pH and tempera ture at  s ix  s i t e s  on Wil low  
Brook, taken on 0 2 . 1 0 .8 0 .

HISTORY OF STEELWORKS IN THE CORBY AREA

The h i s t o r y  of  i ronwork ing in  the Corby area dates back to Roman t imes.  

A smal l  ironworks was b u i l t  a t  Corby in  1910 but i t  was not u n t i l  1933 when 

an i n t e g r a t e d  I ro n ,  S t e e l  and S t e e l  Tube works was b u i l t  t h a t  the smal l  

v i l l a g e  expanded i n t o  an i n d u s t r i a l  town.

Water f o r  cool ing  and gas washing was d er ived  from Eyebrook r e s e r v o i r  in  

the v a l l e y  of  the River  Wel land north o f  Corby, from two lakes on the Wil low  

Brook, and a v a r i e t y  of  groundwater and g r a v e l  p i t  sources in the a rea .  Most 

of the e f f l u e n t  was discharged to the C e n t r a l  and Northern streams from 

which the Wi l low Brook o r i g i n a t e d .
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P r i o r  t o  1965 i r o n  was smeLted i n  f o u r  b l a s t  f u r n a c e s ,  and s t e e l  

p ro duc e d  by t h e  Bessemer p r o c e s s .  The r e s u l t a n t  p r o d u c t i o n  o f  i r o n  and s t e e l  

and a l s o  e f f l u e n t  were r e l a t i v e l y  c o n s t a n t .  W h i l s t  t h e r e  i s  no a n a l y t i c a l  

d a t a  f o r  t h i s  p e r i o d ,  o b s e r v a t i o n  o f  Deene Lake and B l a t h e r w y k e  Lake 

i n d i c a t e d  o n l y  v e r y  p e r i o d i c  w a t e r  q u a l i t y  p r o b le m s ,  w i t h  no e v id e n c e  f o r  

p o l l u t i o n  o f  t h e  b ro o k  be low  Deene Lake ( O l i v e r  1975) .

In  1965 i n t e r n a t i o n a l  c o m p e t i t i o n  f o r  i r o n  and s t e e l  s a le s  i n c r e a s e d  and 

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

e c o n o m ic a l  methods o f  i r o n  p r o d u c t i o n .  The main changes were i n  t h e  use o f

1 0 0 % s i n t e r  f o r  c h a r g i n g  t h e  b l a s t  f u r n a c e s ,  and t h e  use o f  l e s s  b a s i c

b u rd e n .  T h is  r e s u l t e d  i n  b l a s t  f u r n a c e  gases w i t h  a g r e a t e r  a c i d i t y  w h ic h  

when washed o f f  p a r t i c u l a t e  c o n t a m i n a n t s  gave r i s e  t o  an a c i d i c  s o l u t i o n

w h ic h  d i s s o l v e d  z i n c  f ro m  i r o n  o r e .

When t h e  h i g h  l e v e l s  o f  z i n c  w i t h i n  t h e  b l a s t  f u r n a c e  w ash ings  were 

d e t e c t e d ,  s t e p s  were t a k e n  t o  p r e c i p i t a t e  i t  i n  e f f l u e n t  t r e a t m e n t  ponds,  

i n i t i a l l y  by t h e  a d d i t i o n  o f  l i m e .  S inc e  1972 z i n c  has been p r e c i p i t a t e d  by 

m i x i n g  b l a s t  f u r n a c e  w as h ing s  w i t h  w as te  w a t e r  f r om  t h e  B a s i c  Oxygen 

S te e lm a k in g  P l a n t  w h ic h  r e p l a c e d  t h e  Bessemer p r o c e s s .  In  t h i s  p ro c e ss  t h e  

r e f r a c t o r y  l i n i n g  o f  t h e  v e s s e l  i s  b a s i c  and t h e r e f o r e  th e  w a sh in gs

a l k a l i n e .  I n  September  1980 a l l  p r o d u c t i o n  a t  t h e  S t e e l w o r k s  ceased and no 

f u r t h e r  e f f l u e n t  was d i s c h a r g e d  t o  t h e  b roo k  a f t e r  t h i s  d a t e .

BIOLOGICAL AND CHEMICAL EVIDENCE FOR ZINC POLLUTION

The f i r s t  i n d i c a t i o n  t h a t  changes i n  i r o n  and s t e e l  p r o c e s s i n g  had 

a d v e r s e l y  a f f e c t e d  t h e  w a t e r  q u a l i t y  o f  W i l l o w  Brook was o b t a i n e d  2 - 3  

y e a rs  l a t e r  i n  a s e r i e s  o f  c o m p l a i n t s  t o  t h e  W e l l and  & Nene R i v e r  A u t h o r i t y  

c o n c e r n i n g  a marked d e t e r i o r a t i o n  i n  t h e  q u a l i t y  o f  f i s h i n g .  A subsequen t  

s u r v e y  o f  a n a l y t i c a l  d a t a  f o r  W i l l o w  Brook c o l l e c t e d  between 1962 and 1968
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showed no s i g n i f i c a n t  l o n g  te r m  changes i n  pH, s a l i n i t y ,  a l k a l i n i t y ,  

d i s s o l v e d  oxygen ,  B.O.D, o r  f r e e  and s a l i n e  ammonia (W e l land  & Nene R i v e r  

A u t h o r i t y ;  u n p u b l i s h e d  d a t a ) .  A f u r t h e r  s u r v e y  o f  t h e  ammonia c o n c e n t r a t i o n  

b e lo w  Deene o u t f a l l  w e i r  between 1960 and 1968 c o n c lu d e d  t h a t  i f  ammonia was 

t h e  o n l y  t o x i c a n t  i n  W i l l o w  Brook  t h e  w a t e r  q u a l i t y  w ou ld  be s a t i s f a c t o r y  

f o r  r a i n b o w  t r o u t ( W e l l a n d  & Nene A u t h o r i t y  u n p u b l i s h e d  d a t a ) .

In  t h e  absence o f  any c o n c l u s i v e  c h e m i c a l  d a ta  w i t h  w h i c h  t o  

c h a r a c t e r i s e  t h e  p o l l u t a n t ,  t h e  R i v e r  A u t h o r i t y  c a r r i e d  o u t  a hand n e t  

s u r v e y  o f  i n v e r t e b r a t e s  a t  Woodnewton i n  A p r i l  1968, f o r  com par ison  w i t h  a 

s i m i l a r  s u r v e y  f r o m  downs tream o f  Deene Lake t o  F o t h e r i n g h a y  i n  May 1965. A 

com p a r iso n  o f  t h e  two Woodnewton samples r e v e a l e d  an absence i n  1968 o f  9 

t a x a  i n c l u d i n g  E p h e m e r o p te r a , E l m i n t h i d a e ,  and 6 . p u l e x .

The i m p o r t a n c e  o f  z i n c  as a p o l l u t a n t  was e s t a b l i s h e d  a f t e r  a f u l l

c h e m i c a l  t e s t  was pe r fo rm e d  on t h e  b ro o k  i n  1969 ( A l a b a s t e r ,  G a r l a n d ,  H a r t

& So lbe  1972; So lbe  1 9 7 3 , 1 9 7 4 , 1 9 7 7 ) .  I n  h i s  i n v e s t i g a t i o n s  i n t o  t h e  e c o l o g y

o f  t h e  b ro o k  d u r i n g  t h e  p e r i o d  o f  heavy z i n c  p o l l u t i o n ,  S o lb e ( 1 9 7 3 )  

co n c lu d e d  t h a t  d i s s o l v e d  z i n c  was t h e  most p re d o m in a n t  p o i s o n  w i t h

c o n c e n t r a t i o n s  o v e r  f o u r  t im e s  t h e  e x p e r i m e n t a l l y  d e te r m in e d  48 h r  LC50 t o

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

c o n c e n t r a t i o n  i n  t h e  upper  s t ream s were ammonia and p h e n o l ,  a l t h o u g h

m o n o h y d r i c  p h en o ls  were r a r e l y  e n c o u n t e r e d  a t  h i g h  c o n c e n t r a t i o n s ,  and were

g e n e r a l l y  a b s e n t .  No o t h e r  m e t a l  was p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y ,  and

s o f t  d e t e r g e n t  l e v e l s  were c o n s i d e r e d  h a r m le s s .

F i s h l e s s  zones were r e c o r d e d  f o r  4 km be low  t h e  t o x i c  d i s c h a r g e  a l t h o u g h  

10 s p e c ie s  were found  14 km downs tream where t o x i c i t y  was s i g n i f i c a n t l y  

reduced  by m e t a l  p r e c i p i t a t i o n .  G a s t e r o s t e u s  a c u t e a t u s  L.  ( s t i c k l e b a c k )  were 

fo und  t o  be t h e  most  t o l e r a n t  s p e c ie s  and Noemacheilus barbatulus L.  ( s t o n e

l o a c h )  most s e n s i t i v e  (S o lb e  1973) .
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F o l l o w i n g  t h e  improvement  o f  e f f l u e n t  t r e a t m e n t  a t  t h e  s t e e l w o r k s  i n  

1972, l e v e l s  o f  z i n c  f e l l  and a subsequen t  b i o l o g i c a l  su rve y  by t h e  R i v e r  

A u t h o r i t y  i n  1976 r e c o r d e d  s e v e r a l  im provem ents  i n  t h e  b e n t h i c  f a u n a .  A 

d e t a i l e d  a c c o u n t  o f  t h e  r e c o v e r y  o f  W i l l o w  Brook f r o m  z i n c  p o l l u t i o n  i s  

g i v e n  by H a r p e r ,  Hancock & Davies  ( 1 9 7 9 ) ,  c o n c l u d i n g  t h a t  b e n t h i c  

i n v e r t e b r a t e s  had r e c o v e r e d  t o  t h e  s t a t e  where t h e y  were  now c o n s t r a i n e d  by 

o t h e r  p o l l u t a n t s .  F i s h  p o p u l a t i o n s  had n o t ,  however ,  shown a co m p le te  

r e c o v e r y  t o  p r e - p o l l u t a n t  l e v e l s .

THE EFFECT OF ZINC POLLUTION ON THE DISTRIBUTION AND ABUNDANCE OF G. PULEX 

AND C. PSEUDOGRACILIS

I n  t h e  R i v e r  A u t h o r i t y  s u r v e y  o f  1965, G. pulex was found  t o  be a common

i n h a b i t a n t  o f  t h e  l o w e r  reaches  o f  W i l l o w  B ro ok .  In  t h e  subsequen t  s u r v e y  o f

1968 no G. pulex were r e c o r d e d ,  and H arpe r  e t  al. (1979 )  con c lu d e d  t h a t  t h e  

main e f f e c t  o f  t h e  r a i s e d  z i n c  l e v e l s  was t o  t o t a l l y  e l i m i n a t e  G. pulex f r o m  

t h e  b r o o k .

C. pseudogracilis was f i r s t  r e c o r d e d  i n  W i l l o w  Brook i n  November 1970 

where a s m a l l  p o p u l a t i o n  e x i s t i n g  b e low  t h e  o u t f a l l  w e i r  f r o m  Deene Lake 

d u r i n g  t h i s  h i g h l y  p o l l u t e d  p e r i o d  were m i s t a k e n l y  r e p o r t e d  as G. pulex

( H a r p e r  p e r s .  comm.).  The l a k e  was n o t  sampled.

In  t h e  A n g l i a n  Water  A u t h o r i t y  s u r v e y  o f  1976 f o l l o w i n g  im provem en t  i n  

e f f l u e n t  t r e a t m e n t ,  C. pseudogracilis was a g a in  foun d  i n  t h e  t y p i c a l  r i f f l e  

h a b i t a t  be lo w  Deene Lake ,  and a l s o  b o th  i m m e d i a t e l y  ups t rea m  and downs tream 

o f  B l a t h e r w y k e  Lake.  G. pulex had re a p p e a re d  a t  K i n g ' s  C l i f f e  and by t h e  

t i m e  t h e  b ro o k  reached  Woodnewton had become t h e  n u m e r i c a l l y  most abundan t  

i n v e r t e b r a t e  s p e c i e s .  A f u r t h e r  i n v e r t e b r a t e  s u r v e y  by t h e  Water  A u t h o r i t y  

i n  1983 r e c o r d s  th e  c o n t i n u e d  r e c o l o n i s a t i o n  o f  W i l l o w  Brook by G. pulex as 

f a r  ups t r eam  as B u l w i c k  M i l l  ( A n g l i a n  Water  A u t h o r i t y  u n p u b l i s h e d  d a t a ) .
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THE UNSUITABILITY OF WILLOW BROOK AS A SOURCE OF TEST ANIMALS

In  o r d e r  t o  make a d i r e c t  com p a r ison  o f  t h e  e f f e c t s  o f  z i n c  t o x i c i t y  on 

6 . pulex and C. pseudogracilis, o n l y  i n d i v i d u a l s  w i t h  no p r i o r  exp osu re  t o  

z i n c  must  be t e s t e d .  T h is  t o t a l l y  e x c lu d e s  any t o l e r a n c e  w h ic h  may be 

a c q u i r e d  by a c c l i m a t i o n ,  s i n c e  t h i s  i s  a v a r i a b l e  f a c t o r  dependen t  on t h e  

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

p h y s i o l o g y  o f  t h e  a n i m a l .

W h i l s t  a l l  e f f l u e n t  d i s c h a r g e  t o  W i l l o w  Brook c o n t a i n i n g  z i n c  had ceased 

b e f o r e  t h e  s t a r t  o f  t h i s  s t u d y ,  and c o n c e n t r a t i o n s  o f  z i n c  i n  t h e  w a t e r  were 

fo u n d  t o  be n e g l i g i b l e  by A tom ic  A d s o r p t i o n  S p e c t r o p h o t o m e t r y  (H a rd w ic k  3 rd  

y e a r  p r o j e c t ) ,  s e v e r a l  c o n s i d e r a t i o n s  made i t  u n s u i t a b l e  as a s ou rc e  o f  

e x p e r i m e n t a l  a n i m a l s .

C. pseudogracilis had been p r e s e n t  i n  t h e  b rook  t h r o u g h o u t  t h e  most 

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

t o l e r a n c e  b e in g  e xp ressed  i n  t h e  p r e s e n t  p o p u l a t i o n  made them u n s u i t a b l e  

t e s t  a n i m a l s .  G. p u l e x  was e l i m i n a t e d  a t  t h e  o n s e t  o f  p o l l u t i o n  b u t  

r e c o l o n i s e d  b e f o r e  o u t p u t  o f  e f f l u e n t  f r o m  Corby S t e e l w o r k s  t o t a l l y  ceased.  

T h i s  made i t  n e c e s s a r y  t o  t e s t  a n im a ls  f ro m  an u n p o l l u t e d  s o u r c e ,  t o  

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

i n c r e a s e  i n  t o l e r a n c e  t o  z i n c .

F i n a l l y ,  measurement  o f  d i s s o l v e d  m e t a l  l e v e l s  t o  t h e  e x c l u s i o n  o f  o t h e r  

components  o f  t h e  system  may n o t  r e f l e c t  t h e  t r u e  p o t e n t i a l  f o r  p o l l u t i o n  i f  

t h e r e  a re  p r e c i p i t a t e d  and s e d i m e n t a r y  bound m e t a l s  a v a i l a b l e  f o r

r e d i s s o l u t i o n  unde r  t h e  a p p r o p r i a t e  c h e m i c a l  c o n d i t i o n s .  In  F i g .  2 .5  t h e  

c o n c e n t r a t i o n  o f  z i n c  w i t h i n  t h e  se d im e n ts  a t  seven s i t e s  on W i l l o w  Brook 

a r e  shown f o r  t h e  p o s t  p o l l u t a n t  p e r i o d  November 1980 t o  F e b r u a r y  1981.
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FIG.  2 .5
Mean c o n c e n t r a t i o n  o f  z i n c  i n  t he  sed im en ts  o f  
W i l l o w  Brook f o r  t h e  p e r i o d  November 1980 t o  
F e b ru a ry  1981.
R e s u l t s  a re  p r e s e n t e d  w i t h  95% c o n f i d e n c e  l i m i t s .

F = F o t h e r i n g h a y  
WO = Woodnewton 
K = K i n g ' s C l i f f e  
D = Deene road  b r i d g e  
WV = Weldon v i l l a g e  
S = S t a n io n  road  b r i d g e

(Taken f rom  3rd Year  BSc Hons 
H a rdw ick  1981)

P r o j e c t ,  M. D

I t  i s  c l e a r  t h a t  a t  f o u r  o f  t h e  s i t e s  downstream f r om  t h e  s t e e l w o r k s ,  

z i n c  c o n c e n t r a t i o n s  w i t h i n  th e  s e d im en ts  were a p p r o x i m a t e l y  two t im e s  h i g h e r  

t h a n  i n  t h e  ups t ream  c o n t r o l  s i t e  ( S ) ,  o r  a t  t h e  most  d i s t a n t  p o i n t

downs tream f r om  th e  d i s c h a r g e  ( F ) .  The p o s s i b i l i t y  t h a t  i n t e r m i t t e n t

s u b - l e t h a l  i n c r e a s e s  i n  z i n c  c o n c e n t r a t i o n  c o u ld  promote t h e  a c q u i s i t i o n  o f

t o l e r a n c e  by bo th  s p e c ie s  f u r t h e r  c o n f i r m s  t h e i r  u n s u i t a b i l i t y  as

e x p e r i m e n t a l  a n im a l s .
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CHAPTER 3.

RUTLAND WATER: SOURCE OF ANIMALS

Rutland Water i s  a 1260 ha r e s e r v o i r  in  the county of  L e i c e s t e r s h i r e ,

England (52°  4 0 'N, 0°  37 ' W) ,  l o c a t e d  a p p ro x im ate ly  30 km east  of  L e i c e s t e r .

G 3When f u l l  i t  has a volume of  130 x 10 m , a shore l i n e  of  38 . 6  km, an

average depth of  10.7 m, and a maximum depth o f  35 . 5  m in  the c e n t r a l  b as in .

Rutland Water i s  p r i n c i p a l l y  a pump s torage  r e s e r v o i r  a l though t h e r e  i s  some

contr ibut ion from the n a t u r a l  catchment o f  the R ive r  Gwash. The s o i l  in  the

catchment area i s  d e r iv e d  from J u r a s s ic  c lays  and l im e s t o n e .  A l l u v i a l

deposits and r i v e r  g r a v e ls  o f  p le i s t o c e n e  and re c e n t  o r i g i n  occur along the

stream bed of  the R ive r  Gwash, w i t h  s i l t  and marl  dep o s i ts  a t  the west  end

of both north and south arms of  the r e s e r v o i r  (Daoud 1984) .  W h i ls t  much of

the area around the r e s e r v o i r  comprises p as tu re  or  a ra b le  land t h e r e  are

wooded areas to the north  and south and on the p en n in su la .

The r e s e r v o i r  began to f i l l  i n  February 1975 from the n a t u r a l  catchment.

In January 1976 pumping of  w a te r  from the R iver  Nene a t  T i n w e l l ,  and Wel land

at Wansford was i n i t i a t e d  but  i t  was n e a r l y  nine  months be fore  t h i s  process

became f u l l y  o p e r a t i o n a l .  6. pu l ex  was abundant in  North and South streams

of the Gwash p r i o r  to f lo o d i n g  but  c o l o n i s a t i o n  o f  the r e s e r v o i r  f l o o r  was

slow, and i t  was not  u n t i l  November 1977 t h a t  the e s t im ated  p o p u la t io n

-  2
density f i r s t  exceeded 100 m . In  the l a t e  summer of  1978 th e r e  was a major  

_ 2
peak of  over 900 m which was fo l lo w e d  by a d e c l i n e  d ur in g  the w i n t e r  and a

- 2
genera l ly  low p o p u la t io n  o s c i l l a t i n g  around 100 m , f o r  the next  fo u r  years  

(Bul lock,  C la rk  & Ison 1981) .  A f t e r  the summer of  1982 the mean p o p u la t io n  

density dropped to below 50 m  ̂ and has t h e r e a f t e r  shown no sign of  recovery  

(Bul lock unpubl ished d a t a ) .
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c .  p s eu d o g r a c i l i s  was f i r s t  recorded  in  the  r e s e r v o i r  in  March 1978.  I t  

was not p resent  in  the  f e e d e r  s treams,  a l though  Moon in  a p e rso n a l  

communication to B u l lo ck  e t  a l .  ( 1 9 8 1 ) ,  reco rd ed  t h i s  species in  the n o r th e rn  

stream some years p r e v i o u s l y .  In 1980 the p o p u la t i o n  in crease d  markedly in  

the North and South arms and exceeded 100 m  ̂ i n  the summer o f  1981 

(Bullock e t  a l .  ( 1 9 8 1 ) .  There was a major  peak o f  over 500 m~  ̂ in  l a t e  

summer of  1982 and s ince  then the p o p u la t io n  appears to have s t a b i l i s e d  at  

around 100 m  ̂ ( B u l lo c k  unpubl ished d a t a ) ,  s i g n i f i c a n t l y  h igh e r  than

6. pulex.  ^

m

FIG.  3 .1
A e r i a l  v iew o f  Rut land R e s e r v o i r .  N = North arm, 
S = South arm, D = Dam. (Reproduced w i t h  kind  
permiss io n  of  Frank C la r k )

Grab sampling th roughout  th e  R e s e r v o i r  in  Ju ly  1984 produced no 6. pu l ex  
and only 3 .3  i n d i v i d u a l s  m of  C. p s e u d o g r a c i l i s . I t  would t h e r e f o r e  appear  
tha t  both species are in  r a p i d  d e c l i n e .
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Rut land  Wate r  was an i d e a l  s o u r c e  o f  a n i m a l s  f o r  t h e  pu rp o s e s  o f  t h i s  

t o x i c i t y  s t u d y  s i n c e  b o th  s p e c i e s  we re  a v a i l a b l e  f r o m  a common s o u r c e ,  

s i m i l a r  i n  b o th  c h e m i c a l  and p h y s i c a l  c h a r a c t e r i s t i c s  t o  W i l l o w  B r o o k ,  b u t  

having no h i s t o r y  o f  e i t h e r  t r a c e  m e t a l ,  ( A n g l i a n  Water  A u t h o r i t y

pers.  comm.) o r  o r g a n i c  p o l l u t i o n  ( T a b l e  3 . 1 ) .

36



z  m

r4
fO u 10
U 0) (J

-H •M •H
E re •U
0) 3 to re
JZ •H 4̂
u T3 4-J re

C re ■a
T3 re
C r—J (/) o
m z

3 1-4
•H Q£ re II
« 3
U T3 C o
•H C C zre <
>
JC zc T3
Q. o (U

o f CO
C u m

r> n CO —1
a> •H

tu E 5 73
— i o 3 3
CO 0) •H CL O
< jC I—I C re
»— -4-> •H =3 a

3
c < E
Q) 4- o
(U O 3 k,

4-
-»-> <
a>
JO U k,

•H jC 0)
c 4-> o ■M
o V) o re

•H k, 3
•H k, CO
k, d> T3
re +J 5 C
Q. U o re
E re '-4 •Ho u «-4 4-1
u re •H 3

j= 3 QC
< u

37



CHAPTER 4. 

GENERAL METHODS

COLLECTION OF ANIMALS

6. pulex and C. pseudogracilis were  c o l l e c t e d  f r o m  R u t l a n d  r e s e r v o i r  

t h r o u g h o u t  t h e  s tu d y  p e r i o d  u s i n g  b o th  edge s a m p l in g  and d r e d g i n g

t e c h n i q u e s .  The most  p r o d u c t i v e  area  t o  o b t a i n  edge samples was on t h e  n o r t h  

sho re  o f  t h e  N o r t h  Arm where an abundance o f  l a r g e  s to n e s  and b o u l d e r s  l e s s  

th a n  1 m b e lo w  t h e  s u r f a c e  were  h e a v i l y  c o l o n i s e d  by bo th  s p e c ie s

( F i g .  4 . 1 ) .  A n im a ls  were c o l l e c t e d  by q u i c k l y  l i f t i n g  t h e s e  s to n e s  i n t o  an 

a d j a c e n t  hand n e t ,  s u f f i c i e n t l y  immersed t o  wash a l l  t h e  a n im a ls  f r o m  th e  

u n d e r s i d e  o f  t h e  s to n e  w h i l s t  r e t a i n i n g  them i n  t h e  n e t .  I n  a reas  where t h e  

s u b s t r a t u m  was composed o f  s m a l l e r ,  more even s i z e d  p a r t i c l e s ,  k i c k  sa m p l in g  

w i t h  a hand n e t  was t h e  most  e f f e c t i v e  c o l l e c t i o n  t e c h n i q u e .

When t h e  l e v e l  o f  th e  r e s e r v o i r  r o s e  th e s e  permanen t  h a b i t a t s  became 

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

y i e l d e d  few a n i m a l s .  Under  t h e s e  c o n d i t i o n s  d redge  samples were  ta k e n  f r o m  

t h e  P e n n in s u la  where submerged weed beds s u p p o r te d  p o p u l a t i o n s  o f  b o th  

s p e c i e s ,  o f t e n  i n  d i s c r e t e  s i n g l e  s p e c i e s  p a t c h e s ,  f o r  most  months o f  t h e  

y e a r  ( F i g .  4 . 1 ) .

Dredge samples were p a r t i a l l y  s o r t e d  on s i t e  t o  reduce  t h e  volume o f  

m a t e r i a l  f o r  t r a n s p o r t a t i o n .  A l l  samples w ere  t r a n s p o r t e d  t o  t h e  l a b o r a t o r y

i n  l a r g e  p l a s t i c  b u c k e t s .  On a r r i v a l  t h e y  were i m m e d i a t e l y  p la c e d  on

a e r a t i o n .
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FIG.  4 .1
D ia g ra m m a t i c  r e p r e s e n t a t i o n  o f  R u t l a n d  R e s e r v o i r ,
show ing sa m p l in g  s i t e s .
1) P e n n in s u la  (Dredge samples )
2) N o r t h  arm (Edge samples )

SORTING AND MAINTENANCE OF CULTURES

A l l  samples were i n i t i a l l y  s o r t e d  w i t h i n  one week o f  c o l l e c t i o n  t o  g i v e  

s t o c k  c u l t u r e s  o f  bo th  s p e c i e s .  These were m a i n t a i n e d  i n  p l a s t i c  t a n k s  

(325 cm X 225 cm x 205 cm), a t  a t e m p e r a t u r e  o f  18+.1°C, and r e g u l a r l y  topped  

up w i t h  u n f i l t e r e d  r e s e r v o i r  w a t e r .  Dead m a g n o l ia  l e a v e s  were g i v e n  as a 

fo o d  s o u r c e .  These were s t o r e d  d r y  and p r e - s o a k e d  i n  u n f i l t e r e d  r e s e r v o i r  

w a t e r  t o  a l l o w  f u n g a l  c o l o n i s a t i o n  s i n c e  t h i s  has been shown t o  be an 

e s s e n t i a l  p a r t  o f  t h e i r  n u t r i t i o n a l  v a l u e  ( K o s t a l o s  & Seymour 1976; 

W i loughby  & S u t c l i f f e  1976) .

F u r t h e r  s o r t i n g  o f  t h e  s t o c k  c u l t u r e s  was p e r fo rm e d  t o  o b t a i n  u n i f o r m  

g roups  o f  a n im a ls  f o r  e x p e r i m e n t a l  p u r p o s e s .  A l l  j u v e n i l e s  f r om  th e  i n i t i a l  

sample were r e t u r n e d  t o  s t o c k  c u l t u r e .  G r a v id  fe m a les  o f  each s p e c ie s  were 

i s o l a t e d  u n t i l  a l l  young had been r e l e a s e d .  The new ly  born amphipods were 

p la c e d  i n  s t o c k  c u l t u r e  and t h e  fem a les  i s o l a t e d  f o r  f u r t h e r  s o r t i n g .
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M a tu r e  a d u l t s  o f  6 . pulex were s o r t e d  by s i z e  and C. pseudogracilis by 

sex due t o  t h e  marked s e x u a l  d im o rp h is m  i n  t h i s  s p e c i e s .  Damaged a n im a ls  and 

t h o s e  showing  v i s i b l e  s i g n s  o f  i n f e c t i o n  were r e j e c t e d .  The most  common 

i n f e c t i o n s  e n c o u n te r e d  i n  6. pulex were p a r a s i t i c  i n f e c t i o n s  by 

I a c a n t h o c e p h a la n s  p r o d u c i n g  red  t u b u l e s  v i s i b l e  t h r o u g h  t h e  d o r s a l  

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

p l e o p o d i c  segments.  C. pseudogracilis d i d  n o t  appear  s u s c e p t i b l e  t o  e i t h e r  

i n f e c t i o n .

B a tc hes  o f  50 a n im a ls  were m a i n t a i n e d  i n  p l a s t i c  boxes (225 cm x 115 cm 

X 75 cm) i n  f i l t e r e d  (Whatman N ° 1 ) r e s e r v o i r  w a t e r  f o r  a t  l e a s t  one week 

p r i o r  t o  use.  Tem pe ra tu re  was k e p t  c o n s t a n t  a t  18±1^C and w h i t e  f l u o r e s c e n t

l i g h t  s u p p l i e d  on a r e g i .  me o f  12 h l i g h t  and 12 h d a r k .  Bemax'was g i v e n

d a i l y  as a fo o d  s o u r c e .  C u l t u r e s  were i n s p e c t e d  d a i l y  f o r  dead o r  damaged

i n d i v i d u a l s  w h i c h  were removed.  Unused c u l t u r e s  were c le a n e d  and

r e - e s t a b l i s h e d  e v e r y  7 days .

PREPARATION OF ANIMALS FOR EXPERIMENTATION

I n  p r e p a r a t i o n  f o r  s h o r t  te r m  t e s t s  a n im a ls  were s t a r v e d  f o r  a 24 h r  

p e r i o d  p r i o r  t o  t h e  t e s t .  T h is  i s  6 h l o n g e r  th a n  t h e  g u t  c l e a r a n c e  t im e  

c a l c u l a t e d  by Moore (1975)  f o r  6. pulex a t  15°C, and t h e  p e r i o d  was 

t h e r e f o r e  assumed adequa te  t o  e nsu re  t h a t  co m p le te  g u t  c l e a r a n c e  had been 

a c h i e v e d .  Mixed sex c u l t u r e s  o f  C. pseudogracilis were e s t a b l i s h e d  f r o m  

m a tu re  males and fe m a le s  w i t h  r i p e  o v a r i e s ,  i n  o r d e r  t o  o b t a i n  g r a v i d  

f e m a le s  f o r  w h ic h  brood  s i z e  and deve lop m e n t  t i m e  c o u ld  be r e c o r d e d .
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SELECTION OF ZINC SALT

The s e l e c t i o n  o f  a s u i t a b l e  z i n c  s a l t  f o r  t h i s  s t u d y  was d i c t a t e d  by 

t h r e e  i m p o r t a n t  c r i t e r i a ;

1) The a n io n  had t o  be a common component o f  f r e s h w a t e r  sys tems.

2) Z i n c  s o l u t i o n s  had t o  be p re p a re d  q u i c k l y  and e a s i l y  i n  l a r g e  amounts

t o  a v o id  p r e c i p i t a t i o n  i n  s h o r t  t e rm  t e s t s .

3) The fo rm  i n  w h i c h  z i n c  was t o  be a d m i n i s t e r e d  i n  l a b o r a t o r y  t e s t s  had 

t o  re sem b le  as c l o s e l y  as p o s s i b l e  th e  fo rm  i n  w h ic h  i t  e n t e r s  n a t u r a l  

w a t e r s  as a mine o r  s m e l t e r  work  p o l l u t a n t .

Three z i n c  s a l t s  commonly used i n  t o x i c i t y  s t u d i e s  o f  t h i s  t y p e  a re  

Zn(NO3 I Jones 1937 ) ,  ZnCl^ ( R e h w o l t ,  Lasko ,  Shaw & W i r h o w s k i  1973 ; 

P a t r i c k  C a i r n s  & S c h e i e r  1969; B i e s i n g e r  & C h r i s t e n s e n  1972) ,  and ZnS0^ . 7H2 0 

(T ho rp  & Lake 1974; Wurtz  & B r i d g e s  1961; C a i r n s ,  Buikema,

H e a t h , & P a r k e r  19 78 ) .

Z i n c  c h l o r i d e  was i n i t i a l l y  chosen s i n c e  c h l o r i d e  i n  t h e  fo rm  o f  C l  i s  

one o f  t h e  m a j o r  i n o r g a n i c  an io n s  i n  w a t e r  (APHA 1975) .  I t  was fo u n d ,  

however ,  t h a t  t h e  m o l a r i t i e s  o f  s o l u t i o n s  o f  t h i s  s a l t  were a lways

s u b s t a n t i a l l y  l o w e r  th a n  t h e  n o t i o n a l  v a l u e s .  T h is  was p a r t i a l l y  due t o  

p r e c i p i t a t i o n  b u t  m a i n l y  t h e  r e s u l t  o f  t h i s  s a l t s '  h i g h l y  d e l i q u e s c e n t  

n a t u r e  w h ic h  made a c c u r a t e  w e i g h i n g  i m p o s s i b l e  (Append ix  1A).

2 -

H y d ra te d  z i n c  s u l p h a t e  was an a c c e p t a b l e  z i n c  s a l t  s i n c e  SO^ i s  w i d e l y  

d i s t r i b u t e d  i n  n a t u r e  and may be p r e s e n t  i n  n a t u r a l  w a t e r s  i n  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  a fe w  t o  s e v e r a l  thousand  m i l l i g r a m s  pe r  l i t r e .  F u r t h e r ,  mine

d r a i n a g e  was tes  may c o n t r i b u t e  h ig h  s u l p h a t e  l e v e l s  by v i r t u e  o f  p y r i t e  

o x i d a t i o n  (APHA 1975 ) .
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CHOICE OF DILUENT

A l l  z i n c  s o l u t i o n s  were p re p a re d  by a d d i t i o n  o f  n o n - d e l i q u e s c e n t  z i n c  

s u l p h a t e  ( A n a l a r  g ra d e )  t o  m i l l i p o r e  f i l t e r e d  r e s e r v o i r  w a t e r .  I t  has been 

a rgued  t h a t  a s t a n d a r d  d i l u t i o n  medium wou ld  be d e s i r a b l e  f o r  o b t a i n i n g  

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

m a c r o i n v e r t e b r a t e s  and f i s h  (Murphy 1980) .  However ,  u n le s s  t h e  c h e m i c a l  and 

p h y s i c a l  p r o p e r t i e s  o f  t h e  chosen s ta n d a r d  c l o s e l y  resem b le  t h o s e  o f  t h e

n a t u r a l  w a t e r  f r o m  w h ic h  t h e  a n im a ls  were t a k e n ,  t h e  r e s u l t a n t  m e t a l  

s o l u t i o n  may d i f f e r  m a r k e d l y  i n  t o x i c i t y  g i v i n g  r e s u l t s  w i t h  l i t t l e  f i e l d  

r e l a t e d  v a l u e .  Buikema,  N i e d e r l e h n e r  & C a i r n s  (1982)  approve  t h e  use o f  

n a t u r a l  d i l u t i o n  w a t e r  p r o v i d i n g  i t  has lo w  o r  u n d e t e c t a b l e  p o l l u t a n t  

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

w i t h  no s ig n s  o f  s t r e s s ,  d i s c o l o u r a t i o n  o r  u n u s u a l  b e h a v i o u r .

F l o r e n c e  (1977 )  a l s o  s t i p u l a t e s  t h e  need t o  ensu re  t h a t  t h e  s p é c i a t i o n  

o f  m e t a l  i n  t h e  t e s t  medium i s  s i m i l a r  t o  t h a t  i n  t h e  f i e l d  f o r  m e a n i n g f u l  

c o r r e l a t i o n s  t o  be made. T h i s  i s  b e s t  a c h ie v e d  by u s in g  t h e  same d i l u t i o n

w a t e r .  F i n a l l y ,  by p l a c i n g  a n im a ls  i n  a d i f f e r e n t  p h y s i c a l  and c h e m i c a l

e n v i r o n m e n t ,  com pen sa to ry  s t r e s s  may be in d u c e d  i n  a d d i t i o n  t o  t h e  t o x i c  

e f f e c t s  o f  t h e  m e t a l  p o l l u t a n t .

The d i l u t i o n  medium was p re p a re d  by pumping r e s e r v o i r  w a t e r  f r o m  a 

40 l i t r e  s a r t o r i u s  s t a i n l e s s  s t e e l  p r e s s u r e  v e s s e l  t h r o u g h  a s a r t o r i u s  

f i l t r a t i o n  u n i t  l o a d e d  i n i t i a l l y  w i t h  a p r e f i l t e r  ( t y p e  APIS)  t o  remove

g r o s s  p a r t i c u l a t e  m a t t e r ,  and s u b s e q u e n t l y  a 0.45pm m i l l i p o r e  ( t y p e  HAWP) t o

remove b a c t e r i a  and r e m a i n i n g  suspended m a t e r i a l s  ( S t e i n n e s  1982;

Ramamoorthy & Kushner  1975 ) .
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PREPARATION OF ZINC SOLUTIONS

P r e l i m i n a r y  e x p e r i m e n t a t i o n  i n d i c a t e d  t h a t  a t  z i n c  s u l p h a t e

c o n c e n t r a t i o n s  > 1 mM a w h i t e  f l o c c u l e n t  p r e c i p i t a t e  formed w h ic h ,  w h i l e  n o t  

s u b j e c t e d  t o  a n a l y s i s ,  was t h o u g h t  t o  be a b a s i c  z i n c  s a l t .  I t s  s lo w  r a t e  o f

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

t h e  g r a d u a l  re a p p e a ra n c e  o f  more p r e c i p i t a t e  i n  t h e  f i l t e r e d  s o l u t i o n .

R e d i s s o l u t i o n  c o u ld  be a c h ie v e d  by a d d i t i o n  o f  h y d r o c h l o r i c  a c i d  b u t  t h e

r e s u l t a n t  pH was l e s s  th a n  5 .7  and t h e r e f o r e  u n a c c e p ta b l e  t o  gammar id

c r u s t a c e a n s  ( G l e d h i l l ,  S u t c l i f f e  & W i l l i a m s  1976) ,  a l t h o u g h  t h i s  approach

has been used i n  t o x i c i t y  s t u d i e s  on t h e  i s o p o d  Asellus aquaticus ( F r a s e r ,

P a r k i n  & V e r s p o o r  1978) .

I n  t e s t s  o f  g r e a t e r  t h a n  5 h d u r a t i o n  t h e  f o l l o w i n g  p r o c e d u r e  was

t h e r e f o r e  used t o  p r e p a r e  a c c u r a t e  z i n c  s o l u t i o n s .  Q u a n t i t i e s  o f  z i n c

s u l p h a t e  i n  excess  o f  1 . 0  g were weighed  o u t  on a s a r t o r i u s  ba la n ce  w i t h  an

a c c u r a c y  o f  _+ 0.1 mg, and added t o  100 cm^ d i s t i l l e d  w a t e r .  A f t e r  v i g o r o u s

s h a k in g  t o  o b t a i n  co m p le te  d i s s o l u t i o n  subsequen t  s e r i a l  d i l u t i o n s  i n

3 3
100  cm d i s t i l l e d  w a t e r  were p e r f o r m e d .  10 cm a l i q u o t s  were t a k e n  f r o m  th e

r e s u l t a n t  s o l u t i o n s  and made up t o  5 l i t r e s  o f  t h e  r e q u i r e d  z i n c

c o n c e n t r a t i o n  w i t h  f i l t e r e d  r e s e r v o i r  w a t e r .

A f t e r  each z i n c  s o l u t i o n  was p re p a re d  i t  was t r a n s f e r r e d  i m m e d i a t e l y  t o

a 5 l i t r e  a s p i r a t o r  and shaken v i g o r o u s l y  d a i l y  f o r  3 days t o  enhance t h e

r a t e  o f  p r e c i p i t a t e  f o r m a t i o n .  A f t e r  t h i s  t im e  any p r e c i p i t a t e  formed was

a l l o w e d  t o  s e t t l e  o u t  f o r  a t  l e a s t  1 week.  Z in c  s o l u t i o n  was th en  drawn o f f

as r e q u i r e d  f r om  above t h e  p r e c i p i t a t e  and n o t i o n a l  c o n c e n t r a t i o n s  above

0.1 mM were s p e c t r o p h o t o m e t r i c a l l y  a n a ly s e d  ( V a r i a n  T e c h t r o n  AA-6 ) b e f o r e

use .  Any samples c o n t a i n i n g  p r e c i p i t a t e  w h ic h  had been a c c i d e n t a l l y  drawn

o f f  w e re  d i s c a r d e d .  The pH o f  each t e s t  s o l u t i o n  was measured t o  e ns u re  t h a t

i t  was g r e a t e r  th a n  th e  r e q u i r e d  minimum i n d i c a t e d  above f o r  gammar id

c r u s t a c e a n s  (A pp end ix  I B ) .
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Z i n c  s o l u t i o n s  f o r  use i n  t e s t s  o f  l e s s  t han  5 h d u r a t i o n  were p re p a re d  

i m m e d i a t e l y  b e f o r e  t h e  t e s t  (by  t h e  s e r i a l  d i l u t i o n  method d e s c r i b e d  above)  

and used b e f o r e  p r e c i p i t a t i o n  o c c u r r e d .

EXPERIMENTAL CONDITIONS

A c c l i m a t i o n  o f  t e s t  a n im a ls  and a l l  subsequen t  t o x i c i t y  t e s t s  were 

p e r fo rm e d  a t  a c o n s t a n t  t e m p e r a t u r e  o f  18±1°C, The mean t e m p e r a t u r e  was 

t h e r e f o r e  w i t h i n  t h e  range  o f  16 -18°C,  s p e c i f i e d  by th e  APHA (1975)  f o r  

amphipods i n  g e n e r a l .  W h i te  f l u o r e s c e n t  l i g h t  was s u p p l i e d  on a d a i l y  c y c l e  

o f  12 h d a r k  and 12 h l i g h t .  T h is  p e r m i t t e d  s h o r t  d a i l y  t e s t s  o f  l e s s  th a n  

12 h d u r a t i o n  i n  f u l l  l i g h t ,  t o  be pe r fo rm e d  a l o n g s i d e  t e s t s  o f  l o n g e r  

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

P o l y t h e n e  c o n t a i n e r s  were used t o  h o l d  s t o c k  z i n c  s o l u t i o n s ,  s i n c e  i t  

was shown by F l o r e n c e  (1977)  t h a t  samples s t o r e d  i n  p o l y t h e n e  c o n t a i n e r s  f o r  

o v e r  3 weeks a t  25°C showed l i t t l e  change i n  e i t h e r  t o t a l  m e t a l  

c o n c e n t r a t i o n  o r  m e t a l  s p e c i e s .  Where p o s s i b l e  a p p a r a tu s  was c o n s t r u c t e d  o f  

p l a s t i c  o r  p e r s p e x ,  and g l a s s  c o n t a i n e r s  were used o n l y  i n  s h o r t  te r m  t e s t s  

o f  l e s s  t h a n  8 h d u r a t i o n .  B e fo r e  each t e s t  a l l  a p p a r a tu s  was t h o r o u g h l y  

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

a he a ted  c a b i n e t .
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CHAPTER 5.

ACUTE TOXICITY TESTING

INTRODUCTION

The a c u t e  t o x i c i t y  t e s t  has r e c e i v e d  j u s t i f i a b l e  c r i t i c i s m  f o r  i t s  use 

as a method o f  d e t e r m i n i n g  ’ s a f e *  l e v e l s  f o r  s u s t a i n e d  i n p u t  o f  t o x i c a n t s  

i n t o  n a t u r a l  w a t e r s ,  because o f  i t s  s h o r t  d u r a t i o n  and consequen t  se ve re  

c r i t e r i o n  o f  t o x i c i t y  ( M a r t i n  1973; Murphy 1980) .  In  a d d i t i o n  no i n s i g h t  i s  

g a in e d  i n t o  t h e  a c t u a l  mode o f  a c t i o n  o f  t h e  t o x i c a n t  (S indermann  1979) .

In  s p i t e  o f  t h e s e  r e s t r i c t i o n s  an a c u te  t e s t  forms an i m p o r t a n t  

p r e c u r s o r  t o  a more c om preh en s iv e  c h r o n i c  t o x i c i t y  s t u d y  s i n c e  i t  i s  q u i c k ,  

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

t e r m  t e s t s  (LaRoche e t  al. 19 7 3 ) .  Thus i t  i s  a v i t a l  s t a r t i n g  p o i n t  f o r  a 

more c om p rehe n s iv e  a n a l y s i s  i f ,  l i k e  C.pseudogracilis, t h e  t e s t  s p e c ie s  i s  

new t o  t o x i c a n t  s t u d i e s .

F u r t h e r m o r e ,  w h i l s t  an a c u te  t e s t  a l o n e  p r o v i d e s  l i t t l e  more th a n  a 

c o m p a r a t i v e  measure o f  t o x i c i t y ,  when p e r fo rm e d  i n  c o n j u n c t i o n  w i t h  c h r o n i c  

t e s t s  i t  becomes p o s s i b l e  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  d i f f e r e n c e  between 

t h a t  w h ic h  can be t e m p o r a r i l y  t o l e r a t e d ,  and t h a t  w h ic h  w i l l  e v e n t u a l l y  

p ro v e  f a t a l .  Thus,  i f  two s p e c i e s  have a common c h r o n i c  t h r e s h o l d  t h e y  w i l l  

be e q u a l l y  s u s c e p t i b l e  t o  s u s t a i n e d  t o x i c a n t  i n p u t ,  b u t  t h e  sp e c ie s  w i t h  th e  

h i g h e r  a c u t e  t o l e r a n c e  may be l e s s  a f f e c t e d  by s h o r t  i n t e r m i t t e n t  t o x i c  

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

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

Four  d i s t i n c t  methods f o r  p e r f o r m i n g  a c u te  t o x i c i t y  t e s t s  have been 

d i s t i n g u i s h e d  by H u n te r  (1949 :  pages 1 1 3 - 1 1 4 ) ;  "The f i r s t  t y p e  o f  t o x i c i t y  

s t a n d a r d  i s  based on th e  ave rag e  t i m e  r e q u i r e d  t o  k i l l  t h e  o rg a n ism  when i t  

i s  k e p t  c o n t i n u o u s l y  i n  a s o l u t i o n  h a v in g  a d e f i n i t e  c o n c e n t r a t i o n
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o f  t h e  m e t a l .  The second i s  based on t h e  ave rage  c o n c e n t r a t i o n  o f  t h e  p o i s o n  

r e q u i r e d  t o  k i l l  t h e  o r g a n i s m  when i t  i s  o n l y  immersed f o r  a d e f i n i t e  p e r i o d  

o f  t i m e  i n  t h e  p o i s o n  s o l u t i o n  and th e n  r e t u r n e d  t o  i t s  no rm a l  n o n - t o x i c  

e n v i r o n m e n t .  A t h i r d ,  w h ic h  combines t h e s e  two t o  some e x t e n t ,  i s  t h e  

t o x i c i t y  assessment  based on th e  ave rage  number o f  a n im a ls  s u r v i v i n g  a 

d e f i n i t e  p e r i o d  o f  c o n t a c t  w i t h  a d e f i n i t e  c o n c e n t r a t i o n  o f  p o i s o n .  F i n a l l y ,  

t h e r e  i s  t h e  commonly used assessment  -  median l e t h a l  c o n c e n t r a t i o n  -  t h e  

c o n c e n t r a t i o n  r e q u i r e d  t o  k i l l  507. o f  t h e  a n im a ls  w i t h i n  a d e f i n i t e  p e r i o d  

o f  t i m e . "

The f i r s t  method o u t l i n e d  above r e q u i r e s  c o n s t a n t  s u r v e i l l a n c e  o f  t h e  

t e s t  a n im a ls  and i s  c o n s e q u e n t l y  p rone  t o  e r r o r  i f  e x a c t  measurement  i s  n o t  

p o s s i b l e .  The second app roach  has been used by Abe l  (1980)  i n  a s t u d y  o f  t h e  

e f f e c t s  o f  t - h e x a c h l o r o c y c l o h e x a n e  ( l i n d a n e )  on 6 . pulex. The r a t i o n a l e  

be h in d  t h i s  a pp roach  i s  t h a t  t h e  d u r a t i o n  o f  ex posu re  t o  a p o is o n  r e q u i r e d  

t o  cause d e a t h  i s  f r e q u e n t l y  l e s s  th a n  t h e  l e n g t h  o f  t i m e  ta k e n  t o  d i e .  By 

rem ov ing  t h e  a n im a l  f r o m  th e  t o x i c a n t  b e f o r e  d e a th  o c c u r s ,  bo th  t h e  e f f e c t  

o f  p o i s o n  c o n c e n t r a t i o n  and d u r a t i o n  o f  exposu re  can be obse rved  

i n d e p e n d e n t l y .  The l a s t  app roach  o u t l i n e d  above was chosen f o r  t h i s  s t u d y .  

I t  i s  q u i c k  and easy t o  p e r f o r m  and i s  c o n s e q u e n t l y  t h e  most  commonly used 

o f  t h e  f o u r  methods o u t l i n e d  above.  T h is  i s  advan ta geous  when making 

com p a r i s ons  w i t h  t o x i c i t y  l i t e r a t u r e  on o t h e r  m a c r o - i n v e r t e b r a t e s .

MATERIALS AND METHODS

A p p a ra tu s  d e s i g n  and c o n s t r u c t i o n

The a p p a r a tu s  was d e s ig n e d  w i t h  t h e  a im o f  m a i n t a i n i n g  a number o f  

a n im a ls  i n  a f u l l y  o x y g e n a te d ,  u n i f o r m  z i n c  c o n c e n t r a t i o n  w h i l s t  e n s u r i n g  

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

i n t e r a c t i o n s .
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Each u n i t  c o m p r i s e d  a p e rs p e x  base w i t h  a d e t a c h a b l e  c o m p a r t m e n ta l i s e d  

chamber ,  and a p l a s t i c  l i d  t o  red uc e  e v a p o r a t i o n .  The c o m p o s i t i o n  o f  a 

s i n g l e  u n i t  i s  i l l u s t r a t e d  d i a g r a m m a t i c a l l y  i n  F i g .  5 . 1 a - d .  The p r i n c i p l e  o f  

c o n s t r u c t i o n  was t o  m a i n t a i n  c o m p le t e  oxygen s a t u r a t i o n  o f  t h e  medium w i t h i n  

t h e  chamber by s u p p o r t i n g  i t  on a c u s h i o n  o f  a i r  w i t h i n  t h e  base .

The c o m p a r t m e n t a l i s e d  chambers were c o n s t r u c t e d  f rom  two 100 mm̂  

r e p l i - d i s h e s  ( G a l l e n k a m p ) , s e a le d  a bou t  t h e i r  t o p  o u t s i d e  edges t o  fo rm  

t w e n t y  f i v e  r e t a n g u l a r  c o m p a r tm en ts .  A 1 mm w id e  gap between t h e  i n t e r n a l

d i v i s i o n s  o f  each h a l f  o f  t h e  chamber  p e r m i t t e d  t h e  medium t o  f l o w  

t h r o u g h o u t  t h e  chamber ,  w h i l s t  r e s t r i c t i n g  each a n im a l  t o  a s i n g l e ,  14 cm^ 

com par tmen t  ( F i g .  5 . I d ) .  Each compar tm en t  had a c e n t r a l  7 mm d i a m e t e r  h o le  

i n  t h e  t o p  f o r  i n s e r t i o n  and re m o v a l  o f  a n im a l s ,  and a p e r f o r a t e d  b o t to m

( F i g .  5 . 1 b ) .

The base was a s qua re  open t o p  pe rsp ex  box o f  t o t a l  d e p th  25 mm. A 

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

t h e  base 2 mm be lo w  t h e  t o p  edge,  h e ld  t h e  chamber b o t to m  t i g h t l y  a g a i n s t  a 

s u p p o r t i v e  l i p  5 mm b e lo w  t h e  s e a l .  Two h o l l o w  30 mm lo n g  p l a s t i c  p i p e s  o f  

i n t e r n a l  d i a m e t e r  3 .5  mm i n s e r t e d  c e n t r a l l y  i n t o  o p p o s i t e  s i d e s  o f  t h e  base 

were i n l e t  and o u t l e t  f o r  pumped a i r  ( F i g .  5 . 1 a ) .  A co m p le te  assembled u n i t  

i s  shown i n d i v i d u a l l y  i n  F i g  5 . 2 a ,  and t h e  e x p e r i m e n t a l  l a y o u t  o f  t e n  

i d e n t i c a l  u n i t s ,  s u p p l i e d  f r o m  a common Rena 301 a i r  pump i n  F i g .  5 . 2 b .

3
The c o m p a r t m e n t a l i s e d  chamber  o f  each u n i t  (350 cm ) was 70% f i l l e d  w i t h  

t h e  t e s t  medium t h r o u g h  th e  t o p  h o l e s .  When a b a la n c e  p o i n t  had been 

e s t a b l i s h e d  f o r  each u n i t  by a d j u s t m e n t  o f  a i r  f l o w  t h r o u g h  t h e  base ,  any 

u n i t  c o u ld  be removed a t  t h e  i n l e t ,  and l a t e r  r e - i n t r o d u c e d  i n t o  t h e  sys tem 

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

n o t  a d j u s t e d .  T e s t  s o l u t i o n s  were changed as n e c e s s a ry  by f u l l y  o pe n in g  th e  

o u t l e t  t o  r e l e a s e  t h e  a i r  c u s h i o n ,  c a u s in g  t h e  medium w i t h i n  t h e  chamber  t o

d r a i n  i n t o  t h e  base .  On c l o s i n g  th e  o u t l e t ,  t h e  a i r  c u s h io n  was

r e - e s t a b l i s h e d  and t h e  chamber  q u i c k l y  r e f i l l e d  f r o m  above.
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FIG.  5 .1

I

Diag ram m at i c  r e p r e s e n t a t i o n  o f  a s i n g l e  u n i t  f o r  
a c u te  t o x i c i t y  t e s t i n g .
a) pe rspex  base ( O = o u t l e t .  I = i n l e t ,  RS=rubber  s e a l )
b) C o m p a r tm e n ta l i s e d  chamber show ing t o p  (T) and 

bo t tom  IB)  s u r f a c e s
c) P l a s t i c  l i d  w i t h  r u b b e r  s e a l  (RS)
d)  Cross s e c t i o n  t h r o u g h  an assembled u n i t
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a )

FIG.  5 .2
T o x i c i t y  t e s t i n g  a p p a r a t u s .  a ) S i n g l e  assembled u n i t
b)Ten u n i t s  i n  o p e r a t i o n  f r om  a common a i r  s u p p ly

49



Exper imen ta l  methods

1) Exploratory tests

A s e r i e s  o f  e x p l o r a t o r y  t e s t s  were conduc te d  w i t h  t h e  d u a l  pu rpose  o f  

d e f i n i n g  the  c r i t i c a l  z i n c  c o n c e n t r a t i o n  range  f o r  each s p e c i e s ,  and 

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

the t e s t  p e r i o d .

Groups o f  10-20 a n im a ls  o f  each s p e c ie s  were s u b j e c t e d  t o  z i n c  

c o n c e n t r a t i o n s  i n  a range f rom  1 M t o  1 pM. From th e s e  e x p l o r a t o r y  t e s t s ,  a 

n o t i o n a l  c o n c e n t r a t i o n  range  o f  50 mM t o  0.1 mM f o r  C. pseudogracilis ( 9 ) ,  

20 mM t o  0.1 mM f o r  C. pseudogracilis (<J), and 100 pM t o  1 pM f o r  6. pulex 

( 5 -1 0mm l o n g )  were s e l e c t e d .

Samples o f  z i n c  s o l u t i o n  were ta k e n  f r o m  t h e  e x p e r i m e n t a l  chambers p r i o r  

to  the  s t a r t  o f  th e  e x p l o r a t o r y  t e s t s ,  and a t  subsequen t  24 h t im e  

i n t e r v a l s .  These were a n a ly s e d  by A tom ic  A d s o r p t i o n  S p e c t r o p h o to m e t r y  t o  

de te rm ine  th e  a c t u a l  i n i t i a l  z i n c  c o n c e n t r a t i o n ,  and d e t e c t  any de c reas e  

over  the  t e s t  p e r i o d .  I f  t h e  av e rage  c o n c e n t r a t i o n  o f  any z i n c  s o l u t i o n  o ve r  

the 96 h d u r a t i o n  o f  th e  t e s t  d i f f e r e d  f rom  th e  i n i t i a l  c o n c e n t r a t i o n  by 

g r e a t e r  th an  5%, i t  was changed d a i l y  i n  f u r t h e r  e x p l o r a t o r y  t e s t s  and 

r e - a n a l y s e d  t o  ensu re  t h a t  t h e  r e q u i r e d  e r r o r  l i m i t  would n o t  be exceeded 

d u r i n g  subsequen t  t e s t i n g .  ( R e s u l t s  o f  t h e  a n a l y s i s  a re  g i v e n  i n

Appendix 1C).

2) LC50 determination

100 a n im a ls  (4 r e p l i c a t e  e x p e r i m e n t a l  chambers)  f r o m  each g roup  were 

t e s t e d  i n  8 - 1 0  z i n c  c o n c e n t r a t i o n s  o ve r  th e  p r e v i o u s l y  d e te r m in e d  c r i t i c a l

range.  100 6 . pulex and 325 C. pseudogracilis o f  each sex,  were t e s t e d  i n  a

z in c  f r e e  c o n t r o l .  The l a r g e r  number o f  th e  l a t t e r  s p e c ie s  was due t o  th e  

ready a v a i l a b i l i t y  o f  s u i t a b l e  i n d i v i d u a l s  a t  t h e  t im e  o f  t h e  t e s t s .

Each a n im a l  was r a p i d l y  s u r f a c e  d r i e d  on a b s o r b e n t  pape r  b e f o r e

i n t r o d u c t i o n  i n t o  th e  t e s t  chamber  t o  p r e v e n t  d i l u t i o n  o f  t h e  z i n c  s o l u t i o n .
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W h i l s t  t h i s  was n o t  t h o u g h t  t o  cause any m e c h a n ic a l  damage t o  t h e  a n im a ls  

some o f  t h e  s m a l l e r  i n d i v i d u a l s  had t o  be pushed g e n t l y  under  t h e  s u r f a c e  o f  

t h e  t e s t  medium t o  c o u n t e r a c t  t h e  s u r f a c e  t e n s i o n .  Dead a n im a ls  and e x u v i a e  

were r e c o r d e d  a t  24 h i n t e r v a l s  f o r  96 h, and were th en  removed f r o m  t h e  

chamber .  Death was assumed i n  t h e  absence o f  a n t e n n a l  o r  p l e o p o d a l  movement 

a f t e r  g e n t l e  p r o d d i n g  f o r  1 m in .  No a n i m a l  s u r v i v i n g  t h e  t e s t  was r e - u s e d .

RESULTS

The raw d a ta  c o n s i s t s  o f  a s e r i e s  o f  t e s t  c o n c e n t r a t i o n s  w i t h  

c o r r e s p o n d i n g  m o r t a l i t i e s  a t  24, 48, 72 & 96 h t im e  i n t e r v a l s  (T a b le  5 . 1 ) .  

P l o t t i n g  t h e s e  d a ta  i n  an u n m o d i f i e d  s t a t e  wou ld  r e s u l t  i n  a s ig m o id  

d o s e - r e s p o n s e  c u r v e .  T h e r e f o r e ,  i n  o r d e r  t o  a c c u r a t e l y  d e t e r m i n e  an LC50 

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

l i n e .

S e v e r a l  methods t o  a c h ie v e  t h i s  t r a n s f o r m a t i o n  a re  re v ie w e d  by A r m i ta g e  

& A l l e n  ( 1 9 5 0 ) ,  i n c l u d i n g  a s i m p l e  c a l c u l a t i v e  method d e s c r i b e d  by 

L i t c h f i e l d  & W i l c o x o n  (1 9 4 8 ) .  The app roach  chosen f o r  t h i s  s tu d y  was a 

p r o b i t  t r a n s f o r m a t i o n  (F in n e y  1971) .  W h i l s t  t h i s  method i s  p r o c e d u r a l l y  t h e  

most com p lex ,  i t  i s  more a c c u r a t e  t h a n  g r a p h i c a l  methods and i s  t h e r e f o r e  

th e  most commonly used p a r a m e t r i c  t e c h n i q u e .  A c o m p u te r i s e d  p r o b i t  a n a l y s i s  

was c a r r i e d  o u t  on a Cyber  77 m a in f r am e  co m pu te r ,  u s in g  a m o d i f i c a t i o n  o f  a 

f o r t r a n  p rog ram  i n  Dav ies (1 9 7 1 ) ,  (A ppe nd ix  1$ ) .

P e rc e n ta g e  m o r t a l i t y  a t  each c o n c e n t r a t i o n  was f i r s t  c o r r e c t e d  f o r  

c o n t r o l  m o r t a l i t y  u s in g  Abbo ts  f o r m u l a .  C o n t r o l  m o r t a l i t y  was n eve r  g r e a t e r  

t han  3%.

51



CRANGONYX PSEUDOGRACILIS

Z i n c  c o n c e n t r a t i o n  
(mM)

T o t a l  number o f  dead i n d i v i d u a l s  o u t  o f  100

24 h 48 h 72 h 96 h
F M F M F M F M

46.708 95 100
18.425 34 100 94 100

8.691 20 60 71 94 93 99 98 100
6.074 19 33 56 94 80 98 90 100
3.974 16 23 42 65 66 96 89 100
3 .026 4 14 29 51 47 75 71 69
2.081 2 5 14 42 34 65 46 77
0 .998 1 4 10 18 17 38 28 59
0.454 0 0 2 1 4 12 5 31
0.097 0 0 0 0 1 0 1 1

* 0 . 0 0 0 1 1 1 1 3 1 4 4

GAMMARUS PULEX

Z i n c  c o n c e n t r a t i o n  
(pM)

T o t a l  number o f  dead i n d i v i d u a l s  ou t o f  100

24 h 48 h 72 h 96 h

500 100
100 90 99 99 100

75 97 99 100
60 42 84 98 99
50 32 80 98 100
25 14 46 67 86
20 5 13 36 52
15 2 9 27 44
10 3 7 18 29

5 1 2 4 12
1 0 1 3 4
0 0 0 1 1

TABLE 5.1
T o t a l  number o f  dead i n d i v i d u a l s  i n  each z i n c  
c o n c e n t r a t i o n  a f t e r  24, 48, 72 & 96 h t im e
i n t e r v a l s .
F = C. pseudogracilis (9)
M = C. pseudogracilis Id )
* T o t a l  number o f  c o n t r o l  i n d i v i d u a l s  = 325.
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W eig h te d  r e g r e s s i o n  l i n e s  o f  p r o b i t  -  t r a n s f o r m e d  p e rc e n ta g e  m o r t a l i t y  

a g a i n s t  l o g  c o n c e n t r a t i o n  were p l o t t e d  f o r  b o th  s p e c ie s  a t  each t i m e  

i n t e r v a l  ( F i g .  5 . 3 a - c ) .  The l o g  o f  t h e  LC50 v a l u e  c o r r e s p o n d i n g  t o  a p r o b i t  

v a l u e  o f  5 ( = 507. m o r t a l i t y ) ,  i s  show on each g raph  by a b roken  l i n e .

I n  o r d e r  t o  make a d i r e c t  co m pa r ison  between t h e  LC50 v a lu e s  f o r  t h e  two 

s p e c i e s  t h e y  have been p l o t t e d  as a f u n c t i o n  o f  t i m e  on a v e r t i c a l  s c a l e  o f  

z i n c  c o n c e n t r a t i o n  ( F i g .  5 . 4 ) ,  and t a b u l a t e d  w i t h  f i d u c i a l  l i m i t s  a t  90,  95 

and 997. c o n f i d e n c e  l e v e l s  ( T a b le  5 . 2 ) .  As t h e  s l o p e  o f  t h e  l i n e  i n c r e a s e s

t h e r e  i s  a te n d e n c y  f o r  t h e  f i d u c i a l  l i m i t s  t o  d e c re a s e  b u t  t h e y  a re  a l s o  

a f f e c t e d  by t h e  number o f  t e s t  a n i m a l s ,  r esp onses  between 0 - 1 0 0 % m o r t a l i t y ,  

d i s t a n c e  between t h e  LC50 v a l u e ,  and t h e  mean t e s t  c o n c e n t r a t i o n .  A c c o r d i n g  

t o  Buikema,  N i e d e r l e h n e r  & C a i r n s  (1982 )  t h e  w i d t h  o f  t h e  f i d u c i a l  l i m i t s  i s  

l e a s t  i f  t h e  r es p ons e  s lo p e  i s  s t e e p ,  i f  t h e r e  a re  3 o r  more d e a t h s ,  i f  more 

th a n  10 o rgan is m s  a re  exposed a t  each c o n c e n t r a t i o n  and i f  t h e r e  i s  a 

minimum o f  t h r e e  r e p l i c a t e s .  A l l  t h e s e  c o n d i t i o n s  have been s a t i s f i e d  i n  

t h i s  a n a l y s i s .

I n  bo th  species t h e  LC50 v a l u e  dec re as ed  w i t h  i n c r e a s i n g  t i m e  o f  e xp o s u re ,  

b u t  t h e  t e s t s  were  o f  i n s u f f i c i e n t  d u r a t i o n  f o r  a l o w e r  asym p to te  t o  be 

re a c h e d ,  when i n c r e a s i n g  e xpo su re  t i m e  p roduces  no f u r t h e r  m o r t a l i t y .  Both 

sexes o f  C. pseudogracilis had much h i g h e r  LC50 v a l u e s  th a n  G. pulex. A

marked t o l e r a n c e  d i f f e r e n c e  was found  between th e  sexes o f  C. pseudogracilis 

w h ic h  was g r e a t e s t  a t  24 h,  when t h e  fe m a le  LC50 v a l u e  was n e a r l y  t h r e e

t im e s  t h a t  o f  t h e  ma le .  At  48 h i t  had f a l l e n  t o  a p p r o x i m a t e l y  t w i c e  t h e

male v a l u e ,  a d i f f e r e n c e  w h ic h  was m a i n t a i n e d  f o r  t h e  d u r a t i o n  o f  t h e  t e s t .

FIG. 5 . 3 a - c  (Over  page)
P l o t  o f  p r o b i t  v a l u e s  a g a i n s t  z i n c  c o n c e n t r a t i o n  
f o r  t e s t  d u r a t i o n s  o f  24,  48, 72 and 96 h.  The b e s t  
f i t  r e g r e s s i o n  l i n e  i s  i n d i c a t e d  w i t h  a s o l i d  l i n e .  
(No te  d i f f e r e n c e  i n  s c a l e s  f o r  t h e  two s p e c i e s )
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B e h a v i o u r a l  e f f e c t s  o f  z i n c .

I n  c o n t r o l  c o n d i t i o n s  bo th  s p e c ie s  s e t t l e d  q u i c k l y  on t h e  b o t to m  o r  

s i d e s  o f  t h e  compar tmen t  and v e r y  l i t t l e  a c t i v i t y  was obse rved  t h r o u g h o u t

t h e  t e s t  p e r i o d .  W i t h i n  t h e  h i g h e r  t e s t  z i n c  c o n c e n t r a t i o n s  G. pulex and

fe m a le s  o f  C. pseudogracilis were h y p e r a c t i v e  f o r  ab o u t  30 min a f t e r  

i n t r o d u c t i o n  i n t o  t h e  chamber .  A s i m i l a r  i n i t i a l  h y p e r a c t i v i t y  was obse rved  

i n  ma le  C. pseudogracilis w h ic h  r e s u l t e d  i n  s e v e r a l  a n im a ls  b r e a k i n g  t h e  

s u r f a c e  and becoming t r a p p e d  i n  t h e  s u r f a c e  t e n s i o n .  T h is  e f f e c t  was 

enhanced by a te n d e n c y  t o  c r a w l  o u t  o f  t h e  t o x i c a n t  s o l u t i o n  and c l i n g  t o  

t h e  t o p  o f  t h e  compar tmen t  w i t h i n  o n l y  a t h i n  f i l m  o f  m o i s t u r e .

M o u l t i n g

A com p a r iso n  was made between m o r t a l i t y  i n  m o u l te d  and n o n - m o u l te d  

a n im a ls  o f  G. pulex and C. pseudogracilis o v e r  t h e i r  96 h c r i t i c a l  z i n c  

c o n c e n t r a t i o n  ranges  ( F i g .  5 . 5 ) .

6 . pulex was fou nd  t o  show a much g r e a t e r  te n d e n c y  t o  m o u l t  unde r  b o th

t e s t  and c o n t r o l  c o n d i t i o n s ,  th a n  e i t h e r  sex o f  C. pseudogracilis. In  t h e

l o w e s t  t e s t  c o n c e n t r a t i o n  o f  1 pM m o u l t i n g  f r e q u e n c y  i n  G. pulex was

2
s i g n i f i c a n t l y  h i g h e r  th a n  i n  t h e  c o n t r o l  (% = 4 .5 0 ;  p<Q.Q5) ,  b u t  s u r v i v a l

was n o t  a p p r e c i a b l y  i m p a i r e d .  W i th  i n c r e a s i n g  z i n c  c o n c e n t r a t o n  a d e c l i n e  i n  

O r m o u l t i n g  f r e q u e n c y  was accompanied by a h i g h e r  m o r t a l i t y  r a t e  amongst 

th o s e  a n im a ls  w h ic h  d i d  m o u l t .  I n  a 20 pM s o l u t i o n  43% o f  a n im a ls  s u r v i v e d

th e  t e s t ,  b u t  a l l  m o u l te d  a n im a ls  (15% o f  t h e  t o t a l ) ,  d i e d .  The l o w e s t

m o u l t i n g  f r e q u e n c y  o f  9% was o b t a i n e d  i n  a 50 pH s o l u t i o n  where b o th  m o u l te d  

and unm ou l te d  a n im a ls  d i e d  w i t h i n  98 h ( F i g . 5 . 5 a ) .

C. pseudogracilis ( 9 ) showed a v e r y  s i m i l a r  t r e n d  i n  t h e  r e l a t i o n s h i p

between m o r t a l i t y  and m o u l t i n g  o v e r  i t s  98 h c r i t i c a l  z i n c  c o n c e n t r a t i o n  

rang e  b u t  t h e  o v e r a l l  m o u l t i n g  f r e q u e n c y  was much l o w e r  th a n  f o r  6 . pulex 

( F i g . 5 . 5 b ) .  C. pseudogracilis (d )  m o u l t e d  v e r y  i n f r e q u e n t l y  under  t e s t  

c o n d i t i o n s ,  and n o t  a t  a l l  i n  t he  c o n t r o l  ( F i g . 5 . 5 c ) .
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Z in c  Concentrat ion ()jML~1)

FIG. 5 .5a  -  Gammarus pulex

FIG,  5 . 5 a - c
A comparison between m o r t a l i t y  in  moulted and 
non-moulted animals a f t e r  96 h w i t h i n  z inc so lu t io n  
and in a z inc f r e e  c o n t r o l .

CZ2 Not moult ing su rv iv in g  
■ ■  Not moult ing + dying

Moult ing + s u rv iv in g  
Eza Moult ing + dying

Zinc concentrat ions  in which 1 007. m o r t a l i t y  
occurred in  less than 98 h have been omit ted .
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Zinc Concentration ( mML" ^

FIG. 5 .5 b  -  Crangonyx pseudogracilis (9)

UO 30 20 1 0 0-5 01 0
Zinc  Concentration ( mML "  )

FIG. 5 .5c  - Crangonyx pseudogracilis (d
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DISCUSSION

E x p e r i m e n t a l  method

S t a t i c  a c u te  t o x i c i t y  t e s t s  i n  w h ic h  g roups  o f  a n im a ls  a re  exposed t o  a

t o x i c  s o l u t i o n  i n  n o n - a d s o r b e n t  c o n t a i n e r s  a re  economic  i n  t h a t  r e l a t i v e l y

s m a l l  volumes o f  d i l u t i o n  w a t e r  a re  r e q u i r e d ,  and t h e  d e s i g n  i s  i n e x p e n s i v e

i n  c o n s t r u c t i o n  and easy t o  o p e r a t e .  D e s p i t e  t h e s e  advan ta ges  t h i s  approach

has o f t e n  been r e j e c t e d  i n  f a v o u r  o f  more complex and c o s t l y  c o n t i n u o u s  f l o w

t e s t s ,  s i n c e  the  c o n c e n t r a t i o n  o f  s t a t i c  t e s t  s o l u t i o n s  may be s i g n i f i c a n t l y

a l t e r e d  by a d s o r p t i o n ,  m i c r o - o r g a n i s m  a c t i v i t y ,  and v o l a t i l i s a t i o n ,  t h e  l a s t

p ro c e s s  be in g  f u r t h e r  enhanced by t h e  r e q u i r e m e n t  f o r  c o n s t a n t  a e r a t i o n

w i t h i n  t h e  t e s t  chamber .  In  a d d i t i o n  unremoved m e t a b o l i c  was te  (CO +
2

ammonia) f rom th e  a n im a ls  w i l l  become t o x i c  i f  t h e  t e s t  i s  p r o lo n g e d

( M a r t i n  1973; Brungs 1973a ) .

These p rob lems can m o s t l y  be overcome by r e g u l a r  chan g in g  o f  t h e  t e s t  

s o l u t i o n ,  b u t  t h e  a s s o c i a t e d  h a n d l i n g  o f  th e  a n im a ls  i s  u n d e s i r a b l e  

( A h s a n n s u l l a h  1976) .  The s t a t i c  t e s t  a p p a r a tu s  used i n  t h i s  s t u d y  was 

i n e x p e n s i v e  and easy t o  o p e r a t e  w h i l s t  e l i m i n a t i n g  most o f  t h e  d i s a d v a n t a g e s  

c h a r a c t e r i s t i c a l l y  a s s o c i a t e d  w i t h  t h i s  t y p e  o f  t e s t .  S ince  o x y g e n a t i o n  o f  

t h e  medium w i t h i n  t h e  chamber was by f o r c e d  d i f f u s i o n  no a i r  s to n e  was 

r e q u i r e d ,  d e c r e a s i n g  z i n c  l o s s  by a d s o r p t i o n  and v o l a t i l i z a t i o n .  In  a d d i t i o n

s a m p l in g  o f  t h e  medium t h r o u g h o u t  t h e  chamber c o n f i r m e d  t h a t  a e r a t i o n  was

u n i f o r m ,  w i t h  no l o c a l i s e d  m e c h a n i c a l  d i s t u r b a n c e .  The t e s t  medium was

changed w i t h o u t  t h e  n e c e s s i t y  t o  s t r e s s  t h e  a n im a ls  by h a n d l i n g  o r  t o  remove 

them f r o m  th e  chamber , a f a c i l i t y  e s s e n t i a l  t o  t h e  m a in te n a n c e  o f  a c o n s t a n t  

t e s t  c o n c e n t r a t i o n .

A r e m a i n i n g  d i s a d v a n t a g e  o f  t h e  s t a t i c  system i s  t h a t  s o l i d s  c a n n o t  be 

k e p t  i n  s u s p e n s io n ,  th u s  c o n t r a s t i n g  th f r  r e a l  e n v i r o n m e n t "  i n  w h ic h  i t  i s  

v e r y  l i k e l y  t h a t  t h e  t o x i c a n t  w i l l  be a m i x t u r e  o f  p r e c i p i t a t e d  and i o n i c  

z i n c .  Mount (1966)  u s in g  a c o n t i n u o u s  f l o w  a p p a r a tu s  showed t h a t  when

62



p r e c i p i t a t e d  z i n c  was k e p t  i n  s u s p e n s io n  i t s  t o x i c i t y  t o  minnows i n c r e a s e d  

w i t h  pH i n s t e a d  o f  d e c r e a s i n g .  However,  i n  a t o x i c i t y  s tu d y  c o n f i n e d  

e x c l u s i v e l y  t o  d i s s o l v e d  fo rms o f  z i n c ,  s t a t i c  t e s t i n g  i s  more a p p r o p r i a t e .  

Subsequen t  s t u d i e s  on a s o l u t i o n  s u s p e n s io n  m i x t u r e  wou ld  be u s e f u l  t o

d e t e r m i n e  t h e  c o n t r i b u t i o n  made by suspended z i n c  s o l i d  t o  o v e r a l l  t o x i c i t y .

The common o b s e r v a t i o n  made i n  m a c r o - i n v e r t e b r a t e  t o x i c i t y  e x p e r im e n t s  

u s i n g  s t a r v e d  a n im a ls  i s  t h a t  a g g r e s s i v e  and c a n n i b a l i s t i c  b e h a v i o u r ,  

e s p e c i a l l y  t o w a r d s  weakened i n d i v i d u a l s ,  may i n c r e a s e  m o r t a l i t y  i n  b o th

c o n t r o l  and t e s t  media (Tho rp  & Lake 1974: A h s a n n s u l l a h  op.  c i t . ;  Besch

1977;  P r i c e  & Uglow 1979) .  In  t h e i r  n a t u r a l  e n v i r o n m e n t  s m a l l  o r  weakened 

a n i m a l s ,  eg.  t h o s e  m o u l t i n g ,  can a v o i d  p r e d a t i o n  by s e e k in g  r e f u g e  i n  t h e  

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

w i l l  i n c r e a s e  s u r f a c e  area f o r  m e t a l  a d s o r p t i o n ,  and u n le s s  i d e n t i c a l  i n  a l l  

c o n t a i n e r s  w i l l  c o n s t i t u t e  a f u r t h e r  v a r i a b l e  (Murphy 1980) .  By i n d i v i d u a l  

c o m p a r t m e n t a l i s a t i o n  o f  a n im a ls  w i t h i n  a common t e s t  medium de a th s  r e s u l t i n g  

f r o m  i n t r a - s p e c i f i c  i n t e r a c t i o n s  a re  e l i m i n a t e d .  An a d d i t i o n a l  advan ta ge  o f  

t h i s  f e a t u r e  i s  t h a t  m o u l te d  a n im a ls  can be i d e n t i f i e d  w i t h o u t  th e  need f o r  

a p o t e n t i a l l y  t o x i c  o r  s t r e s s f u l  m a r k in g  p r o c e d u r e .

E f f e c t s  o f  z i n c  on b e h a v i o u r .

A h y p e r s e n s i t i v e  r e a c t i o n  d u r i n g  i n v e r t e b r a t e  t o x i c i t y  t e s t i n g ,  s i m i l a r  

t o  t h a t  o f  male C. pseudogracilis was obse rved  by Fe rguson ,  C u l l e y  & C o t t o n

( 1 9 8 5 ) .  Specimens o f  Palaemonetes kadiakensis ( f r e s h w a t e r  s h r i m p ) ,  i n

s o l u t i o n s  o f  c h l o r i n a t e d  h y d ro c a rb o n  i n s e c t i c i d e s ,  jumped up th e  s i d e s  o f  

t h e  t e s t  v e s s e l  and became t r a p p e d  i n  t h e  s u r f a c e  t e n s i o n .  C. pseudogracilis 

may s u r v i v e  s e v e r a l  days i n  o n l y  a t h i n  f i l m  o f  w a t e r ,  however ,  ( p e r s . o b s . )  

and so t h i s  r e s p o n s e ,  w h ic h  wou ld  i n i t i a l l y  appear  d e t r i m e n t a l  t o  t h e  

a n i m a l ,  has p o t e n t i a l  s u r v i v a l  v a l u e  f ro m  s h o r t  t e rm  i n p u t  o f  t o x i c  

s u b s ta n c e s ,  s i n c e  i t  g r e a t l y  re duce s  t h e  amount o f  a v a i l a b l e  m e t a l  f o r  

u p t a k e .
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M o r t a l i t y  and m o u l t i n g  i n  G. oulex and C. pseudogracilis

The marked ac u te  t o l e r a n c e  d i f f e r e n c e  t o  z i n c  between th e  sexes o f  

C. pseudogracilis may be a d i r e c t  consequence o f  t h e i r  d i f f e r e n c e  i n  s i z e .  

F r a s e r ,  P a r k in  & V e rsp oo r  (1978)  s ugges ted  t h a t ,  s i n c e  le a d  u p ta k e  i n

Asellus aquaticus p r o b a b l y  i n v o l v e d  a d s o r p t i o n  t h r o u g h  t h e  g i l l s  i n  a d d i t i o n  

t o  d i r e c t  i n g e s t i o n ,  u p ta k e  wou ld  depend on s u r f a c e  a re a ,  w h i l s t  t o x i c i t y  

was a f u n c t i o n  o f  vo lume.  A n im a ls  w i t h  a s m a l l e r  volume t o  s u r f a c e  area

r a t i o  wou ld  t h e r e f o r e  a c q u i r e  a l e t h a l  dose f a s t e r  t han  l a r g e r  a n i m a l s .

S in c e  z i n c  up ta k e  i s  a l s o  t h o u g h t  t o  o c c u r  a c ro s s  th e  g i l l  s u r f a c e  i n

C. pseudogracilis (H a rd w ick  3rd  Year  BSc Hons p r o j e c t  1981) ,  t h i s  h y p o t h e s i s  

w ou ld  a d e q u a t e l y  e x p l a i n  t h e  g r e a t e r  t o l e r a n c e  i n  t h e  fe m a le  i n  v ie w  o f  t h e  

much g r e a t e r  body s i z e  o f  t h i s  sex .  In  G. pulex t h e  i n i t i a l  s e l e c t i o n  o f  

t e s t  a n im a ls  w i t h  r e s p e c t  t o  sex was random. The absence o f  a s i g n i f i c a n t  

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

s p e c ie s  i s  t h e r e f o r e  n o t  s u s c e p t i b l e  t o  t e s t ,  b u t  i s  i n d i c a t e d  by t h e  n a r ro w  

95% c o n f i d e n c e  l i m i t s  o f  t h e  m ixed sexes 24-96  h LC50 v a l u e s .

The i n i t i a l l y  h i g h  fe m a le  t o l e r a n c e  o f  C. pseudogracilis f o l l o w e d  by 

r a p i d  m o r t a l i t y  may be e x p l a i n e d  i n  te rms o f  a s h o r t  te rm  d e t o x i f i c a t i o n  

mechanism w h ich  f a i l s  on c o n t i n u o u s  e xposu re  t o  a h i g h l y  t o x i c  s o l u t i o n .  

P r i c e  & Uglow (1979)  proposed t h a t  t h e  decapod c r u s t a c e a n  Crangon crangon

( L . )  had a c e l l u l a r  t o l e r a n c e  o r  d e t o x i f i c a t i o n  mechanism w h ic h  was

i n i t i a l l y  h i g h l y  e f f i c i e n t .  Death was i n f e r r e d  t o  f o l l o w  r a p i d l y  upon

breakdown o f  t h i s  mechanism.  A h s a n n u l l a h  (1976)  found  t h a t  i n v e r t e b r a t e

m o r t a l i t y  i n  cadmium s o l u t i o n s  f o l l o w e d  a s i m i l a r  p a t t e r n .

G. pulex and C. pseudogracilis (<5) showed a v e r y  s i m i l a r  r a t e  o f  

d e c re a s e  o f  LC50 v a l u e  w i t h  t i m e ,  a l t h o u g h  t h e  fo r m e r  s p e c ie s  was o v e r  100 

t i m e s  more s u s c e p t i b l e  t o  z i n c  t o x i c i t y .  T h is  r e q u i r e s  e x p l a n a t i o n  s i n c e  

6 . pulex i s  a more r o b u s t ,  h e a v i l y  c u t i c u l a r i s e d  s p e c ie s  th a n

64



C. pseudogracilis and m ig h t  t h e r e f o r e  be exp ec ted  t o  have a h i g h e r  

t o l e r a n c e .  An i m m e d i a t e l y  o b v io u s  d i s t i n c t i o n  between t h e  s p e c ie s  unde r  t e s t  

c o n d i t i o n s  was t h e  p r o p e n s i t y  o f  G. pulex t o  m o u l t .  Anderson (1948)  has 

su g g e s te d  t h r e e  ways i n  w h ic h  m o u l t i n g  i n  t h e  p resence  o f  a t o x i c  m e t a l  may 

make Daphnia sp. more s u s c e p t i b l e  t h a n  d u r i n g  th e  i n t e r m o u l t  p e r i o d .  These

f a c t o r s  may be o f  e q u a l  im p o r t a n c e  i n  amphipod c r u s t a c e a n s ;

1) The new c u t i c l e  i s  more perm eab le  and w i l l  a l l o w  s u bs tan c e s  t o  e n t e r

a t  a f a s t e r  r a t e .

2) The a n im a ls  s i z e  i n c r e a s e s  and t h e r e f o r e  t h e  u p ta k e  r a t e  on a s u r f a c e

area t o  vo lume r a t i o  w i l l  a l s o  i n c r e a s e .

3) The new i n t e g u m e n t  may d e v e lo p  a b n o r m a l l y .

Lockwood & Inman (1973)  d e m o n s t r a te d  t h a t  a t  m o u l t  th e  p e r m e a b i l i t y  o f

t h e  t h e  c u t i c l e  o f  Gammarus duebeni t o  w a t e r  i n c r e a s e d  by a f a c t o r  o f  two .

Lockwood & Andrews (1 9 8 9 ) ,  however ,  r e p o r t e d  t h a t  t h e r e  was no i n c r e a s e  i n  

t h e  s i l v e r  s t a i n i n g  areas  o f  G. pulex a t  m o u l t ,  making i t  d o u b t f u l  t h a t  

a reas  o t h e r  th a n  t h e  g i l l s  wou ld  become s i g n i f i c a n t l y  pe rm eab le  f o r  u p ta k e  

o f  z i n c  i o n s .

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

s t r e s s  o f  c a p t i v i t y .  I n c re a s e d  l e v e l s  o f  m o u l t i n g  i n  c o n t r o l  c o n d i t i o n s  were  

re c o r d e d  by A h s a n n u l l a h  (1976)  f o r  Palaemon sp.  and W r i g h t  (1980)  f o r  

G. pulex. However ,  s i n c e  t h e  s e l e c t i o n  o f  G. pulex w i t h  r e s p e c t  t o  s ta g e  i n  

t h e  no rm a l  m o u l t  c y c l e  was assumed t o  be random, t h e  s i g n i f i c a n t  i n c r e a s e  i n  

m o u l t i n g  f r e q u e n c y  i n  a 1 pM z i n c  s o l u t i o n ,  above t h a t  i n  t h e  c o n t r o l

s t r o n g l y  su g g e s ts  t h a t  a t  t h i s  s u b - a c u t e  c o n c e n t r a t i o n ,  z i n c  i s  i n  some way

s t i m u l a t i n g  t h e  o n s e t  o f  m o u l t i n g .

A h s a n n u l l a h  (op .  c i t . )  s t a t e s  t h a t  m o u l t i n g  i n  t h e  p resence  o f  a 

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

e f f e c t i v e l y  r e l e a s e s  m e t a l  t o  be r e c y c l e d .  In  a d d i t i o n ,  t h e  a n im a l  i s
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i n a c t i v e  a t  t h e  t im e  o f  m o u l t  and u n l e s s  what  he te rms t h e  h i d e  r e s p o n s e '  

i s  a l s o  a c t i v a t e d  t h e  a n im a l  w i l l  become easy p r e y .  Any p o s s i b l e  s t i m u l a t o r y  

e f f e c t  o f  z i n c  above t h i s  c o n c e n t r a t i o n  was obscu red  by t h e  reduced t im e  o f  

s u r v i v a l  d u r i n g  w h ic h  m o u l t i n g  c o u ld  have o c c u r r e d .

To summar ise,  t h e r e  i s  c l e a r l y  a h i g h e r  l e v e l  o f  m o r t a l i t y  amongst 

m o u l t e d  a n im a ls  o f  G. pulex i n  z i n c  c o n c e n t r a t i o n s  > 5 pM, and t h i s  i s  

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

C. pseudogracilis. I t  i s  o b v i o u s l y  i n s u f f i c i e n t  t o  e x p l a i n  t h e  who le  

t o l e r a n c e  d i f f e r e n c e  s i n c e  m o r t a l i t y  l e v e l s  i n  n o n - m o u l te d  i n d i v i d u a l s  o f  

G. pulex was a l s o  much h i g h e r .

W a lke r  ( p e r s .  comm.),  i n  s t u d i e s  o f  g i l l  p a r a s i t e s  on amphipods f ro m  

R u t l a n d  W ate r ,  ob se rve d  t h a t  G. pulex c h a r a c t e r i s t i c a l l y  c a r r i e s  s e v e r a l

p r o t o z o a n  g i l l  p a r a s i t e s ,  w h i l s t  t h e  g i l l  s u r f a c e s  o f  C. pseudogracilis a re  

c l e a n .  In  a d d i t i o n ,  G. pulex i s  s u s c e p t i b l e  t o  bo th  m i c r o s p o r i d i a l  and 

a c a n th o c e p h a la n  i n f e c t i o n s  w h ic h  do n o t  a f f e c t  C. pseudogracilis

( p e r s .  o b s . ) .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  p a r a s i t i s m  reduces  t h e

r e s i s t a n c e  o f  G. pulex t o  z i n c  b u t  f u r t h e r  i n v e s t i g a t i o n  i s  needed t o

c l a r i f y  t h e  im p o r t a n c e  o f  t h i s  e f f e c t .  From th e  r e s u l t s  and o b s e r v a t i o n s  o f  

t h i s  e x p e r i m e n t  i t  must t h e r e f o r e  be con c lu d e d  t h a t  C. pseudogracilis can 

r e s t r i c t  t h e  e n t r y  o f ,  t o l e r a t e ,  o r  d e t o x i f y  i o n i c  z i n c  a t  much h i g h e r  

c o n c e n t r a t i o n s  t h a n  G. pulex.

Compar ison w i t h  o t h e r  i n v e r t e b r a t e  s p e c i e s .

The n e c e s s i t y  f o r  t e s t  c o n d i t i o n s  t o  have s p e c i f i c  f i e l d  r e l e v a n c e  makes 

i t  d i f f i c u l t  t o  make co m pa r is o ns  between t h e  t o x i c i t y  d a t a  f o r  i n v e r t e b r a t e  

s p e c ie s  d e t e r m in e d  under  d i f f e r e n t  t e s t  c o n d i t i o n s .  W i th  t h e s e  c o n s t r a i n t s  

i n  mind a summary o f  a v a i l a b l e  t o x i c i t y  d a ta  f o r  f r e s h w a t e r  i n v e r t e b r a t e s  i s  

g i v e n  i n  T a b le  5 . 3 ,  where a l l  t e s t s  were pe r fo rm e d  under  s t a t i c  c o n d i t i o n s  

and r e s u l t s  p r e s e n t e d  as LC50 v a l u e s .
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TABLE 5 .3  (Over  page)

Summary o f  some t o x i c i t y  d a ta  f o r  f r e s h w a t e r  i n v e r t e b r a t e s .

A b b r e v i a t i o n s

ZINC SALTS C Z i n c  c h l o r i d e  (ZnC l  )
S Z i n c  s u l p h a t e  (ZnSO .7H 0 - h y d r a t e d )
SO Z i n c  s u l p h a t e  (ZnSO.)4

SPECIES (A) C r u s ta c e a ,  Amphipoda
(CL) C r u s t a c e a ,  C lad oc e ra
(CO) C r u s t a c e a ,  Copepoda
(0 )  I n s e c t a ,  D i p t e r a
(G) M o l l u s c a ,  Gas t ropoda
(1 )  C r u s ta c e a ,  Is opoda
(M) C r u s ta c e a ,  M a l a c o s t r a c a
(N) A n n e l i d a ,  N a id id a e
(0 )  A n n e l i d a ,  A e o lo s o m a t id a e
(00)  I n s e c t a ,  Odonata
(OS) C r u s t a c e a .  Os t ra coda
(OT) A n n e l i d a ,  T u b i f i c i d a e
(R) A s c h e l m i n t h e s ,  R o t i f e r a
(T)  I n s e c t a ,  T r i c h o p t e r a  ( s p e c i e s  u n s p e c i f i e d )

LIFE STAGE L/N L a r v a l  o r  nymphal  fo rms

WATER CM C u l t u r e  medium
NW N a t u r a l  w a te r
SM S y n t h e t i c  medium
TW Tap w a t e r

TEST CONDITIONS A1 A l k a l i n i t y  (mgl   ̂ CaCO^)

FE Fed d u r i n g  th e  t e s t

Hd Hardness (mgl   ̂ CaCO^)

pH pH u n i t s

T ( C) Tem pera tu re
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S A L T  S P E C I E S L I F E  S T A G E W A T E R T ( * t l H A A I l I H C I h l
LCSO 

C O N C 1 p H ) R E F E R E N C E

S  P h i l o d x n a  i c u t i c o r n i s ( R ) C M 5 . 0 4 5 . 0 7 . 5 4 8 5 . 3 9 C a i r n s  a t  a l  . ( 1 9 7 8  )
S  P .  a c u t i c o r n i t C M 2 5 . 0 4 5 . 0 7 . 5 4 8 1 . 7 4 C a i r n s  a t  a l .  ( 1 9 7 8 )

C  P h y s a  h a t a r o i t r o p h a ( G ) F E 3 0 . 0 1 7 1 - 1 8 0 9 6 8 . 2 1 - 2 2 1 2 C a i r n s  6  S c h a i a r  ( 1 9 5 8 )
C  P .  h a t e r o j t r o p h a F E 2 0 . 0 1 4 1 - 1 9 0 9 6 9 . 2 5 - 1 9 3 7 C a i r n s  6  S c h a i a r  ( 1 9 5 8 )
S  P .  h a t a r o i t r o p h i 3  - 6 m m 3 2 . 2 1 0 0 . 0 7 . 8 9 6 1 7 . 0 4 W u r t t  ( 1 9 6 2 )
S  P .  h a t e r o i t r o p h a A d u l t 2 1 . 1 1 0 0 . 0 7 . 8 9 6 1 0 . 9 9 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
S  P .  h a t a r o s t r o p h a 3 - 6 m m 1 0 . 6 1 0 0 . 0 7 . 8 9 6 6 . 6 8 W u r t z  ( 1 9 6 2 )
S  P .  h a t a r o s t r o p h a 3 2 . 2 2 0 . 0 7 . 3 9 6 5 . 3 9 W u r t z  ( 1 9 6 2 )
S  P .  h a t a r o s t r o p h a 3- 6 f l v n 1 0 . 6 2 0 . 0 7 . 3 9 6 4 . 4 6 W u r t z  ( 1 9 6 2 )
C  P .  h a t a r o s t r o p h a F E 2 0 . 0 3 8 - 6 1 9 6 2 . 7 5 - 4 4 2 C a i r n s  6  S c h a i a r  ( 1 9 5 8 )
C  P .  h a t a r o s t r o p h a 2 0 . 0 4 3 . 0 9 6 2 . 7 5 - 4 4 2 P a t r i c k  a t  a l . ( 1 9 6 9 )
S  P .  h a t a r o s t r o p h a A d u l t 2 1 . 1 2 0 . 0 7 . 3 9 6 3 . 8 6 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
C  P .  h a t a r o s t r o p h a F E 3 0 . 0 3 5 - 4 7 9 6 2 . 1 6 - 2 1 7 C a i r n s  4  S c h a i a r  ( 1 9 5 8 )
S  H a l i s o m a  c a m p a n u l a t u m ( G ) A d u l t 1 2 . S 1 0 0 . 0 7 . 8 9 6 4 6 . 6 0 W u r t z  ( 1 9 6 2 )
S  H .  c a m p a n u l a  t u r n A d u l t 2 2 . 8 2 0 . 0 7 . 3 9 6 1 9 . 4 8 W u r t z  ( 1 9 6 2 )
S  H .  c a m p a n u l a t u m 2 2 . 8 1 0 0 . 0 7 . 8 9 6 1 9 . 4 8 W u r t z  ( 1 9 6 2 )
S  H .  c a m p a n u l a t u m A d u l t 1 2 . 8 2 0 . 0 7 . 3 9 6 1 3 . 3 9 W u r t z  ( 1 9 6 2 )
C  A m n i c o l a  s p . ( G ) E g g s 1 T . 0 5 0 . 0 7 . 6 2 4 9 7 . 7 3 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  A a i n i c o l a  s p . E g g s 1 7 . 0 5 0 . 0 7 . 6 9 6 7 0 . 2 5 R a h w o l d t  a t  a l .  ( 1 9 7 3 )
C  A m n i c o l a  s p . A d u l t 1 7 . 0 5 0 . 0 7 . 6 2 4 5 8 . 4 3 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  A m n i c o l a  s p . A d u l t 1 7 . 0 5 0 . 0 7 . 6 9 6 4 8 . 6 9 R a h w o l d t  a t  a l .  1 1 9 7 3 )
S  N i t o c r i s  s p . I G I T W 5 . 0 4 5 . 0 7 . 5 4 8 1 6 . 6 9 C a i r n s  a t  a l . ( 1 9 7 8 )

S  A a o l o s o m a  h a a d l y a i ( O ) T W 5 . 0 4 5 . 0 7 . 5 4 8 6 2 . 9 5 C a i r n s  a t  a l . ( 1 9 7 8 )
S  A .  h a a d l y a i T W 2 5 . 0 4 5 . 0 7 . 5 4 8 4 6 . 9 5 C a i r n s  a t  a l . ( 1 9 7 8  )
S  l i m n o d r i l u s  h o f f m a i s t a r i ( O T ) S M 2 1 . 1 1 0 0 . 0 7 . 8 9 6 8 . 0 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
S O  L .  h o f f m a i s t a r i / T . t u P i f a x S M 2 0 . 0 7 . 5 2 4 1 5 9 . 9 8 W h i t e l y  ( 1 9 6 8 )
S  T u b i f a x  t u b i f a x ( O T ) 2 0 . 0 2 6 1  . 0 2 3 4 . 0 7 . 3 4 8 2 0 9 . 3 6 B r k o v i c - P o p o v i c  4  P o p o v i c ( 1 9 7 7 a )
S  T .  t u b i f a x 2 0 . 0 3 4 . 2 7 . 5 6 . 8 4 8 1 0 . 3 6 B r k o v i c - P o p o v i c  4  P o p o v i c ( 1 9 7 7 a )
S  T .  t u b i f a x 2 0 . 0 3 4 . 2 2 2 . 5 7 . 2 4 8 8 . 9 4 B r k o v i c - P o p o v i c  4  P o p o v i c ( 1 9 7 7 a )
S  T .  t u b i f a x 2 0 . 0 0 . 1 0 . 1 6 . 3 4 8 0 . 3 8 B r k o v i c - P o p o v i c  4  P o p o v i c ( 1 9 7 7 a )
C  H a i s  s p . ( H I 1 7 . 0 S O .  0 7 . 6 2 4 7 3 . 7 3 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  N a i s  s p . 1 7 . 0 5 0 . 0 7 . 6 9 6 6 3 . 9 9 R a h w o l d t  a t  a l . ( 1 9 7 3 )

S  C y c l o p s  a b y s s o r u m ( C O ) 0 . S Z m m N W 1 0 . 0 2 9 . 0 4 8 1 9 . 1 3 B a u d o u i n  4  S c o p p a  ( 1 9 7 4 )
S  E u d i a p t o m u s  p a d a n u s ( C O ) 0 . 4 3 m m N W 1 0 . 0 2 9 . 0 4 8 1 . 7 4 B a u d o u i n  4  S c o p p a  ( 1 9 7 4 )
S  D a p h n i a  h y a l i n a ( C L ) 1 . 2 7 m m N W 1 0 . 0 2 9 . 0 4 8 0 . 1 4 B a u d o u i n  4  S c o p p a  ( 1 9 7 4 )
C  D a p h n i a  s p . 3 0 . 0 1 1 4 . 0 8 2 . 0 8 . 5 2 4 1 5 . 5 O u r a s h i  a t  a l . ( 1 9 8 0 )
C  D a p h n i a  s p . 3 0 . 0 1 1 4 . 0 8 2 . 0 8 5 4 8 1 1 . 0 D u r e s h i  a t  a l . ( 1 9 8 0 )
S  D a p h n i a  p u l a x ( C L ) T W 5 . 0 4 5 . 0 7 . 5 4 8 5 . 5 6 C a i r n s  a t  a l . ( 1 9 7 8 )
S  D .  p u l a x T W 2 5 . 0 4 5 . 0 7 . 5 4 8 0 . 9 7 C a i r n s  a t  a l . ( 1 9 7 8 )
S  D a p h n i a  m a g n a ( C L ) T W 5 . 0 4 5 . 0 7 . 5 4 8 8 . 0 0 C a i r n s  a t  a l . ( 1 9 7 8 )
S  0 .  m a g n a T W 2 5 . 0 4 5 . 0 7 . 5 4 8 1 . 9 5 C a i r n s  a t  a l . ( 1 9 7 8 )
C  D .  m a g n a 1 2 » 1 2 h F E 1 8 . 0 4 5 . 3 4 8 0 . 9 7 B i a s i n g a r  4  C h r i s t e n s e n  ( 1 9 7 2 )
C  0 .  m a g n a 1 2 * 1 2 h 1 8 . 0 4 5 . 3 4 8 0 . 3 5 e i a s i n g a r  4  C h r i s t e n s e n  ( 1 9 7 2 )
C  C y p r i s  s p . ( O S ) 3 0 . 0 1 1 4 . 0 8 2 . 0 8 . 5 2 4 1 2 . 7 5 O u r e s h i  a t  a l . ( 1 9 8 0 )
C  C y p r i s  s p . 3 0 . 0 1 1 4 . 0 8 2 . 0 8 . 5 4 8 1 0 . 4 O u r a s h i  a t  a l .  ( 1 9 8 0 )

S  P a r a t y a  t a s m a n i a n s i s ( H ) 2 2 . 4 m m 1 5 . 0 1 0 . 0 9 6 4 . 1 7 T h o r p  4  L a k e  ( 1 9 7 4 )
S  A s a l l u s  c o m m u n i s ( I ) 2 1 . 1 1 0 0 . 0 7 . 8 9 6 4 4 .  1 7 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
S  A .  c o m m m u n i s 2 1 . 1 2 0 . 0 7 . 3 9 6 3 0 . 2 6 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
C  G a a a a a r u a  p u l a x ( A ) I T . O 5 8 . 8 7 . 8 2 4 3 5 . 4 7 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  6 .  p u l a x I T . D 5 8 . 8 7 . 8 9 6 2 8 . 1 7 R a h w o l d t  a t  a l .  ( 1 9 7 3 )
S  6 .  p u l a x A d u l t M M 1 8 . t 3 1 2 . 5 7 . 3 2 4 5 5 . 0 0 T H I S  S T U D Y
S  G .  p u l a x A d u l t H U 1 8 . 0 3 1 2 . 5 7 . 3 46 3 2 . 0 0 T H I S  S T U D Y
S  6 .  p u l a x A d u l t N W 1 8 . 0 3 1 2 . 5 7 . 3 7 2 2 1 . 0 0 T H I S  S T U D Y
S  6 .  p u l a x A d u l t N W 1 8 . 0 3 1 2 . 5 7 . 3 9 6 1 6 . 0 0 T H I S  S T U D Y
S  C r a n g o n y x  p s a u d o g r a c l l l t l A )  A d u l t ( d ) N W 1 8 . 0 3 1 2 . 5 7 . 2 2 4 7 6 4 6 . 0 0 T H I S  S T U D Y
S  C .  p s a u d o g r a c i l i t A d u l t ( d ) M W 1 8 . 0 3 1 2 . 5 7 . 3 48 2 2 9 6 . 0 0 T H I S  S T U D Y
S  C .  p t a u d o g r a c i l i a A d u l t ( d ) N W 1 8 .0 3 1 2 . 5 7 . 3 7 2 1 3 4 6 . 0 0 T H I S  S T U D Y
S  C .  p s a u d o g r a c i l i a A d u l t ( d ) N W 1 8 . 0 3 1 2 . 5 7 . 3 9 6 8 1 5 . 0 0 T H I S  S T U D Y
S  C .  p a a u d o g r a c i l i a A d u l t ( 9 ) N W 1 8 . 0 3 1 2 . 5 8 .8 2 4 1 7 1 0 6 . 0 0 T H I S  S T U D Y
S  C .  p a a u d o g r a c i l i a A d u l t ( 9 ) M W 1 8 . 0 3 1 2 . 5 7 . 3 46 4 9 6 2 . 0 0 T H I S  S T U D Y
S  C .  p a a u d o g r a c i l i a A d u l t ( 9 ) M W 1 8 . 0 3 1 2 . 5 7 . 3 7 2 2 8 4 1 . 0 0 T H I S  S T U D Y
S  C .  p a a u d o g r a c i l i a A d u l t ( 9 ) M W 1 8 . 0 3 1 2 . 5 7 . 3 9 6 1 8 6 9 . 0 0 T H I S  S T U D Y

C  T r i c o p t e r a ( T ) L / N 1 7 . 0 5 0 . 0 7 . 6 2 4 2 1 7 . 7 1 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  T r i c o p t e r a L / H 1 7 . 0 5 0 . 0 7 . 6 9 6 2 0 2 . 0 6 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  Z y g o p t e r a ( D O  1 L / N 1 7 . 0 5 0 . 0 7 . 6 2 4 1 1 1  2 9 R a h w o l d t  a t  a l . ( 1 9 7 3 )
C  Z y g o p t a r a L / N 1 7 . 0 5 0 . 0 7 . 6 9 6 9 1 . 1 2 R a h w o l d t  a t  a l . ( 1 9 7 3 )
S  A r j i a  s p .  ( 0 0 ) L / N 2 1 . 1 2 0 . 0 7 . 3 9 6 1 4 1  . 5 5 W u r t z  4  B r i d g e s  ( 1 9 6 1 )
C  C h i r o n o m o u s  s p . ( D ) L / N 1 7 . 0 5 0 . 0 7 . 6 2 4 7 4 . 7 7 R a h w o l d t  a t  a l .  ( 1 9 7 3 )
C  C h i r o n o m o u s  s p . L / N 1 7 . 0 5 0 . 0 7 . 6 9 6 6 3 . 3 0 R a h w o l d t  a t  a l . ( 1 9 7 3 )

TABLE 5.3
See preceeding page fo r  legend and symbol e xp lan a t ion
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The most s t r i k i n g  f e a t u r e  o f  t h i s  t a b l e  i s  th e  w ide  range o f  r e p o r t e d  

LC50 v a l u e s  b o th  between and w i t h i n  s e v e r a l  i n v e r t e b r a t e  g roups  (eg .  48 h 

LC50 v a l u e s  o f  209.36  pM & 0.14  pM f o r  Tubifex tubifex and Daphnia hyalina 

r e s p e c t i v e l y ) .  W h i l s t  t h i s  c l e a r l y  em phasises  t h e  l a c k  o f  a s t a n d a r d  method 

f o r  o b t a i n i n g  d a t a ,  a d e f i n i t e  t r e n d  r e l a t i n g  m o r t a l i t y  t o  t e s t  c o n d i t i o n s  

can be d i s t i n g u i s h e d .  The LC50 v a l u e  i s  m a i n l y  l ow e re d  by an i n c r e a s e  i n  

t e m p e r a t u r e  (eg .  t h e  40 h LC50 v a l u e s  f o r  Daphnia pulex d e t e r m in e d  by 

C a i r n s  et al. 1978 ) ,  o r  a d e c rea s e  i n  ha rdness  and pH v a l u e  (eg .  t h e  96 h 

LC50 v a l u e s  f o r  Physa heterostropha d e te r m i n e d  by Wurtz  1962) .  However , 

w i t h o u t  a more com prehens ive  s e t  o f  r e s u l t s  f o r  any one s p e c ie s  t h e  r e l a t i v e  

c o n t r i b u t i o n  o f  each o f  t h e s e  f a c t o r s  t o w a rd s  o v e r a l l  t o x i c i t y  i s  u n c l e a r .  

In  g e n e r a l  t h e  I n s e c t a  appea r  t o  be th e  most z i n c  t o l e r a n t  g roup  and 

m i c r o - c r u s t a c e a  th e  l e a s t  t o l e r a n t ,  w i t h  th e  Isopoda  and Amphipoda f a l l i n g  

somewhere i n  between .

The r e s u l t s  g i v e n  f o r  6. pulex by Rehwo ld t  e t  al. (1973)  a re  c l o s e  t o  

t h o s e  o b t a i n e d  i n  t he  p r e s e n t  s tu d y  a l t h o u g h  th e  ha rdness  o f  t h e  w a t e r  used 

was ab ou t  f o u r  t im e s  l o w e r .  I t  i s  a l s o  n o t i c e a b l e  t h a t  t h e  LC50 v a l u e s  

o b t a i n e d  by Rehwoldt  a t  al. (1973)  f o r  24 h and 96 h do n o t  show a h i g h  

s h o r t  t e rm  t o l e r a n c e  f o l l o w e d  by r a p i d  m o r t a l i t y ,  as r e p o r t e d  e a r l i e r  i n  

t h i s  s t u d y .  T h i s  sugg es ts  t h a t  any s h o r t  t e rm  t o l e r a n c e  may be r e l a t e d  t o  

h i g h e r  w a t e r  ha rd n e ss .

C. pseudogracilis has much h i g h e r  24-96 h LC50 v a lu e s  th a n  any o f  t h e  

o t h e r  s p e c ie s  l i s t e d  i n  t h e  t a b l e ,  and u n l e s s  t h i s  i s  p u r e l y  an e f f e c t  o f  

t h e  h ig h  w a t e r  ha rdness i t  i s  e x c e p t i o n a l l y  t o l e r a n t  t o  z i n c  i n  com par ison

w i t h  o t h e r  i n v e r t e b r a t e  s p e c i e s .  F u r t h e r  t e s t s  on t h i s  s p e c ie s  a t  w a t e r

-1 -1 ha rdnesses  between 20 mgl  (CaCO^), and 100 mgl  (CaCO^) a r e  n e c e s s a ry  t o

c l a r i f y  t h e  e x t e n t  o f  t h i s  a p p a r e n t  anom aly .
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CHAPTER 6 .

CHRONIC REPRODUCTIVE IMPAIRMENT

INTRODUCTION

I f  a s p e c ie s  i s  t o  s u r v i v e  i n  an e n v i r o n m e n t  where t h e r e  i s  a s u s t a i n e d  

s o u r c e  o f  heavy m e t a l  p o l l u t i o n  such as z i n c ,  a h i g h  s h o r t  te rm  t o l e r a n c e  

l e v e l  i s  o f  l i t t l e  adva n ta ge  i f  c u m u l a t i v e  l o n g e r  t e r m  s t r e s s  p r e v e n t s  

n o r m a l  m a t u r a t i o n  and r e p r o d u c t i v e  s u c c e s s .  When t e s t i n g  t o x i c i t y  i t  i s  

c o n s e q u e n t l y  i d e a l  t o  m o n i t o r  t h e  s u r v i v a l  o f  th e  t e s t  s p e c ie s  i n  s u b - a c u t e  

m e t a l  c o n c e n t r a t i o n s  o v e r  a t  l e a s t  3-4 l i f e  c y c l e s ,  i n  o r d e r  t o  d e t e r m i n e  

t h e  maximum c o n c e n t r a t i o n  h a v in g  no d e l e t e r i o u s  e f f e c t s  on s u r v i v a l  o f  t h e  

s p e c i e s .

The m i c r o - c r u s t a c e a n  genus Daphnia i s  i d e a l l y  s u i t e d  f o r  t h i s  t y p e  o f  

t e s t  s i n c e  i t  has an average  l i f e  span o f  o n l y  one month and i s  r e a d i l y  

amenable t o  l a b o r a t o r y  c u l t u r e  (Murphy 1980) .  B i e s i n g e r  & C h r i s t e n s e n

( 1 9 7 2 ) ,  i n  a s t u d y  o f  t h e  e f f e c t s  o f  v a r i o u s  m e ta l s  on s u r v i v a l ,  g r o w t h ,  

r e p r o d u c t i o n  and m e t a b o l i s m  o f  Daphnia magna, showed t h a t  w h i l s t  48 h and 

3 week LC50 v a lu e s  ranged between 1 . 5 3 - 4 . 2 8  pM and 2 . 2 3 - 2 . 6 0  pM

r e s p e c t i v e l y ,  a l o w e r  z i n c  c o n c e n t r a t i o n  o f  1.07pM was s u f f i c i e n t  t o  cause a 

16% r e d u c t i o n  i n  r e p r o d u c t i v e  s u cc e s s .

The f e a s i b i l i t y  o f  such a c om pre hen s iv e  t e s t  s c h e d u le  i s  t h e r e f o r e  

l i m i t e d  by t h e  l e n g t h  and c o m p l e x i t y  o f  t h e  l i f e  c y c l e  o f  t h e  t e s t  a n i m a l .  

I f  t h e  l i f e s p a n  exceeds 2-3 months i t  becomes n e c e s s a r y  t o  s upe r im pose  

s e a s o n a l  e f f e c t s  o v e r  g e n e r a l  t e s t  c o n d i t i o n s  (APHA 1975) .  Assuming t h a t  

t h i s  can be r e l i a b l y  and a c c u r a t e l y  a c h ie v e d  a f u r t h e r  c o n s i d e r a t i o n  must  be 

t h e  l e n g t h  o f  t im e  a v a i l a b l e  f o r  t e s t i n g .  In  most  cases where t h e  g e n e r a l  

b i o l o g y  o f  t h e  a n im a l  i s  known, t h i s  f a c t o r  w i l l  be t h e  l i m i t i n g  p r a c t i c a l  

c o n s i d e r a t i o n .
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F i n a l l y ,  i f  bo th  s u f f i c i e n t  t im e  and f a c i l i t i e s  a r e  a v a i l a b l e  f o r  t h e  

t e s t ,  i t s  p o t e n t i a l  use must  be b a la n c e d  a g a i n s t  t h a t  o f  a t t e m p t i n g  s e v e r a l  

d i f f e r e n t  t e c h n i q u e s  w i t h i n  t h e  same t i m e  p e r i o d .

I f  t h e s e  p r i n c i p l e s  a re  a p p l i e d  t o  t h e  use o f  G. pulex and 

C. pseudogracilis as t e s t  a n i m a l s ,  t h e  d i s a d v a n t a g e  o f  p e r f o r m i n g  c o m p le te  

l i f e  c y c l e  s t u d i e s  a re  a p p a r e n t .  Both s p e c ie s  have l i f e  spans i n  excess  o f  

one y e a r  (Hynes 1955a;  W e l ton  & C l a r k e  1980) t h e r e b y  making i t  i m p r a c t i c a l  

t o  c u l t u r e  more th a n  one o r  two g e n e r a t i o n s  i n  t h e  t i m e  a v a i l a b l e  f o r  t h e  

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

t e s t  w ou ld  l a c k  any r e a l i s t i c  f i e l d  v a l u e .  I t  was t h e r e f o r e  co nc lude d  t h a t  a 

c h r o n i c  t e s t  c o n c e n t r a t i n g  e x c l u s i v e l y  on t h e  most v u l n e r a b l e  p e r i o d  i n  t h e  

l i f e  c y c l e  w o u ld  p r o v i d e  t h e  b e s t  compromise between h i g h  t e s t  s e n s i t i v i t y  

and p r a c t i c a l  a p p l i c a t i o n .

W h i l s t  t e s t s  w h ic h  do n o t  c o v e r  t h e  w ho le  l i f e  c y c l e  ca n n o t  n e c e s s a r i l y  

i n c l u d e  t o x i c  e f f e c t s  w h ic h  may r e s u l t  f r o m  p ro lo n g e d  exp osu re  t o  z i n c ,  t h e  

most  s e n s i t i v e  s h o r t e r  t e rm  t o x i c i t y  e x p e r i m e n t s  a re  g e n e r a l l y  c o n s i d e r e d  t o  

be t h o s e  w h i c h  examine c h r o n i c  e f f e c t s  on t h e  r e p r o d u c t i v e  c y c l e  o r  on t h e  

j u v e n i l e  s ta g e s  o f  an o rg a n is m  (Sprague  1976; S indermann 1979) .  T h i s  

approach  has c o n s e q u e n t l y  been f a v o u r e d  by most a u t h o r s  r e s e a r c h i n g  h i g h e r  

m a c r o - i n v e r t e b r a t e s  and f i s h .  Jo rgensen  & Jensen (1977)  examined t h e  e f f e c t s  

o f  z i n c  c h l o r i d e  on th e  h a t c h i n g  r a t e  o f  d r i e d  Artemia salina eggs ,  and 

c o n c lu d e d  t h a t  t h i s  was a much more s e n s i t i v e  measure o f  z i n c  p o l l u t i o n  th a n  

a d u l t  m o r t a l i t y ,  s i n c e  i m p a i r m e n t  was d e t e c t a b l e  a t  c o n c e n t r a t i o n s  s i m i l a r  

t o  t h o s e  fo und  i n  n a t u r a l  sea w a t e r .

The f a i l u r e  o f  i s o l a t e d  Artemia eggs t o  h a tc h  a t  l o w  z i n c  c o n c e n t r a t i o n s  

was p res um ab ly  caused by damage t o  t h e  embryo,  b u t  t h e r e  i s  e v id e n c e  t o  show 

t h a t  i n  a n o t h e r  m a c r o - i n v e r t e b r a t e ,  Amnicola sp. ( G a s t r o p o d a ) ,  t h e  eggs a re  

t h e  most  z i n c  r e s i s t a n t  s ta g e  i n  t h e  l i f e  c y c l e  (R ehw o ld t  e t  al. 1973) .  T h i s  

t o l e r a n c e  was a t t r i b u t e d  t o  a r e l a t i v e  i n s e n s i t i v i t y  o f  t h e  eggs t o  w a t e r  

q u a l i t y ,  as a r e s u l t  o f  t h e i r  i n d e p e n d e n t  i n t e r n a l  e n v i r o n m e n t .
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A n o t h e r  s t u d y  o f  t h i s  t y p e  was p e r f o r m e d  by Sk idmore (1965 )  on t h e  

r e s i s t a n c e  o f  t h e  z e b r a f i s h  {Brachydanis rerio H a m i l t o n  Buchanan) ,  t o  z i n c  

s u l p h a t e  s o l u t i o n .  He showed t h a t  t h e  egg was t h e  most  r e s i s t a n t  s ta g e  i n  

t h e  l i f e  h i s t o r y ,  a l t h o u g h  th e  new ly  ha tc hed  young were t h e  most s e n s i t i v e  

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

s e n s i t i v i t y  o f  t h e  egg s ta g e  t o  z i n c  t o x i c i t y  i s  l a r g e l y  d ependen t  on t h e  

e x t e n t  o f  t h e i r  co m m u n ic a t io n  w i t h  t h e  e x t e r n a l  e n v i r o n m e n t .

I n  6. pulex and C. pseudogracilis t h e  eggs a re  t r a n s f e r r e d  a f t e r  

f e r t i l i z a t i o n  i n t o  t h e  fe m a le  brood  pouch where t h e  young a re  r e t a i n e d  

t h r o u g h o u t  t h e  d ev e lo p m e n t  p e r i o d  u n t i l  h a t c h i n g .  Two c o n s e c u t i v e  t e s t  

p e r i o d s  were t h e r e f o r e  chosen f o r  t h i s  c h r o n i c  s t u d y .  The t im e  between 

f e r t i l i z a t i o n  o f  t h e  egg and h a t c h i n g  o f  t h e  young a n i m a l ,  was d e s i g n a t e d  as 

TEST 1. T h is  was t o  i n v e s t i g a t e  t h e  s u r v i v a l  r a t e s  o f  ova and j u v e n i l e s  i n  

t h e  brood  pouch a t  s u b - a c u t e  z i n c  c o n c e n t r a t i o n s .  TEST 2 was d e s ig n e d  t o  

measure t h e  r e s i s t a n c e  o f  t h e  new ly  h a tc he d  young o v e r  th e  f i r s t  few  days 

a f t e r  r e l e a s e .

MATERIALS AND METHODS 

T e s t  R a t i o n a l e

G r a v id  fe m a le s  o f  bo th  s p e c ie s  were k e p t  i n  i n d i v i d u a l  t e s t  chambers 

w i t h i n  a known z i n c  c o n c e n t r a t i o n  f o r  p e r i o d s  o f  up t o  28 d a y s .  Brood s i z e  

and d e v e l o p m e n t a l  s ta g e  were r e c o r d e d  d a i l y  i n  o r d e r  t o  o b t a i n  a n o rm a l  

r e c o r d  o f  d e v e lo p m e n t ,  f r om  w h ic h  any change r e s u l t i n g  f ro m  e x p o s u re  t o  

s u b - l e t h a l  z i n c  s o l u t i o n s  c o u ld  be d e t e c t e d .  A l l  s u c c e s s f u l l y  r e l e a s e d  young 

were s u b s e q u e n t l y  t r a n s f e r r e d  t o  chambers w i t h i n  a c o n t i n u o u s - f l o w  sys tem  a t  

t h e  same z i n c  c o n c e n t r a t i o n ,  and s u r v i v a l  r e c o r d e d  a t  a p p r o x i m a t e l y  f o u r  day 

i n t e r v a l s  o v e r  a p e r i o d  o f  21 da ys .
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TEST 1 : S e l e c t i o n  o f  t e s t  a n im a ls

T h is  t e s t  was p e r fo rm ed  between t h e  months o f  J u l y  and September when a 

s u f f i c i e n t  s u p p l y  o f  a c t i v e l y  r e p r o d u c i n g  fem a les  o f  bo th  s p e c ie s  c o u ld  be 

o b t a i n e d  f r o m  R u t l a n d  W ate r .  The ave rage  number o f  eggs pe r  f em a le  i s  known 

t o  i n c r e a s e  w i t h  i n c r e a s i n g  s i z e  (Hynes 1955a ) ,  I n  o r d e r  t o  reduce  

v a r i a b i l i t y  i n  i n i t i a l  brood s i z e ,  o n l y  f e m a le  G. pulex between 9-10 mm l o n g  

and C. pseudogracilis between 7-8 mm l o n g  were  t e s t e d ,  t h e s e  be in g  t h e  most  

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

s p e c i e s .  The re  i s  no i n d i c a t i o n  t h a t  i n  any one s i z e  g roup  t h e  number o f  

eggs pe r  fe m a le  shows any s e a s o n a l  v a r i a t i o n  (Hynes op.  c i t . ) .

I n i t i a l  T e s t  P roc ed u re

The p r o c e d u r e  f o r  o b t a i n i n g  new ly  g r a v i d  fe m a le s  was d i c t a t e d  by 

p r e - c o p u l a t o r y  b e h a v i o u r  and t h e r e f o r e  d i f f e r e d  s l i g h t l y  between t h e  two 

s p e c i e s .

I n  G. pulex t h e r e  i s  a s u s t a i n e d  p e r i o d  o f  p r e - c o p u l a t o r y  a c t i v i t y  w h ic h  

b e g in s  w i t h  t h e  male s e i z i n g  th e  fe m a le  between t h e  head and f i r s t  t h o r a c i c  

segment  w i t h  one o f  h i s  p r i m a r y  g n a th o p o d s ,  and between t h e  f i f t h  and s i x t h  

segment  w i t h  t h e  o t h e r .  The phase ends a f t e r  3-4  days w i t h  o v u l a t i o n  and 

c o p u l a t i o n .  Im m e d i a t e l y  c o p u l a t o r y  p a i r i n g  was obse rved  between s u i t a b l y  

s i z e d  i n d i v i d u a l s  t h e y  were  t r a n s f e r r e d  f r o m  s eco nda ry  s t o c k  c u l t u r e  i n t o  

i n d i v i d u a l  t e s t  chambers c o n t a i n i n g  c o n t r o l  medium. These were s u b s e q u e n t l y  

checked t w i c e  d a i l y  and day 1 r e c o r d e d  as t h e  r e l e a s e  o f  t h e  m o u l te d  fe m a le  

and r e s u l t a n t  t r a n s f e r  o f  f e r t i l i z e d  eggs t o  t h e  brood  pouch .  The male was 

removed t o  p r e v e n t  c a n n i b a l i s m  o f  t h e  f e m a le .

I n  C.pseudogracilis t h e r e  i s  no p r e c o p u l a t o r y  p e r i o d  as t h e  male i s  t o o  

s m a l l  (Hynes op.  c i t . ) .  The fem a le  becomes a t t r a c t i v e  j u s t  b e f o r e  m o u l t i n g  

and s e v e r a l  males may j o s t l e  f o r  p o s i t i o n .  The s u c c e s s f u l  male l i e s  a c r o s s  

t h e  fe m a le  and h o ld s  on w i t h  h i s  gna th opods  between t h e  t h i r d  - f o u r t h  and 

f i f t h  -  s i x t h  t h o r a c i c  i n t e r s e g m e n t a l  membranes ( F i g .  6 . 1 ) .
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FIG. 6.1
Female C. pseudogracilis i n  p r e - m o u l t  c o n d i t i o n ,
w i t h  a t t a c h e d  m a le .

Th is  p o s i t i o n  l a s t s  f o r  a p p r o x i m a t e l y  10 m in ,  and th e  fe m a le  l a y s  t h e  

f e r t i l i z e d  eggs abou t  4 h l a t e r .  A c u l t u r e  c o n t a i n i n g  m a tu re  males and

females w i t h  r i p e  o v a r i e s  was e s t a b l i s h e d  and checked t w i c e  d a i l y  f o r

s u i t a b l e  s i z e d  g r a v i d  fe m a le s  w i t h  f u l l  brood  pouches,  w h ic h  were then

t r a n s f e r r e d  t o  i n d i v i d u a l  chambers and r e c o r d e d  as Day 1.

Apparatus

The t e s t  chambers were a m o d i f i c a t i o n  o f  t h o s e  used by W e l ton & C l a r k e  

(1980) ( F i g .  6 . 2 ) ,  c o n s i s t i n g  e s s e n t i a l l y  o f  a p l a s t i c  c o n t a i n e r  90 mm h ig h  

w i t h  b a s a l  d i a m e t e r  45 mm and t o p  d i a m e t e r  60 mm, and a p l a s t i c  l i d .  A f i n e

mesh p l a t f o r m  was c o n s t r u c t e d  by making a c e n t r a l  h o le  o f  d i a m e t e r  25 mm i n

the base o f  a 50 mm d i a m e t e r  p l a s t i c  p e t r i - d i s h  base,  and r e p l a c i n g  i t  w i t h  

m ono f i l am en t  mesh o f  h o l e  s i z e  1 mm x 1.5 mm. T h is  p l a t f o r m  f i t t e d  s e c u r e l y

i n t o  the  chamber 25 mm above th e  base,  p r o d u c i n g  a l o w e r  compar tm en t  i n t o

which new ly  emerged j u v e n i l e s  c o u ld  e n t e r  t o  escape c a n n i b a l i s m  by th e  

a d u l t .
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FIG.  6 .2
Diagram o f  a s i n g l e  t e s t  chamber ( n o t  t o  s c a l e )
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Each chamber was f i l l e d  w i t h  media t o  a h e i g h t  o f  75 mm, and

c o n t i n u o u s l y  a e r a te d  t h r o u g h  s t a i n l e s s  s t e e l  s y r i n g e s ,  i n s e r t e d  c e n t r a l l y  

t h ro ugh  th e  l i d .  Two washed s tones  f rom  R u t la n d  r e s e r v o i r  were p la c e d  i n

each p o t  t o  p r o v i d e  co ve r  f o r  t h e  a d u l t .  The t e s t  medium w i t h i n  t he  chamber 

was changed ev e ry  2 days ,  and th e  fem a le  fed  a s m a l l  amount o f  Bemax (wheat  

ge rm ) .

A z i n c  c o n c e n t r a t i o n  o f  50 .0  pM, a p p r o x i m a t e l y  e q u a l  t o  t h e  24 h LC50 o f  

G. p u le x  was i n i t i a l l y  chosen as the  h i g h e s t  t e s t  c o n c e n t r a t i o n .  P r e l i m i n a r y  

e x p e r i m e n t a t i o n  s u b s e q u e n t l y  i n d i c a t e d  t h a t  z i n c  c o n c e n t r a t i o n s  o f  1 mM, 

0.5 mM & 1.0 mM were more s u i t a b l e  t o  i n v e s t i g a t e  th e  e f f e c t s  o f  s u b - a c u te  

t o x i c i t y .  Ten d i f f e r e n t  fem a le s  o f  each s p e c ie s  were t e s t e d  a t  each z i n c  

c o n c e n t r a t i o n ,  and i n  a c o n t r o l  o f  u n t r e a t e d  r e s e r v o i r  w a t e r  ( F i g .  6 . 3 ) .

Animals d y i n g  w i t h i n  th e  f i r s t  24 h o f  th e  t e s t  were r e p l a c e d  and n o t

r e c o rd e d ,  ex c e p t  a t  a z i n c  c o n c e n t r a t i o n  o f  50 pM where t h e  expe c te d  mean 

s u r v i v a l  t im e  d i d  n o t  exceed 24 h.

1

FIG.  8 .3
Ten t e s t  chambers i n  o p e r a t i o n  f rom a common pumped 
a i r  s u p p l y ,  ( l i d s  n o t  shown) .
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Reco rd in g  brood s i z e

As i t  p roved  i m p o s s i b l e  t o  c o u n t  t h e  number o f  eggs w i t h i n  t h e  b rood  

pouch a c c u r a t e l y  w i t h o u t  s t r e s s i n g  th e  f e m a l e ,  an a p p r o x im a t e  s c o r i n g  method 

was used w h ic h  d i d  n o t  r e q u i r e  m i c r o s c o p i c  e x a m i n a t i o n .  On c l o s e  v i s u a l  

e x a m i n a t i o n  th e  f o l l o w i n g  t h r e e  c a t e g o r i e s  were  r e a d i l y  d e f i n e d  ( F i g .  6 . 4 ) ;

LARGE : Brood pouch t o t a l l y  f u l l  o f  eggs

MEDIUM :Eggs l o s t  p e r i p h e r a l l y  l e a v i n g  a l a y e r  l i n i n g  t h e  body 

SMALL ;Few eggs p r e s e n t  i n c o m p l e t e l y  l i n i n g  th e  body

LARGE BROOD

MEDIUM BROOD

SMALL BROOD

FIG. 6 .4
Diagrammatic r e p r e s e n t a t i o n  o f  the c a t e g o r ie s
chosen to d e f i n e  the number of  eggs (shown as black  
o v a ls )  w i t h i n  the brood pouch (shown as a 
s e m i - c i r c l e ) .

77



Recording d e v e lo p m e n t a l  s t a t e

Three o b v io u s  c o l o u r  phases o c c u r  i n  b o th  s p e c i e s ,  between f e r t i l i z a t i o n  

of  the  egg and r e l e a s e  o f  t h e  young a n i m a l .  P r e l i m i n a r y  i n v e s t i g a t i o n s

showed t h a t  a t  1 8 ± l ° c  each phase c o u ld  be c l o s e l y  i d e n t i f i e d  w i t h  a d i s t i n c t  

l e v e l  o f  d e v e lo p m e n t .

From 1-9 days i n  6 . p u l ex ,  and 1-5 days i n  C. p s e u d o g r a c i l i s  a n o r m a l l y  

deve lop ing  egg appea rs  b l a c k  t o  t h e  naked eye.  T h is  c o r r e s p o n d s  t o  t h e  

per iod when l i t t l e  o r  no c le a v a g e  o f  t h e  embryo has o c c u r r e d  and i s  

i l l u s t r a t e d  w i t h  a l i g h t  m i c r o s c o p e  p i c t u r e  o f  a day 1 egg f ro m

C. pseudograc i l i s  ( F i g .  6 . 5 a ) .

FIG.  6 .5a
L i g h t  m ic r o s c o p e  p i c t u r e  o f  a Day 1 egg f rom  t h e  
brood  pouch o f  C. p s e u d o g r a c i l i s .

From 10-15 days i n  G. pu l ex ,  and 6-11 days i n  C. p s e u d o g r a c i l i s  t h e  

d e v e lo p in g  embryo i s  c l e a r l y  v i s i b l e  as a p i n k  comma shaped s t r e a k  w i t h i n  

the  egg ( F i g . 6 . 5 b ) .
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FIG. 6 .5b
L i g h t  m ic ros c ope  p i c t u r e  o f  a Day 6 egg f rom  th e  
brood pouch o f  C. pseudogracilis.

For t h e  l a s t  5 days b e f o r e  h a t c h i n g  i n  bo th  s p e c ie s  t h e  d e v e l o p i n g  young 

t o t a l l y  o c c u p ie s  th e  egg -case  and appears p i n k  t o  th e  naked eye.  By 10 days 

the young i n d i v i d u a l  o f  C.pseudogracilis has ta k e n  on a r e c o g n i z a b l e  fo rm  

(F ig .  6 . 5 c ) ,  w i t h  h e a r t  bea t  and g u t  p e r i s t a l s i s  c l e a r l y  v i s i b l e  unde r  t h e  

mic roscope,  b u t  l i m b  and eye deve lo pmen t  s t i l l  i n c o m p l e t e .

FIG.  6 .5 c
L i g h t  m ic ro s c o p e  p i c t u r e  o f  a Day 12 egg f rom th e  
brood pouch o f  C. pseudogracilis.
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Four days l a t e r  t h e  j u v e n i l e  has h a tc hed  f r o m  t h e  e gg -c as e  and i s  r e a d y  

to le a ve  th e  brood  pouch ( F i g .  6 . 5 d ) .  In  o r d e r  t o  cause m i n i m a l  d i s t u r b a n c e  

to both f em a le  and d e v e l o p i n g  young th e  d e v e l o p m e n t a l  s ta g e  f o r  bo th  s p e c ie s  

was c o n s e q u e n t l y  r e c o r d e d  i n  te rm s  o f  c o l o u r  s t a g e ;  b l a c k ,  b l a c k - p i n k ,  o r  

p ink .

I %

FIG.  6 .5 d
L i g h t  m i c r o s c o p e  p i c t u r e  o f  t h e  new ly  hatched 
C. pseudogracilis.

Test 2 : P rocedu re

Hatched young o f  b o th  s p e c ie s  were c o u n te d ,  and t r a n s f e r r e d  i n  a 

t e a t - p i p e t t e  w i t h  a f i n e  b o re  t u b e ,  i n t o  s i n g l e  s p e c ie s  c o n t i n u o u s  f l o w  

c u l t u r e s  a t  t h e  same t e s t  c o n c e n t r a t i o n .  C u m u la t i v e  a d d i t i o n s  t o  each 

c u l t u r e  was r e c o r d e d ,  and t h e  t o t a l  number o f  l i v e  i n d i v i d u a l s  coun ted  e v e r y  

4-7 days .  A f t e r  21 days a l l  c u l t u r e s  were  d i s c o n t i n u e d  and t h e  t o t a l  number 

o f  l i v e  a n im a ls  i n  each r e c o r d e d .
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The c o n t i n u o u s  f l o w  sys tem i s  shown i n  F i g .  6 . 6 a. Each t e s t  t a n k  had

d imens ions  225 cm x 115 cm x 75 cm and h e ld  a p p r o x i m a t e l y  1 l i t r e  o f  w a t e r .  

Fine g r a v e l  was p r o v i d e d  as a s u b s t r a t e  and s m a l l  p i e c e s  o f  e lm l e a f  were 

g iven  as a food  s o u r c e .  T e s t  medium was pumped i n t o  one s i d e  o f  t h e  chamber

at  a r a t e  o f  2 l i t r e s  pe r  day and drawn f ro m  th e  o p p o s i t e  s i d e  o f  t h e

chamber a t  an i d e n t i c a l  r a t e .  The end o f  t h e  o u t l e t  tu be  was cove red  w i t h

f i n e  mesh t o  p r e v e n t  a n im a ls  f r o m  b e in g  sucked o u t  ( F i g .  6 . 6 b ) .

51 RESERVOIRS
TEST TANKS

■^over
flow

pump

Dump

contro I

0 - 5  pM

control

a)

IN
lid 1

► OUT 

- f I ne mesh

gravel
b)

FIG. 6.e
C o n t in u o u s  f l o w  system f o r  e x p o s in g  j u v e n i l e  
a n im a ls  t o  a known z i n c  c o n c e n t r a t i o n .
a) G en e ra l  l a y o u t
b)  I n d i v i d u a l  t a n k  showing  t h r o u g h  f l o w  o f  medium
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RESULTS

T e s t  1 ; P r o d u c t i o n  o f  vounq

The numbers o f  young s u c c e s s f u l l y  p roduced  i n  z i n c  s o l u t i o n s  and i n  a 

z i n c  f r e e  c o n t r o l ,  by s e p a r a t e  g roups  o f  10 fe m a le s  o f  C. pseudogracilis and 

o f  6. pulex a re  shown i n  T a b le  6 .1 a .

In  f i l t e r e d ,  u n t r e a t e d  r e s e r v o i r  w a t e r  o n l y  one fem a le  C. pseudogracilis 

c o m p l e t e l y  f a i l e d  t o  p roduce  young.  The l a r g e s t  brood s i z e  o f  33 was 

a t t a i n e d  by t h r e e  i n d i v i d u a l s  w i t h  t h e  r e m a i n i n g  fe m a les  p r o d u c i n g  between 3 

31 young,  g i v i n g  a mean b rood  s i z e  o f  2 1 . 1 .  Under  i d e n t i c a l  t e s t

c o n d i t i o n s ,  G. pulex p roduced  204 young f ro m  10 fem a le s  b u t  t h e  d i s t r i b u t i o n  

o f  y o u n g / f e m a le  was even l e s s  u n i f o r m  th a n  i n  C. pseudogracilis. Three

i n d i v i d u a l s  f a i l e d  t o  p roduce  any young,  and t h r e e  b roods o f  40 o r  more 

young were  p rod uce d .  The l a r g e s t  brood s i z e  s u c c e s s f u l l y  r e l e a s e d  by t h i s  

s p e c ie s  was 46.

In  a 0 .1 pH z i n c  s u l p h a t e  s o l u t i o n  C. pseudogracilis showed l i t t l e  

d i f f e r e n c e  f r o m  th e  c o n t r o l  b o th  i n  t h e  d i s t r i b u t i o n  o f  y o u n g / f e m a le  and 

t o t a l  young p roduced .  In  c o n t r a s t  G. pulex s u f f e r e d  a r e d u c t i o n  o f  n e a r l y  

50% i n  t o t a l  young ,  w i t h  a l a r g e s t  brood  s i z e  o f  o n l y  17.

In  a 0 .5  pM z i n c  s u l p h a t e  s o l u t i o n  C. pseudogracilis a g a in  showed l i t t l e  

d e p a r t u r e  f r o m  c o n t r o l  r e s u l t s ,  w i t h  o n l y  one fem a le  t o t a l l y  f a i l i n g  t o  

p roduce  young.  T h is  c l e a r l y  c o n t r a s t s  w i t h  t h e  i n c r e a s e d  r e p r o d u c t i v e

im p a i r m e n t  o f  G. pulex a t  t h i s  c o n c e n t r a t i o n .  Only  f i v e  fem a les  o f  t h i s  

s p e c ie s  p roduced  b ro o d s ,  t h e  l a r g e s t  o f  w h i c h  o n l y  com pr ised  11 j u v e n i l e s .  A 

t o t a l  o f  29 young r e p r e s e n t e d  l e s s  th a n  15% o f  t h e  c o n t r o l  s uccess .

In  1 .0  pM, and 50 .0  pM z i n c  s u l p h a t e  s o l u t i o n s  no fe m a le  o f  e i t h e r  

s p e c ie s  produced  any young.
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SPECIES [ZINC] NUMBER OF YOUNG / ANIMAL TOTAL MEAN SE

( mm) 1 2 3 4 5 6 7 8 9 10

CP 0 . 0 33 33 33 31 29 18 16 15 3 0 211 21 . 1 + 3.99
0 . 1 37 34 33 25 23 21 19 15 13 0 220 2 2 . 0 3.53
0.5 35 35 33 27 26 24 20 19 19 0 238 23.8 + 3.29
1 . 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0

50.0 0 0 0 0 0 0 0 0 0 0 0 0 . 0

GP 0 . 0 48 47 40 32 22 14 1 0 0 0 204 20.4 + 6.37
0 . 1 17 15 14 14 13 12 11 10 0 0 106 1 0 . 6 1.87
0.5 11 6 7 2 1 0 0 0 0 0 29 2.9 + 1.31
1 . 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0

50.0 0 0 0 0 0 0 0 0 0 0 0 0 . 0

a )

SPECIES [ZINC] NUMBER OF YOUNG RELEASED BETWEEN DAYS 10-20 RT50
(pM) 10 11 12 13 14 15 16 17 18 19 20 ( Days )

CP 0 . 0 17 0 38 123 19 14 13.80
0 . 1 8 21 11 73 82 25 16.25
0.5 3 128 35 63 9 15.78

GP 0 . 0 9 10 99 46 24 16 17.56
0 . 1 13 4 35 32 22 18.43
0.5 1 0 10 8 10 18.90

b)

TABLE 6.1
a) T o t a l  number o f  young ha tch ed  p e r  f e m a le  i n  
c o n t r o l  and z i n c  s o l u t i o n s .  Females a r e  l a b e l l e d  
1 - 1 0  and a re  e n t e r e d  f r om  l e f t  t o  r i g h t  i n  o r d e r  o f  
d e c r e a s i n g  brood s i z e .
b) Combined number o f  young r e l e a s e d  d a i l y  f r o m  a l l  
10 f em a les  between days 1 0 - 2 0  o f  i n c u b a t i o n .  
RT50=Mean t im e  f o r  50% o f  t h e  t o t a l  young t o  be 
r e l e a s e d .

CP = C. pseudogracilis GP = 6. pulex
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Developmen t  t i m e

Brood de ve lo p m e n t  t i m e  was d e f i n e d  f o l l o w i n g  W e l ton  and C l a r k e  ( 1 9 8 0 ) ,  

as t h e  t i m e  between c o p u l a t i o n  and r e l e a s e  o f  t h e  young f ro m  t h e  brood  

pouch.  I n  b o t h  G. pulex and C. pseudogracilis young were g r a d u a l l y  r e l e a s e d  

f r o m  t h e  brood  pouch,  c h a r a c t e r i s t i c a l l y  o v e r  a p e r i o d  o f  2-3 d ay s .  T h is  i s  

shown f o r  b o th  s p e c ie s  i n  z i n c  s o l u t i o n s  and z i n c  f r e e  c o n t r o l  i n  T a b le  6 . 1 b .  

A 50% ave rage  r e l e a s e  t i m e  f o r  each t e s t  c o n d i t i o n  was c a l c u l a t e d  by 

m u l t i p l y i n g  t h e  number o f  young bo rn  on each day by t h a t  day ,  and d i v i d i n g  

t h e  r e s u l t  by t h e  t o t a l  number o f  young.

I n  t h e  c o n t r o l  medium o v e r  75% o f  t h e  t o t a l  young C. pseudogracilis were  

r e l e a s e d  on days 13 and 14 w i t h  s h o r t e s t  and l o n g e s t  i n d i v i d u a l  i n c u b a t i o n  

t i m e s  o f  11 and 16 days r e s p e c t i v e l y .  I n  a 0 .1 pH z i n c  s o l u t i o n  d ev e lo p m e n t  

was c l e a r l y  r e t a r d e d  w i t h  o n l y  13% o f  t h e  t o t a l  young r e l e a s e d  b e f o r e  day

15. The ave rage  t i m e  f o r  50% o f  t h e  t o t a l  young t o  be r e l e a s e d  was

c o n s e q u e n t l y  2 .4 5  days l o n g e r  th a n  i n  t h e  z i n c  f r e e  c o n t r o l .  I n  a 0 .5  pM

z i n c  s o l u t i o n  brood  deve lop m e n t  t i m e  was s i m i l a r l y  r e t a r d e d ,  w i t h  no young

r e l e a s e d  b e f o r e  day 14, and a 50% r e l e a s e  t i m e  o f  15.78 days .

In  t h e  c o n t r o l  medium G. pulex r e q u i r e d  a p p r o x i m a t e l y  f o u r  days l o n g e r  

th a n  C. pseudogracilis t o  re a c h  m a t u r i t y  w i t h i n  t h e  brood  pouch,  w i t h  48.5% 

o f  t h e  t o t a l  young r e l e a s e d  on day 17. As w i t h  C. pseudogracilis a c l e a r l y  

l o n g e r  d e v e lo p m e n t  t im e  o f  t h e  young w i t h i n  t h e  brood pouch was o bse rved  f o r  

t h o s e  fem a les  h e ld  i n  0 .1  pH and 0 .5  pM z i n c  s o l u t i o n s .  A t  t h e  l a t t e r  

c o n c e n t r a t i o n ,  o n l y  1 o f  a t o t a l  29 young was r e l e a s e d  b e f o r e  day 18.

D e v e lo p m e n ta l  t r e n d

Those r e s u l t s  p e r t a i n i n g  t o  f i n a l  b rood  s i z e  and i n d i v i d u a l  d e v e lop m e n t  

t im e s  a re  i n c o r p o r a t e d  i n t o  a more c o m prehe n s iv e  d i a g r a m m a t i c  r e c o r d ,  i n  

w h i c h  bo th  t h e  f a t e  o f  t h e  fe m a le ,  and p r o g r e s s i v e  d e v e lop m e n t  o f  t h e  brood 

a r e  p r e s e n t e d  ( F i g .  6 .7  & 6 . 8 ) .
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FIGS. 6 .7  -  6 . 8  ( o v e r  page) 
D e v e lo p m e n ta l  r e c o r d  o f  t e n  broods  f r om  6 . pulex 
and C. pseudogracilis i n  f o u r  z i n c  c o n c e n t r a t i o n s  
and i n  a z i n c  f r e e  c o n t r o l .

Brood s i z e : LARGE

SMALL

MEDIUM

NO BROOD

Stage  o f  egg deve lo p m e n t  w i t h i n  t h e  fe m a le :

BLACK
BLACK-PINK
PINK

Young :

Po s t  G r a v i d :

C u m u la t i v e  r e l e a s e  o f  j u v e n i l e s

S u c c e s s f u l  r e l e a s e  o f  a s m a l l ,  
medium o r  l a r g e  brood by t h e  fem a le

T o t a l  egg l o s s :  I n d i c a t e s  a fe m a le  l o s i n g  a l l  he r  
brood b e f o r e  deve lo p m e n t  was 
c o m p le te .  The s i z e  o f  brood  c a r r i e d  
i m m e d i a t e l y  p r i o r  t o  t o t a l  l o s s  i s  
r e c o r d e d

A d u l t  Death: I n d i c a t e s  d e a t h  o f  t h e  fe m a le  b e f o r e  
he r  s m a l l ,  medium o r  l a r g e  brood  was 
r e l e a s e d

Females r e t a i n i n g  und ev e lo p ed  eggs f o r  t h e  d u r a t i o n  
o f  t h e  e x p e r im e n t  (28 d a y s ) ,  have been r e c o r d e d .  
The number o f  p o s t - g r a v i d  f e m a le s ,  t o t a l  egg l o s s  
and a d u l t  d e a th  has been r e c o r d e d  c u m u l a t i v e l y  
u n t i l  Stages 1-3 f i n i s h e d ,  o r  t h e  b roods  i n  t h e s e  
s ta g e s  were no l o n g e r  v i a b l e .  T h is  en ab le s  t h e  f a t e  
o f  a l l  t e n  fe m a le s  t o  be d e t e r m in e d  on any day up 
t o  c o m p l e t i o n  o f  t h e  e x p e r i m e n t .
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A co m pa r ison  o f  t h e  c o n t r o l  brood d e v e l o p m e n t a l  r e c o r d s  f o r  b o th  s p e c ie s  

r e v e a l s  a b a s i c  s i m i l a r i t y .  P r e d o m i n a n t l y  l a r g e  b roods  were m a i n t a i n e d  

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

a p p r o x i m a t e l y  200 young.  The s l i g h t l y  l o n g e r  b rood  d ev e lo p m e n t  t i m e  i n  

6 . pulex i s  shown by a g r e a t e r  t i m e  s p e n t  i n  each d e v e l o p m e n t a l  s t a g e ,  and a 

g r e a t e r  o v e r l a p  between s t a g e s ,  compared t o  C. pseudogracilis.

I n  C. pseudogracilis e i g h t  o f  t h e  n i n e  fem a les  w h ic h  s u c c e s s f u l l y

p roduced  b roods  had m a i n t a i n e d  a f u l l  brood  pouch t h r o u g h o u t  t h e  i n c u b a t i o n  

p e r i o d ,  w h i l s t  t h e  s i n g l e  f e m a le  s u f f e r i n g  p a r t i a l  egg l o s s  produced  o n l y  3 

young.  The fe m a le  p r o d u c in g  no young had r e t a i n e d  a brood pouch f u l l  o f  eggs 

w h ic h  c o r r e s p o n d e d  on v i s i b l e  i n s p e c t i o n  t o  t h e  P i n k '  s t a g e  o f  d e v e lo p m e n t .  

Subsequen t  m i c r o s c o p i c  e x a m i n a t i o n  o f  t h e s e  eggs r e v e a l e d  no c o h e r e n t

s t r u c t u r e .

I n  6. pulex f i v e  o f  t h e  seven fe m a le s  w h ic h  s u c c e s s f u l l y  produced  young 

had m a i n t a i n e d  f u l l  brood  pouches t h r o u g h o u t  t h e  i n c u b a t i o n  p e r i o d .  In  

c o n t r a s t  t o  C. pseudogracilis, no eggs were  r e t a i n e d  w h ic h  d i d  n o t  d e v e l o p  

and t h e r e f o r e  t h e  t h r e e  fem a les  w h ic h  d i d  n o t  produce  young l o s t  a l l  t h e i r  

eggs b e f o r e  t h e y  were f u l l y  d e v e lo p e d .  In  one fe m a le  t h i s  l o s s  was t o t a l  on

day 3 o f  t h e  e x p e r im e n t  b u t  i n  t h e  o t h e r  two fe m a les  t h e  l o s s  was g r a d u a l ,

w i t h  some eggs r e t a i n e d  up t o  day 13.

In  a 0 .1 pM z i n c  s o l u t i o n  t h e  d e v e l o p m e n t a l  t r e n d  o f  C. pseudogracilis 

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

a l l  eggs w h i l s t  t h e y  were s t i l l  i n  t h e  b l a c k "  s ta g e  o f  d e v e lo p m e n t .  I n  

c o n t r a s t ,  a t  t h i s  z i n c  c o n c e n t r a t i o n  G. pulex showed c o n s i d e r a b l e  d e p a r t u r e  

f r om  th e  c o n t r o l  p a t t e r n '  o f  d e v e lo p m e n t .  A f t e r  3-4 days s e v e r a l  fem a les  

had shed a p r o p o r t i o n  o f  t h e i r  brood  w i t h  t h e  r e s u l t  t h a t  o n l y  f o u r  o f  t h e  

e i g h t  fem a le s  p r o d u c i n g  young had m a i n t a i n e d  a f u l l  brood  t h r o u g h o u t  t h e  

i n c u b a t i o n  p e r i o d .  T h is  re spo nse  i n  c o m b i n a t i o n  w i t h  t h e  d e a th  o f  two 

fe m a les  by day 7 e x p l a i n s  t h e  l o w e r  t o t a l  number o f  young r e a r e d  i n  

com par is on  w i t h  t h a t  i n  t h e  c o n t r o l  ( T a b l e .  6 . 1 a ) .
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I n  a 0 .5  pM z i n c  s o l u t i o n  C. pseudogracilis a g a in  showed l i t t l e

d e v i a t i o n  f r om  th e  c o n t r o l  p a t t e r n  o f  d e v e lo p m e n t .  The o n l y  fem a le  f a i l i n g  

t o  p rod uce  young,  had, as i n  t h e  c o n t r o l ,  m a i n t a i n e d  a s m a l l  brood  o f  eggs 

f o r  26 days w h ic h  showed no s i g n  o f  i n t e r n a l  o r g a n i s a t i o n .  A t  0 .5  pM z i n c ,  

how eve r ,  6. pulex s u f f e r e d  s e r i o u s  egg l o s s  and a d u l t  d e a t h .  Egg l o s s  began 

a lm o s t  i m m e d i a t e l y  and a f t e r  7 days o n l y  3 fe m a les  had r e t a i n e d  f u l l  brood  

po uches .  Two fem a le s  d i e d  d u r i n g  t h e  t e s t  and 3 s u f f e r e d  t o t a l  b rood  l o s s .  

Of  t h e  f i v e  fe m a le s  w i t h  eggs e n t e r i n g  t h e  b l a c k - p i n k "  s ta g e  o f  d ev e lo p m e n t  

o n l y  one r e t a i n e d  a f u l l  b ro o d .  A f t e r  f u r t h e r  l o s s e s  o f  t h e  d e v e l o p i n g  young 

o n l y  s m a l l  o r  medium s i z e  broods  were s u c c e s s f u l l y  r e l e a s e d .  S m a l l  brood  

s i z e ,  t o t a l  egg l o s s e s  and d e a th  o f  two fe m a le s  t h e r e f o r e  e x p l a i n s  t h e  s m a l l  

t o t a l  o f  young p rod u c e d .

In  a 1 .0  pM z i n c  s o l u t i o n  a l l  t e n  fe m a le s  o f  b o th  s p e c ie s  f a i l e d  t o

p roduce  any young ( T a b le  6 . 1 a ) .  T h e i r  more d e t a i l e d  d e v e l o p m e n t a l  r e c o r d s  

shown i n  F i g .  6 .7  & 6 . 8  a r e ,  however ,  v e r y  d i s s i m i l a r .  6. pulex began t o

shed eggs a lm o s t  i m m e d i a t e l y ,  and w i t h i n  10 days a l l  e i g h t  s u r v i v i n g  fem a les

had c o m p l e t e l y  l o s t  t h e i r  b ro o d s .  A s i m i l a r  i n i t i a l  r e d u c t i o n  i n  brood  s i z e  

o c c u r r e d  i n  C. pseudogracilis, b u t  i n  c o n t r a s t  t o  t h e  t o t a l  egg l o s s  seen i n  

6 . pulex, some eggs were r e t a i n e d  by each fem a le  f o r  t h e  d u r a t i o n  o f  t h e  

t e s t  (28 d a y s ) .

Abnormal  de v e lo p m e n t  was suspe c te d  f r o m  t h e  p r o l o n g e d  b l a c k ,  and p i n k  

s tage s  o f  d e v e lo p m e n t ,  t o g e t h e r  w i t h  t h e  marked absence o f  an i n t e r m e d i a t e  

b l a c k - p i n k  s t a g e .  A f t e r  20 days t h r e e  fem a le s  were removed and t h e i r  

r e m a i n i n g  eggs examined unde r  t h e  m ic r o s c o p e .  Some were found  t o  be g r a n u l a r  

w i t h  i n t a c t  membranes ( F i g .  6 . 9 )  w h i l s t  i n  o t h e r s  t h e  membrane had begun t o  

d i s i n t e g r a t e  and th e  eggs had t a k e n  on a g l o b u l a r  appearance ( F i g .  6 . 1 0 ) .  

These o b s e r v a t i o n s  combined w i t h  th e  absence o f  a no rm a l  b l a c k - p i n k  s ta g e  o f  

de ve lo pm e n t  i n d i c a t e d  t h a t  no deve lo p m e n t  had o c c u r r e d .
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FIG.  6 .9
Egg t a k e n  f r o m  t h e  b rood  pouch o f  C. pseudogracilis 
a f t e r  e x p o s u re  t o  a z i n c  s o l u t i o n  o f  1 pM f o r  20 
d a y s ;  g r a n u l a r  egg ,  membrane s t i l l  i n t a c t .

FIG. 6 .1 0
Egg t a k e n  f r o m  t h e  b rood  pouch o f  C. pseudogracilis 
a f t e r  e x p o s u re  t o  a z i n c  s o l u t i o n  o f  1 pM f o r  20 
d a y s ;  g l o b u l a r  egg,  membrane d i s i n t e g r a t i n g .
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F i n a l l y ,  w i t h i n  a 50 .0  pM z i n c  s o l u t i o n  f i v e  fem a le  C. pseudogracilis 

su rv ived  f o r  th e  d u r a t i o n  o f  t h e  t e s t .  Th ree l o s t  a l l  t h e i r  eggs a f t e r  14

days and two c a r r i e d  s m a l l  i n v i a b l e  b roods  up t o  day 28. In  G. pulex, o n l y

one fem a le  r e t a i n e d  a brood  f o r  two days w i t h  t h e  r e m a i n i n g  fem a le s  d y i n g  

between days 2 - 4 .  S e v e r a l  a t t e m p t s  were  made t o  r e p l a c e  th e s e  a n im a ls  b u t

the z i n c  c o n c e n t r a t i o n  was t o o  h ig h  f o r  any fem a le  t o  l i v e  l o n g e r  th a n  4

days.

Test 2 : E a r l v  s u r v i v a l  o f  t h e  vouno 

C. pseudogracilis ( T a b le  6 .2 a )

Under c o n t r o l  c o n d i t i o n s ,  46% o f  t h e  t o t a l  young produced  f r o m  t e n  

females i n  TEST 1, d i e d  w i t h i n  21 days o f  r e l e a s e ,  l e a v i n g  o n l y  113 

i n d i v i d u a l s .  An a lm o s t  i d e n t i c a l  r e s u l t  was o b t a i n e d  w i t h  t h e  young p roduced  

in a 0.1 pM z i n c  s o l u t i o n .  A f t e r  21 days a t  t h i s  c o n c e n t r a t i o n  o n l y  119 o f  

the 220 young produced  r e m a in e d ,  g i v i n g  45.9% m o r t a l i t y .  I n  t h e  0 .5  pM z i n c  

s o l u t i o n ,  o n l y  97 o f  t h e  i n i t i a l  238 a n im a ls  s u r v i v e d  f o r  21 days 

co r respo nd in g  t o  a m o r t a l i t y  o f  59%.

6 . pulex ( T a b l e .  6 .2 b )

The r e s u l t s  o b t a i n e d  f o r  G. pulex were l e s s  c o n s i s t e n t  th a n  th o s e  f o r  

C. pseudogracilis. I n  t h e  c o n t r o l  medium o n l y  73 o f  t h e  205 young produced  

remained a l i v e  a f t e r  21 d a y s ;  t h i s  r e p r e s e n t s  a m o r t a l i t y  o f  64%. In  

c o n t r a s t ,  o n l y  105 young were  produced  i n  a 0 .1 pM z i n c  s o l u t i o n  b u t  76 

su rv ived  th e  f o l l o w i n g  21 days a t  t h i s  c o n c e n t r a t i o n ,  g i v i n g  a m o r t a l i t y  o f  

only 28%. In  a 0 .5  mM z i n c  s o l u t i o n  no 21 day t o t a l  was o b t a i n e d ,  b u t  o n l y  4 

of the o r i g i n a l  18 young were  s t i l l  a l i v e  a f t e r  17 day s .
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TIME CONTROL 0 .1 pM ZINC 0 .5 pM ZINC
(d a y s ) f cum+ a c t u a l * cum+ a c t u a l + cum+ a c t u a l

1 55 55 8 8 3 3
2 18 73 21 29 128 131
3 73 11 40 35 166
4 116 189 73 113 63 229
5 19 208 62 195 9 238
6 3 211 210 25 220 238
7 211 220 238
8 211 220 204 238 216
9 211 220 238
10 211 220 238
11 211 220 238
12 211 185 220 238
13 211 220 238
14 211 220 238
15 211 220 182 238 167
16 211 220 238
17 . 211 220 238
18 211 138 220 156 238 137
19 211 220 238
20 211 220 238
21 211 113 220 119 238 97

a 1 Crangonyx pseudogracilis

TIME CONTROL 0 . 1 pM ZINC 0 .5 pM ZINC
( d a y s ) ♦ cum+ a c t u a l + cum+ a c t u a l + cum» a c t u a l

1 23 23 19 19 1 1
2 65 88 6 25 1
3 19 107 26 51 15 16
4 21 128 1 52 16
5 13 141 5 57 16
6 25 166 57 16
7 166 33 90 2 18
8 39 205 186 5 95 18
9 205 10 105 18 14
10 205 105 18
11 205 174 105 18
12 205 105 97 18
13 205 105 18 6
14 205 105 18
15 205 157 105 18
16 205 105 91 18
17 205 105 18 4
18 205 108 105
19 205 105
20 205 1 05
21 205 73 105 76

b) Gammarus pulex

TABLE 6 .2
D e v e lo p m e n ta l  r e c o r d  o f  young C. pseudogracilis and 
G. pulex o v e r  t h e  f i r s t  21 days  a f t e r  r e l e a s e  f r o m  
t h e  b rood  pouch .
Time = Rea l  t i m e  i n  days  f r o m  t h e  f i r s t  a d d i t i o n
+ = A d d i t i o n  o f  a n i m a l s  f r o m  T e s t  1
cum+ = C u m u l a t i v e  t o t a l  o f  a n i m a l s  added
a c t u a l  = A c t u a l  number  o f  a n i m a l s  r e m a i n i n g  a l i v e
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DISCUSSION

The a b i l i t y  o f  bo th  G. pulex and C. pseudogracilis t o  p roduce  v i a b l e  

b ro ods  was g r e a t l y  im p a i r e d  a t  z i n c  c o n c e n t r a t i o n s  w e l l  be low th o se  w h ich  

w ere  a c u t e l y  t o x i c  t o  t h e  a d u l t .  Two components o f  i m p a i r m e n t  may be 

d i s t i n g u i s h e d  as an i n c r e a s e  i n  brood deve lopm e n t  t im e  between f e r t i l i z a t i o n  

and r e l e a s e ,  and a d ec re ase  i n  t h e  s i z e  o f  brood w h ich  was s u c c e s s f u l l y  

r e a r e d .

I n c r e a s e  i n  brood  deve lop me n t  t im e

Models o f  no rm a l  brood d eve lopm e n t  t im e  have been c o n s t r u c t e d  f o r  b o th  

G. pulex and C. pseudogracilis f r o m  e x p e r i m e n t a l  d a t a .  Wel ton & C l a r k e  

(1980 )  found  t h a t  t h e  power l a w  r e l a t i o n s h i p ;

0.962

(D = Brood deve lop men t  t i m e ,  T = T em pe ra tu re ,  a = 5.752  and b = - 0 . 9 8 2 )

Lo9gD = a + b Log^T ( o r  D = 3 U . 8 T  )

p r o v i d e d  t h e  b e s t  f i t  t o  t h e i r  d a ta  on G. pulex. S u b s t i t u t i n g  i n t o  t h i s  

e q u a t i o n  f o r  a t e m p e r a t u r e  o f  18±1  ̂ g i v e s  a brood de ve lo pm en t  t i m e  o f

18.53 - 20 .62 days .  The mean c o n t r o l  de ve lo pm en t  t im e  o f  17.56 days 

d e t e r m in e d  i n  t h i s  s tu d y  i s  t h e r e f o r e  1 day be low t h i s  ra n g e .  Brood 

deve lo p m e n t  t im e  was ex tended  i n  bo th  0.1 pM and 0.5  pM z i n c  s o l u t i o n s  b u t  

by o n l y  abou t  a day so t h a t  i t  j u s t  e n t e r e d  th e  p r e d i c t e d  range shown above.

A s i m i l a r  model  f o r  i n c u b a t i o n  t i m e  i n  C. pseudogracilis has been 

c o n s t r u c t e d  by S u t c l i f f e  & C a r r i c k  ( 1 9 8 1 ) ;

D = 601 T - 1 -3 5  

( D = I n c u b a t i o n  t i m e ,  T = Tem p e ra tu re )

93



S u b s t i t u t i n g  i n  t h i s  e q u a t i o n  f o r  a t e m p e r a t u r e  o f  18±1 p r o v i d e s  a brood  

de v e lo p m e n t  t im e  between 11.29 and 13.11 d a y s .  The c o n t r o l  brood deve lo p m e n t  

t i m e  o f  13.80 days d e t e r m in e d  i n  t h i s  s t u d y  i s  j u s t  o u t s i d e  t h e  t o p  o f  t h i s  

r a n g e .  In  c o n t r a s t  t o  6 . pulex, r e t a r d a t i o n  o f  brood  deve lopm e n t  was t h e  

m os t  o b v io u s  s i g n  o f  i m p a i r m e n t  be low  1.0  pM. I n  bo th  0.1 pM and 0 .5  pM z i n c  

s o l u t i o n s  i n c u b a t i o n  t im e  was o v e r  2 days l o n g e r  th a n  t h a t  p r e d i c t e d  f r o m  

t h e  above model .

The mechanism by w h ic h  z i n c  r e t a r d s  deve lo p m e n t  i s  unknown. One p o s s i b l e  

e x p l a n a t i o n  i s  t h a t  th e  young a n im a l  ha tch es  n o r m a l l y  b u t  rema ins  f o r  l o n g e r  

w i t h i n  t h e  p r o t e c t i o n  o f  t h e  brood  pouch.  Embody (1911)  observed  t h a t  i f  t h e  

young are  k ep t  i n  t h e  p re sence  o f  th e  fe m a le  t h e y  w i l l  r e - e n t e r  t h e  brood 

pouch.  I t  i s  n o t  i n c o n c e i v a b l e  t h a t  t h i s  respon se  may be f u r t h e r  enhanced by 

a t o x i c  e x t e r n a l  e n v i r o n m e n t .  I n  C. pseudogracilis, however ,  s tag es  1 and 2 

o f  de ve lo pm e n t  were bo th  m a r k e d l y  l o n g e r  i n  z i n c  s o l u t i o n  t han  i n  t h e  

c o n t r o l ,  i n d i c a t i n g  a r e t a r d a t i o n  o f  t h e  co m p le te  d e v e l o p m e n t a l  p r o c e s s .

R e d u c t i o n  i n  brood s i z e

W h i l s t  c om p le te  r e p r o d u c t i v e  f a i l u r e  o c c u r r e d  a t  t h e  same z i n c  

c o n c e n t r a t i o n  o f  1 pM f o r  bo th  C. pseudogracilis and G. pulex, i n  t h e  f o r m e r  

s p e c ie s  o n l y  an i n c r e a s e  i n  brood d ev e lop m e n t  t im e  p r o v i d e d  any i n d i c a t i o n  

o f  t o x i c i t y  be low t h i s  c o n c e n t r a t i o n .  In  c o n t r a s t  G. pulex, w h ic h  showed 

l e s s  p r o l o n g a t i o n  o f  deve lopm en t  t i m e ,  s u f f e r e d  a c l e a r - c u t  r e d u c t i o n  i n  

b rood  s i z e  a t  a z i n c  c o n c e n t r a t i o n  t e n f o l d  l e s s  t han  t h a t  w h ic h  caused t o t a l  

r e p r o d u c t i v e  f a i l u r e .

A l t h o u g h  C. pseudogracilis i s  t h e r e f o r e  c o n s t r a i n e d  by t h e  same upper  

c o n c e n t r a t i o n  l i m i t ,  i t s  a b i l i t y  t o  p roduce  a f u l l  brood up t o  a z i n c  

c o n c e n t r a t i o n  o f  a t  l e a s t  0 .5  pM must g i v e  i t  a r e p r o d u c t i v e  advan ta ge  o v e r  

G.pulex w h ich  d i d  n o t  p roduce  a f u l l  brood  a t  t h e  l o w e s t  t e s t  c o n c e n t r a t i o n  

o f  0 .1  pM.
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T h i s  d i f f e r e n c e  between t h e  i m p a i r m e n t  range  o f  G.pulex and 

C.pseudogracilis i s  e v id e n c e  f o r  a d i f f e r e n c e  i n  re s pon se  t o  t h e  t o x i c a n t  

between t h e  two s p e c i e s .  W i th  i n c r e a s i n g  z i n c  c o n c e n t r a t i o n  G.pulex r e t a i n e d  

fe w e r  eggs f o r  t h e  n e c e s s a r y  d e v e l o p m e n t a l  p e r i o d ,  and t h e r e f o r e  t h e  

c o r r e s p o n d i n g  brood  s i z e  was g r a d u a l l y  re d u c e d ,  u n t i l  i n  a IpM s o l u t i o n  a l l  

eggs were l o s t  w i t h i n  10 d ay s .  A t  t h e  l o w e r  z i n c  c o n c e n t r a t i o n s  a l l  eggs 

t h a t  were r e t a i n e d  d e v e lo p e d  and were  s u c c e s s f u l l y  r e l e a s e d .  I t  t h e r e f o r e  

f o l l o w s  t h a t  e i t h e r  t h e  fe m a le  can b o th  d i s t i n g u i s h  and e j e c t  dead 

i n d i v i d u a l s  f r o m  t h e  brood  pouch,  o r  i s  n o n - s e l e c t i v e l y  r e l e a s i n g  

p o t e n t i a l l y  v i a b l e  eggs i n  re spon se  t o  z i n c  s t r e s s .  In  v i e w  o f  t h e  l o w  a c u te  

t o l e r a n c e  l e v e l  o f  a d u l t  G. pulex t h e  l a t t e r  h y p o t h e s i s  w ou ld  appea r  more 

l i k e l y .

C.pseudogracilis showed l i t t l e  egg l o s s  be low a t e s t  c o n c e n t r a t i o n  o f  

IpM. S in ce  t h e  t o l e r a n c e  l e v e l  o f  t h e  a d u l t  C.pseudogracilis i s  much h i g h e r  

th a n  t h a t  o f  G.pulex, l e s s  s t r e s s  on t h e  fe m a le  wou ld  be e xp ec te d  a t  t h e s e  

z i n c  c o n c e n t r a t i o n s  and a f u l l  brood  c o u l d  t h e r e f o r e  be s u p p o r t e d .  A t  a z i n c  

c o n c e n t r a t i o n  o f  1 pM s m a l l  b roods  o f  u n d e v e lo p e d ,  dead eggs were r e t a i n e d  

f o r  a t  l e a s t  11 days l o n g e r  th a n  t h e  no rm a l  dev e lop m e n t  p e r i o d .  T h is

s ugg es ts  t h a t  t h e  a d u l t  was n o t  s u f f i c i e n t l y  s t r e s s e d  t o  e j e c t  eggs and

t h e r e f o r e  c o m p le te  r e p r o d u c t i v e  f a i l u r e  a t  t h i s  c o n c e n t r a t i o n  must  be 

a s c r i b e d  t o  t h e  d i r e c t  t o x i c  a c t i o n  o f  z i n c  on th e  eggs.

The e x p e r im e n t s  c i t e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  s e c t i o n ,  c o n c e r n i n g  

t h e  t o x i c i t y  o f  z i n c  t o  eggs o f  b o t h  f i s h  and i n v e r t e b r a t e s ,  were a l l  

c o nduc ted  on i s o l a t e d  eggs ,  and t h e r e f o r e  t h e  r o l e  o f  t h e  a d u l t  i n  t h e  t o x i c  

r esponse  was i r r e l e v a n t .  I n  t h i s  s e r i e s  o f  e x p e r im e n t s  w i t h  G. pulex i t  has 

been shown t h a t  t h e  response  o f  t h e  g r a v i d  fe m a le  t o  z i n c  may be as 

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

i m p a i r m e n t .
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E a r l v  S u r v i v a l  o f  th e  Young

I n  c o n t r o l  c o n d i t i o n s  54% o f  C. pseudogracilis, and o n l y  36% o f  G. pulex 

s u r v i v e d  f o r  21 days f o l l o w i n g  r e l e a s e  f r o m  t h e  brood pouch.  T h i s  i s  i n  

agreemen t  w i t h  t h e  r e s u l t s  o f  W e l ton  & C l a r k e  (1 9 8 0 ) ,  and N i l s s o n  ( 1 9 7 7 ) ,  

who d i s c o v e r e d  t h a t  t h e  m o r t a l i t y  o f  new ly  r e l e a s e d  young o f  G. pulex 

rem a in s  h i g h  f o r  th e  f i r s t  28 days a f t e r  h a t c h i n g .

The absence o f  any e v id e n c e  i n  e i t h e r  s p e c ie s  f o r  a h i g h e r  m o r t a l i t y  

r a t e  i n  a 0 .1 pM z i n c  s o l u t i o n  i n d i c a t e s  t h a t  i t  i s  n o t  i m m e d i a t e l y  t o x i c  t o  

t h e  young amphipods.  The re  was some i n d i c a t i o n  t h a t  a 0 .5  pM z i n c  s o l u t i o n  

m ig h t  reduce  e a r l y  s u r v i v a l ,  b u t  w i t h o u t  f u r t h e r  t e s t i n g  t h i s  rem a in s  

i n c o n c l u s i v e .  I n  a d d i t i o n ,  t h e  l o w  i n i t i a l  h a t c h i n g  r a t e  o f  6 . pulex 

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

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

i n t r o d u c t i o n ,  s i n c e  th e  young unde r  t e s t  had been i n c u b a t e d  w i t h i n  t h e  t e s t  

z i n c  c o n c e n t r a t i o n .  I t  wou ld  t h e r e f o r e  be o f  i n t e r e s t  t o  measure t h e  

t o l e r a n c e  o f  young r e a r e d  i n  c o n t r o l  c o n d i t i o n s  t o  compare w i t h  t h e s e  

r e s u l t s .

I n  summary, i t  wou ld  appear  t h a t  t h e  most v u l n e r a b l e  p e r i o d  o f  t h e  l i f e  

c y c l e  t e s t e d  i n  t h i s  two p a r t  e x p e r im e n t  was t h e  deve lo p m e n t  o f  young w i t h i n  

t h e  brood  pouch f ro m  f e r t i l i z a t i o n  t o  r e l e a s e .  I f  s u c c e s s f u l l y  r e l e a s e d ,  t h e  

r e s u l t a n t  young were s u f f i c i e n t l y  t o l e r a n t  t o  s u r v i v e  a t  t h e  same z i n c  

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

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

The e x p e r i m e n t a l  t e c h n i q u e s  used i n  t h i s  c h r o n i c  t o x i c i t y  t e s t  were 

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

can be i d e n t i f i e d  w h ich  p r e v e n te d  o p t i m a l  a c c u r a c y  f r o m  b e in g  a t t a i n e d .
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A c o n t i n u o u s  f l o w  sys te m  f o r  TEST 1 wou ld  have been d e s i r a b l e  t o  

g u a r a n t e e  t h a t  t h e  t e s t  s o l u t i o n  rem a ined  c o n s t a n t  t h r o u g h o u t  t h e  

e x p e r i m e n t .  T h is  was re n d e r e d  i m p r a c t i c a l  by t h e  amount o f  equ ip m en t  

r e q u i r e d  t o  s i m u l t a n e o u s l y  s e r v i c e  t e n  s i n g l e  a n im a l  chambers f o r  a l l  z i n c  

c o n c e n t r a t i o n s  and a c o n t r o l .

No o b s e r v a t i o n s  were made d u r i n g  t h e  n i g h t s ,  and hence l o s s  o f  eggs ,  

d e a t h ,  o r  t h e  r e l e a s e  o f  young were n o t  r e c o r d e d  u n t i l  t h e  f o l l o w i n g  day .  In  

a d d i t i o n ,  no d i s t i n c t i o n  was made between e v e n t s  w h ic h  o c c u r r e d  a t  d i f f e r e n t  

t im e s  on th e  same day .  These f a c t o r s  may p a r t i a l l y  ac co u n t  f o r  th e  s t a g g e r e d  

h a t c h i n g  t im e s  r e c o r d e d .  I n c r e a s i n g  t h e  number o f  o b s e r v a t i o n s  made d u r i n g  

t h e  d a y t im e  wou ld  o n l y  have enhanced t h e  i n a c c u r a c y  o f  o m i t t i n g  r e c o r d i n g s  

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

Two methods were a v a i l a b l e  f o r  d e t e r m i n i n g  brood s i z e  and d e v e l o p m e n t a l  

s ta g e  o f  t h e  young.  In  o r d e r  t o  o b t a i n  an e x a c t  egg c o u n t  and a c c u r a t e l y  

d e f i n e  t h e  d e v e lo p m e n ta l  l e v e l  a t t a i n e d ,  t h e  eggs must be removed and 

examined under  th e  m ic r o s c o p e .  I f  t h i s  approach  i s  adop ted t h e  c o m p le te  

d e v e l o p m e n t a l  r e c o r d  becomes a co m p o s i te  f r o m  s e v e r a l  i n d i v i d u a l s ,  r e q u i r e s  

a l a r g e  s u p p l y  o f  a n im a ls  and w i l l  be s e n s i t i v e  t o  i n d i v i d u a l  v a r i a b i l i t y .  

The a p p r o x im a t e  method f o r  d e t e r m i n i n g  brood  s i z e  and d e v e l o p m e n t a l  s ta g e  

used i n  t h i s  s t u d y  was o b v i o u s l y  prone t o  s m a l l  i n a c c u r a c i e s ,  b u t  a l l o w e d  a 

s i n g l e  g r a v i d  f em a le  t o  be m o n i t o r e d  t h r o u g h o u t  th e  t e s t ,  u s i n g  fe w e r  

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

I n  TEST 2 a c o n t i n u o u s  f l o w  sys tem was used w h ic h  r e l i e d  on e l e c t r i c i t y

t o  d r i v e  m e c h a n i c a l  pumps. T h i s  t y p e  o f  system has been c r i t i c i z e d  as 

s u s c e p t i b l e  t o  power f a i l u r e  (Burke  & Ferguson 1968; S t a r k  1973) b u t  t o  

s e r v i c e  s u f f i c i e n t  t e s t  chambers i t  was n e c e s s a r y  t o  s a c r i f i c e  a b s o l u t e  

a c c u r a c y  and r e l i a b i l i t y  f o r  a v i a b l e  c o s t - e f f e c t i v e  system.

97



CHAPTER 7 

BEHAVIOURAL TOXICITY TESTING

INTRODUCTION

A c c o r d i n g  t o  011a, Pearson & Studholme (1 9 0 0 ) ,  t h e  r a t i o n a l e  f o r  t h e  use 

o f  b e h a v i o u r a l  t e c h n i q u e s  t o  d e t e r m i n e  t o x i c i t y ,  i s  t h a t  an e n v i r o n m e n t a l  

d i s t u r b a n c e  w i l l  p roduce  a m e as u rab le  change i n  t h e  no rm a l  b e h a v i o u r  p a t t e r n  

o f  t h e  exposed s p e c i e s .  An a c u te  t o x i c  d i s t u r b a n c e  may cause a b e h a v i o u r a l  

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

v a r i a t i o n  i n  b e h a v i o u r ,  w h ic h  i s  found  i n  most  s p e c i e s .  More s u b t l e  changes,  

o c c u r r i n g  a t  l o w e r  t o x i c a n t  l e v e l s ,  may be h a r d e r  t o  d i s t i n g u i s h  when t i m e ,  

eq u ip m e n t  and e x p e r i m e n t a l  a n im a ls  a re  l i m i t e d .  For  t h i s  r e a s o n ,  b e h a v i o u r a l  

methods have n o t  commonly been e x p l o i t e d  i n  a s s e s s in g  t h e  e f f e c t s  o f  

p o l l u t i o d  (C h e r r y  & C a i r n s  1982) ,  w i t h  t h e  r e s u l t  t h a t  no broad

e x p e r i m e n t a l  base has been deve lo p e d  i n  an e c o l o g i c a l  c o n t e x t .

The most commonly used b e h a v i o u r a l  t e c h n i q u e  w h ic h  has become

s u f f i c i e n t l y  p o p u l a r  i n  t h e  l i t e r a t u r e  t o  a l l o w  t e n t a t i v e  i n t e r - s p e c i f i c  

co m p a r i s o n s  t o  be fo rm ed ,  i s  t h e  p r e f e r e n c e / a v o i d a n c e  s t u d y .  The advan ta ge  

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

m e th o d o lo g y  and a p p a r e n t l y  unambiguous r e s u l t s .

An a v o id a n c e  response  i s  s u c c e s s f u l  i f  i t  removes o r  l e s s e n s  t h e  e f f e c t s  

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

o f  c om pensa to ry  r e s p o n s e s .  Three  components  c o m pr i se  a s u c c e s s f u l  a v o id a n c e  

re s p o n s e ;  th e  a n im a l  must be a b le  t o  sense t h e  change i n  i t s  im m ed ia te  

e n v i r o n m e n t ,  r e c o g n i s e  t h a t  i t  i s  a d v e r s e ,  and respond  a c c o r d i n g l y .  I f  any 

one o f  t h e s e  components i s  m i s s i n g  th e  r e s u l t a n t  exp osu re  t o  t h e  t o x i c a n t  

may be f a t a l  (011a 1980) .
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The m a j o r i t y  o f  l i t e r a t u r e  c o n c e r n i n g  a v o id a n c e  s t u d i e s  p e r t a i n s  t o  f i s h  

Sprague (1 9 7 3 ) .  Sprague (1968)  found  t h a t  Salmo gairdneri ( r a i n b o w  t r o u t )  

s t r o n g l y  a v o id e d  s u b - l e t h a l  z i n c  s u l p h a t e  c o n c e n t r a t i o n s .  Jones (1947a)  

f ou nd  t h a t  Pygosteus pungitius (10 s p in e  s t i c k l e b a c k )  a l s o  d e t e c t e d  and 

a v o id e d  z i n c  i n  c o n c e n t r a t i o n s  a t  l e a s t  as lo w  as 150 pM, w h ic h  was o f t e n  

exceeded i n  s t reams p o l l u t e d  by z i n c  m i n i n g .

The r e s u l t s  o f  t h e s e  two s t u d i e s  w i t h  z i n c  as t h e  t o x i c a n t  a re  n o t  

however  r e p r e s e n t a t i v e  o f  a l l  t h e  a v o id a n c e  d a ta  o b t a i n e d  f o r  f i s h .  

Sprague (1971)  c on c lu de d  t h a t  w h i l s t  t h e  b e h a v i o u r  o f  f i s h  i n  re spon se  t o  

many k in d s  o f  p o l l u t a n t s  had been w i d e l y  s t u d i e d  no " t y p i c a l "  a v o id a n c e  

re s p o n s e  c o u ld  be d e s c r i b e d .  Jones (op.  c i t . )  a l s o  found  t h a t  P. pungitius 

showed no a b i l i t y  t o  e i t h e r  d e t e c t  o r  a v o id  t o x i c  c o n c e n t r a t i o n s  o f  m e r c u r i c  

c h l o r i d e .

There i s  a p a u c i t y  o f  l i t e r a t u r e  on s i m i l a r  a v o id a n c e  e x p e r im e n t s  on 

m a c r o - i n v e r t e b r a t e s .  Costa (1966)  was t h e  f i r s t  t o  s t u d y  t h e  a v o id a n c e  

b e h a v i o u r  o f  a m o b i l e  m a c r o - i n v e r t e b r a t e ,  G. pulex, t o  t o x i c  s o l u t i o n s ,  

u s i n g  a c h o i c e  chamber based on a d e s i g n  f o r  t e s t i n g  f i s h  (Jones 1947a;  

1948) .  He r e p o r t e d  a marked a v o id a n c e  respon se  t o  z i n c  s u l p h a t e  s o l u t i o n  

down t o  t h e  l o w e s t  c o n c e n t r a t i o n  t e s t e d  o f  500 pM. F i f t e e n  y e a rs  l a t e r  a 

f u r t h e r  s tu d y  on t h e  same s p e c ie s  c l e a r l y  d e m o n s t r a te d  a s t r o n g  a v o id a n c e  

r es p ons e  t o  a z i n c  s u l p h a t e  c o n c e n t r a t i o n  o f  o n l y  15 pM b u t  no t e s t s  were  

c o nduc ted  be lo w  t h i s  c o n c e n t r a t i o n  ( A b e l  & Green 1981) .  A s i m i l a r  

i n v e s t i g a t i o n  w h ic h  was p e r fo rm e d  on t h e  respon se  o f  t h e  e s t u a r i n e  amphipod 

Gammarus daiberi t o  a c h l o r i n a t e d  e f f l u e n t ,  showed t h a t  t h i s  gammar id can 

a c t i v e l y  a v o i d  c h l o r i n e  c o n c e n t r a t i o n s  w e l l  be lo w  th e  e x p e r i m e n t a l l y  

d e t e r m in e d  l e t h a l  l e v e l  (G inn & 0 " Connor  1978) .  In  common w i t h  t h e  f i s h

s t u d i e s  however ,  no " t y p i c a l "  a v o id a n c e  re spo nse  has been d e m o n s t r a t e d .  T h i s  

p o i n t  i s  f u r t h e r  i l l u s t r a t e d  by a s tu d y  i n  w h ic h  i t  was d e m o n s t r a te d  t h a t  

Gammarus lacustris a v o id ed  c oppe r  c o n c e n t r a t i o n s  between 1 and 2 t i m e s  b e low
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t h e  96 h , LC50, b u t  was a c t u a l l y  a t t r a c t e d  t o  c o n c e n t r a t i o n s  40 t o  300 t im e s  

h i g h e r  ( M a c i o r o w s k i ,  C l a r k e  & S c h e re r  1977) .

The d e a r t h  o f  b e h a v i o u r a l  a v o id a n c e  d a ta  f o r  m a c r o - i n v e r t e b r a t e s  may

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

i m p r a c t i c a l i t y  o f  a p p l y i n g  l a b o r a t o r y  d a ta  t o  f i e l d  s i t u a t i o n s .  W e a th e r l e y ,  

Lake & Rogers (1980)  sugges te d  t h a t  t h e  s tu d y  o f  p o l l u t a n t  in d u c e d

b e h a v i o u r a l  m o d i f i c a t i o n  i n  f i s h ,  n o t a b l y  t h e  a v o id a n c e  r e a c t i o n ,  was 

p r o b a b l y  more i m p o r t a n t  th a n  l e t h a l  o r  s u b - l e t h a l  damaging e f f e c t s .  T h i s  was

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

a f f e c t  t h e  p o p u l a t i o n  dynamics  o f  t h a t  s p e c i e s .  Sprague ,  E lson  & Saunders 

(1965)  c l e a r l y  d e m o n s t r a te d  t h i s  i n  a s t u d y  o f  t h e  spawn ing b e h a v i o u r  o f  

Salmo salar ( a t l a n t i c  sa lmon)  w i t h i n  t h e  p a r t i a l l y  p o l l u t e d  N o r t h w e s t

M i r a m i c h i  R i v e r .

I n  h i s  s tu d y  on m a c r o - i n v e r t e b r a t e  b e h a v i o u r ,  Costa (1966)  c o n c lu d e d  

t h a t  an avoidance oP h a r m f u l  s u b s ta n ce s  was u n q u e s t i o n a b l y  a d a p t i v e ,

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

b e h a v i o u r .  L a t e r  A be l  & Green (1981)  h y p o t h e s i s e d  t h a t  w h i l s t  i t  was

u n c e r t a i n  t h a t  i n v e r t e b r a t e s  c o u ld  show s i g n i f i c a n t  v o l u n t a r y  movement f r o m  

a p o l l u t a n t  sou rce  as d e m o n s t r a te d  f o r  f i s h  i n  l o t i e  b o d i e s ,  t h e  a v o id a n c e  

re s p o n s e  m ig h t  r e s u l t  i n  an i n c r e a s e d  r a t e  o f  downs tream d r i f t ,  r e d u c i n g  

p o p u l a t i o n  d e n s i t i e s  i n  p o l l u t e d  s t r e t c h e s .  An a vo id a n c e  t e s t  i s  t h e r e f o r e  

an i m p o r t a n t  component o f  t h i s  t o x i c t y  s t u d y  s i n c e  t h e  h ig h  pH and ha rdness  

o f  t h e  w a t e r  i n  t h e  b ro o k  t o  w h ic h  t h e  s tu d y  r e l a t e s ,  caused r a p i d  

downs tream p r e c i p i t a t i o n  o f  m e t a l .  Hence any in d u c e d  downs tream movement o f  

a n im a ls  c o u ld  be o f  s u r v i v a l  v a l u e .

A f u r t h e r  o b j e c t i v e  o f  f i s h  a v o id a n c e  s t u d i e s  has been t o  assess t h e i r  

s u i t a b i l i t y  i n  t h e  deve lop m e n t  o f  more s e n s i t i v e  i n d i c a t i o n s  o f  t o x i c i t y .  

T h i s  has r e s u l t e d  i n  t h e  d i s c o v e r y  t h a t  f i s h  w i l l  a v o id  a w id e  range  o f  

p o l l u t a n t s ,  o f t e n  a t  s u b - l e t h a l  c o n c e n t r a t i o n s  (Sprague 1971 ) .  As i n d i c a t e d  

above,  however ,  t h e r e  i s  w ide  v a r i a t i o n  o f  a v o id a n c e  re s p o n s e  i n
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r e l a t i o n  t o  l e t h a l  c o n c e n t r a t i o n  w i t h  each t o x i c a n t  i n d u c i n g  i t s  own 

p a r t i c u l a r  p a t t e r n  o f  s t r o n g ,  weak o r  v a r i a b l e  response  i n  each s p e c ie s  

s t u d i e d .  S ince  l i t t l e  i s  known o f  t h e  l i m i t s  w i t h i n  w h ic h  

m a c r o - i n v e r t e b r a t e s  can d e t e c t  and respond t o  m e t a l  p o l l u t a n t s  i n  r e l a t i o n  

t o  l e t h a l  c o n c e n t r a t i o n ,  t h e  second aim o f  t h i s  e x p e r i m e n t  was t o  compare 

t h e  avo id a n c e  response  o f  t h e  two m a c r o - i n v e r t e b r a t e  s p e c ie s  h a v in g  v e r y  

d i f f e r e n t  a c u te  t o l e r a n c e s ,  and t o  assess t h e  s e n s i t i v i t y  o f  t h i s  t e c h n i q u e  

as a t e s t  f o r  z i n c  t o x i c i t y .

C on t in u e d  exposu re  t o  t h e  p o l l u t a n t  w i l l  o c c u r  i f  t h e  a v o id a n c e  resp onse  

i s  i n a d e q u a t e ,  o r  r e n d e re d  i n c o m p l e t e  by r e s t r i c t e d  m o b i l i t y .  In  t h i s  case 

i t  becomes i m p o r t a n t  t o  u n d e r s ta n d  t h e  e f f e c t s  o f  z i n c  on t h e  exposed 

p o p u l a t i o n  b u t ,  as s t a t e d  p r e v i o u s l y ,  s t u d i e s  o f  t h i s  n a t u r e  a re  l a r g e l y  

a v o id e d  because o f  d i f f i c u l t i e s  o f  p e r fo r m a n c e  and i n t e r p r e t a t i o n .  In  a 

m a c r o - i n v e r t e b r a t e  s tu d y  where a vo id a n c e  r e sp ons e  i s  o f  i n d e t e r m i n a t e  f i e l d  

s i g n i f i c a n c e ,  a c t i v i t y  measurements i n  t h e  p r e s e n c e  o f  t h e  p o l l u t a n t  may 

p ro duce  a more r e a l i s t i c  i n d i c a t i o n  o f  e n v i r o n m e n t a l  s t r e s s .

The e s s e n t i a l  r e q u i r e m e n t  o f  a c t i v i t y  measurements i s  t o  e s t a b l i s h  

b e h a v i o u r a l  b a s e - l i n e s  d e r i v e d  f r o m  t h e  a n i m a l s '  r e p e r t o i r e ,  so t h a t  any 

s i g n i f i c a n t  d e p a r t u r e  can be used as a measure o f  p e r t u r b a t i o n .  T h is  

approach  was used by W a l l e r  & C a i r n s  (1972 )  who assessed  th e  use o f  f i s h  

movement p a t t e r n s ,  measured by l i g h t - b e a m  i n t e r r u p t i o n ,  as a t e c h n i q u e  f o r  

c o n t i n u o u s l y  m o n i t o r i n g  th e  response  o f  f i s h  t o  z i n c .  W h i l s t  t h i s  t e c h n i q u e  

was found  t o  g i v e  a r e l i a b l e  i n d i c a t i o n  o f  t h e  p re se nc e  o f  a p o t e n t i a l l y  

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

c o n s i d e r a b l e  t e c h n i c a l  r e s t r i c t i o n s  on t h e  use o f  a u t o m a t i c  r e c o r d i n g  

t e c h n i q u e s  o f  t h i s  n a t u r e .

I t  i s  o b v i o u s l y  i n a p p r o p r i a t e  t o  measure a c t i v i t y  changes d u r i n g  

a v o id a n c e  e x p e r i m e n t s  because th e  responses  shown may d i f f e r  m a r k e d l y  f r o m  

th o s e  i n  a homogeneous z i n c  e n v i r o n m e n t ,  and may a l s o  be dependen t  on t h e  

s t r e n g t h  o f  t h e  a v o id a n ce  r e s p o n s e .  The second p a r t  o f  t h i s  i n v e s t i g a t i o n  i s
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t h e r e f o r e  conce rned  w i t h  m ea s u rab le  changes i n  a c t i v i t y  w h ic h  accompany 

e x p os u re  t o  a homogeneous l e t h a l  z i n c  s o l u t i o n .  The s u i t a b i l i t y  o f  t h i s  

t e c h n i q u e  as a c r i t e r i o n  o f  t o x i c i t y  i s  as s es s ed ,  f o r  com pa r is o n  w i t h  t h e  

a v o id a n c e  r e a c t i o n .

MATERIALS AND METHODS

The f u n d a m e n t a l  a p p a r a tu s  f o r  bo th  a c t i v i t y  and a v o id a n c e  e x p e r i m e n t s  

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

e n v i r o n m e n t ,  o r  a c h o i c e  between u n t r e a t e d  w a t e r  and z i n c  s o l u t i o n ,  was 

p r e s e n t e d .  T h is  a p p a r a tu s  was b a s i c a l l y  a r e f i n e m e n t  o f  t h a t  used by 

Jones (1947a;  1948) ,  Costa (1966 ;  1967a; 1967b) and Abe l  & Green ( 1 9 8 1 ) .

A p p a ra tu s  d e s i g n  and c o n s t r u c t i o n

Two e l e v a t e d  5 l i t r e  a s p i r a t o r s  c o n t a i n i n g  a e r a t e d  c o n t r o l  and z i n c  

s o l u t i o n s  r e s p e c t i v e l y ,  each s u p p l i e d  b u b b le  f r e e  medium by g r a v i t y  t o  one 

o r  b o th  ends o f  a c y l i n d r i c a l  g l a s s  e x p e r i m e n t a l  chamber ,  dep en d ing  on t h e  

r e l a t i v e  s e t t i n g  o f  f o u r  3-way s to p c o c k s  ( F i g .  7 . 1 ) .  The chamber was 400 mm 

i n  l e n g t h  w i t h  i n t e r n a l  d i a m e t e r  20 mm and a t o t a l  e f f e c t i v e  c a p a c i t y  o f  

1 2 0 cm^

A s i n g l e  s h o r t  i n l e t  a t  each end o f  t h e  chamber had i n t e r n a l  d i a m e t e r  

3 mm; each was r e c u r v e d  t o  a i d  d i s p e r s a l  o f  i n c o m in g  medium, and p r e v e n t  

access t o  t e s t  a n im a ls  ( F i g .  7 . 2 a ) .  A s h o r t  c e n t r a l l y  p la c e d  o u t l e t  was 

f i t t e d  w i t h  a s i l i c o n e  r u b b e r  d r a i n  p i p e  o f  i n t e r n a l  d i a m e t e r  0 .5  mm, t o  

p r e v e n t  e n t r y  o f  a n im a ls  and e n a b le  w a s te  s o l u t i o n  t o  be c o n v e n i e n t l y  

d r a i n e d  i n t o  a m e a s u r in g  v e s s e l  ( F i g .  7 . 2 b ) .  A n im a ls  were i n s e r t e d  t h r o u g h  a 

second s h o r t  c e n t r a l  p i p e  a t  90°  t o  t h e  o u ^ t l e t .  D u r i n g  o p e r a t i o n  t h i s  access 

was s e a le d  w i t h  a q u i c k f i t  s t o p p e r .
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FIG. 7 .1
Plan  o f  b a s i c  a p p a r a tu s  ( n o t  t o  s c a l e ) .
A1.A2 = 5 l i t r e  a s p i r a t o r s ,  T1.T2 = p l a s t i c
a e r a t i o n  p i p e ^ ,  B = b u b b le  t r a p s  c o n s t r u c t e d  f rom 
i n v e r t e d  50 cm p l a s t i c  s y r i n g e  cases ,  0 = o v e r f l o w  
p i p e ,  I = c u rv ed  chamber  i n l e t s ,  OT = c e n t r a l  
o u t l e t ,  SH = s to p p e r e d  h o l e  f o r  i n s e r t i o n  and 
rem ov a l  o f  a n im a ls ,  S I - 4  = s to p c o c k s
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Water circulation

b)

V

■CW
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1
I
I
I

SCALE X2

FIG.  7 .2  
D e t a i l  o f  e x p e r i m e n t a l  chamber .
a) Recurved i n l e t  p i p e ,  I = i n l e t ,  C = chamber
b) I n s e r t i o n  o f  o u t l e t  p i p e ,  CW = chamber w a l l ,  
OP = o u t l e t  p i p e
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The f l o w  r a t e s  t h r o u g h  b o th  h a l v e s  o f  t h e  chamber were a d j u s t e d  

s i m u l t a n e o u s l y  by means o f  a s i n g l e  c lamp on t h e  o u t l e t  p i p e .  At a c l e a r a n c e  

r a t e  o f  50 cm^ min"^ i n t r o d u c t i o n  o f  c o l o u r e d  w a t e r  c o n f i r m e d  t h a t  t o t a l  

s e p a r a t i o n  o f  t h e  medium f l o w i n g  t h r o u g h  each h a l f  o f  t h e  chamber  was 

a c h ie v e d ,  w i t h  a s ha rp  c e n t r a l  i n t e r f a c e .  ( F i g .  7 .2 b  & 7 . 4 ) .  A f t e r  

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

t h a n  2 min,  and comp le ted  i n  5 min w i t h  t h e  f o r m a t i o n  o f  a d i s t i n c t  c e n t r a l  

i n t e r f a c e .

E xp e r im e n t  1: A vo idance  b e h a v i o u r .

Avo idance  e x p e r im e n ts  were  pe r fo rm e d  on r e p l i c a t e d  g roups  o f  10 a n i m a l s .  

Data were o b t a i n e d  f rom  v i s u a l  o b s e r v a t i o n  and no a d d i t i o n a l  a p p a r a t u s  was 

r e q u i r e d .

The e x p e r i m e n t a l  chamber was i n i t i a l l y  f i l l e d  f r o m  b o th  i n l e t s  w i t h  

c o n t r o l  r e s e r v o i r  w a t e r ,  and te n  a n im a ls  i n t r o d u c e d  t h r o u g h  t h e  c e n t r a l  

p i p e .  As soon as a l l  a i r  had been e x p e l l e d  f r o m  w i t h i n  t h e  chamber ,  t h e  

s t o p p e r  was r e p l a c e d  and th e  t e s t  a n im a ls  a l l o w e d  5 min t o  a c c l i m a t e  b e f o r e  

r e c o r d i n g  s t a r t e d .  Only  fem a le  C. pseudogracilis and 8-10 mm l o n g  G. pulex 

were t e s t e d  a f t e r  p r e l i m i n a r y  e x p e r im e n t s  had shown t h a t  s m a l l e r  a n im a ls  

t ended  t o  become wedged i n  b o th  i n l e t  and o u t l e t  p i p e s .

The e x p e r i m e n t a l  chamber  was e x t e r n a l l y  s u b d i v i d e d  i n t o  f o u r  e q u a l  

q u a r t e r s  w i t h  t h i n  ta p e  s t r i p s .  The number o f  a n im a ls  i n  each q u a r t e r  was 

re c o rd e d  a t  15 sec i n t e r v a l s  f o r  an i n i t i a l  20 min p e r i o d  i n  c o n t r o l  medium. 

Z in c  s o l u t i o n  o f  known c o n c e n t r a t i o n  was th e n  i n t r o d u c e d  i n t o  t h e  l e f t  h a l f  

o f  t h e  chamber ,  and r e c o r d i n g  c o n t i n u e d  f o r  a f u r t h e r  20 min p e r i o d .  In  

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

chamber was f l u s h e d  f o r  15 min d u r i n g  w h ic h  t im e  no r e c o r d i n g s  were t a k e n .  

The same s t r e n g t h  z i n c  s o l u t i o n  was th e n  i n t r o d u c e d  i n t o  t h e  r i g h t  h a l f  o f  

t h e  chamber f o r  a f i n a l  20 min p e r i o d .
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Three t e s t s  were p e r fo rm e d  a t  each o f  lOOOpM, lOOpM, 50pM, lOpM, and 

1 pM z i n c  s u l p h a t e  s o l u t i o n s  and i n  a 1000  pM sodium s u l p h a t e  s o l u t i o n ,  on 

b o th  G. pulex and C. pseudogracilis. Sodium s u l p h a t e  was used as a c o n t r o l  

t o  d e t e r m i n e  th e  c o n t r i b u t i o n  o f  t h e  s u l p h a t e  i o n  t o  t h e  a v o id a n ce  r e s p o n s e .  

Sodium was chosen as a s u i t a b l y  in n o c u o u s  a n io n  s i n c e  sodium s u l p h a t e  i s  one 

o f  t h e  p r i n c i p l e  i n o r g a n i c  s o l u t e s  i n  f r e s h w a t e r s  ( S u t c l i f f e  1970) .  The 

t o t a l  numbers o f  a n im a ls  i n  each q u a r t e r  o f  t h e  chamber  were c o l l a t e d  f o r  

t h e  t h r e e  r e p l i c a t e  t e s t s  and averaged  o ve r  s u c c e s s i v e  5 min i n t e r v a l s .

E x p e r im e n t  2: Changes i n  a c t i v i t v .

A c t i v i t y  l e v e l s  were o b t a i n e d  f o r  s i n g l e  a n im a ls  i n  homogeneous 

s o l u t i o n s  o f  z i n c  s u l p h a t e  and i n  c o n t r o l  medium. I n  o r d e r  t o  o b t a i n  a 

c o n t i n u o u s  r e c o r d  o f  a c t i v i t y ,  r e c o r d i n g  a p p a r a tu s  was r e q u i r e d  i n  a d d i t i o n  

t o  t h e  b a s i c  chamber system.

The e x p e r i m e n t a l  chamber was i n i t i a l l y  f i l l e d  f r o m  b o th  i n l e t s  w i t h  

c o n t r o l  medium. A s i n g l e  a n im a l  was i n s e r t e d  v i a  t h e  c e n t r a l  p i p e  and a f t e r  

a 5 min a c c l i m a t i o n  p e r i o d ,  r e c o r d i n g  was s t a r t e d .  The h o r i z o n t a l  p o s i t i o n  

o f  t h e  an im a l  w i t h i n  t h e  e x p e r i m e n t a l  chamber was c o n t i n u o u s l y  r e c o r d e d  f o r  

a 10 min p e r i o d ,  by t r a c k i n g  i t  w i t h  a s l i d i n g  c o n t a c t  on a p o t e n t i a l  

d i v i d e r  p la c e d  i m m e d i a t e l y  i n  f r o n t  o f  t h e  chamber .  P r e l i m i n a r y  

e x p e r i m e n t a t i o n  had shown t h a t  i f  t h e  chamber  was v iewed  a t  eye l e v e l ,  t h e  

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

t h e  a n im a l  v e r y  a c c u r a t e l y .  Movements a lo n g  t h e  p o t e n t i o m e t e r  w i r e  were 

l i n e a r l y  echoed on a c a l i b r a t e d  f l a t b e d  r e c o r d e r ,  t h e r e b y  p r o d u c i n g  a 

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

t h i s  a p p a ra tu s  i s  shown i n  F i g .  7 .3  & 7 . 4 .

A f t e r  10 m in ,  t h e  c o n t r o l  medium was r e p l a c e d  by a z i n c  s o l u t i o n  o f  

known c o n c e n t r a t i o n ,  and t r a c k i n g  c o n t i n u e d  f o r  a f u r t h e r  20 min p e r i o d .  

T h is  t e s t  p r o c e d u r e  was r e p e a te d  f o r  10 a n im a ls  o f  b o th  s p e c ie s  a t  z i n c  

c o n c e n t r a t i o n s  o f  30 mM, 1 mM, and 0.1 mM.
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30 mM z i n c  s o l u t i o n  was chosen because o f  i t s  ac u te  l e t h a l i t y  t o w a rd s  

bo th  s p e c i e s ,  1 mM because o f  i t s  a c u t e  l e t h a l i t y  t o  6. pulex b u t  n o t  f e m a le  

C. pseudogracilis, and 0.1 mM as t h e  l o w e s t  c o n c e n t r a t i o n  a t  w h i c h  a 

d e f i n i t e  re spo nse  c o u ld  be e l i c i t e d  f r o m  e i t h e r  s p e c i e s .

a )

b)

FIG.  7 .3
a) A rrangem en t  f o r  r e c o r d i n g  a n im a l  movements 
w i t h i n  t h e  e x p e r i m e n t a l  chamber ,  ( n o t  t o  s c a l e )
b) C i r c u i t  d iag ra m  f o r  c o n n e c t i o n  o f  p o t e n t i o m e t e r  
t o  f l a t b e d  r e c o r d e r .

P i  = p o i n t e r ,  Po = P o t e n t i o m e t e r ,  B = 9 v PP9 
B a t t e r y ,  R = 2M Ohm r e s i s t a n c e ,  F = F l a tb e d  
r e c o r d e r
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FIG. 7 .4

App a ra tu s  f o r  r e c o r d i n g  t h e  a c t i v i t y  o f  a s i n g l e  
a n im a l  w i t h i n  the  e x p e r i m e n t a l  chamber .
A1,2 = 5 1 a s p i r a t o r s ,  Ov = o v e r f l o w ,  Bt = bu bb le
t r a p s ,  P = pump, C = chamber ,  Po = p o t e n t i o m e t e r .  
P i  = p o i n t e r ,  B = b a t t e r y

Two d i f f e r e n t  c o n t r o l  e x p e r im e n t s  were p e r fo r m e d .  F i r s t ,  o n l y  8

i n d i v i d u a l s  o f  each s p e c ie s  were used as i d e n t i c a l  c o n t r o l s  f o r  t h i s  t e s t  

ser ies  because o f  a s h o r t a g e  o f  an im a ls  a t  t h e  t im e  o f  t e s t i n g .  The 

movements o f  th e s e  an im a ls  i n  a c o n t r o l  medium f o r  t h e  t o t a l  t e s t  t im e  was 

recorded c o n t i n u o u s l y  as d e s c r i b e d  above.  Se cond ly ,  th e  a c t i v i t y  o f  10 

animals o f  bo th  s p e c ie s  was r e c o r d e d  o v e r  a 15 min p e r i o d  i n  c o n t r o l  medium,

in o r d e r  t o  c h a r a c t e r i z e  a ' n o r m a l '  a c t i v i t y  l e v e l  w i t h i n  t h e  chamber f o r

both s p e c ie s .

I n t e r p r e t a t i o n  o f  t h e  a c t i v i t y  r e c o r d s  c o u ld  n o t  be a c h iev ed  m a n u a l l y  

w i th  s u f f i c i e n t  speed and a c c u r a c y ,  and t h e r e f o r e  the  da ta  were a n a ly s ed  on 

a computer .  The f i r s t  s ta ge  i n  t h i s  p rocess  was c o n v e r s i o n  o f  t h e
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g r a p h i c a l  t r a c e  i n t o  a fo rm  c a p a b le  o f  m a n i p u l a t i o n  by com pu te r .  T h i s  was 

ach ieved  by d i g i t i s i n g  th e  t r a c e  on a F e r r a n t i  Freescan  D i g i t i s e r ,  a c c e p t i n g  

p i c t o r i a l  d a ta  up t o  120 cm x 90 cm. A Newbury L a b o r a t o r i e s  VDU was used t o  

run t h e  menu d r i v e n  d i g i t i s e r  p ro g ra m , and i n p u t  t h e  p a ram e te rs  ne ce ss a ry  t o  

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

Each g r a p h i c a l  t r a c e  was p la c e d  on th e  ang led  d i g i t i s e r  t a b l e  and a 

c o - o r d i n a t e  sys tem d e f i n e d  by a l l o c a t i n g  v a lu e s  t o  t h e  axes o f  t h e  t r a c e .  

The a c t i v i t y  l i n e  was th en  t r a c e d  s l o w l y  w i t h  a c u r s o r ,  g e n e r a t i n g  

c o - o r d i n a t e  v a lu e s  a t  0 .5  s t i m e  i n t e r v a l s .  The end p r o d u c t  o f  d i g i t i s a t i o n  

were d a ta  f i l e s  o f  a p p r o x i m a t e l y  900 c o - o r d i n a t e s  p e r  30 min o f  g r a p h i c a l  

t r a c e ,  s t o r e d  on a PDP11/44 co m p u te r .  Data were t r a n s f e r r e d  t o  a Cyber 73, 

f o r  f u r t h e r  a n a l y s i s  and i n t e r p r e t a t i o n .

I n  o r d e r  t o  ensu re  t h a t  t h e  n u m e r i c a l  r e c o r d s  a c c u r a t e l y  d e s c r i b e d  t h e  

g r a p h i c a l  t r a c e ,  a random s e l e c t i o n  o f  f i l e s  were rep ro duce d  i n  g r a p h i c a l  

fo rm  u s in g  an e x i s t i n g  p l o t t i n g  r o u t i n e ,  and compared t o  th e  o r i g i n a l  

r e c o r d .  The o r i g i n a l  a c t i v i t y  r e c o r d  was f i r s t  t r a c e d  on c le a n  paper  and 

super imposed w i t h  t h e  compute r  g e n e r a te d  p l o t .  W h i l s t  t h e  d i f f e r e n c e  between 

the two r e c o r d s  was n o t  q u a n t i f i e d  i n  i s  c l e a r  f r o m  th e  example i n  F i g .  7 .5  

t h a t  t h e  d i g i t i s e d  r e c o r d  c o r r e l a t e d  w e l l  w i t h  th e  o r i g i n a l  t r a c e .

.WIDTH OF TEST CHAMBER151-------------------------------------------------
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FIG.  7 .5
A s i n g l e  a n im a ls  movements w i t h i n  t h e  t e s t  chamber
------------------ Reproduced f ro m  d i g i t i s e d  d a ta
------------------  Traced f r om  c h a r t  r e c o r d e r  g raph
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RESULTS

E x p e r im e n t  1 : A vo id ance  b e h a v i o u r

Data f r o m  th e  t h r e e  d u p l i c a t e  t e s t s  a t  each z i n c  c o n c e n t r a t i o n  were 

combined t o  o b t a i n  a t o t a l  number o f  a n im a ls  i n  each q u a r t e r  o f  t h e  chamber,  

e v e r y  15 sec f o r  30 m in .  From t h i s ,  mean v a lu e s  were c a l c u l a t e d  o v e r  

s u c c e s s i v e  5 min i n t e r v a l s .  These r e s u l t s  a re  p r e s e n te d  g r a p h i c a l l y  i n  

F i g .  7 .6  & 7 . 7 ,  and i n  t h e  fo rm  o f  a s i g n i f i c a n c e  t a b l e  ( T a b le  7 . 1 ) .

Both s p e c ie s  t r a v e l l e d  f r e e l y  w i t h i n  t h e  t e s t  chamber d u r i n g  t h e  i n i t i a l  

20  min c o n t r o l  p e r i o d  and r e a d i l y  c ro s s e d  t h e  c e n t r a l  i n t e r f a c e  f r o m  b o th  

d i r e c t i o n s  w i t h o u t  any v i s i b l e  b e h a v i o u r a l  r esponse  t o  t h e  change i n  

d i r e c t i o n  o f  f l o w .  C.pseudogracilis showed a d i s t i n c t  te n d e n c y  t o  c r a w l  

s l o w l y  a lo n g  t h e  b o t to m  o f  t h e  chamber,  w h i l s t  6.pulex p r e d o m i n a n t l y  swam. 

Both s p e c ie s  e x h i b i t e d  a p r e f e r e n c e  f o r  t h e  end s e c t i o n s  o f  t h e  chamber 

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

p r e f e r e n c e  f o r  one h a l f .

FIG.  7 .8  Sc 7 .7  ( o v e r  page)

The a v o id a n c e  b e h a v i o u r  o f  6. pulex ( F i g .  7 . 6 ) ,  and 
C. pseudogracilis ( F i g .  7 . 7 )  i n  z i n c  s u l p h a t e  and 
sod ium s u l p h a t e  s o l u t i o n s .  The mean number o f  
a n i m a l s  i n  each q u a r t e r  o f  t h e  t e s t  chamber  has 
been p l o t t e d  f o r  each o f  th e  t w e l v e  5 min t e s t
i n t e r v a l s ._________________________________________________

0 - 2 0  min C o n t r o l  p e r i o d
20 -  40 min T e s t  s o l u t i o n  i n  L .H . S .  o f  chamber
40 - 60 min T es t  s o l u t i o n  i n  R.H.S .  o f  chamber

L e f t  end o f  chamber  
L e f t  m i d d l e  o f  chamber 
R i g h t  m i d d l e  o f  chamber 
R i g h t  end o f  chamber

A 1000 pM z i n c s u l p h a t e
8 100 pM z i n c s u l p h a t e
C 50 pM z i n c s u l p h a t e
D 10 pM z i n c s u l p h a t e
E 1 pM z i n c s u l p h a t e
F 1000 pM sodium s u l p h a t e
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Time 

(min )

ZnS0 ^ . 7 H

( mM)

Na^SO^

( mM)
1Ù00 

CP GP
loo

CP GP
50 

CP GP
10

CP GP
1

CP GP
1000  

CP GP

C o n t r o l  5 N N N N N N N N N N N N

10 N N N N N N N N N N N N

15 N N N N N N N N N N N N

20 N N N N N N N N N N N N

+Zn/Na 25 * *  * * * tt tt * * * N * * N * * N

LHS 30 tht *** ttt ttt ttt ttt tt ttt t t * * N

35 tide ttt ttt * * * * * * ttt 11 ttt N N * * *

40 ttt ttt * * * * * * ttt * * * * * * ttt * N * t *

+Zn/Na 45 * N N N t ttt N N N ttt N N

RHS 50 * * *  * * tt ttt ttt * * * t * * * N tt N *

55 * * * ttt 11 * * * * * * * * * * * * * N ttt N * *

60 ttt ttt * * * * * * * * ttt * * * * * N t N * * *

TABLE 7.1

The s i g n i f i c a n t  d e p a r t u r e s  f r o m  e q u a l  numbers o f  
a n im a ls  w i t h i n  each h a l f  o f  t h e  chamber  f o r  c o n t r o l  
and c h o i c e  chamber c o n d i t i o n s ,  a t  f o u r  z i n c  
c o n c e n t r a t i o n s ,  u s i n g  a c h i - s q u a r e  t e s t .

CP = Crangonyx pseudogracilis 
GP = Gammarus pulex.

N Not s i g n i f i c a n t ,  * P<0.05 ,  * *  P<0.01 ,  * * *  P<0.001
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On f i r s t  e n c o u n t e r i n g  a 1000 pM z i n c  s o l u t i o n  ( F i g .  7 . 6 A ) ,  t h e  c o n t r o l  

b e h a v i o u r a l  p a t t e r n  o f  G. pulex was q u i c k l y  r e p l a c e d  by a p e r i o d  o f  

i n c r e a s e d  swimming a c t i v i t y ,  c h a r a c t e r i z e d  by s h o r t  e x p l o r a t o r y  j o u r n e y s  

a c r o s s  t h e  i n t e r f a c e ,  r e s u l t i n g  i n  a lm o s t  im m ed ia te  r e t r e a t  back i n t o  t h e  

c o n t r o l  medium. A f t e r  5 m in ,  f o r m a t i o n  o f  t h e  c e n t r a l  i n t e r f a c e  was

c o m p le te d ,  and a f u r t h e r  b e h a v i o u r a l  change o c c u r r e d .  S h o r t  e x p l o r a t o r y  

j o u r n e y s  were r e p l a c e d  by p o s i t i v e  movement i n t o  t h e  z i n c  f r e e  end o f  t h e  

chamber ,  accompanied by a r a p i d  d e c re a s e  i n  a c t i v i t y ,  and a s t r o n g  te n d e n c y  

t o  become q u i e s c e n t  around t h e  c o n t r o l  medium i n l e t .  O c c a s i o n a l  v i o l a t i o n  o f  

t h e  i n t e r f a c e  between z i n c  and c o n t r o l  s o l u t i o n s  by more a c t i v e  i n d i v i d u a l s  

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

As a consequence o f  b r i e f  e xp o s u re  t o  t h i s  z i n c  c o n c e n t r a t i o n ,  t h e  

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

i n i t i a l  i n c r e a s e  i n  a c t i v i t y ,  a s t r o n g  a v o id a n c e  r e a c t i o n  and a subse qu en t

marked r e d u c t i o n  i n  n o r m a l '  a c t i v i t y .  A f t e r  10 min o f  c h o i c e  chamber

c o n d i t i o n s  most  a n im a ls  had s e t t l e d  a round  th e  c o n t r o l  medium i n l e t ,  and 

v e r y  l i t t l e  p o s i t i o n a l  change was r e c o r d e d  d u r i n g  t h e  r e m a i n i n g  10 m in .  

Those a n im a ls  r e m a i n i n g  w i t h i n  t h e  z i n c  s o l u t i o n  showed i n c r e a s e d  swimming 

a c t i v i t y ,  and appeared t o  have a f a s t e r  p le o p o d  be a t  r a t e  w h i l s t  i n a c t i v e .

A f t e r  r e v e r s a l  o f  c o n t r o l  and z i n c  i n p u t s  an a lm o s t  i d e n t i c a l  a v o id a n c e  

re s p o n s e  t o  t h e  new z i n c  s ou rce  o c c u r r e d .  W h i l s t  t h e  r e a c t i o n  o f  more th a n  

50% o f  t h i s  s p e c i e s ,  was t o  i n s t a n t l y  w i t h d r a w  f ro m  t h e  new z i n c  s o u r c e ,  a 

s i g n i f i c a n t  avo id a n c e  was n o t  r e c o r d e d  o v e r  t h e  f i r s t  5 min p e r i o d .  T h is  was 

due t o  t h e  t im e  ta k e n  f o r  t h e  z i n c  s o l u t i o n  t o  t o t a l l y  permea te  t h e  r i g h t  

s i d e  o f  t h e  chamber ,  s i n c e  some a n im a ls  p o s i t i o n e d  c l o s e  t o  t h e  c e n t r a l  

o u t l e t  d i d  n o t  e x p e r i e n c e  t h e  change t o  z i n c  s o l u t i o n  u n t i l  3-4  min a f t e r  

r e v e r s a l .
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The a vo id a n c e  responses  o f  G. pulex t o  lOOpM ( F i g .  7 . 6 8 ) ,  and 50 pM 

( F i g .  7 . 8 0 ,  z i n c  s o l u t i o n s  were v e r y  s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  a 

1000  pM z i n c  s o l u t i o n ;  a u n i f o r m  d i s t r i b u t i o n  o f  i n d i v i d u a l s  i n  each h a l f  o f  

t h e  chamber d u r i n g  th e  i n i t i a l  c o n t r o l  p e r i o d ,  f o l l o w e d  by h i g h l y  

s i g n i f i c a n t  avo id a n ce  r e a c t i o n s  t o  z i n c  s o l u t i o n  f i r s t  i n  t h e  l e f t  h a l f  and 

th e n  i n  t h e  r i g h t  h a l f  o f  t h e  chamber.

I n  a 10 pM z i n c  s o l u t i o n  ( F i g .  7 . 6 D ) ,  6.pulex m a i n t a i n e d  an a v o id a n c e  

response  o f  e q u a l  s t r e n g t h  t o  t h a t  o b t a i n e d  a t  h i g h e r  c o n c e n t r a t i o n s ,  

a l t h o u g h  a g e n e r a l l y  h i g h e r  l e v e l  o f  a c t i v i t y  w i t h i n  t h e  c o n t r o l  medium 

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

h i g h e r  z i n c  c o n c e n t r a t i o n s .

When t h e  t e s t  z i n c  c o n c e n t r a t i o n  was reduced  t o  1 pM ( F i g .  7 . BE) ,  l i t t l e  

a v o id a n c e  response  was e v in c e d  by 6. pulex d u r i n g  t h e  f i r s t  20  min p e r i o d  o f  

c h o i c e  chamber c o n d i t i o n s .  A f t e r  t h e  c h o i c e  chamber was r e v e r s e d  an 

im m e d ia te ,  h i g h l y  s i g n i f i c a n t  a v o id a n c e  r e a c t i o n  was o b t a i n e d .

The a vo id a n c e  response  o f  C. pseudogracilis a t  z i n c  c o n c e n t r a t i o n s  down 

t o  50 pM were v e r y  s i m i l a r  t o  t h o s e  o f  G. pulex ( F i g .  7 . 7 A - C ) .  I n  a 1000 pM 

z i n c  s o l u t i o n ,  however ,  t h i s  s p e c ie s  showed l e s s  te n d e n c y  t o  c l u s t e r  around 

t h e  c o n t r o l  i n l e t  ( F i g .  7 .7A )  I n  a 10 pM z i n c  s o l u t i o n  C. pseudogracilis 

showed a much weaker  avo id a n ce  r e a c t i o n  t h a n  6 . pulex w i t h  l e s s  p r e f e r e n c e  

f o r  t he  end s e c t i o n  o f  th e  z i n c  f r e e  h a l f  o f  t h e  chamber ,  and an a lm o s t  

e q u a l  d i s t r i b u t i o n  o f  an im a ls  t h r o u g h o u t  t h e  c o n t r o l  medium ( F i g .  7 . 7 0 ) .  

W i t h i n  a 1 pM z i n c  s o l u t i o n  t h i s  s p e c ie s  d i d  n o t  show any re sp ons e  t h a t  was 

s i g n i f i c a n t l y  d i s t i n c t  f rom c o n t r o l  b e h a v i o u r  ( F i g .  7 . 7 E ) .

Av o id a nc e  response  t o  a 1000 uM sodium s u l p h a t e  s o l u t i o n

I n t r o d u c t i o n  o f  1000 pM sodium s u l p h a t e  s o l u t i o n  i n t o  t h e  t e s t  chamber

produced  an im m e d ia te  movement o f  C. pseudogracilis i n t o  t h e  c o n t r o l  medium,

a l t h o u g h  no i n i t i a l  c l u s t e r i n g  around th e  i n l e t  p i p e  was o b s e r v e d ,  and t h e

a c t i v i t y  l e v e l  g e n e r a l l y  rema ined  s i m i l a r  t o  t h a t  i n  a homogeneous c o n t r o l
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medium. On chamber r e v e r s a l  no im m ed ia te  a v o id a n c e  response  was o b t a i n e d  as 

i n  t h e  c o r r e s p o n d i n g  z i n c  c o n c e n t r a t i o n .  A f t e r  20 min no f u r t h e r  r e a c t i o n  

had been o b t a i n e d ,  w i t h  i n d i v i d u a l s  o f  t h i s  s p e c ie s  r e a d i l y  t r a v e r s i n g  t h e  

i n t e r f a c e  ( F i g .  7 . 7 F ) .

G. pulex responded l e s s  s t r o n g l y  th a n  C. pseudogracilis on f i r s t

e n c o u n t e r i n g  t h e  1000 pM sodium s a l t  ( F i g .  7 .6 F )  b u t  showed an e a s i l y

d e t e c t a b l e  response  when t h e  c h o i c e  chamber  was r e v e r s e d .  However ,  r e f e r e n c e

t o  T a b le  7.1 shows t h a t  t h e  o v e r a l l  a v o id a n c e  response  was m a r k e d l y  l e s s  

s i g n i f i c a n t  th a n  t h a t  shown to w a rd s  a 10 pM z i n c  s u l p h a t e  s o l u t i o n

( F i g .  7 . 6 D ) .

E x p e r im e n t  2: Changes i n  a c t i v i t v

Control Activity

A compute r  program was w r i t t e n  i n  F o r t r a n  77 (A p pen d ix  2 $ ) ,  t o  c a l c u l a t e  

7 p a r a m e t e r s ,  chosen t o  c o m p r e h e n s i v e l y  d e s c r i b e  t h e  c o n t r o l  a c t i v i t y  o f  

each a n im a l  ov e r  a 15 min t e s t  p e r i o d ;

1) T o t a l  d i s t a n c e  t r a v e l l e d

2) Mean speed

3) R e s t i n g  t im e

4) Mean speed e x c l u d i n g  r e s t i n g  t im e

5) T o t a l  number o f  t u r n s

6 ) Mean l e n g t h  o f  j o u r n e y

7) Time spen t  i n  each h a l f  o f  t h e  chamber

The r e s u l t s  o f  t h i s  a n a l y s i s  a re  shown i n  F i g .  7 . 8 .  G. pulex was 

g e n e r a l l y  more a c t i v e  th a n  C. pseudogracilis. A l l  10 G. pulex t r a v e l l e d  

f u r t h e r  th an  any C. pseudogracilis, a t  h i g h e r  mean speeds,  mak ing l o n g e r  

i n d i v i d u a l  j o u r n e y s .
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G. pulex  •  and C. pseudo gr ac i l i s  o, w i t h i n  the  
experim enta l  chamber.
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No i n d i v i d u a l  6. pulex was i n a c t i v e  f o r  more th a n  25% o f  t h e  t e s t  p e r i o d  

and t h e r e f o r e  t h e  mean speed c a l c u l a t e d  by e x c l u d i n g  r e s t i n g  t i m e  d i f f e r e d  

l i t t l e  f r o m  t h e  o v e r a l l  mean speed.  In  c o n t r a s t ,  C. pseudogracilis te n d e d  t o  

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

i n d i v i d u a l s  t e s t e d  f r o m  t h i s  s p e c ie s  were i n a c t i v e  f o r  g r e a t e r  t h a n  50% o f  

t h e  t e s t  t i m e ,  and t h e r e f o r e  t h e  mean speed e x c l u d i n g  r e s t i n g  t i m e  was 

c o r r e s p o n d i n g l y  h i g h e r  th a n  t h e  o v e r a l l  mean speed.  D e s p i t e  t h i s  f a c t ,  o n l y  

one i n d i v i d u a l  a t t a i n e d  a mean t r a v e l l i n g  speed w i t h i n  t h e  range  shown by 

6. pulex.

The d i f f e r e n c e  i n  a c t i v i t y  l e v e l  between t h e  two s p e c ie s  was s i m i l a r l y  

r e f l e c t e d  i n  t h e  t im e  sp en t  i n  each h a l f  o f  t he  e x p e r i m e n t a l  chamber .  

6. pulex t r a v e l l e d  c o n s i s t e n t l y  and i n d i s c r i m i n a t e l y  t h r o u g h o u t  t h e  chamber .  

No l e s s  t han  25% o f  t h e  t o t a l  t e s t  t im e  was s p e n t  by any i n d i v i d u a l  o f  t h i s  

s p e c i e s  i n  one h a l f  o f  t h e  chamber .  I n  c o n t r a s t ,  t h e  l o w e r  a c t i v i t y  o f  

C. pseudogracilis r e s u l t e d  i n  s e v e r a l  i n d i v i d u a l s  spen d in g  n e a r l y  a l l  t h e  

e x p e r i m e n t a l  t im e  i n  one h a l f  o f  t h e  chamber .  T h is  d i s t r i b u t i o n  s h o u ld  n o t  

t h e r e f o r e  be i n t e r p r e t e d  as i n d i c a t i v e  o f  a d i s t i n c t  end p r e f e r e n c e .

A d i s t i n c t  f e a t u r e  o f  t h i s  e x p e r i m e n t  i s  t h e  w id e  v a r i a b i l i t y  o f  r e s u l t s  

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

c o n d i t i o n s ,  and i l l u s t r a t e s  t h e  c a u t i o n  w h ich  must be shown when 

i n t e r p r e t i n g  subsequen t  changes i n  a c t i v i t y  i n  z i n c  s o l u t i o n s .

The effects of zinc on activity

Three  b a s i c  p a ram e te rs  were s e l e c t e d  as t h e  most  u s e f u l  f o r  q u a n t i f y i n g  

changes i n  b e h a v i o u r  in duce d  by th e  p resence  o f  z i n c .

1) D i s t a n c e  t r a v e l l e d

2) T o t a l  t im e  r e s t i n g  (Time spen t  i n a c t i v e )

3) Number o f  t u r n s

118



From th e s e  b a s i c  a c t i v i t y  measurements i t  was p o s s i b l e  t o  d e t e r m i n e  mean 

speed,  mean speed e x c l u d i n g  r e s t i n g  t i m e ,  and l e n g t h  o f  j o u r n e y .  T h i s  

r e s t r i c t i o n  o f  p a r a m e te rs  a l s o  r e n d e re d  compute r  a n a l y s i s  o f  t h e  r e s u l t s  

l e s s  complex (A p p e n d ix  2 $ ) .

The i n i t i a l  s ta g e  o f  da ta  a n a l y s i s  was a s im p le  c u m u l a t i v e  p l o t  o f  each 

o f  t h e s e  t h r e e  p a ra m e te rs  a g a i n s t  t i m e ,  f o r  e v e ry  i n d i v i d u a l  t e s t e d .  Graphs

show ing a l l  10 t e s t  a n im a ls  was p roduced  f o r  each s p e c i e s ,  i n  z i n c  s o l u t i o n s

and i n  a z i n c  f r e e  c o n t r o l ,  f o r  each p a r a m e t e r .  T h is  app ro a c h ,  p r o d u c i n g  24 

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

t e n  i n d i v i d u a l s  o f  C. pseudogracilis i n  a t e s t  z i n c  c o n c e n t r a t i o n  o f  1 .0  mM 

( F i g .  7 . 9 a ) .  E ve ry  c o - o r d i n a t e  i n  t h e  d a ta  f i l e  has been p l o t t e d .

W h i l s t  i t  i s  p o s s i b l e  f ro m  F i g .  7 .9 a  t o  d i s c e r n  a g e n e r a l  i n c r e a s e  i n  

t h e  c u m u l a t i v e  t u r n i n g  f r e q u e n c y  a p p r o x i m a t e l y  1 - 2  min a f t e r  a d d i t i o n  o f  

z i n c ,  t h e  m a g n i tu d e  o f  t h i s  i n c r e a s e  i s  obscu red  by t h e  backg round  c o n t r o l  

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

a v e rag e  o v e r  t h e  i n i t i a l  10 min c o n t r o l  p e r i o d  t o  o b t a i n  a mean c o n t r o l  

a c t i v i t y  v a l u e  f o r  s u b t r a c t i o n  f r o m  each t e s t  d a ta  p o i n t .  Any d e p a r t u r e  f r o m  

a s t r a i g h t  l i n e  a lo n g  t h e  t i m e  a x i s  o f  t h e  r e s u l t a n t  g raph  t h e r e b y  

i n d i c a t i n g  a d e v i a t i o n  f r o m  a mean c o n t r o l  a c t i v i t y  l e v e l .

T h i s  p r o c e d u r e  has been c a r r i e d  o u t  on F i g .  7 .9a  and t h e  m o d i f i e d  g raph

i s  shown i n  F i g .  7 . 9 b .  Between 0-10  min t h e r e  was l i t t l e  d e p a r t u r e  f r o m

e x p e c te d  a c t i v i t y  l e v e l ,  i n d i c a t i n g  an e s s e n t i a l l y  l i n e a r  c o n t r o l  r e s p o n s e .  

A t  a p p r o x i m a t e l y  11 m in ,  9 a n im a ls  showed an i n c r e a s e  i n  t u r n i n g  f r e q u e n c y  

above t h e  e x p e c te d  c o n t r o l  l e v e l .  A s i n g l e  i n d i v i d u a l  showed l i t t l e  change 

i n  c o n t r o l  a c t i v i t y  up t o  15 min f o l l o w e d  by a de c rease  i n  t u r n i n g  f r e q u e n c y  

be low  c o n t r o l  l e v e l .
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Graphs to i l l u s t r a t e  the steps in  data man ipu la t io n
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I n  o r d e r  t o  condense t h e s e  d a ta  i n t o  a more c o n v e n i e n t  fo rm  f o r  

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

a l l ^  10 a n i m a l s .  F i g .  7 .9 b  has been re d raw n  i n  F i g .  7 . 9 c  u s in g  t h i s  t e c h n i q u e  

a g a i n s t  a reduced  v e r t i c a l  a x i s  f o r  c l a r i t y ,  s i n c e  t h e  o r i g i n a l  da ta  were

a l l  drawn t o  a l a r g e r  i d e n t i c a l  s c a l e  f o r  c o m p a r a t i v e  p u r p o s e s .  S ta nda rd

e r r o r s  a re  shown as v e r t i c a l  l i n e s  a t  1 min t im e  i n t e r v a l s .  The f i n a l  s ta g e  

o f  a n a l y s i s  was t o  p l o t  t h e  r e s u l t s  f o r  each t e s t  c o n c e n t r a t i o n  on a s i n g l e  

g ra p h ,  w i t h  i d e n t i c a l  s c a le s  f o r  b o th  s p e c ie s  i n  o r d e r  t o  f a c i l i t a t e

c o m p a r i s o n .  These a re  shown i n  F i g .  7 .1 0  ( D i s t a n c e  T r a v e l l e d ) ,  F i g .  7 .11 

(Number o f  T u rns )  and F i g .  7 .12  (T ime sp e n t  r e s t i n g ) .

In  c o n t r o l  e x p e r im e n t s  none o f  th e  3 p a ra m e te rs  were e x pec te d  t o  change 

o v e r  t h e  d u r a t i o n  o f  t h e  t e s t .  S m a l l  changes i n  a c t i v i t y  were r e c o r d e d  

however ,  f o r  bo th  s p e c i e s ,  f u r t h e r  e m p h a s is in g  th e  i n c o n s i s t e n t  n a t u r e  o f  

t h e  c o n t r o l  resp onse  w i t h  t i m e .  6 . pulex showed no s i g n i f i c a n t  d e v i a t i o n  

f r om  t h e  expec ted  c o n t r o l  d i s t a n c e  t r a v e l l e d  b u t  t u r n i n g  f r e q u e n c y  i n c r e a s e d  

s l i g h t l y  a f t e r  15 min o f  t e s t i n g  and t h e  t i m e  sp e n t  r e s t i n g  g r a d u a l l y  

dec rea se d  to w a rd s  t h e  end o f  t h e  t e s t .  In  C. pseudogracilis a s i m i l a r  

i n c r e a s e  i n  t u r n i n g  f r e q u e n c y  and d e c re a s e  i n  t i m e  sp e n t  r e s t i n g  was

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

above t h a t  p r e d i c t e d  f rom  th e  i n i t i a l  10 min o f  t h e  t e s t .

I n  a 30 mM z i n c  s o l u t i o n  b o th  s p e c ie s  showed marked i n c r e a s e s  i n  b o th  

d i s t a n c e  t r a v e l l e d  and t u r n i n g  f r e q u e n c y .  The f i n a l  amount by w h ic h  b o th  

p a ra m e te rs  exceeded t h e  p r e d i c t e d  c o n t r o l  l e v e l  was a lm o s t  i d e n t i c a l  f o r  t h e  

two s p e c i e s .  S ince  C. pseudogracilis has been shown t o  have a s u b s t a n t i a l l y

l o w e r  c o n t r o l  a c t i v i t y  l e v e l  t h a n  6. pulex ( F i g .  7 . 0 ) ,  t h i s  s i m i l a r  r e a l

i n c r e a s e  r e p r e s e n t s  a g r e a t e r  p e r c e n ta g e  i n c r e a s e  above th e  n o rm a l  a c t i v i t y  

l e v e l .
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FIG. 7.10
Cumulat ive d is tance  t r a v e l l e d  by G. pulex  a ) ,  and 
C. pseudograc i l i s  b ) ,  in  3 z in c  so lu t io n s  and a 
z in c  f r e e  c o n t r o l .
--------------------------- 0.1 mM z in c  sulphate
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An i n c r e a s e  i n  d i s t a n c e  t r a v e l l e d  and t u r n i n g  f r e q u e n c y  i s  i n d i c a t i v e  o f  

a g e n e r a l  i n c r e a s e  i n  a c t i v i t y  and t h e r e f o r e  r e s t i n g  t i m e  was a l s o  e x pe c ted  

t o  de c re a s e  f o r  bo th  s p e c i e s .  W h i l s t  t h i s  was t r u e  f o r  C. pseudogracilis , 

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

n o t  seen i n  G. pulex . T h i s  s p e c i f i c  d i f f e r e n c e  may be e x p l a i n e d  w i t h

r e f e r e n c e  t o  t h e  c o n t r o l  c h a r a c t e r i s t i c s  shown i n  F ig  7 . 8 .  C. pseudogracilis 

commonly remained  i n a c t i v e  f o r  g r e a t e r  th a n  50% o f  t h e  c o n t r o l  t e s t  t im e  and 

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

r e d u c t i o n  i n  r e s t i n g  t i m e ,  6. pulex c h a r a c t e r i s t i c a l l y  r e s t e d  f o r  no l o n g e r  

th a n  257. o f  t h e  c o n t r o l  t e s t  t i m e  (median v a l u e  14%), and t h e r e f o r e  l e s s

r e d u c t i o n  i n  r e s t i n g  t im e  was p o s s i b l e .

In  a 1 .0 mM z i n c  s o l u t i o n  t h e  o n l y  s i g n i f i c a n t  changes i n  t h e  a c t i v i t y  

o f  6. pulex compared t o  t h e  c o n t r o l  was an i n c r e a s e d  t u r n i n g  f r e q u e n c y .  I n  

c o n t r a s t  C. pseudogracilis showed i n c r e a s e s  i n  d i s t a n c e  t r a v e l l e d  and

t u r n i n g  f r e q u e n c y  bo th  o f  w h ic h  had reached  t h e  same m a g n i tu d e  as i n  a 30 mM 

s o l u t i o n  by t h e  end o f  t h e  t e s t .  Time sp en t  r e s t i n g  was n o t  s i g n i f i c a n t l y  

reduced  and t h e r e f o r e  t h e  main i n f l u e n c e  o f  z i n c  on a c t i v i t y  a t  t h i s  

c o n c e n t r a t i o n  was t o  i n c r e a s e  mean t r a v e l l i n g  speed.

G. pulex responded t o  a 0 .1 mM z i n c  s o l u t i o n  w i t h  a t o t a l l y  d i f f e r e n t  

respon se  t o  t h a t  o b t a i n e d  a t  1 .0  mM. W h i l s t  t u r n i n g  f r e q u e n c y  was o n l y  

m a r g i n a l l y  h i g h e r  th a n  i n  t h e  c o n t r o l  t h e  s h o r t  j o u r n e y s  c h a r a c t e r i s i n g  t h e  

response  a t  1 .0 mM were r e p l a c e d  by much l o n g e r  j o u r n e y s  and a marked

d e c re a s e  i n  r e s t i n g  t i m e .

In  a 0 .1 mM z i n c  s o l u t i o n  C. pseudogracilis showed an i n c r e a s e  i n

d i s t a n c e  t r a v e l l e d  and t u r n i n g  f r e q u e n c y  i n  t h e  f i r s t  t e n  m in u te s  a f t e r

a d d i t i o n  o f  z i n c ,  b u t  t h i s  was f o l l o w e d  by a de c re a s e  i n  a c t i v i t y  t o  g i v e  a

f i n a l  d i s t a n c e  t r a v e l l e d  e q u a l  t o  t h e  c o n t r o l  v a l u e .  C u m u la t i v e  t i m e  s p e n t

r e s t i n g  i n c r e a s e d  to w a rd s  t h e  end o f  t h e  t e s t  b u t  t h e r e  was a l a r g e  

a s s o c i a t e d  s ta n d a r d  e r r o r  i n  t h e  mean measurement .
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SUMMARY OF THE EFFECTS OF ZINC ON ACTIV ITY

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

G. pulex and C. pseudogracilis were v a r i a b l e  w i t h  l a r g e  a s s o c i a t e d  s ta n d a r d

e r r o r s .  The do m inan t  t r e n d s  can,  however ,  be summar ised as f o l l o w s ;

Both s p e c ie s  became v e r y  a c t i v e  i n  a 30 mM z i n c  s u l p h a t e  s o l u t i o n

show ing i n c r e a s e s  i n  b o th  d i s t a n c e  t r a v e l l e d  and t u r n i n g  f r e q u e n c y .  T h is  

e f f e c t  was more pronounced i n  C. pseudogracilis w h ich  had a l o w e r  i n i t i a l  

c o n t r o l  a c t i v i t y  l e v e l .  T y p i c a l  c r a w l i n g  l o c o m o t i o n  o f  t h i s  s p e c ie s  was 

a lm o s t  c o m p l e t e l y  r e p l a c e d  by c o n t i n u o u s  swimming.

The l e v e l  o f  a c t i v i t y  i n  a 1 .0 mM z i n c  s u l p h a t e  s o l u t i o n  was g e n e r a l l y  

l o w e r  i n  b o th  sp e c ie s  and d i s t i n c t l y  d i f f e r e n t  r e a c t i o n s  were o b t a i n e d .  

6 . pulex responded w i t h  a s l i g h t  d ec rea se  i n  average  j o u r n e y  l e n g t h ,  w h i l s t  

i n  C. pseudogracilis c r a w l i n g  l o c o m o t i o n  tended  t o  be p u n c tu a t e d  by p e r i o d s  

o f  c o n t i n u o u s  swimming.

6 . pulex swam a lm os t  c o n t i n u a l l y  i n  a 0 .1 mM z i n c  s o l u t i o n  w i t h  a l o n g e r  

ave ra ge  j o u r n e y  l e n g t h  th a n  under  c o n t r o l  c o n d i t i o n s .  T h is  i s  an a p p a r e n t l y

anomalous i n c r e a s e  i n  a c t i v i t y  l e v e l  f r o m  t h a t  obse rved  i n  a 1 .0 mM z i n c

s o l u t i o n ,  i l l u s t r a t i n g  t h a t  t h e  i n t e n s i t y  o f  t h e  response  does n o t  d e c re a se

u n i f o r m l y  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n .  C. pseudogracilis responded

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

a c t i v i t y  b u t  had r e v e r t e d  t o  a no rm a l  c o n t r o l  a c t i v i t y  l e v e l  by t h e  end o f  

t h e  t e s t .
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DISCUSSION

A v o ida nc e  b e h a v i o u r  

Experimental method

A b e l  & Green (1981)  r e p o r t e d  t h a t  G.pulex t a k e n  f r o m  th e  R i v e r  West 

A l l e n  ( N o r t h u m b e r l a n d ) ,  were a b le  t o  d e t e c t  a 15pM z i n c  s o l u t i o n ,  t h e  l o w e s t  

c o n c e n t r a t i o n  a t  w h ic h  t h e y  were t e s t e d .  In  t h e s e  e x p e r im e n t s  t h e  same 

s p e c ie s  has been shown t o  d e t e c t  and a v o id  a 1 pM z i n c  s o l u t i o n .  I n  

c o m p a r i s o n ,  C.pseudogracilis showed l i t t l e  a v o id a n ce  be low  10 pM.

T h is  i n v e s t i g a t i o n  d i f f e r e d  f r o m  th o s e  o f  Costa (1968)  and A b e l  & Green 

(op .  c i t . )  i n  b o th  t h e  d e s i g n  o f  a p p a r a t u s  and t h e  e x p e r i m e n t a l  t e c h n i q u e ,

and t h e r e f o r e  w h i l s t  t h e  g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  a v o id a n c e  response

f o r  G.pulex were r e l a t i v e l y  c o n s i s t e n t  w i t h  t h e i r  r e s u l t s ,  s e v e r a l

d i f f e r e n c e s  were d e t e c t e d .  The a p p a r a tu s  used i n  bo th  p r e v i o u s  

i n v e s t i g a t i o n s  was based on a d e s i g n  f o r  t e s t i n g  f i s h ,  i n  w h ic h  t h e  f l o w  

r a t e  t h r o u g h  t h e  e x p e r i m e n t a l  chamber  was a p p r o x i m a t e l y  300 cm^ min”  ̂ . By 

t h e  use o f  n a r ro w  cu rved  i n l e t s  t o  enhance th e  even d i s p e r s a l  o f  i n c o m in g  

medium t h r o u g h o u t  each h a l f  o f  t h e  chamber i t  was p o s s i b l e  t o  reduce  t h e  

f l o w  r a t e  t o  50 cm min  ̂ i n  t h i s  s t u d y  and s t i l l  a c h ie v e  a c o m p le te

s o l u t i o n  r e v e r s a l  w i t h i n  5 m in .  The c u r r e n t s  w i t h i n  t h e  chamber were 

i n s u f f i c i e n t  t o  cause any i n v o l u n t a r y  movement o f  a n im a ls  to w a rd s  t h e  

o u t l e t ,  w i t h  bo th  s p e c ie s  f r e e l y  c r o s s i n g  th e  i n t e r f a c e  f r om  bo th  d i r e c t i o n s  

unde r  c o n t r o l  c o n d i t i o n s .  An a d d i t i o n a l  advan ta ge  o f  t h i s  m o d i f i c a t i o n  was 

t h a t  a 60 min t e s t  c o u ld  be con duc te d  w i t h o u t  r e p l e n i s h m e n t  o f  th e  two 

5 l i t r e  a s p i r a t o r s ,  an e s s e n t i a l  f e a t u r e  f o r  an e x p e r im e n t  o f  t h i s  t y p e  

c onduc ted  by a s i n g l e  o p e r a t o r .

The d i s t i n c t  te nde n c y  f o r  G.pulex t o  rem a in  l o n g e r  a t  t h e  ends o f  t h e  

chamber  d u r i n g  th e  c o n t r o l  p e r i o d  o f  each t e s t  was a l s o  re c o r d e d  by 

A b e l  & Green (op.  c i t . ) .  T h is  may be a p o s i t i v e  response  t o  t h e  f a s t e r  f l o w  

r a t e  i m m e d i a t e l y  a d j a c e n t  t o  t h e  n a r r o w  i n l e t s ,  s i n c e  more d i s s o l v e d  oxygen
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w o u ld  be s u p p l i e d  a c ro s s  th e  g i l l  s u r f a c e  pe r  u n i t  t i m e ,  t h a n  i n  t h e  main 

body o f  t h e  chamber .  I t  i s  however i n t e r e s t i n g  t h a t  t h i s  t r e n d  i s  a l s o  seen 

i n  C.pseudogracilis w h ich  i s  s t a t e d  t o  p r e f e r  s lo w  f l o w i n g  o r  s t i l l  w a t e r  

e n v i r o n m e n t s  ( H o l l a n d  1976) .  An a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  a p p a r e n t  

r e s t r i c t i o n  o f  t h i s  s p e c ie s  t o  l a c u s t r i n e  and s lo w  w a t e r  e n v i r o n m e n t s  i s  

t h a t  under  f a v o u r a b l e  p h y s i o - c h e m i c a l  c o n d i t i o n s  6. pulex w i l l  p r e d a t e  

C. pseudogracilis u n le s s  s p a t i a l  s e p a r a t i o n  i s  p o s s i b l e .  T h i s  h y p o t h e s i s  has 

been e x p l o r e d  i n  Append ix  2.

As t h e  c o n c e n t r a t i o n  o f  z i n c  o f f e r e d  d u r i n g  c h o i c e  chamber  e x p e r im e n t s  

was i n c r e a s e d ,  t h e  avo id a n ce  r e a c t i o n  o f  b o th  s p e c ie s  became s t r o n g e r ,  and a 

g r e a t e r  p e rc e n ta g e  o f  t h e  t i m e  s p e n t  w i t h i n  t h e  z i n c  f r e e  medium was

o c c u p ie d  by c l u s t e r i n g  m o t i o n l e s s  around  t h e  i n l e t .  I t  i s  t h e r e f o r e  p o s s i b l e

t h a t  above a c e r t a i n  c o n c e n t r a t i o n ,  e x p o s u re  t o  z i n c  i n c r e a s e s  t h e  oxygen 

r e q u i r e m e n t  o f  th e  a n i m a l ,  p o s s i b l y  due t o  g i l l  damage o r  an i n c r e a s e  i n  

g e n e r a l  m e t a b o l i c  l e v e l ,  w h ich  causes i t  t o  show a s t r o n g  a f f i n i t y  f o r  t h e  

f a s t e r  f l o w  r a t e  a t  t h e  z i n c  f r e e '  medium i n l e t .  T h is  t r e n d  was n o t  

o bs e rv ed  by Costa (1966)  who r e p o r t e d  t h a t  a f t e r  an a v o id a n c e  response  

n o r m a l '  b e h a v i o u r  was resumed i n  t h e  z i n c - f r e e  h a l f  o f  t h e  chamber.

S im u l ta n e o u s  r e v e r s a l  o f  z i n c  s o l u t i o n  and z i n c  f r e e '  medium was

r e j e c t e d  i n  f a v o u r  o f  a two s ta g e  p ro c e s s  i n  w h ic h  z i n c  s o l u t i o n  was t o t a l l y

f l u s h e d  f r om  one h a l f  o f  t h e  chamber  b e f o r e  i t s  i n t r o d u c t i o n  i n t o  t h e

o p p o s i t e  h a l f .  The t r a n s i t i o n  p e r i o d  d u r i n g  s im u l t a n e o u s  r e v e r s a l ,  i n  w h ic h  

z i n c  s o l u t i o n  must  be p r e s e n t  w i t h i n  b o th  ends o f  t h e  chamber was t h e r e f o r e

e l i m i n a t e d .  T h is  was found  t o  be e s p e c i a l l y  i m p o r t a n t  a t  t h e  h i g h e r  t e s t

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

r e v e r s a l  o f  t h e  c h o i c e  chamber was a c h i e v e d .  W h i l s t  bo th  Costa (1966 )  and 

A b e l  & Green (op .  c i t . )  used s i m u l t a n e o u s  r e v e r s a l ,  t h e  l a t t e r  a l l o w e d  a 

3 min e q u i l i b r a t i o n  p e r i o d  f o r  r e v e r s a l  t a  be c om p le ted  b e f o r e  r e c o r d i n g  was 

recommenced. T h i s  assumes however ,  t h a t  a n im a ls  w h ic h  have been t e m p o r a r i l y
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p r e v e n t e d  f r om  e n t e r i n g  t h e  z i n c  f r e e  end o f  t h e  chamber by a r e s i d u a l  band 

o f  z i n c  s o l u t i o n ,  do n o t  s u f f e r  any r e s u l t a n t  b e h a v i o u r a l  m o d i f i c a t i o n .  

P r e l i m i n a r y  e x p e r im e n t s  i n d i c a t e d  t h a t  under  t h e s e  c o n d i t i o n s  i n d i v i d u a l s  o f  

b o th  s p e c ie s  tended t o  become c o n fus ed  and r e p e a t e d l y  swam i n t o  t h e  z i n c  

s o l u t i o n  even a f t e r  a new i n t e r f a c e  had fo rm ed .

A t  t h e  l o w e s t  z i n c  c o n c e n t r a t i o n  o f f e r e d  o f  0.1 pM, G.pulex showed a 

c l e a r e r  and more r a p i d  a v o id a n c e  response  a f t e r  s o l u t i o n  r e v e r s a l .  Costa 

(1966 )  r e c o r d e d  th e  same t r e n d  a t  h i g h e r  z i n c  c o n c e n t r a t i o n s  and a t t r i b u t e d  

i t  t o  l e a r n i n g .  In  c o n t r a s t  C.pseudogracilis responded t o  t h e  f i r s t  c h o i c e  

chamber  p e r i o d  w i t h  a weak a v o id a n c e  r e a c t i o n  b u t  showed no response  a t  a l l  

when t h e  s o l u t i o n s  were r e v e r s e d ,  s u g g e s t i n g  t h a t  i n  t h i s  s p e c ie s  i n i t i a l  

s e n s i t i v i t y  a t  l ow  c o n c e n t r a t i o n s  i s  reduced  w i t h  i n c r e a s i n g  t im e  o f  

e x p o s u r e .

I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  t h e  e x p e r i m e n t a l  a p p a r a t u s  A b e l  & Green 

(op .  c i t . )  r e c o r d e d  a vo id a n c e  d a ta  as t h e  p e rc e n ta g e  t i m e  sp e n t  i n  c o n t r o l  

and t o x i c  s o l u t i o n s .  W h i l s t  t h i s  a l l o w e d  them t o  show t h a t  t h e  t i m e  sp e n t  i n  

z i n c  s o l u t i o n  dec reased  w i t h  i n c r e a s i n g  z i n c  c o n c e n t r a t i o n  i t  was n e c e s s a ry  

t o  t e s t  a n im a ls  s i n g l y  and t h e r e f o r e  o n l y  f i v e  r e p l i c a t e s  were used a t  each 

c o n c e n t r a t i o n .  In  t h i s  e x p e r im e n t  a l e s s  c o n c i s e  p o s i t i o n a l  r e c o r d i n g

t e c h n i q u e  was used t o  a l l o w  t e n  a n im a ls  t o  be t e s t e d  s i m u l t a n e o u s l y  and a 

more s t a t i s t i c a l l y  r e p r e s e n t a t i v e  sample t o  be o b t a i n e d .

A Summarv o f  a v o idan c e  b e h a v i o u r

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

s e n s i t i v i t y  s i n c e  b o th  G.pulex and C.pseudogracilis show s t r o n g  a vo id a n c e

r e a c t i o n s  t o  z i n c  c o n c e n t r a t i o n s  be low  t h e i r  p r e v i o u s l y  d e t e r m in e d  96 h LC50 

v a l u e s .  G.pulex can d e t e c t  and a v o id  z i n c  a t  a c o n c e n t r a t i o n  a t  l e a s t  t e n  

t i m e s  weaker  th a n  t h a t  w h ic h  evokes a r es po ns e  f r om  C.pseudogracilis. T h i s  

d i f f e r e n c e  may p a r t i a l l y  r e f l e c t  b e h a v i o u r a l  as w e l l  as s e n so ry  d i f f e r e n c e s  

between t h e  s p e c i e s .  Sprague (1968)  p e r fo rm e d  t o x i c i t y  t e s t s  on two
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s a lm o n o id  s p e c ie s  and found  t h a t  w h i l s t  Salmo salar s ta y e d  p r e d o m i n a n t l y  on 

t h e  b o t to m  o f  t h e  chamber,  Salmo gairdnerii swam f r e e l y  and t h e r e f o r e  became 

more q u i c k l y  aware o f  t h e  c h o i c e  between c le a n  w a t e r  and t o x i c a n t .  The 

d i f f e r e n c e  i n  t o x i c a n t  d e t e c t i o n  between 6. pulex and C. pseudogracilis may 

t h e r e f o r e  be a p a r t i a l  consequence  o f  a s i m i l a r  d i f f e r e n c e  i n  t h e i r  no rm a l  

a c t i v i t y  l e v e l  w i t h i n  th e  t e s t  chamber . In  v i e w  o f  t h e  much h i g h e r  t o l e r a n c e  

o f  C. pseudogracilis i n  a c u t e  t o x i c i t y  t e s t s  i t  has a g r e a t e r  m a rg in  f o r  

d e t e c t i o n  o f  z i n c  be low  i t s  l e t h a l  l i m i t  th a n  does 6. pulex.

A c t i v i t v  change as an i n d i c a t i o n  o f  z i n c  t o x i c i t v  

Experimental method

S in ce  t h e  m a j o r i t y  o f  b e h a v i o u r a l  t o x i c i t y  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  a re  o f  t he  p r e f e r e n c e / a v o i d a n c e  t y p e  t h e r e  i s  l i t t l e  a c t i v i t y

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

some examples o f  p o l l u t a n t  i n d u c e d  b e h a v i o u r a l  change i n  m a r in e

m a c r o - i n v e r t e b r a t e s  are  g i v e n  by 011a, Pearson & S tudholme (1 9 8 0 ) .

S e v e r a l  e x p e r i m e n t a l  d i f f i c u l t i e s  were e n c o u n te r e d  i n  t h e  p e r fo rm a n c e  o f  

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

n e c e s s a r y  t o  t e s t  a n im a ls  s i n g l y .  In  consequence,  f e w e r  r e p l i c a t e  t e s t s

c o u l d  be p e r fo rm e d  i n  t h e  t i m e  a v a i l a b l e  t h a n  would have been d e s i r a b l e  f o r

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

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

A f u r t h e r  p ro b le m  was e n c o u n te re d  i n  t h e  p r e s e n t a t i o n  o f  r e s u l t s .  In  

c o n t r o l  t e s t s  each measured b e h a v i o u r a l  c h a r a c t e r i s t i c  was averaged  o v e r  t h e

d u r a t i o n  o f  t h e  e x p e r i m e n t .  A f t e r  a d d i t i o n  o f  z i n c  s o l u t i o n ,  however ,  t h e

b e h a v i o u r a l  r es pon se  c o u ld  no l o n g e r  be assumed t o  show a l i n e a r

r e l a t i o n s h i p  w i t h  r e s p e c t  t o  t im e  and t h e r e f o r e  i t  was n e c e s s a ry  t o  r e c o r d

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

volume o f  d a ta  w h ich  d i d  n o t  r e a d i l y  l e n d  i t s e l f  t o  s t a t i s t i c a l  a v e r a g i n g  

p r o c e d u r e s .
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The r e s u l t s  have t h e r e f o r e  more v a l u e  as p r e d i c t i v e  o f  p o s s i b l e  

d e t r i m e n t a l  t o x i c a n t  l e v e l s  r a t h e r  th a n  an a c c u r a t e  measure o f  e i t h e r  a c u te  

o r  c h r o n i c  t o x i c i t y .

A SUMMARY OF BEHAVIOURAL TOXICITY TESTING

Two b e h a v i o u r a l  c r i t e r i a  o f  t o x c i i t y  have been i n d e p e n d e n t l y  examined i n  

t h i s  s e r i e s  o f  e x p e r i m e n t s .  F i r s t ,  t h e  a b i l i t y  o f  an a n im a l  t o  r e c o g n i s e  and 

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

w h i c h  o c c u r  i f  a v o id an c e  i s  p r e v e n t e d .

The av o id an c e  response  was found t o  be a good i n d i c a t o r  o f  s u b - l e t h a l  

z i n c  t o x i c i t y  f o r  bo th  s p e c i e s ,  h a v in g  t h e  a d d i t i o n a l  ad van tage  o f  b e in g  

much q u i c k e r  t o  a p p l y  th an  c h r o n i c  t e s t s  on g r o w t h ,  deve lo p m e n t  o r  

r e p r o d u c t i v e  success .  B e h a v i o u r a l  m o d i f i c a t i o n  r e s u l t i n g  f ro m  c o n t i n u o u s  

e x p o s u re  t o  t h e  t o x i c a n t  was o n l y  re c o r d e d  a t  l e t h a l  z i n c  c o n c e n t r a t i o n s ,  

and was t h e r e f o r e  a l e s s  u s e f u l  measure o f  t o x i c i t y  th a n  t h e  a v o id a n c e  

re s p o n s e .  T h is  was p a r t i a l l y  a t t r i b u t a b l e  t o  th e  e x p e r i m e n t a l  d i f f i c u l t i e s  

a s s o c i a t e d  w i t h  p e r fo rm a nc e  and i n t e r p r e t a t i o n  o f  t h i s  t y p e  o f  t e s t .

Under  n a t u r a l  c o n d i t i o n s  a w id e  v a r i e t y  o f  e n v i r o n m e n t a l  f a c t o r s  

i n t e r a c t  w i t h  t h e  o rg a n is m  and t o x i c a n t  t o  a f f e c t  t h e  outcome o f  a 

p e r t u r b a t i o n .  For  most l a b o r a t o r y  s t u d i e s  t h e  l i n k  between obse rved  

l a b o r a t o r y  change and th e  im p a c t  on s p e c ie s  dynamics  i n  t h e  e c o l o g i c a l  

sys tem i s  t h e r e f o r e  d i f f i c u l t  t o  a s c e r t a i n  (011a e t  al. 1980 ) .  Such an 

outcome has been d e m o n s t ra te d  by L a u g h l i n  ( 1 9 7 8 ) .  Under n a t u r a l  c o n d i t i o n s  

t h e  j u v e n i l e  Callinectes sapidus ( B lu e  c r a b ) ,  was a t t r a c t e d  t o  areas where 

s to rm  run o f f  had low e re d  t h e  pH, b u t  i n  l a b o r a t o r y  t e s t s  t h e y  a c t i v e l y  

a v o id e d  s i m i l a r  pH l e v e l s .  W h i l s t  r e c o g n i s i n g  t h e  l i m i t a t i o n s  o f  l a b o r a t o r y  

g e n e r a te d  d a t a ,  however ,  a c t i v i t y  and a v o id a n c e  s t u d i e s  p r o v i d e  a u s e f u l  

b a s i s  f o r  f u r t h e r  f i e l d  o b s e r v a t i o n s .
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CHAPTER 8 

PHYSIOLOGICAL INDICES OF TOXICITY 

I .  OXYGEN CONSUMPTION

INTRODUCTION

A c c o r d i n g  t o  Sprague (1971),  an u n d e r s t a n d i n g  o f  t h e  p h y s i o l o g i c a l  mode 

o f  a c t i o n  o f  a t o x i c a n t  on an o rg a n is m  i s  th e  key t o  p r e d i c t i n g  i t s  

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

t o x i c i t y ,  however ,  p h y s i o l o g i c a l  s t u d i e s  on a q u a t i c  o rgan ism s  have been

p r i m a r i l y  concerned  w i t h  f i s h .  T echn iques  drawn f ro m  b i o l o g i c a l l y  based 

d i s c i p l i n e s  i n c l u d i n g  h i s t o p a t h o l o g y , h i s t o c h e m i s t r y ,  h a e m a to lo g y ,  

b i o c h e m i s t r y  and p h y s i o l o g y  have a l l  been employed i n  f i s h  t o x i c o l o g y  

s t u d i e s ,  t o  d e t e r m i n e  th e  mode and s e v e r i t y  o f  t o x i c a n t  a c t i o n .  H i s t o l o g y  

has been th e  most used o f  t h e s e  i n v e s t i g a t i v e  t e c h n i q u e s  b u t  a t  l e a s t  up t o  

1971 no d e t a i l e d  h i s t o l o g i c a l  a t l a s  was a v a i l a b l e  f o r  e i t h e r  f i s h  i n  

g e n e r a l ,  o r  f o r  a g i v e n  s p e c ie s  (Sprague op. c i t . ) .  P h y s i o l o g y  and

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

w i t h  many o f  t h e  component t e c h n i q u e s  adap ted  f ro m  t h e  m e d i c a l  s c ie n c e s

( Sprague op.  c i t . ) .

A p h y s i o l o g i c a l  e x a m i n a t i o n  o f  t h e  e f f e c t s  o f  i o n i c  z i n c  on t h e  

gam m ar id ian  r e s p i r a t o r y  system has been p e r fo rm e d  as p a r t  o f  t h i s  

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

o f  t e s t s  t h e  p o p u l a t i o n  o f  C. pseudogracilis i n  R u t la n d  r e s e r v o i r  unde rw en t  

a r a p i d  d e c l i n e  (see Chap te r  3 ) ,  and o n l y  s u f f i c i e n t  i n d i v i d u a l s  o f  G. pulex 

c o u l d  be o b t a i n e d  f o r  t e s t i n g .  The p r i m a r y  aim o f  th e  t e s t s  was t h e r e f o r e  t o  

assess  t h e i r  p o t e n t i a l  v a lu e  as i n d i c a t o r s  o f  s u b - a c u t e  z i n c  t o x i c i t y  t o  

6 . pulex, w i t h  t h e  secondary  o b j e c t i v e  o f  g a i n i n g  some u n d e r s t a n d i n g  o f  t h e  

mode o f  z i n c  a c t i o n  on t h i s  s p e c i e s .
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Two e x p e r im e n t s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  i o n i c  z i n c  on t h e  oxygen 

c o n s u m p t io n  r a t e  o f  G. pulex are d e s c r i b e d  i n  t h i s  c h a p t e r .  F i r s t ,  a 

c o m p a r i s o n  was made between t h e  n o rm a l  oxygen c onsum pt io n  r a t e s  o f  a n im a ls  

f r o m  R u t l a n d  W ate r ,  h a v in g  no h i s t o r y  o f  m e t a l  p o l l u t i o n ,  and a n im a ls  f rom  

W i l l o w  Brook w h i c h  had ceased t o  r e c e i v e  z i n c  e f f l u e n t  f r om  Corby S te e l w o r k s  

i n  September 1980 (C h a p te r  2 ) .  The a im o f  t h i s  t e s t ,  p e r fo rm e d  i n  a s t a t i c  

sy s te m ,  was t o  i d e n t i f y  any s i g n i f i c a n t  p h y s i o l o g i c a l  d i f f e r e n c e  between t h e  

two p o p u l a t i o n s  w h ic h  m ig h t  have r e s u l t e d  f r o m  t h e  e x pos u re  o f  W i l l o w  Brook 

a n i m a l s  t o  d i s s o l v e d  z i n c .

S e c o n d ly ,  t h e  im m ed ia te  e f f e c t s  o f  z i n c  s u l p h a t e  s o l u t i o n s  on th e  oxygen 

c o n s u m p t io n  r a t e s  o f  groups  o f  a n im a ls  f r om  R u t la n d  Water  was i n v e s t i g a t e d  

w i t h i n  a c o n t i n u o u s  f l o w  sys tem. T h i s  has been f o l l o w e d  ( C h a p te r  9) w i t h  a 

com p lem en ta ry  a n a l y s i s  o f  t h e  e f f e c t s  o f  i d e n t i c a l  z i n c  c o n c e n t r a t i o n s  on 

g i l l  v e n t i l a t i o n  r a t e  o f  G. pulex.

Z i n c  t o x i c i t v  and oxvoen consum pt ion  i n  f i s h

As a consequence o f  th e  more e x t e n s i v e  cove rage  g i v e n  t o  p h y s i o l o g i c a l  

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

t h e  l i m i t e d  number o f  i n v e r t e b r a t e  s t u d i e s ,  t h e  a t t e m p t s  w h ic h  have been 

made t o  u n d e r s ta n d  p h y s i o l o g i c a l  and f u n c t i o n a l  r e s p i r a t o r y  re spo nses  o f  

f i s h  t o  z i n c  a r e  re v ie w e d  b r i e f l y .

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

z i n c  c o n c e n t r a t i o n s  c o a g u l a t i o n  a n d / o r  p r e c i p i t a t i o n  o f  mucus on t h e  g i l l s ,  

s e c r e t e d  by c e l l s  o r  organs i n  t h e  g i l l s  t h e m s e lv e s ,  caused d e a th  by 

s u f f o c a t i o n  ( C a r p e n t e r  1927, 1930) .  In  l a t e r  s t u d i e s  t h i s  e f f e c t  was 

re g a r d e d  as b e in g  o f  o n l y  m in o r  im p o r t a n c e  w i t h  d e a th  a c t u a l l y  r e s u l t i n g  

f r o m  d i r e c t  damage t o  t h e  g i l l  membranes by i o n i c  z i n c .  S e p a r a t i o n  o f  t h e  

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

was t h o u g h t  t o  i n c r e a s e  th e  e f f e c t i v e  d i s t a n c e  o v e r  w h ic h  oxygen must 

d i f f u s e  t o  r e a c h  th e  b lo o d .  Death was t h e r e f o r e  assumed t o  r e s u l t  f r om
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c o l l a p s e  o f  weakened p i l l a r  c e l l  systems and r e s t r i c t e d  b lo o d  f l o w  t h r o u g h  

t h e  c a p i l l a r i e s .  ( L lo y d  1960; Sk idmore 1964; B u r t o n ,  Jones & C a i r n s  1972; 

M a t t h i e s s e n  & B r a f i e l d  1973;  Hughes & Adeney 1977) .

Damage t o  th e  r e s p i r a t o r y  sys tem o f  f i s h  has been i d e n t i f i e d  under

e x p e r i m e n t a l  c o n d i t i o n s  by an i n c r e a s e  i n  r e s p i r a t o r y  a c t i v i t y ,  i e ,

b r e a t h i n g  r a t e s ,  volume and f r e q u e n c y  o f  v e n t i l a t i o n ,  and c o u g h in g .

Sk idmore  (1970)  i n  a s t u d y  o f  Salmo gairdneri, found t h a t  i n  a c u t e l y  t o x i c  

z i n c  s o l u t i o n s  th e  r a t e  o f  r o u t i n e  oxygen u p ta k e  f o r  a q u i e t  f i s h  was 

unchanged,  b u t  oxygen u t i l i s a t i o n  dec rea s ed  seven f o l d ,  g i l l  v e n t i l a t i o n  

i n c r e a s e d  s i x  f o l d ,  and h e a r t  r a t e  dec reas e d  two f o l d .  He t h e r e f o r e  

su gges te d  t h a t  g i l l  p e r m e a b i l i t y  t o  oxygen was d e c r e a s e d ,  w i t h  d e a th  

r e s u l t i n g  f r om  t i s s u e  h y p o x i a ,  when maximum g i l l  v e n t i l a t i o n  was

i n s u f f i c i e n t  t o  s u p p l y  t h e  oxygen needs o f  t h e  f i s h .  Sk idmore  (1970)  

m a i n t a i n e d  t h a t  z i n c  was n o t  a r a p i d  i n t e r n a l  p o i s o n  t o  t he  t r o u t  and 

t h e r e f o r e  w h e th e r  t h e r e  was h i s t o l o g i c a l  damage t o  t h e  g i l l s ,  mucus

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

i n c a p a c i t a t i o n  was t h e  a p p a r e n t  m a jo r  cause o f  a c u te  z i n c  m o r t a l i t y .

Spark es ,  C a i r n s  & Heath (1972)  found  t h a t  Lepomis macrochirus

( b l u e g i l l s )  responded t o  a 39 pM z i n c  s o l u t i o n  w i t h  an i n c r e a s e  i n  b r e a t h i n g  

r a t e  and a change i n  b r e a t h i n g  r a t e  v a r i a n c e .  Some a u t h o r s  have a l s o

d e s c r i b e d  a c o r r e s p o n d i n g  dec rease  i n  oxygen up ta k e  (Jones  1947b ) .  T h is

r e d u c t i o n  was a t t r i b u t e d  t o  g i l l  damage, l e a d i n g  t o  d e a th  f r o m  h y p o x ia  

accompanied by t o x i c  a c c u m u l a t i o n  o f  l a c t i c  a c i d  ( B u r t o n ,  e t  al. 1972; 

B r a f i e l d  & M a t t h i e s s e n  1976) .

C h r o n i c a l l y  t o x i c  l e v e l s  o f  z i n c  i n v o k e  a d i f f e r e n t  s e t  o f  symptoms f ro m  

a c u t e l y  t o x i c  e f f e c t s  ( W e a th e r l e y ,  Lake & Rogers 1980) .  C r a n d a l l  & G o odn ig h t  

(1963)  dem o n s t ra te d  t h a t  s u s t a i n e d  e x p os u re  o f  Lebistes reticulatus (common 

guppy)  t o  z i n c  s u l p h a t e  produced no g i l l  d e t e r i o r a t i o n ,  b u t  caused o t h e r  

p h y s i c a l  s t r e s s e s  such as v a c u o l a t e d  l i v e r s ,  expanded k i d n e y  t u b u l e s ,  and 

unde rd e ve lo p e d  s p l e e n s .  In  a d d i t i o n ,  o n l y  257. o f  t h e  f i s h  t e s t e d  reached
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s e x u a l  m a t u r i t y .  C h r o n i c a l l y  t o x i c  l e v e l s  o f  z i n c  have,  however ,  been shown 

t o  a f f e c t  f i s h  g i l l s .  M a t t h i e s s e n  & B r a f i e l d  (1973)  found  marked g i l l  

changes i n  Gasterosteus aculeatus i n  s u b l e t h a l  z i n c  c o n c e n t r a t i o n s .  V a cuo les  

and m y e l i n - l i k e  bod ie s  appeared  i n  t h e  g i l l  e p i t h e l i u m ,  and t h e r e  was an 

i n c r e a s e  i n  g i l l  c h l o r i d e  c e l l s .  S u b l e t h a l  s t u d i e s  by H i l t i b r a n  (1971)  on 

t h e  e f f e c t s  o f  z i n c ,  manganese,  cadmium, and c a l c i u m  on t h e  r e s p i r a t i o n  o f  

Lepomis macrochirus, and O 'Hara (1971)  on t h e  e f f e c t s  o f  coppe r  on oxygen 

c o n su m p t io n  o f  t h e  same s p e c i e s ,  b o th  s u g g e s t  t h a t  a t  s u b l e t h a l  l e v e l s ,  some 

m e t a l  t o x i c a n t s  can i n h i b i t  oxygen co n s u m p t io n  a t  t h e  m i t o c h o n d r i a l  l e v e l .

Z i n c  t o x i c i t v  and oxvoen con sum p t ion  i n  i n v e r t e b r a t e s

L i t e r a t u r e  c o n c e r n i n g  t h e  t o x i c  e f f e c t s  o f  m e ta l s  on i n v e r t e b r a t e  

r e s p i r a t o r y  systems i s  n o t  o n l y  l e s s  v o lu m in o u s  t h a n  t h a t  f o r  f i s h ,  b u t  a l s o  

c a r r i e s  a n o t i c ed b ly  d i f f e r e n t  em phas is .  Such s t u d i e s  have been m a i n l y  

co nce rned  w i t h  a c c u r a t e l y  r e c o r d i n g  changes i n  r e s p i r a t o r y  p e r fo r m a n c e  o f  

t h e  s e l e c t e d  t e s t  s p e c ie s  f o r  b i o a s s a y  p u r p o s e s .  Less a t t e n t i o n  has been 

paidi t o w a rd s  c l a r i f i c a t i o n  o f  t h e  mechanisms w h ic h  p romote th e s e  changes ,  

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

modes o f  t o x i c a n t  a c t i o n .

Jones (1941 )  measured t h e  r e s p i r a t o r y  response  o f  G. pulex t o  a c u t e l y  

l e t h a l  c oppe r  s o l u t i o n s  and found  an i n i t i a l  r i s e  i n  t h e  r e s p i r a t i o n  r a t e ,

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

s u r v i v a l  t i m e .  As th e  a n im a ls  became i n c a p a c i t a t e d  t h e  r e s p i r a t i o n  r a t e  

d e c rea s ed  a c c o r d i n g l y .  H u n te r  (1949)  pe r fo rm e d  a s i m i l a r  s t u d y  on

Marinogammarus marinus, b u t  a t  s u b - l e t h a l  c o ppe r  c o n c e n t r a t i o n s ,  and found  a 

r e d u c t i o n  i n  oxygen u p t a k e .  I n c r e a s i n g  t h e  coppe r  c o n c e n t r a t i o n  r e s u l t e d  i n  

f u r t h e r  d e p r e s s i o n  o f  up ta k e  r a t e .  In  c o n t r a s t ,  a s u b - l e t h a l  m e rc u ry

s o l u t i o n  had no e f f e c t  on th e  same s p e c i e s .  H un te r  (1949)  c o n c lu d e d  t h a t

w h i l s t  m e rc u ry  a c te d  d i r e c t l y  by p o i s o n i n g  p r o t o p l a s m ,  copper  a f f e c t e d  t h e  

e q u i l i b r i u m  o f  r e s p i r a t o r y  a n d / o r  o s m o r e g u l a t o r y  sy s tems .
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W ith  the  s p e c i f i c  i n t e n t i o n  o f  d e s i g n i n g  a r a p i d  and s e n s i t i v e  t e s t  f o r  

t h e  d e t e c t i o n  o f  s u b l e t h a l  e f f e c t s  o f  t o x i c a n t s ,  B r k o v i c  - Popov ic  & Po pov ic  

(1977b)  d e te r m in e d  t h e  r a t e  o f  t u b i f i c i d  worm r e s p i r a t i o n  o v e r  a range o f  

z i n c  c o n c e n t r a t i o n s .  An i n c r e a s e  i n  r e s p i r a t i o n  r a t e  was found  i n  a z i n c  

c o n c e n t r a t i o n  c a u s in g  100% m o r t a l i t y  i n  24 h , b u t  no response  was o b t a i n e d  

a t  t h o s e  c o n c e n t r a t i o n s  be low t h e  48 h LC50. T h is  t e s t  was t h e r e f o r e  

i n s e n s i t i v e  a t  c h r o n i c  z i n c  c o n c e n t r a t i o n s .  Ch innayya  (1971)  was qu o ted  by 

W e a t h e r l e y  e t  al. (1980)  t o  have found  t h a t  exposu re  o f  t h e  f r e s h w a t e r  

s h r im p ,  Caridina rajadhari t o  a 100 pM z i n c  s o l u t i o n  f o r  30 min r e s u l t e d  i n  

d e p r e s s i o n  o f  r e s p i r a t i o n .  R e fe rence  t o  t h e  o r i g i n a l  pap e r ,  however ,  r e v e a l s  

a c l e a r  a m b i g u i t y  between w r i t t e n  t e x t  and r e s u l t s  t a b l e ,  and any 

i n t e r p r e t a t i o n  o f  t h i s  work must  n e c e s s a r i l y  be t r e a t e d  w i t h  c a u t i o n .

I n  a r e c e n t  s t u d y ,  Costa (1980)  d e s c r i b e d  t h e  e f f e c t  o f  a c u t e l y  l e t h a l  

z i n c  s u l p h a t e  s o l u t i o n s  on t h e  h e a r t  b e a t  r a t e  o f  G. pulex. In  t e s t s  o f  

60 min d u r a t i o n  Costa found t h a t  th e  h e a r t  be a t  r a t e  rose  s h a r p l y  i n  50 mM 

and 5 mM z i n c  s u l p h a t e  s o l u t i o n s  f o l l o w e d  by a r a p i d  de c re a s e  to w a rd s  t h e  

end o f  t h e  t e s t .  In  a 500 pM s o l u t i o n  t h e  b e a t  r a t e  began t o  r i s e  a f t e r  5-6 

min and c o n t i n u e d  t o  do so u n t i l  t h e  end o f  t h e  t e s t .  I n  a 50 pM s o l u t i o n  no 

change i n  be a t  r a t e  o c c u r r e d  f o r  50 min a f t e r  w h ic h  t im e  t h e r e  was a s l i g h t  

i n c r e a s e .  A c c o r d in g  t o  th e  a c u te  t e s t s  p e r fo r m e d  i n  t h i s  s t u d y  (C h a p te r  5 ) ,  

a 50 pM z i n c  s o l u t i o n  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  24 h LC50 o f  t h i s  

s p e c i e s .  Costa co nc lude d  t h a t  th e  im m ed ia te  a b e r r a t i o n s  o f  h e a r t  be a t  were  

caused by g i l l  damage a s s o c i a t e d  w i t h  a b s o r p t i o n  o f  t o x i c a n t  v i a  s k i n ,  g i l l s  

and g a s t e r o i n t e s t i n a l  t r a c t  i n t o  t h e  c i r c u l a t o r y  sys tem, a l t h o u g h  he o f f e r e d  

no d i r e c t  e v id e n c e  t o  s u b s t a n t i a t e  t h i s  i n f e r e n c e .  He a l s o  ob se rve d  r a p i d  

and v i o l e n t  p leopod  a c t i v i t y  and sugges te d  t h a t  z i n c  was i n  some way c a u s in g  

a r e d u c t i o n  i n  t h e  a v a i l a b l e  oxygen.
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M e a s u r in g  oxygen consum pt ion

Measurement o f  oxygen con s um p t ion  f o r  s m a l l  samples has been p e r fo rm ed  

i n  a v a r i e t y  o f  ways. There a r e ,  f o r  example,  some m anom et r i c  t e c h n i q u e s  

t h a t  g i v e  v e r y  p r e c i s e  r e s u l t s  and th e s e  a re  c o m p r e h e n s i v e l y  re v ie w e d  i n  

P e t r u s e w i c z  & Macfadyn ( 1 9 7 0 ) ,  and U m b r e i t ,  B u r r i s  & S t a u f f e r  ( 1 9 7 2 ) .

However ,  w i t h  most  m a nom e t r i c  methods t h e  r e s p i r o m e t e r  has t o  be shaken 

o r  t h e  w a t e r  a g i t a t e d .  F u r t h e r m o r e ,  t h e  c o n t a i n e d  volume o f  medium i s  s m a l l  

and c a n n o t  be changed d u r i n g  measurement .  These methods do n o t  t h e r e f o r e

f u l f i l  t h e  r e q u i r e m e n t  t h a t  th e  e x p e r i m e n t a l  c o n d i t i o n s  be s i m i l a r  t o

n a t u r a l  c o n d i t i o n s  and a re  c o n s e q u e n t l y  n o t  v e r y  s u i t a b l e  f o r  e c o l o g i c a l  

p u r p o s e s .  Chem ica l  methods,  e s p e c i a l l y  ' W i n k l e r '  t y p e  methods have been 

p o p u l a r  i n  s t u d i e s  o f  i n v e r t e b r a t e  r e s p i r a t i o n  (L indemann 1935; Chinnayya

1971; C a i r n s ,  Calhoun ,  McG inn is  & S t r a k a  1976; Cor rea & C o l e r  1983) ,  b u t  t h e  

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

i r o n ,  n i t r i t e  and o t h e r  i m p u r i t i e s  i n  t h e  t e s t  medium. I t  i s  t h e r e f o r e  an 

u n s u i t a b l e  t e c h n i q u e  e x c e p t  when d e i o n i s e d  w a t e r  i s  used as t h e  d i l u e n t .

In  a r e s p i r o m e t e r  w i t h  an open f l o w  o f  medium th e  p o s s i b i l i t y  o f  

o b t a i n i n g  e x p e r i m e n t a l  c o n d i t i o n s  t h a t  are  s i m i l a r  t o  t h o s e  i n  n a t u r e  a re  

g r e a t l y  enhanced.  The medium around th e  a n im a ls  i s  c o n t i n u o u s l y  changed,  and 

t h e r e  i s  no need t o  shake t h e  r e s p i r o m e t e r .  I n  a d d i t i o n  t h e  t e s t  medium can 

be changed d u r i n g  the  e x p e r im e n t  w i t h o u t  d i s m a n t l i n g  t h e  a p p a r a tu s  and

s t r e s s i n g  t h e  a n im a l s .

A m e a s u r i n g  t e c h n i q u e  w h ich  p e r m i t s  a c o n t i n u o u s  r e a d i n g  o f  t h e  oxygen 

c o n c e n t r a t i o n  o f  t he  medium f l o w i n g  i n t o  and away f rom  th e  e x p e r i m e n t a l  

a n im a ls  i s  more f a v o u r a b l e  th a n  i n t e r m i t t e n t  r e c o r d i n g s  where some p o r t i o n  

o f  t h e  re spon se  may pass u n n o t i c e d .  C o n t in u o u s  r e c o r d i n g s  can be a c h ie v e d  

w i t h  a p o l a r o g r a p h i c  t e c h n i q u e  i n  w h ic h  t h e  oxygen t e n s i o n  o f  t h e  sample i s  

measured e l e c t r i c a l l y .
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I n  v i e w  o f  th e  o b v io u s  advan ta ges  o ve r  m a nom e t r i c  and c h e m ic a l  

t e c h n i q u e s ,  an open f l o w  r e s p i r o m e t r y  sys tem i n c o r p o r a t i n g  d u a l  

p o l a r o g r a p h i c  e l e c t r o d e s  was c o n s t r u c t e d  f o r  com par ing  th e  oxygen 

co n s u m p t io n  r a t e s  o f  G. pulex i n  c o n t r o l  and z i n c  s o l u t i o n s .  R e s p i r o m e t r i c  

d e t e r m i n a t i o n s  u s in g  a p o l a r o g r a p h i c  e l e c t r o d e  w i t h i n  a c l o s e d  sys tem were 

p e r fo rm e d  on an im a ls  f r o m  W i l l o w  Brook and R u t la n d  Water u s in g  th e  a p p a r a tu s  

and f a c i l i t i e s  o f  The G a t t y  M a r in e  L a b o r a t o r y ,  St Andrews U n i v e r s i t y .  In  

a d d i t i o n  t o  t h e  main o b j e c t  o f  t h i s  t e s t  o u t l i n e d  i n  t h e  i n t r o d u c t i o n ,  t h i s  

en ab le d  a com par ison  t o  be made between the  r e s p i r a t i o n  r a t e s  o b t a i n e d  f rom  

u s i n g  c lo s e d  and open r e s p i r o m e t r i c  sys tems,  w i t h  p r i n c i p a l l y  s i m i l a r  

r e c o r d i n g  t e c h n i q u e s .

1) MEASURMENT OF OXYGEN CONSUMPTON USING A CLOSED SYSTEM RESPIROMETER

P r i n c i p l e  o f  O p e r a t i o n

The a p p a r a tu s  c o n s i s t e d  i n  p r i n c i p l e  o f  a s m a l l  c y l i n d r i c a l  p l a s t i c  

chamber o f  a p p r o x im a t e  volume 1.5 cm^, f i t t e d  on to  an E5046 p o l a r o g r a p h i c  

oxygen e l e c t r o d e .  S t e r i l e  r e s e r v o i r  w a t e r  was s u p p l i e d  t o  t h e  chamber 

t h r o u g h o u t  t h e  a c c l i m a t i o n  p e r i o d  by a m ic ro -p um p .  D u r in g  o p e r a t i o n  th e  

chamber was s e a le d .  A c o n t i n u o u s  measurement  o f  oxygen t e n s i o n  w i t h i n  t h e  

chamber  was d i s p l a y e d  on a f l a t b e d  r e c o r d e r ,  connec te d  t o  t h e  e l e c t r o d e  v i a  

an A c i d - b a s e  A n a l y s e r  PHM71 Mk 2, w i t h  an a d d i t i o n a l  PHA934 u n i t  

( F i g .  8 .1a  & 8 . 1 b ) .

O p e r a t i o n  o f  t h e  p o l a r o g r a p h i c  e l e c t r o d e

The E5046 p o l a r o g r a p h i c  e l e c t r o d e  c o n s i s t s  o f  a combined Pt  - Ag /AgC l  

e l e c t r o d e  mounted i n  an e l e c t r o d e  j a c k e t ,  and cove red  by a 2 0 pm t h i c k  

p o l y p r o p y l e n e  membrane. A r e s e r v o i r  o f  phospha te  b u f f e r  and p o ta s s iu m  

c h l o r i d e  i s  e n c lo s e d  w i t h i n  th e  e l e c t r o d e .
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Magnetic st i r rer
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W ater  b a th

F la tb e d
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A c id -b a s e  
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PHM71 Mk2
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FIG. 8.1
The Closed System R e s p i r o m e t e r .
a) B as ic  p la n  o f  system ( n o t  t o  s c a l e )
b) Pho tograph  o f  a p p a r a tu s  i n  o p e r a t i o n
A = a c i d  base a n a l y s e r ,  F = f l a t b e d  r e c o r d e r ,
M = m a g n e t i c  s t i r r e r ,  E = e l e c t r o d e ,  W = w a t e r  ba th  
R = r e s e r v o i r  ( p a r t i a l l y  o b s c u r e d ) ,  P = pump
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When a w a te r  sample i s  b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  e l e c t r o d e  membrane 

a d i f f e r e n c e  i n  p a r t i a l  p r e s s u r e  between oxygen i n  t h e  sample,  and a t  th e  

cathode s u r f a c e ,  causes oxygen t o  d i f f u s e  t h r o u g h  th e  membrane i n t o  t he  

e l e c t r o l y t e ,  b r i n g i n g  t h e  two s o l u t i o n s  i n t o  e q u i l i b r i u m  w i t h  t h e  same pO^.

A p o l a r i s i n g  v o l t a g e  o f  630 mV a p p l i e d  t o  t h e  p l a t i n u m  ca th ode  causes oxygen 

m o le cu le s  d i f f u s i n g  towards  i t  t o  be reduced t o  th e  i o n i c  s t a t e  by a s u p p ly  

o f  f r e e  e l e c t r o n s ;

+ Og + ZHgO = 40H

The h y d r o x y l  i o n s  fo rm ed,  combine w i t h  KCl i n  t he  e l e c t r o l y t e  t o  produce 

c h l o r i d e  i o n s ;

oh ’  + KCl = KOH + C l ’

The c h l o r i d e  i o n s  are  a t t r a c t e d  t o  t h e  anode where th e y  r e l e a s e  an

e l e c t r o n  and d e p o s i t  as AgCl ;

C l -  = C l  + e ’

Ag + Cl  = AgCl

The o v e r a l l  r e s u l t  i s  a t r a n s f e r  o f  e l e c t r o n s  f ro m  ca thode  t o  anode,

r e p r e s e n t i n g  a c u r r e n t  f l o w  t h a t  can be measured,  and i s  p r o p o r t i o n a l  t o  t h e  

p a r t i a l  p r e s s u r e  o f  oxygen i n  t h e  sample.^

This  i s  a con sum p t ive  e l e c t r o d e  and th e  w a t e r  sample must be s t i r r e d  t o  

p re v e n t  l o c a l  g r a d i e n t s  o f  oxygen c o n c e n t r a t i o n  f rom b u i l d i n g  up around the  

e l e c t r o d e  t i p  when used w i t h i n  a c l o s e d  sys tem.

^This  i s  t h e  oxygen t e n s i o n  o f  t h e  sample,  n o t  i t s  c o n c e n t r a t i o n .
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P ro c e d u re  

Calibration

The chamber was t h o r o u g h l y  c le a n se d  w i t h  ' M i l t o n  2* d o u b le  c o n c e n t r a t e d  

s t e r i l i z i n g  f l u i d  (s od ium h y p o c h l o r i t e  27. w / v ,  sodium c h l o r i d e  16.57. w / v ) ,  

and f i l l e d  w i t h  oxygen s a t u r a t e d  r e s e r v o i r  w a t e r .  I t  was th e n  pushed o n to  

t h e  base o f  t h e  e l e c t r o d e  where an’ a i r t i g h t  s e a l  was fo rmed between t h e  

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

o f  t h e  chamber .  The assembled u n i t  was immersed i n  an 18+.1°C w a t e r  b a th  and 

p o s i t i o n e d  i m m e d i a t e l y  above a m a g n e t i c  s t i r r e r  t o  a g i t a t e  a s m a l l  m a g n e t i c  

f l e a  i n  t h e  b o t to m  o f  t h e  chamber .  The m ic ro -pum p  was s w i t c h e d  o f f ,  and t h e  

i n l e t  t o  t h e  chamber  c lamped f i r m l y .  Oxygen t e n s i o n  w i t h i n  t h e  chamber  was 

m o n i t o r e d  f o r  15 min a f t e r  w h ic h  t i m e  t h e  a p p a r a tu s  was d i s m a n t l e d  and t h e  

chamber  r e f i l l e d  w i t h  a s ta n d a r d  ze ro  oxygen s o l u t i o n  (pO^ z e ro  s o l u t i o n  

54150:  Rad iom e te r  Copenhagen) .  A f u r t h e r  15 min r e c o r d  o f  oxygen t e n s i o n  was 

t a k e n  f o l l o w i n g  an i d e n t i c a l  p r o c e d u r e .

A f t e r  c a l i b r a t i o n  o f  th e  r e c o r d i n g  a p p a r a t u s  f o r  1 007. and 07. oxygen 

s a t u r a t i o n  t h e  chamber  was washed t h o r o u g h l y  i n  d i s t i l l e d  w a t e r .  A s i n g l e  

6 . pulex was p la c e d  w i t h i n  th e  chamber and i t  was r e - f i t t e d  o n to  t h e  base o f  

t h e  e l e c t r o d e ,  c a re  b e in g  ta k e n  t o  ensu re  t h a t  no a i r  b ubb le s  rema ined

a t t a c h e d  t o  t h e  c u t i c l e  o f  t h e  a n i m a l .  The assembled u n i t  was r e p l a c e d  i n  

t h e  w a t e r  ba th  and 5 min a l l o w e d  f o r  th e  a n im a l  t o  a c c l i m a t e  t o  t e s t

c o n d i t i o n s .  D u r in g  a c c l i m a t i o n  f r e s h  medium was s u p p l i e d  a t  a s u f f i c i e n t  

r a t e  t o  m a i n t a i n  a f u l l y  oxygen s a t u r a t e d  e n v i r o n m e n t  w i t h i n  th e  chamber .  

The pump was th e n  s w i t c h e d  o f f  and t h e  chamber i s o l a t e d  f o r  a 15 min

r e c o r d i n g  p e r i o d .

On c o m p l e t i o n  o f  t h e  t e s t  t h e  a n im a l  was removed and weighed  damp, and 

t h e  volume o f  w a t e r  w i t h i n  th e  chamber measured w i t h  a m i c r o - p i p e t t e .
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S u c c e s s i v e  a n im a ls  were t e s t e d  u s in g  an i d e n t i c a l  p r o c e d u r e .  Between each 

d e t e r m i n a t i o n  b o th  chamber and e l e c t r o d e  were t h o r o u g h l y  washed,  f i r s t  i n  

s t e r i l i s i n g  f l u i d ,  and then  i n  d i s t i l l e d  w a t e r .

A f t e r  t h e  f i r s t  and l a s t  a n im a l  o f  each e x p e r i m e n t a l  s e r i e s  had been 

r e s p i r e d  a b la n k  t e s t  was pe r fo rm e d  t o  en su re  t h a t  no oxygen u t i l i s a t i o n  was 

o c c u r r i n g  i n  a d d i t i o n  t o  t h a t  o f  t h e  a n im a l  and t h e  e l e c t r o d e .  F i n a l l y ,  t h e  

c a l i b r a t i o n  p r o c e d u r e  was r e p e a te d  u s in g  s a t u r a t e d  and ze ro  s o l u t i o n s .

A t o t a l  o f  10 G. pulex f r o m  W i l l o w  B rook ,  and 10 6 . pulex f r o m  R u t la n d  

r e s e r v o i r  were t e s t e d .  An im a ls  f ro m  each s i t e  were r e s p i r e d  a l t e r n a t e l y  t o  

e q u a l i s e  any b i a s  i n  e x p e r i m e n t a l  c o n d i t i o n s  ov e r  th e  t e s t  p e r i o d .  An 

i n d i v i d u a l  r e s p i r a t i o n  r a t e  was c a l c u l a t e d  f o r  each a n im a l  f r om  th e  volume 

o f  w a t e r  i n  t h e  chamber ,  a n i m a l  w e i g h t ,  and th e  r a t e  o f  oxygen u t i l i s a t i o n  

shown on th e  r e c o r d e r  t r a c e ,  u s in g  a s p e c i f i c  compute r  program s u p p l i e d  by 

t h e  G a t t y  M a r in e  L a b o r a t o r y .

A COMPARISON BETWEEN THE RESPIRATION RATE OF 6. PULEX FROM WILLOW BROOK AND 

RUTLAND WATER

The i n d i v i d u a l  s p e c ie s  s p e c i f i c  r e s p i r a t i o n  r a t e s  ( S . S . R . R . )  f o r

G. pulex f r o m  R u t l a n d  Water and W i l l o w  Brook  a re  g i v e n  i n  T a b le  8 . 1 .  Only  

weak c o r r e l a t i o n  was found  between f r e s h  w e i g h t  (mg) ,  and r e s p i r a t i o n  r a t e  

( p i  Og h ^) f o r  b o th  p o p u l a t i o n s .  ( W i l l o w  Brook r  = 0 .5 5 2 ;  R u t l a n d  Water  

r  = 0 . 7 2 1 ) .  T h is  may r e s u l t  i n  p a r t  f r o m  an i n t e r m i t t e n t  f a u l t  i n  t h e  

e l e c t r o n i c  b a la n c e  used t o  o b t a i n  t h e  f r e s h  w e i g h t  o f  t h e  a n i m a l s ,  w h ich  was 

n o t  d e f e c t e d  u n t i l  a f t e r  th e  e x p e r im e n t  was c o m p le te d .

The mean r e s p i r a t i o n  r a t e  o f  1 .815 ±  0 .163  p i  0^ mg d r y  w t " ^  h ”  ̂ f o r

a n im a ls  f rom W i l l o w  Brook was s i g n i f i c a n t l y  h i g h e r  th a n  t h a t  o f

1 .2060 ±  0 .110  p i  0^ mg d r y  wt   ̂h  ̂ f o r  a n im a ls  f ro m  R u t l a n d  Water  (Mann

W h i tney  0.002<P<0.02  ; ' t ' t e s t  0 . 02<P<0.05 ) .
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2) MEASUREMENT OF OXYGEN CONSUMPTION USING AN OPEN FLOW RESPIROMETER

P r i n c i p l e  o f  o p e r a t i o n

T e s t  medium was pumped u n i d i r e c t i o n a l l y  t h r o u g h  two i d e n t i c a l  t e s t  

chambers,  one o f  w h ich  c o n t a i n e d  t e s t  a n i m a l s ,  and th e  o t h e r  a c te d  as a 

b l a n k  c o n t r o l .  The oxygen c o n t e n t  o f  medium l e a v i n g  b o th  chambers was 

measured w i t h  a p o l a r o g r a p h i c  e l e c t r o d e .  W h i le  p a s s in g  th e  a n i m a l s ,  t h e  

oxygen c o n t e n t  o f  th e  medium was re d u c e d .  T h is  r e d u c t i o n  c o r re s pon d e d  t o  t h e  

d i f f e r e n c e  between th e  e l e c t r o d e  c u r r e n t  i n  t h e  medium measured l e a v i n g  t h e  

t e s t  chamber ,  and t h a t  measured l e a v i n g  th e  c o n t r o l  chamber .  The a n i m a l s '  

oxygen consum pt ion  pe r  u n i t  w e i g h t  was d e t e r m in e d  on t h e  b a s i s  o f  p e r c e n t a g e  

oxygen r e d u c t i o n ,  th e  q u a n t i t y  o f  w a t e r  t h a t  had passed ,  and th e  t o t a l  

w e i g h t  o f  an im a ls  w i t h i n  t h e  r e s p i r o m e t r y  chamber .

C o n s t r u c t i o n  o f  t h e  r e s o i r o m e t e r

The p r i n c i p l e  f e a t u r e s  o f  t h e  a p p a r a tu s  a re  shown i n  F i g .  8 . 2 a ,  & 8 . 2 b ,  

and a re  based on a d e s i g n  by N a g e l l  (1975 )  f o r  t e s t i n g  t h e  oxygen 

consum pt ion  o f  P l e c o p t e r a  and Ephemerop tera l a r v a e .  There were f o u r  main 

components ;  a c o n t a i n e r  o f  e x p e r i m e n t a l  s o l u t i o n ,  a p e r i s t a l t i c  pump, d u a l  

r e s p i r o m e t r y  chambers, and two c o r r e s p o n d i n g  Rank oxygen e l e c t r o d e s .  These 

components  were l i n k e d  t o g e t h e r  by a sys tem o f  s h o r t  Esco r u b b e r  tu b e s  (1 mm 

i . d . )  and s t a i n l e s s  s t e e l  ' T ' j u n c t i o n s .

Tes t  medium was w i t h d r a w n  f rom  th e  r e s e r v o i r  t h r o u g h  a s i n g l e  tu b e  w h i c h  

d i v i d e d  b e f o r e  e n t e r i n g  th e  p e r i s t a l t i c  pump t o  p r o v i d e  an i n d i v i d u a l  s u p p l y  

f o r  each r e s p i r o m e t r y  chamber,  and i t s  c o r r e s p o n d i n g  e l e c t r o d e .  On l e a v i n g  

t h e  e l e c t r o d e  o u t l e t  t h e  medium was d i s c a r d e d  as w a s te .  An e q u a l  f l o w  r a t e  

t h r o u g h  bo th  r e s p i r o m e t r y  chambers was a t t a i n e d  by t h e  i d e n t i c a l

c o n s t r u c t i o n  o f  each h a l f  o f  t h e  sys tem. The r a t e  a t  w h ich  w a t e r  passed 

t h r o u g h  the  two e l e c t r o d e s  d u r i n g  measurements was t h e o r e t i c a l l y  a lways  t h e  

same.
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FIG. 8 .2
The Open Flow R e s p i r o m e te r .
a) Bas ic  p la n  o f  t h e  system
b) Photograph o f  a p p a r a tu s  i n  o p e r a t i o n
SS = s t i r r e r  speed c o n t r o l ,  S = s e n s i t i v i t y  c o n t r o l  
W = Waste, E = e l e c t r o d e s ,  C = chambers,  P = pump 
PS = pump speed c o n t r o l
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The r e s e r v o i r  f o r  t e s t  medium was a 1 l i t r e  vacuum f l a s k  w i t h  a na r ro w  

bore o u t l e t  be low th e  neck .  The medium was c o n t i n u o u s l y  s t i r r e d  f r om  th e  

bot tom o f  th e  f l a s k  by means o f  a m a g n e t i c  f l e a ,  and a e r a t e d  f rom  th e  t o p  o f  

the  f l a s k  w i t h  a c l e a n  compressed a i r  s u p p l y  p a s s in g  t h r o u g h  an a i r s t o n e .

The p e r i s t a l t i c  pump was a m u l t i - m i n i p u m p  u s in g  tu b e  squeeze"  a c t i o n  

to  g i v e  u n i d i r e c t i o n a l  pumping f o r  up t o  4 c h a n n e l s .  A h ig h  t o r q u e  p r e c i s i o n  

motor  and gearbox a l l o w e d  lo n g  te rm  c o n t i n u o u s  and s t a b l e  o p e r a t i o n .  Pump 

speed was c o n t r o l l e d  w i t h  a mains o p e r a te d  speed c o n t r o l l e r  w i t h  i n p u t  

220/240V 50Hz and o u t p u t  3V DC t o  12V DC by a s i x  p o s i t i o n  s w i t c h .  E lement  

tubes were made o f  s i l i c o n e  w i t h  d e t r i n  n i p p l e s  ( S c i e n t i f i c  I n d u s t r i e s  

I n t e r n a t i o n a l  i n c .  (UK) l t d ) .

The two r e s p i r o m e t r y  chambers h a v in g  i d e n t i c a l  d im e n s io n s  were each 

connected  t o  a m o d i f i e d  Rank e l e c t r o d e  (Rank B r o s ) .  O p e r a t i o n  o f  t h i s  

p o l a r o g r a p h i c  e l e c t r o d e  was i n  p r i n c i p l e  s i m i l a r  t o  t h a t  d e s c r i b e d  e a r l i e r  

i n  t h i s  s e c t i o n  and d e t a i l s  o f  t h e  m o d i f i c a t i o n s  a re  d i s c u s s e d  be low .  The 

whole a p p a ra tu s  was e n c lo s e d  w i t h i n  a p o l y s t y r e n e  hood h a v in g  a c l e a r  

p l a s t i c  f r o n t  f o r  i n s p e c t i o n  pu rp os es .

C o n s t r u c t i o n a l  d e t a i l s  o f  e x p e r i m e n t a l  chambers and e l e c t r o d e s

The r e s p i r o m e t r y  chambers were made f r om  r e c t a n g u l a r  pe rspex  b l o c k s ,  

i n t e r n a l l y  machined t o  p roduce  a c y l i n d r i c a l  chamber (vo lume 1963.5 mm^), 

des igned  t o  accommodate 10-15 6 . pulex o r  C. pseudogracilis. Each end o f  t h e  

chamber had a w i d e r  c y l i n d r i c a l  o pen in g  t o  accommodate a pe rspex  p lu g  w i t h  a 

s h o r t  s t a i n l e s s  s t e e l  o u t l e t  p i p e  (5 mm i . d . )  f o r  c o n n e c t i o n  i n t o  t h e  

system. A t h i n  c y l i n d r i c a l  r u b b e r  g a s k e t ,  2 mm f r om  the  end o f  th e  p lu g  made 

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

each p lug  was f i t t e d  w i t h  a s m a l l  s i l i c o n e  bung h av in g  a s t a i n l e s s  s t e e l  

p ipe  o f  e q u a l  d i a m e t e r  t o  t h e  c o n n e c t i v e  t u b i n g .  F in e  mesh gauzes,  clamped 

between th e  p lu g  and main chamber , p r e v e n te d  escape o f  t h e  t e s t  a n im a ls  

( F i g .  8 . 3 ) .
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FIG.  8 .3

D ia g ra m m a t i c  r e p r e s e n t a t i o n  o f  chamber  componen ts .

Both chambers were mounted on a p e rs pe x  b l o c k  w i t h  a c e n t r a l l y  p la c e d  s p i r i t  

l e v e l  t o  ensure  t h a t  t h e y  re m a ined  h o r i z o n t a l  d u r i n g  o p e r a t i o n  ( F i g .  8 . 4 ) .

FIG. 8 .4
T e s t  chamber and c o n t r o l  chamber  mounted on a 
pe rsp ex  base.  S = s p i r i t  l e v e l

147



Each e l e c t r o d e  c om p r i s ed  a s t a n d a r d  Rank e l e c t r o d e  base and a p e rs p e x

l o c k i n g  n u t ,  w i t h  a m o d i f i e d  i n c u b a t i o n  v e s s e l  and p l u g .  The i n c u b a t i o n

v e s s e l  was s i m i l a r  i n  appeara nce  t o  a s t a n d a r d  Rank v e s s e l  b u t  t h e  w a l l s

were o f  s o l i d  p e rs pe x  w i t h  no w a t e r  j a c k e t .  The p lu g  had two n a r r o w  bore

tubes f i t t e d  w i t h  s t a i n l e s s  s t e e l  p i p e s  s e r v i n g  as i n l e t  and o u t l e t  t o  t h e

chamber i n  a d d i t i o n  t o  t h e  s t a n d a r d  c e n t r a l  v e n t .  Each e l e c t r o d e  was

connec te d ,  v i a  a s e p a r a t e  s e n s i t i v i t y  c o n t r o l  r e s i s t o r ,  t o  a d u a l  c h a n n e l

- 1
f l a t b e d  r e c o r d e r  o p e r a t i n g  a t  a speed o f  120 mm h . Both e l e c t r o d e s  were 

seated on e l e c t r o n i c  m a g n e t i c  s t i r r e r s  d r i v e n  f rom  a common speed c o n t r o l  

box. The ad van tage  o f  t h i s  t y p e  o f  s t i r r e r  l i e s  i n  t h e  absence o f  mov ing

p a r t s  w i t h  no e l e c t r i c a l  i n t e r f e r e n c e ,  and a speed s t a b i l i t y  o f  b e t t e r  th a n

1 %. The volumes o f  d i f f e r e n t  s e c t i o n s  o f  t h e  r e s p i r a t o r y  system were used i n  

c o m b in a t i o n  w i t h  pump speed ( d e t e r m i n e d  e x p e r i m e n t a l l y ) ,  t o  c a l c u l a t e  t h e  

t im e  ta k e n  f o r  w a t e r  t o  t r a v e l  t h r o u g h o u t  d i f f e r e n t  s e c t i o n s  o f  t h e  sys tem .

Procedure

The r e c o r d i n g  a p p a r a tu s  was c a l i b r a t e d  f o r  100% and 0% s a t u r a t i o n  w i t h i n

the t e s t  chambers u s i n g  s a t u r a t e d  r e s e r v o i r  w a t e r  and sodium d i t h i o n a t e

s o l u t i o n  r e s p e c t i v e l y .  The e x p e r i m e n t  was s t a r t e d  when b o th  e l e c t r o d e s

2
reco rde d  an i d e n t i c a l  re spo nse  on th e  f l a t b e d  r e c o r d e r .

The vacuum f l a s k  was f i l l e d  w i t h  1 l i t r e  o f  f u l l y  s a t u r a t e d  r e s e r v o i r  

w a te r  and t h e  pump s w i t c h e d  on.  Both chambers were h e ld  v e r t i c a l  d u r i n g  

f i l l i n g  o f  t h e  a p p a r a t u s  t o  p r e v e n t  a i r  f r o m  remained i n  t h e  sys tem . The 

i n l e t  gauze between t h e  p lu g  and chamber  was prodded  g e n t l y  w i t h  a g l a s s  rod  

to  e l i m i n a t e  t r a p p e d  a i r  b u b b l e s .  As soon as each chamber  was c o m p l e t e l y  

f u l l ,  t h e  o u t l e t  mesh was lo w e r e d  i n t o  p l a c e  w i t h  a p a i r  o f  f o r c e p s  and t h e  

o u t l e t  p l u g  f i t t e d  i n t o  p l a c e .

2
O b t a i n i n g  i d e n t i c a l  re s p o n s e s  f r o m  t h e  e l e c t r o d e s  o f t e n  r e q u i r e d  c h a n g in g  

of  membranes o r  a d j u s t i n g  t h e  s e a t i n g  o f  t h e  e l e c t r o d e  on th e  s t i r r e r .
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The e l e c t r o d e  p lu g s  were pushed g e n t l y  i n t o  p l a c e ,  e n s u r i n g  t h a t  no a i r  

b u b b le s  remained i n  t h e  e l e c t r o d e  chamber .  The c e n t r a l  v e n t  was th e n  p lugged  

w i t h  p l a s t i c i n e  and t h e  e l e c t r o d e  o u t l e t  p i p e  connec te d  t o  an o v e r f l o w  d i s h .  

Pump speed was a d j u s t e d  t o  p roduce  an a p p r o x im a t e  f l o w  r a t e  o f  0 .2  cm^ m in ” ^

t h r o u g h  bo th  s i d e s  o f  t h e  sys tem . The a p p a r a tu s  was l e f t  t o  o p e r a t e  i n  t h i s  

way f o r  1 h.

A f t e r  1 h t h e  chamber  t o  r e c e i v e  a n im a ls  was q u i c k l y  d i s m a n t l e d  a t  t h e  

o u t l e t  p lu g  and t e n  G. pulex each a p p r o x i m a t e l y  10 mm i n  l e n g t h ,  i n t r o d u c e d  

i n t o  t h e  chamber w i t h  a w id e  bo re  g l a s s  p i p e t t e .  P r e c u r s o r y  e x p e r i m e n t a t i o n  

had i n d i c a t e d  t h a t  i f  t h e  a n im a ls  were t o o  s m a l l  eg.  20 C. pseudogracilis 

(<5), t h e  l a r g e s t  r e d u c t i o n  i n  oxygen s a t u r a t i o n  w h ich  c o u ld  be a c h ie v e d  was 

t o o  low  t o  r e c o r d  a c c u r a t e l y .  I f  t h e  t e s t  a n im a ls  were too  l a r g e  eg. 

G. pulex > 15 mm l o n g ,  t h e  s m a l l e s t  r e d u c t i o n  i n  oxygen s a t u r a t i o n  w h ic h  

c o u ld  be a c h ie v e d  exceeded 707., c a n n i b a l i s t i c  ten den c y  was enhanced,  and a 

s t a b l e  oxygen s a t u r a t i o n  r e c o r d i n g  c o u ld  n o t  be o b t a i n e d .

D u r in g  i n t r o d u c t i o n  o f  th e  a n im a ls  t h e  o u t l e t  p i p e  t o  t h e  e l e c t r o d e  was 

p lu gged  w i t h  a s m a l l  p i e c e  o f  p l a s t i c i n e  t o  p r e v e n t  a i r  f r o m  e n t e r i n g  t h e  

e l e c t r o d e  chamber .  The chamber was then  r e - i n t r o d u c e d  i n t o  th e  sys tem. Any 

a i r  bub b le s  w h ic h  had a c c i d e n t l y  e n t e r e d  th e  sys tem d u r i n g  a d d i t i o n  o f  t h e  

a n im a ls  were e l i m i n a t e d  f rom  th e  e l e c t r o d e  chamber v i a  t h e  c e n t r a l  o u t l e t  

v e n t  i n  t h e  p l u g .  The t e s t  was c o n t i n u e d  f o r  a f u r t h e r  3 h d u r i n g  w h ich  t im e  

th e  f l o w  r a t e  t h r o u g h  b o t h  h a l v e s  o f  t he  a p p a r a tu s  was measured by r e p l a c i n g  

t h e  c o n t a i n e r  a t  t h e  o u t l e t  t o  t h e  sys tem w i t h  a m eas u r ing  c y l i n d e r .

A f t e r  3 h, pumping was h a l t e d  m o m e n t a r i l y  and th e  r e s e r v o i r  s u b s t i t u t e d  

f o r  an i d e n t i c a l  v e s s e l  c o n t a i n i n g  f u l l y  oxygen s a t u r a t e d  s o l u t i o n  o f  known 

z i n c  c o n c e n t r a t i o n .  The t e s t  was t h e n  r e s t a r t e d  f o r  a f u r t h e r  4 h. On 

c o m p l e t i o n  o f  t h e  t e s t  t h e  a n im a ls  were removed f o r  f r e s h  w e i g h t  and l e n g t h  

d e t e r m i n a t i o n s  t o  be made. The a p p a r a tu s  was reassem b led  and a l l o w e d  t o  run  

f o r  a f u r t h e r  1 h. S i x  r e p l i c a t e  t e s t s  on g roups  o f  10 a n im a ls  were 

p e r fo rm e d  a t  z i n c  c o n c e n t r a t i o n s  o f  500 pM, 100 pM, and 50 pM.
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I n  o r d e r  t o  reduce  th e  l e v e l  o f  e x p e r i m e n t a l  i n a c c u r a c y  th e  f o l l o w i n g  

c o n d i t i o n s  were  ob se rv ed ;

1) I f  e i t h e r  e l e c t r o d e  f a i l e d  t o  m a i n t a i n  a s t a b l e ,  r e a d i n g  o f  oxygen 

s a t u r a t i o n  d u r i n g  th e  i n i t i a l  c o n t r o l  p e r i o d  o f  1 h, t h e  a p p a r a tu s  was 

d i s m a n t l e d  and r e - c a l i b r a t e d .

2) I f  t h e  oxygen s a t u r a t i o n  l e v e l  o f  t h e  w a t e r  l e a v i n g  t h e  a n im a l  chamber  

f e l l  be low 307. a t  any t im e  d u r i n g  t h e  t e s t  t h e  e x p e r i m e n t  was d i s c o n t i n u e d .

3) I f  a d e s a t u r a t i o n  e x c e e d in g  27 was r e c o r d e d  i n  t h e  c o n t r o l  chamber as a 

consequence o f  t he  change t o  a l e s s  w e l l  oxygena ted  z i n c  s o l u t i o n  th e  

e x p e r i m e n t  was d i s c o n t i n u e d .

4) I f  t h e  oxygen s a t u r a t i o n  l e v e l  w i t h i n  t h e  e l e c t r o d e  s e r v i n g  t h e  a n im a l  

chamber  d i d  n o t  r e t u r n  t o  w i t h i n  +.27. o f  t h a t  w i t h i n  t h e  c o n t r o l  chamber when 

th e  a p p a r a tu s  was reassem b led  f o r  t h e  f i n a l  1 h, t h e  e x p e r i m e n t  was 

d i s r e g a r d e d .

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

Im m e d ia t e l y  a f t e r  t e s t i n g ,  a l l  a n im a ls  were b l o t t e d  g e n t l y  w i t h

a b s o r b e n t  t i s s u e  f o r  15 sec,  and p la c e d  on a S a r t o r i u s  b a la n c e  ( a c c u r a c y  o f

i O . 1  mg) . The c o r r e s p o n d i n g  d r y  w e i g h t  v a l u e s  were  o b t a i n e d  by d e t e r m i n i n g

th e  mean w a t e r  c o n t e n t  o f  t h e  specimens u s i n g  t h e  f o l l o w i n g  p r o c e d u r e .

F i f t y  a d u l t  i n d i v i d u a l s  o f  v a r i o u s  s i z e s  were weighed damp u s i n g  th e

above p r o c e d u r e ,  and p la c e d  i n  f o i l  pans o f  known w e i g h t .  An i n i t i a l  d r y i n g  

p e r i o d  o f  8 h a t  60°C i n  a no rm a l  oven was f o l l o w e d  by 12 h a t  60°c  i n  a

vacuum oven o p e r a t i n g  a t  a p r e s s u r e  o f  400 mm Hg. On rem o va l  f ro m  t h e  oven 

a f t e r  a c o o l i n g  p e r i o d ,  t h e  a n im a ls  were p la c e d  i n  a d e s i c c a t o r  and 

t r a n s p o r t e d  t o  t h e  ba la n ce  f o r  r e - w e i g h i n g .
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A l i n e a r  regression was performed of  f resh weight  against  dry weight  

( F i g .  8 . 5 ) ,  from which a percentage water  content  of  77.1 was obta ined.  

This standard water  content  was then used for  conver t ing an ex p e r i me n t a l l y  

determined f resh weight  of  G. pulex  to a corresponding dry weight  va lue .  I t  

i s  in good agreement wi th a f i g u r e  of  79.8 0.62 given f o r  the same species

by S u t c l i f f e  ( 1971) .
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Graph of f resh v dry weight  f o r  50 G. pulex.  
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ACTIVITY OF G. PULEX WITHIN THE RESPIROMETER

On i n t r o d u c t i o n  i n t o  t h e  r e s p i r o m e t r y  chamber a t  t h e  s t a r t  o f  each

e x p e r i m e n t ,  G. pulex swam c o n t i n u o u s l y  f o r  t h e  f i r s t  15 -  20 min o f  t h e  

c o n t r o l  p e r i o d ,  a f t e r  w h ich  t im e  th e y  showed a d i s t i n c t  tend en cy  t o  c l u s t e r  

on t h e  mesh a t  t h e  i n l e t  and o u t l e t  t o  t h e  chamber .  I n  a 50pM s o l u t i o n  no

marked b e h a v i o u r a l  response  was d e t e c t e d ,  e i t h e r  on i n t r o d u c t i o n  o f  t h e  z i n c

s o l u t i o n ,  o r  t h r o u g h o u t  t h e  r e m a in d e r  o f  th e  t e s t .  I n  a 100 pM z i n c  s o l u t i o n  

t h e r e  was an i n i t i a l  i n c r e a s e  i n  swimming a c t i v i t y  l a s t i n g  a p p r o x i m a t e l y  

30 m in .  A f t e r  t h i s  t im e  t h e  t e s t  a n im a ls  r e s e t t l e d  on t h e  mesh pads a t  i n l e t  

and o u t l e t  t o  t h e  chamber .  In  a 500 pM z i n c  s o l u t i o n  t h e r e  was a marked 

i n c r e a s e  i n  i n i t i a l  a c t i v i t y  w h ich  g r a d u a l l y  de c reased  to w ards  th e  end o f  

t h e  t e s t  when s e v e r a l  i n d i v i d u a l s  became i n c a p a c i t a t e d  on th e  b o t tom  o f  t h e  

chamber .  The te nde n cy  t o  c l u s t e r  on th e  mesh was l e s s  marked than  d u r i n g  th e  

c o n t r o l  p e r i o d .

THE EFFECT OF ZINC ON THE OXYGEN CONSUMPTION OF G. PULEX

The i n i t i a l  da ta  produced  f rom t h i s  s e r i e s  o f  e x p e r im e n t s  were s i x  7 h 

r e c o r d s  f o r  each o f  t h r e e  e x p e r i m e n t a l  z i n c  c o n c e n t r a t i o n s ,  d i s p l a y i n g  th e  

s im u l t a n e o u s  p e rc e n ta g e  oxygen s a t u r a t i o n  w i t h i n  t h e  c o n t r o l  chamber and t h e  

chamber  c o n t a i n i n g  10 G. pulex.

D e s p i t e  t h e  i n s u l a t o r y  f u n c t i o n  o f  t h e  p o l y s t y r e n e  j a c k e t ,  a t e m p e r a t u r e  

f l u c t u a t i o n  o f  ± 1°C ( c o r r e s p o n d i n g  t o  t h e  r e g u l a r  o p e r a t i o n  o f  t h e  fa n  

w i t h i n  t h e  c o n s t a n t  t e m p e r a t u r e  room) was r e c o r d e d  i n  t h e  a i r  s u r r o u n d i n g  

t h e  t e s t  a p p a r a t u s .  T h i s  was d e t e c t a b l e  as a s m a l l  r e g u l a r  o s c i l l a t i o n  

(_+1 %) i n  t h e  c o n t r o l  oxygen s a t u r a t i o n  r e c o r d .  The c o r r e s p o n d i n g  r e c o r d  o f  

oxygen s a t u r a t i o n  w i t h i n  t h e  chamber c o n t a i n i n g  th e  a n im a ls  was c o r r e c t e d  

f o r  a c o n s t a n t  t e m p e r a t u r e  o f  18°C, and t h e  oxygen s a t u r a t i o n  v a l u e  f o r  each 

5 min t im e  i n t e r v a l  s t o r e d  i n  a d a ta  f i l e  on th e  Cyber 73 com pu te r .
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A com pute r  program was w r i t t e n  i n  F o r t r a n  77 u t i l i s i n g  GHOST80 p l o t t i n g  

f u n c t i o n s ,  t o  r e p r o d u c e  t h e  18°c oxygen s a t u r a t i o n  cu rv e s  f o r  a l l  s i x  

r e p l i c a t e  t e s t s  a t  each o f  t h e  t h r e e  z i n c  c o n c e n t r a t i o n s  ( F i g .  8 . 8 , 8 .7  &

8 . 8 ) .  The f l o w  r a t e  t h r o u g h  t h e  a p p a r a t u s  d u r i n g  each t e s t ,  and t h e  mean 

l e n g t h  and f r e s h  w e i g h t  o f  t h e  10 a n im a ls  i s  g i v e n  i n  t h e  accompanying  

l e g e n d s .

The oxygen s a t u r a t i o n  c u rv e s  f o r  t h e  3 h c o n t r o l  p e r i o d  o f  each t e s t  

f o l l o w e d  an e s s e n t i a l l y  s i m i l a r  t r e n d .  In  t h e  f i r s t  30-50 m in ,  th e  

p e r c e n t a g e  oxygen s a t u r a t i o n  showed a sha rp  d e c re as e  (as compared w i t h  t h e  

c o n t r o l  chamber ) .  T h is  e f f e c t  was caused by g r a d u a l  re p la c e m e n t  o f  oxygen 

s a t u r a t e d  w a t e r  i n  t h e  e l e c t r o d e  chamber by w a t e r  w h ic h  had passed o v e r  t h e  

t e s t  a n im a l s .

The t im e  ta k e n  t o  c o m p l e t e l y  f i l l  t h e  e l e c t r o d e  chamber  was depen den t  on 

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

F i g .  8 . 6 , 8 .7  & 8 . 8  was t h e  r e s u l t  o f  d i f f e r e n c e s  i n  t h e  f l o w  r a t e  between 

i n d i v i d u a l  e x p e r i m e n t s .  W i th  a l o w e r  f l o w  r a t e  t h e  t im e  ta k e n  f o r  t h e  

s a t u r a t i o n  c u r v e  t o  re ac h  a l o w e r  asym p to te  i n c r e a s e d  and th e  amount by 

w h ic h  t h e  medium was d e s a t u r a t e d  by t h e  a n im a ls  i n c r e a s e d  c o r r e s p o n d i n g l y .

In  a l l  t e s t s  t h e  l o w e r  s a t u r a t i o n  was reached  w i t h i n  1 h, and t h e  

r e m a in d e r  o f  t h e  c o n t r o l  p e r i o d  measured o n l y  t h e  oxygen c onsum pt ion  o f  t h e  

a n i m a l s .  In  some t e s t s  t h e  i n i t i a l  f a l l  i n  oxygen s a t u r a t i o n  was f o l l o w e d  by

a s te a d y  r i s e  t o  a h i g h e r  l e v e l  ( F i g .  8 . 6 ------------- ; F i g .  8 . 7 ------------ ) .  In

g e n e r a l ,  t h e  p e rc e n ta g e  s a t u r a t i o n  v a r i e d  d u r i n g  t h e  c o n t r o l  p e r i o d  by 

a p p r o x i m a t e l y  ±2.5%,  w i t h  some t e s t s  showing good s t a b i l i t y

( F i g .  8 . 7 ----------- ) ,  and o t h e r s  o s c i l l a t i o n s  i n  p e r c e n ta g e  s a t u r a t i o n  o f  n e a r l y

10% ( F i g .  8 . 6 ------------) .  The p o s s i b l e  cause o f  t h e s e  v a r i a t i o n s  i s  d i s c u s s e d

l a t e r .
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FIG.  8 . 6 , 8 .7  & 8 . 8  ( o v e r  page)

Graphs o f  t h e  p e r c e n ta g e  oxgen s a t u r a t i o n  o f  w a t e r  
l e a v i n g  th e  chamber  c o n t a i n i n g  10 6. pulex, a g a i n s t  
t e s t  d u r a t i o n  i n  h o u r s .

8 . 6 ) 0-3 h = c o n t r o l  p e r i o d
3-7 h = 50 pM z i n c  s o l u t i o n

ru n  l i n e

2 -----------
 3 -------------
 4 ----------
5 ------------
6 ------------

F low r a t e  
( 1  h ’  , 

0152 
0138 
0140 
0196 
0162 
0094

mean a n im a l

l e n g t h  (mm)
7 .9

mean a n im a l

w e i g h t  (mg)
13.4
18.2
15.1
15.4 
13.7
17.1

8 . 7 )  0-3 h 
3-7  h

c o n t r o l  p e r i o d
100 pM z i n c  s o l u t i o n

run  l i n e Flow r a t e  
( 1  h '  ) 
0 .0133 

0158 
0148 
0080 
0066 
007 1

mean a n im a l

l e n g t h  (mm) 
7.3
8 . 8
8 . 1
8 . 8
9 .5
8 .5

mean a n im a l

w e i g h t  (mg)
9 .6

15
13
21 . 1 
2 2 . 0
17.5

8 . 8 ) 0-3 h = c o n t r o l  p e r i o d
3-7  h = 500 pM z i n c  s o l u t i o n

run  l i n e

1 -----------
2 -----------
3 ----------

5 -----------
6 ------------

F low r a t e  
t i  h ' ’ ,

0163
0171
0141
0136*
0136
0083

mean a n im a l

l e n g t h  (mm)
9 .5

8 . 1

7 .9

mean a n im a l

w e i g h t  (mg) 
15.0
15
15
14
13
18

* no r e c o r d  f o r  30-60 min
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A w e i g h t  s p e c i f i c  oxygen c onsum pt io n  r a t e  was o b t a i n e d  f o r  each g roup  o f

t e s t  a n im a ls  u s in g  th e  f o l l o w i n g  p r o c e d u r e .  The oxygen s o l u b i l i t y  i n  a i r -

s a t u r a t e d  f r e s h w a t e r  a t  18°C was c a l c u l a t e d  f r o m  a nomogram (H i t chman 1978) ,

- 1
and t h e  r e s u l t a n t  v a l u e  c o n v e r t e d  f rom  ppm i n t o  p i  1 . T o t a l  a v a i l a b l e

oxygen was c a l c u l a t e d  as t h e  p r o d u c t  o f  t h e  f l o w  r a t e  and oxygen s o l u b i l i t y .  

W i th  r e f e r e n c e  t o  t h e  oxygen s a t u r a t i o n  g raphs  ( F i g .  8 . 6 , 8 .7  & 8 . 8 ) ,  t h e  

amount o f  oxygen u t i l i s e d  by th e  a n im a ls  was d e t e r m in e d  as t he  p r o d u c t  o f  

t o t a l  a v a i l a b l e  oxygen and p e r c e n t a g e  d e c re a se  i n  oxygen s a t u r a t i o n .  T h i s

v a l u e  was d i v i d e d  by t o t a l  f r e s h  w e i g h t  o f  a n im a l  t o  o b t a i n  t h e  amount o f

oxygen consumed as p i  0^ mg f r e s h  w t   ̂ h r  ^ . To c o n v e r t  t h i s  f i g u r e  t o  

a n i m a l  d r y  w e i g h t  i t  was d i v i d e d  by t h e  e x p e r i m e n t a l l y  d e t e r m in e d  d r y  w e i g h t  

o f  t h e  s p e c ie s  (22 .9 % ) .

A B a s i c  compute r  program was w r i t t e n  f o r  t h e  RML 380Z t o  p e r f o r m  t h e s e  

s e r i e s  o f  c a l c u l a t i o n s  f o r  e v e r y  5 min r e c o r d  o f  p e r c e n t a g e  oxygen 

s a t u r a t i o n  (Append ix  3 ) .  The r e s u l t a n t  d a ta  were t r a n s f e r r e d  t o  t h e  Cyber  73 

com pu te r  and a second s e r i e s  o f  g raphs  g e n e r a te d  u s in g  GHOST80 p l o t t i n g

f u n c t i o n s ,  w i t h  oxygen cons um p t io n  ( i n  p i  mg d r y  w t ”  ̂ h " ^ )  p l o t t e d  a g a i n s t

t im e  ( i n  h) ( F i g .  8 . 9 ,  8 .10  & 8 . 1 1 ) .

The f i r s t  hour  o f  th e  3 h c o n t r o l  p e r i o d  o f  each t e s t  c o r r e s p o n d i n g  t o

t h e  maximum t im e  r e q u i r e d  f o r  t h e  e l e c t r o d e  chamber t o  become c o m p l e t e l y  

f u l l  o f  d e s a t u r a t e d  medium has been o m i t t e d  i n  t h e  p r e s e n t a t i o n  o f  r e s u l t s .  

A s h o r t  p e r i o d ,  dependen t  on t h e  r e c o r d e d  f l o w  r a t e  was r e q u i r e d  f o r  t h e  

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

p e r i o d  was c a l c u l a t e d  f o r  each t e s t  f r om  measurements o f  t h e  f l o w  r a t e  and 

i n t e r n a l  d im e n s io n s  o f  th e  a p p a r a t u s ,  and has a l s o  been o m i t t e d .

The c o n t r o l  oxygen cons u m p t io n  f o r  . each t e s t  was w i t h i n  t h e  range

0 . 6 - 1 . 4  p i  mg d r y  wt   ̂ h"^ (18 r e p l i c a t e s ) .  I n  a d d i t i o n ,  t h e  marked

d i f f e r e n c e s  i n  p e r c e n ta g e  oxygen s a t u r a t i o n  o b t a i n e d  f o r  some r e p l i c a t e  

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

and th e  w e i g h t  o f  t e s t  a n im a ls  were ta k e n  i n t o  a c c o u n t .
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On i n t r o d u c t i o n  o f  a 50 pM z i n c  s o l u t i o n  no s i g n i f i c a n t  change i n  oxygen 

consum pt ion  was o b t a i n e d  f ro m  any o f  t he  s i x  r e p l i c a t e s  a l t h o u g h  a more 

v a r i a b l e  co nsum pt ion  r a t e  was o b t a i n e d  i n  t h e  l a t e r  p a r t  o f  t h e  t e s t .  I n  a 

100 pM z i n c  s o l u t i o n  t h e r e  was a weak te nde n cy  f o r  t h e  r a t e  o f  oxygen 

consum pt ion  t o  r i s e  a t  t h e  s t a r t  o f  t h e  t e s t ,  f o l l o w e d  by a s te a d y  f a l l  t o

be low t h e  c o n t r o l  v a l u e  ( F i g .  8 . 1 0 ----------- ,---------- , ---------- ) .  I n  a 500 pM z i n c

s o l u t i o n  a d e f i n i t e  i n c r e a s e  i n  r e s p i r a t i o n  r a t e  was o b t a i n e d  i n  a l l  

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

The h i g h e s t  oxygen c o ns um p t ion  r a t e  a c h ie v e d  was 2.1 p i  mg d r y  w t   ̂ h ^

( F i g .  8 .1 1 ------------ ) , a lm o s t  d o u b l i n g  t h e  c o n t r o l  r a t e  f o r  t h i s  t e s t .  I n

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

i n c r e a s e  on a d d i t i o n  o f  500 pM z i n c  s o l u t i o n .

FIG. 8 . 9 ,  8 .10  & 8.11 ( o v e r  page)

Graphs o f  t h e  mean oxygen consu m p t io n  o f  g roups  o f  
10 G. pulex o ve r  a t e s t  o f  7 h d u r a t i o n .

8 . 9 ) 0-3 h _ c o n t r o l
3-7 h 50 pM z i n c  s o l u t i o n

8 . 1 0 ) 0-3 h - c o n t r o l
3-7 h 100 pM z i n c  s o l u t i o n

8 . 1 1 ) 0 .3 h _ c o n t r o l
3-7 h = 500 pM z i n c  s o l u t i o n
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The i n f o r m a t i o n  f r om  a l l  t h r e e  g raphs  has been c o l l a t e d  i n  a s i n g l e  

d i a g r a m  by c a l c u l a t i n g  t h e  mean and s t a n d a r d  e r r o r  f o r  each 5 min v a l u e  f r o m  

t h e  s i x  r e p l i c a t e  t e s t s  a t  each z i n c  c o n c e n t r a t i o n  ( F i g .  8 . 1 2 ) .  Means 

c a l c u l a t e d  f r o m  l e s s  th a n  6 v a l u e s  a re  i n d i c a t e d  w i t h  th e  number o f  

r e p l i c a t e s  above o r  be low t h e  e r r o r  b a r .  The v a r i a b l e  re s p o n s e  o f  r e p l i c a t e  

g ro u p s  o f  a n im a ls  i s  i n d i c a t e d  by a l a r g e  s ta n d a r d  e r r o r  i n  t h e  

d e t e r m i n a t i o n  o f  th e  mean.

G e n e r a l  t r e n d s  i n  t h e  e f f e c t  o f  z i n c  on t h e  oxvoen cons um p t io n  o f  6. oulex 

At a z i n c  c o n c e n t r a t i o n  o f  50 pM no a p p a r e n t  e f f e c t  on oxygen 

c o n s u m p t io n  was produced  by a d d i t i o n  o f  z i n c .  At  100 pM t h e r e  was an i n i t i a l  

i n c r e a s e  i n  oxygen consu m p t ion  f o l l o w e d  by a s te a d y  r e t u r n  t o  be low  t h e  

c o n t r o l  l e v e l  t ow a rds  t h e  m i d d l e  p e r i o d  o f  t h e  t e s t .  I n  a 500 pM z i n c  

s o l u t i o n  oxygen consum pt ion  i n c r e a s e d  i m m e d i a t e l y  and rema ined  a p p r o x i m a t e l y  

0 .4  p i  Og mg d r y  w t   ̂ h r   ̂ h i g h e r  t h a n  t h e  mean c o n t r o l  r a t e  f o r  t h e  

r e m a in d e r  o f  t h e  e x p e r i m e n t a l  t i m e .

DISCUSSION

I f  t h e  oxygen co nsum pt ions  o f  s i n g l e  6. pulex f r o m  R u t la n d  Wate r  

(1 .2 060+  0 . 1 1 0  p i  mg d r y  w t   ̂ h ^ ) w h ich  were d e t e r m in e d  w i t h i n  a c l o s e d

r e s p i r o m e t r y  system , a re  compared w i t h  s i m i l a r  d e t e r m i n a t i o n s  made on g ro u p s  

o f  10 a n im a ls  w i t h i n  a c o n t i n u o u s  f l o w  sys tem ( 0 . 8 - 1 .4 p i  mg d r y  w t   ̂ h ^ ) ,  

i t  i s  seen t h a t  t h e  two t e c h n i q u e s  have g i v e n  r e s u l t s  w h ic h  a re  i n  c l o s e  

a g r e e m e n t .

An i n c r e a s e d  oxygen consu m p t ion  r a t e  may be e x pe c ted  i n  a c l o s e d  sys tem 

r e s p i r o m e t e r  f o r  two r e a s o n s .  F i r s t ,  t h e  d e p l e t i o n  o f  oxygen i n  t h e  sys tem 

w i l l  cause  s t r e s s  responses  w h ic h  w i l l  te n d  t o  i n c r e a s e  oxygen c o n s u m p t io n .
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S e c o n d ly  i t  i s  e s s e n t i a l  i n  such systems f o r  c o n t i n u o u s  a g i t a t i o n  t o  ensu re  

u n i f o r m i t y  o f  th e  medium. The a g i t a t o r ,  u s u a l l y  a m a g n e t i c  f l e a '  w i l l  

s t r i k e  l a r g e  a n im a ls  i f  t h e y  a re  n o t  i s o l a t e d ,  r e s u l t i n g  i n  i n c r e a s e d  

a c t i v i t y  and t h e r e f o r e  a h i g h e r  m e t a b o l i c  r a t e .  S m a l l e r  i n d i v i d u a l s  w h ic h  

s e t t l e  on t h e  s i d e  o f  t h e  chamber  o u t  o f  c o n t a c t  w i t h  t h e  f l e a "  a re  much 

l e s s  a c t i v e .  T h is  e f f e c t  may p a r t i a l l y  e x p l a i n  t h e  poor  c o r r e l a t i o n  between 

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

The c lo s e d  system was t h e r e f o r e  q u i c k  and easy t o  use w i t h  t h e  advan ta ge  

o f  be in g  s e n s i t i v e  t o  t h e  oxygen co n su m p t io n  o f  s i n g l e  a n i m a l s .  The 

a p p a r a tu s  was d e s ig n e d  s p e c i f i c a l l y  f o r  r e s p i r o m e t r i c  d e t e r m i n a t i o n  on 

j u v e n i l e  sea s lu g s  and m in o r  a d a p t a t i o n s  i n c l u d i n g  t h e  p r o v i s i o n  o f  a 

p l a t f o r m  f o r  t h e  a n im a l  t o  i s o l a t e  th e  m a g n e t i c  f l e a ,  and a s l i g h t l y  l a r g e r  

chamber s i z e  wou ld  have been d e s i r a b l e  f o r  t e s t i n g  amph ipods.

The open system r e s p i r o m e t e r  more a c c u r a t e l y  r e p r e s e n t e d  n a t u r a l  

e n v i r o n m e n t a l  c o n d i t i o n s  b u t  had t h e  d i s a d v a n t a g e  o f  b e in g  more d i f f i c u l t  

and t im e  consuming t o  s e t  up.  A v a r i a b i l i t y  i n  oxygen con sum p t io n  o v e r  t he  

e x p e r i m e n t a l  p e r i o d  w h ic h  was c l e a r l y  i d e n t i f i e d  i n  b o th  s a t u r a t i o n  cu rve s  

( F i g .  8 . 6 , 8 .7  & 8 . 8 ) ,  and c o r r e s p o n d i n g  oxygen consum p t io n  g raphs  

( F i g .  8 . 9 ,  8 .1 0  & 8 . 1 1 ) ,  may have been a consequence  o f  changes i n  t h e  

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

chamber t h e y  swam f r e e l y  i n  b o th  d i r e c t i o n s  w i t h  l i t t l e  t i m e  s p e n t  r e s t i n g .  

T h is  i n i t i a l  e x c i t a b i l i t y ,  s i m i l a r  t o  t h a t  shown by Jones (1 9 4 1 ) ,  p r o b a b l y  

e x p l a i n s  t h e  r a p i d  dec rease  i n  p e r c e n t a g e  s a t u r a t i o n  f o l l o w e d  by a s te a d y  

r i s e  t o  a more s t a b l e  v a l u e  o bse rved  i n  some t e s t s .  As t h e  a n im a ls  

a c c l i m a t e d  t o  t e s t  c o n d i t i o n s  t h e r e  was a t e n d e n c y  t o  c l u s t e r  on t h e  gauze 

pads a t  i n l e t  and o u t l e t  t o  th e  chamber .  T h is  a c t i v i t y  p a r t i a l l y  b l o c k e d  o f f  

t h e  chamber c a u s in g  th e  f l o w  r a t e  t h r o u g h  t h a t  h a l f  o f  t h e  sys tem  t o  

d e c re a s e  s l i g h t l y .  Tes ts  i n  w h ic h  t h i s  e f f e c t  was most  o b v io u s  had l o w e r  

f l o w  r a t e s  t h r o u g h  t h e  chamber and c o n s e q u e n t l y  t h e  w a t e r  p a s s in g  o u t  o f  t h e  

t e s t  chamber was more d e s a t u r a t e d .
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V a lu e  as a c h r o n i c  t e s t  o f  t o x i c i t v

No change i n  t h e  oxygen c o ns um p t ion  r a t e  o f  6 . pulex was d e t e c t e d  a f t e r  

4 h e xpo su re  t o  a z i n c  c o n c e n t r a t i o n  e q u a l  t o  t h e  24 h LC50 o f  t he  s p e c i e s .  

T h i s  t e s t  on 6 . pulex was even l e s s  s e n s i t i v e  th a n  th e  s i m i l a r  t e s t  on 

Tubifex tubifex by B r o k o v i c - P o p o v i c  & P o p o v i c ( 1 9 7 7 b ) , and i s  c o n s e q u e n t l y  o f  

l i t t l e  v a l u e  as a measure o f  c h r o n i c  t o x i c i t y  i n  t h i s  s p e c i e s .  A s u s t a i n e d  

i n c r e a s e  i n  oxygen u p ta k e  was o b t a i n e d  i n  a h i g h l y  t o x i c  500 pM z i n c  

s o l u t i o n  even though  some i n d i v i d u a l s  became i m m o b i l i s e d  a t  th e  b o t to m  o f  

t h e  r e s p i r o m e t r y  chamber to w a rd s  t h e  end o f  t h e  e x p e r i m e n t .

These r e s u l t s  can now be assessed a g a i n s t  t h e  work o f  Costa (op. c i t . ) ,  

on t h e  e f f e c t s  o f  z i n c  on h e a r t  be a t  r a t e  i n  6 . pulex, w h ic h  i s  o u t l i n e d  i n

t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r .  In  z i n c  s o l u t i o n s  g r e a t e r  th a n  5 mM t h e r e

was an im m ed ia te  i n c r e a s e  i n  h e a r t  b e a t  r a t e ,  f o l l o w e d  by an e q u a l l y  r a p i d  

d e c l i n e  tow a rds  th e  end o f  t h e  1 h t e s t  (C os ta  op .  c i t . ) .  C o n c e n t r a t i o n s  o f  

t h i s  m a g n i tu d e ,  w h ich  cause d e a th  i n  o n l y  a few  h o u r s ,  were n o t  used i n  t h i s  

s e r i e s  o f  e x p e r im e n t s  because o f  t h e i r  e x t re m e  t o x i c i t y .  The c o n c l u s i o n s

w h ic h  Costa reached  c o n c e r n i n g  t h e  mode o f  z i n c  a c t i o n  a t  t h e s e

c o n c e n t r a t i o n s  may t h e r e f o r e  a c c u r a t e l y  d e s c r i b e  th e  o bs e rv ed  e f f e c t s ,  b u t  

must be c o n s i d e r e d  o f  l i t t l e  v a lu e  i n  e x t r a p o l a t i n g  t o  l o w e r ,  more 

r e a l i s t i c ,  t o x i c a n t  l e v e l s .

I n  a 500 pM z i n c  s o l u t i o n  6 . pulex showed a s te a d y  r i s e  i n  h e a r t  be a t  

r a t e  t h r o u g h o u t  a 1 h t e s t  (Costa op.  c i t . ) ,  and a s u s t a i n e d  i n c r e a s e  i n  

oxygen co nsum pt ion  ov e r  4 h ( t h i s  s t u d y ) .  Costa a t t r i b u t e d  t h e  r i s e  i n  h e a r t  

b e a t  r a t e  t o  a b s o r p t i o n  o f  z i n c  i n t o  t h e  c i r c u l a t o r y  sys tem w i t h  a s s o c i a t e d  

g i l l  damage. W h i l s t  t h i s  h y p o t h e s i s  i s  n o t  t e s t e d  i n  t h e  p r e s e n t  s t u d y ,  th e  

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

had been e x t e n s i v e  a t  t h i s  z i n c  c o n c e n t r a t i o n  i t  w ou ld  have been e x p e c te d  t o  

i m p a i r  f u n c t i o n a l i t y  and t h e r e f o r e  cause a d e c r e a s e  i n  oxygen c o n s u m p t i o n .  

S ince  oxygen co nsum p t ion  i n c r e a s e d ,  an a l t e r n a t i v e  hypo th e ses  f o r  z i n c  

a c t i o n  must  be s o u g h t .
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In severa l  t o x i c i t y  st udies  the e x c i t a b i l i t y  of  the animal  has been seen 

to i ncrease  on i n t r o d u c t i o n  of  z inc  (Jones 1947b; Costa op. c i t . ;  t h i s  

s t udy ) .  I t  i s  t h e r e f o r e  poss i b l e  t h a t  z inc has no d i r e c t  ac t i on  on the 

r e s p i r a t o r y  system, but induces a genera l  i ncrease in metabol i c  r a t e  which 

in turn demands a higher  oxygen uptake.  A l t e r n a t i v e l y ,  i f  the e f f i c i e n c y  of  

oxygen u t i l i s a t i o n  i s  i n  some way impai red by the t o x i c a n t  a higher  oxygen 

consumption would be requi r ed  to meet the r e s p i r a t o r y  needs of  the animal .  A 

ser i es  of  experiments in which one of  the aims was to d i s t i n g u i s h  between 

these two hypotheses are descr ibed in Chapter 9.

In a 50 pM z inc  s o l u t i o n  only a s l i g h t  i ncrease in hear t  beat  r a t e

occurred a f t e r  50 min (Costa op. c i t . ) ,  and no change in oxygen consumption

was observed in t h i s  study.  This s t r ongl y  i n d i ca t e s  t h a t  at  t h i s  r e a l i s t i c  

acute l e v e l  ( i e .  24 h LC50 v a l u e ) ,  z inc  does not s i g n i f i c a n t l y  a f f e c t  the 

r e s p i r a t o r y  or c i r c u l a t o r y  systems d i r e c t l y .  Thus, death may w e l l  r e s u l t  

f rom d i r e c t  poisoning of  the protoplasm in a s i m i l a r  manner to t ha t  

suggested by Hunter ( 1949 ) .  However,  r e s p i ro me t r i c  t e s t s  which cover the  

whole s u r v i v a l  t ime are necessary to su b s t a n t i a t e  t h i s  obser va t i on .

In closed r esp i r omet r y  exper iments in t h i s  study i t  was shown t ha t  

animals from Wi l low Brook had a s i g n i f i c a n t l y  higher  r e s p i r a t i o n  r a t e  than 

animals from Rut land Reservo i r .  This may be a t t r i b u t e d  to the d i f f e r e n c e s  in  

f l o w r a t e  between the two s i t e s .  Fox & Simmonds (1933)  found t h a t  in the  

iscpod Asel l us  aquat icus  the oxygen consumption of  i n d i v i d u a l s  from a s w i f t  

f l owi ng  stream was 1.5 t imes gr e a t e r  than t ha t  of  i n d i v i d u a l s  from a slow 

stream.

Changes in r e s p i r a t i o n  r a t e  as a consequence of  adapt ion to previous  

z i n c  s t ress  may t h e r e f o r e  be obscured in t h i s  study,  but i t  provides an

i n t e r e s t i n g  basis f o r  f u r t h e r  exper i ment a t i on  wi th  an open r e s p i r a t o r y

system and animals from s i m i l a r  h a b i t a t s .
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The most  o b v io u s  m o d i f i c a t i o n  wou ld  be t o  run  th e  t e s t  f o r  a l o n g e r  t im e  

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

r e c a l i b r a t i o n  o f  t h e  e l e c t r o d e s .  The l a t e r  approach  wou ld  be more a c c e p t a b l e  

s i n c e  p r e l i m i n a r y  e x p e r i m e n t a t i o n  has i n d i c a t e d  t h a t  t h e  e l e c t r o d e s  a re  

p rone  t o  i n s t a b i l i t y  i n  t e s t s  o f  l o n g e r  d u r a t i o n  ( i n  excess  o f  10 h ) .  There

are a l s o  s e v e r a l  d i s a d v a n ta g e s  t o  a l o n g e r  t e s t  p e r i o d .  G. pulex i s  a

c a n n i b a l i s t i c  s p e c ie s  and l a r g e r  i n d i v i d u a l s  have been obse rved t o  a t t a c k  

and d e v o u r  weakened a n im a ls  d u r i n g  p r o lo n g e d  t e s t i n g .  The pump system 

d e s c r i b e d  above i s  i n a d e q u a t e  f o r  l o n g e r  t e s t s  s i n c e  the  e le m en t  tu bes  

compress w i t h  w ear ,  c a u s in g  changes i n  t h e  pumping r a t e s ,  and a i r  d i f f u s e s  

t h r o u g h  th e  r u b b e r  c o n n e c t i v e  t u b i n g  c a u s i n g  b u b b le s  t o  appear  t h r o u g h o u t  

t h e  a p p a r a t u s .

An a l t e r n a t i v e  t o  a d d i t i o n  o f  z i n c  d u r i n g  t h e  t e s t  i s  t o  measure t h e

oxygen co nsum pt ion  r a t e  o f  t he  a n im a ls  a f t e r  a p e r i o d  o f  e xposu re  t o  a

s u b - l e t h a l  z i n c  c o n c e n t r a t i o n ,  and i n  t h i s  way e x p l o r e  l o n g e r  te r m  c h r o n i c  

e f f e c t s .  T h is  t e s t  i s ,  however ,  l e s s  e x p e r i m e n t a l l y  a c c u r a t e  th a n  p e r f o r m i n g  

p r e - e x p o s u r e  and exposed r e c o r d i n g s  d u r i n g  th e  same e x p e r i m e n t ,  s i n c e  t h e  

a n im a ls  wou ld  need t o  be removed and r e p l a c e d  w i t h i n  t h e  r e s p i r o m e t e r  on 

d i f f e r e n t  t e s t  o c c a s i o n s .
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CHAPTER 9 

PHYSIOLOGICAL INDICES OF TOXICITY

I I .  GILL VENTILATION FREQUENCY

INTRODUCTION

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

r e s p i r a t o r y  f u n c t i o n s ,  o c c u r  i n  many m a la c o s t r a c a n s ,  n o t a b l y  the  I s o p o d a ,  

Gammaridea and Stomatopoda (Lochhead 1961 ) .  The volume o f  w a t e r  f l o w i n g  o v e r  

t h e  g i l l s  i s  dependen t  on th e  f r e q u e n c y  and a m p l i t u d e  o f  t h e  p leopod  b e a t .  

Under  no rm a l  c o n d i t i o n s  t h i s  v a r i e s  c o n s i d e r a b l y  de pen d ing  on r e s p i r a t o r y  

s t a t u s ,  and l o c o m o t i v e  and f e e d i n g  a c t i v i t y  (Wolvekamp & Waterman 1960) .

G i l l  v e n t i l a t i o n  by t h e  p le op o d s  o f  gammar ids such as 6. pulex i s  an 

i m p o r t a n t  supp lem en t  t o  d i f f u s i o n  f o r  f u l f i l l i n g  th e  r e s p i r a t o r y  needs o f  

t h e  a n i m a l ,  b u t  i n  o r d e r  t o  s tu d y  t h e  e f f e c t s  o f  e x t e r n a l  c o n d i t i o n s  on 

v e n t i l a t o r y  movements i t  i s  n e ce s s a ry  t o  i m m o b i l i s e  t h e  a n im a l  and remove 

a l l  p o t e n t i a l  fo od  m a t e r i a l s .  In  a s t u d y  o f  t h i s  t y p e  on r e s p i r a t i o n  and 

m e t a b o l i c  c o n t r o l  i n  c r u s t a c e a n s ,  W a lshe-M aetz  (1956)  measured th e  p le o po d  

b e a t  r a t e  o f  i m m o b i l i s e d  G. pulex a t  14°C i n  w a t e r  o f  d i f f e r e n t  oxygen 

s a t u r a t i o n s ,  and found  a smooth d ec reas e  i n  be a t  f r e q u e n c y  between 140 min  ̂

a t  20% t o  12 min  ̂ above 65% s a t u r a t i o n .

The aims o f  t h i s  i n v e s t i g a t i o n  o f  g i l l  v e n t i l a t i o n  f r e q u e n c y  d u r i n g  

exposu re  t o  z i n c  were f i r s t  t o  i n v e s t i g a t e  t h e  use o f  t h i s  t e c h n i q u e  as a 

method f o r  d e t e c t i n g  a c u te  o r  c h r o n i c  l e v e l s  o f  i o n i c  z i n c ,  and s e c o n d l y  t o  

f u r t h e r  assess t h e  e f f e c t s  o f  z i n c  on t h e  r e s p i r a t o r y  system  o f  G. pulex.

The r a t i o n a l e  beh in d  th ese  t e s t  o b j e c t i v e s  i s  t h a t  when l o c o m o t o r y  and 

f e e d i n g  movements o f  t h e  p leopods  a re  suppressed  by i m m o b i l i s a t i o n  o f  t h e  

body,  g i l l  v e n t i l a t i o n  r a t e  i n  a c o n s t a n t  f l o w  o f  f u l l y  o xygena te d  s o l u t i o n  

w i l l  be d e te r m i n e d  by t h e  oxygen r e q u i r e m e n t  o f  t h e  i n a c t i v e  a n i m a l .
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A change i n  bea t  f r e q u e n c y  i n  t h e  p resence  o f  z i n c  may t h e r e f o r e  

i n d i c a t e  a d i r e c t  e f f e c t  o f  z i n c  on th e  oxygen demand o f  t h e  a n i m a l ,  

i n d e p e n d e n t  f r o m  any respo nse  t o  changes i n  no rma l  l o c o m o t o r y  o r  f e e d i n g  

a c t i v i t y .  A l t e r n a t i v e l y ,  changes i n  t h e  r h y t h m i c  c o n t r o l  o f  v e n t i l a t i o n  o r  

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

i n a b i l i t y  t o  s u p p l y  the  oxygen demand o f  t h e  a n i m a l .

These s e r i e s  o f  t e s t s  were cond uc te d  a t  t h e  same z i n c  c o n c e n t r a t i o n s  as 

t h o s e  used f o r  r e s p i r o m e t r i c  d e t e r m i n a t i o n s  (C h a p te r  8 ) ,  i n  o r d e r  t o  

r e l a t e  t h e  r e s u l t s .

MATERIALS AND METHODS 

T e s t  r a t i o n a l e

S i n g l e  a n im a ls  were i m m o b i l i s e d  i n  a c l e a r  pe rs p ex  chamber w i t h  t h e i r

p leo p o d s  c l e a r l y  v i s i b l e .  C o n t r o l  and z i n c  s o l u t i o n s  were pumped a l t e r n a t e l y  

t h r o u g h  t h e  chamber ,  w h i l s t  s i m u l t a n e o u s l y  m o n i t o r i n g  t h e  p le opods  on v i d e o  

t a p e .  Beat f r e q u e n c i e s  were s u b s e q u e n t l y  c a l c u l a t e d  a t  r e g u l a r  i n t e r v a l s  

o v e r  t h e  d u r a t i o n  o f  th e  t e s t ,  i n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t s  o f  z i n c  on 

t h e  c h a r a c t e r i s t i c s  o f  p leopod  movement.

I n i t i a l  t e s t  p ro c e d u re

S ta r v e d  G. pulex m e as u r ing  a p p r o x i m a t e l y  10 mm i n  l e n g t h  were d r i e d  

r a p i d l y  on a b s o r b e n t  paper  and th e  d o r s a l  s u r f a c e  o f  t h e  ca rapace  p re s s e d  

f i r m l y  f o r  3 -5  seconds a g a i n s t  a t h i n  g l a s s  s l i d e  (12 mm x 4 mm), w i t h  a

l i g h t  c o v e r i n g  o f  'S u p e r g l u e '  a d h e s i v e .  A f t e r  a s t r o n g  bond had fo rmed 

between t h e  a n im a l  and t h e  g l a s s ,  i t  was p la c e d  i n  a s m a l l  g l a s s  h o l d i n g

d i s h  c o n t a i n i n g  300 cm^ o f  a e r a te d  f i l t e r e d  r e s e r v o i r  w a te r  f o r  24 h t o

a d j u s t  t o  t h e  presence  o f  t h e  g l a s s  p l a t e .  Only  spec imens i n  w h i c h  t h e

appendages appea red undamaged by t h i s  p r e p a r a t i o n  were t e s t e d .  *
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A s e l e c t i o n  o f  i n d i v i d u a l s  so t r e a t e d  were k e p t  f o r  up t o  1 week t o  

en su re  t h a t  t h i s  p rocess  had no o b v io u s  h a r m f u l  e f f e c t  on t h e i r  s h o r t  t e rm  

s u r v i v a l .  S e v e r a l  i n d i v i d u a l s  m o u l t e d  d u r i n g  t h i s  t i m e  l e a v i n g  t h e  exuv ium 

s t i l l  a t t a c h e d  t o  t h e  g l a s s  s u r f a c e .  No v i s i b l e  e f f e c t  o f  a t t a c h m e n t  c o u ld  

be seen on t h e  new c u t i c l e  and a l l  m o u l te d  a n im a ls  appeared h e a l t h y .

In  o r d e r  t o  i n v e s t i g a t e  w h e th e r  t h e  se n s o ry  r o l e  o f  t h e  an te nnae  had any 

i n f l u e n c e  on v e n t i l a t o r y  r h y th m  i n  t h e  p resence  o f  z i n c ,  a n t e n n a l  t i p s  were 

removed f r om  a one t e s t  g r o u p ,  and the  who le  an tennae  f rom  a second g r o u p .  

A n t e n n a e l e c to m i s e d  a n im a ls  were m a i n t a i n e d  w i t h i n  t h e  h o l d i n g  d i s h  f o r  a 

f u r t h e r  24 h i n  o r d e r  f o r  t h e  wound t o  h e a l ,  b e f o r e  t h e y  were i m m o b i l i s e d  on 

g l a s s  s l i d e s .

A p p a r a tu s

The a p p a r a tu s  com pr ised  two i d e n t i c a l  pe rsp ex  chambers,  each r e c e i v i n g  

an i n d i v i d u a l l y  pumped s u p p l y  o f  t e s t  medium f r om  a common r e s e r v o i r  

( F i g .  9 . 1 ) .  The chambers were e s s e n t i a l l y  s i m i l a r  i n  d e s ig n  t o  t h o s e  used 

f o r  t h e  r e s p i r o m e t r y  e x p e r im e n t s  ( C h a p te r  0 ) ,  b u t  were o f  s m a l l e r  d im e n s io n  

(12 mm X 6 mm X 6 mm), and o f  r e c t a n g u l a r  i n t e r n a l  c r o s s  s e c t i o n .  The t o p  o f  

each chamber was h i g h l y  p o l i s h e d  t o  a l l o w  th e  c o n t e n t s  t o  be v iewed  c l e a r l y .  

Both chambers were c lamped h o r i z o n t a l l y  on a pe rspex  base t o  p r e v e n t  

movement d u r i n g  o p e r a t i o n .

A t  a f l o w  r a t e  o f  40 .0  cm^ h  ̂ t h e  use o f  c o l o u r e d  dyes c o n f i r m e d  t h a t  

medium f rom  th e  r e s e r v o i r  reached  bo th  o f  th e  chambers i n  65 sec ,  and 

c o m p l e t e l y  f i l l e d  them i n  a f u r t h e r  40 sec.  P r e l i m i n a r y  t e s t s  had i n d i c a t e d  

t h a t  t h i s  pump speed was th e  most c o n v e n i e n t  compromise between a r a p i d  

change ove r  o f  medium w i t h i n  t h e  chamber,  and a s u f f i c i e n t l y  s lo w  f l o w  r a t e  

t o  s t i m u l a t e  a r h y t h m i c  c o n t r o l  v e n t i l a t o r y  p a t t e r n  i n  most  t e s t  a n i m a l s .
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f The p e rs p ex  base was p la c e d  on t h e  s ta g e  o f  a b i n o c u l a r  d i s s e c t i n g  

m ic roscope  w i t h  one chamber  i m m e d i a t e l y  benea th  t h e  o c u l a r s .  The m ic r o s c o p e  

was th e n  fo c u s s e d  on t h e  a n im a l  t h r o u g h  t h e  p o l i s h e d  t o p  p a n e l .  I l l u m i n a t i o n  

was p r o v i d e d  f r o m  two f i b r e  o p t i c  la m p s .  A b l a c k  and w h i t e  v i d e o  camera was 

a t t a c h e d  t o  t h e  m ic r o s c o p e  f o r  t h e  p u rpo se  o f  r e c o r d i n g  p leopo d  movement on 

v ideo  c a s s e t t e  t a p e ,  and r e l a y i n g  t h e  image o f  th e  a n im a l  t o  a t e l e v i s i o n  

screen ( F i g .  9 . 2 ) .

Waste Experimental Chambers Peristal t ic
Pump Reservoir

3-6 cm
FIG.  9.1

Diagram o f  v e n t i l a t o r y  sys tem i l l u s t r a t i n g  t he  f l o w  
o f  medium t h r o u g h  t h e  e x p e r i m e n t a l  chambers.

FIG.  9 .2
P h o tog ra ph  o f  c o m p le te  sys te m  f o r  r e c o r d i n g  p leopod  
movements.  0 = o p t i c a l  b i n o c u l a r s ,  V = v i d e o  camera 
PS = pump speed c o n t r o l ,  P -  p e r i s t a l t i c  pump,
OS = f i b r e  o p t i c s
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Procedure

The e x p e r i m e n t a l  chambers were f i l l e d  r a p i d l y  w i t h  f i l t e r e d  r e s e r v o i r  

w a te r  by s w i t c h i n g  t h e  pump t o  maximum speed. D u r in g  f i l l i n g  t h e  o u t l e t  

p lugs  were removed and t h e  chambers h e ld  v e r t i c a l l y  t o  p r e v e n t  a i r  f r o m  

re m a in in g  w i t h i n  t h e  system. The pump was th e n  s w i t c h e d  o f f  w h i l s t  an a n im a l  

mounted on a g l a s s  s l i d e ,  was p u t  i n t o  each chamber .  The a n im a l  was 

p o s i t i o n e d  w i t h  th e  head end a d j a c e n t  t o  t h e  i n l e t .  S u c t i o n a l  f o r c e  between 

th e  g l a s s  s l i d e  and t h e  chamber w a l l  h e ld  t h e  a n im a l  i n  s i d e  v ie w  t o  t h e  

camera.

Pumping was th e n  r e s t a r t e d  a t  reduced  f l o w  r a t e  and t h e  o u t l e t  p l u g  o f  

each chamber f i t t e d  t i g h t l y  i n t o  p l a c e .  A f t e r  a 1 h a c c l i m a t i o n  p e r i o d  th e  

specimen h a v in g  th e  more c l e a r l y  v i s i b l e  p leopods  was s e l e c t e d  f o r  t e s t i n g .  

C o n t r o l  medium was s u p p l i e d  t o  t h e  second i n d i v i d u a l  t h r o u g h o u t  th e  

e x p e r im e n t  b u t  t h e  a n im a l  was n o t  used u n le s s  t h e  i n i t i a l  a n im a l  became 

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

a c c l i m a t i o n  p e r i o d ,  was pumped t h r o u g h  t h e  e x p e r i m e n t a l  chamber f o r  a 1 h 

c o n t r o l  p e r i o d .  The pump was then  m o m e n t a r i l y  t u r n e d  o f f  and c o n t r o l  medium 

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

1 h.  C o n t r o l  medium was then  r e i n t r o d u c e d  f o r  a f i n a l  1 h p e r i o d .

T h rougho u t  t h e  e x p e r im e n t  t h e  image o f  t h e  t e s t  a n im a l  was v iewed on a 

t e l e v i s i o n  s c re e n .  I f  t h e  a n im a l  m o u l te d  o r  became de ta che d  f r om  th e  p l a t e  

th e  t e s t  was r e s t a r t e d  w i t h  t h e  second a n i m a l .  5 min v i d e o  r e c o r d i n g s  were 

taken  eve ry  15 min commencing a t  th e  s t a r t  o f  t h e  t e s t .  T h is  p ro c e d u re  th u s  

produced f o u r  5 min r e c o r d s  f o r  each o f  t h e  t h r e e  1 h p e r i o d s  and was 

repe a te d  f o r  16 a n im a ls  a c c o r d i n g  t o  t h e  sc he du le  shown i n  Tab le  9 . 1 .

N®. o f  r e p l i c a t e s Z in c  c o n c e n t r a t i o n  (pM)

3 : no an tennae 500
2 ; no a n t e n n a l  t i p s 500
3 : antennae 500
4 : antennae 100
4 : an tennae 50

TABLE 9.1 
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Data p r e p a r a t i o n

The f i r s t  s ta g e  i n  da ta  a n a l y s i s  was t o  c o n v e r t  each v i s u a l  60 min

r e c o r d  o f  p leopod  b e a t  i n t o  an i n t e r p r e t a b l e  n u m e r i c a l  f o r m .  I d e a l l y ,  d i r e c t  

e v a l u a t i o n  o f  be a t  f r e q u e n c y  c o u l d  have been o b t a i n e d  by c o u n t i n g  t h e  number 

o f  p leop o d  bea ts  o v e r  c o n s t a n t  t im e  p e r i o d s .  W i t h o u t  an a u d i b l e  t i m i n g  

d e v i c e ,  however ,  i t  p roved  i m p o s s i b l e  t o  co u n t  p leopod  b e a t s  a c c u r a t e l y

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

s t a n d a r d  number o f  be a ts  o v e r  w h ic h  t o  r e c o r d  t h e  c u m u l a t i v e  t i m e  i n t e r v a l s .

Each 60 min ta p e  was r e p l a y e d  on an e d i t i n g  c o n s u l  w i t h  a b u i l t  i n

t im im g  d e v i c e .  C u m u la t i v e  t im e  was r e c o r d e d  ( i n  m in ,  sec & f r a m e s )  o v e r  each 

s e p a r a te  5 min t im e  s e c t i o n ,  f o r  c o n s e c u t i v e  g roups  o f  10 b e a t s .  A v a r i a b l e  

speed c o n t r o l  a l l o w e d  t h e  ta p e  t o  be r e p l a y e d  a t  no rm a l  speed d u r i n g  p e r i o d s  

when t h e  a n im a l  was i n a c t i v e ,  and t o  be s lowed down f o r  a c c u r a t e  a n a l y s i s  o f  

f a s t e r  movements.  D u r in g  p e r i o d s  o f  r a p i d  p leopod  b e a t i n g ,  t h e  r e c o r d  was 

ana ly s ed  f rame by f rame (25 s e c ’ M,.

A t  t h e  s t a r t  o f  t h e  f i r s t  c o n t r o l  p e r i o d  t h e  a m p l i t u d e  o f  t h e  n o r m a l '  

p leopod b e a t  was marked on th e  v i d e o  s c r e e n .  A c e n t r a l  p o i n t  was c a l c u l a t e d  

c o r r e s p o n d i n g  t o  a bea t  o f  h a l f  t h e  n o rm a l  a m p l i t u d e .  D u r i n g  s u bs equ e n t  

c o u n t i n g  any p e r c e p t i b l e  b e a t  w h ic h  d i d  n o t  pass t h i s  c e n t r a l  p o i n t  was 

re c o r d e d  as a ' h a l f  b e a t ' .

Each 5 min t i m e  r e c o r d  was c o n v e r t e d  i n t o  seconds and e n t e r e d  t o g e t h e r  

w i t h  t h e  c o r r e s p o n d i n g  r e c o r d  o f  h a l f  b e a ts  as a d a ta  f i l e  on t h e  Cyber  73 

compute r .  T h is  p r o c e d u r e  was r e p e a te d  f o r  a l l  s i x t e e n ,  60 min v i d e o  r e c o r d s .

A n a l v s i s  and p r e s e n t a t i o n  o f  r e s u l t s

A compu te r  prog ram was w r i t t e n  i n  F o r t r a n  u t i l i z i n g  GH0ST6G p l o t t i n g  

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

number o f  p leopod  b e a t s .  In  o r d e r  t o  s i m p l i f y  t h e  p r e s e n t a t i o n  o f  t h i s  

u n m o d i f i e d  d a ta  t h e  10 min i n t e r v a l  between each 5 min r e c o r d  has been 

o m i t t e d .
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H a l f  b e a t s '  a re  i n d i c a t e d  on a s h o r t e n e d  v e r t i c a l  s c a l e  down t h e  r i g h t  

hand m a rg in  o f  t h e  d ia g ra m .  C o n t r o l  and z i n c  s e c t i o n s  o f  t h e  t e s t  a re  

dem arca ted  by d o t t e d  l i n e s ,  p a r a l l e l  t o  t h e  o r d i n a t e .  Breaks  i n  some r e c o r d s  

o c c u r  when t h e  l a s t  g ro up  o f  < 10 be a ts  i n  any one 5 min p e r i o d  has been 

d i s r e g a r d e d .  The h o r i z o n t a l  s c a l e  f o r  each a n im a l  was o b t a i n e d  by c o u n t i n g  

t h e  t o t a l  number o f  b e a ts  and r o u n d i n g  up t o  t h e  n e a r e s t  1000. The d a ta  

f i l e s  and compute r  prog ram, t o g e t h e r  w i t h  a b r i e f  d e s c r i p t i o n  o f  i t s  

o p e r a t i o n  a re  g i v e n  i n  A ppend ix  3$.

RESULTS

1) 500uM No an tennae  ( F i g .  9 .3  a - c )

I t  can be seen f ro m  F i g .  9 .3a  & 9 . 3 b  t h a t  two o f  t h e  t h r e e  G. pulex 

t e s t e d  showed l i t t l e  change i n  p le opo d  b e a t  f r e q u e n c y  o r  a m p l i t u d e ,  d u r i n g  

e i t h e r  exposu re  t o  t h i s  h i g h l y  t o x i c  z i n c  s o l u t i o n ,  o r  on subsequen t  re m o v a l  

t o  c o n t r o l  medium. A t h i r d  i n d i v i d u a l  w i t h  a l o w  c o n t r o l  b e a t  r a t e ,  showed a 

marked i n c r e a s e  i n  p leo po d  b e a t  r a t e  a lm o s t  i m m e d i a t e l y  on cha n g in g  f r o m  

c o n t r o l  t o  z i n c  s o l u t i o n ,  f o l l o w e d  by a r e t u r n  t o  c o n t r o l  b e a t  f r e q u e n c y  

to w a rd s  t h e  end o f  exposure to z.i'oc. A f t e r  cha n g in g  back t o  c l e a n

s o l u t i o n  a second i n c r e a s e  i n  be a t  f r e q u e n c y  was o b t a i n e d  ( F i g .  9 . 3 c ) .  No 

change i n  t h e  a m p l i t u d e  o f  t h e  b e a t  was ob se rve d  t h r o u g h o u t  any t e s t .

2) 500uM No a n t e n n a l  t i p s  ( F i g .  9 .4  a - b )

Both G. pulex responded t o  t h e  i n t r o d u c t i o n  o f  z i n c  s o l u t i o n  w i t h  a 

s l i g h t  i n c r e a s e  i n  p le opo d  be a t  f r e q u e n c y .  In  one a n im a l  ( F i g .  9 . 4 a ) ,  b e a t  

f r e q u e n c y  remained h ig h  f o r  t h e  d u r a t i o n  o f  exposu re  t o  z i n c ,  b u t  r e t u r n e d  

t o  c o n t r o l  l e v e l  when t h e  t o x i c a n t  was removed.  I n  a second i n d i v i d u a l  

( F i g .  9 . 4 b ) ,  an i n i t i a l  i n c r e a s e  i n  b e a t  f r e q u e n c y  on a d d i t i o n  o f  z i n c ,  was 

f o l l o w e d  a f t e r  30 min e x pos u re  by a d r o p  t o  b e lo w  t h e  c o n t r o l  v a l u e .
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A marked d i f f e r e n c e  i n  th e  p le opo d  b e a t  p a t t e r n  o f  t h i s  a n im a l  was a l s o  

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

s t r e t c h i n g  movements and w i p i n g  o f  an tennae  and p le o p o d s ,  i n t e r s p e r s e d  w i t h  

p e r i o d s  o f  t o t a l  i n a c t i v i t y  i n  w h ich  t h e  p le opo ds  were h e ld  r i g i d  and

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

c o n t r o l  s o l u t i o n .

3) SOOuM Antennae P r e s e n t  ( F i g .  9 . 5  a - c )

W h i l s t  t h e  t h r e e  a n im a ls  t e s t e d  a t  t h i s  z i n c  c o n c e n t r a t i o n  showed no

common r e s p o n s e ,  l a r g e  changes i n  p leopod  be a t  f r e q u e n c y  were n o t  o b t a i n e d .

I n  two a n im a ls  ( F i g .  9 . a & 9 . 5 b )  t h e  a d d i t i o n  o f  z i n c  r e s u l t e d  i n  i r r e g u l a r

b e a t i n g  w h ic h  c o n t i n u e d  t h r o u g h o u t  th e  second c o n t r o l  p e r i o d .  In  t h e  f i r s t

o f  t h e s e  a n im a ls  ( F i g .  9 . 5 a ) ,  t h i s  was accompanied by a d e c re a s e  i n  be a t  

f r e q u e n c y  and a m p l i t u d e  w h ic h  l a s t e d  f o r  t h e  d u r a t i o n  o f  t h e  t e s t .  I n  th e  

a n i m a l  shown i n  F i g .  9 . 5 b  t h e  p leo po d  b e a t  a m p l i t u d e  a l s o  v a r i e d  d u r i n g  t h i s  

p e r i o d  o f  ex p o s u re  t o  z i n c ,  b u t  r e t u r n e d  t o  no rm a l  on r e s t o r i n g  c o n t r o l  

c o n d i t i o n s .  A d d i t i o n a l  symptoms o f  z i n c  ex posu re  (as d e s c r i b e d  above f o r  

a n t e n n a e l e c t o m i s e d  a n i m a l s )  were  s h o r t  b u r s t s  o f  i n t e n s e  s t r e t c h i n g

movements f o l l o w e d  by p e r i o d s  o f  t o t a l  i n a c t i v i t y .  T h i s  b e h a v i o u r  was o f t e n

c o r r e l a t e d  w i t h  w i p i n g  o f  an tennae  and p le opo d s  i n  a l l  3 a n i m a l s .

4) lOOuM An tennae P r e s e n t  ( F i g .  9 .6  a - d )

A s i m i l a r  r e sp ons e  was o b t a i n e d  f ro m  a l l  f o u r  a n im a ls  t e s t e d  a t  t h i s  

c o n c e n t r a t i o n ,  and can be d e s c r i b e d  w i t h  r e f e r e n c e  t o  F i g .  9 . 6 b .  D u r i n g  t h e  

f i r s t  c o n t r o l  p e r i o d ,  b e a t  f r e q u e n c y  rema ined  r e l a t i v e l y  smooth w i t h  o n l y  

s l i g h t  f l u c t u a t i o n s ,  b u t  on a d d i t i o n  o f  100 pM z i n c  s o l u t i o n  i t  dec rea s ed  

and became much l e s s  r e g u l a r .  On r e t u r n i n g  t o  c o n t r o l  s o l u t i o n  l i t t l e  

f u r t h e r  change i n  b e a t  f r e q u e n c y  was o b s e rv e d ,  b u t  t h e  i r r e g u l a r  b e a t  

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

by t h e  s te p  w i s e  appea ra nce  o f  t h e  g r a p h .
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I n  one a n im a l  ( F i g .  9 . 6 d ) .  t h e  c o n t r o l  be a t  f r e q u e n c y  was m a i n t a i n e d

d u r i n g  t h e  f i r s t  5 min i n  z i n c  s o l u t i o n ,  b u t  was f o l l o w e d  by a sh a rp

d e c r e a s e  t o  a l e v e l  a t  w h ic h  i t  rem a ined  u n t i l  t h e  l a s t  15 min o f  t h e  

c o n t r o l  p e r i o d  when a sudden i n c r e a s e  o c c u r r e d .  T h is  was th e  o n l y  a n i m a l  

t e s t e d  a t  t h i s  z i n c  c o n c e n t r a t i o n  t o  r e a t t a i n  a b e a t  f r e q u e n c y  as h i g h  as

t h a t  d u r i n g  th e  i n r t i a l  c o n t r o l  p e r i o d .

5) 50 uM Antennae P r e s e n t  ( F i g .  9 .7  a - d )

T h i s  z i n c  c o n c e n t r a t i o n  had t h e  l e a s t  e f f e c t  on p le opo d  bea t  f r e q u e n c y ,  

a l t h o u g h  t h e r e  was some t e n d e n c y  f o r  t h e  bea t  r h y th m  t o  become v a r i a b l e  

a f t e r  t h e  a d d i t i o n  o f  z i n c  ( F i g .  9 .7 a  & 9 . 7 d ) .  In  one a n im a l  ( F i g .  9 . 7 c )  t h e  

b e a t  f r e q u e n c y  was lo w  and i r r e g u l a r  d u r i n g  t h e  i n i t i a l  c o n t r o l  p e r i o d  b u t  

t h i s  b e h a v i o u r  p a t t e r n  was m a i n t a i n e d  t h r o u g h o u t  t h e  t e s t .
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G e n e r a l  T rends

These r e s u l t s  a re  summar ised i n  F i g .  9 .8  . Mean be a t  f r e q u e n c y  has been 

c a l c u l a t e d  o v e r  each 5 min t i m e  s e c t i o n  and th e  r e s u l t s ,  e x p res s ed  i n  t h e  

f o r m  o f  p leopo d  be a ts  pe r  m i n u t e ,  p l o t t e d  a g a i n s t  t o t a l  t e s t  t i m e .  Each 

a n i m a l  has been i n d i v i d u a l l y  i d e n t i f i e d .  C o n t r o l  and z i n c  s e c t i o n s  o f  t h e  

t e s t  have been d e l i n e a t e d  by s o l i d  v e r t i c a l  l i n e s  a t  1 h and 2 h t im e  

i n t e r v a l s .  W h i l s t  t h e  g e n e r a l l y  h i g h  l e v e l  o f  i n d i v i d u a l  v a r i a b i l i t y  i n  b o th  

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

e v id e n c e  o f  z i n c  t o x i c i t y  f r o m  t h i s  t e s t ,  weak t r e n d s  can be i d e n t i f i e d

between t h e  c o n c e n t r a t i o n  o f  t h e  z i n c  s o l u t i o n  and changes i n  p leo po d  b ea t

f r e q u e n c y  and a m p l i t u d e .

A n te n n a e le c t o m is e d  a n im a ls  t ended  t o  show an i n c r e a s e  i n  p leopod  bea t  

f r e q u e n c y  i n  response  t o  z i n c .  T h i s  was most markedman a n im a l  w i t h a l o w  

r e s t i n g  b e a t  f r e q u e n c y  ( F i g .  9 .8 C 1 ]  a n im a l  c ) .  L i t t l e  change was seen i n  an

a n im a l  w i t h  a h ig h  r e s t i n g  b e a t  r a t e  ( F i g .  9 . 8 [ 1 ]  a n i m a l  a ) .  I n

n o n - a n t e n n a e l e c t o m i s e d  a n im a ls  t h e r e  was no c o n s i s t e n t  respon se  b u t  any

changes i n  bea t  r a t e  w h ich  d i d  o c c u r  were n o t  as l a r g e  as f o r

a n t e n n e l e c t o m i s e d  a n i m a l s .  An im a ls  exposed t o  a 100 pH z i n c  s o l u t i o n  showed 

a g e n e r a l  d e c re as e  i n  b e a t  f r e q u e n c y  w h ic h  appeared  t o  be i n d e p e n d e n t  o f  t h e  

i n i t i a l  c o n t r o l  bea t  f r e q u e n c y ,  and w h ic h  p e r s i s t e d  on r e t u r n  t o  c o n t r o l  

s o l u t i o n .  A 50 pM z i n c  s o l u t i o n  had no o b v io u s  e f f e c t s  on mean bea t  

f r e q u e n c y  o r  a m p l i t u d e .  A t  a l l  t h r e e  z i n c  c o n c e n t r a t i o n s  t h e  most o b v io u s  

e f f e c t  on t h e  v e n t i l a t o r y  sys tem o f  G. pulex was t h e  l o s s  o f  t h e  r h y t h m i c  

be a t  p a t t e r n ,  and i t s  r e p la c e m e n t  by i r r e g u l a r  p e r i o d s  o f  i n a c t i v i t y  w i t h  

p leopod  and an tenna  w i p i n g .

181



FIG. 9 .8  ( o v e r  page)
Summary o f  p le opo d  be a t  r a t e s  i n  c o n t r o l  and z i n c  
s o l u t i o n s  (see t e x t  f o r  e x p l a n a t i o n  o f  d ia g ra m  
c o n s t r u c t i o n ) .

(1)  A n im a ls  w i t h  no an tennae
1-2 h = 500 pM z i n c  s u l p h a t e  s o l u t i o n

a n im a l  c o r r e s p o n d i n g  graph
a F i g .  9 .3a
b F i g .  9 .3 b
c F i g .  9 . 3 c

(2)  An im a ls  w i t h o u t  an tennae  t i p s
1-2 h = 500 pM z i n c  s u l p h a t e  s o l u t i o n

a n im a l  c o r r e s p o n d i n g  graph
a F i g .  9 .4a
b F i g .  9 .4 b

(3)  An im a ls  w i t h  an tennae
1-2 h = 500 pM z i n c  s u l p h a t e  s o l u t i o n

a n im a l  c o r r e s p o n d i n g  g raph
a F i g .  9 .5a
b F i g .  9 .5 b
c F i g .  9 . 5 c

(4)  An im a ls  w i t h  an tennae
1-2 h = 100 pM z i n c  s u l p h a t e  s o l u t i o n

a n im a l  c o r r e s p o n d i n g  graph
a F i g .  9 .6 a
b F i g .  9 .6 b
c F i g .  9 . 6 c
d F i g .  9 .6d

(5)  An im a ls  w i t h  an te nn ae
1-2 h = 50 pM z i n c  s o l u t i o n

a n im a l  c o r r e s p o n d i n g  graph
a F i g .  9 .7 a
b F i g .  9 .7 b
c F i g .  9 . 7 c
d F i g .  9 .7d
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DISCUSSION

G i l l  V e n t i l a t i o n  as a c r i t e r i o n  o f  t o x i c i t y

The l a r g e  c o n t r o l  v a r i a b i l i t y  i n  b e a t  a m p l i t u d e  and f r e q u e n c y  shown b o th  

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

d i f f e r e n t  a n im a ls  exposed t o  i d e n t i c a l  t e s t  c o n d i t i o n s  may be i d e n t i f i e d  as 

o r i g i n a t i n g  f ro m  two main s o u r c e s ;

1) V a r i a b i l i t y  produced  by t h e  t e s t  p r o c e d u r e .

2) N a t u r a l  v a r i a b i l i t y  w i t h i n  and between i n d i v i d u a l s  o f  t h e  same s p e c i e s .

S e v e r a l  s ta g e s  o f  t h e  t e s t  p r o c e d u r e  can be d ia g n o s e d  as p o t e n t i a l l y  

s t r e s s f u l  f o r  t h e  a n im a l  and t h e r e f o r e  l i k e l y  t o  u p s e t  t h e  n a t u r a l  be a t  

f r e q u e n c y .  The p r o c e d u r e  used t o  i m m o b i l i s e  t h e  a n im a ls  was c o n f i r m e d  t o  

have no d i r e c t l y  h a r m f u l  e f f e c t s  on t h e  a n im a ls  and w h i l s t  some i n d i v i d u a l s  

showed a h ig h  p le opod  be a t  f r e q u e n c y  i m m e d i a t e l y  a f t e r  a t t a c h m e n t ,  no s i g n s  

o f  s t r e s s  were observed  a f t e r  a 24 h a c c l i m a t i o n  p e r i o d .  I t  i s  p o s s i b l e ,  

however ,  t h a t  by p r e v e n t i n g  p e d a l  c o n t a c t  and t h e r e f o r e  f o r c i n g  t h e  a n im a ls  

t o  keep 's w im m ing '  by means o f  p le opo d  movements,  t h e  n o r m a l l y  r h y t h m i c a l  

p leopod  b e a t  was a f f e c t e d .

V i o l e n t  s t r u g g l i n g  a c t i v i t y  a s s o c i a t e d  w i t h  p leop o d  and an tenna w i p i n g  

was obse rved  i n  z i n c  s o l u t i o n s ,  and was n e a r l y  a lways  accompanied by a 

t e m p o r a r y  i n c r e a s e  i n  b e a t  r a t e .  T h i s  s u g g e s ts  t h a t  t h e  a n im a l  was expen d ing  

ene rgy  i n  t r y i n g  t o  r e l e a s e  i t s e l f  f r o m  t h e  g l a s s  p l a t e .

S e v e r a l  changes i n  v e n t i l a t i o n  r a t e  were  o bse rved  w h ich  c o u ld  n o t  be 

r e a d i l y  e x p l a i n e d  as e x p e r i m e n t a l l y  i n d u c e d .  I m m o b i l i s e d  a n im a ls  w i t h i n  b o th  

t h e  h o l d i n g  d i s h  and t h e  r e s p i r o m e t r y  chamber showed marked changes i n  b o th  

f r e q u e n c y  and a m p l i t u d e  o f  p leopod  be a t  w i t h  no accompany ing  changes i n  

a c t i v i t y  l e v e l .

184



I n  a d d i t i o n ,  a n im a ls  h a v in g  a l m o s t  i d e n t i c a l  b e a t  f r e q u e n c i e s  when i n  t h e  

h o l d i n g  d i s h  (assessed s u b j e c t i v e l y ) ,  o f t e n  showed marked d i f f e r e n c e s  when 

t h e y  were p la c e d  w i t h i n  t h e  t w i n  a n im a l  chambers,  and t r e a t e d  i d e n t i c a l l y .  

In  i n d i v i d u a l s  w i t h  l ow  be a t  f r e q u e n c i e s  th e  t im e  between s u c c e s s i v e  g roups  

o f  be a ts  was o f t e n  i r r e g u l a r .

From t h e  d i f f i c u l t i e s  e n c o u n te r e d  i n  t h i s  s tu d y  two a s p e c t s  o f  t h e  

e x p e r i m e n t a l  p r o c e d u r e  used by W a lshe-M ae tz  (1956)  make th e  s t a t e d  p r e c i s i o n  

o f  he r  d e t e r m i n a t i o n s  d o u b t f u l .  F i r s t ,  Walshe-M aetz  d e te r m in e d  bea t  

f r e q u e n c i e s  up t o  140 m in " ^  f r o m  d i r e c t  c o u n t s .  In  t h e s e  t e s t s  bea t

f r e q u e n c i e s  o f  200  min  ̂ were r e c o r d e d  i n  t h e  c o n t r o l  p e r i o d ,  and as g r e a t

as 300 min  ̂ i n  z i n c  s o l u t i o n s .  These c o u ld  o n l y  be measured by v id e o

- 1
r e c o r d i n g  and i t  must be d o u b t f u l  w h e th e r  even r a t e s  o f  100 min c o u ld  be

a c c u r a t e l y  d e t e r m in e d  w i t h o u t  such a f a c i l i t y .  Se c o n d ly ,  o n l y  f i v e  r e p l i c a t e

g roups  o f  50 p le opo d  be a ts  were r e c o r d e d  f o r  each a n i m a l  by

- 1
Walshe-Mae tz  ( o p . c i t . ) .  A t  a b e a t  f r e q u e n c y  o f  g r e a t e r  t han  125 min t h i s

r e p r e s e n t s  a t o t a l  r e c o r d i n g  t i m e  o f  l e s s  th an  2 m in .  In  t h i s  s e r i e s  o f  

e x p e r i m e n t s  t h e  p leopod  be a t  f r e q u e n c y  was r e c o r d e d  f o r  t h r e e  20 min p e r i o d s  

i r r e s p e c t i v e  o f  i n i t i a l  be a t  f r e q u e n c y .  In  s e v e r a l  cases changes i n  bea t  

f r e q u e n c y  were d e t e c t e d  t h r o u g h o u t  t h e  c o n t r o l  p e r i o d s  w h ich  m ig h t  have been 

u n d e te c t e d  i n  s h o r t e r  t e s t s .  A l o n g e r  t e s t  p e r i o d  was c o n s i d e r e d  t o  be

e s p e c i a l l y  ne c e s sa ry  when t h e  i n i t i a l  be a t  f r e q u e n c y  was l o w  and i r r e g u l a r .

The l a r g e  v a r i a b i l i t y  i n  t h e  p leopod  be a t  r a t e  i n  t h e  c o n t r o l  medium can 

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

n a t u r a l  v a r i a t i o n  b o th  w i t h i n  t h e  n o rm a l  v e n t i l a t o r y  bea t  p a t t e r n  o f  a

s i n g l e  i n d i v i d u a l  and between d i f f e r e n t  a n i m a l s .  These f a c t o r s  must

c o n s i d e r a b l y  r e s t r i c t  t h e  a c c u r a c y  i n  m e a s u r in g  changes i n  p leopod  b e a t

f r e q u e n c y  and a m p l i t u d e  i n  r es p ons e  t o  changes i n  t h e  r e s p i r a t o r y

e n v i r o n m e n t  such as pO^ o r  t h e  p resence  o f  t o x i c a n t s .
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The r e s u l t s  o f  r e s p i r o m e t r y  and v e n t i l a t o r y  e x p e r i m e n t s  have been 

combined t o  assess t h e  e f f e c t s  o f  z i n c  on t h e  r e s p i r a t o r y  sys tem o f

6 . pulex, I t  m us t ,  however ,  be s t r e s s e d  t h a t  t h e  v e n t i l a t o r y  e x p e r im e n t s

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

have r e s u l t e d  i n  marked v a r i a t i o n s  i n  t h e  r e s u l t s  o b t a i n e d .  The f o l l o w i n g  

h y p o t h e s i s ,  w h i l s t  o f  v a l u e  i n  e s t a b l i s h i n g  l i k e l y  e f f e c t s ,  must t h e r e f o r e  

be c o n s i d e r e d  t e n t a t i v e  u n t i l  im p ro ve d  methods have been d eve lo p e d  f o r  

t e s t i n g  amphipods w h ic h  overcome a t  l e a s t  some o f  t h e s e  p r o b le m s .

I n  a 500 pM z i n c  s o l u t i o n  t h e  oxygen c ons u m p t io n  o f  G. pulex was found  

t o  i n c r e a s e  s i g n i f i c a n t l y  above t h e  c o n t r o l  l e v e l .  Two h y p o th e se s  were

p r e s e n t e d  t o  e x p l a i n  t h i s  r e s u l t .  F i r s t ,  i t  was sugges ted  t h a t  z i n c  was n o t  

a c t i n g  as a p o i s o n  on t h e  r e s p i r a t o r y  sys tem b u t  c a u s in g  an i n c r e a s e  i n  

m e t a b o l i c  r a t e ,  t h u s  i n d i r e c t l y  i n c r e a s i n g  t h e  oxygen demand o f  t h e  a n i m a l .

The second h y p o t h e s i s  was t h a t  z i n c  i n  some way i m p a i r e d  th e  e f f i c i e n c y  w i t h

w h ic h  oxygen was u t i l i s e d ,  w h ic h  was c o u n t e r a c t e d  by an i n c r e a s e  i n  oxygen 

c o n s u m p t i o n .

I t  was n o t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e s e  hypo the ses  u s i n g  th e

r e s p i r o m e t r y  a p p a r a tu s  and t e c h n i q u e s  d e s c r i b e d  i n  C hap te r  6 , s i n c e  i t  was

i m p r a c t i c a l  t o  i m m o b i l i s e  a l l  10 t e s t  a n im a ls  t o  be s i m u l t a n e o u s l y  r e s p i r e d .  

E x p e r im e n ts  on t h e  v e n t i l a t o r y  sys tem , however ,  p r o v i d e d  an a l t e r n a t i v e  

method o f  a s s e s s in g  t h e  e f f e c t  o f  l o c o m o t o r y  a c t i v i t y  on t h e  oxygen 

c o n s u m p t io n  w i t h i n  z i n c  s o l u t i o n s  between 500 pH and 50 pM.

The i n t e r p r e t a t i o n  o f  v e n t i l a t o r y  e x p e r i m e n t s  i n  a 500 pM z i n c  s o l u t i o n  

c e n t r e d  on th e  as s u m p t io n  t h a t  th e  i n c r e a s e  i n  oxygen cons um p t io n  seen a t  

t h i s  c o n c e n t r a t i o n ,  had been met by an i n c r e a s e  i n  t h e  r a t e  a t  w h i c h  oxygen 

was s u p p l i e d  t o  t h e  g i l l s  ( v e n t i l a t i o n  r a t e ) ,  r a t h e r  th a n  an i n c r e a s e  i n  t h e  

e f f i c i e n c y  w i t h  w h ich  oxygen was e x t r a c t e d  f r o m  th e  w a t e r .

186



A n im a ls  w i t h  an tennae  showed no d i s t i n c t  i n c r e a s e  i n  g i l l  v e n t i l a t i o n  

f r e q u e n c y  w i t h i n  a 500 pM z i n c  s o l u t i o n ,  and c anno t  t h e r e f o r e  have r e a c t e d  

t o  z i n c  i n  t h e  same way as t h e  m o b i l e  a n im a ls  used i n  r e s p i r o m e t r y  

e x p e r i m e n t s .  T h i s  s t r o n g l y  s u g g e s ts  t h a t  i t  was an i n c r e a s e  i n  l o c o m o t o r y  

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

h i g h e r  oxygen con su m p t ion  o f  m o b i l e  a n im a ls  a t  t h i s  z i n c  c o n c e n t r a t i o n .

In  a n t e n n a e l e c t o m i s e d  a n im a ls  t h e  g i l l  v e n t i l a t i o n  f r e q u e n c y  showed a 

t e n d e n c y  t o  i n c r e a s e  i n  a 500 pM z i n c  c o n c e n t r a t i o n .  T h i s  was c o n t r a r y  t o  

t h e  e x p e c t a t i o n  t h a t  re m ov a l  o f  t h e  a n t e n n a l  s e ta e  w h ic h  a re  t h o u g h t  t o  have 

a u d i t o r y  and chem o-senso ry  f u n c t i o n s  (Cussans 1904) ,  may i m p a i r  t h e

d e t e c t i o n  o f  z i n c  and t h e r e f o r e  reduce  t h e  e x c i t a b i l i t y  o f  t h e  a n i m a l .

I n  a 100 pM z i n c  s o l u t i o n  t h e r e  was a d r o p  i n  g i l l  v e n t i l a t i o n  f r e q u e n c y  

a l t h o u g h  no c o r r e s p o n d i n g  de c re a s e  i n  oxygen co nsu m p t io n  was d e t e c t e d  f o r  

m o b i l e  a n i m a l s .  T h i s  a g a in  s ugg es ts  t h a t  l o c o m o t o r y  a c t i v i t y  was r e s p o n s i b l e  

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

c o n s t a n t  l e v e l  o f  oxygen c o n s u m p t io n .  I n  a 50 pH z i n c  s o l u t i o n  no marked

change i n  e i t h e r  oxygen c on sum pt io n  o r  g i l l  v e n t i l a t i o n  r a t e  was o b s e r v e d ,  

w h ic h  s u p p o r t s  t h e  c o n c l u s i o n  re ached  i n  C h a p te r  8 , t h a t  t h e  r e s p i r a t o r y  

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

z i n c  c o n c e n t r a t i o n  e q u a l  t o  t h e  24 h LC5G o f  t h e  s p e c i e s .

A t  a l l  z i n c  c o n c e n t r a t i o n s  t e s t e d  t h e r e  was some i n d i c a t i o n  t h a t  z i n c  

may a f f e c t  t h e  r e g u l a r i t y  and c o o r d i n a t i o n  o f  t h e  p leopod  b e a t .  T h i s  e f f e c t  

was most  marked a t  t h e  h i g h e s t  z i n c  c o n c e n t r a t i o n  w i t h  changes i n  b e a t

a m p l i t u d e  and f r e q u e n c y .  In  a d d i t i o n  s e v e r a l  a n im a ls  were obse rved  t o

c o n s t a n t l y  b rush  t h e  p le opo d s  and a n te n n a e ,  s u g g e s t i n g  t h a t  z i n c  may be 

a c t i n g  as an i r r i t a n t  t o  t h e s e  appendages.  Any l o s s  i n  v e n t i l a t o r y  r h y th m  

w i t h i n  a z i n c  c o n c e n t r a t i o n  o f  50 pM had no o b v io u s  e f f e c t s  on t h e  o v e r a l l  

f r e q u e n c y  o f  v e n t i l a t i o n .
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The e f f e c t s  o f  z i n c  on t h e  r e s p i r a t o r y  sys te m  o f  6, pulex can t h e r e f o r e  

be summar ised as f o l l o w s .  In  t h o s e  c o n c e n t r a t i o n s  w h ic h  a re  l e t h a l  t o  t h e  

a n i m a l  w i t h i n  s e v e r a l  h o u r s ,  t h e  oxygen c o n s u m p t io n  r i s e s ,  m a i n l y  as a 

r e s u l t  o f  an i n c r e a s e  i n  l o c o m o t o r y  a c t i v i t y .  W h i l s t  t h e  v e n t i l a t o r y  system 

may s u c c e s s f u l l y  respond t o  t h e  i n c r e a s e d  demand f o r  oxygen w i t h  an o v e r a l l  

i n c r e a s e  i n  t h e  p leopod  b e a t  f r e q u e n c y ,  r h y th m  and c o - o r d i n a t i o n  a re  a t  

l e a s t  p a r t i a l l y  i m p a i r e d .  T e s ts  o f  l o n g e r  d u r a t i o n  a re  n e c e s s a r y  t o  

d e t e r m i n e  th e  p r o g r e s s i v e  s e v e r i t y  o f  t h i s  i m p a i r m e n t .

A t  a z i n c  c o n c e n t r a t i o n  e q u a l  t o  t h e  24 h LC50 ( i e  l e t h a l  t o  50% o f  t h e

a n im a ls  i n  24 h ) ,  z i n c  wou ld  appear  t o  have l i t t l e  d i r e c t  e f f e c t  on t h e

r e s p i r a t o r y  sys tem o t h e r  t h a n  by c a u s i n g  a s l i g h t  l o s s  o f  p le o p o d  b e a t

c o - o r d i n a t i o n .
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CHAPTER 10 

CONCLUSION

The u l t i m a t e  o b j e c t i v e  o f  t h i s  l a b o r a t o r y  based t o x i c i t y  s t u d y  was t o  

o b t a i n  c o n s i s t e n t  a c u te  and c h r o n i c  t o x i c i t y  d a ta  f o r  t h e  f r e s h w a t e r  

amph ipods ,  G. pulex and C. pseudograciis, i n  o r d e r  t o  d e t e r m i n e  t h e  l i k e l y  

e f f e c t s  o f  z i n c  p o l l u t i o n  on each s p e c ie s  i n  t h e  more complex f i e l d  

e n v i r o n m e n t .  The s tu d y  was c o n c e i v e d  a f t e r  a r e l a t i v e l y  s h o r t - t e r m ,  b u t  

h i g h l y  d e l e t e r i o u s ,  i n c i d e n t  o f  z i n c  p o l l u t i o n  i n  W i l l o w  B rook ,  a s m a l l  

N o r t h a m p t o n s h i r e  r i v e r ,  f r o m  w h ic h  b o th  amphipod s p e c ie s  had been r e c o r d e d .

The f i r s t  p a r t  o f  t h i s  c o n c l u d i n g  c h a p t e r  examines t h e  e x t e n t  t o  w h ic h  

t h e  c o l l a t e d  r e s u l t s  o f  l a b o r a t o r y  t o x i c i t y  t e s t s  pe r fo rm e d  on G. pulex and 

C. pseudogracilis f r o m  th e  u n p o l l u t e d ,  b u t  o t h e r w i s e  c h e m i c a l l y  s i m i l a r ,  

R u t l a n d  R e s e r v o i r  can e x p l a i n  r e c o r d e d  changes i n  t h e  d i s t r i b u t i o n  and 

abundance o f  t h e  two s p e c ie s  i n  W i l l o w  Brook ,  w h i l s t  h e a v i l y  p o l l u t e d  by 

z i n c ,  and d u r i n g  t h e  subsequen t  r e c o v e r y  phase.  The second p a r t  o f  t h e  

c h a p t e r  i s  de v o te d  t o  a d i s c u s s i o n  o f  ways i n  w h ic h  t h e  m e thod o lo gy  o f  t h i s  

r e l a t i v e l y  s i m p l i s t i c  approach  to w a rd s  t o x i c i t y  t e s t i n g  may be de ve lop ed  t o  

have g r e a t e r  a p p l i c a t i o n  t o  s p e c i f i c  f i e l d  s i t u a t i o n s .
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FIG.  10.1
Summary o f  t e s t  r e s u l t s  a g a i n s t  a l o g a r i t h m i c  s c a l e  o f  i n c r e a s i n g  z i n c  
c o n c e n t r a t i o n  (C = c o n t r o l  medium).  The c h a p t e r  f rom wh ich  th e  i n f o r m a t i o n  
has been e x t r a c t e d  i s  i n d i c a t e d  i n  t h e  l e f t  m a r g in .

o = C. pseudogracilis ( d ) ,  e = C. pseudogracilis ( 9 ) ,  1 = 6 . pulex
Mean z i n c  c o n c e n t r a t i o n  i n  W i l l o w  Brook i s  f r o m  H arper  e t  a i .  ( 1 979 ) .  
f  = F o t h e r i n g h a y , d = Oeene o u t f a l l  w e i r ,  s = Source .
An o v e r l a y  has been p r o v i d e d  f o r  ease o f  com par ison  between t e s t s .  T h is  i s  
r e f e r e n c e d  i n  the  t e x t  as OL/1 t o  OL/4 .
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EXTRAPOLATION OF LABORATORY TOXICITY DATA TO THE FIELD SITUATION

The s a l i e n t  r e s u l t s  f r o m  each c a t e g o r y  o f  t o x i c i t y  t e s t  w h ic h  c o m p r i s e

t h i s  s t u d y  have been summar ised on a s i n g l e  d ia g r a m  a g a i n s t  a l o g a r i t h m i c  

s c a l e  o f  i n c r e a s i n g  z i n c  c o n c e n t r a t i o n  ( F i g .  1 0 . 1 ) .  The mean d i s s o l v e d  z i n c  

c o n c e n t r a t i o n s  a t  t h r e e  w e l l  s e p a r a te d  s i t e s  on W i l l o w  B rook ,  d u r i n g  a 

h e a v i l y  p o l l u t e d  p e r i o d  ( 1 9 7 0 - 7 1 ) ,  and f o u r  ye a rs  a f t e r  t h e  i m p l e m e n t a t i o n

o f  measures t o  c o n t r o l  t h e  amount o f  z i n c  i n  th e  e f f l u e n t  ( 1 9 7 6 - 7 7 ) ,  have

been i n c l u d e d  f o r  c o m p a r a t i v e  p u r p o s e s .  These z i n c  c o n c e n t r a t i o n s ,  and th e  

s i t e s  t o  w h ic h  th e y  a p p l y ,  a re  shown on a map o f  W i l l o w  Brook ( F i g .  1 0 . 2 ) .  

The e x t e n t  t o  w h ich  t h e  l a b o r a t o r y  based t e s t s  p r o v i d e  c o r r e l a t i v e  e v id e n c e  

f o r  t h e  obse rved  d i s t r i b u t i o n  and abundance o f  t h e  two s p e c ie s  i n  W i l l o w  

Brook d u r i n g  t h e s e  p e r i o d s  can now be assessed w i t h  r e f e r e n c e  t o  F i g .  10.1 & 

10.2 .

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

Brook f ro m  th e  Corby S t e e l w o r k s  i n c r e a s e d  c o n s i d e r a b l y  i n  1965, a l a r g e ,  

w e l l  e s t a b l i s h e d  p o p u l a t i o n  o f  G. pulex w h ic h  had c o l o n i s e d  a t  l e a s t  as f a r  

u ps t rea m  as K i n g ' s  C l i f f e ,  was t o t a l l y  e r a d i c a t e d  (C h a p te r  2 ) .  Compar ison 

between t h e  mean d i s s o l v e d  z i n c  c o n c e n t r a t i o n  o f  50 pM a t  t h e  downst ream 

s i t e  o f  F o th e r i n g h a y  between 1970 -71 ,  and t h e  24 h LC50 v a l u e  o f  t h i s  

s p e c ie s  ( a l s o  a p p r o x i m a t e l y  50 pM), c l e a r l y  em phasises  t h e  s e v e r i t y  o f

t o x i c i t y  ( F i g .  1 0 .1 ,  O v e r l a y  s h e e t ,  l i n e  1 -  O L /1 ) .

Under  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  no i n d i v i d u a l  6. pulex s u r v i v e d  

f o r  l o n g e r  than  3 days a t  t h i s  z i n c  c o n c e n t r a t i o n  (C h a p te r  5 ) .  P h y s i o l o g i c a l  

t e s t s  have i n d i c a t e d  t h a t  symptoms o f  z i n c  s t r e s s  p r i o r  t o  d e a th  may have 

i n c l u d e d  l o s s  o f  p leopod  be a t  c o - o r d i n a t i o n ,  a l t h o u g h  t h e  r e l a t i v e  

i m p o r t a n c e  o f  r e s p i r a t o r y  im p a i r m e n t  a t  a c u t e l y  t o x i c  z i n c  l e v e l s  c a n n o t  be

p r e d i c t e d  w i t h o u t  t e s t s  o f  a l o n g e r  d u r a t i o n  ( C h a p te rs  8 & 9 ) .
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The a v o id a n c e  r es p ons e  o f  G. pulex was v e r y  s t r o n g  under  l a b o r a t o r y  

c o n d i t i o n s  a t  a z i n c  c o n c e n t r a t i o n  o f  50 pM (C h a p te r  7 ) ,  b u t  f r o m  th e  above 

e v id e n c e  i t  must be c o n s i d e r e d  v e r y  u n l i k e l y  t h a t  even p o p u l a t i o n s  o f  

G. pulex f r o m  as f a r  downst ream as F o t h e r i n g h a y ,  c o u ld  have s u r v i v e d  

s u f f i c i e n t l y  l o n g  a t  t h e s e  c o n c e n t r a t i o n s  f o r  downst ream d r i f t  t o  have 

c a r r i e d  them c l e a r  o f  t h e  t o x i c a n t .

S u r v i v a l  o f  t h e  f i e l d  p o p u l a t i o n  w ou ld  have been d e t e r m in e d  by many more 

v a r i a b l e s  th a n  t h o s e  examined i n  t h e  l a b o r a t o r y .  I n  a d d i t i o n ,  t h e  t i m e  t a k e n  

f o r  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  z i n c  w i t h i n  t h e  b rook  t o  re ac h  t h e s e  h i g h  

l e v e l s  i s  unknown. These t e s t s  a r e ,  however ,  s t r o n g  e v id e n c e  t h a t  G. pulex 

w ou ld  have been u n a b le  t o  s u r v i v e  i n  W i l l o w  Brook w h i l s t  heavy z i n c  

p o l l u t i o n  c o n t i n u e d ,  as a consequence o f  t h e  a c u t e l y  l e t h a l  a c t i o n  o f  z i n c  

on t h e  p o p u l a t i o n ,  r a t h e r  th a n  any l o n g e r  te rm  e f f e c t s  on t h e  r e p r o d u c t i v e  

c y c l e ,  e t c .

I n  marked c o n t r a s t  t o  t h e  t o t a l  e r a d i c a t i o n  o f  G. pulex f r o m  W i l l l o w  

B rook ,  a s m a l l  p o p u l a t i o n  o f  C. pseudogracilis was r e c o r d e d  d u r i n g  a p e r i o d  

o f  heavy z i n c  p o l l u t i o n  i n  a r i f f l e  h a b i t a t  i m m e d i a t e l y  be low  t h e  o u t f a l l  

w e i r  f r om  Deene Lake (C h a p te r  2 ) .  The mean z i n c  c o n c e n t r a t i o n  a t  t h i s  s i t e  

was 4 t im e s  g r e a t e r  t han  t h a t  a s s o c i a t e d  w i t h  t h e  t o t a l  e l i m i n a t i o n  o f  

G. pulex f r o m  f u r t h e r  downs tream a t  F o t h e r i n g h a y .

R e fe re nce  t o  F i g .  1 0 . 1 , OL/2 r e v e a l s ,  n o t  s u r p r i s i n g l y ,  t h a t  t h e  1971-72 

mean z i n c  c o n c e n t r a t i o n  o f  200 pM i s  be low  t h a t  w h ic h  was a c u t e l y  l e t h a l  i n  

l a b o r a t o r y  t e s t s  ( O L - 2 ) .  From t h e s e  r e s u l t s  a lo n e  i t  must  t h e r e f o r e  be 

c o n c lu d e d  t h a t  unde r  th e  p r e v a l e n t  p h y s i o - c h e m i c a l  c o n d i t i o n s  i n  W i l l o w  

Brook a z i n c  c o n c e n t r a t i o n  o f  200 mM was n o t  d e t r i m e n t a l  t o  t h e  s m a l l  

p o p u l a t i o n  o f  C. pseudogracilis.

193



C h r o n i c  t o x i c i t y  t e s t s  on t h e  r e p r o d u c t i v e  success o f  C. pseudogracilis, 

showed t h a t  a z i n c  c o n c e n t r a t i o n  o f  o n l y  1pM may, unde r  c e r t a i n  

p h y s i o - c h e m i c a l  c o n d i t i o n s ,  be s u f f i c i e n t  t o  cause r e p r o d u c t i v e  f a i l u r e  i n  

t h i s  s p e c ie s  ( C h a p te r  6 ) .  T h i s  s u b - a c u t e  t o x i c i t y  t e s t  t h e r e f o r e  i n d i c a t e s  

t h a t  C. pseudogracilis may n o t  have been a b l e  t o  r e p r o d u c e  s u c c e s s f u l l y  i n  

W i l l o w  Brook d u r i n g  t h e  p e r i o d  when t h e  mean z i n c  c o n c e n t r a t i o n  was 200 pM.

On s u p e r f i c i a l  i n s p e c t i o n ,  t h e  r e s u l t s  o f  a c u te  and c h r o n i c  t e s t s  appear  

t o  be i n  d i r e c t  c o n f l i c t ,  and i t  c o u ld  be r e a s o n a b l y  conc lu d e d  t h a t  t h e  

s u b - a c u t e  t e s t s  on r e p r o d u c t i v e  success  had g r o s s l y  o v e r - e s t i m a t e d  t r u e  

f i e l d  t o x i c i t y .  H a rp e r ,  Hancock & Dav ies ( 1 9 7 9 ) ,  however ,  i n  a r e p o r t  o f  t h e  

r e c o v e r y  o f  W i l l o w  Brook f r om  z i n c  p o l l u t i o n  p r o v i d e  t h e  f o l l o w i n g  

e x p l a n a t i o n  f o r  t h e  p res en ce  o f  amphipods a t  Deene o u t f a l l  w e i r  i n  1970, 

w h i c h  wou ld  appear  t o  r e s o l v e  t h i s  a m b i g u i t y .

D u r i n g  t h e  p e r i o d  f o r  w h ic h  W i l l o w  Brook was under  s u r v e i l l a n c e  by t h e  

Wate r  P o l l u t i o n  Research L a b o r a t o r y ,  Deene l a k e  was g e n e r a l l y  l e s s  th a n  2 m 

deep w i t h  a s o f t  mud b o t to m .  Water  f r o m  t h e  N o r t h e r n  ( z i n c  p o l l u t e d )  s t re a m  

had a s l o w e r  f l o w  r a t e  th a n  t h e  combined S o u th e rn  and C e n t r a l  s t ream s and 

i n i t i a l l y  f o l l o w e d  t h e  n o r t h  bank o f  t h e  l a k e  (S o lb e  1973) .  

H a r p e r ,  e t  a l .  (1979)  p o s t u l a t e d  t h a t  a s i g n i f i c a n t  p e rc e n ta g e  o f  t h e  

s o u th e r n  arm o f  t h e  l a k e  remained  s u f f i c i e n t l y  u n p o l l u t e d  t o  s u p p o r t  a 

r e p r o d u c t i v e  p o p u l a t i o n  o f  C. pseudogracilis. The s m a l l  number o f  t h i s  

s p e c ie s  found  w i t h i n  W i l l o w  Brook c o n s t i t u t e d  a t r a n s i e n t  p o p u l a t i o n ,  w h ic h  

was m a i n t a i n e d  by washout  o v e r  t h e  o u t f a l l  w e i r  o f  t h e  l a k e .

Ev idence  t o  s u p p o r t  t h i s  h y p o t h e s i s  comes f rom  t o x i c i t y  t e s t s  on th e  

a v o id a n c e  response  o f  t h i s  s p e c ie s  ( C h a p te r  7 ) .  I n  t h e  l a b o r a t o r y  

C. pseudogracilis can r e c o g n i s e  and s t r o n g l y  a v o id  a 200 pM z i n c  s o l u t i o n .  

There was no e v id e n c e  f o r  a s i m i l a r  a v o id a n c e  r e a c t i o n  i n  t h e  f i e l d  

p o p u l a t i o n ,  w h ic h  was r e c o r d e d  e x c l u s i v e l y  f r o m  a s h o r t  s t r e t c h  o f  b roo k  

im m e d i a t e l y  be low  t h e  o u t f a l l  w e i r  o f  t h e  l a k e .
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I t  can t h e r e f o r e  be c o n c lu d e d  t h a t  e i t h e r  th e  a v o id a n c e  resp onse  was o f  

i n s u f f i c i e n t  m a g n i tu d e  a n d / o r  d i r e c t i o n  t o  be o f  s u r v i v a l  v a l u e  i n  t h e  f i e l d  

e n v i r o n m e n t ,  o r  t h a t  i n d i v i d u a l s  moving downst ream d i d  n o t  e n c o u n t e r  

s u f f i c i e n t l y  l o w  z i n c  c o n c e n t r a t i o n s  f o r  r e p r o d u c t i o n  t o  be s u c c e s s f u l l y

a c c o m p l i s h e d .  I t  can be seen f ro m  F i g .  10.2 t h a t  i n d i v i d u a l s  moving

s u f f i c i e n t l y  f a r  downs tream t o  re ach  F o t h e r i n g h a y  w ou ld  s t i l l  have been

exposed t o  a mean z i n c  c o n c e n t r a t i o n  o f  50 pM, f i f t y  t i m e s  h i g h e r  th a n  t h a t

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

U n f o r t u n a t e l y  no f i e l d  d a ta  e x i s t s  t o  s u b s t a n t i a t e  t h e  h y p o t h e s i s  

p o s t u l a t e d  by H a rp e r ,  et al. (op .  c i t . )  t h a t  t h e  p o p u l a t i o n  o f  

C. pseudogracilis b e low  Deene Lake o u t f a l l  w e i r  was e n t i r e l y  de penden t  on 

c o n t i n u a l  r e p l e n i s h m e n t  f r o m  Deene Lake ,  b u t  i t  i s  n o n e t h e l e s s  e n t i r e l y  

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

In  1972 e f f l u e n t  t r e a t m e n t  a t  th e  Corby S t e e l w o r k s  was im proved  and a 

f a l l  i n  th e  l e v e l  o f  d i s s o l v e d  z i n c  i n  W i l l o w  Brook was f o l l o w e d  by th e  

r e c o l o n i s a t i o n  o f  i t s  l o w e r  re ache s  by G. pulex (C h a p te r  2 ) .  I n  t h e  Water  

A u t h o r i t y  su rv e y  o f  1976 G. pulex had rea p p e a re d  as f a r  up s t re am  as K i n g ' s  

C l i f f e ,  and had become n u m e r i c a l l y  t h e  most  abundan t  s p e c i e s  f u r t h e r  

downs tream a t  Woodnewton (C h a p te r  2 ) .

I f  t h e  l o w e r  mean l e v e l s  o f  d i s s o l v e d  z i n c  i n  W i l l o w  Brook  o v e r  1976-77 

a r e  compared w i t h  t h e  r e s u l t s  o f  a c u te  l a b o r a t o r y  t e s t s  (C h a p te r  5 ) ,  i t  i s  

seen t h a t  th e  mean z i n c  c o n c e n t r a t i o n  o f  t h e  e f f l u e n t  l e a v i n g  t h e  S t e e l w o r k s  

was s t i l l  r e l a t i v e l y  h i g h ,  b u t  z i n c  c o n c e n t r a t i o n s  a t  Deene and F o t h e r i n g h a y  

had f a l l e n  w e l l  b e low  t h e  96 h LC50 v a l u e  o f  b o th  amphipod s p e c ie s  

( F i g .  1 0 .1 ,  OL/3 & O L /4 ) .
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R e c o l o n i s a t i o n  o f  W i l l o w  Brook  by 6 . pulex c o u ld  have been p r e d i c t e d  

f r o m  t h e  r e s u l t s  o f  a c u te  t e s t i n g ,  w i t h  no r e q u i r e m e n t  f o r  an i n c r e a s e  i n  

t h e  t o l e r a n c e  l e v e l  o f  t h e  s p e c i e s .  A z i n c  c o n c e n t r a t i o n  o f  1 .0  pM, however ,  

caused c o m p le te  r e p r o d u c t i v e  f a i l u r e  o f  t h i s  s p e c ie s  i n  s u b - a c u t e  t e s t s

( C h a p te r  6 ) .  I n  a d d i t i o n ,  an i n c r e a s e  i n  deve lo p m e n t  t i m e  and d e c r e a s e  i n

t h e  mean number o f  v i a b l e  young was c l e a r l y  d e m o n s t ra te d  a t  a z i n c  

c o n c e n t r a t i o n  o f  0 .1 pM, e i g h t  t i m e s  l o w e r  th a n  t h a t  r e c o r d e d  a t  

F o t h e r i n g h a y  d u r i n g  t h i s  r e c o v e r y  p e r i o d .

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

6 . pulex t o  r e c o l o n i s e  W i l l o w  Brook  w i t h  a mean z i n c  c o n c e n t r a t i o n  o f  1 pM 

a re  t h e r e f o r e  t w o - f o l d ;  e i t h e r  t h e y  have p r o v i d e d  an o v e r - e s t i m a t i o n  o f  t h e  

t r u e  f i e l d  t o x i c i t y  o f  z i n c  t o  6. pulex , o r  r e c o l o n i s a t i o n  r e q u i r e d  t h e

a c q u i s i t i o n  o f  r e p r o d u c t i v e  t o l e r a n c e  t o  th e  e l e v a t e d  z i n c  c o n c e n t r a t i o n .

W i t h o u t  a com par ison  between t h e  t o l e r a n c e  o f  G. p u l e x  f r o m  W i l l o w  

B roo k ,  b e f o r e  and a f t e r  z i n c  p o l l u t i o n ,  i t  i s  n o t  p o s s i b l e  t o  a c c u r a t e l y

assess  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e s e  two e f f e c t s ,  a l t h o u g h  s e v e r a l

s t u d i e s  have e s t a b l i s h e d  t h a t  f r e s h w a t e r  c r u s ta c e a n s  can a c q u i r e  t o l e r a n c e  

t o  e l e v a t e d  l e v e l s  o f  d i s s o l v e d  m e t a l s .  F r a s e r ,  P a r k i n  & V e rs p o o r  (1976 )

showed t h a t  p o p u l a t i o n s  o f  t h e  f r e s h w a t e r  i s o p o d  Asellus aquaticus 

i n h a b i t i n g  u n p o l l u t e d  w a t e r  a re  h i g h l y  s e n s i t i v e  t o  l e a d ,  b u t  t h a t  e x p o s u r e  

t o  t h e  m e t a l  a l l o w s  t o l e r a n c e  t o  d e v e l o p  i n  n a t u r e .  F r a s e r  (1980)  a l s o  

showed t h a t  some p o p u l a t i o n s  o f  A. aquaticus f r o m  p o l l u t e d  w a t e r  a r e

t o l e r a n t  t o  l e a d ,  and t h a t  n o n - t o l e r a n t  a n im a ls  can be made t o l e r a n t  by

l a b o r a t o r y  exposu re  t o  l o w  l e v e l s  o f  t h e  m e t a l .

Coombs (1980)  sugges te d  t h a t  t h e  f a c t  t h a t  many a q u a t i c  o rg an ism s  can 

c o n c e n t r a t e  m e ta l s  t o  a v e r y  h ig h  l e v e l  and s t i l l  s u r v i v e  and r e p r o d u c e  

i n d i c a t e s  t h a t  th e y  have e v o l v e d  t o l e r a n c e .  T h is  has been c o n f i r m e d  by Brown 

( 1 9 7 7 b ) ,  who d e m o n s t ra te d  t h a t  Asellus meridianus t h a t  were copper  and l e a d  

t o l e r a n t ,  accum u la te d  m e t a l s  f ro m  b o th  s o l u t i o n  and fo o d ,  b u t  n o n - t o l e r a n t  

a n im a ls  c o u l d  n o t  and d i e d .  A co m pa r is on  between t h e  a b i l i t y  o f  6 . pulex
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f r o m  W i l l o w  Brook and f r o m  R u t l a n d  Wate r  t o  a c c u m u la te  z i n c  f r o m  s o l u t i o n  

may t h e r e f o r e  h e lp  t o  e s t a b l i s h  w h e th e r  th e  f o r m e r  p o p u l a t i o n  show any 

i n d i c a t i o n  o f  z i n c  t o l e r a n c e .

A f u r t h e r  s tu d y  o f  p o l l u t i o n  t o l e r a n c e ,  more r e l e v a n t  t o  t h i s  s t u d y ,  i s  

t h a t  o f  Hobrough (1973)  who s ugges te d  t h a t  j u v e n i l e  6 . pulex were more 

r e s i s t a n t  t o  p o l l u t i o n  ( a l t h o u g h  he f a i l e d  t o  s p e c i f y  o f  wha t  n a t u r e ! ) ,  and 

t h a t  t h i s  s p e c ie s  can t r a n s p o s e  t h e  l i f e  h i s t o r y  t o  g i v e  more j u v e n i l e s  a t  

t h e  t im e  o f  t h e  y e a r  when p o l l u t i o n  e f f e c t s  a re  m a x im a l .  S t u d i e s  on t h e  

p o p u l a t i o n  s t r u c t u r e  o f  G. pulex w i t h i n  W i l l o w  Brook w ou ld  be ne c e s s a ry  t o  

i n v e s t i g a t e  t h i s  t h e o r y .

S in c e  t h e  c l o s u r e  o f  t h e  Corby S t e e l w o r k s  i n  1982 t h e  r e m a i n i n g  t h r e a t  

o f  z i n c  p o l l u t i o n  emanates f r om  th e  r e d i s s o l u t i o n  o f  z i n c  f r om  se d im e n ts  

when p h y s i o - c h e m i c a l  c o n d i t i o n s  a re  f a v o u r a b l e .  P a r a l l e l  s t u d i e s  on t h e

amount  o f  z i n c  bound t o  t h e  s e d im e n ts ,  and i t s  a v a i l a b i l i t y  t o  t h e  a n im a ls

w i t h i n  W i l l o w  Brook a re  n e c e s s a ry  t o  assess w h e t h e r  z i n c  may s t i l l  be 

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

6 . pulex t a k e n  f r o m  Woodnewton i n  1984 were found  t o  have a

s i g n i f i c a n t l y  h i g h e r  r e s p i r a t i o n  r a t e  th an  a n im a ls  f r o m  th e  p o p u l a t i o n  i n

R u t l a n d  R e s e r v o i r  (C h a p te r  8 ) .  F u r t h e r  i n v e s t i g a t i o n  w ou ld  be n e c e s s a ry  t o  

d e c i d e  w h e th e r  t h i s  was c o r r e l a t e d  w i t h  t h e  oxygen a v a i l a b i l i t y  i n  t h e  

n a t u r a l  h a b i t a t ,  o r  a respo nse  t o  i n t e r m i t t e n t  z i n c  s t r e s s .

C. pseudogracilis was a g a in  r e c o r d e d  i n  t h e  Water  A u t h o r i t y  s u r v e y  o f  

1978, i n  th e  t y p i c a l  r i f f l e  h a b i t a t s  b e low  Deene l a k e ,  and i n  a d d i t i o n  t o  

1971-72 ,  b o th  i m m e d i a t e l y  u ps t ream  and downst ream o f  B la t h e r w y k e  l a k e ,  

a l t h o u g h  t h e r e  was no o v e r l a p  w i t h  t h e  p o p u l a t i o n  o f  G. pulex. Downstream 

d r i f t  o f  t h e  Deene p o p u l a t i o n  may have o c c u r r e d  n a t u r a l l y ,  o r  a s s i s t e d  by a 

weak a v o id a n ce  r e s p o n s e ,  a l t h o u g h  t h i s  s p e c ie s  showed no s i g n i f i c a n t  

a v o id a n c e  o f  a 1 pM z i n c  s o l u t i o n  i n  t h e  l a b o r a t o r y .
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T h i s  i n c r e a s e  i n  t h e  r e c o r d e d  d i s t r i b u t i o n  o f  C. pseudogracilis i n  

W i l l o w  Brook d u r i n g  th e  e a r l y  s ta g e s  o f  r e c o v e r y  su g g e s ts  t h a t  t h e  

p o p u l a t i o n  be low  Deene o u t f a l l  w e i r  was now a b l e  t o  r e p r o d u c e  s u c c e s s f u l l y  

a t  t h e  mean z i n c  c o n c e n t r a t i o n  o f  1 .0  pM, even though  t h i s  was n o t  foun d  t o  

be t r u e  i n  t h e  l a b o r a t o r y  (C h a p te r  6 ) ( F i g .  1 0 . 1 , O L / 4 ) .  The f o l l o w i n g  

e x p l a n a t i o n  i s  o f f e r e d  t o  a c c o u n t  f o r  t h i s  d i s c r e p a n c y :  U n l i k e  6. pulex, 

C. pseudogracilis i s  n o t  c o n f i n e d  t o  a d e f i n i t e  b r e e d i n g  season

(Hynes 1955b ) .  The a b i l i t y  o f  t h e  s p e c ie s  t o  r e p r o d u c e  s u c c e s s f u l l y  up t o  

i t s  c r i t i c a l  z i n c  c o n c e n t r a t i o n  (C h a p te r  6 ) ,  may t h e r e f o r e  have f a v o u r e d  t h e  

s u c c e s s f u l  p r o d u c t i o n  o f  b roods  d u r i n g  p e r i o d s  when t h e  d i s s o l v e d  z i n c  

c o n c e n t r a t i o n  d ropped  be low  t h e  mean v a l u e .  The d i s t r i b u t i o n  and abundance 

o f  C. pseudogracilis i n  W i l l o w  Brook d u r i n g  r e c o v e r y  f r o m  z i n c  p o l l u t i o n  can 

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

a s s u m p t io n  o f  a c q u i r e d  t o l e r a n c e ,  b u t  i t  i s  p o s s i b l e  t h a t  e x pos u re  t o  

e l e v a t e d  z i n c  c o n c e n t r a t i o n s  may have r e s u l t e d  i n  t h e  a c q u i s i t i o n  o f  

t o l e r a n c e ,  s i m i l a r  t o  t h a t  sugges te d  f o r  G. pulex.

I n  1903 a f u r t h e r  i n v e r t e b r a t e  s u r v e y  o f  W i l l o w  Brook  by t h e  Water  

A u t h o r i t y  r e c o r d e d  t h e  c o n t i n u e d  r e c o l o n i s a t i o n  by G. pulex as f a r  u p s t re a m  

as B u l w i c k  M i l l  (A.W.A.  U n p u b l i s h e d  d a t a ) ,  b u t  t h e r e  was no e v id e n c e  o f  

C. pseudogracilis a t  any p o i n t  t h r o u g h o u t  t h e  b r o o k .

The r e s u l t s  o f  t h i s  l a b o r a t o r y  t o x i c i t y  s t u d y  have shown t h a t  t h e  a d u l t  

C. pseudogracilis has a much h i g h e r  t o l e r a n c e  t o  d i s s o l v e d  z i n c  th a n  does 

G. pulex, and m ig h t  t h e r e f o r e  be e x pec ted  t o  do b e t t e r  t h a n  t h e  n a t i v e  

s p e c ie s  i n  z i n c  p o l l u t e d  e n v i r o n m e n t s .  Inde ed ,  t h i s  s p e c ie s  was ta k e n  by t h e  

a u t h o r  f r o m  t h e  Grand Union Cana l  i n  1982, a t  a s i t e  i m m e d i a t e l y  downs tream 

o f  t h e  Round Oak S t e e lw o r k s  ( B r i e r l e y  H i l l ) .  The p resence  o f  Ephemerop te ra  

nymphs i n d i c a t e d  an a c c e p t a b l e  l e v e l  o f  o r g a n i c  p o l l u t i o n  f o r  6 . pulex b u t  

t h i s  s p e c ie s  was a b s e n t .
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The c o m p e t i t i v e  advan ta ge  o f  6. pulex o ve r  C. pseudogracilis i n  a 

s i m p l e ,  z i n c  f r e e  l a b o r a t o r y  sys tem has been d e m o n s t r a te d  i n  t h i s  s t u d y  

(A pp end ix  2 ) .  W h i l s t  t h e r e  may be many o t h e r  f a c t o r s  w h ic h  d e t e r m i n e  t h e  

d i s t r i b u t i o n  o f  t h e  two s p e c ie s  i t  i s  i n t e r e s t i n g  t h a t  t h e  a u t h o r  has been 

un a b le  t o  f i n d  any r e p o r t  o f  a f a s t  f l o w i n g  u n p o l l u t e d  s t ream  s u p p o r t i n g  

c o - e x i s t i n g  p o p u l a t i o n s  o f  C. pseudogracilis and G. pulex. The d i s a p p e a r a n c e  

o f  C. pseudogracilis f r o m  W i l l o w  Brook as r e c o v e r y  f r o m  z i n c  p o l l u t i o n  has 

c o n t i n u e d ,  and th e  c o i n c i d e n t a l  i n c r e a s e  i n  t h e  range  o f  6 . pulex may 

r e f l e c t  t h e  s u p e r i o r i t y  o f  t h e  n a t i v e  s p e c ie s  i n  a t y p i c a l  s t ream  h a b i t a t  

where z i n c  i s  no l o n g e r  a s i g n i f i c a n t  p o l l u t a n t .

In  summary, t h e  r e s u l t s  o f  b o th  a c u t e  and c h r o n i c  t o x i c i t y  t e s t s  have 

been r e l a t i v e l y  c o n s i s t e n t  w i t h  t h e  obse rved  e f f e c t s  o f  z i n c  on t h e  two 

amphipod s p e c ie s  i n  W i l l o w  B rook ,  and reasons  have been sugges te d  f o r  any 

d i f f e r e n c e s .  The c o n t e n t s  o f  t h i s  s t u d y  s ho u ld  t h e r e f o r e  p r o v i d e  a u s e f u l  

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

o f  z i n c  on r e l a t e d  f r e s h w a t e r  sys tem s .
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DEVELOPMENT OF THIS TOXICITY STUDY

The p o s s i b i l i t y  o f  c e r t a i n  m e t a l s  h a v in g  adve rse  e f f e c t s  on o rgan is m s

was r e c o g n i s e d  p r i o r  t o  t h e  1940 s b u t  i t  was n o t  u n t i l  1940-50 t h a t  t h e  

e f f e c t s  o f  c h e m ic a ls  and w as tes  on non-human o rgan ism s  such as f i s h  became 

o f  i n t e r e s t  (Buikema e t  a l .  1982 ) .  S in ce  t h e  l a t e  1950 's  t h e  a c u t e  t o x i c i t y  

t e s t  has been th e  f o u n d a t i o n  o f  s t u d i e s  t o  m o n i t o r  p o l l u t i o n  e f f e c t s .  A 

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

e f f e c t s  o f  s i n g l e  t o x i c a n t s  on one o r  more a n im a l  s p e c i e s .  T h is  o f t e n

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

t e s t  p r o c e d u re s  r e n d e r s  t h i s  work  o f  l i m i t e d  c o m p a r a t i v e  v a l u e  w i t h  s i m i l a r ,  

s t u d i e s .

T h i s  s tu d y  was des ig n e d  w i t h  s e v e r a l  p r i m a r y  o b j e c t i v e s .  P o s s i b l y  t h e  

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

r e l a t i v e l y  s i m p l i s t i c  ap p roa c h .  T h i s  was h i g h l y  d e s i r a b l e  f r o m  a p r a c t i c a l  

p o i n t  o f  v ie w  s i n c e  i n e x p e n s i v e  equ ipmen t  c o u ld  be used and t e s t  r e s u l t s  

o b t a i n e d  w i t h i n  a l i m i t e d  t i m e  p e r i o d .  F u r t h e r m o r e ,  by r e s t r i c t i n g  t h e  

number o f  v a r i a b l e  pa ra m e te rs  i n  each t e s t ,  t h e i r  i n t e r p r e t a t i o n  had l e s s

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

s a c r i f i c e d .

I n  o r d e r  f o r  t h e  t e s t s  t o  r e t a i n  as much a p p l i c a t i o n  t o  t h e  f i e l d

s i t u a t i o n  as p o s s i b l e ,  t h e  t e s t  s p e c ie s  were o b t a i n e d  f ro m  a v e r y  s i m i l a r

p h y s i c o - c h e m i c a l  e n v i r o n m e n t  and a l l  t e s t s  were conduc te d  w i t h  t h i s

z i n c - f r e e  w a te r  as d i l u e n t .  T h i s  was c o n s i d e r e d  more i m p o r t a n t  th a n  u s in g  an 

a r t i f i c i a l  t e s t  medium s i n c e  a s t a n d a r d  d i l u e n t  f o r  f r e s h w a t e r  t o x i c i t y  

s t u d i e s  has y e t  t o  be e s t a b l i s h e d ,  and th e  r e s u l t s  would  t h e r e f o r e  l a c k  b o t h  

f i e l d  a p p l i c a t i o n  and c o m p a r a t i v e  v a l u e .
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A n o th e r  i m p o r t a n t  f e a t u r e  o f  t h e  s t u d y  was t o  i n c o r p o r a t e  s u f f i c i e n t  

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

o v e r  w h i c h  z i n c  was t o x i c  t o  each s p e c i e s .  The s tu d y  was i n i t i a t e d  w i t h  an 

a n a l y s i s  o f  a c u t e  z i n c  t o x i c i t y  i n  o r d e r  t o  p r o v i d e  a c l e a r ,  u n e q u i v o c a l  

measure o f  t o x i c i t y  on w h ic h  t o  base s u b - a c u t e  t e s t s  o f  l o n g e r  d u r a t i o n ,  and 

assess  t h e  v a l u e  o f  t e s t s  f o r  w h ic h  t h e  e f f e c t i v e  z i n c  c o n c e n t r a t i o n s  c o u l d  

n o t  be p r e d i c t e d .  The main v a l u e  o f  t h e  a c u te  t o x i c i t y  t e s t  was t h a t  i t  

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

G. p u l e x  and C. pseudogracilis.

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

success a t  z i n c  c o n c e n t r a t i o n s  b e lo w  t h o s e  c a u s in g  m o r t a l i t y  o f  t h e  a d u l t .  

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

z i n c  c o n c e n t r a t i o n  t o l e r a t e d  f o r  any r e p r o d u c t i o n  was t h e  same i n  b o th  

amphipod s p e c i e s .  The combined r e s u l t s  o f  t h e s e  two approach es p r o v i d e d  a 

c l e a r  e v a l u a t i o n  o f  t h e  d i f f e r e n c e  i n  z i n c  c o n c e n t r a t i o n  between t h a t  w h i c h  

i s  a lm o s t  i m m e d i a t e l y  f a t a l ,  and t h a t  w h i c h  w i l l  o n l y  a f f e c t  t h e  a b i l i t y  t o  

r e p r o d u c e .

The t h i r d  s e r i e s  o f  t e s t s  were conce rned  w i t h  b e h a v i o u r a l  r e s p o n se s  t o  

z i n c  and i n  c o n t r a s t  t o  t h e  p r e v i o u s  e x p e r im e n t s  t h e  e f f e c t i v e  

c o n c e n t r a t i o n s  and th e  t y p e  o f  resp onse  w h ic h  wou ld  be o b t a i n e d  were 

unknown. The a v o id a n c e  response  was found  t o  be a good i n d i c a t i o n  o f  

s u b l e t h a l  t o x i c i t y  f o r  bo th  amphipod s p e c ie s  b u t  changes i n  a c t i v i t y  w i t h i n  

a homogeneous z i n c  s o l u t i o n  were o n l y  d e t e c t e d  a t  h i g h l y  t o x i c  z i n c  

c o n c e n t r a t i o n s .  S i m i l a r l y ,  t e s t s  on t h e  s u s c e p t i b i l i t y  o f  t h e  r e s p i r a t o r y  

sys tem  o f  6. pulex t o  z i n c  y i e l d e d  no p o s i t i v e  r e s u l t s  a t  r e a l i s t i c  

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

i n d i c a t o r s  o f  s u b - a c u t e  z i n c  t o x i c i t y  c o u ld  n o t  be f u l l y  e x p l o i t e d  i n  t h e  

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

w h i c h  t o  d e v e lo p  a more complex t e s t  r e g im e ,  i n  w h i c h  f i e l d  a p p l i c a t i o n  

assumed p r i o r i t y ,  w i t h  l e s s  emphasis  on l i m i t a t i o n  o f  expense and t i m e .  T h is  

ap p roa ch ,  w h ic h  has been o u t l i n e d  i n  t h e  i n t r o d u c t i o n  t o  t h e  s tu d y  

(C h a p te r  1) i s  r e - i l l u s t r a t e d  d i a g r a m m a t i c a l l y  as f o l l o w s ;

TOXICANT 
Z in c  s u l p h a t e

TEST TYPE

1) ACUTE
2) CHRONIC

6. pulex
C. pseudogracilis

TEST ANIMALS

PREDICTIVE RESULTS?
What w i l l  be t h e  r e l a t i v e  e f f e c t s  o f  d i s s o l v e d  z i n c  
on th e  two amphipod s p e c ie s  i n  t h e  f i e l d  s i t u a t i o n .

Two components o f  t h i s  approach  can be r e c o g n i s e d  as h a v in g  t h e  

p o t e n t i a l  f o r  f u r t h e r  d eve lo p m e n t .  F i r s t ,  t h e  f o r m  o f  t h e  t o x i c a n t  may be 

v a r i e d  and a d d i t i o n a l  t o x i c a n t s  c o n s i d e r e d .  S e c o n d ly ,  t h e  t e s t  p r o c e d u r e  may 

be expanded t o  c o n s i d e r  d i f f e r e n t  l e v e l s  o f  b i o l o g i c a l  o r g a n i s a t i o n  i n  

a d d i t i o n  t o  t h e  i n d i v i d u a l  a n im a l ,  w i t h  w h ic h  t h i s  s t u d y  has con ce rne d .
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M e t a l  s p é c i a t i o n

Z i n c  was a d m i n i s t e r e d  i n  t h i s  s t u d y  as t h e  s o l u b l e  s u l p h a t e  s a l t ,  s i n c e  

t h i s  i o n  i s  w i d e l y  d i s t r i b u t e d  i n  n a t u r e ,  and i s  g e n e r a l l y  p r e s e n t  i n  

u n p o l l u t e d  f r e s h  w a t e r s  i n  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 .0765  pM t o  0.1530pM 

(Bachmann 1963) .  F u r t h e r m o r e ,  t h e  s o l u t i o n s  were q u i c k  and easy t o  p r e p a r e  

and may c l o s e l y  rese m b le  t h e  fo rm  i n  w h ic h  z i n c  e n t e r s  n a t u r a l  w a t e r s  as a 

mine o r  s m e l t e r  p o l l u t a n t  (C h a p te r  4 ) .

R e c e n t l y ,  t h e r e  has been i n c r e a s i n g  awareness t h a t  n o t  a l l  m e t a l  s p e c ie s  

have t h e  same t o x i c i t y  t o  b i o l o g i c a l  m a t e r i a l  (Ravera  1982) .  A m e t a l  i s  

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

f o rm  w h ic h  i n f l u e n c e s  i t s  d i s t r i b u t i o n  and f a t e .  I n  a d d i t i o n ,  s e v e r a l  

e n v i r o n m e n t a l  f a c t o r s  such as pH, d i s s o l v e d  oxygen c o n c e n t r a t i o n ,  h a r d n e s s ,  

and p resence  o f  c h e l a t i n g  s ub s tanc e s  may m o d i f y  t h e  o r i g i n a l  s p e c ie s  a f t e r  

r e l e a s e  i n t o  n a t u r a l  w a te r s  ( C h a p te r  1 ) .  S in ce  t h e  i n f l u e n c e  e x e r t e d  by t h e  

m e t a l  on th e  o rg a n is m  v a r i e s  w i t h  i t s  p h y s i c o - c h e m i c a l  fo rm ,  knowledge o f  

t h e  heavy m e ta l  s p e c ie s  p r e s e n t  i n  t h e  n a t u r a l  e n v i r o n m e n t  i s  h i g h l y  

d e s i r a b l e  i n  an e c o t o x i c o l o g i c a l  s t u d y .

A t  t h e  p r e s e n t  t i m e ,  d i f f i c u l t i e s  i n  e x p e r i m e n t a l  t e c h n i q u e  p r e v e n t  a 

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

s t u d i e s .  S e p a r a t i o n  o f  t h e  v a r i o u s  m e t a l  fo rm s  i s  t e c h n i c a l l y  d i f f i c u l t  and 

s e v e r a l  a n a l y t i c a l  a s p e c ts  a re  unknown (Ravera op.  c i t . ) .  S ince  t h e  t o t a l  

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

may be d i f f i c u l t ,  r e q u i r i n g  c o l l a b o r a t i o n  between p h y s i c a l  c h e m is t  and 

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

i s  no g u a r a n t e e  t h a t  th e y  w i l l  rem a in  i n  s t a b l e  e q u i l i b r i u m .  M e t a l  s p e c ie s  

may change p r i o r  t o  i d e n t i f i c a t i o n ,  o r  a f t e r  p r e s e n t a t i o n  t o  t h e  t e s t  

s p e c ie s  (Ravera op.  c i t . ) .  The t e c h n i c a l  p rob le m s  a s s o c i a t e d  w i t h  m e t a l  

s p é c i a t i o n  would  appear  t o  p u t  t h e  a c c u r a t e  d e t e r m i n a t i o n  o f  t o x i c  m e t a l  

s p e c ie s  beyond t h e  scope o f  most  b i o l o g i c a l  s t u d i e s ,  a l t h o u g h  t h i s  a s p e c t  

must  r e m a in  an i m p o r t a n t  f u t u r e  c o n s i d e r a t i o n  i n  s t u d i e s  o f  t h i s  n a t u r e .
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S e d im e n t a ry  z i n c

I t  i s  g e n e r a l l y  i n  t h e  d i s s o c i a t e d  i o n i c  f o r m ,  Zn++, t h a t  z i n c  i s  

c o n s i d e r e d  most  t o x i c  as a f r e s h w a t e r  p o l l u t a n t  ( L l o y d  1960; Sk idmore 1965) ,  

and i t  i s  f o r  t h i s  reason  t h a t  o n l y  t h e  t o x i c i t y  o f  d i s s o l v e d  z i n c  has been 

c o n s i d e r e d  i n  t h i s  s t u d y .  W e n ts e l ,  M c In to s h  & Anderson  (1977 )  and 

W e n t s e l ,  M c In to s h  & A t c h i s o n  (1977)  d i s c o v e r e d ,  however ,  t h a t  c h i r o n o m i d  

l a r v a e  a v o id e d  s ed im en ts  c o n t a m in a te d  w i t h  z i n c ,  chromium and cadmium. 

S t u d i e s  on t h e  t o x i c i t y  o f  s e d i m e n t a r y  z i n c  wou ld  t h e r e f o r e  be u s e f u l  t o  

assess  t h e  c o n t r i b u t i o n  o f  t h i s  p o t e n t i a l  s ou rce  o f  m e t a l  to w a rd s  o v e r a l l  

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

a p p ro a ch .  F i r s t ,  a c o n s t a n t  amount o f  m e t a l  must  be r e t a i n e d  i n  a s o l i d  fo rm  

i f  t h e  t e s t  i s  t o  be q u a n t i f i e d .  A n e c e s s i t y  t o  m a i n t a i n  o t h e r  

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

impose a l i m i t  on t h e  range  o f  t e s t  c o n c e n t r a t i o n s  o v e r  w h ich  t h i s  c o n d i t i o n

can be s a t i s f i e d .  S e c o n d ly ,  u n l e s s  a l l  t h e  z i n c  rem a ins  i n  s o l i d  f o r m ,  th e

c o n t r i b u t i o n  o f  t h e  s o l u b l e  f r a c t i o n  to w a rd s  t o x i c i t y  must be e v a l u a t e d  

s e p a r a t e l y .  I f  a s t a b l e  e q u i l i b r i u m  between d i s s o l v e d  and s o l i d  f r a c t i o n s  i s  

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

Mixed t o x i c a n t s

I n  most  i n s t a n c e s  o f  f i e l d  t o x i c i t y  i t  i s  r a r e  t h a t  a s i n g l e  s u b s ta n c e  

can be i s o l a t e d  as t h e  o n l y  t o x i c a n t .  C e r t a i n  t y p e s  o f  w as te  d i s c h a r g e s  i e .  

p h a r m a c e u t i c a l  m a n u fa c tu r e  w a s t e s ,  c o n s i s t  o f  a complex m i x t u r e ,  f r e q u e n t l y  

o f  o r g a n i c  n a t u r e  (Murphy 1980) .  The z i n c  p o l l u t e d  W i l l o w  Brook d e s c r i b e d

i n  t h i s  s t u d y  was a l s o  known t o  r e c e i v e  s m a l l  q u a n t i t i e s  o f  p h e n o l s  and

ammonia w h ich  may have c o n t r i b u t e d  to w a rd s  t o x i c i t y  a t  c e r t a i n  t im e s  o f  t h e  

y e a r  ( C h a p te r  2 ) .  In  o r d e r  t o  l i m i t  t h e  c o m p l e x i t y  o f  t h e  s t u d y ,  and 

f a c i l i t a t e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t  t h e s e  t o x i c a n t s  were n o t  t r e a t e d  as 

s i g n i f i c a n t  components o f  o v e r a l l  t o x i c i t y  to w a rd s  6. pulex and 

C. pseudogracilis.
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The p o s s i b i l i t y  t h a t  s u b - l e t h a l  c o n c e n t r a t i o n s  o f  seconda ry  t o x i c a n t s  

may combine a d d i t i v e l y  w i t h  t h a t  o f  t h e  main t o x i c a n t  t o  have a l e t h a l  

e f f e c t  sh o u ld  be an i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  deve lo p m e n t  o f  a s t u d y  o f  

t h i s  n a t u r e .  I n  a c om prehens ive  r e v i e w  o f  t h e  j o i n t  t o x i c i t y  o f  m e t a l s ,  

Sprague (1970)  o u t l i n e d  a scheme f o r  e x p r e s s i n g  t h e  combined e f f e c t s  o f  

s e v e r a l  p o l l u t a n t s  i n  w h ic h  t h e  t o x i c i t i e s  o f  t h e  i n d i v i d u a l  components  are  

summed as a f r a c t i o n  o f  th e  i n c i p i e n t  LC50, and t h e  t o t a l  t o x i c i t y  o f  t h e  

m i x t u r e  exp resse d  as a s i n g l e  v a l u e .

Towards a m u l t i - d i s c i o l i n a r v  approach

Sindermann (1979)  emphasised t h e  need f o r  t o x i c i t y  s t u d i e s  t o  t a k e  a 

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

t o t a l  e x p e r i m e n t a l  d e s i g n .  T h is  aim has been o n l y  p a r t i a l l y  r e a l i s e d  i n  t h i s

p r e s e n t  t o x i c i t y  s t u d y ,  s i n c e  a c o m p re h e n s iv e  m u l t i - d i s c i p l i n a r y  app roach

was beyond th e  scope o f  t h e  s t u d y .

Fou r  l e v e l s  o f  o r g a n i s a t i o n  can be i d e n t i f i e d  a t  w h ic h  a c u te  and c h r o n i c

t o x i c i t y  t e s t i n g  can be co nduc te d  a c c o r d i n g  t o  an i n t e g r a t e d  m u l t i 

d i s c i p l i n a r y  re g im e ;

1) C e l l

2) O r g a n / t i s s u e

3) I n d i v i d u a l  a n i m a l / P o p u l a t i o n

4) Commun i t y /Ecosystem

The f i r s t  two l e v e l s  o f  o r g a n i s a t i o n  i n v o l v i n g  m a i n l y  b i o c h e m i c a l  and 

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

t o x i c i t y ,  and may t h e r e f o r e  a s s i s t  i n  e x p l a i n i n g  t h e  e f f e c t s  on l i f e  

f u n c t i o n s  a t  th e  n e x t  h i g h e s t  l e v e l ,  eg.  g r o w t h ,  r e s p i r a t i o n  and b e h a v i o u r .
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Two i n v e s t i g a t i o n s  o f  t h i s  n a t u r e  w i t h  d i r e c t  a p p l i c a t i o n  t o  t he  p r e s e n t  

s t u d y  w ou ld  be a h i s t o l o g i c a l  d e t e r m i n a t i o n  o f  t h e  e f f e c t  o f  v a r i o u s  z i n c  

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

body t i s s u e s .

The t h i r d  l e v e l  o f  o r g a n i s a t i o n  c o n c e n t r a t i n g  on t h e  response  o f  who le  

a n im a ls  t o  t h e  t o x i c a n t  fo rm s  t h e  b a s i s  o f  t h i s  s t u d y .  The t e s t s  pe r fo rm e d  

a t  t h i s  l e v e l  o f  o r g a n i s a t i o n  a re  o f  a p h y s i o l o g i c a l  o r  b e h a v i o u r a l  n a t u r e ,  

and a re  d e s ig n e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  z i n c  on p o p u l a t i o n s  o f  t h e  t e s t  

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

respon ses  a t  h i g h e r  l e v e l s  o f  b i o l o g i c a l  o r g a n i s a t i o n .

A c c o r d i n g  t o  Sprague ( 1 9 7 1 ) ,  s i n g l e  s p e c ie s  t e s t s  such as th o s e  used i n  

t h i s  s t u d y  have p roved  r e m a r k a b l y  e f f e c t i v e  t o  e s t i m a t e  th e  responses  a t  

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

d e f i c i e n c i e s  i n  t h e i r  use,  a re  p r e s e n t l y  t h e  m a jo r  and o n l y  r e l i a b l e  way o f  

e s t i m a t i n g  damage f r o m  p o l l u t i o n  be excess q u a n t i t i e s  o f  a t r a c e  m e t a l .
r

T h e i r  deve lo p m e n t  has c o n s e q u e n t l y  f a r  o u t s t r i p p e d  t h e  d eve lop m en t  and 

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

o r g a n i s a t i o n .

C a i r n s  (1983)  p r e s e n t s  a l e s s  o p t i m i s t i c  v i e w ,  t h a t  i n  t h e  absence o f  

any s c i e n t i f i c a l l y  j u s t i f i a b l e  e v id e n c e  t o  i n d i c a t e  t h e  deg ree  o f  

r e l i a b i l i t y  w i t h  w h ic h  one may use s i n g l e  s p e c ie s  t e s t s  t o  p r e d i c t  r esponses  

a t  h i g h e r  l e v e l s  o f  b i o l o g i c a l  o r g a n i s a t i o n ,  t h e  most  p r e s s i n g  need i n  t h e  

f i e l d  o f  t o x i c i t y  t e s t i n g  i s  f o r  t h e  dev e lo p m e n t  o f  p a r a l l e l  t e s t s  a t  h i g h e r  

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

The f o u r t h  l e v e l  o f  b i o l o g i c a l  o r g a n i s a t i o n  t o  be c o n s i d e r e d  i n  t o x i c i t y  

t e s t i n g  i s  c o n s e q u e n t l y  t h a t  o f  t h e  communi ty  and ecosys te m .  M a r t i n  (1973)  

s t r o n g l y  s u p p o r te d  t h e  deve lop m e n t  o f  w ho le  communi ty  b io a s s a y s  a c c o u n t i n g  

f o r  p r e d a t o r  p r e s s u r e ,  e n v i r o n m e n t a l  v a r i a b i l i t y ,  and c o m p e t i t i o n .
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Sindermann (1979)  p o i n t e d  o u t ,  however ,  t h a t  ' m i c r o - e n v i r o n m e n t  s t u d i e s  

o f t e n  have hor rendous  l o g i s t i c  p rob lem s and f a i l  t o  c o n t r o l  enough v a r i a b l e s  

f o r  the p u r i s t ' .  T h is  t y p e  o f  approach  would t h e r e f o r e  seem the l o g i c a l  

p r o g r e s s i o n  f rom  a s tu d y  o f  t h i s  n a t u r e  i n  which  b a s i c  t o x i c  l i m i t s  had been 

e s t a b l i s h e d .

The deve lopment  o f  t h e  p r e s e n t  s tu d y  o u t l i n e d  above can be summarised 

i n  t h e  f o l l o w i n g  d ia g ram ;

PRIMARY TOXICANT SECONDARY TOXICANTS
Z inc Ammonia, pheno ls

S o l i d

S o l u b l e
(Spec ies  i d e n t i f i c a t i o n  & s e p a r a t i o n ? )

AIM: To d e t e r m in e  mode 
o f  a c t i o n  and t h e r e f o r e  
e x p l a i n  e f f e c t s  on l i f e  
f u n c t i o n s  a t  h i g h e r  
l e v e l s  o f  o r g a n i s a t i o n .

PRIMARY AIM:
TO PREDICT TOXICANT 
EFFECTS IN THE FIELD

LEVEL OF ORGANISATION:
1) C e l l
2 ) o r g a n / t i s s u e

TYPE OF TEST: 
B i o c h e m i c a l / h i s t o l o g i c a l  
( a c u te  and c h r o n i c )

FIELD ANALYSIS 
(P resence /absence  o f  
a n im a ls ,  c o n c e n t r a t i o n  
o f  z i n c  i n  d i s s o l v e d  
and s ed im en ta ry  phases

LEVEL OF ORGANISATION:
3) I n d i v i d u a l / p o p u l a t i o n  

T )  Communi ty /ecosystem

TYPE OF TEST: 
P h y s i o l o g i c a l / b e h a v i o u r a l  
( a c u te  and c h r o n i c )

Components o f  th e  o r i g i n a l  s tudy  are o u t l i n e d  i n  red .
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SUMMARY

1) A l a b o r a t o r y  based t o x i c i t y  s t u d y  was conduc ted  i n t o  t h e  e f f e c t s  o f  

d i s s o l v e d  z i n c  when p r e s e n t  above e s s e n t i a l  t r a c e  l e v e l s ,  on two s p e c ie s  o f  

m o r p h o l o g i c a l l y  s i m i l a r  amphipod c r u s t a c e a n s ,  Gammarus pulex ( L . ) ,  and 

Crangonyx pseudogracilis ( B o u s f i e l d ) .

2) The u l t i m a t e  aim o f  t h e  s t u d y  was t o  assess th e  e x t e n t  t o  w h ich  t r a n s i e n t  

z i n c  p o l l u t i o n  may have d i c t a t e d  t h e  d i s t r i b u t i o n  and abundance o f  G. pulex 

and C. pseudogracilis i n  W i l l o w  Brook ,  a s m a l l  N o r t h a m p t o n s h i r e  r i v e r .

3) R u t la n d  r e s e r v o i r  was an i d e a l  s ou rce  o f  t e s t  a n i m a l s ,  b e in g  s i m i l a r  t o  

W i l l o w  Brook i n  c h e m i c a l  and p h y s i c a l  c h a r a c t e r i s t i c s ,  b u t  h a v in g  no h i s t o r y  

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

4) G. pulex had a much l o w e r  a c u te  t o l e r a n c e  t o  z i n c  th a n  d i d  

C. pseudogracilis. The l a t e r  s p e c ie s  a l s o  showed a marked d i f f e r e n c e  i n  z i n c  

t o l e r a n c e  between t h e  sex es .

5) The a b i l i t y  o f  b o th  s p e c ie s  t o  p roduce  v i a b l e  broods  was g r e a t l y  i m p a i r e d  

a t  z i n c  c o n c e n t r a t i o n s  w e l l  be low  t h o s e  w h ic h  were a c u t e l y  l e t h a l  t o  t h e  

a d u l t .  Complete r e p r o d u c t i v e  f a i l u r e  o c c u r r e d  a t  t h e  same z i n c  c o n c e n t r a t i o n  

i n  b o th  s p e c i e s .  In  C. pseudogracilis, an i n c r e a s e  i n  brood  d ev e lo p m e n t  t i m e  

was th e  o n l y  i n d i c a t i o n  o f  t o x i c  s t r e s s  be low  t h i s  c o n c e n t r a t i o n ,  w h i l s t  

G. pulex s u f f e r e d  a c l e a r - c u t  r e d u c t i o n  i n  brood s i z e  a t  a z i n c  

c o n c e n t r a t i o n  t e n  t im e s  l o w e r  th an  t h a t  c a u s in g  t o t a l  r e p r o d u c t i v e  f a i l u r e .
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6 ) A d u l t s  o f  bo th  s p e c ie s  showed a s t r o n g  avo id a n c e  o f  z i n c  c o n c e n t r a t i o n s  

w e l l  be low  t h o s e  w h ic h  were a c u t e l y  l e t h a l .  6 . pulex was a b l e  t o  d e t e c t  and

a v o i d  z i n c  a t  a c o n c e n t r a t i o n  a t  l e a s t  t e n  t im e s  weaker  th a n  t h a t  w h ic h

evoked a response  f ro m  C. pseudogracilis. L e t h a l  c o n c e n t r a t i o n s  o f  z i n c  

produced  a v a r i e t y  o f  m o d i f i c a t i o n s  t o  t h e  no rm a l "  a c t i v i t y  p a t t e r n  o f  bo th  

s p e c i e s  b u t  no s i g n i f i c a n t  change i n  a c t i v i t y  was r e c o r d e d  a t  s u b - l e t h a l  

c o n c e n t r a t i o n s .

7) The e f f e c t  o f  z i n c  on t h e  r e s p i r a t o r y  system o f  G. p u l e x  was exam ined .  In

th o s e  c o n c e n t r a t i o n s  w h ic h  were l e t h a l  t o  th e  a n im a l  w i t h i n  s e v e r a l  h o u r s ,

an im m ed ia te  i n c r e a s e  i n  oxygen consum p t io n  was o b t a i n e d .  No change i n  

oxygen consum pt ion  was observ ed  a t  z i n c  c o n c e n t r a t i o n s  a p p r o x i m a t i n g  t o  t h e  

24 h LC50 v a l u e  o f  t h e  s p e c i e s .  Loss i n  v e n t i l a t o r y  r h y th m  was d e t e c t e d  a t  

a l l  a c u te  z i n c  c o n c e n t r a t i o n s  t e s t e d .

8 ) T h is  l a b o r a t o r y  t o x i c i t y  d a ta  was found  t o  be e n t i r e l y  c o n s i s t e n t  w i t h  

t h e  known d i s t r i b u t i o n  and abundance o f  G. pulex and C. pseudogracilis i n  

W i l l o w  Brook,  d u r i n g  z i n c  p o l l u t e d  and r e c o v e r y  phases .

9) Ways i n  w h ic h  t h i s  t o x i c t y  s t u d y  c o u ld  be d e v e lo p e d  t o  have g r e a t e r  

a p p l i c a t i o n  t o  s p e c i f i c  f i e l d  s i t u a t i o n s  were d i s c u s s e d .
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APPENDIX 1.

(A)  PREPARATION OF ZINC CHLORIDE SOLUTIONS

METHOD

1 ) 1 l i t r e  o f  z i n c  c h l o r i d e  s o l u t i o n  w i t h  a n o t i o n a l  c o n c e n t r a t i o n  o f

100 mM was p re p a re d  f r o m  0 .4 5  pm f i l t e r e d  R u t l a n d  r e s e r v o i r  w a t e r ,  

and z i n c  c h l o r i d e  ( A n a l a r  g r a d e ) .

2) A f t e r  a s t a n d i n g  p e r i o d  o f  1 h a t  18+.1°c any p r e c i p i t a t e  fo rmed  was 

c o l l e c t e d  on a 0.45 pm m i l l i p o r e  f i l t e r  and r e d i s s o l v e d  i n  5 cm^ o f  

2.57. n i t r i c  a c i d .  D e io n is e d  w a t e r  was added t o  g i v e  a t o t a l  vo lume o f  

100  cm^.

3) The f i l t r a t e  was used t o  p r e p a r e  z i n c  s o l u t i o n s  o f  n o t i o n a l  

c o n c e n t r a t i o n  1-100 mM. A f t e r  24 h a t  18±1°c each c o n c e n t r a t i o n  was 

f i l t e r e d  (as i n  s te p  2 ) t o  remove any f u r t h e r  p r e c i p i t a t i o n .

4) A sample o f  f i l t r a t e  a t  each n o t i o n a l  c o n c e n t r a t i o n  was a c i d i f i e d  t o  

p r e v e n t  f u r t h e r  p r e c i p i t a t i o n  and d i l u t e d  t o  0 .1 mM w i t h  d e i o n i s e d  

w a t e r .

5) Samples were ana ly s ed  by A tom ic  A b s o r p t i o n  S p e c t r o p h o t o m e t r y  ( V a r i a n  

T e c h t r o n  AA-6 ) ,  t o  d e te r m i n e  t h e  a c t u a l  c o n c e n t r a t i o n  o f  t h e  

s o l u t i o n ,  and p r e c i p i t a t e s .

RESULTS

The a c t u a l  c o n c e n t r a t i o n  o f  each z i n c  s o l u t i o n  was found t o  be o n l y  

a p p r o x i m a t e l y  607. t h e  n o t i o n a l  v a lu e  ( F i g .  A 1 . 1 ) .
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T h is  d i f f e r e n c e  was t o o  g r e a t  t o  be e x p l a i n e d  by e i t h e r  the  e x p ec ted  

e x p e r i m e n t a l  e r r o r  i n  p r e p a r i n g  t h e  i n i t i a l  s o l u t i o n s ,  o r  th e  subsequen t  

p r e c i p i t a t i o n  o f  c o m p a r a t i v e l y  s m a l l  amounts o f  z i n c  f r o m  each s o l u t i o n .  I t  

was t h e r e f o r e  c onc lud e d  t h a t  due t o  t h e  e x t r e m e l y  d e l i q u e s c e n t  n a t u r e  o f  

t h i s  s a l t  i t  was i m p o s s i b l e  t o  w e ig h  o u t  a c c u r a t e l y ,  s m a l l  amounts o f  z i n c  

c h l o r i d e  to  p r e p a r e  s o l u t i o n s  o f  known c o n c e n t r a t i o n .
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FIG.  A ) .1 .
P l o t  o f  a c t u a l  c o n c e n t r a t i o n  v n o t i o n a l  
c o n c e n t r a t i o n  f o r  ZnCl^ s o l u t i o n s .

+ = A c t u a l  c o n c e n t r a t i o n  o f  s o l u t i o n  + 
amount l o s t  due t o  p r e c i p i t a t i o n  

X = A c t u a l  c o n c e n t r a t i o n  o f  s o l u t i o n
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(B)  pH OF ZINC SULPHATE SOLUTIONS

METHOD

Z in c  s u l p h a t e  s o l u t i o n s  between 0 .5  pM and 50 .0  pM were p re p a re d  by

a d d i t i o n  o f  ZnSO , 7h 0 ( A n a l a r  g r a d e ) ,  t o  t h e  a p p r o p r i a t e  amount o f
4 2

m i l l i p o r e  f i l t e r e d  R u t la n d  R e s e r v o i r  w a t e r .  A f t e r  v i g o r o u s  s h a k in g  f o r  5 min 

t h e  pH o f  d u p l i c a t e  samples was d e te r m in e d  u s in g  an EIL 7050 pH m e te r .  The 

mean r e s u l t s  a r e  p r e s e n te d  as a g raph  o f  pH v z i n c  c o n c e n t r a t i o n .

RESULTS

8-5 r
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R E S E R V O I R  WATER -  NO ADDED Z IN C

0-0001 000050-001 0005 0-01 0-05 0-1 0-5 1-0 5-0 10-0 50-0

ZINC SULPHATE mML 

FIG.  A l .2
Graph o f  pH v z i n c  s u l p h a t e  c o n c e n t r a t i o n .
N a t u r a l  pH o f  R u t la n d  R e s e r v o i r  w a t e r  = 8.15

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

even a t  t h e  h i g h e s t  t e s t  c o n c e n t r a t i o n  o f  50 mM i t  d i d  n o t  f a l l  be low  6 . 5 .  

T h is  i s  p h y s i o l o g i c a l l y  a c c e p t a b l e  t o  bo th  s p e c ie s  (C h a p te r  5 ) ,  and

t h e r e f o r e  i t  was n o t  n e c e s s a ry  t o  b u f f e r  any z i n c  s o l u t i o n  used .
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(C) ANALYSIS OF ZINC SULPHATE SOLUTIONS

Z in c  s u l p h a t e  s o l u t i o n s  were a n a ly s e d  by A tom ic  A d s o r p t i o n

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

s o l u t i o n s .  The r e s u l t s  a re  p r e s e n t e d  i n  T a b le  A 1 .1 .

1 2 3 4 5 6
T I M E  ( h ( [ R E A L ]  ( m M I [ M E A N  OF D U P L I C A T E ]  ( m M ) ( N O T I O N A L ]  I m H i ( M E A N  O F  T E S T ] %  O E V  O F  ( M E A N )  F R O M  ( I N I T I A L )

0 4 6 . 8 0 3 - 1 4 6 . 8 0 3 ]
Z t 4 6 . 8 8 0 4 6 . 3 4 4 4 6 . 6 1 Z 5 0 . 0 0 0 4 6 . 7 0 7 O . Z O

0 1 8 . 7 8 3 1 8 . 6 6 0 1 8 . 7 Z Z
Z t I 8 . 3 Z 4 1 8 . 6 9 1 1 8 . 5 0 7
4 8 1 8 . 3 5 4 1 7 . 8 3 4 1 8 . 0 9 4
T Z 1 8 . 1 1 0 1 8 . 1 4 0 1 8 . 1 Z 5
9 6 1 8 . 3 Z 4 1 9 . 0 Z 7 1 8 . 6 7 6 Z O . O O O 1 8 . 4 Z 5 1 . 5 9

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

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

0 4 . 1 3 0 4 . 1 8 3 4 . 1 5 6
Z 4 3 . 9 1 6 3 . 9 8 4 3 . 9 5 0
4 8 3 . 9 3 1 3 . 9 6 1 3 . 9 4 9
T Z 3 . 8 7 7 4 . 0 0 7 • 3 . 9 4 Z
9 6 3 . 8 3 9 3 . 9 0 8 3 . 8 7 3 4 5 . 0 0 0 3 . 9 7 4 4 . 3 8

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

» 0 Z .  1 5 7 Z .  1 7 Z Z .  1 6 4
Z 4 Z . 1 1 5 Z . 1 Z 6 Z . 1 Z 1
4 8 Z . 0 3 8 Z . 0 3 4 Z . 0 3 6
T Z Z . 0 3 8 Z . 9 9 Z Z . 0 1 5
9 6 Z . 0 8 8 Z 0 4 6 Z . 0 6 7 3 . 0 0 0 Z . 0 8 1 3 . 8 4

» 0 1 . 0 8 1 1 . 0 0 3 1 . 0 4 Z
Z 4 0 . 9 1 6 1 . 0 7 4 0 . 9 9 5
4 8 0 . 9 8 Z 0 . 9 7 6 0 . 9 7 9
T Z 0 . 9 7 6 0 . 9 4 8 0 . 9 6 Z Z . O O O 0 . 9 9 5 4 . 5 6

» 0 0 . 4 1 0 0 . 4 8 6 0 . 4 4 8
Z 4 0 . 4 3 9 0 . 4 6 6 0 . 4 S Z
4 8 0 . 4 5 5 0 . 4 5 9 0 . 4 5 7
T Z 0 . 4 4 3 0 . 4 4 9 0 . 4 4 6 1 . 0 0 0 0 . 4 5 4 1 . 3 4

• 0 0 . 0 9 5 - ( 0 . 0 9 5 )
Z 4 0 . 0 9 5 - ( 0 . 0 9 5 1
4 8 0 . 0 9 7 - ( 0 . 0 9 7 )
T Z 0 . 1 0 1 - ( 0 . 1 0 1 ) 0 . 1 0 0 0 . 0 9 7 Z .  1 0

0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
Z 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

TABLE A l .1
E x p l a n a t i o n  o f  column c o n t e n t s  o v e r  page
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TABLE A1.1 : E x p l a n a t i o n  o f  column c o n t e n t s

Column C o n te n ts

1 Time o f  s a m p l i n g  (h )

2 R e s u l t  o f  a n a l y s i s  on d u p l i c a t e  o r  s i n g l e  
samples (mM)

3 Mean o f  d u p l i c a t e  samples where 
a p p r o p r i a t e  (mM)

4 N o t i o n a l / i n t e n d e d  z i n c  c o n c e n t r a t i o n  (mM)

5 Mean o f  t h e  a n a l y s e d  z i n c  c o n c e n t r a t i o n  
averaged  o v e r  t h e  d u r a t i o n  o f  s am p l in g

6 Pe rcen tag e  d e v i a t i o n  o f  mean c o n c e n t r a t i o n  
(co lumn 5) f r o m  i n i t i a l  c o n c e n t r a t i o n
a t  t i m e  = 0

* i n d i c a t e s  t h a t  i n  i n i t i a l  e x p e r im e n t s  t h i s  v a lu e  
exceeded 5%. T h is  r e s u l t  was o b t a i n e d  by c hang in g  
t h e  r e s p e c t i v e  z i n c  s o l u t i o n  a t  24 h i n t e r v a l s .
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APPENDIX 2.

INTERSPECIFIC COMPETITION BETWEEN GAMMARUS PULEX AND 

CRANGONYX PSEUDOGRACILIS UNDER OPTIMUM PHYSIO-CHEMICAL CONDITIONS.

INTRODUCTION

C. pseudogracilis has, s i n c e  i t s  i n t r o d u c t i o n  i n t o  B r i t a i n  d u r i n g  th e  

f i r s t  h a l f  o f  t h i s  c e n t u r y ,  spread  r a p i d l y  t h r o u g h o u t  t h e  c a n a l  system, and 

o t h e r  n a v i g a b l e  w a te rw a y s .  In  c o n t r a s t  t o  6 . pulex i t  i s  t h o u g h t  t o  f a v o u r  

s low  f l o w i n g  o r  s t i l l  w a t e r  e n v i r o n m e n t s  ( B o u s f i e l d  1958; H o l l a n d  1976) ,  

a l t h o u g h  c o - e x i s t e n c e  o f  t h e  two s p e c ie s  has been r e p o r t e d  i n  b o th  r i v e r s  

and r e s e r v o i r s  ( H o l l a n d  1976; B u l l o c k ,  C l a r k  & I son  1982) .

The f o l l o w i n g  o b s e r v a t i o n s ,  were made w h i l s t  s a m p l in g  R u t l a n d  r e s e r v o i r ,  

and d u r i n g  the  subsequen t  m a in ten an c e  o f  mixed l a b o r a t o r y  c u l t u r e s .  These 

s u gge s t  t h a t  c o - e x i s t e n c e  between G. pulex and C. pseudogracilis i s  a t  l e a s t  

p a r t i a l l y  dependen t  on t h e i r  s p a t i a l  s e p a r a t i o n  w i t h i n  a common e n v i r o n m e n t .

1) Average d e n s i t i e s  o f  b o th  amphipod p o p u l a t i o n s ,  c a l c u l a t e d  f r o m  g rab  

s a m p l in g  i n  N o r th  and South  Arms o f  th e  r e s e r v o i r ,  s i m u l t a n e o u s l y  

exceeded 200  a n im a ls  m  ̂ on o n l y  two m o n th l y  o c c a s io n s  i n  1981-1982.  

S t a t i s t i c a l  a n a l y s i s  o f  t h e  c o m p a r a t i v e  number o f  each s p e c i e s  w i t h i n  

a s i n g l e  g ra b  sample c o n t a i n i n g  a t o t a l  o f  g r e a t e r  th an  10 amphipods 

showed t h a t  i n  7 /1 0  samples on t h e  f i r s t  o c c a s i o n ,  and 5/11 samples 

on t h e  second,  t h e  sample c o n t a i n e d  s i g n i f i c a n t l y  more i n d i v i d u a l s  o f  

one s p e c ie s  ( B u l l o c k  U n p u b l i s h e d  d a t a ) .
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2) Edge s am p l ing  o f  l a r g e  s to n e s  w i t h i n  1 m o f  th e  s u r f a c e  produced

a lm o s t  e x c l u s i v e l y  6. pulex, w h i l s t  hand n e t t i n g  i n  Cladophera s p . ,  

and Elodea sp.  beds gave p r e d o m i n a n t l y  C. pseudogracilis.

3) Under  l a b o r a t o r y  c o n d i t i o n s  6. pulex e x h i b i t s  s t r o n g  c a n n i b a l i s t i c

t e n d e n c i e s  tow a rds  weak o r  new ly  m o u l te d  i n d i v i d u a l s  (C legg  1952;

Hobrough 1973 ) .  T h is  i s  f a r  l e s s  marked b u t  a l s o  t r u e  o f

C. pseudogracilis ( p e r s .  o b s . ) .  I n  mixed c u l t u r e s ,  G.pulex has been 

o b s e rv e d  t o  c a t c h  and d e v o u r  C. pseudogracilis, b u t  t h e  r e v e r s e  has 

n o t  been r e c o r d e d .

From th e s e  o b s e r v a t i o n s  t h e  f o l l o w i n g  p r e d i c t i o n s  were made.

1) Under  opt imum c o n d i t i o n s  bo th  s p e c ie s  wou ld  show good s u r v i v a l  i n  

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

G. pulex may r e s u l t  i n  a t t a c k s  on s m a l l e r  i n d i v i d u a l s .

2) I n  mixed c u l t u r e  w i t h  no s p a t i a l  s e p a r a t i o n  G. pulex wou ld  p r e d a t e  

C. pseudogracilis even i n  t h e  p res en ce  o f  excess v e g e t a b l e  f o o d .

The f o l l o w i n g  e x p e r im e n t  was d e v i s e d  t o  i n v e s t i g a t e  t h e s e  p r e d i c t i o n s .
i

RATIONALE

The p r i n c i p l e  o f  t h e  e x p e r i m e n t  was t h e  ' c r e a t i o n  o f  a v e r y  s im p le  

f r e s h w a t e r  e n v i r o n m e n t  w i t h i n  1 l i t r e  pe rspex  chambers,  i n t o  w h ich

i n d i v i d u a l s  o f  e i t h e r  o r  b o t h  s p e c ie s  c o u ld  be p la c e d  and o bs e rv ed  f o r  a 

l i m i t e d  t i m e  p e r i o d .  The chambers were  c o n t i n u o u s l y  a e r a t e d  and food  

s u p p l i e d  r e g u l a r l y  i n  exc es s .
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FIG. 2A.1 
Experimental  system

a) Diagrammatic representa t ion of the system
b) Photograph of  the apparatus in operat ion,
P = pump. R = Reservoir ,  W = Waste, C = Chambers 
A = A i r  pumps.
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EXPERIMENTAL DESIGN

The system compr ised f o u r  i d e n t i c a l  perspex chambers w i t h  a c o n s ta n t  

th rough  f l o w  o f  f r e s h  r e s e r v o i r  w a te r ,  ae ra ted  f u l l y  w i t h i n  the  chambers 

( F i g .  2 A .1 ) .

Each perspex chamber was d i v i d e d  i n t o  an upper an imal -chamber  o f  volume

3 31000 cm , and a lo w e r  a i r - cham ber  o f  volume 144 cm , by a p e r f o r a t e d  perspex

p l a t e .  The a i r - c h a m b e r  had an i n l e t  and o u t l e t  p ipe  i n s e r t e d  m e d i a l l y  i n t o

two o p p o s i t e  s i d e s .  The to p  o f  t he  an imal -chamber  had a c e n t r a l  p lug  o f

d ia m e te r  30 mm f o r  i n s e r t i o n  and removal  o f  an imals  and food ,  and a sm a l l

ho le  i n  each c o r n e r  p r o v i d i n g  f o r  2 a i r l i n e s ,  w a te r  i n l e t  and w a te r  o u t l e t .

The p e r f o r a t e d  base o f  the an imal -chamber  was covered i n  g r a v e l  o f  asso r te d

s i z e  and a l a r g e  s p r i g  o f  Elodea sp. p r o v id e d .

Water  c o n ta in e d  i n  a 9 l i t r e  r e s e r v o i r  was pumped th rough  s i l i c o n e  

t u b i n g  ( 0 .5  mm i . d . ) ,  and down a 20 p i  m ic r o - s a m p l i n g  p i p e t t e  (C o rn in g )  i n t o  

the  bo t tom o f  the  an imal -chamber .  A shor tened m ic r o - s a m p l i n g  p i p e t t e  

connected t o  an outward pump, removed w a te r  f rom th e  to p  o f  the  d i a g o n a l l y  

o p p o s i t e  s ide  o f  the  chamber a t  a s l i g h t l y  f a s t e r  r a t e  th e reb y  r e g u l a t i n g  

chamber volume.  F u l l  rep lacement  o f  t he  w a te r  w i t h i n  the  chamber was 

ach ieved  every  12 h. A i r  was pumped i n t o  the  base o f  th e  chamber t o  s uppo r t  

th e  w a te r  column m a i n t a i n i n g  an a e r o b i c  env i ronmen t  w i t h i n  the  g r a v e l  on the  

bot tom o f  the  an ima l -chamber .  A secondary a i r  supp ly  f rom two m i c r o - p i p e t t e s  

i n s e r t e d  a t  d i a g o n a l l y  o p p o s i t e  co rn e rs  o f  t h e  chamber m a in ta ined  f u l l  

o x y ge na t io n  w i t h i n  the  w a te r  column.

PROCEDURE

Both s i n g l e  and mixed spec ies c u l t u r e s  were e s t a b l i s h e d  w i t h  a t o t a l  

number o f  40 amphipods i n  each. C. pseudogracilis was su b d iv id e d  by sex, and
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i n  t h e  absence o f  marked s e x u a l  d im o r p h i s m  6. pulex was s e p a ra te d  by s i z e  

i n t o  j u v e n i l e s  l e s s  t h a n  5 mm i n  l e n g t h  and m a tu re  a d u l t s  o f  g r e a t e r  l e n g t h  

th a n  10 mm.

Four  c u l t u r e s  were m a i n t a i n e d  s i m u l t a n e o u s l y  f o r  14 days d u r i n g  w h ich  

t im e  t h e  d i s t r i b u t i o n  o f  a n im a ls  w i t h i n  t h e  chambers and th e  number o f  dead 

were r e c o r d e d  d a i l y .  Bemax (whea t  germ) was p r o v i d e d  as a fo o d  s o u rc e .  A f t e r  

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

c o u n t e d .

Three  r e p l i c a t e  e x p e r i m e n t s  were p e r fo rm e d  f o r  s i n g l e  s p e c ie s  c u l t u r e s  

and s i x  r e p l i c a t e  e x p e r i m e n t s  f o r  m ixed s p e c ie s  c u l t u r e s ,  t o  g i v e  a t o t a l  o f  

60 a n im a ls  t e s t e d  f r o m  each sex and s i z e  c l a s s  unde r  b o th  c o n d i t i o n s .

RESULTS

NUMBER OF ANIMALS
REPLICATE SPECIES MALE FEMALE > 1 0mm <5mm

I F I F I F I F

1 a ) C. p s e u d o g r a c i l i s 20 16 20 19
1b) 20 13 20 16
1c) 20 19 20 16

TOTAL = 60 50 60 51

2 a) G. p u le x 20 15 20 6
2 b) 20 18 20 7
2 c) 20 1 1 20 1

TOTAL = 60 44 60 16

3a) Both s p e c ie s 10 0 10 0 10 7 10 7
3b) 10 0 10 0 10 9 10 7
3c) 10 2 10 0 10 7 10 6
3d) 10 0 10 0 10 7 10 8
3e) 10 0 10 0 10 10 10 6
3 f  ) 10 5 10 0 10 8 10 2

TOTAL = 60 7 60 0 60 48 60 36

TABLE 2 A . 1.
A com pa r ison  between t h e  i n i t i a l  ( I )  and f i n a l  ( F ) 
number o f  a n im a ls  i n  b o th  s i n g l e  s p e c ie s  and mixed 
s p e c ie s  c u l t u r e .

219



S i n g l e  s p e c ie s  c u l t u r e :  C. pseudogracilis o n l y .

D u r in g  t h e  f i r s t  week o f  th e  e x p e r i m e n t  bo th  sexes remained a lm o s t  

e x c l u s i v e l y  on t h e  g r a v e l  b o t to m ,  a f t e r  w h ich  t im e  t h e y  became a c t i v e  on t h e  

Elodea sp.  s p r i g  w i t h i n  t h e  w a t e r  co lumn.  Movement was m a i n l y  by c r a w l i n g  

w i t h  l i t t l e  swimming a c t i v i t y .  Both sexes had a h ig h  p e r c e n ta g e  s u r v i v a l  i n  

a l l  3 r e p l i c a t e  t e s t s  g i v i n g  a mean t o t a l  s u r v i v a l  o f  84.1%

S i n g l e  s p e c ie s  c u l t u r e :  G. oulex o n l v .

6 . pulex was a c t i v e  on t h e  g r a v e l  b o t to m ,  Elodea sp.  and swimming w i t h i n  

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

were v e r y  c o n s p i c u o u s ,  b u t  t h e  s m a l l e r  a n im a ls  tended  t o  c r a w l  under  t h e  

s u r f a c e  g r a v e l .  The Elodea sp.  s p r i g  was devoured  r a p i d l y  and needed 

r e p l a c i n g  e v e r y  2-3 d a y s .  No s m a l l  dead a n im a ls  were observed  b u t  l a r g e r  

dead i n d i v i d u a l s  rema ined  f o r  1 - 2  days b e f o r e  b e in g  d e v o u re d .

The s u r v i v a l  r a t e  was m a r k e d l y  d i f f e r e n t  f o r  t h e  two s i z e  c l a s s e s .  In  

t h e  l a r g e r  s i z e  c l a s s ,  73% o f  t h e  t o t a l  number s u r v i v e d ,  w h i l s t  i n  t h e  

s m a l l e r  s i z e  c l a s s  l e s s  th a n  30% s u r v i v e d .  The v i s i b l e  absence o f  s m a l l  dead 

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

c a n n i b a l i s e d  e i t h e r  i m m e d i a t e l y  on d e a th  o r  a f t e r  a c t i v e  p r e d a t i o n  by th e

l a r g e r  i n d i v i d u a l s .

M ixed c u l t u r e .

As soon as t h e  c u l t u r e s  were e s t a b l i s h e d  C. pseudogracilis bur rowed

bene a th  t h e  g r a v e l  s u r f a c e  and a f t e r  two days no i n d i v i d u a l  o f  t h i s  s p e c ie s

was v i s i b l e .  I n  c o n t r a s t  G. pulex rem a ined  a c t i v e  on t h e  Elodea sp.  and

g r a v e l  s u b s t r a t u m .  No dead i n d i v i d u a l s  o f  C. pseudogracilis, o r  t h e  s m a l l e r  

s i z e  c l a s s  o f  6 . pulex were seen,  a l t h o u g h  s e v e r a l  dead i n d i v i d u a l s  o f  t h e  

l a r g e r  s i z e  c l a s s  remained u n touc h ed .
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On s e v e r a l  o c c a s io n s  l a r g e  6. pulex were obse rved  t o  c a t c h  fe m a le  

C. pseudogracilis and d e v o u r  them. T h i s  p r e d a t o r y  b e h a v i o u r  i s  r e f l e c t e d  i n  

t h e  f i n a l  s p e c ie s  c o m p o s i t i o n  f o r  t h e  mixed c u l t u r e s .  S u r v i v a l  w i t h i n  t h e  

l a r g e r  s i z e  c l a s s  o f  G. pulex was a lm o s t  t h e  same as i n  m o n o - c u l t u r e ,  b u t  

t h e  s m a l l e r  i n d i v i d u a l s  o f  t h e  s p e c ie s  s u r v i v e d  much b e t t e r .  In  c o n t r a s t  

C. pseudogracilis showed a much l o w e r  s u r v i v a l  r a t e  w i t h  a t o t a l  o f  o n l y  

11.67. males a t  t h e  end o f  th e  e x p e r i m e n t .  The t o t a l  e l i m i n a t i o n  o f  fem a le  

C. pseudogracilis may be t h e  r e s u l t  o f  t h e i r  l a r g e r  s i z e  and t h e r e f o r e  t h e  

i n a b i l i t y  t o  h i d e  w i t h i n  th e  g r a v e l  s u b s t r a t u m ,  where t h e y  would be 

i n a c c e s s i b l e  t o  p r e d a t i o n  by 6. pulex.

CONCLUSION

The r e s u l t s  o f  t h i s  e x p e r im e n t  s t r o n g l y  s u p p o r t  t h e  p r e d i c t i o n s  made i n  

t h e  i n t r o d u c t i o n ,  w h ic h  were f o r m u l a t e d  f rom  th e  h y p o t h e s i s  t h a t  under  

f a v o u r a b l e  p h y s i o - c h e m i c a l  c o n d i t i o n s  6 . pulex w i l l  a c t i v e l y  p r e d a t e  

C. pseudogracilis u n le s s  s p a t i a l  s e p a r a t i o n  i s  p o s s i b l e .  The absence o f  

C. pseudogracilis f r o m  s h a l l o w  s t rea m  h a b i t a t s  o c c u p ie d  by G. pulex can 

t h e r e f o r e  be a t  l e a s t  p a r t i a l l y  e x p l a i n e d  as an i n a b i l i t y  under  t h e s e  

c o n d i t i o n s ,  t o  a c h ie v e  adequate s p a t i a l  s e p a r a t i o n .
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APPENDIX 3

BASIC PROGRAM TO CALCULATE RESPIRATION RATE

10 REM t i u n n i t t t t n t n t t t i t n u n t t t t t u t t t u i t t t t n t u n n i i i i n t t i i n
15 REM This prcqraa calculates the respiration rate of a group of anieals
20 REM in ul of oxygen/ag ut (wet & dryl/hr, fro: I saturation data
25 REM obtained froa a flow through resoiroseter designeo oy Mary Hardwick.
30 REM The respiroaeter consists of two rank electrodes connected to a
35 REM flatbed recorder. The data is obtained in the fora of two traces
40 REM one representing the control saturation ilOOZ) and the second
45 REM recording the I desaturaticn of the control bv the test anisals.
50 REM This data is lost conveniently h a n d e d  by measuring the saturation
55 REM of the anital trace at 5 sinute intervals thrcugnout the experisent
60 REM and correcting for sinor fluctuations in the control. This series of
65 REM five iinute saturations acnitcring the oxygen consuootion of the
70 REM test a n n a l s  is the for: in which data is inout into this program
75 REM In this series of experiments the tests were of 7 hours duration,
90 REM and zinc solution of known concentration was introouced at the start
85 REM of the 4th hour.
90 REM t t n n t t i n u n t i n t i t t n i n t t t t t u n t t i t t t u t t t t t t n u t i t n t t i n i t
95 REM
100 REM ....... — ........................ - ......................................................................
105 REM Program written by Mary Hardwick, Leicester University
110 REM 25.VI.1934.
115 REM 
120 REM
125 REM The single subroutine called prints a line of dashes between each
130 REM five minute record for clarity
135 REM
140 REM . . . .  - - - - - -   -. . . .
145 REM 
150 ;
155 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
160 REM Set up the appropriate number of loops
165 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
170 PRINT "Enter the number of animals for which the calculation is required"
175 INPUT N
180 FOR II = 1 T O N
185 :
190 ;
195 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
200 REM reset variables used in the heading information here
205 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
210 S = 0 
215 L = 0 
220 A = 0 
225 :
230 :
235 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
240 REM Enter here the experimental information to head the results sheet
245 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
250 INPUT "enter cone of zinc solution in uM";X 
255 LPRINT “ZINC CONCENTRATION (uM) = ";X 
260 LFRINT 
265 :
270 INPUT "antennae present or absent (Y/N) ";QI 
275 IF Q$ ="Y" THEN 290 
230 LFRINT "Antennae absent"
285 GOTO 295
290 LFRINT “antennae present"
295 :
300 INPUT " Nu liber of a m  mais"; A 
305 LFRINT "NUMBER OF ANIMALS = ";A 
310 ;
3:5 .PRINT "INDIVICUAL LENGTHS (on) = "
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325 INPUT "length = ";L
330 LFRINT L
335 5 = S + L
340 NEXT KK 
345 :
350 LFRINT "MEAN LENGTH = ";S/A:‘ r,i“
355 LFRINT 
360 :
365 INPUT" WEIGHT OF ANIMALS = ":W
370 LFRINT "TOTAL WEIGHT OF ANIMALS (sgi = ";W
375 LFRINT "MEAN WEIGHT = “;W/A;" eg"
380 :
385 LFRINT: LFRINT: LFRINT 
390 :
395 :
400 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
405 REM Write cut the headings for the results sheet.
410 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
415 LPRINT"TIME";TA9(7);"02 STN';TAB(17!;'02 S0L";TA9(28);"FL0W':TAB(36);'T0T 02";TAB146);“02 USED’;TA5(5?);“RATE":TAB(73);"RATE" 
420 LPRINT"jins";TAB(10);"Z":TAB(18):’jl/L";TAB(2S);"ul/hr";TA3(37);"ul/hr";TA3(47);"ul/hr";TAB(57):"ul/cg.w/'hr";TAS!701;"ul/i:q.d/hr 
425 :
430 E0SU3 935 
435 :
440 :
445 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
450 REM The first line of data to be printed consists of the initial 
455 REM saturation at the start of the experiment (should be approx 100%)
460 REM the flew rate, upper and lower oxygen solubilities, total available 
465 REM oxygen and the amount of oxygen used in ul/mg/hr for wet and dry 
470 REM weights of the animal.
475 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
480 INPUT "FIRST SATURATICN";SAT 
485 INPUT "FLOW RATE L/HR ";FL 
490 :
495 :
500 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
505 REM The oxygen solubility is obtained in air saturated freshwater from 
510 REM an approprite ncnogram (Hitchoan 1973), as ppm (mg/L). In this case 
515 REM the tescerature used was 18 +/- 1 degree C, and therefore the values
520 REM corresponding to 17 i 19 degrees C have been taken for upper and lower
525 REM limits to be obtained. This is converted to ul/L using the relationship 
530 REM 1 mg oxygen/L = 1.423 mg oxygen/L, to give the values SQL & HIS.
535 REM The total available oxygen is then obtained by multiplying these values
540 REM by the flow rate in L/Rr; LX and UX.
545 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
550 LET SQL = (9.35/1.428)11000 
555 LET HIG = (9.70/1.428)11000 
560 LX = FL I SOL 
565 UX = FL I HIG 
570 :
575 IF SAT = 100 GOTO 630 
580 :
585 :
590 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
595 REM If the initial saturation is not 1007. then calculate the tcbal oxygen 
600 REM used (US & LS) as total available oxygen multiplied by the % fall in 
605 REM saturation. To obtain the weight specific rate (sg) (UR & LR) divide 
610 REM through by the total wet weight of animals . The water content of 
615 REM Gammurus pulex is 77.09 +/- 0.8, therefore to obtain the respiration 
620 REM rate per ng dry weight the appropriate correction is oade giving LD &
625 REM LD; the upper and lower respiration rates in ul/mg.cry wt/hr.
630 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
635 LS = 1(100 - SAT)/100) I UX
6:0 LS = ('ICO - SAT)/ICO) ILX
645 UR = LS/N
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655 UD = UR t (1/0.2211)
660 LD = LR t (1/0.2371)
665 :
670 GOTO 735 
675 :
680 US =0 
685 LS =0 
690 UR =0 
695 LR =0 
700 UD = 0 
705 LD = 0 
710 :
715 :
720 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
725 REM Print out these values in the aporooriate columns
730 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
735 LPRINT"0';TAB(7);SAT;TAB(17);SOL;TAB(25);FL;TAB(36!;LX;TAB(46);LS;TAB(59);LR;TA3(70);LD 
740 LPRIST TAB(17);H,IG;TAB(36);UX;TA3(46);ü S;TAS(59);UR;Th B(70)!ü D 
745 :
750 G03UB 935 
755 :
760 :
765 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
770 REM Now enter in the rest of the saturation values for each 5 minute tise 
775 REM interval. Set K to increment to the total number of hours for which 
780 REM the experiment is to run. In the following calculations only the 
785 REM I saturation, oxygen used, and the wet & dry respiration rates are 
790 REM given.
795 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
800 FOR K = 1 TO 7
805 FOR I = 5 TO 60 STEP 5
810 INPUT "ENTER SATURATION ";NS
815 US = ((100 - NSl/lOO) I UX
320 LS = 1(100 - NS)/100) I LX
825 UR = US/W
830 LR = LS/W
835 UD = UR I (1/0.2211)
840 LD = LR I (1/0.2371)
845 LPRINT I;TAB(7);NS;TAB(46);LS;TAB(59);LR;TAB(70);LD
850 LPRINT TAB(46);US;TAB(59);UR;TA3(70);UD
855 GQSUB 935
860 NEXT I
865 LFRINT: LFRINT: LPRINT
870 NEXT K 
875 :
880 :
885 NEXT II 
890 :
895 END 
900 :
905 :
910 :
915 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
920 REM Subroutine to print lines between each set of data
923 REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
930 :
935 LFRINT". . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
940 RETURN
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E X A M P L E  :

ZINC CONCENTRATION (uM) = 100

Antennae absent 
NUMBER CF ANIMALS = 10 
INDIVIDUAL LENGTHS (ma) =
7
7
7
7
7

9
9
10

MEAN LENGTH = 7.9 ii

TOTAL HEIGHT OF ANIMALS !ig) = 150 
MEAN WEIGHT = 15 sq

TIME
fins

02 STN 
X

02 SOL 
ul/L

FLOW
U h r

TOT 02 
ul/hr

02 USED 
ul/hr

RATE
ul/sg.w/hr

RATE
ul/sg.d/hr

0 100 6547.62
6792.72

7.0BE-03 46.3572
48.0924

0
0

0
0

0
0

5 81 8.80786
9.13756

.0587191

.0609171
.247655
.275518

10 78 10.1986
10.5903

.0679905
.0705356

.236759

.319021

15 67 15.2979
15.8705

.101986

.105803
.430138
.478532

20 65 16.225
16.8324

.108167

.112216
.456207
.507534

25 64 16.6386
17.3133

.111257

.115422
,469242
.522035

30 65 16.225
16.8324

' .108167 
.112216

.456207

.507534

35 62 17.6157
13.2751

.117433

.121834
.49531
.551037

40 64 16.6836
17.3133

.111257

.115422
.469242
.522035

45 63 17.1521
17.7942

.114343

.118628
.432276
.5:6536

50 65 16.225
16.8324

.109167

.112216
.456207
.507534

55 64.5 16.4:63
17.0728

.109712

.113319
.462724
.514734

60 61.S 17.7084
13.3713

.113056

.1:2475
.497917
.553937
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APPENDIX 1$

MICROFICHED COMPUTER PROGRAMS FOR CHAPTER 5

F ILE NAME DESCRIPTION

HWKVE5 F o r t r a n  program w h ic h  computes t h e  p r o b i t  v a l u e s  
f o r  a s e t  o f  d a t a ,  and e v a l u a t e s  t h e  b e s t  f i t  
r e g r e s s i o n  l i n e  t h r o u g h  t h o s e  p o i n t s .  Four  g raphs  
o f  p r o b i t  v a l u e  a g a i n s t  l o g  z i n c  c o n c e n t r a t i o n  a re  
th e n  p l o t t e d  pe r  A4 page. T h i s  p rogram  i s  s u i t a b l e  
f o r  use w i t h  any m o r t a l i t y  d a ta  i n  o r d e r  t o  o b t a i n  
LC50 v a l u e s ,  b u t  t h e  g r a p h i n g  r o u t i n e  i s  s p e c i f i c  
t o  G. pulex and must  be amended when t h e  c r i t i c a l  
c o n c e n t r a t i o n  range  d i f f e r s  t o  t h a t  o f  t h i s  
s p e c i e s .

HWKC5 Command f i l e  t o  ru n  HWKVE5 i n t e r a c t i v e l y  on a 
Cyber  77, p r o d u c i n g  g r a p h i c a l  o u t p u t  on a ca lcomp 
p l o t t e r .

HWKLVL F o r t r a n  prog ram t o  p l o t  a g raph  o f  male LC50 v 
f e m a le  LC50 f o r  C. pseudogracilis, and draw t h e  
b e s t  f i t  r e g r e s s i o n  t h r o u g h  t h e  p o i n t s .

HWKLD50 F o r t r a n  p r o g r a n  t o  p l o t  t h e  v a lu e s  o f  LC50 a g a i n s t
t i m e  and draw th e  b e s t  f i t  c u rv e  t h r o u g h  t h e  
p o i n t s .

HWKLD51 M o d i f i c a t i o n  o f  HWKLD50 t o  p r i n t  more th a n  one l i n e
on t h e  g ra p h .
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APPENDIX 2$

MICROFICHED COMPUTER PROGRAMS AND DATA FILES FOR CHAPTER 7

F IL E  NAME DESCRIPTION

HWKPBH
HWKMER

F o r t r a n  programs t o  merge two 15 min d i g i t i s e d  d a ta  
f i l e s  i n t o  a s i n g l e  f i l e  c o n t a i n i n g  X and Y 
c o - o r d i n a t e s  o n l y .

HWKCYB F o r t r a m  p rogram t o  p l o t  unmerged d a ta  as a g raph  on 
t h e  Cyber .

HWKGR5 F o r t r a n  program t o  p l o t  o r i g i n a l  da ta  f o r  6. pulex 
f o r  a l l  3 pa ra m e te rs  ( D i s t a n c e  t r a v e l l e d ,  t im e  
sp e n t  r e s t i n g ,  number o f  t u r n s ) .

HWKGRT C o n t r o l  p rog ram t o  run  HWKGR5.

HWKGR4 F o r t r a n  p rog ram t o  p l o t s  o r i g i n a l  d a ta  f o r  
C. pseudogracilis f o r  a l l  3 p a r a m e te r s .

HWKGRS C o n t r o l  p rogram  t o  ru n  HWKGR4.

HWKGR6

HWKGR3
HWKGR7

HWKGRS
HWKGRS
HWKG10

F o r t r a n  programs t o ;
1) P l o t  d i s t a n c e  t r a v e l l e d  w i t h  c o n t r o l  
m o d i f i c a t i o n .
2) P l o t  t im e  r e s t i n g  w i t h  c o n t r o l  m o d i f i c a t i o n .
3) P l o t  number o f  t u r n s  w i t h  c o n t r o l  m o d i f i c a t i o n .

4) P l o t  d i s t a n c e  t r a v e l l e d  as mean o f  10 l i n e s .
5) P l o t  t i m e  r e s t i n g  as mean o f  10 l i n e s .
6 ) P l o t  number o f  t u r n s  as mean o f  10 l i n e s .

HWKGRC C o n t r o l  p rogram  t o  ru n  above p l o t t i n g  r o u t i n e s .

DATA FILES FOR CRANGONYX PSEUDOGRACILIS:

T30CR1 - T30CR10 ( 10 FILES)
T1CR1 - T1CR10 ( 10 FILES)
T01CR1 - T01CR10 ( 10 FILES)
CCRM1 - CCRM8 (8 FILES)
CCR1 - CCR10 ( 10 FILES)
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DATA FILES FOR GAMMARUS PULEX:

T30GA1 - T306A1Ü ( 10 FILES)
T 1GA1 -  T16A10 ( 1 0 FILES)
T01GA1 - TOIGA10 ( 10 FILES)
CGAM1 - CGAM8 (8 FILES)
CGA1 - CGA10 ( 10 FILES)
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APPENDIX 3$

MICROFICHE COMPUTER PROGRAMS AND DATA FILES FOR CHAPTER 8

F IL E  NAME DESCRIPTION

HWKOXY F o r t r a n  p rogram w h ic h  p r o c e s s e s  d a ta  f i l e s  t o  
produce  g raphs  o f  p e r c e n ta g e  oxygen s a t u r a t i o n  v 
t i m e .  Data f i l e s  a re  th e n  r e p r o c e s s e s  t o  p l o t  
oxygen co nsu m p t io n  a g a i n s t  t i m e .  O p t i o n a l  f e a t u r e s  
a re  d e s c r i b e d  w i t h i n  t h e  p ro g ram .

HWKR C o n t r o l  p rogram  t o  run  HWKOXY.

R500A1
R500A2
R500A3
R500A4
R500A6
R500N5

R10ÜA1
R100A2
R10QA3
R100A4
R100A6
R100N5

R50A1
R50A2
R50A3
R50A4
R50A5
R50N6

Data f i l e s  c o n s i s t  o f  4 i t e m s  p e r  l i n e ;  T ime,  
oxygen s a t u r a t i o n ,  upper  r e s p i r a t i o n  r a t e ,  and 
l o w e r  r e s p i r a t i o n  r a t e .

T e s t  s o l u t i o n  500 pM z i n c  s u l p h a t e .

T e s t  s o l u t i o n  100 pM z i n c  s u l p h a t e .

T e s t  s o l u t i o n  50 pM z i n c  s u l p h a t e .
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APPENDIX 4$

MICROFICHED COMPUTER PROGRAMS AND DATA FILES FOR CHAPTER 9

FILE NAME DESCRIPTION

HWKVENT F o r t r a n  program t o  p l o t  raw v e n t i l a t i o n  da ta  as
p le opod  b e a ts  a g a i n s t  t im e  and r e c o r d  h a l f  b e a t s .

HWKVEN C o n t r o l  p rog ram t o  ru n  HWKVENT

HWKREG3 F o r t r a n  program t o  c a l c u l a t e  t h e  number o f  be a ts
p e r  m in u te  o v e r  each o f  t w e l v e  f i v e  m in u te  r e c o r d s .

HWKREG C o n t r o l  p rogram  t o  run  HWKREG3.

HWK5001
HWK5002
HWK5DD3

HWK5004
HWK5008

HWK5005
HWK5006
HWK5007

Data f i l e s ;
T e s t  s o l u t i o n  500 pM z i n c  s u l p h a t e ,  a n im a ls  
w i t h  no an tenn a e .

T e s t  s o l u t i o n  500 pM z i n c  s u l p h a t e ,  a n im a ls  
an tennae  t i p s  m i s s i n g .

T e s t  s o l u t i o n  500 pM z i n c  s u l p h a t e ,  an im a ls  
a n t e n n a e .

HWK109 
HWK1010 
HWK1011 
HWK1012

T e s t  s o l u t i o n  100 pM z i n c  s u l p h a t e ,  a n im a ls  
a n t e n n a e .

HWK5013
HWK5014
HWK5015
HWK5016

T e s t  s o l u t i o n  50 pM z i n c  s u l p h a t e ,  a n im a ls  
a n t e n n a e .
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