
Western Michigan University Western Michigan University 

ScholarWorks at WMU ScholarWorks at WMU 

Master's Theses Graduate College 

8-1974 

The Effects of Dilute Copper Sulphate Concentrations on Selected The Effects of Dilute Copper Sulphate Concentrations on Selected 

Aquatic Invertebrates Aquatic Invertebrates 

Michael D. Campbell 

Follow this and additional works at: https://scholarworks.wmich.edu/masters_theses 

 Part of the Biology Commons 

Recommended Citation Recommended Citation 
Campbell, Michael D., "The Effects of Dilute Copper Sulphate Concentrations on Selected Aquatic 
Invertebrates" (1974). Master's Theses. 2511. 
https://scholarworks.wmich.edu/masters_theses/2511 

This Masters Thesis-Open Access is brought to you for 
free and open access by the Graduate College at 
ScholarWorks at WMU. It has been accepted for inclusion 
in Master's Theses by an authorized administrator of 
ScholarWorks at WMU. For more information, please 
contact wmu-scholarworks@wmich.edu. 

http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/masters_theses
https://scholarworks.wmich.edu/grad
https://scholarworks.wmich.edu/masters_theses?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2511&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2511&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses/2511?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2511&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wmu-scholarworks@wmich.edu
http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/


THE EFFECTS OF DILUTE COPPER 
SULPHATE CONCENTRATIONS ON 

SELECTED AQUATIC INVERTEBRATES

by

M ichael D. Campbell

A T h e s is  
S u b m it te d  t o  th e  

F a c u l ty  o f  The G radua te  C o lleg e  
i n  p a r t i a l  f u l f i l l m e n t  

o f  th e
Degree o f  M as te r  o f  A r ts

W estern  M ichigan  U n iv e r s i t y  
Kalamazoo, M ichigan 

A ugust 1974

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

I  w ish  t o  e x p re s s  my a p p r e c i a t i o n  t o  D r. Jo se p h  Engemann f o r  

l i i s  h e l p f u l  a d v is e  and g u idance  th ro u g h o u t  t h i s  s tu d y  and in  th e  

p r e p a r a t i o n  o f  t h i s  t h e s i s .  G r a t i t u d e  i s  a l s o  ex ten d ed  t o  Dr. R ic h a rd  

Brew er and  Dr. Ronald  F la s p o h le r  f o r  t h e i r  s u g g e s t io n s  and c r i t i c a l  

r e a d i n g  o f  t h i s  t h e s i s .  I would l i k e  t o  thank  th e  B io logy  Department 

a t  W este rn  M ichigan  U n iv e r s i t y  f o r  g e n e ro u s ly  p ro v id in g  an A s s i s t a n t s h i p  

d u r in g  my g ra d u a te  s t u d i e s .  A v e ry  s p e c i a l  th a n k s  i s  g iv e n  to  my 

w i f e ,  S u e ,  who h a s  been  a  c o n s ta n t  h e l p  th ro u g h o u t  t h i s  s tu d y .

M ichae l D. Campbell

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.

The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.

1.T he sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.

4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if, essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



MASTERS THESIS M-6121

CAMPBELL, Michael D.
THE EFFECTS OF DILUTE COPPER SULPHATE 
CONCENTRATIONS ON SELECTED AQUATIC 
INVERTEBRATES.

Western Michigan U niversity , M.A., 1974 
Biology

Xerox University Microfilms, Ann Arbor, M ichigan 48106

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



TAB LE ©F asKTEsrs

PAGE

ACKNOWLEDGEMENTS ................................................ . . . . .  i i

LIST OF F IG U R E S .............................................................................i v

LIST OF TABLES  .........................................................  v

INTRODUCTION ................................................................................  1

LITERATURE R E V IE W ...................................... ....................... ....  5

Copper T o x i c i t y  t o  F i s h   ............................ 5

Copper T o x i c i t y  t o  A lgae  . . . . . .  ...........  10

Copper T o x i c i t y  to: In.Trertefisra.tes........................14

Copper T o x i c i t y  T e s t s  . . .  .................................. 21

O ccu rrence  o f  Copper inn tine A q o a t ic
Environm ent . . . . . . . . . . .  ...................  24

MATERIALS AND METHODS  ..................................................... 29

R E S U L T S ................................   38

DISCUSSION................................    58

T e s t  C o n d i t io n s  . . . . . . . . . . . . . . .  58

S h o r t - te rm  LC50 T e s t s   ............................................61

Long-term  O b s e rv a t io n s  . . . . . . . . . . . .  63

SUMMARY.......................     65

LITERATURE CITED  ...............................................................66

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



L IS T  OF FIGURES

FIGURE PAGE

1 C ontinuous-F low  D i l u t e r  System ..................................  30

2 D i lu t i o n  T a n k ............................................................................. 32

3 B ioassay  T e s t  C o n ta in e r  .....................................................  34

4 Nomograph f o r  C o r r e c t io n  M o r t a l i t y  ......................... 42

5 E s t im a t io n  o f  48-Hour LC50 f o r  H y a le l l a  a z t e c a  43

6 E s t im a t io n  o f  48-Hour LC50 f o r  Ameletus s p a r s a t u s  44

7 E s t im a t io n  o f  48-Hour LC50 f o r  T u b ifex  t u b i f e x  45

8 Long-term O b se rv a t io n  o f  H y a le l l a  a z t e c a  . . .  48

9 Long-term  O b se rv a t io n  o f  Ameletus s p a r s a t u s  . . 49

10 Long-term O b se rv a t io n  o f  T u b ifex  t u b i f e x  . . .  50

11 Long-term O b se rv a t io n  o f  Sphaerium  s i m i l e  . . .  51

iv

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



L IS T  OF TABLES

TABLE PAGE

1 L im i t in g  Safe  Dosage o f  Copper S u lp h a te
f o r  F i s h ................................................................................. 11

2 Copper S u lp h a te  R eq u ired  f o r  E r a d i c a t io n
o f  D i f f e r e n t  A lgae  ......................................  15

3 Chemical and P h y s ic a l  C h a r a c t e r i s t i c s  o f
D i lu t io n  Water ................................................................... 39

4 Cum ulative  M o r t a l i t y  A f t e r  48-H ours .........................  40

5 P e rc e n t  M o r t a l i t y  A f t e r  48-H ours ..............................  47

6 Number o f  S u rv iv o r s  D uring  Long-term  T e s t  . . .  53

7 S t a t i s t i c a l  A n a ly s is  o f  48-Hour T e s t  ..................... 55

v

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION

Numerous r e p o r t s  d e m o n s t ra te  t h e  t o x i c i t y  o f  copper s a l t s  to  

a q u a t i c  l i f e  and  s t u d i e s  d e s c r i b i n g  th e  e f f e c t s  on a lg a e  and f i s h  

p re d o iz in a te  i n  t h e  l i t e r a t u r e .  Copper s u lp h a t e  can e n t e r  n a t u r a l  

w a te r s  from  i n d u s t r i a l  e f f l u e n t s ,  p a r t i c u l a r l y  from p l a t i n g  w orks, 

and fro®  i t s  w id e s p re a d  u se  as  an a l g i c i d e  and m o l lu s c ic id e .

jtfaich o f  t h e  p r e v io u s  work on copper t o x i c i t y  was based  on 

s h o r t - t e r ®  t e s t i n g  t o  d e te rm in e  l e t h a l i t y .  T h is  and o th e r  end p o in t s  

w i th  a  w ide ra n g e  o f  r e s u l t s  have been r e p o r t e d  f o r  f i s h  and l a r g e r  

a q u a t i c  I n v e r t e b r a t e s .  McKee and Wolf (1963) have summarized much 

o f  t h e  e a r l i e r  work. W ater c h a r a c t e r i s t i c s  such as t e m p e ra tu r e ,  pH, 

d i s s o l v e d  oxygen , h a rd n e s s ,  a l k a l i n i t y ,  and p re s e n c e  o f  o th e r  p o is o n s  

h av e  b e e n  shown t o  a l t e r  t h e  t o x i c i t y  o f  c o p p e r  s u lp h a t e  (CUSO4 ) to  

a q u a t i c  a n im a ls .  T h is  f a c t  may p a r t i a l l y  a cc o u n t  f o r  th e  wide range  

o f  t o x i c i t i e s  o f  c o p p e r  s u lp h a t e  t o  a q u a t i c  o rgan ism s t h a t  has been 

r e p o r t e d  in  t h e  l i t e r a t u r e .

The m a j o r i t y  o f  i n v e s t i g a t i o n s  on co p p er  s u lp h a t e  t o x i c i t y  

in v o lv e d  t h e  u s e  o f  v a r io u s  s p e c i e s  o f  f i s h  a s  b io a s s a y  o rgan ism s.  

T h i s  was p r i m a r i l y  b eca u se  o f  t h e  commercial and r e c r e a t i o n a l  im­

p o r t a n c e  o f  c e r t a i n  f i s h  s p e c i e s .  However, th e  b io a s s a y  v a lu e  o f  

a q u a t i c  s s a c r o in v e r t e b r a te s  must n o t  be o v e r lo o k e d .  T h e i r  im p o r tan ce  

a s  f i s h  food  o rg an ism s  in  t h e  food  web i s  obv ious  and t h e i r  v a lu e  

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

A ls o ,  a q u a t i c  m a c r o in v e r t e b r a te s  may be more s u s c e p t i b l e  t o  low er

c o n c e n t r a t i o n s  o f  p o l l u t a n t s  th a n  a r e  many f i s h e s .  These f a c t s
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j u s t i f y  t h e i r  u se  i n  t o x i c i t y  b io a s s a y s .  T h is  same th o u g h t  was 

e x p re s s e d  by D uodoroff  e t  a l .  (1951) i n  a  b io a s s a y  s tu d y  e v a l u a t i n g  

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

have been  w id e ly  used  in  b io a s s a y  t e s t s  b u t  t h e  v a lu e  o f  o t h e r  a q u a t i c  

o rgan ism s i n  a c u t e  t o x i c i t y  t e s t s  sh o u ld  a l s o  be  c o n s id e re d .

Copper i s  u s u a l l y  found in  n a t u r a l  w a te r s  and i s  an im p o r ta n t  

t r a c e  e lem en t i n  most a n im a ls .  However, a  s l i g h t  i n c r e a s e  o f  copper 

in  th e  d i e t  o r  i n  th e  a q u a t i c  medium has  a  s t r o n g  t o x i c  e f f e c t .  Thus 

th e  amount o f  copper  in  t h e  env ironm ent may be b i o l o g i c a l l y  im p o r ta n t  

b ecau se  o f  e i t h e r  d e f i c i e n c y  o r  e x c e s s .  In  an e x t e n s i v e  l im n o lo g ic a l  

s tu d y  o f  t h r e e  C o n n e c t ic u t  l a k e s ,  R i le y  (1939) m easured  th e  cop p er  

c o n t e n t ,  i t s  o c c u r r e n c e ,  d i s t r i b u t i o n ,  r e a c t i o n s ,  rem o v a l,  and 

r e g e n e r a t i o n  in  th e  l a k e s .

In  a s tu d y  done by D e c l i e r  e t  a l .  (1970) c o p p e r  d e te r m in a t io n s  

in  d i f f e r e n t  an im a ls  show t h a t  mean v a lu e s  o f  c o p p e r  c o n te n t  in  

i n v e r t e b r a t e s  a r e  much h i g h e r  th a n  in  v e r t e b r a t e s .  The fo l lo w in g  

v a lu e s  a r e  g iv en  by C la rk e  (1949) w ith  t h e  u n i t s  b e in g  mg c o p p e r /g  

dry  w e ig h t :  i n s e c t s  0 .0 9 1 9 ,  m arine  i n v e r t e b r a t e s  0 .1 7 3 6 ,  and v e r t e ­

b r a t e s  0 .0119 .

A sm a l l  i n c r e a s e  i n  co p p e r  c o n te n t  o f  n a t u r a l  w a te r s ,  o r i g i n a t i n g  

e i t h e r  from n a t u r a l  o r  a r t i f i c i a l  s o u r c e s ,  may have d e l e t e r i o u s  

e f f e c t s  upon t h e  a q u a t i c  b i o t a .  In  t h i s  r e s p e c t ,  a q u a t i c  m acro­

i n v e r t e b r a t e s  a r e  v e ry  u s e f u l  a s  i n d i c e s  o f  w a te r  q u a l i t y  and Wilham 

(1970) s t a t e s  t h a t  b e n t h i c  o rgan ism s a r e  p a r t i c u l a r l y  s u i t e d  f o r  

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

causes  them to  be d i r e c t l y  a f f e c t e d  by s u b s ta n c e s  t h a t  e n t e r  th e
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env ironm en t.  A s s o c ia t io n s  o r  p o p u la t io n s  o f  b e n t h i c  m a c ro in v e r te ­

b r a t e s  p ro v id e  a  more r e l i a b l e  measure o f  w a te r  q u a l i t y  th a n  does th e  

o c c u r re n c e  o f  any one p a r t i c u l a r  s p e c i e s .

Numerous e x c e l l e n t  a r t i c l e s  have been  p u b l i s h e d  d e s c r ib i n g  th e  

u se  o f  a q u a t i c  i n v e r t e b r a t e s  as  i n d i c a t o r s  o f  w a te r  q u a l i t y ;  among 

th e s e ,  P a t r i c k  (1 950 ) ,  S u rb e r  (1 952 ) ,  and Sprague (1973) a re  n o te ­

w orthy . A com prehensive s tu d y  w i l l  in c lu d e  p h y s ic a l  and chem ica l 

d a t a  t o g e t h e r  w ith  q u a l i t a t i v e  and q u a n t i t a t i v e  s t u d i e s  o f  th e  

b e n t h i c ,  m a rg in a l ,  and s u r f a c e  fa u n a .  T h is  in fo rm a t io n  a id s  p r e d i c ­

t i o n  o f  a q u a t i c  p o p u la t io n s  which can be e x p ec ted  to  deve lop  under 

c e r t a i n  e c o l o g ic a l  c o n d i t i o n s ,  and c o n v e r s e ly ,  e s t i m a t io n  o f  v a r i a ­

t i o n s  i n  en v iro n m en ta l  c o n d i t io n s  which a r e  i n d i c a t e d  by v a r io u s  

com posi t ions  and d e n s i t i e s  o f  a q u a t i c  organism s (G aufin  and T a rz w e l l ,  

1952).

V arious  a u th o rs  c l a s s i f y  a q u a t i c  organism s a c c o rd in g  to  t h e i r  

t o l e r a n c e  o f  o rg a n ic  w a s te s .  T h is  c l a s s i f i c a t i o n  i s  com prised  o f  

t h r e e  forms: t o l e r a n t ,  f a c u l t a t i v e ,  and i n t o l e r a n t .  A ccording  to

t h i s  c l a s s i f i c a t i o n  (Weber, 1973) t h r e e  o f  th e  o rgan ism s chosen f o r  

t h i s  s tu d y  ( th e  amphipod H y a le l l a  a z t e c a , th e  m ayfly  Ameletus s p a r s a tu s  

and th e  clam Sphaerium s im i l e )  a r e  f a c u l t a t i v e  forms and one ( th e  worm 

T u b ifex  t u b i f e x )  i s  a  t o l e r a n t  form.

The a q u a t i c  i n v e r t e b r a t e s  used  f o r  t h i s  s tu d y  were chosen b ecause  

o f  t h e i r  im portance  as  f i s h  food o rg an ism s ,  lo c a l  a v a i l a b i l i t y ,  and 

ease  o f  m ain tenance  and t e s t i n g  in  th e  l a b o r a to r y .

I t  i s  hoped t h a t  t h i s  s tu d y  w i l l  g iv e  improved u n d e r s ta n d in g  

and u s e f u ln e s s  t o  d i s t r i b u t i o n a l  s t u d i e s  o f  th e s e  o rgan ism s in
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r e l a t i o n  t o  w a te r  q u a l i t y .  T h is  ty p e  o f  approach  can be  an im p o r ta n t  

supplem ent to  o t h e r  b i o t i c  ap p ro ac h es .
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LITERATURE REVIEW

Copper T o x i c i t y  t o  F ish

A g r e a t  d e a l  o f  r e s e a r c h  in v o lv in g  f i s h  b io a s s a y s  f o r  copper 

s u lp h a t e  t o x i c i t y  has  been  p u b l i s h e d .  A wide v a r i e t y  o f  f i s h  s p e c i e s  

have been u t i l i z e d  r a n g in g  from th o s e  which have a h ig h  deg ree  o f  

t o l e r a n c e  t o  p o l l u t i o n  t o  th o s e  which have a  low l e v e l  o f  t o l e r a n c e  

t o  p o l l u t i o n .  An e q u a l ly  d iv e r s e  ran g e  o f  t o x i c  c o n c e n t r a t i o n s  

o f  copper  s u lp h a t e  has  a l s o  been  r e p o r t e d .

Many e x p e r im e n te r s  have i n d i c a t e d  t h a t  t h e  t o x i c i t y  o f  heavy 

m e ta l  s a l t s  i s  d i r e c t l y  l e s s e n e d  by i n c r e a s e s  in  h a rd n e s s  and a l k a l ­

i n i t y  o f  t h e  w a te r .  Lloyd (1965) s t a t e s  t h a t  many heavy  m e ta ls  have 

been  shown to  be more t o x i c  i n  s o f t  w a te r  th a n  in  h a rd  w a te r  and th e  

e x t e n t  o f  th e  d i f f e r e n c e s  in  t o x i c i t y  ap p e a rs  t o  v a ry  f o r  d i f f e r e n t  

m e ta l s .  Lloyd (1960) and E l l i s  (1937) found t h a t  c o p p e r  s u lp h a te  

s o l u t i o n s  were l e s s  t o x i c  to  f i s h  in  h a rd  w a te r .  The c h ro n ic  t o x i c i t y  

o f  cop p er  s u lp h a t e  to  f a th e a d  minnows (P im ephales  p rom elas)  has been 

s t u d i e d  in  h a rd  w a te r  (Mount, 1968) and a l s o  in  s o f t  w a te r  (Mount and

S te p h a n ,  1969).  The a u th o r s  i n v e s t i g a t e d  t h e  p e r c e n ta g e  o f  th e  median 
★

t o l e r a n c e  l i m i t  t h a t  does n o t  e f f e c t  growth and r e p r o d u c t io n  u n d e r  

p ro lo n g e d ,  c o n t in u o u s  ex p o su re .  In  e v e ry  t e s t  th e  t o x i c i t y  o f  copper 

was g r e a t e r  in  t h e  s o f t  w a te r .

* The median t o l e r a n c e  l i m i t  (TL^) o r  th e  median l e t h a l  c o n c e n t r a ­
t i o n  v a lu e  (LC^q) i s  th e  c o n c e n t r a t i o n  o f  t o x i c a n t  which i s  l e t h a l  
t o  50% o f  t h e  t e s t  o rg an ism s .

5
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W ilson  (1972) u t i l i z e d  A t l a n t i c  salmon p a r r  as  t e s t  o rgan ism s  

and t r i e d  t o  p r e d i c t  co p p er  t o x i c i t y  i n  r e c e i v i n g  w a te r s .  He was 

u n s u c c e s s f u l ,  how ever,  due t o  th e  p re s e n c e  o f  a  v a r i e t y  o f  o r g a n ic  

compounds w hich w ere known t o  c h e l a t e  co p p e r .  " S a fe "  l e v e l s  o f  

heavy m e ta l  p o l l u t i o n ,  i n c lu d in g  c o p p e r ,  were i n v e s t i g a t e d  by Saunders 

and Sprague  (1967) and th e  e f f e c t s  upon th e  spawning m ig r a t io n  o f  

A t l a n t i c  salmon w ere a l s o  s t u d i e d .  Sprague (1964) a l s o  d e te rm in e d  

t h e  i n c i p i e n t  l e t h a l  l e v e l  o f  co p p er  t o  young salmon t o  be  0 .048  mg/1.

Numerous i n v e s t i g a t o r s  have o b s e rv e d  th e  i n c r e a s e d  t o x i c i t y  o f  

c o p p er  a t  low d i s s o l v e d  oxygen c o n c e n t r a t i o n s .  Hynes (1965) o b se rv ed  

t h a t  many s u b s t a n c e s  become more t o x i c  as  t h e  oxygen c o n te n t  o f  th e  

w a te r  d e c r e a s e s .  He a l s o  n o te d  t h a t  th e  r a t e  o f  oxygen consum ption  

i s  a l t e r e d  by  t h e  p r e s e n c e  o f  t o x i c a n t s .  Lloyd (1960, 1961a, and 

1965) d i s c u s s e d  th e  i n c r e a s e d  t o x i c i t y  o f  co p p er  s a l t s  u n d e r  c o n d i t io n s  

o f  low d i s s o l v e d  oxygen to  f i s h .  He n o te d  (1961a) t h a t  a  g iven  

r e d u c t io n  in  th e  d i s s o l v e d  oxygen c o n c e n t r a t i o n  o f  th e  w a te r  from 

th e  a i r - s a t u r a t i o n  v a lu e  t o  a  low er l e v e l  i n c r e a s e s  t h e  t o x i c i t y  o f  

copper  s a l t s  t o  ra inbow  t r o u t .  A h y p o th e s i s  i s  p r e s e n te d  to  acco u n t 

f o r  t h e  e f f e c t  o f  low oxygen c o n c e n t r a t i o n s  on th e  t o x i c i t y  o f  

p o is o n s  t o  f i s h .  I t  assumes t h a t  a  g iv e n  t o x i c  e f f e c t  i s  p roduced  by 

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

t h i s  c o n c e n t r a t i o n  i s  g o verned  n o t  o n ly  by t h e  c o n c e n t r a t i o n  o f  th e  

p o is o n  i n  t h e  w a te r ,  b u t  a l s o  by th e  v e l o c i t y  o f  r e s p i r a t o r y  f lo w .

Thus, an i n c r e a s e  i n  r e s p i r a t o r y  flow  would i n c r e a s e  t h e  r a t e  a t  which 

a  p o is o n  r e a c h e s  t h e  g i l l  s u r f a c e .  He added t h a t  t h i s  h y p o th e s i s  

i s  o f  some im p o r ta n c e  s in c e  i t  im p l ie s  t h a t  any e n v iro n m en ta l
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f a c t o r  which i n c r e a s e s  t h e  r e s p i r a t o r y  flow w i l l  a l s o  in c r e a s e  th e  

r a t e  a t  which t h e  p o is o n  r e a c h e s  th e  g i l l  s u r f a c e  and t h i s  may 

in c r e a s e  t h e  s u s c e p t i b i l i t y  o f  th e  f i s h  t o  t h e  p o is o n .

Oxygen consum ption  r a t e s  were d e te rm in e d  f o r  j u v e n i l e  b l u e g i l l s  

which were exposed  to  v a r io u s  c o n c e n t r a t i o n s  o f  copper (O 'H ara , 1971) 

The a u th o r  n o te d  t h a t  r e s p i r a t o r y  re s p o n se  was s t r o n g l y  c o r r e l a t e d  

w ith  co p p er  c o n c e n t r a t i o n s  up t o  th e  96 -h o u r  TLm v a lu e  o f  2 .4m g/l  

o f  c o p p e r ,  and t h a t  h ig h e r  c o n c e n t r a t i o n s  p ro d u ced  a  g r e a t e r  re s p o n s e

Much e x p e r im e n ta l  work t e s t i n g  t h e  a c u te  t o x i c i t y  o f  heavy 

m e ta l s ,  i n c lu d in g  c o p p e r ,  t o  rainbow  t r o u t ,  h a s  been r e p o r t e d  by 

Brown (1 9 6 8 ) ,  Brown and D a lto n  (1 9 7 0 ) ,  and Brown e t  a l .  (1969).

Brown r e p o r t s  t h e  4 8 -LC50 f o r  copper  t o x i c i t y  t o  rainbow  t r o u t  as 

0 .75  mg/1. Lloyd (1961b) and Lloyd and Jo rd a n  (1963) a l s o  r e p o r t  on 

th e  t o x i c i t y  o f  c o p p e r  t o  rainbow  t r o u t .  In c lu d e d  in  t h e i r  r e p o r t s  

a r e  t o x i c i t i e s  o f  m ix tu re s  o f  heavy m e ta l s .  The 96 -hou r  TLm v a lu e s  

o f  copper  io n  in  h a rd  w a te r  i s  r e p o r t e d  to  be 0 .5 9  mg/1 and in  s o f t  

w a te r  i t  i s  0 .11  mg/1. McKim e t  a l .  (1970) s t u d i e d  th e  changes in  

th e  b lo o d  o f  b rook  t r o u t  a f t e r  s h o r t  and lo n g - te rm  exposure  to  

c o p p e r ,  and n o te d  t h a t  t h e  measurement o f  s p e c i f i c  p h y s io lo g i c a l  

and b io c h e m ic a l  changes  i n  th e  b lo o d  o f  f i s h  exposed  f o r  s h o r t  

p e r io d s  o f  t im e  t o  s u b l e t h a l  e n v iro n m en ta l  s t r e s s e s  may p ro v id e  a 

s e n s i t i v e  method f o r  p r e d i c t i n g  th e  e f f e c t s  o f  c h ro n ic  e x p o su re .

McKim and B en o i t  (1971) i n v e s t i g a t e d  t h e  e f f e c t s  o f  lo n g - te rm  

exposu re  t o  co p p er  on th e  s u r v i v a l ,  g row th , and r e p r o d u c t io n  o f  

b rook  t r o u t  and d e te rm in e d  t h a t  th e  e f f e c t s  on y e a r l i n g  t r o u t  v a r i e d  

w ith  th e  c o n c e n t r a t i o n  o f  th e  t o x i c a n t .  The h i g h e s t  c o n c e n t r a t i o n
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o f  copper u sed  (3 2 .5  u g /1 )  d e c re a se d  s u r v iv a l  and red u ced  growth 

s l i g h t l y .  The number o f  v i a b l e  eggs p roduced  p e r  fem ale a t  t h i s  

c o n c e n t r a t i o n  was c o n s id e r a b ly  l e s s  th a n  th e  c o n t r o l  g roup . S u r v iv a l ,  

r e p r o d u c t io n ,  and growth o f  a d u l t s  i n  th e  low er t e s t  c o n c e n t r a t i o n s  

d id  n o t  d i f f e r  from th e  c o n t r o l  group. The a u th o r s  d e te rm in e d  th e  

maximum a c c e p ta b l e  t o x i c a n t  c o n c e n t r a t i o n  (MATC) f o r  b rook  t r o u t  

u nder  e x p e r im e n ta l  c o n d i t i o n s .

Drummond e t  a l .  (1973) i n v e s t i g a t e d  s h o r t - t e r m  i n d i c a t o r s  o f  

s u b l e t h a l  e f f e c t s  o f  copper  on brook t r o u t ,  S a lv e l in u s  f o n t a n a l i s . 

T h e i r  r e p o r t  was a fo l lo w -u p  t o  th e  work o f  McKim and B en o it  (1971) 

who i n v e s t i g a t e d  e f f e c t s  o f  lo n g - te rm  exposure  o f  copper  t o  brook 

t r o u t .  The work by Drummond e t  a l .  e v a lu a te d  th e  changes in  cough 

f re q u e n c y ,  locom otor a c t i v i t y ,  and f e e d in g  b e h a v io r  as  p o s s i b l e  

s h o r t - t e r m  i n d i c a t o r s  o f  th e  lo n g - te rm  e f f e c t s  o f  copper w i th in  2 

to  24 hou rs  a t  copper c o n c e n t r a t i o n s  as low as 6-15 mg/1. These 

changes appear  t o  be u s e f u l  f o r  p r e d i c t i n g  th e  c o n c e n t r a t i o n  range  

l i k e l y  t o  have no lo n g - te rm  e f f e c t s .

The a c u te  t o x i c i t y  o f  heavy m e ta ls  on v a r io u s  s p e c ie s  o f  

warm-water f i s h  was r e p o r te d  by P ic k e r in g  and Henderson (1966).

In o r d e r  t o  e v a lu a te  and compare a c u te  t o x i c i t y  o f  copper s u lp h a te  

th e  24, 48 , and 9 6 -h o u r  T I ^ ' s  were d e te rm in ed .  The 4 8 -h o u r  TLm' s  in  

h a rd  w a te r  v a r i e d  from 1 .14  mg/1 f o r  f a th e a d  minnows to  10.2 mg/1 

f o r  b l u e g i l l s .  The a u th o r s  s t a t e d  t h a t  th e  4 8 -h o u r  T I ^ ' s  i n  s o f t  

w a te r  v a r i e d  from 0 .023  mg/1 f o r  f a th e a d  minnows to  0 .74  mg/1 f o r  

b l u e g i l l s .  They concluded  t h a t  th e  TLm v a lu e s  o f  th e  heavy m e ta ls  

a re  a d i r e c t  measure o f  th e  a c u te  t o x i c i t y  u n d e r  th e  e x p e r im e n ta l
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c o n d i t io n s  and such  c o n c e n t r a t i o n s  would be  e x p e c te d  to  cause  f i s h  

m o r t a l i t y  u n d er  most e n v iro n m e n ta l  c o n d i t io n s  and would n o t  be s a f e  

f o r  f i s h  even u n d er  c o n d i t io n s  o f  s h o r t  ex p o su re .  T a rzw ell  (1966) 

n o te d  s i m i l a r  e f f e c t s  o f  pH on co p p er  s u lp h a t e  t o x i c i t y  to  f i s h .

H e rb e r t  e t  a l .  (1965) a l s o  r a n  i n t o  c o n s id e r a b le  d i f f i c u l t i e s  

i n  o b ta in in g  a v a l i d  t h r e s h o l d  c o n c e n t r a t i o n  f o r  cop p er .  Even under 

c a r e f u l l y  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 io n s  th e  v a lu e s  o b ta in e d  in  

h a rd  w a te r  ran g ed  from 0 .2 7  ppm Cu to  1 .1  ppm Cu and f a c t o r s  c a u s in g  

t h i s  v a r i a t i o n  co u ld  n o t  be d e te rm in e d .

F ish  t h a t  have a  known t o l e r a n c e  t o  p o l l u t i o n  have a l s o  been 

s tu d ie d  in  t h e i r  re s p o n s e  t o  c o n c e n t r a t i o n s  o f  cop p er .  Ozaki e t  a l .  

(1970) s t u d i e d  th e  s u r v i v a l  and growth o f  g o l d f i s h  and ca rp  in  

d i l u t e  s o l u t i o n s  o f  copper  s u lp h a t e  and Brungs e t  a l .  (1973) i n ­

v e s t i g a t e d  th e  a c u te  and lo n g - te rm  acc u m u la t io n  o f  copper i n  th e  

brown b u l lh e a d .

The mode o f  copper  t o x i c i t y  t o  f i s h  was f i r s t  d e s c r ib e d  by 

C a rp e n te r  (1927) and l a t e r  rev iew ed  by Lloyd (1 965 ) .  They r e p o r t  

t h a t  th e  l e t h a l  a c t i o n  o f  c e r t a i n  s o lu b l e  s a l t s  o f  th e  heavy m e ta ls  

on f r e s h w a te r  f i s h e s  r e s u l t s  i n  th e  fo rm a t io n  o f  an in s o lu b l e  com­

pound o f  m e t a l l i c  io n  w ith  some c o n s t i t u e n t  o f  th e  mucus which c o a ts  

o v e r  t h e  s k in  and g i l l s  and f i n a l l y  c a u se s  d e a th  by s u f f o c a t i o n .  

Lloyd a l s o  r e p o r t e d  t h a t  o t h e r  t e s t s  s u g g e s t  t h a t  th e  t o x i c  a c t io n  

i s  n o t  i n t e r n a l  and t h a t  a t  l e a s t  f o r  some heavy m e ta ls  i t  i s  con­

f in e d  t o  th e  e p i t h e l i a l  c e l l s  o f  th e  g i l l  l a m e l l a e .

Moore and K ellerm an (1904) gave t h e  l i m i t i n g  s a f e  dosage o f  

copper s u lp h a t e  f o r  r e p r e s e n t a t i v e  f r e s h w a te r  f i s h .  The in fo rm a t io n
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i s  g iven  in  T ab le  1. The a u th o r s  f a i l e d  t o  s t a t e  t h e  e x p e r im e n ta l  

c o n d i t io n s  u n d er  which t h e s e  v a lu e s  were o b ta in e d .  They a r e  c lo s e  

t o  v a lu e s  r e p o r t e d  in  r e c e n t  l i t e r a t u r e  and w ith  some r i s k  may be 

used  f o r  e s t i m a t i n g  " s a f e "  dosages  f o r  t h e s e  f i s h ,  u n d e r  o th e rw is e  

f a v o r a b le  c o n d i t i o n s .

Copper T o x i c i t y  t o  Algae

A rev iew  o f  th e  l i t e r a t u r e  d e s c r ib i n g  th e  u se  o f  copper s u lp h a t e  

as an a l g i c i d e  i s  r e l e v a n t  b eca u se  c o n c e n t r a t i o n s  added to  th e  a q u a t i c  

environm ent t o  k i l l  a lg a e  may a l s o  have t o x i c  e f f e c t s  t o  d e s i r a b l e  

a q u a t i c  o rg an ism s.

Numerous r e p o r t s  can be found in  th e  l i t e r a t u r e  d e s c r ib i n g  th e  

u b iq u i to u s  u se  o f  co p p er  s u lp h a t e  as an a l g i c i d e .  A wide range  o f  

t o x i c  c o n c e n t r a t i o n s  a r e  r e c o rd e d  f o r  d i f f e r e n t  ty p e s  o f  a lg a e  i n  a 

v a r i e t y  o f  n a t u r a l  w a te r  c o n d i t i o n s .  As one would e x p e c t ,  t h e r e  i s  

a range  o f  v a lu e s  o f  s e n s i t i v i t y  among th e  d i f f e r e n t  o r d e r s  o f  a lg a e  

as w e l l  as among th e  s p e c i e s .  In a d d i t i o n ,  v a r i a t i o n s  in  w a te r  

q u a l i t y  such as th e  p h y s i c a l  and chem ica l c h a r a c t e r i s t i c s  te n d  t o  

a l t e r  th e  o rgan ism s s e n s i t i v i t y .  The p h y s io lo g i c a l  s t a t e  o f  th e  

a lg a e  i s  an im p o r ta n t  f a c t o r  g o v e rn in g  s e n s i t i v i t y .

In  a g e n e r a l  d i s c u s s i o n  o f  th e  c h a r a c t e r i s t i c s  o f  a l g a e ,  B a r tsc h  

(1954) rev ie w s  c o n t r o l  by growth l i m i t a t i o n  and c o n t r o l  by a l g i c i d e s .  

The t r a d i t i o n a l  chem ica l u sed  f o r  th e  c o n t r o l  o f  a lg a e  i s  copper 

s u lp h a t e .  Copper s u lp h a t e  i s  a  c o n v e n ie n t  and in e x p e n s iv e  chem ica l 

and can be a p p l i e d  in  many ways in c lu d in g  bag d ra g g in g ,  power b lo w e rs ,  

a i r c r a f t ,  d ry  f e e d e r s ,  s o l u t i o n  b o x e s ,  d r i p p e r s ,  s p r a y e r s ,  and by 

p l a c in g  c r y s t a l s  on i c e .
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T ab le  1. L im it in g  S a fe  Dosage o f  Copper S u lp h a te  f o r  F ish  
( a f t e r  Moore and K ellerm an 1904)

F ish Copper S u lp h a te  ppm

T rou t 0 .14
Carp 0 .3 3
S uckers 0 .3 3
C a t f i s h 0 .40
P ic k e r e l 0 .40
G o ld f ish 0 .50
Perch 0 .67
S u n f ish 1.55
Iilackbass 2 . 00
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B a r t s c h  n o te s  t h a t  c o p p e r  s u lp h a t e  has p r o p e r t i e s  t h a t  make i t  

much l e s s  th a n  an i d e a l  a l g i c i d e .  Some o f  t h e s e  p r o p e r t i e s  a r e :

( 1) s i m i l a r  t o  o t h e r  heavy m e ta l s ,  copper in  s u f f i c i e n t  c o n c e n t r a t i o n s  

has  th e  a b i l i t y  t o  p o is o n  f i s h  and o t h e r  a q u a t i c  l i f e ;  ( 2 ) when 

p r e c i p i t a t e d  i t  can accu m u la te  i n  la k e s  and (3) i t  i s  c o r r o s iv e  t o  

equipm ent and p a i n t .

In  a s tu d y  d e s c r i b i n g  t h e  f a c t o r s  in v o lv e d  in  t h e  t e s t i n g  and 

a p p l i c a t i o n  o f  a l g i c i d e s ,  F i t z g e r a l d  (1964) d i s c u s s e s  r e l a t i o n s h i p s  

betw een th e  amount o f  a lg a e  and amount o f  chem ica l and a l s o  d i s c u s s e s  

th e  volume o f  d i l u t e n t  v e r s u s  th e  amount o f  ch em ica l .  R egard ing  th e  

fo rm er ,  th e  a u th o r  s t a t e d  t h a t  an i n c r e a s e  in  th e  amount o f  a lg a e  

r e s u l t e d  in  a  c o r re s p o n d in g  in c r e a s e  i n  th e  amount o f  chem ica l 

needed  to  p roduce  t o x i c i t y  and r e g a r d in g  th e  l a t t e r ,  an i n c r e a s e  in  

volume does n o t  n e c e s s i t a t e  a c o r re s p o n d in g  in c r e a s e  i n  ch em ica l .

To p r e d i c t  th e  e f f e c t i v e n e s s  o f  a  chem ica l f o r  c o n t r o l l i n g  a lg a e  

growth i t  i s  e s s e n t i a l  t o  know w he the r  th e  chem ica l e f f e c t  i s  a l g i c i d a l  

o r  a l g i s t a t i c .  In  a d d i t i o n ,  s e n s i t i v i t y  o f  d i f f e r e n t  a lg a e  t o  

v a r io u s  ch em ica ls  may v a ry ,  developm ent o f  r e s i s t a n c e  t o  chem ica ls  

may o ccu r  and e f f e c t  o f  a l g a e  growth h a b i t  may a l t e r  s e n s i t i v i t y .

S teem an-N ie lson  and Wium-Anderson (1970) d e te rm in e d  t h a t  copper 

in  i o n i c  form r e t a r d s  p h o to s y n th e s i s  and i n h i b i t s  growth o f  u n i c e l l u l a r  

a lg a e  a t  c o n c e n t r a t i o n s  o f  c o p p e r  u s u a l l y  n o t  found i n  n a t u r a l  w a te r s .  

T h is  i n d i c a t e s  t h a t  c o p p e r  i s  o r d i n a r i l y  n o t  p r e s e n t  i n  i o n i c  form 

b u t  i s  complexed by o r g a n ic  m a t t e r .  They n o te d  t h a t  i n  C h l o r e l l a  

p y re n o id o s a  copper  i n f l u e n c e s  th e  a lg a e  by b lo c k in g  mechanisms in  

th e  c e l l  membrane i n  such a  way t h a t  d i v i s i o n  does n o t  t a k e  p l a c e ,

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



13

however, t h e  copper does n o t  p e n e t r a t e  th e  c e l l  a t  f i r s t .  The 

d e c l in e  i n  th e  r a t e  o f  p h o to s y n th e s i s  found a f t e r  some ho u rs  seems 

due p r i m a r i l y  t o  t h e  acc u m u la tio n  o f  p h o to s y n th e t i c  p ro d u c ts  which 

s e c o n d a r i ly  b lo c k  p h o to s y n th e s i s .  They summarized t h e i r  s tu d y  by 

s t a t i n g  t h a t  c o n c e n t r a t i o n s  o f  io n i c  copper a s  low as 1 t o  2 mg/ 1  

a r e  shown t o  be po iso n o u s  f o r  p h o to s y n th e s i s  and growth o f  C h lo r e l l a  

p y re n o id o s a . The e f f e c t  o f  t o x i c  do ses  o f  copper upon p h o to s y n th e s i s ,  

r e p r o d u c t io n ,  and growth o f  C h l o r e l l a  v u l g a r i s  was a l s o  i n v e s t i g a t e d  

by McBrien and H a s s a l l  (1967).

Gibson (1972) d e s c r ib e d  t h e  s e n s i t i v i t y  o f  Anabaena f lo s - a q u a e  

and Scenedesmus q u a d r ic u d a  t o  a  ran g e  o f  copper s u lp h a te  c o n c e n t ra ­

t i o n s  and th e  e c o l o g ic a l  im p l i c a t i o n s  o f  th e  a d d i t i o n  o f  t h i s  a l g i c i d e .  

He o b se rv ed  t h a t  t h e  s e n s i t i v i t y  t o  copper v a r i e d  w ith  th e  s ta g e  o f  

grow th, w i th  th e  a lg a e  becoming l e s s  s e n s i t i v e  as  th e  c u l t u r e  aged.

F i t z g e r a l d  and F au s t  (1963) i n v e s t i g a t e d  f a c t o r s  a f f e c t i n g  th e  

a l g i c i d a l  and a l g i s t a t i c  p r o p e r t i e s  o f  copper and d e te rm in e d  t h a t  

th e  minimum l e v e l  o f  i n h i b i t i o n  o f  C h lo r e l l a  t o  copper s u lp h a te  was 

1 .0  t o  8 .0  ppm depending  on th e  medium. The minimum l e v e l  o f  i n h i b i ­

t i o n  o f  M ic ro c y s t i s  was g iv e n  as 0 .05  t o  0 .03  ppm.

Maloney and Palmer (1965) s tu d i e d  th e  t o x i c i t y  o f  s i x  chem ical 

compounds t o  a v a r i e t y  o f  a l g a e .  Copper s u lp h a te  was used  in  fo u r  

d i f f e r e n t  c o n c e n t r a t i o n s  and t h e  c u l t u r e s  o f  a lg a e  in c lu d e d  seven 

b lu e -g r e e n  a lg a e ,  s e v e n te e n  g reen  a l g a e ,  and s i x  d ia to m s .  Copper 

s u lp h a te  showed g r e a t e r  s e l e c t i v e  t o x i c i t y  tow ard  th e  a lg a e  th a n  d id  

most o th e r  compounds. Four a lg a e  r e q u i r e d  more th a n  4 ppm o f  copper 

s u lp h a te  f o r  c o n t r o l ,  t h e s e  b e in g  t h e  g reen  a lg a e  A kis trodesm us
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f a l c a t u s  and Scenedesmus o b l iq u u s  and t h e  b lu e -g r e e n  a lg a e  C a lo th r ix  

b r a u n i i  and Symploca e r e c t a . At 1 .8  ppm copper s u lp h a t e  c o n t r o l l e d  

t h e  growth o f  Caccomyxa s im p le x , a  s p e c i e s  which was one o f  th e  

most r e s i s t a n t  t o  th e  o th e r  c h e m ic a ls .  Copper s u lp h a t e  a l s o  d i s ­

p la y e d  s e l e c t i v e  t o x i c i t y  t o  t h e  d ia tom s a t  a c o n c e n t r a t i o n  o f  2 ppm. 

At t h i s  c o n c e n t r a t i o n  i t  c o n t r o l l e d  100 p e r c e n t  o f  t h e  d ia to m s ,  

w h i le  i t  was t o x i c  t o  o n ly  35 p e r c e n t  o f  th e  g reen  a lg a e  and 57 

p e r c e n t  o f  th e  b lu e -g r e e n  a lg a e .

A s c re e n in g  te c h n iq u e  f o r  e s t i m a t i n g  copper  t o x i c i t y  t o  e s t a u r i n e  

p h y to p la n k to n  was r e p o r t e d  by E r ic k so n  e t  a l .  (1 970 ) .  The te c h n iq u e  

was d e v ise d  to  e s t a b l i s h  a w ork ing  ran g e  in  m e ta l t o x i c i t y  b io a s s a y s  

which c o n s id e r s  th e  f a c t o r s  a f f e c t i n g  c o p p e r  t o x i c i t y .  The in v e s ­

t i g a t o r s  t e s t e d  s i x  s p e c ie s  o f  p h y to p la n k to n  in  copper  c o n c e n t r a t i o n s  

ra n g in g  from 50 t o  450 mg/1. W ithout e x c e p t io n ,  co p p er  showed 

g r e a t e r  t o x i c i t y  in  u n c h e la te d  r a t h e r  th a n  c h e l a te d  form.

Whipple and F a i r  (1927) p r e s e n t  a l i s t  o f  th e  c o n c e n t r a t i o n s  o f  

cop p er  s u lp h a t e  r e q u i r e d  t o  k i l l  v a r io u s  known a l g a e .  The in fo rm a t io n  

i s  p r e s e n te d  in  T ab le  2.

Copper T o x i c i t y  t o  I n v e r t e b r a t e s

A g e n e ra l  accoun t o f  th e  b i o l o g i c a l  a s se ssm en t o f  th e  e f f e c t s  

o f  d i s c h a rg e s  on a q u a t i c  b e n t h i c  o rgan ism s i s  p r e s e n t e d  by C a i rn s  and 

Dickson (1 9 7 0 ) .  The a u th o rs  p o i n t  o u t  t h a t  th e  ty p e  o f  a q u a t i c  

organ ism s d e s t ro y e d  and th e  e x t e n t  o f  d e s t r u c t i o n  a r e  a r e f l e c t i o n  

o f  th e  c h a r a c t e r  and q u a n t i t y  o f  w a s te s  e n t e r i n g  th e  w a te r .  They 

r e c o g n iz e  th e  v a lu e  o f  b e n t h i c  i n v e r t e b r a t e s  f o r  s e v e r a l  r e a s o n s :
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T able  2. Copper S u lp h a te  R equ ired  f o r  E r a d i c a t io n  o f  D i f f e r e n t  Algae
( a f t e r  Whipple and F a i r  1927)

Organism Copper S u lp h a te  ppm Organism Copper Sulphati

CYANOPHYCEAE

Anabaena 0 . 1 2 N i t e l l a 0 . 1 0
Aphanizomonon 0 .1 2 -0 .2 5 P a n d o r in a 10 . 00
C l a t h r o c y s t i s 0 .1 2 -0 .2 5 P a lm e l la 2 . 0 0
Cylindrospermum 0 . 1 2 Raphidium 1 . 00
C oelosphaerium
M ic ro c y s t i s

0 .2 0 -0 .3 3 Scenedesmus 1 . 00
0 . 2 0 S p iro g y ra 0 . 1 2

O s c i l l a t o r i a 0 .2 0 -0 .5 0 S ta u ra s t ru m  
Tribonema

1.50
0 .25

CHLOROPHYCEAE U lo th r i x
Volvox

0 . 2 0
0 .25

A kistrodesm us 1 . 00 Zygnema 0 .50
Chara 0 .1 0 -0 .5 0
Chlamydomonas 0 .50 DIAT0MACEAE
C ladophora 0 .50
C lo s te r iu m 0 .1 7 A s t e r i o n e l l a 0 . 12- 0 . 2 0
C oelas trum 0.05 F r a g i l a r i a 0 .25
Desmidium 2 . 0 0 M e lo s i r a 0 .33
D ra p a m a ld ia 0 .3 3 N av icu la 0 .07
E udorina 1 0 . 00 N i tz s c h i a 0 .50
Enterom orpha 0 .5 0 Synedra 0 .50
H ydrod ic tyon 0 . 1 0 S te p h a n o d is c u s  0 .33
M icrospo ra 0 .40 T a b e l l a r i a 0 .1 2 -0 .5 0
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F i r s t ,  many s p e c i e s  a r e  e x t re m e ly  s e n s i t i v e  to  p o l l u t i o n  and re sp o n d  

q u ic k ly  t o  i t ;  s e c o n d ,  bo ttom  fau n a  u s u a l l y  have a  complex l i f e  

c y c le  o f  a  y e a r  o r  more and i f  a t  any t im e  d u r in g  t h e i r  l i f e  c y c l e ,  

e n v i ro n m e n ta l  c o n d i t i o n s  become i n t o l e r a b l e ,  t h e  fau n a  d i e ;  and t h i r d ,  

s i n c e  th e y  have a  g e n e r a l l y  a t t a c h e d  o r  s e s s i l e  mode o f  l i f e  and 

a r e  n o t  s u b j e c t  t o  r a p i d  m i g r a t i o n s ,  th e y  s e rv e  as  n a t u r a l  m o n i to rs  

o f  w a te r  q u a l i t y .

T hese same a u th o r s  a l s o  n o te  t h a t  immature o r  l a r v a l  s t a g e s  o f  

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

a r e  q u i t e  s e n s i t i v e  and en v iro n m en ta l  changes  o f t e n  e l im i n a te  them 

from th e  bo ttom  fa u n a .  T o le r a n t  o rgan ism s such as  sludgeworms, 

c e r t a i n  midge l a r v a e ,  l e e c h e s ,  and c e r t a i n  s n a i l s  may in c re a s e  in  

numbers u n d e r  p o l l u t e d  c o n d i t i o n s .  Most s n a i l s ,  sowbugs, s c u d s ,  

b la c k  f l y  l a r v a e ,  c ra n e  f l y  l a r v a e ,  f i n g e r n a i l  c lam s, d ra g o n f ly  

nymphs, and some midge l a rv a e  a r e  in t e r m e d i a t e  i n  t o l e r a n c e  to  

e n v i ro n m e n ta l  changes .

One o f  th e  e a r l y  s t u d i e s  o f  copper t o x i c i t y  to  a q u a t i c  i n v e r t e ­

b r a t e s  was p e r fo rm e d  by R i le y  (1939) i n  t h r e e  C o n n e c t ic u t  l a k e s .

He chose  f o r  h i s  ex p e r im en t t h r e e  p r o to z o a n s ,  a c o e l e n t r a t e ,  a 

r o t i f e r ,  copepods , c l a d o c e r a n s ,  and i n s e c t  l a r v a e .  He measured in  

h o u rs  th e  s u r v i v a l  t im e  o f  an im als  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  c o p p e r ,  r a n g in g  from 0 .01  to  200 mg/1. He n o te d  t h a t  i t  

a p p e a rs  g e n e r a l l y  t r u e  t h a t  cop p er  has  a  t o x i c  e f f e c t  o n ly  when i t  

e n t e r s  th e  t i s s u e  o f  an a n im a l ,  a l th o u g h  t h e r e  a r e  e x c e p t io n s ,  p a r ­

t i c u l a r l y  w i th  f i s h ,  as n o te d  by C a rp e n te r  (1 927 ) .  R i le y  s t a t e d  

t h a t  i f  th e  g e n e ra l  r u l e  h o ld s  t r u e ,  s u s c e p t i b i l i t y  t o  copper
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p o is o n in g  i s  a  f u n c t i o n  o f  t h e  p e r m e a b i l i t y  o f  th e  in te g u m e n t .  The 

t o l e r a n c e  l e v e l  o f  t e n  r e p r e s e n t a t i v e  f r e s h w a te r  i n v e r t e b r a t e s  was 

found to  ran g e  from 0 .0 3  to  more th a n  0 .5 0  mg/1 copper .

Jo n es  (1936) i n v e s t i g a t e d  th e  t o x i c i t y  o f  d i s s o lv e d  m e ta l  s a l t s  

t o  P o l y c e l i s  n i g r a  and Gammarus p u le x  and o b se rv e d  h ig h  t o x i c i t y  to  

t h e  an im a ls  a t  low c o n c e n t r a t i o n s  o f  cop p er  s a l t s .  The a u th o r  s t a t e s  

t h a t  a q u a t i c  a r th ro p o d s  t h a t  b r e a th e  a tm o sp h e r ic  oxygen a r e  ex­

t r e m e ly  r e s i s t a n t  t o  th e  t o x i c  a c t io n  o f  d i s s o lv e d  s a l t s  and t h e i r  

s u r v i v a l  t im e s ,  even a t  h ig h  c o n c e n t r a t i o n s  a r e  long  and v a r i a b l e .

Those t h a t  make u se  o f  oxygen d i s s o lv e d  in  th e  w a te r  a r e  p ro b a b ly  

more s e n s i t i v e  b eca u se  t h e  in tegum en t i s  more p e rm eab le .

The e f f e c t  o f  i o n i c  copper  on th e  oxygen consum ption  o f  

Gammarus p u le x  and P o l y c e l i s  n i g r a  was a l s o  s t u d i e d  by J o n e s  (1942) .

Upon exposu re  to  low c o n c e n t r a t i o n s  o f  copper  b o th  an im als  e x h i b i t e d  

an i n i t i a l  i n c r e a s e  in  r e s p i r a t i o n  r a t e  fo l lo w ed  by a r a p i d  d e c l in e .

The a u th o r  o b se rv ed  t h a t  i f  th e  an im als  were removed from th e  d i l u t e  

s o l u t i o n  t e n  m inu tes  a f t e r  im m ersion , washed and p la c e d  in  f r e s h w a te r ,  

normal c i l i a r y  locom otion  o f  P o ly c e l i s  was a lm o s t  im m ed ia te ly  resumed.

But removal a f t e r  25 to  30 m inutes  r e s u l t e d  in  f a i l u r e  to  resume 

g l i d i n g  and e v e n t u a l l y  d e a th  o c c u r r e d .  The a u t h o r  s u g g e s te d  t h a t  

d e p re s s io n  o f  r e s p i r a t i o n  r a t e  i s  m e re ly  a symptom o f  t h e  t o x i c  p ro c e s s .

The e f f e c t  o f  cop p er  on Gammarus p se u d o l im n a e u s , Physa i n t e g r a , 

and Campeloma decisum  was i n v e s t i g a t e d  by A r th u r  and Leonard (1970).

The an im als  were s u b je c t e d  t o  a c u te  co p p er  ex p o su re  fo l lo w e d  by lo n g ­

te rm  copper exposu re  u n d e r  c o n t in u o u s - f lo w  c o n d i t i o n s .  S u r v i v a l ,  ~

grow th , r e p r o d u c t io n ,  and f e e d in g  w ere th e  re s p o n s e s  used  i n  m easuring
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t o x i c i t y .  The 96 -h o u r  median t o l e r a n c e  l i m i t  (TLm) v a lu e s  f o r  

Campeloma decisum , Physa i n t e g r a , and Gammarus pseudolim naeus  were 

1 .7 ,  0 .0 3 9 ,  and 0 .020  mg/1 t o t a l  co p p e r ,  r e s p e c t i v e l y .  A f t e r  s i x  

weeks ex p o su re  f o r  a l l  s p e c ie s  th e  t o t a l  copper c o n c e n t r a t i o n  hav ing  

no e f f e c t  was between 8 .0  and 14 .8  u g /1 .

B ie s in g e r  and C h r is te n s e n  (1972) s t u d i e d  th e  e f f e c t s  o f  v a r io u s  

m e ta ls  on s u r v i v a l ,  g row th, r e p r o d u c t io n ,  and m etabo lism  o f  Daphnia 

magna. T o x i c i t i e s  o f  v a r io u s  m e ta ls  were e v a lu a te d  on th e  b a s i s  o f  

a c u te  t o x i c i t y  in  te rm s o f  a 4 8 -h o u r  LC^q . For a l l  m e ta ls  t e s t e d  

on an a c u te  b a s i s ,  median l e t h a l  c o n c e n t r a t i o n s  were h ig h e r  w ith  

th a n  w ith o u t  food added. In  a c u te  t o x i c i t y  t e s t s  th e  48 -h o u r  LCso’ s 

f o r  Daphnia magna w ith  and w ith o u t  food were 60 .0  and 9 .8  ug /1  cop p er ,  

r e s p e c t i v e l y .

The work was c o n s id e re d  j u s t i f i a b l e  b ecause  th e  s e n s i t i v i t y  o f  

Daphnia magna t o t o x i c  s u b s ta n c e s  was in  g e n e ra l  r e p r e s e n t a t i v e  o f  

o t h e r  abundan t zoop lank ton  and a l s o  i t  has  been shown t h a t  Daphnia 

magna i s  more s e n s i t i v e  to  low er c o n c e n t r a t i o n s  o f  t o x i c a n t s  than  a r e  

many d e s i r a b l e  f i s h  s p e c ie s .

W am ick and B e l l  (1969) s t u d i e d  th e  t o x i c i t y  o f  heavy m e ta l 

s a l t s  t o  d i f f e r e n t  s p e c ie s  o f  a q u a t i c  i n s e c t s .  The a u th o rs  su g g es ted  

t h a t  th e  r e s u l t s  o f  a c u te  t o x i c i t y  t e s t s  can by used  as a b a s i s  f o r  

lo n g - te rm  t e s t s  t o  e s t a b l i s h  re q u ire m e n ts  n e c e s s a ry  f o r  th e  s u r v iv a l  

o f  a q u a t i c  l i f e .  They r e p o r te d  a  48 -h o u r  TLm o f  0 .32  mg/1 copper 

f o r  th e  m ayfly  E phem ere lla  s u b v a r i a .

Fowler and Goodnight (1965) s tu d i e d  th e  e f f e c t s  o f  en v iro n m en ta l  

f a c t o r s  on th e  r e s p i r a t i o n  o f  T u b ifex  t u b i f e x .  They immersed T ub ifex
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t u b i f e x  i n  1 ppm copper  s u lp h a t e  s o l u t i o n  and r e p o r t e d  t h a t  t h i s  

c o n c e n t r a t i o n  was n o t  l e t h a l  t o  th e  a n im a ls .  The d u r a t i o n  o f  exposure  

t im e  was n o t  r e p o r t e d  by th e  a u t h o r s .

S c o t t  and M ajor (1972) s t u d i e d  th e  e f f e c t  o f  c o p p e r  on s u r v i v a l ,  

r e s p i r a t i o n ,  and h e a r t  r a t e  o f  th e  b lu e  m ussel M y ti lu s  e d u l i s . Upon 

exposu re  t o  c o p p e r ,  t h e  b lu e  m ussel showed d e c re a se d  s u r v i v a l ,  

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

a l l  o f  t h e s e  e f f e c t s  was 0 .2  mg/1. R e s p i r a to r y  r e c o v e ry  o c c u r re d  

in  tim e w ith  d e t o x i f i c a t i o n  o f  t h e  medium. S im i l a r  d e t o x i f i c a t i o n  

o c c u r re d  i f  t h e  o r i g i n a l  medium was t r e a t e d  w ith  h e a t  k i l l e d  M y tilu s  

e d u l i s  hom ogenate. The p ro b a b le  mode o f  d e t o x i f i c a t i o n  was r e p o r t e d  

t o  be by o rg a n ic  b in d in g .  A f t e r  seven d ay s ,  55% o f  th e  an im a ls  k ep t  

in  0 .2  mg/1 were dead  and on ly  5% o f  th e  0 .1  mg/1 group were dead .

An in - d e p t h  s tu d y  o f  th e  e f f e c t  o f  copper  on th e  c r a y f i s h  

O rco n ec te s  r u s t i c u s  was done by Hubschman (1967a) . E xperim ents  

were p erfo rm ed  t o  d e te rm in e  t h e  p o s s i b l e  d e la y e d  e f f e c t s  o f  s h o r t  o r  

p e r i o d i c  exposu re  as w e ll  as c o n t in u o u s  exposu re  d u r in g  d i f f e r e n t  

s t a g e s  o f  th e  l i f e  c y c le .  In  t h e  c o n t in u o u s - f lo w  e x p e r im e n ts ,  50% 

o f  th e  an im als  s u rv iv e d  96 h o u r  ex p o su re  t o  3 .0  mg/1 and a l l  an im als  

s u r v iv e d  ex p o su re  t o  6 .0  mg/1 f o r  24 h o u r s .  The ex p e r im en ts  were 

r e p e a te d  t o  o b se rv e  p o s s i b l e  d e la y e d  e f f e c t s  o f  e x p o su re .  F i f t y  

o rgan ism s were exposed  t o  6 .0  mg/1 f o r  24 hou rs  and th e n  m a in ta in e d  

in  f lo w in g  f r e s h w a te r  and a l l  w ere dead a t  10.5  days fo l lo w in g  

exposure  t o  co p p e r .  A du lts  exposed  f o r  24 hou rs  a t  2 .5  mg/1, then  

removed from th e  copper s o l u t i o n  and p la c e d  in  f r e s h w a te r  were a l l  

dead in  15 d ay s .
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Hubschman a l s o  s t u d i e d  t h e  e f f e c t  o f  c o n t in u o u s  exposure  to  

low c o n c e n t r a t i o n s  o f  copper t o  O rco n ec te s  r u s t i c u s . The r e s u l t s  

showed t h a t  c o p p e r  t o x i c i t y  was g r e a t l y  i n f lu e n c e d  by th e  age o f  th e  

a n im a ls .  A d u lts  exposed  t o  1 .0  mg/1 copper  were a l l  dead a t  th e  

end o f  16 d a y s ,  w h i le  most s u rv iv e d  i n  c o n c e n t r a t i o n s  o f  0 .5  mg/1. 

J u v e n i l e s  were exposed  to  1 .0  mg/1 and 50% were dead in  l e s s  th a n  

24 hou rs  and a l l  were dead a t  th e  end o f  s i x  days .  Young o rgan ism s 

were a l s o  exposed  t o  1 .0  mg/1 and 50% o f  t h e s e  were dead in  s i x  h o u r s .

The p u rp o se  o f  th e  s tu d y  was to  d e te rm in e  b a s i c  e n v iro n m e n ta l  

r e q u i re m e n ts  f o r  a q u a t i c  i n v e r t e b r a t e s .  In  te rm s o f  w a te r  q u a l i t y  

c r i t e r i a  i t  i s  o f  l i t t l e  s a t i s f a c t i o n  to  s t a t e  t h a t  an o rgan ism  

s u rv iv e d  f o r  24 o r  48 h o u rs  in  a  g iven  c o n c e n t r a t i o n  i f  d e lay ed  

e f f e c t s  a r e  e x p e c te d .  Hubschman's s t u d i e s  have shown t h a t  m o r t a l i t y  

may in  f a c t  r e s u l t  long  a f t e r  i n i t i a l  ex p o su re ,  th u s  making i t  

d i f f i c u l t  t o  d e f in e  e x a c t  l e v e l s  o f  a c u te  t o x i c i t y .

These ex p e r im en ts  showed t h a t  th e  t o x i c  e f f e c t  o f  copper to  

c r a y f i s h  i s  dependen t n o t  on ly  upon th e  c o n c e n t r a t i o n s  and d u r a t i o n  

o f  exposu re  b u t  a l s o  on t h e  age o f  th e  an im al.

Hubschman (1967b) rev iew ed  th e  mode o f  t o x i c  a c t io n  o f  copper 

t o  i n v e r t e b r a t e s .  He r e p o r t s  t h a t  Jo n es  (1942) s t u d i e d  th e  e f f e c t  

o f  copper on th e  amphipod Gammarus p u le x  and to  th e  f la tw orm  P o l y c e l i s  

n i g r a  and showed t h a t  ex p o su re  r e s u l t e d  in  red u ced  r e s p i r a t i o n  r a t e .  

H u n te r  (1949) s t u d i e d  th e  e f f e c t  o f  copper on th e  m arine  amphipod 

Marinogammarus m arinus  and i n d i c a t e d  t h a t  th e  t o x i c  a c t i o n  o f  copper  

r e s u l t s  from i n t e r f e r e n c e  w ith  e i t h e r  th e  r e s p i r a t o r y  system  o r  

o sm o re g u la to ry  sy s tem  o r  b o th .  C o rner  and Sparrow (1956) worked
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w ith  th e  b r i n e  shrim p A rtem ia  s a l i n a ,  t h e  copepod A c a r t i a  c l a u s i ,  

and t h e  b a r n a c l e  E l im ir i iu s  m o d e s t is  and conc luded  t h a t  t h e  mode o f  

a c t i o n  o f  c o p p e r  i s  s p e c i f i c  i n  i t s  e f f e c t  on r e s p i r a t o r y  mechanism s.

K erkut and Munday (1962) found t h a t  i n  th e  c rab  C a rc in u s  maenas 

n o t  a l l  t i s s u e s  a r e  e q u a l ly  e f f e c t e d  by  copper  and t h a t  t h e  h e a r t  and 

g i l l s  a r e  most s e n s i t i v e .  Hubschman s u g g e s t s  t h a t  a t  cop p er  concen­

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

a c t i o n  a r e  o p e r a t i v e .  In  c o n c e n t r a t i o n s  above 1 mg/1 r e s p i r a t o r y  

enzymes a r e  i n h i b i t e d  q u i t e  r a p i d l y  as  t h e  mechanism o f  d e t o x i f i c a t i o n  

i s  a p p a r e n t ly  overwhelmed. At c o n c e n t r a t i o n s  below 1 mg/1 an e n t i r e l y  

d i f f e r e n t  t o x i c  a c t i o n  i s  o b se rv e d  which i s  th e  d e g e n e r a t iv e  e f f e c t  

on c e l l s  and t i s s u e s .

H u n te r  (1949) p u t  f o r t h  a  h y p o th e s i s  abou t th e  t o x i c  a c t i o n  

o f  heavy m e ta ls  on complex a n im a ls :  ( 1) a t  v e ry  low c o n c e n t r a t i o n s

th e  o n ly  e f f e c t  may be s t i m u l a t o r y ;  (2 ) a t  a  s l i g h t l y  h i g h e r  con­

c e n t r a t i o n  an enzyme sys tem  m ight be i n a c t i v a t e d ;  (3) a t  a  h ig h e r  

c o n c e n t r a t i o n  th e  m e ta l  m igh t i n t e r f e r e  w i th  r e s p i r a t i o n  by d e c r e a s ­

in g  t h e  t r a n s f e r  e f f i c i e n c y  o f  th e  b lo o d  p igm ents  o r  i n t e r f e r e  w ith  

e x c r e t i o n  o r  w i th  nervous  c o o r d in a t io n ;  and (4) a t  an even h ig h e r  

c o n c e n t r a t i o n ,  t h e  m e ta l  m igh t c o a g u la te  mucus o r  o t h e r  e s s e n t i a l  

s e c r e t i o n s  w h i le  a t  v e ry  h ig h  c o n c e n t r a t i o n s  c o a g u la t io n  o f  th e  

p ro to p la sm  i t s e l f  o r  f i x a t i o n  w i l l  o c c u r .

Copper T o x i c i t y  T e s t s

A wide ran g e  o f  co p p er  t o x i c i t y  f o r  a q u a t i c  o rgan ism s i s  

r e p o r t e d  i n  t h e  l i t e r a t u r e .  C e r t a in  r e p o r t s  a re  d i f f i c u l t  to
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i n t e r p r e t  b eca u se  t h e  e x p e r im e n te r s  f a i l  t o  in c lu d e  a s ta t e m e n t  o f  

th e  p h y s i c a l  and chem ica l c h a r a c t e r i s t i c s  o f  th e  w a te r  b e in g  used  

o r  f a i l  t o  s t a t e  th e  form o f  copper  b e in g  added to  t h e  w a te r  as a 

t o x i c a n t .  A l l  o f  th e s e  f a c t o r s  a r e  e x t re m e ly  im p o r ta n t  and no 

c o n c lu s iv e  r e s u l t s  can be  s t a t e d  w ith o u t  knowledge o f  t h e s e  f a c t o r s .

The wide range  o f  l e t h a l  o r  h a rm fu l v a lu e s  o f  c o p p e r  r e p o r te d  

may a l s o  r e f l e c t  t h e  u se  o f  d i f f e r e n t  t e s t  o rg a n ism s ,  d i l u t i o n  

w a te r ,  ex p o su re  t im e ,  and o th e r  e x p e r im e n ta l  c o n d i t i o n s .  The 

t o x i c i t y  o f  th e  same o r  s i m i l a r  w as tes  may a l s o  v a ry  w id e ly  in  

d i f f e r e n t  r e c e i v i n g  w a te r s .  The A qua tic  L i f e  A dv iso ry  Committee 

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

c e i v in g  i n d u s t r i a l  w as te s  a r e  th o s e  which can be t o l e r a t e d  in d e p en ­

d e n t l y  by a l l  i n d i v i d u a l s ,  i n s t e a d  o f  th e  s t a n d a r d  50% which i s  

th e  normal c r i t e r i a .  T h is  in c lu d e s  a l l  s i g n i f i c a n t  s p e c i e s  o f  

a q u a t i c  o rgan ism s and ta k e s  i n t o  accoun t th o s e  which s e rv e  in  food 

c h a in s  as w e l l  a s  f i s h  and o t h e r s  o f  d i r e c t  economic and r e c r e a t i o n a l  

im p o r ta n c e .  T h is  c r i t e r i a  i s  a p p l i c a b l e  to a l l  s t a g e s  o f  th e  l i f e  

c y c l e s  f o r  th e s e  o rg an ism s .  T h e r e f o r e ,  th e  c o n c e n t r a t i o n  o f  t o x i c  

i n d u s t r i a l  w a s te s  sh o u ld  n e v e r  be more th a n  a sm a l l  f r a c t i o n  which 

u n d e r  e x p e r im e n ta l  c o n d i t io n s  i s  dem o n strab ly  f a t a l  w i th i n  a l i m i t e d  

p e r io d  o f  t im e  to  50% o f  t h e  t e s t  o rgan ism s u sed  in  th e  b io a s s a y .

The a u th o rs  conc lude  t h a t  th e  r e s u l t  o f  t h e  4 8 -h o u r  TLm m u l t i p l i e d  

by an a p p l i c a t i o n  f a c t o r  o f  0 . 1  r e p r e s e n t s  a c o n c e n t r a t i o n  o f  w aste  

which u s u a l l y  w i l l  n o t  p roduce  ad v e rse  e f f e c t s  on th e  t o t a l  p o p u la ­

t i o n  o f  a q u a t i c  o rg an ism s.
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C e r t a in  r e p o r t s  on copper t o x i c i t y  t o  a q u a t i c  organ ism s a re  

e q u a l ly  h a rd  t o  i n t e r p r e t  o r  even a c c e p t  b ecause  o f  th e  b io a s s a y  

methods which a r e  employed. The use  o f  th e  s t a t i c  ty p e  b io a s s a y  was 

p r e v io u s l y  p r e f e r r e d  (D uodoroff  e t  a l . ,  1951),  how ever, t h i s  ty p e  o f  

b io a s s a y  can y i e l d  ambiguous r e s u l t s .  Recent e x p e r im e n te r s  have 

p r e f e r r e d  a c o n t in u o u s - f lo w  b io a s s a y  t e s t  ( Z i l l i c h ,  1972; S prague , 

1973; Burke and Ferguson , 1968; and Freeman, 1971).

Burke and Ferguson (1968) n o te d  t h a t  th e  o b je c t i o n a l  f e a t u r e s  

o f  s t a t i c  t e s t s  in c lu d e  a d e c l in e  in  c o n c e n t r a t i o n  o f  th e  t o x i c a n t  

d u r in g  th e  exposu re  p e r io d  caused  by u p ta k e  by th e  e x p e r im e n ta l  

an im als  and a d s o r p t io n  o f  th e  t o x i c a n t  on to  th e  c o n t a in e r  o r  

o t h e r  s u r f a c e s ,  and i t s  chem ical a l t e r a t i o n .  F u r th e rm o re ,  accum ula­

t i o n  o f  w aste  p r o d u c t s ,  r e d u c t io n  o f  d i s s o lv e d  oxygen s u p p ly ,  and 

th e  growth o f  m ic ro b ia l  p o p u la t io n s  may p roduce  an u n d e s i r a b l e  

t e s t  env ironm en t.  Burke and Ferguson f a v o r  th e  c o n t in u o u s - f lo w  

a p p a ra tu s  f o r  s e v e r a l  r e a so n s  and n o te  t h a t  t h e r e  was no more th a n  

1% d i f f e r e n c e  in  ex p ec ted  c o n c e n t r a t i o n  i n  samples from th e  d i l u t i o n  

as compared w ith  samples o f  known c o n c e n t r a t i o n .

The p u rp o se s  o f  th e  flow r a t e  in  c o n t in u o u s - f lo w  t e s t s  a re  as 

f o l lo w s :  ( 1) t o  p ro v id e  exposure  t o  a c o n s ta n t  c o n c e n t r a t i o n  o f

t o x i c a n t ,  b eca u se  i t  may be d e p le te d  by th e  t e s t  o rgan ism s i f  th e  

flow r a t e  i s  to o  slow ; (2) to  remove a l l  w as te  p ro d u c ts  a d e q u a te ly ,  

s in c e  w aste  p ro d u c ts  may fo u l  th e  w a te r  i f  th e y  a r e  n o t  removed; 

and (3) to  p ro v id e  an ad eq u a te  su p p ly  o f  d i s s o lv e d  oxygen f o r  th e  

t e s t  o rg an ism s ,  b ecau se  i f  th e  flow  i s  to o  slow th e  organ ism s may 

low er th e  d i s s o lv e d  oxygen to  a p o i n t  where s t r e s s  may be in c r e a s e d .
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O ccurrence  o f  Copper i n  th e  A q u a tic  Environment

The n a t u r a l  o c c u r re n c e  and r e g e n e r a t io n  o f  copper i n  a q u a t i c  

env ironm ents  i s  e x tre m e ly  im p o r ta n t  and an e x c e l l e n t  d i s c u s s io n  

o f  t h i s  t o p i c  was p re p a re d  by R i le y  (1939).  The a u th o r  d e te rm in e d  

t h a t  th e  copper  c o n te n t  v a r i e d  t rem endous ly  w i th  th e  s e a so n  and 

from one y e a r  t o  th e  n e x t  and th e  t o t a l  range  in  a l l  samples 

v a r i e d  from 0 .005 to  0 .383  mg/1. The d i s t r i b u t i o n  o f  t o t a l  copper 

was h ig h ly  i r r e g u l a r  and was e s p e c i a l l y  marked d u r in g  th e  o v e r tu r n s .

Ilis  r e s u l t s  showed t h a t  th e  annual v a r i a t i o n  was ex trem e , w ith  th e  

amount o f  copper  g r e a t e s t  i n  th e  autumn and l e a s t  in  th e  l a t e  w in te r  

and s p r in g .

R ile y  a l s o  i n v e s t i g a t e d  th e  f a c t o r s  in f l u e n c in g  th e  d i s t r i b u ­

t i o n  o f  copper  in  th e  la k e s  and n o te d  t h a t  th e  copper i n  n a t u r a l  

w a te rs  i s  d e r iv e d  u l t i m a t e l y  from th e  s o i l  o f  th e  d ra in a g e  b a s in .

A ll  s o i l s  c o n t a in  co p p e r ,  r a n g in g  from a  t r a c e  t o  s e v e r a l  p e r c e n t  

and g roundw ate r  d i s s o lv e s  t r a c e s  o f  copper from th e  r e l a t i v e l y  

in s o lu b l e  s a l t s  i n  th e  s o i l  and e v e n tu a l ly  b r in g s  i t  i n t o  s t ream s  

and l a k e s .  The amount coming i n t o  a  body o f  w a te r  i s  dependen t 

on s e v e r a l  f a c t o r s :  th e  q u a n t i t y  in  th e  s o i l ,  i t s  a v a i l a b i l i t y ,  and

th e  amount o f  p r e c i p i t a t i o n .  The a u th o r  s t a t e d  t h a t  i f  copper were 

i n e r t  b i o l o g i c a l l y  and c h e m ic a l ly ,  th e  amount in  a g iven  la k e  would 

rem ain f a i r l y  c o n s ta n t .  R i l e y ' s  ex p e r im en ts  showed t h a t  m ajor 

v a r i a t i o n s  in  copper  canno t s o l e l y  be acc o u n ted  f o r  on th e  b a s i s  

o f  p r e c i p i t a t i o n  e f f e c t s ,  b u t  a r e  a t  l e a s t  p a r t i a l l y  due to  r e a c t i o n s  

in  th e  la k e  b a s in .
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The c h i e f  means o f  removal o f  copper from th e  la k e  w a te r  i s  

by a d s o r p t io n  on o r g a n ic  p a r t i c l e s .  I t  was a l s o  shown t h a t  c e r t a i n  

v a r i a t i o n s  o f  copper  a r e  to o  g r e a t  t o  be  e x p la in e d  on th e  b a s i s  o f  

p r e c i p i t a t i o n  e f f e c t s .  T h e r e f o re ,  t h e r e  must be s o u rc e s  o f  copper  

w i th in  t h e  b a s in  which a r e  a v a i l a b l e  a t  c e r t a i n  t im es  t o  th e  la k e  

w a te r  and p e r i o d i c a l l y  i n c r e a s e  t h e  cop p er  c o n t e n t .  The two p o s s i b l e  

s o u rc e s  a r e  d e c a y in g  l i t t o r a l  p l a n t s  and la k e  mud.

R i le y  conc luded  t h a t  t h e r e  a r e  f i v e  f a c t o r s  which a f f e c t  th e  

copper  c o n te n t  o f  la k e  w a te r :  ( 1) p r e c i p i t a t i o n  which low ers th e

copper c o n te n t  by d i l u t i o n ;  (2 ) s e d im e n ta t io n  which e n t a i l s  th e  

removal o f  cop p er  from s o l u t i o n  by a d s o r p t io n  on o r g a n ic  m a t te r ;

(3) r e g e n e r a t io n  from th e  mud; (4) l i b e r a t i o n  o f  cop p er  from l i t t o r a l  

p l a n t s  i n  t h e  autumn when th e y  d ie  and decompose and removal o f  

copper from th e  w a te r  d u r in g  th e  growing s e a s o n ;  and (5) l i b e r a t i o n  

o f  copper i n  th e  autumn by th e  decom position  o f  v e g e t a t i o n  s u r ro n d -  

in g  th e  la k e .

The p h y s i c a l  s t a t e  in  which copper i s  p r e s e n t  i n  t h e  a q u a t i c  

env ironm ent may d e te rm in e  i t s  t o x i c i t y  by a f f e c t i n g  i t s  a v a i l a b i l i t y .  

S t i f f  (1971) t r i e d  t o  e s t a b l i s h  th e  forms in  which cop p er  cou ld  

e x i s t  i n  th e  n a t u r a l  w a te r s  and to  r e l a t e  t h i s  knowledge to  th e  

r e s u l t s  o f  f i s h  t o x i c i t y  t e s t s  in  o r d e r  t o  d e te rm in e  th e  r e l a t i v e  

t o x i c i t i e s  o f  th e  d i f f e r e n t  forms o f  cop p er .  He s t a t e d  t h a t  in  th e  

a q u a t i c  env ironm en t t h r e e  p h y s ic a l  s t a t e s  o f  cop p er  a r e  p o s s i b l e ,  

and th e s e  a r e  p a r t i c u l a t e ,  c o l l o i d a l ,  and s o l u b l e .  P a r t i c u l a t e  forms 

co u ld  in c lu d e  o x id e ,  s u lp h id e ,  and m a la c h i te  p r e c i p i t a t e s  as w e ll  

as in s o lu b l e  o rg a n ic  com plexes , copper ab so rb ed  on c l a y s ,  and
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m e t a l l i c  h y d ro x id e  p r e c i p i t a t e s .  S o lu b le  m a t t e r  i n c lu d e s  copper 

b o th  as f r e e  c u p r ic  io n s  and a s  s o l u b l e  com plexes. C o l l o i d a l  

m a t t e r  in c lu d e s  p o ly p e p t id e  m a t e r i a l ,  some c l a y s ,  and m e t a l l i c  

h y d ro x id e  p r e c i p i t a t e s .  E x p e r im e n ta l  ev id en ce  from h i s  work s u g g e s t s  

t h a t  o n ly  t h e  s o lu b l e  forms o f  co p p e r  a r e  a v a i l a b l e  t o  t h e  a q u a t i c  

o rg a n ism s .

The most s i g n i f i c a n t  a r t i f i c i a l  means o f  co p p e r  a d d i t i o n  to  

n a t u r a l  w a te r s  i s  t h e  a p p l i c a t i o n  o f  copper s u lp h a t e  and o t h e r  

co p p e r  compounds f o r  c o n t r o l  o f  unw anted v e g e t a t i o n  and f o r  c o n t r o l  

o f  swimmers i t c h  d i s e a s e .  The S t a t e  o f  M ichigan r e g u l a t e s  th e  

d i s t r i b u t i o n  and  a d d i t i o n  o f  co p p er  compounds t o  t h e  p u b l i c  w a te r s  

o f  t h i s  s t a t e  f o r  b o th  o f  t h e s e  u s e s .

The a l g i c i d a l  u se  o f  co p p er  s u lp h a t e  i s  employed to  r i d  w a te r  

o f  unwanted v e g e t a t i o n  in c lu d in g  submerged, em ergen t,  and f l o a t i n g  

p l a n t s ,  as w e l l  as a l g a l  p o p u l a t i o n s .  Incom ple te  r e c o r d s  o f  weed 

c o n t r o l  a r e  a v a i l a b l e  and i t  h as  o n ly  been  s in c e  1970 t h a t  t h e  Weed 

C o n tro l  Commission o f  th e  M ich igan  D epartm ent o f  N a tu r a l  R esources  

has  k e p t  a  v e ry  c l o s e  r e c o r d  o f  weed c o n t r o l  w ith  co p p er  compounds.

T h is  commission recommends an a p p l i c a t i o n  o f  a c o n c e n t r a t i o n  o f  

0 .2 1  ppm co p p er  s u lp h a t e  f o r  a l g a l  c o n t r o l  and 0 .4 0  ppm f o r  c o n t r o l  

o f  C hara  (Wandel, 1974).

In  th e  y e a r s  1970-1973 th e  fo l lo w in g  amounts o f  co p p e r  compounds 

were added to  M ichigan p u b l i c  w a te r s  t o  c o n t ro l  unw anted v e g e t a t i o n :  

20 ,009 pounds o f  co p p er  s u l p h a t e ,  2 ,926  pounds o f  c h e l a t e d  c o p p e r ,  

and 2 ,660  pounds o f  s e q u e s t r e n e  co p p e r  (Wandel, 1974).
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Much more com plete  r e c o rd s  o f  co p p e r  s u lp h a t e  a d d i t i o n  f o r  

c o n t r o l  o f  swimmers i t c h  d i s e a s e  e x i s t  i n  th e  S t a t e  o f  M ich igan . 

F re sh w a te r  s n a i l s  a r e  in t e r m e d i a t e  h o s t s  f o r  th e  c e r c a r i a e  which 

cause  th e  sch is to so m e  d e r m a t i t i s  and t h e  s n a i l s  i n  M ichigan which 

a r e  p r i m a r i l y  r e s p o n s ib l e  a re  S t a g n i c o l a  e m a rg in a ta , Lymnaea 

s t a g n a l i s  j u g l a r i s , Physa p a r k e r i  and a  number o f  o t h e r  s p e c i e s  o f

P hysa . The Department o f  N a tu ra l  R esources  a t te m p ts  t o  c o n t r o l

th e  swimmers i t c h  d i s e a s e  by e l i m i n a t i n g  t h e s e  f r e s h w a te r  s n a i l s  

and s u g g e s ts  an a p p l i c a t i o n  o f  a c o n c e n t r a t i o n  o f  32 .0  ppm copper 

s u lp h a t e  t o  e r a d i c a t e  them (Wandel, 1974).

Records a re  a v a i l a b l e  s in c e  1947 f o r  th e  a p p l i c a t i o n  o f  copper 

s u lp h a t e  f o r  th e  c o n t r o l  o f  swimmers i t c h .  In t h e  y e a r s  1947-1970, 

1 ,3 7 1 ,6 5 5  pounds o f  copper  s u lp h a t e  have been a p p l i e d  to  M ichigan 

p u b l i c  w a te r s  to  c o n t r o l  t h i s  d i s e a s e  (Wandel, 1974).

I n v e s t i g a t i o n s  on th e  e f f e c t  o f  cop p er  s u lp h a t e  t r e a tm e n t  on 

la k e  eco logy  and a cc u m u la tio n  in  la k e  muds in  t h e  M adison, W isconsin  

a r e a  were perfo rm ed  by Mackenthun and Cooley (1952) and N ich o ls  e t

a l .  (1946) .  Over a 26 y e a r  p e r io d  b e g in n in g  in  1925, 1 ,697 ,639

pounds o f  copper s u lp h a t e  have been a p p l i e d  to  Lake Manona. N ich o ls  

e t  a l .  r e p o r te d  t h a t  a l th o u g h  th e  t o t a l  amount o f  copper  d e p o s i t e d  

in  th e  la k e  muds were unknown, i t  a p p e a re d  t h a t  by f a r  th e  g r e a t e s t  

amount o f  copper a p p l i e d  rem ains  as a  d e p o s i t  in  t h e  mud. The 

l a t t e r  i n v e s t i g a t o r s  r e p o r t e d  t h a t  a n o th e r  l a k e ,  Lake Monona, c o n ta in s  

up t o  480 m i l l ig ra m s  o f  copper  p e r  k i lo g ra m  o f  mud and s t a t e d  t h a t  

t h i s  c o n c e n t r a t i o n  i s  low er th a n  th e  amounts e x p e r im e n ta l ly  d e te rm in e d  

t o  have a d e l e t e r i o u s  e f f e c t  on th e  b o t to m -d w e l l in g  o rgan ism s s tu d ie d .
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They a l s o  r e p o r t e d  t h a t  th e  t o x i c  l i m i t  o f  copper s u lp h a t e ,  p r e c i p i ­

t a t e d  and accum ula ted  i n  th e  b o tto m  muds, cou ld  n o t  be a c c u r a t e l y  

d e te rm in e d  f o r  c e r t a i n  b o t to m -d w e l l in g  o rg an ism s.  N ich o ls  e t  a l .  

r e p o r t e d  t h a t  t h e  s o l u b i l i t y  o f  p r e c i p i t a t e d  copper  i n  la k e  muds 

i s  d e te rm in e d  t o  a l a r g e  e x t e n t  by th e  t o t a l  a l k a l i n i t y  and th e  

pH o f  th e  o v e r ly in g  w a te r .

Such h ig h  c o n c e n t r a t i o n s  o f  copper s u lp h a t e  i n  n a t u r a l  

w a te r s  may a f f e c t  a q u a t i c  o rgan ism s o t h e r  th a n  th e  t a r g e t  o rg an ism s.  

I f  t h e  c o n c e n t ra t io n ,  o f  copper  s u lp h a t e  added i s  above th e  t o l e r a n c e  

l i m i t  f o r  n o n - t a r g e t  o rgan ism s th e n  u n d o u b te d ly  th e y  w i l l  be a d v e rse  

a f f e c t e d .  A q u a t ic  m a c r o in v e r t e b r a te s  and p e rh ap s  c e r t a i n  f i s h  

s p e c i e s  may be p a r t i c u l a r l y  a f f e c t e d .  I f  th e  copper p r e c i p i t a t e s  

o u t  o f  th e  w a te r ,  combines w ith  o rg a n ic  m a t te r  o r  o th e rw ise  becomes 

u n a v a i l a b l e  to  th e  a q u a t i c  o rgan ism s th e n  th e  e f f e c t  may be reduced .

The p o s s i b i l i t y  o f  d e l e t e r i o u s  e f f e c t s  upon n o n - ta r g e t  a q u a t i c  

o rgan ism s e x i s t s  and i s  an im p o r ta n t  c o n s id e r a t io n  in  e v a lu a t in g  

th e  d e s i r a b i l i t y  o f  copper s u lp h a t e  a d d i t i o n  to  f r e s h w a te r  e n v i ro n ­

ments .
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MATERIALS AND METHODS

The c o n t in u o u s - f lo w  b io a s s a y  t e s t  sy s tem  u t i l i z e d  i n  t h i s  

experim en t was modeled a f t e r  t h e  o r i g i n a l  d e s ig n  deve loped  by th e  

M ichigan Water R esources  Commission used  t o  t e s t  e f f l u e n t  w a te r  

( Z i l l i c h ,  1972).  However, a m o d if ie d  c o n s t r u c t i o n  d e s ig n  was 

im plem ented (F ig u re  1) r e s u l t i n g  i n  s e v e r a l  n o te w o rth y  im provem ents.

In  c o n t r a s t  t o  t h e  o r i g i n a l  d e s ig n  th e  t e s t  w a te r  a t  each c o n c e n t r a ­

t i o n  was n o t  r e u s e d .  A f t e r  th e  w a te r  p a s s e d  o u t  th ro u g h  th e  ov e rf lo w  

i t  was d r a in e d  o u t  o f  th e  t e s t  c o n t a in e r s  i n t o  a s in k .  A u n ifo rm  

volume was m a in ta in e d  in  each  t e s t  c o n t a in e r  by t h e  use o f  s ta n d p ip e s  

f i t t e d  in t o  th e  bo ttom  o f  each c o n t a in e r .  The volume in  each 

c o n t a in e r  was a p p ro x im a te ly  800 m l. A s i m p l i f i e d  c o n s t r u c t io n  d e s ig n  

a id e d  in  th e  o b s e r v a t io n  o f  e x p e r im e n ta l  o rg a n ism s ,  s e t - u p ,  and 

m ain tenance  o f  t h e  t e s t  system . I n s te a d  o f  t e s t i n g  e f f l u e n t  from 

an i n d u s t r i a l  so u rc e  where a  v a r i e t y  o f  t o x i c  su b s ta n c e s  may be 

p r e s e n t ,  t h i s  t e s t  in v o lv e d  o n ly  t h e  u se  o f  cop p er  s u lp h a t e .  In 

a d d i t i o n ,  t h e  m o d if ie d  d e s ig n  r e s u l t e d  in  e q u a l  d i l u t i o n  in c re m e n ts  

in  i n t e r v a l s  o f  20% ra n g in g  from ze ro  to  100  p e r c e n t  o f  th e  t e s t  

c o n c e n t r a t i o n s .  T h e re fo re ,  th e  o n ly  t o x i c  s u b s ta n c e  c o n t r i b u t i n g  

v a r i a b l y  t o  m o r t a l i t y  would be cop p er  s u lp h a t e .

A wooden frame m easuring  199.0  cm X 124.4  cm X 60 .9  cm was

c o n s t r u c t e d  o f  0 .9  cm plywood which made up t h e  s id e s  and back  and

3 .8  cm X 7 .6  cm b o a rd s  were u sed  f o r  th e  c o r n e r s .  Each s h e l f  was

made from 1 .9  cm b oards  and 1 .9  cm plywood was u sed  f o r  th e  to p  o f  th e

fram e. T h is  c o n s t r u c t i o n  r e s u l t e d  i n  a d u ra b le  and s e c u re  frame
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which was n e c e s s a r y  t o  s u p p o r t  t h e  w eigh t o f  th e  w a te r  r e s e r v o i r s  

t h a t  were u sed .

Four 220 l i t e r  b a r r e l s  w ere u sed  as r e s e r v o i r s  f o r  t h e  w a te r  

and f o r  d e l i v e r y  b a r r e l s  t o  t h e  system . Each b a r r e l  was c o a te d  

th o ro u g h ly  w i th  a  f i b e r g l a s s  r e s i n  t o  p r o t e c t  a g a i n s t  d i r e c t  c o n ta c t  

betw een m e ta l  and th e  w a te r .  The two b a r r e l s  which were p la c e d  on 

to p  o f  th e  fram e were f i t t e d  w i th  a  20 .3  cm X 1 .5  cm p o l y v i n y l c h l o r i d e  

p ip e  which d e l i v e r e d  t h e  w a te r  t o  th e  c o n s t a n t  l e v e l  d i l u t i o n  t a n k s .  

The two re m a in in g  b a r r e l s  were u s e d  as r e s e r v o i r s  f o r  p r e p a r i n g  th e  

d i l u t i n g  and t e s t  w a te r  so t h a t  when th e  w a te r  in  th e  d e l i v e r y  

b a r r e l s  became low t h e s e  cou ld  be  r e f i l l e d  from th e  r e s e r v e  b a r r e l s .

A s u b m e rs ib le  pump was used  to  t r a n s f e r  th e  w a te r  from th e  r e s e r v e  

b a r r e l s  t o  t h e  d e l i v e r y  b a r r e l s .  A le n g th  o f  v in y l  hose  was con­

n e c t e d  to  th e  pump and l e d  i n t o  t h e  d e l i v e r y  b a r r e l .  A f t e r  th e  

r e s e r v e  b a r r e l s  were em p tied ,  each  was s u b s e q u e n t ly  r e f i l l e d  f o r  

l a t e r  u s e .

The d e l i v e r y  b a r r e l s  s u p p l i e d  w a te r  t o  th e  d i l u t i n g  ta n k s  which 

were c o n s t r u c t e d  o f  0 . 6  cm p l e x i g l a s s  and were cem ented t o g e t h e r  w ith  

s i l i c o n e  r u b b e r  cement (F ig u re  2 ) .  The w a te r  l e v e l  in  t h e s e  ta n k s  

was m a in ta in e d  a t  a  n e a r  c o n s ta n t  l e v e l  by th e  u se  o f  f l o a t  v a lv e s  

which were p la c e d  in  each  t a n k .

S e ts  o f  from one th ro u g h  f i v e  h o le s  were d r i l l e d  i n t o  th e  

bo tto m  o f  th e  d i l u t i n g  ta n k s  and one m i l l i m e t e r  b o re  g l a s s  tu b in g  

which was a p p ro x im a te ly  2 .5  cm i n  le n g th  was cem ented i n t o  each  

o f  t h e s e  h o l e s .  Each g l a s s  tu b e  ex ten d ed  e x a c t l y  t h e  same d i s t a n c e
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below t h e  b o tto m  o f  th e  d i l u t i n g  ta n k s  so t h a t  th e  same head o f  

w a te r  was e f f e c t i v e  in  p ro d u c in g  a  u n ifo rm  r a t e  o f  f low  from each 

tu b e  i n  t h e  d i l u t i n g  ta n k .

Each c o n t a i n e r  in  w hich th e  o rgan ism s were t e s t e d  r e c e iv e d  th e  

flow from f i v e  h o l e s .  The d i l u t i o n s  o f  th e  t e s t  w a te r  were o b ta in e d  

by d e te rm in in g  th e  number o f  h o l e s ,  o u t  o f  t h e  t o t a l  o f  f i v e  h o le s ,  

which d e l i v e r e d  t h e  t e s t  w a te r  to  th e  t e s t  c o n t a i n e r s .  T h e re fo re ,  

d i l u t i o n s  o f  th e  o r i g i n a l  c o n c e n t r a t i o n  o f  t e s t  w a te r  ranged  from 

zero  t o  one h u nd red  p e r c e n t  in  i n t e r v a l s  o f  tw en ty  p e r c e n t .

In  o r d e r  t o  l e v e l  t h e  t a n k s ,  a number o f  h o le s  were d r i l l e d  

th ro u g h  th e  s h e l f  a long  t h e  edges o f  th e  ta n k s  and each  was f i t t e d  

w ith  l e v e l i n g  screw s to p p e d  w ith  a  f l a t  p i e c e  o f  cork  s to p p e r  f i t t e d  

o n to  th e  end o f  each  b o l t  where i t  made c o n t a c t  w ith  th e  bottom  o f  

th e  d i l u t i n g  ta n k .  I f  any p o r t i o n  o f  th e  ta n k  r e q u i r e d  r a i s i n g  o r  

lo w er in g  in  o r d e r  t o  l e v e l  t h e  t a n k ,  th e n  th e  a p p r o p r i a t e  b o l t  cou ld  

s im ply  be a d j u s t e d  to  a c h ie v e  th e  d e s i r e d  l e v e l .

P o ly e th y le n e  c o l l e c t i n g  fu n n e ls  were f i x e d  u nder  each s e t  o f  

h o le s  i n  th e  bo ttom  o f  th e  d i l u t i n g  ta n k s  and were connec ted  to  

p o ly e th y le n e  t u b i n g  which em p tied  i n t o  each o f  th e  t e s t  c o n t a in e r s .  

P o ly e th y le n e  MY" c o n n e c to rs  r e c e iv e d  w a te r  from th e  d i l u t i n g  w a te r  

ta n k  and th e  t e s t  w a te r  t a n k  which a l lo w ed  f o r  com plete  m ixing o f  

th e  v a r io u s  c o n c e n t r a t i o n s  p r i o r  t o  e n t r y  i n t o  th e  t e s t  c o n t a in e r s .

The t e s t  c o n t a in e r s  were p o ly p ro p y le n e ,  l i t e r  c a p a c i t y  j a r s  

(F ig u re  3 ) . .  A number t h r e e  ru b b e r  s to p p e r  was f i t t e d  i n t o  th e  

bo ttom  o f  each  c o n t a in e r  and a  0 .7  cm I .D .  g l a s s  s ta n d p ip e  was 

i n s e r t e d  th ro u g h  t h e  s to p p e r .  The g l a s s  s ta n d p ip e  d r a in e d  th e
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o v e rf lo w  i n t o  a  s in k  v i a  0 .4  cm I .D .  p l a s t i c  tu b in g .  The to p  o f  

th e  s ta n d p ip e  m easured  8 . 2  cm from t h e  bo ttom  i n  each  t e s t  c o n t a in e r  

so  t h a t  t h e  volume o f  w a te r  was i d e n t i c a l  in  each  o f  t h e  s i x  t e s t  

c o n t a i n e r s .

The method o f  c o l l e c t i n g ,  h o ld in g ,  and t e s t i n g  t h e  o rgan ism s 

was fo l lo w ed  from th e  p ro c e d u re  s e t  f o r t h  by Sprague (1 973 ) .  The 

t e s t  o rgan ism s which were u t i l i z e d  in  t h i s  expe rim en t were Ameletus 

s p a r s a t u s , H y a le l l a  a z t e c a , T u b ife x  t u b i f e x , and Sphaerium  s i m i l e .

The t e s t  o rgan ism s were i d e n t i f i e d  u s in g  th e  fo l lo w in g  t e x t s :

Needham e t  a l .  (1969) ,  Pennak (1 9 5 3 ) ,  and Burch (1 9 7 2 ) .

T u b ifex  t u b i f e x  was c o l l e c t e d  from t h e  P o r ta g e  Creek n e a r  Lake 

S t r e e t  in  Kalamazoo. Ameletus s p a r s a t u s , H y a le l l a  a z t e c a , and 

Sphaerium  s i m i l e  were c o l l e c t e d  from th e  P o r ta g e  Creek a t  1 2 th  S t r e e t  

and N Avenue in  P o r ta g e .  The T u b ife x  were c o l l e c t e d  o n ly  once f o r  

t h i s  ex p e r im en t and were m a in ta in e d  in  t h e  l a b o r a to r y  u n t i l  th e  t e s t s  

were con d u c ted .  A m ele tu s , H y a l e l l a , and Sphaerium were c o l l e c t e d  and 

i d e n t i f i e d  p r i o r  t o  each  t e s t .  These o rgan ism s were a c c l im a te d  f o r  

f o u r  days in  t h e  l a b o r a to r y  p r i o r  to  t e s t i n g  and were d e p r iv e d  o f

food f o r  one day p r i o r  t o  t e s t i n g .

D uring and a f t e r  th e  e x p e r im e n ts ,  t h e s e  o rgan ism s were h e l d  and 

t e s t e d  in  g l a s s  p e t r i  d i s h e s  which m easured  6 .0  cm X 2 .5  cm and 

were covered  w ith  a  f i n e  mesh n y lo n  c o v e r  to  c o n f in e  th e  o rgan ism s

in  th e  p e t r i  d i s h e s  d u r in g  t e s t i n g .  Ten specim ens o f  each s p e c i e s

were p la c e d  i n  th e  t e s t  c o n t a in e r s  i n  a random sequence .

An i n i t i a l  48 -h o u r  t e s t  was con d u c ted  to  d e te rm in e  s h o r t - t e r m ,  

a c u te  t o x i c  e f f e c t s  o f  co p p er  s u lp h a t e  upon th e s e  o rg a n ism s .  The
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organ ism s which s u r v iv e d  t h e  i n i t i a l  t e s t  w ere p la c e d  i n  a q u a r i a  

w i th  f r e s h w a te r  c o n t a in in g  no added p o l l u t a n t s  and s u r v i v o r s  were 

o b se rv ed  d a i l y  f o r  t h r e e  weeks t o  d e t e c t  d e la y e d  o r  lo n g - te rm  e f f e c t s .

The w a te r  t e m p e ra tu r e  and p h o to p e r io d  were i d e n t i c a l  t o  t h a t  o f  th e  

i n i t i a l  t e s t .  D uring  t h e  lo n g - te rm  t e s t s  t h e  w a te r  was o x y g en a ted  

w i th  an a i r s t o n e  and t h e  a n im a ls  w ere d e p r iv e d  o f  food .

D uring  t h e  i n i t i a l  48 -h o u r  t e s t  o b s e r v a t i o n s  on m o r t a l i t y  were 

made a t  15, 30, and 60 m in u te s  and a t  2 ,  4 ,  8 , 12, 24 , 33 , and 48 

h o u r s .  T h is  fo l lo w s  t h e  o b s e r v a t i o n  s c h e d u le  recommended by Sprague 

(1 973 ) .  The d a i l y  p h o to p e r io d  f o r  th e  t e s t s  was s e t  f o r  12 h o u rs  

b e g in n in g  a t  8 a .m . and i l l u m i n a t i o n  was p ro v id e d  by a 4 0 -w a t t  

f l u o r e s c e n t  b u lb .

The te m p e ra tu r e  o f  t h e  t e s t  w a te r  was k e p t  a t  room te m p e ra tu re  

o f  a p p ro x im a te ly  23° C, and th e  f low  r a t e  was m a in ta in e d  a t  a p p r o x i ­

m a te ly  2 . 1  m l /seco n d  i n t o  each o f  th e  t e s t  c o n t a i n e r s ,  w i th  t h e  volume 

o f  t h e  c o n t a in e r s  b e in g  800 ml. A ccord ing  t o  t h e  r a t i o  g iv e n  by 

Sprague (1973) t h e  re p la c e m e n t  t im e  would be  a p p ro x im a te ly  0 .1  hou r .

The s to c k  s o l u t i o n  o f  co p p er  s u lp h a t e  was a c c u r a t e l y  m easured 

t o  eq u a l  5 .0  g /1 .  Twenty-two m i l l i l i t e r s  o f  t h i s  s to c k  s o l u t i o n  

were added t o  each  220 l i t e r s  o f  th e  t e s t  w a te r  r e s u l t i n g  i n  an 

o r i g i n a l  c o n c e n t r a t i o n  o f  0 .5 0  mg/1. T h e r e f o r e ,  th e  e x p e c te d  concen­

t r a t i o n s  would be  0 .5 0 ,  0 .4 0 ,  0 .3 0 ,  0 .2 0 ,  0 .1 0 ,  and 0 mg CUSO4 • 5H2O/1.

These c o n c e n t r a t i o n s  a r e  below  t h e  l e v e l  t h a t  can be  a c c u r a t e l y  

d e te rm in e d  w i th  t h e  c u p r e th o l  t e s t .  T e s t s  ru n  by M i l l e r  (1974) w ith  

th e  same d i l u t e r  u s in g  NaCl show t h e  d i l u t i o n s  a r e  w i th i n  5% o f  th e  

ex p e c te d  v a l u e s .  The cop p er  s u lp h a t e  v a lu e s  a r e  e q u i v a l e n t  t o  0 .125 ,  

0 .1 0 0 ,  0 .0 7 5 ,  0 .0 5 0 ,  0 .0 2 5 ,  and 0 mg C u/1 .
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A ll  c a l c u l a t i o n s  o f  LC^q v a lu e s  a r e  by t h e  method o f  Sprague 

(1973) and  a r e  r e p o r t e d  in  te rm s o f  th e  i n i t i a l  amount o f  copper 

s u lp h a t e  added t o  th e  t e s t  w a te r .  S in ce  s o l u b i l i t y  o f  t h i s  s a l t  i s  

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

p o s s i b l e  t h e  c o n c e n t r a t i o n s  o f  m e ta l  t o  which th e  organ ism s were 

a c t u a l l y  exposed  may have been  somewhat l e s s  th a n  th e  amount added ; 

how ever, no p r e c i p i t a t e s  were n o te d .

The p h y s i c a l  and chem ica l c h a r a c t e r i s t i c s  o f  t h e  d i l u t i o n  

w a te r  which were m o n i to re d  d u r in g  t h e  4 8 -h o u r  t e s t  in c lu d e  te m p e ra tu r e  

( ° C ) , pH, d i s s o l v e d  oxygen (ppm), t o t a l  h a rd n e s s  (ppm CaCOg), t o t a l  

a l k a l i n i t y  (ppm CaC03 ) and flow  r a t e  ( m l / s e c ) . The w a te r  so u rc e  

was t a p  w a te r  s u p p l i e d  t o  th e  u n i v e r s i t y  by t h e  Kalamazoo M unic ipa l 

W ater D epartm en t.  Changes in  t h e  c i t y  pumping s i t e s  may have caused  

v a r i a t i o n s  i n  th e  p h y s i c a l  and chem ica l c h a r a c t e r i s t i c s  l i s t e d  above. 

Sodium t h i o s u l p h a t e  was added to  each  b a r r e l  o f  w a te r  t o  remove a l l  

c h l o r i n e .

The flow  r a t e  was d e te rm in e d  by c a l c u l a t i o n  from th e  tim e 

r e q u i r e d  t o  f i l l  a  225 ml c o n t a i n e r  w ith  th e  e f f l u e n t  from a  t e s t  

c o n t a i n e r .
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RESULTS

D e te rm in a t io n s  o f  d i s s o lv e d  oxygen, pH, t e m p e ra tu r e ,  t o t a l  

h a rd n e s s ,  t o t a l  a l k a l i n i t y ,  and flow  r a t e  were made d u r in g  th e s e  

t e s t s  and t h e  v a lu e s  o f  t h e s e  c h a r a c t e r i s t i c s  a r e  l i s t e d  in  T ab le  3. 

Very l i t t l e  f l u c t u a t i o n  was o b se rv e d  in  v a lu e s  f o r  t h e  flow  r a t e ,  

t o t a l  a l k a l i n i t y ,  d i s s o lv e d  oxygen, pH, and te m p e ra tu r e .  The t o t a l  

h a rd n e ss  was th e  most v a r i a b l e  o f  t h e  p a ra m e te rs  t e s t e d  w ith  a range  

from 1 8 0 -2 1 0 ,ppm CaCC^. The c o n t in u o u s - f lo w  b io a s s a y  t e s t s  used  

i n  t h i s  s tu d y  were 48 h o u rs  i n  d u r a t i o n  and o b s e r v a t io n s  on m o r t a l i t y  

were made a t  th e  p r e - d e te r m in e d  t im e s .  The cu m u la tiv e  m o r t a l i t y  o f  

t h e  e x p e r im e n ta l  an im a ls  a f t e r  48 hou rs  i s  g iv e n  in  T ab le  4 . These 

numbers r e p r e s e n t  t h e  cu m u la t iv e  m o r t a l i t y  o f  t h e  an im als  from a l l  

t h r e e  t r i a l s  and r e p r e s e n t  t h e  number dead o u t  o f  30 a t  each  con­

c e n t r a t i o n .

O b se rv a t io n s  made d u r in g  th e  4 8 -hou r  t e s t s  i n d i c a t e  t h a t  a t  

f i r s t  exposu re  to  t h e  t e s t  c o n c e n t r a t i o n s  th e  an im als  e x h i b i t e d  

in c r e a s e d  locom otion  o r  a c t i v i t y .  T h is  was p a r t i c u l a r l y  t r u e  f o r  

t h e  am phipods, m a y f l i e s ,  and t u b i f i c i d s .  The amphipods and m a y f l ie s  

soon became i n a c t i v e  and c lu n g  to  t h e  n y lo n  c o v e r  o r  r e s t e d  on 

th e  bo ttom  o f  th e  c o n t a in e r s  f o r  th e  d u r a t i o n  o f  th e  t e s t s .  The 

t u b i f i c i d s  were p a r t i c u l a r l y  a c t i v e  d u r in g  th e  i n i t i a l  exposu re  and 

m a in ta in e d  an  a c t i v e  s t a t e  f o r  th e  e n t i r e  t e s t .  Many, i f  n o t  a l l ,  

o f  th e  worms in  e v e ry  c o n c e n t r a t i o n ,  c raw led  o u t  o f  th e  sm a ll  t e s t  

c o n t a in e r s  i n  each  t r i a l . .  Some even found t h e i r  way i n t o  th e  t e s t
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T able  3. Chemical and P h y s ic a l  C h a r a c t e r i s t i c s  o f  D i lu t io n  Water

OfO CJ>o ctfu Of N aJ£ a £Aa, Ok5,t—> Pi au v_/ X <Do (D 4-> co'•—J bO ’J) • HX to r— r-H
CD Xa o

c
•rHr-H N—✓u T3 aj3 Jh o4-> Q g3 r*H +■>ctf > < rtU t-Ha> c r-H *—<

& C/5 03 cC U
£ to 4-> +-» o*h O oH Ph a (X

T r i a l  1 23 8 .2 -8 .4 8 . 0 180-210 240-250 2 . 1- 2 . 2
T r i a l  2 23-24 8 .2 -S .4 8 . 0 185-200 240-250 2 . 1- 2 . 2
T r i a l  3 24-26 8 .2 -S .4 8 . 0 180-210 240-250 2 . 1- 2 . 2
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Table  4 . C um ulative M o r t a l i t y  A f t e r  48 Hours

C o n c e n t ra t io n  CuSO^-SI^O mg/1

H y a le l l a  a z t e c a  
Ameletus s p a r s a tu s  
T u b ifex  t u b i f e x  
Sphaerium  s im i le

C o n tro l  0 .10  0 .2 0  0 .30  0 .40  0 .50

5 6 5 7 4 11
4 3 2 7 8 4
1 6 1 5 7 14
0 0 0 0 0 0
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c o n t a i n e r s  o f  t h e  amphipods and m a y f l i e s .  O th e rs  g o t  c a u g h t  in  

t h e  s h e l l s  o f  th e  c lam s. T h is  made o b s e r v a t i o n s  o f  m o r t a l i t y  

q u i t e  d i f f i c u l t  f o r  T u b i fe x . A v e ry  i n t e r e s t i n g  and s i g n i f i c a n t  

o b s e r v a t i o n  was made on Sphaerium  d u r in g  t h e  i n i t i a l  4 8 -h o u r  t e s t s .  

The clam s d id  n o t  show much a c t i v i t y  d u r in g  t h e  48 -h o u r  t e s t s  and 

a f t e r  t h e  f i r s t  2 t o  4 h o u r s ,  clams t e s t e d  i n  a l l  c o n t a in e r s  e x c e p t  

c o n t r o l  had t i g h t l y  c lo s e d  t h e i r  s h e l l s .  O c c a s io n a l ly ,  t h e  s ip h o n s  

were ex ten d ed  b u t  t h e r e  was no m o r t a l i t y  i n  any c o n c e n t r a t i o n  o v e r  

t h e  4 8 -h o u r  t e s t s .  The co p p er  s u l p h a t e  c o n c e n t r a t i o n s  may have 

a l r e a d y  b een  to o  weak to  a f f e c t  any m o r t a l i t y  among t h e  c lam s , 

b u t ,  i n  p r e l i m i n a r y  s t u d i e s  in  much h i g h e r  c o n c e n t r a t i o n s ,  th e  

same b e h a v io r  was o b se rv e d .

F o r t y - e i g h t  ho u r  m o r t a l i t y  was so low t h a t  th e  p r o j e c t i o n s  

on p r o b i t  s c a l e s  t o  d e te rm in e  median l e t h a l  c o n c e n t r a t i o n s  (LX^q ' s ) 

a r e  v e ry  c o n j e c t u r a l  in  t h i s  s tu d y .

A nomograph (F ig u re  4) was c o n s t r u c t e d  f o r  c o r r e c t i n g  t h e  

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

m o r t a l i t y .  The 48 -h o u r  LC50  v a lu e s  f o r  H y a l e l l a  a z t e c a , A meletus 

s p a r s a t u s , and T u b ifex  t u b i f e x  were 1 0 .0 ,  5 .0 ,  and 0 .9  mg CuS0 4 * 

5H2O /I ,  r e s p e c t i v e l y .  The p r o b a b i l i t y  s c a l e s  and eye f i t t e d  

p r o j e c t i o n s  from which t h e s e  v a lu e s  were d e te rm in e d  a r e  g raphed  

f o r  H y a l e l l a  a z t e c a  i n  F ig u re  5 ,  A m eletus S p a r s a tu s  i n  F ig u re  6 , 

and f o r  T u b ife x  t u b i f e x  i n  F ig u re  7 . In  some in s t a n c e s  m o r t a l i t y  

i n  th e  c o n t r o l  group e q u a l l e d  o r  ex ceed ed  m o r t a l i t y  i n  t h e  

e x p e r im e n ta l  g ro u p .  In  F ig u re s  5 ,  6 , and in  F ig u re  7 t h e
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C o n c e n t r a t io n  o f  Copper as  ppm CUSO4 *51120 

F ig u re  5. E s t im a t io n  o f  th e  48-Hour LC50 f o r  H y a le l l a  a z t e c a
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c o n c e n t r a t i o n s  where t h i s  o c c u r r e d  a r e  c i r c l e d  and t h e  number o f  th e  

e x p e r im e n ta l  group r e l a t i v e  t o  t h e  c o n t r o l  g roup  i s  i n d i c a t e d .

Sphaerium  s i m i l e  e x h i b i t e d  no m o r t a l i t y  i n  th e  4 8 -h o u r  t e s t s ,  

t h e r e f o r e ,  no c a l c u l a t i o n  o f  t h e  LC^q v a lu e  was p o s s i b l e .

A no ther  method o f  e v a l u a t i n g  t h e  r e s u l t s  may be  done by 

c a l c u l a t i n g  t h e  p e r c e n t  m o r t a l i t y  i n  t h e  4 8 -h o u r  t e s t s .  T h is  may 

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

m o r t a l i t y  o f  t h e  e x p e r im e n ta l  an im a ls  i n  th e  4 8 -h o u r  t e s t s  i s  g iv en  

in  T ab le  5 . To d e te rm in e  any d e la y e d  o r  lo n g - te rm  e f f e c t s  o f  th e  

o r i g i n a l  ex p o su re  t o  c o p p e r  s u lp h a t e  on th e  e x p e r im e n ta l  an im a ls ,  

o b s e r v a t io n s  were c o n t in u e d  f o r  a  maximum o f  21 days and o b se rv a ­

t i o n s  on m o r t a l i t y  were made d a i l y .  A f t e r  t h e  o r i g i n a l  48-hour 

exposu re  t h e  s u r v iv in g  an im a ls  were t r a n s f e r r e d  to  f r e s h w a te r  

a q u a r i a  and were m a in ta in e d  and o b se rv e d  f o r  a  maximum o f  21 d ay s .

The e x p e r im e n ta l  c o n d i t i o n s  were i d e n t i c a l  t o  t h e  4 8 -h o u r  t e s t  w i th  

t h e  e x c e p t io n  t h a t  t h e  w a te r  was a r t i f i c i a l l y  o x y g en a ted  and no 

co p p er  was added .

The 21-day  o b s e r v a t i o n s  on m o r t a l i t y  a r e  g raphed  f o r  H y a le l la  

a z t e c a  i n  F ig u re  8 , f o r  Am eletus s p a r s a t u s  i n  F ig u r e  9 , and fo r  

T u b ifex  t u b i f e x  i n  F ig u re  10, and f o r  Sphaerium s im i l e  i n  F ig u re  11. 

The g rap h s  o b ta in e d  f o r  t h e  lo n g - te rm  o b s e r v a t io n s  a r e  c o n s t r u c t e d  

from t h e  c u m u la t iv e  m o r t a l i t y  o f  a l l  t h e  an im a ls  i n  a l l  c o n c e n t r a t i o n s  

i n  t h e  t h r e e  t e s t s .  The t o t a l  m o r t a l i t y  in  t h e  clams i s  p ro b ab ly  

s t r o n g l y  b i a s e d  by one t r i a l .  In  t h e  t o t a l  o f  t h e  t h r e e  t r i a l s ,

88.2% (60 i n d i v i d u a l s )  o f  t h e  e n t i r e  m o r t a l i t y  r e s u l t e d  from T r i a l  2. 

Each o f  th e  o t h e r  t r i a l s  c o n t r i b u t e d  2.9% (2 i n d i v i d u a l s )  to  t h e  

t o t a l  m o r t a l i t y .
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T a b le  5 . P e r c e n t  M o r t a l i t y  A f t e r  48 Hours

C o n c e n t ra t io n  CuSO^Sl^O mg/1

C o n tro l  0 .10  0 .20  0 .30

H y a l e l l a  a z t e c a  
Ameletus s p a r s a t u s  
T u b i fe x  t u b i f e x  
Sphaerium  s i m i l e

0 .40 0 .50

16.6 20 .0 16.6 23 .3 13 .3 3 6 .6
13.3 10 .0 6 .6 23 .3 26 .6 1 3 .3

3 .3 20 .0 3 .3 16.6 2 3 .3 4 6 .6
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
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The r e s u l t s  o f  t h e  lo n g - te rm  o b s e r v a t i o n s  o f  t h e  o th e r  an im als  

show c o n s i s t e n t  r e s u l t s  i n  t h e  t h r e e  t r i a l s .  The number o f  s u r v iv o r s  

a t  each  c o n c e n t r a t i o n  a t  f o u r  day i n t e r v a l s  d u r in g  t h e  f i r s t  two 

weeks o f  th e  lo n g - te rm  t r i a l s  i s  g iv e n  in  T ab le  6 .

T h ere  i s  a  p o s i t i v e  c o r r e l a t i o n  be tw een  p e r c e n t  m o r t a l i t y  and 

th e  o r i g i n a l  c o n c e n t r a t i o n  o f  copper s u lp h a t e  i n  which th e y  were 

t e s t e d .  In  a l l  t e s t s  t h e  a n im a ls  which were o r i g i n a l l y  exposed  to  

th e  h i g h e r  c o n c e n t r a t i o n s  d ie d  so o n er  th a n  t h e  an im als  exposed to  

th e  low er c o n c e n t r a t i o n s .

Long-term  o b s e r v a t i o n s  o f  H y a le l l a  a z t e c a  i n d i c a t e d  t h a t  t h e  

amphipods exposed  to  th e  low er c o n c e n t r a t i o n s  o f  copper  s u lp h a t e  

had a  low er m o r t a l i t y  f o r  th e  f i r s t  14 days th a n  d id  th o s e  exposed  

to  t h e  h ig h e r  c o n c e n t r a t i o n s .  The p e r c e n t  m o r t a l i t y  a f t e r  seven  days 

f o r  t h e s e  g ro u p s ,  c o n t r o l ,  0 .1 0 ,  0 .2 0 ,  0 .3 0 ,  0 .4 0 ,  and 0 .50  mg CuSO^. 

5H2O /I  c o n c e n t r a t i o n s  a r e  72, 83, 92, 93, 88 , and 98 p e r c e n t ,  r e ­

s p e c t i v e l y .  O ne-hundred  p e r c e n t  m o r t a l i t y  i n  t h e  0 .50  group o c c u r re d  

in  t e n  d a y s ,  and  in  th e  0 .2 0  g roup in  e ig h te e n  days .

Long-term  o b s e r v a t i o n s  on Ameletus s p a r s a t u s  a l s o  show v e ry  w e ll  

t h a t  th o s e  m a y f l ie s  t e s t e d  in  t h e  h ig h e r  c o n c e n t r a t i o n s  o f  copper  

s u lp h a t e  e x h i b i t e d  more r a p i d  m o r t a l i t y  th a n  th o s e  m a y f l ie s  t e s t e d  

in  t h e  low er c o n c e n t r a t i o n s .  G e n e ra l ly ,  t h e  m a y f l ie s  seem t o  be more 

s e n s i t i v e  th a n  t h e  amphipods b eca u se  t h e  t o t a l  m o r t a l i t y  in  each  

group o f  m a y f l i e s  o c c u r r e d  so o n e r  th a n  i n  t h e  c o r re s p o n d in g  g roup o f  

am phipods. However, t h i s  s h i f t  i n  s e n s i t i v i t y  i n  t h e  m a y f l ie s  may 

be a t t r i b u t e d  t o  f a c t o r s  n o t  c o n s id e re d  i n  t h i s  s tu d y ,  e . g .  t o l e r a n c e  

to  l a c k  o f  fo o d .  The l a t t e r  i s  i n d i c a t e d  by com parison o f  c o n t r o l  g ro u p s .
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Table 6. Number o f  Survivors During Long-term T ests

Days

C o n c e n t ra t io n  mg CuSC>4-5H20/l 

C o n tro l  0 .10  0 .2 0  0 .30  0 .40 0.50

1 2 3 1 2 3 1 2 3 1 2 1 2 3 . 1

A
M
T
C

9 8 8
8 9 9

10 9 10
10 10 10

8 10 6 
7 10 10 

L0 8 6
10 10 10

8 10 7
8 10 10 

10 10 9
10 10 10

9 8 6
5 10 8
8 9 8

10 10 10

8 9 9
6 8 8

10 3 10
10 10 10

9 5 5
8 9 9
6 4 6

10 10 10

A
M
T
C

9 1 3
6 3 6
9 5 10
9 6 10

6 1 0
4 5 2
9 0 5

10 9 10

6 0 2
4 5 4
9 2 7

10 7 9

4 0 1
0 3 1
8 5 6

10 4 10

4 0 0
1 1 0  
9 0 5

10 7 10

1 0  0 
1 1 3
4 0 2
9 5 10

A
M
T
C

5 0 1
3 0 0
9 2 10
9 0 10

4 0 0
1 0  0 
8 0 4

10 2 10

2 0 0 
1 1 0  
8 0 6 

10 2 9

1 0  0 
0 0 0
4 4 3

10 1 10

3 0 0
0 0 0
9 0 4

10 0 10

1 0 0
0 0 0
3 0 0
9 0 10

12

A
M
T
C

4 0 1
1 0 0 
8 1 8  
9 0 10

3 0 0
0 0 0
7 0 3

10 0 10

1 0  0 
0 1 0  
6 0 4 

10 0 9

1 0  0 
0 0 0
2 0 1

10 0 9

3 0 0
0 0 0
8 0 4

10 0 10

0 0 0
0 0 0
2 0 0
9 0 10

A = amphipod (H y a le l l a  a z te c a )
M = m ayfly  (Ameletus s p a r s a tu s )
T = t u b i f i c i d  (T u b ifex  tu b i f e x )
C = clam (Sphaerium  s im i l e )

1 = F i r s t  T r i a l  4 -18-74  to  5 -9 -74
2 = Second T r i a l  4 -2 5 -7 4  to  5 -16-74
3 = T h i rd  T r i a l  4 -29 -74  to  5-20-74
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The m o r t a l i t y  a f t e r  f i v e  days i n  th e  c o n t r o l ,  0 .1 0 ,  0 .2 0 ,  0 .3 0 ,

0 .4 0 ,  and 0 .50  mg/1 groups was 51 , 65 , 66, 90 , 97, and 85 p e r c e n t ,  

r e s p e c t i v e l y .  Complete m o r t a l i t y  i n  th e  0 .5 0  group o c c u r re d  in  

seven  days w h ile  com plete m o r t a l i t y  in  th e  0 .1 0  group o c c u r re d  i n  

tw e lv e  days .

The lo n g - te rm  o b s e rv a t io n s  on T u b ifex  t u b i f e x  a l s o  i n d i c a t e  t h a t  

worms t e s t e d  i n  th e  low er c o n c e n t r a t i o n s  d ie d  a t  a s lo w er  r a t e  th a n  

th o s e  worms t e s t e d  in  th e  h ig h e r  c o n c e n t r a t i o n s  o f  copper s u l p h a t e .

The g raphs  i n d i c a t e  t h a t  g e n e r a l l y  th e  t u b i f i c i d  worms l i v e d  lo n g e r  

th a n  e i t h e r  th e  amphipods o r  m a y f l ie s  t e s t e d .  But a g a in ,  t h i s  s h i f t  

i s  p ro b a b ly  due to  lo n g e r  l i f e  u n d er  s t a r v a t i o n  c o n d i t io n s  a s  i n d i c a t e d  

by th e  c o n t r o l  group .

The p e r c e n t  m o r t a l i t y  a f t e r  e i g h t  days f o r  t h e s e  g ro u p s ,  c o n t r o l ,  

0 .1 0 ,  0 .2 0 ,  0 .3 0 ,  0 .4 0 ,  and 0 .50  mg/1 a re  28, 51, 53, 61, 43 , and 77 

r e s p e c t i v e l y .  Complete m o r t a l i t y  o c c u r re d  i n  14 days f o r  th e  0 .50  

group and in  17 days f o r  th e  0 .3 0  g roup . No o th e r  group o f  worms 

e x p e r ie n c e d  com ple te  m o r t a l i t y  f o r  th e  d u r a t i o n  o f  t h e  t e s t .

S t a t i s t i c a l  a n a l y s i s  o f  t h e  48 -hou r  t e s t s  was perfo rm ed  by 

em ploying a  com puter ized  C h i- s q u a re  t e s t  o f  a  two by two co n t in g e n c y  

t a b l e .  The program f o r  t h e  t e s t  was s u p p l ie d  by th e  S t a t i s t i c s  

Departm ent o f  W estern M ichigan U n iv e r s i t y .  T h is  program p ro v id e d  

v a lu e s  f o r  th e  C h i-sq u a re  and a l s o  f o r  th e  c o r r e c t e d  C h i- s q u a re .

S ince  th e  v a lu e s  b e in g  u sed  i n  t h e  a n a l y s i s  were so sm all  t h e  

c o r r e c t e d  C h i-sq u a re  v a lu e  was u s e d .  A ccording  t o  Leabo (1972) when 

t h e  e x p e c te d  f r e q u e n c ie s  a r e  to o  s m a l l ,  t h e  c o r r e c t i o n  f a c t o r  m ight 

be u sed  and t h i s  reduces  th e  o b se rv ed  f r e q u e n c ie s  by o n e - h a l f .  T h is
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h a s  a  n e g l i g i b l e  e f f e c t  when f r e q u e n c i e s  a r e  l a r g e ,  b u t  when th e  

c e l l s  c o n ta in  to o  few f r e q u e n c i e s ,  ig n o r in g  t h e  c o r r e c t i o n  f a c t o r  

m igh t l e a d  t o  e x c e s s iv e  r e j e c t i o n  o f  t h e  n u l l  h y p o th e s i s  b e c a u se  th e  

computed C h i- s q u a re  i s  o v e r s t a t e d .  In  t h i s  s t a t i s t i c a l  a n a l y s i s ,  t h e  

h y p o th e s i s  t h a t  t h e  c o n c e n t r a t i o n  o f  c o p p e r  s u lp h a t e  in  which th e  

an im a ls  were t e s t e d  d e te rm in e s  t h e  e x t e n t  o f  m o r t a l i t y  i n  t h e  

d i f f e r e n t  g roups  w i l l  be a c c e p te d  i f  t h e  c o r r e c t e d  C h i- s q u a re  v a lu e  

i s  eq u a l  t o  o r  g r e a t e r  th a n  3 .8 4 .  T h is  v a lu e  i s  b ased  on 95% 

c o n f id e n c e  l e v e l  w ith  one d e g re e  o f  freedom . The v a lu e s  f o r  th e  

C h i- s q u a re  t e s t s  and th e  c o r r e c t e d  C h i- s q u a re  t e s t s  a r e  g iv e n  in  T ab le  7.

I t  can be  seen  t h a t  i n  o n ly  one c o n c e n t r a t i o n ,  namely t h e  

0 .5 0  T u b i fe x , was th e  c o r r e c t e d  C h i- s q u a re  v a lu e  s i g n i f i c a n t ,  a l th o u g h  

t h e  0 .40  T u b ifex  was v e ry  c l o s e  t o  b e in g  s i g n i f i c a n t .  In  a l l  o f  th e  

o t h e r  c o n c e n t r a t i o n s  th e  c o r r e c t e d  C h i- s q u a re  v a lu e  was low er  th a n  

t h e  v a lu e  f o r  s i g n i f i c a n c e .  In  l i g h t  o f  t h i s  f a c t  and s in c e  t h e r e  

was no m o r t a l i t y  among t h e  Sphaerium  d u r in g  t h e  4 8 -h o u r  t e s t  i t  can 

be  conc luded  t h a t  t h e s e  c o n c e n t r a t i o n s  o f  copper s u lp h a t e  a r e  n o t  

c l e a r l y  d e m o n s tra te d  to  be t o x i c  t o  most o f  t h e  an im a ls  t e s t e d  

u n d e r  th e  e x p e r im e n ta l  c o n d i t i o n s .  The r e s u l t s  o f  t h e  lo n g - te rm  

t e s t  s u g g e s t  t h a t  t h e r e  i s  an e f f e c t .  Perhaps  a  l a r g e  number o f  

r e p l i c a t e s  would e s t a b l i s h  t o x i c i t y  f o r  some c o n c e n t r a t i o n s  i n  th e  

4 8 -h o u r  t e s t .

A no ther  s t a t i s t i c a l  t e s t  o f  t h e  lo n g - te rm  g rap h s  can be  p e r ­

formed by o b s e rv in g  where t h e  m a jo r i t y  o f  p o i n t s  o f  t h e  e x p e r im e n ta l  

l i n e  l i e  r e l a t i v e  t o  th e  m a j o r i t y  o f  p o i n t s  o f  t h e  c o n t r o l  l i n e .

One would e x p e c t  a 50-50 chance  o f  v a lu e s  f a l l i n g  e i t h e r  h ig h e r  o r
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Table 7. S t a t i s t i c a l  A nalysis o f  48-Iiour T ests

l l y a l e l l a  a z t e c a

Ameletus s p a r s a t u s

T u b ifex  t u b i f e x

C o n c e n t ra t io n  
mg CuS04/ l

C h i-S q u are 2X2 C o r re c te d  
C h i-S quare

0 .50 3.06818 2.13068
0 .40 0.13072 0 .00000
0 .30 0 .41667 0.10417
0 .20 0 .0 0 0 0 0 0.12000
0 .10 0.11132 0 .00000

0 .50 0 .0 0 0 0 0 0.14423
0 .40 1.66667 0.93750
0 .30 1.00186 0.44527
0 .20 0.74074 0.18519
0 .10 0.16160 0.32480

0 .50 15.02222 12.80000
0 .40 5.19231 3.60577
0 .30 2.96296 1.66667
0 .20 0 .0 0 0 0 0 0.51724
0 .10 4 .04313 2.58760
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low er th a n  t h i s  l i n e  and t h e  more l i n e s  t h a t  a r e  l o c a t e d  p re d o m in a n t ly  

h ig h e r  th a n  t h e  c o n t r o l ,  t h e  s t r o n g e r  i s  t h e  c o r r e l a t i o n  t h a t  th e  

t r e a tm e n t  i s  a f f e c t i n g  m o r t a l i t y .  In  each o f  t h e  lo n g - te rm  t e s t s ,  

ex c e p t  f o r  S phaerium , where r e s u l t s  a r e  o b s c u re  f o r  r e a s o n s  s t a t e d  

p r e v i o u s l y ,  t h e  e x p e r im e n ta l  g roups were c o n s i s t e n t l y  lo c a t e d  h ig h e r  

th a n  t h e  c o n t r o l  g ro u p ,  th u s  s t r e n g t h e n in g  t h e  c o r r e l a t i o n .  T h e re ­

f o r e ,  s t a t i s t i c a l l y  t h e  p r o b a b i l i t y  o f  two l i n e s  b o th  b e in g  lo c a te d  

h ig h e r  th a n  t h e  c o n t r o l  would be 0 .5  X 0 .5  w hich e q u a ls  0 .2 5 .

However, i n  t h e s e  t e s t s  a l l  e x p e r im e n ta l  g roups  were lo c a t e d  h ig h e r  

th a n  ( t o  t h e  l e f t  o f )  th e  c o n t r o l .  The p r o b a b i l i t y  o f  t h i s  i s  0 .5 5 

o r  0 .0 3 1 2 5 . Thus we can say  w ith  c o n f id e n c e  t h a t  t h e r e  was a d e la y e d  

e f f e c t  on m o r t a l i t y  i n  t h e  e x p e r im e n ta l  g roup .

T h is  shows t h a t  t h e  i n i t i a l  48 -h o u r  e x p o su re  to  copper s u lp h a t e  

c o n c e n t r a t i o n s  i s  r e s p o n s i b l e  f o r  d e la y e d  e f f e c t s  r e s u l t i n g  in  

m o r t a l i t y .  In  a d d i t i o n ,  t h e  an im als  which w ere i n i t i a l l y  exposed 

to  t h e  h i g h e r  c o n c e n t r a t i o n  o f  t o x i c a n t  e x h i b i t e d  a more r a p i d  r a t e  

o f  m o r t a l i t y  i n  t h e  lo n g - te rm  t e s t s .
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DISCUSSION

T e s t  C o n d i t io n s

Any l a b o r a t o r y  experim en t i s  s u b j e c t  t o  th e  c r i t i c i s m  t h a t  

c o n d i t i o n s  a r e  d i f f e r e n t  from th o s e  e x p e r i e n c e d  by th e  o rgan ism  i n  

i t s  n a t u r a l  e n v iro n m en t.  These changes  may p roduce  d i f f e r e n c e s  i n  

s u r v i v a l ,  b e h a v io r ,  o r  p h y s i o l o g i c a l  r e s p o n s e s .  But th e  v a r i a t i o n s  

due to  l a b o r a t o r y  c o n d i t i o n s  s h o u ld  be u n ifo rm ly  e x p e r ie n c e d  by a l l  

t e s t  o rg a n ism s .  D i f f e r e n c e s  due t o  i n d i v i d u a l  v a r i a t i o n s  sh o u ld  be 

masked by random p o s i t i o n i n g  o f  t e s t  o rgan ism s  in  th e  ex p e r im e n t .

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

c o r r e l a t i o n  w i th  th e  re s p o n s e  o f  t h e  t e s t  s p e c ie s  t o  t h e  e x p e r im e n ta l  

v a r i a b l e  s h o u ld  be due to  t h a t  v a r i a b l e ,  in  t h i s  c a se  copper  s u lp h a t e  

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

The chem ica 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  o f  t h e  d i l u t i o n  w a te r  

which were m o n i to re d  d u r in g  t h i s  b io a s s a y  were w i th in  a c c e p ta b l e  l e v e l s  

as  compared t o  s t a n d a r d s  s e t  f o r t h  by th e  A q u a t ic  L i f e  A dvisory  

Committee ( C le a ry ,  J . ,  1954).  V a r i a t i o n s  i n  th e  p h y s i c a l  and chem ica l 

c h a r a c t e r i s t i c s  o f  th e  w a te r  u sed  i n  t h i s  t e s t  would n o t  be ex ­

p e c t e d  t o  cau se  s i g n i f i c a n t  e f f e c t s  on th e  r e s u l t s  o b ta in e d ,  b eca u se  

a l l  g roups  t e s t e d ,  i n c lu d in g  th e  c o n t r o l  g roups would have had th e  

same e x p o s u r e .

The d i s s o l v e d  oxygen v a lu e s  were d e te rm in e d  by u s in g  t h e  W inkler 

method and s i n c e  l e v e l s  were alw ays h ig h ,  t h e  w a te r  was p ro b a b ly  

s a t u r a t e d .  The c o n s t r u c t i o n  d e s ig n  o f  t h e  c o n t in u o u s - f lo w  d e v ic e  

r e s u l t e d  i n  a d e q u a te  o x y g en a t io n  and t h e r e f o r e ,  a r t i f i c i a l  oxy g en a t io n
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was n o t  n e c e s s a r y .  A ccording  t o  th e  A q u a tic  L i f e  A dv iso ry  Committee 

(C le a ry ,  J . ,  1954) t h e  d i s s o lv e d  oxygen l e v e l  f o r  warm-water f i s h  sh o u ld  

n o t  f a l l  below 5 ppm. T h e re fo re ,  th e  oxygen l e v e l s  were p ro b a b ly  n o t  

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

rem ained  a t  8 ppm.

The f low  r a t e  was m a in ta in e d  f a i r l y  c o n s ta n t  th ro u g h o u t  th e  

t e s t s  to  meet th e  d e s ig n e d  p u rp o ses  o f  th e  c o n t in u o u s - f lo w  d i l u t e r .

These p u rp o ses  a r e  t o  p ro v id e  exposu re  t o  a  c o n s ta n t  c o n c e n t r a t i o n  

o f  t o x i c a n t ,  t o  remove w aste  p ro d u c ts  and to  p ro v id e  an ad eq u a te  

su p p ly  o f  d i s s o lv e d  oxygen. A ccording  to  th e  r a t i o  g iv e n  by Sprague 

(1973) th e  tim e r e q u i r e d  f o r  99% rep la cem e n t o f  w a te r  in  th e  con­

t a i n e r s  would be ap p ro x im a te ly  one h o u r .

The pH o f  th e  d i l u t i o n  w a te r  v a r i e d  l i t t l e  o v e r  th e  co u rse  o f  

th e  ex p e r im en ts  and was w i th in  th e  l i m i t s  g iv e n  by t h e  A q u a tic  L i fe  

A dv iso ry  Committee. T h e re fo re ,  i t  i s  assumed t h a t  pH i s  n o t  a 

v a r i a b l e  i n  th e s e  t e s t s .  The v a lu e s  o b ta in e d  in  t h e s e  t e s t s  were 

h ig h  b u t  t h e s e  a r e  v e ry  c lo s e  t o  th e  pH found in  th e  n a t u r a l  wat ^rs 

o f  th e  l o c a l i t y .  However, many e x p e r im e n te r s  have in d i c a t e d  t h a t  

c o n c e n t r a t i o n s  o f  copper s a l t s  as w e l l  as  most o t h e r  heavy r a t a l s  

a r e  red u ce d  in  t o x i c i t y  a t  a  h ig h  pH. Even w i th in  th e  no .m al pH 

range  (6 .0  t o  8 . 0 ) ,  pH has  c o n s id e r a b le  in f l u e n c e  on ms iy p o iso n s  

(Hynes, 1963 and D u P le s s is  and DuBurger, 1971).  The . o x i c i t y  

o f  th e  copper  s u lp h a t e  used  in  my t e s t s  may have br an red u ced  some­

what b eca u se  t h e  pH v a lu e  o f  th e  d i l u t i o n  w a te r  v i s  h ig h .

The in f l u e n c e  o f  te m p e ra tu re  on th e  s u r v i v a l  tim e o f  o rgan ism s 

in  t o x i c  s o l u t i o n s  o f  heavy m e ta ls  has  been in v e s t ig a te d  by v a r io u s
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e x p e r im e n te r s :  Hynes (1 9 3 5 ) ,  Lloyd (1960, 1965),  and Skidmore (1963).

The te m p e ra tu re  o f  th e  d i l u t i o n  w a te r  d id  n o t  change a p p r e c ia b ly  from 

t h e  23° s t a r t i n g  t e m p e ra tu r e  d u r in g  t h e  4 8 -h o u r  t e s t s .  The s u r v iv a l  

t im e s  o f  t h e  o rgan ism s i n  t h e s e  t e s t s  sh o u ld  n o t  have  been  in f lu e n c e d  

by te m p e ra tu re  s i n c e  te m p e ra tu r e  f l u c t u a t i o n s  were s l i g h t .

Many e x p e r im e n te r s  have i n d i c a t e d  t h a t  th e  t o x i c i t y  o f  heavy 

m e ta l  s a l t s  i s  l e s s e n e d  by an i n c r e a s e  i n  h a rd n e s s  and a l k a l i n i t y  o f  

t h e  w a te r .  Both t o t a l  a l k a l i n i t y  and t o t a l  h a rd n e s s  were q u i t e  

h ig h  d u r in g  my b io a s s a y  t e s t s  and t h i s  may have s i g n i f i c a n t l y  reduced  

t h e  t o x i c i t y  o f  cop p er  s u lp h a t e  t o  t h e  a q u a t i c  i n v e r t e b r a t e s  b e in g  

t e s t e d .  T o ta l  a l k a l i n i t y  v a r i e d  l i t t l e  th ro u g h o u t  t h e  t e s t s  and was 

n o t  a  so u rc e  o f  c o n c e rn .  The v a lu e s  o f  t h e  a l k a l i n i t y  were s i m i l a r  

t o  th e  a l k a l i n i t y  o f  t h e  n a t u r a l  w a te r s  o f  t h i s  a r e a ,  t h e r e f o r e ,  

t h i s  was n o t  e x p e c te d  t o  i n f l u e n c e  t h e  t o l e r a n c e  o f  t h e  e x p e r im e n ta l  

o rg an ism s .  Both t o t a l  a l k a l i n i t y  and t o t a l  h a rd n e s s  were de te rm in ed  

by th e  te c h n iq u e s  s e t  f o r t h  by th e  Hach Chemical Company.

The t o t a l  h a rd n e s s  o f  t h e  w a te r  was th e  most v a r i a b l e  o f  th e  

p a ra m e te rs  m easured , w i th  v a lu e s  r a n g in g  from 180-210 ppm CaCOj.

T h is  v a r i a t i o n  was n o t  e x p e c te d  to  have d e t r i m e n t a l  e f f e c t s  upon t h e  

t e s t  o rg an ism s.

The p o s s i b l e  d e t r i m e n t a l  e f f e c t s  o f  t h e  s u lp h a t e  io n  was no t 

c o n s id e re d  in  t h i s  t e s t .  S in ce  th e  amount o f  s u lp h a t e  used  was l e s s  

th a n  commonly e n c o u n te re d  i n  t h e  n a t u r a l  w a te r s ,  i t  was n o t  ex p ec ted  

to  c o n t r i b u t e  t o  t o x i c i t y . .
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Short-term  LC ĝ T ests

In  copper  t o x i c i t y  t e s t s  t h e  LC$q v a lu e  i s  a  common p a ra m e te r  

used  i n  com paring a c u t e  t o x i c i t y  among d i f f e r e n t  g roups  o f  a n im a ls .

I t  i s  a  r e l i a b l e  c r i t e r i o n  t o  u s e ,  assum ing th e  e x p e r im e n ta l  c o n d i t io n s  

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

A th o ro u g h  rev iew  o f  t h e  l i t e r a t u r e  was made and few r e p o r t s  

can be found d e s c r ib i n g  t h e  t o x i c i t y  o f  copper  s u lp h a t e  t o  t h e  a q u a t i c  

i n v e r t e b r a t e s  u sed  in  t h i s  s tu d y .  T h e r e f o r e ,  r e f e r e n c e  t o  o th e r  

a q u a t i c  o rgan ism s which have had  s t u d i e s  made o f  t o x i c i t y  o f  copper 

s u lp h a t e  a re  in c lu d e d  i n  t h i s  r e p o r t .

The 4 8 -h o u r  LC^q v a lu e  f o r  H y a le l l a  i n  my b io a s s a y  t e s t  was

10 .0  mg CUSO4 . 5H2O /I .  In  a  s i m i l a r  s tu d y  th e  9 6 -h o u r  TL^ v a lu e  f o r

th e  amphipod Gammarus p seudo lim naeus  was r e p o r t e d  as  0 .02  mg/1 t o t a l  
*

c o p p e r  (0 .0 8  mg CuS04 .5H20 / l )  by A r th u r  and Leonard (1 9 7 0 ) .  The 

4 8 -h o u r  LC^q f o r  Daphnia magna t e s t e d  w i th o u t  food  was r e p o r t e d  as  

0 .009  mg/1 t o t a l  cop p er  (0 .036  mg CUSO4 . 5 ^ 0 / 1 )  by B ie s in g e r  and 

C h r i s te n s e n  (1972 ) .

The LC50 v a lu e  d e te rm in e d  f o r  Ameletus i n  t h i s  t e s t  was 5 .0  mg 

CuS04*5H2O / I . In  a  r e l a t e d  s tu d y  W am ick and B e l l  (1969) r e p o r t e d  

a 4 8 -h o u r  TLjjj o f  0 .32  mg/1 cop p er  f o r  t h e  m ayfly  E p h em ere l la  s u b v a r i a .

When th e  r e s u l t s  o f  A r th u r  and Leonard (1970) a r e  compared 

w ith  t h e  r e s u l t s  r e p o r t e d  h e r e  i t  ap p e a rs  t h e r e  i s  a l a r g e  d i f f e r e n c e  

betw een H y a le l l a  and Gammarus. But com parison  o f  t h e  e a r l y  days o f

* I o n ic  c o n c e n t r a t i o n s  o f  c o p p e r  may be  c o n v e r te d  to  copper  
s u lp h a t e  c o n c e n t r a t i o n s  (CuSC>4*5H29) by m u l t i p l y in g  by 4 .
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t h e  lo n g - te rm  t e s t s  i n d i c a t e  t h e  t e s t  c o n c e n t r a t i o n s  used  were a l l  

p ro d u c in g  an i n c r e a s e d  m o r t a l i t y .  Thus t im e  d u r a t i o n  seems t o  be  a  

v e r y  im p o r ta n t  f a c t o r .  The r e s u l t s  f o r  b o th  H y a l e l l a  and Am eletus 

seem t o  d e m o n s t r a te  t h i s .  The c h i t i n o u s  c u t i c u l a r  c o v e r in g  common 

t o  t h e s e  forms may be l e s s  s u s c e p t i b l e  t o  t h e  e f f e c t s  o f  heavy 

m e ta ls  th a n  t h e  p r o to p la s m ic  membranes o f  t h e  r e s p i r a t o r y  s u r f a c e s  

o f  f i s h .  Thus t h e  e f f e c t s  o f  c o p p e r  p o is o n in g  on a r th ro p o d s  may 

be d e la y e d  u n t i l  t h e  i n t e r n a l  c o n c e n t r a t i o n s  r e a c h  t o x i c  l e v e l s  and 

4 8 -h o u r  LCso 's  may be r a t h e r  m e a n in g le s s  m e asu re s .

I t  sh o u ld  be  n o te d  t h a t  t h e  e x p e r im e n ta l  c o n d i t io n s  f o r  t h e  

s t u d i e s  c i t e d  w ere n o t  a lw ays  m e n tio n ed ,  t h e r e f o r e ,  t h e  s i g n i f i c a n c e  

o f  t h e  d i f f e r e n c e s  betw een  t h e  LCs q ’ s m ight be  r e d u c e d .

T u b ife x  was r e p o r t e d  t o  have a  LC50 o f  0 .9  mg/1 i n  t h i s  t e s t .  

Fowler and G oodnight (1965) r e p o r t e d  t h a t  a  1 ppm s o l u t i o n  o f  co p p er  

s u lp h a t e  was n o t  l e t h a l  t o  T u b i fe x .  T u b ifex  i s  w e ll  known f o r  i t s  

a d a p t a t i o n  t o  low d i s s o l v e d  oxygen l e v e l s .  High l e v e l s  o f  oxygen 

have been  r e p o r t e d  t o  c au se  s t r e s s  i n  T u b ife x  (W alker, 1971), th u s  

t h e  oxygen l e v e l s  o f  th e  t e s t  c o n d i t io n s  may n o t  have been o p t im a l  

f o r  T u b ifex  when g e n e r a l  recom m endations f o r  b io a s s a y  oxygen l e v e l s  

a r e  m a in ta in e d  (S p rague ,  1969) .

A lthough  t h e  0 .5 0  c o n c e n t r a t i o n  had a  s t a t i s t i c a l l y  s i g n i f i c a n t  

l e t h a l  e f f e c t  i n  48 h o u r s ,  t h e  p r o j e c t i o n  t o  t h e  LC5Q i s  c o n j e c t u r a l  

b u t  u n d o u b te d ly  i s  t h e  lo w e s t  o f  t h e  o rgan ism s t e s t e d .  The c o v e r in g  

o f  th e  a r th ro p o d s  and t h e  b e h a v io r  o f  t h e  clams a re  p r o t e c t i v e  

mechanisms n o t  found in  T u b i f e x . Long-term  t e s t s  i n d i c a t e  T u b ife x  

had  a  s e n s i t i v i t y  i n  t h e  same ra n g e  as  t h e  a r th r o p o d s .
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Long-term O bservations

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

d e la y e d  e f f e c t s  on t h e  t e s t  o rg a n ism s .  In  e v e ry  t r i a l ,  o rgan ism s 

exposed  t o  th e  copper  s u lp h a t e  c o n c e n t r a t i o n s  showed a  more r a p i d  

r a t e  o f  m o r t a l i t y  th a n  t h e  c o n t r o l  groups d u r in g  t h e  lo n g - te rm  t e s t s .  

There i s  a l s o  a  p o s i t i v e  c o r r e l a t i o n  showing t h a t  th o s e  organ ism s 

exposed  t o  a h ig h e r  c o n c e n t r a t i o n  o f  t o x i c a n t  i n  t h e  s h o r t - t e r m  t e s t  

e x p e r ie n c e d  a  g r e a t e r  r a t e  o f  m o r t a l i t y  i n  t h e  lo n g - te rm  t e s t s .

These t e s t s  s u g g e s t  t h a t  a  c o n s i s t e n t  r i s e  i n  m o r t a l i t y  cu rv es  o f  

lo n g - te rm  o b s e r v a t io n s  r e s u l t s  from ex p o su re  t o  even th e  low es t  

c o n c e n t r a t i o n  o f  copper s u lp h a t e  (0 . 1 0  mg CUSO4 * SI-^O /l) .

T h is  same o b s e r v a t i o n  was n o te d  by Hubschman (1967) in  a s tu d y  

o f  th e  c r a y f i s h  O rco n ec te s  r u s t i c u s . He showed c o n c lu s iv e ly  t h a t  

m o r t a l i t y  r e s u l t e d  long  a f t e r  i n i t i a l  e x p o su re ,  th u s  making i t  

d i f f i c u l t  t o  d e f in e  l e v e l s  o f  a c u t e  t o x i c i t y  a c c u r a t e l y .

In  t h e s e  e x p e r im en ts  th e  m o r t a l i t y  c u rv e s  seem to  g iv e  a c l e a r  

i n d i c a t i o n  o f  t h e  t o x i c  e f f e c t s  o f  a l l  c o n c e n t r a t i o n s  i n  th e  f i r s t  

week o f  th e  lo n g - te rm  o b s e r v a t i o n s .

The l e v e l s  p ro d u c in g  m o r t a l i t y  a r e  l e s s  th a n  o n e - t e n th  th o s e  

o f  t h e  LC50 p r o j e c t i o n s .  Thus th e  p r a c t i c e  o f  s e t t i n g  p e r m i s s i b l e  

dosages  a t  o n e - t e n th  v a lu e s  d e te rm in e d  by s h o r t - t e r m  t e s t s  i s  a 

dub ious one n eed in g  much f u r t h e r  i n v e s t i g a t i o n .  D elayed m o r t a l i t y  

i s  a  s i g n i f i c a n t  f a c t o r  t o  c o n s id e r  i n  e s t a b l i s h i n g  a c c e p ta b l e  l i m i t s  

o f  c o p p e r  t h a t  c o u ld  be  s a f e l y  added t o  th e  a q u a t i c  en v iro n m en t.  I t
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i s  o f  l i t t l e  s i g n i f i c a n c e  t o  s t a t e  t h a t  an o rgan ism  can s u r v iv e  

c e r t a i n  c o n c e n t r a t i o n  o f  copper  f o r  48 ho u rs  i f  de lay ed  e f f e c t s  

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

In  t h i s  c o n t in u o u s - f lo w  b io a s s a y  t e s t ,  copper s u lp h a te  

c o n c e n t r a t i o n s  ra n g in g  from 0 .1 0  t o  0 .5 0  ppm were t e s t e d  on f o u r  

a q u a t i c  i n v e r t e b r a t e s ,  H y a le l l a  a z t e c a , Ameletus s p a r s a t u s , T u b ife x  

t u b i f e x , and Sphaerium  s i m i l e . F o r t y - e i g h t  h o u r  LC^q's were r e p o r t e d  

b ase d  on th e  i n i t i a l  amount o f  co p p er  s u lp h a t e  added to  th e  t h e  t e s t  

w a te r  and lo n g - te rm  d e la y e d  e f f e c t s  were i n v e s t i g a t e d .  The LC50 

v a lu e s  p r o j e c t e d  f o r  H y a le l l a  a z t e c a , Ameletus s p a r s a t u s , and T u b ifex  

t u b i f e x  a r e  a p p ro x im a te ly  1 0 .0 ,  5 . 0 ,  and 0 .9  mg CuS0 4 *5H20/ l ,  

r e s p e c t i v e l y .  Sphaerium  s i m i l e  e x h i b i t e d  no m o r t a l i t y  i n  t h e  48 -h o u r  

t e s t s ,  t h e r e f o r e ,  no c a l c u l a t i o n  o f  th e  LC5Q v a lu e  was p o s s i b l e .

The i n i t i a l  copper s u lp h a t e  c o n c e n t r a t i o n s  co u ld  n o t  be shown 

to  be s t a t i s t i c a l l y  s i g n i f i c a n t  i n  t o x i c i t y  t o  th e  e x p e r im e n ta l  

o rgan ism s o t h e r  th a n  T u b i f e x , o v e r  t h e  48 -h o u r  exposu re  p e r io d .  

However, lo n g - te rm  d e la y e d  e f f e c t s  c o n c lu s iv e ly  showed t h a t  

o rgan ism s which were exposed to  t h e  h ig h e r  t e s t  c o n c e n t r a t i o n s  

e x p e r ie n c e d  a  more r a p i d  r a t e  o f  m o r t a l i t y  th a n  th o s e  exposed  to  

low er c o n c e n t r a t i o n s .

This  work i n d i c a t e s  t h a t  lo n g - te rm  d e la y e d  e f f e c t s  must be 

ta k e n  i n t o  c o n s i d e r a t i o n  in  s e t t i n g  l i m i t s  f o r  " s a f e "  l e v e l s  o f  

copper s u lp h a t e  a d d i t i o n  t o  n a t u r a l  w a te r s .
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