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ABSTRACT 

The e f f e c t s o f l a k e a c i d i f i c a t i o n on z o o p l a n k t o n c o m m u n i t i e s 

an d p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n s were i n v e s t i g a t e d by 

means o f two f i e l d e x p e r i m e n t s i n E u n i c e L a k e , an o l i g o t r o p h i c , 

low a l k a l i n i t y l a k e i n t h e C o a s t a l Range M o u n t a i n s o f B r i t i s h 

C o l u m b i a . B o t h e x p e r i m e n t s were c a r r i e d o u t in s i t u u s i n g 

e i g h t p o l y o l e f i n e n c l o s u r e s , e a c h h o l d i n g 28,000 l i t e r s o f 

l a k e w a t e r a n d p l a n k t o n . 

From J u l y t o O c t o b e r 1979, a c i d i f i c a t i o n w i t h H 2 S O a and 

e n r i c h m e n t w i t h NH aN0 3 and H 3POi, were a p p l i e d t o e n c l o s u r e s b o t h 

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

l o w e r e d t h e e p i l i m n e t i c pH t o 5.6, but d i d n o t a f f e c t 

z o o p l a n k t o n , p h y t o p l a n k t o n , o r t r a n s p a r e n c y . E n r i c h m e n t a l o n e 

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

a l g a l c e l l s a nd z o o p l a n k t o n b i o m a s s . When a c i d i f i c a t i o n and 

e n r i c h m e n t were combined, b i o t i c p r o c e s s s i n g o f NH J |N0 3 l o w e r e d 

t h e pH t o 5.4, c a u s i n g h i g h m o r t a l i t y t o t h e z o o p l a n k t o n 

community d o m i n a n t , D a p h n i a r o s e a . 

The d e c l i n e o f D a p h n i a a l l o w e d c h l o r o p h y l l a c o n c e n t r a t i o n s 

t o i n c r e a s e 6-9 f o l d . I t a l s o l e d t o major c h a n g e s i n t h e 

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

f l u c t u a t i o n s o f t h e z o o p l a n k t o n community. P h y t o p l a n k t o n 

a p p e a r e d much more a f f e c t e d by a c i d - i n d u c e d c h a n g e s t o 

z o o p l a n k t o n g r a z i n g t h a n by d i r e c t a b i o t i c e f f e c t s o f 

a c i d i f i c a t i o n . 
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The 1979 e x p e r i m e n t s u g g e s t e d t h a t i f l a k e s o f pH 5.0 t o 5.5 

a r e e n r i c h e d , t h e p r o b a b i l i t y o f n u i s a n c e a l g a l blooms may be 

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

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

In May 1980, u n e n r i c h e d e n c l o s u r e s were a c i d i f i e d o v e r a t e n 

day p e r i o d t o pH 5.5, 5.0 o r 4.5, and t h e n m a i n t a i n e d a t 

c o n s t a n t pH f o r s e v e n weeks. Though t h e a c i d t o l e r a n c e o f 

D. r o s e a was v e r y s i m i l a r i n b o t h y e a r s ' e x p e r i m e n t s , t h e 

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

i n 1980 t h a n i n 1979, due t o d i f f e r e n c e s i n e i t h e r l i f e h i s t o r y 

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

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

and Bosmina l o n q i r o s t r i s . A c i d i f i c a t i o n t o pH 5.5, 5.0 and 4.5 

d e c r e a s e d mean z o o p l a n k t o n b i o m a s s by 20%, 63% and 74%. 

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

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

r e l e a s e s f r o m g r a z i n g and c o m p e t i t i o n ( r e s p e c t i v e l y ) . 

B o t h my 1979 e n c l o s u r e e x p e r i m e n t and w h o l e - l a k e 

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

m i g h t show i n c r e a s e d f l u c t u a t i o n i n z o o p l a n k t o n b i o m a s s o v e r 

c i r c u m n e u t r a l l a k e s . A n a l y s e s o f u n p u b l i s h e d z o o p l a n k t o n d a t a 

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

In g e n e r a l , t h e d i r e c t i o n o f z o o p l a n k t o n community change i s 

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

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

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

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



i v 

c o m p e t i t i v e r e l a t i o n s h i p s a r e s e n s i t i v e t o s e a s o n a l c h a n g e s i n 

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

have been f i n e l y t u n e d . L o n g - t e r m a c i d i f i c a t i o n may c r e a t e 

" h o l e s " i n t h e t e m p o r a l o r g a n i z a t i o n o f z o o p l a n k t o n c o m m u n i t i e s , 

w i t h no a c i d - t o l e r a n t s p e c i e s a v a i l a b l e w i t h t h e a p p r o p r i a t e 

l i f e h i s t o r y a n d t e m p e r a t u r e r e s p o n s e p h y s i o l o g y t o f i l l them. 
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1. INTRODUCTION 

J_.J_ H i s t o r i c a l and T h e o r e t i c a l B a c k g r o u n d 

S i n c e t h e m i d d l e o f t h e 19th C e n t u r y , man has known t h a t 

a c i d p r e c i p i t a t i o n d e r i v e d f r o m a t m o s p h e r i c e m i s s i o n s c a n damage 

b o t h n a t u r a l s y s t e m s and man-made s t r u c t u r e s ( S m i t h 1852, c i t e d 

i n C o w l i n g 1980). However, t h e s p a t i a l e x t e n t and s e v e r i t y o f 

p o t e n t i a l e c o l o g i c a l i m p a c t s o f a c i d p r e c i p i t a t i o n were f i r s t 

r e c o g n i z e d o n l y i n 1 9 6 8 . In t h a t y e a r , t h e S w e d i s h s c i e n t i s t 

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

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

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

S c a n d i n a v i a (Oden 1968, c i t e d i n C o w l i n g 1980). Oden 

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

l o s s e s o f f i s h e r i e s . S i n c e 1968, a l a r g e number o f 

m e t e o r o l o g i s t s , s o i l s c i e n t i s t s , c h e m i s t s , l i m n o l o g i s t s , 

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

A m e r i c a , have c o n d u c t e d r e s e a r c h t o i d e n t i f y and u n d e r s t a n d a c i d 

p r e c i p i t a t i o n phenomena. T h e i r i n t e n s i v e and e x t e n s i v e 

s c i e n t i f i c i n v e s t i g a t i o n s have been p a r a l l e l e d by w i d e s p r e a d and 

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

My r e s e a r c h c o n c e r n s t h e i m p a c t s o f l a k e a c i d i f i c a t i o n on 

z o o p l a n k t o n community s t r u c t u r e , and p h y t o p l a n k t o n - z o o p l a n k t o n 

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

a r t i c l e s and books a v a i l a b l e on a q u a t i c e f f e c t s o f a c i d 

p r e c i p i t a t i o n , a d e t a i l e d l i t e r a t u r e r e v i e w i s n o t n e c e s s a r y 

h e r e ( s e e B r a e k k e 1976, Gorham 1976, Yan 1978, Aimer e t 
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a l . 1978, O v e r r e i n e t a l . 1980, NRCC 1981, H a i n e s 1981). 

However, i n o r d e r t o s e t a c l e a r c o n t e x t f o r my r e s e a r c h , I 

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

L ake a c i d i f i c a t i o n c a n be t r a c e d back t o s h o r t o r l o n g r a n g e 

t r a n s p o r t ( i . e . 0-2000 km) o f g a s e o u s e m i s s i o n s o f s u l f u r and 

n i t r o g e n o x i d e s ( L i k e n s e t a l . 1979). These e m i s s i o n s may be 

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

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

and n i t r a t e compounds t h a t r e a c h t h e g r o u n d e i t h e r i n 

p a r t i c u l a t e o r l i q u i d p h a s e (Yan 1978). O x i d a t i o n o f s u l f u r and 

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

p o t e n t i a l l y a c i d i f y " s e n s i t i v e " s o i l s , s t r e a m s o r l a k e s (NRCC 

1981). 

The p r i m e i n d i c a t o r o f a l a k e ' s s e n s i t i v i t y t o a c i d i f i c a t i o n 

i s i t s a l k a l i n i t y . A l k a l i n i t y i s d e f i n e d as t h e t o t a l q u a n t i t y 

o f base ( u s u a l l y i n e q u i l i b r i u m w i t h b i c a r b o n a t e o r c a r b o n a t e ) 

t h a t c an be t i t r a t e d w i t h a s t r o n g a c i d ( H u t c h i n s o n 1957; pg. 

6 6 7 ) . 

The t i m e s c a l e o f a c i d i f i c a t i o n o f l a k e s i s g e n e r a l l y n o t 

known p r e c i s e l y due t o t h e a b s e n c e o r u n r e l i a b i l i t y of 

h i s t o r i c a l d a t a . A l t h o u g h some p u b l i c a t i o n s document t e m p o r a l 

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

a c i d i f y i n g l a k e s and r i v e r s ( B e a m i s h and H a r v e y 1972, D i c k s o n 

1975, Watt 1979, Farmer e t a l . 1980, O v e r r e i n e t a l . 1980), t h e 

v a s t m a j o r i t y o f r e p o r t s r e l y on s p a t i a l c o m p a r i s o n s o f w a t e r s 

o f d i f f e r e n t a c i d i t y . A w e a l t h o f s u c h s p a t i a l e v i d e n c e has now 

a c c u m u l a t e d i n N o r t h A m e r i c a a n d S c a n d i n a v i a . Of s p e c i a l 
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i n t e r e s t t o p l a n k t o n s y s t e m s i s t h e e v i d e n c e showing t h a t 

r e l a t i v e t o o l i g o t r o p h i c l a k e s o f pH g r e a t e r t h a n 6.0, l a k e s of 

pH l e s s t h a n 5.0 c o n s i s t e n t l y c o n t a i n : 

• fewer s p e c i e s and much l o w e r a b u n d a n c e s o f f i s h 

( r e v i e w e d i n O v e r r e i n e t a l . 1980, NRCC 1981, H a i n e s 

1981); 

• fewer numbers o f z o o p l a n k t o n s p e c i e s and d i f f e r e n t 

community d o m i n a n t s (Aimer e t a l . 1974, S p r u l e s 1975a 

and 1975b, H e n d r e y and W r i g h t 1976, R o f f and 

K w i a t k o w s k i 1977, Hobaek and Raddum 1980, N i l s s e n 

1980a, K e l l e r 1981); 

• r e d u c e d t o t a l z o o p l a n k t o n b i o m a s s (Yan and S t r u s 

1980); 

• d i f f e r e n t z o o b e n t h i c community s t r u c t u r e ( i n t erms o f 

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

s p e c i e s d i v e r s i t y ( R o f f and K w i a t k o w s k i 1977, M o s s b e r g 

and N y b e r g 1979, O k l a n d and O k l a n d 1980); 

• d i f f e r e n t t a x o n o m i c c o m p o s i t i o n and r e d u c e d s p e c i e s 

d i v e r s i t y o f t h e p h y t o p l a n k t o n community ( A i m e r e t 

a l . 1974, Hendrey and W r i g h t 1976, K w i a t k o w s k i a n d 

R o f f 1976, Yan and S t o k e s 1978, Yan 1979), but s i m i l a r 

a l g a l b i o m a s s (NRCC 1981, A i m e r e t a l . 1978); 

• i n c r e a s e d S e c c h i d e p t h t r a n s p a r e n c i e s (Aimer e t 

a l . 1978, NRCC 1981); and 

• i n c r e a s e d c o n c e n t r a t i o n s o f aluminum, manganese an d 

o t h e r m e t a l s (Aimer e t a l . 1978, D i c k s o n 1980). 
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C o m p a r i s o n s o f key v a r i a b l e s a c r o s s a g r a d i e n t of l a k e 

a c i d i t i e s a r e n o t a new i d e a ( s e e Skadowski 1926, M a n u j l o v a 

1949). W h i l e s u c h s t u d i e s do p r o v i d e an u n d e r s t a n d i n g of t h e 

o v e r a l l p a t t e r n s a s s o c i a t e d w i t h l a k e a c i d i f i c a t i o n , t h e y do n o t 

r e v e a l t h e c a u s a l pathways by w h i c h a c i d i f i c a t i o n a l t e r s t h e 

c h e m i s t r y and b i o l o g y o f l a k e s . N i l s s e n (1980b) h a s p o i n t e d o u t 

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

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

i n s h a p i n g t h e d i r e c t i o n o f e c o s y s t e m change under 

a c i d i f i c a t i o n . Too o f t e n , i t i s i m p l i c i t l y assumed t h a t pH a n d 

o t h e r a b i o t i c p a r a m e t e r s a f f e c t e c o s y s t e m components 

i n d e p e n d e n t l y o f b i o t i c i n t e r a c t i o n s . R o f f and K w i a t k o w s k i 

(1977) s t r e s s e d t h e l i m i t a t i o n s o f t h e i r s y n o p t i c s u r v e y s f o r 

o b s e r v i n g b i o t i c i n t e r a c t i o n s . I n r e v i e w i n g t h e s i m i l a r i t i e s 

between s p e c i e s d i v e r s i t y v s . pH c u r v e s f o r p h y t o p l a n k t o n and 

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

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

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

i n z o o p l a n k t o n s p e c i e s d i v e r s i t y . 

F o r t u n a t e l y , t h e r e i s some e x p e r i m e n t a l work a v a i l a b l e t o 

s u p p l e m e n t s y n o p t i c s u r v e y s and m o n i t o r i n g s t u d i e s . D e t a i l e d 

s t u d i e s o f t h e e f f e c t s o f n e u t r a l i z a t i o n a n d / o r f e r t i l i z a t i o n o f 

s e v e r a l O n t a r i o a c i d l a k e s ( D i l l o n e t a l . 1979, Yan and L a f r a n c e 

1981, Yan and D i l l o n 1981) have r e v e a l e d t h e r e l a t i v e r a t e s o f 

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

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

and n u t r i e n t c o n t e n t . Whole l a k e and e n c l o s u r e e x p e r i m e n t s a t 
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t h e E x p e r i m e n t a l L a k e s A r e a ( S c h i n d l e r 1980, S c h i n d l e r e t 

a l . 1980a and 1980b, M u l l e r 1980, M a l l e y e t a l . 1982) c o n t i n u e 

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

and b i o l o g i c a l p r o c e s s e s a f f e c t e d by l a k e a c i d i f i c a t i o n . 

F i n a l l y , l a b o r a t o r y and f i e l d t o x i c i t y s t u d i e s ( Skadowski 1926, 

J a c e n k o 1928, I v a n o v a 1969, K r i n g and O ' B r i e n 1976, Havas 1980, 

M a l l e y 1980, W a l t o n e t a l . 1982) a r e e s s e n t i a l t o s e p a r a t e 

d i r e c t t o x i c i t y f r o m i n d i r e c t b i o t i c e f f e c t s . 

I n s p i t e o f t h e above r e s e a r c h , many c r i t i c a l t h e o r e t i c a l 

and a p p l i e d q u e s t i o n s r e m a i n u n r e s o l v e d . From a t h e o r e t i c a l 

p e r s p e c t i v e , we c a n c o n s i d e r a c i d i f i c a t i o n as a r e l a t i v e l y r a p i d 

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

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

o r g a n i z a t i o n a l p r o p e r t i e s o f more d i v e r s e , c i r c u m n e u t r a l 

s y s t e m s ? Which p r o p e r t i e s a r e d ominant i n d e t e r m i n i n g t h e 

d i r e c t i o n o f c h ange i n p h y t o p l a n k t o n and z o o p l a n k t o n c o m m u n i t i e s 

d u r i n g l a k e a c i d i f i c a t i o n ? 

In t h e f o l l o w i n g p a r a g r a p h s , I l i s t s e v e r a l key p r o p e r t i e s 

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

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

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

c u r r e n t knowledge o f p l a n k t o n s y s t e m s . 

1) I n t e r a c t i o n s between p h y s i c a l / c h e m i c a l c o n d i t i o n s and  

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

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

p h y t o p l a n k t o n and z o o p l a n k t o n , and t h e s p a t i a l d i s t r i b u t i o n o f 

o r g a n i s m s and compounds w i t h i n t h e l a k e . In a c i d l a k e s , t h e 
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d i s t r i b u t i o n o f h y d r o g e n i o n s may be s t r o n g l y a f f e c t e d by t h e 

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

h as been o b s e r v e d t o p r e v e n t m i x i n g o f a c i d m e l t w a t e r s , c r e a t i n g 

a c i d i c s u f a c e l a y e r s i n a c i d l a k e s ( H e n r i k s e n a n d W r i g h t 1977; 

H u l t b e r g 1977; J e f f r i e s e t a l . 1979). Summer s t r a t i f i c a t i o n may 

r e s t r i c t a c i d l o a d i n g s t o t h e e p i l i m n i o n ( S c h i n d l e r e t 

a l . 1980a). D u r i n g p e r i o d s w i t h s t r o n g pH g r a d i e n t s , do 

s u r f a c e - o r i e n t e d z o o p l a n k t o n s p e c i e s s u f f e r s i g n i f i c a n t l y h i g h e r 

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

s h i f t d u r i n g s u c h p e r i o d s ? 

The a c t i v i t i e s o f p h y t o p l a n k t o n and b a c t e r i a c a n i n 

t h e m s e l v e s a f f e c t l a k e a l k a l i n i t y a nd pH (NRCC 1981). Can t h e s e 

a c t i v i t i e s change t h e pH s u f f i c i e n t l y t o a l t e r t h e t o x i c i t y o f 

l a k e w a t e r t o z o o p l a n k t o n ? 

A c i d i f i c a t i o n may a f f e c t w a t e r t r a n s p a r e n c y by c h e m i c a l 

means, s u c h a s c o p r e c i p i t a t i o n o f aluminum a n d humic m a t e r i a l s 

(Aimer e t a l . 1978), o r c o l o u r c h a n g e s i n d i s s o l v e d m a t e r i a l 

( S c h i n d l e r 1980). However, i t i s w e l l known t h a t t h e 

t r a n s p a r e n c y o f o l i g o t r o p h i c l a k e s i s a l s o s t r o n g l y a f f e c t e d by 

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

( C a r l s o n 1977, D i l l o n a nd R i g l e r 1975). As l a k e s a c i d i f y , what 

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

f a c t o r s ? 

2) The a b i l i t y o f t h e h e r b i v o r o u s z o o p l a n k t o n community t o  

e f f i c i e n t l y u t i l i z e t h e a v a i l a b l e p a r t i c l e s p e c t r u m ( s e e G l i w i c z 

and H i l b r i c h t - I l k o w s k a 1972, L y n c h 1977, G l i w i c z 1977, N i l s s e n 

1 978). C u r r e n t s t u d i e s i n d i c a t e t h a t z o o p l a n k t o n c o m m u n i t i e s i n 
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O n t a r i o a c i d l a k e s c o n t a i n s m a l l e r - s i z e d community d o m i n a n t s and 

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

( S p r u l e s 1975a, Yan and S t r u s 1980, S p r u l e s 1981). Do t h e s e 

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

t h e e n t i r e s i z e s p e c t r u m o f a v a i l a b l e a l g a e , a s s u g g e s t e d by Yan 

and S t r u s ( 1 980)? 

3) The a b i l i t y o f p h y t o p l a n k t o n a s s e m b l a g e s t o r e s i s t  

g r a z i n g by h e r b i v o r o u s z o o p l a n k t o n ( s e e P o r t e r 1977, M c C a u l e y 

and B r i a n d 1977). P h y t o p l a n k t o n c a n e s c a p e h e r b i v o r e g r a z i n g by 

b l o o m i n g p r i o r t o t h e emergence o f z o o p l a n k t o n f r o m 

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

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

s h e a t h s w h i c h i n h i b i t i n g e s t i o n or d i g e s t i o n by z o o p l a n k t o n 

( P o r t e r 1977). Do t h e p h y t o p l a n k t o n a s s e m b l a g e s o f a c i d l a k e s 

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

f e a t u r e s t h a t p r e v e n t o v e r g r a z i n g by z o o p l a n k t o n ? 

4) The l e v e l o f n u t r i e n t s and p r i m a r y p r o d u c t i o n ( s e e 

G l i w i c z 1969a and 1969b, N i l s s e n 1978). Grahn (1974) s u g g e s t e d 

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

" o l i g o t r o p h i c a t i o n " , whereby i n c r e a s i n g l a k e a c i d i t y s h i f t e d t h e 

decomposer community from b a c t e r i a t o f u n g i , c r e a t i n g n u t r i e n t 

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

l e v e l s . C o n s i s t e n t w i t h t h e o l i g o t r o p h i c a t i o n h y p o t h e s i s , 

K w i a t k o w s k i and R o f f (1976) f o u n d t h a t a c i d l a k e s c o n t a i n e d 

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

c i r c u m n e u t r a l l a k e s . However, more r e c e n t s t u d i e s have f o u n d no 

e v i d e n c e o f r e d u c e d p r i m a r y p r o d u c t i o n i n a c i d l a k e s (Aimer e t 
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a l . 1978, D i l l o n e t a l . 1979, S c h i n d l e r 1980). Does 

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

l o w e r p r i m a r y p r o d u c t i o n ? 

5) The r e s p o n s e o f p l a n k t o n s y s t e m s t o e x p e r i m e n t a l  

f e r t i l i z a t i o n . I n c r e a s e s i n z o o p l a n k t o n p r o d u c t i o n f o l l o w 

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

( S m i t h 1969, L e b r a s s e u r e t a l . 1972, N e i l l and P e a c o c k 1980) and 

a c i d i c pH l e v e l s (Yan a n d L a f r a n c e 1981). However, p l a n k t o n 

s y s t e m s i n l a k e s o f pH l e s s t h a n 4.5 may be l e s s a b l e t o a b s o r b 

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

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

i n t e r a c t i o n s (Yan and L a f r a n c e 1 9 81). Do t h e p l a n k t o n s y s t e m s 

i n l a k e s o f i n t e r m e d i a t e pH (5.0 t o 6.0) r e s p o n d t o i n c r e a s e d 

n u t r i e n t s i n t h e same manner as t h o s e o f c i r c u m n e u t r a l l a k e s , o r 

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

6) The r o l e o f i n t e r s p e c i f i c c o m p e t i t i o n i n d e t e r m i n i n g  

z o o p l a n k t o n community s t r u c t u r e ( s e e B r o o k s and Dodson 1965, 

N e i l l 1974 and 1975a, H a l l e t a l . 1976, H rbacek 1978, L y n c h 

1978, K e r f o o t and Demott 1980, O l e n i c k 1982). Recent s t u d i e s 

have r e v e a l e d many c o m p l e x i t i e s i n c o m p e t i t i o n between 

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

age c l a s s e s t o r e s o u r c e c h a n g e s ( N e i l l 1975a) and t e m p o r a l 

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

1978). S i n c e a c i d s t r e s s c a n remove h e r b i v o r o u s community 

d o m i n a n t s , c o m p e t i t i v e r e l a t i o n s h i p s may be of g r e a t i m p o r t a n c e 

i n d e t e r m i n i n g s p e c i e s r e p l a c e m e n t s . (See N i l s s e n (1980a) 

r e g a r d i n g c o m p e t i t i o n i n N o r w e g i a n a c i d l a k e s . ) Does 
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a c i d i f i c a t i o n a f f e c t t h e outcome o f c o m p e t i t i o n between 

h e r b i v o r e s ? 

7) The e f f e c t s o f v e r t e b r a t e and i n v e r t e b r a t e p r e d a t o r s on  

z o o p l a n k t o n community s t r u c t u r e ( s e e H r b a c e k 1962, B r o o k s and 

Dodson 1965, Dodson 1970, L y n c h 1977, N o r t h c o t e e t a l . 1978, 

L y n c h 1979, N e i l l and P e a c o c k 1980, Z a r e t 1980, N e i l l 1 9 81a). 

Over t h e l a s t 20 y e a r s many s t u d i e s have d e m o n s t r a t e d t h a t 

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

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

change w i t h a c i d i f i c a t i o n ? E r i c k s s o n e t a l . (1980) an d 

H e n r i k s o n e t a l . (1980) u s e d r e s u l t s f r o m c i r c u m n e u t r a l l a k e s t o 

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

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

( p a r t i c u l a r l y C h a o b o r u s l a r v a e ) , c a u s i n g a s h i f t t o l a r g e r s i z e d 

h e r b i v o r e s . E r i c k s o n and c o - w o r k e r s f u r t h e r s u g g e s t t h a t t h e 

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

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

G r a h n ( 1 9 7 4 ) . N i l s s e n (1980a) p r o p o s e d t h a t t h e i n v e r t e b r a t e 

p r e d a t o r H e t e r o c o p e s a l i e n s p l a y e d a s i z e - s t r u c t u r i n g r o l e i n 

t h e z o o p l a n k t o n c o m m u n i t i e s o f N o r w e g i a n a c i d l a k e s . To d a t e , 

o n l y Yan and L a f r a n e e (1981) have d e m o n s t r a t e d e x p e r i m e n t a l l y 

t h a t i n v e r t e b r a t e p r e d a t i o n c a n have an i m p o r t a n t i m p a c t on 

c r u s t a c e a n z o o p l a n k t o n i n a c i d l a k e s . However, t h e i r t h r e e y e a r 

s t u d y o c c u r r e d i n an e x p e r i m e n t a l l y f e r t i l i z e d a c i d l a k e . A r e 

i n v e r t e b r a t e p r e d a t o r s a s i m p o r t a n t i n u n e n r i c h e d a c i d l a k e s ? 
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In a d d i t i o n t o a d d r e s s i n g t h e t h e o r e t i c a l q u e s t i o n s p o s e d 

above, r e s e a r c h on a c i d - s t r e s s e d p l a n k t o n s y s t e m s has p r a c t i c a l 

b e n e f i t s f o r managers r e s p o n s i b l e f o r m o n i t o r i n g , p r o t e c t i n g or 

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

z o o p l a n k t o n community s t r u c t u r e i n t e g r a t e s " unseen" e p i s o d i c 

e v e n t s , p r o v i d i n g a v a l u a b l e i n d i c a t o r o f b i o t i c change i n l a k e s 

w i t h i n t h e pH r a n g e 4.7-5.3. Such " t r a n s i t i o n l a k e s " ( H e n r i k s e n 

1980) a r e c h a r a c t e r i z e d by p e r i o d s o f s e v e r e pH f l u c t u a t i o n s 

w i t h d e l e t e r i o u s b i o t i c e f f e c t s . In t r a n s i t i o n l a k e s , t h e 

s p r i n g pH commonly d e c r e a s e s 1 t o 1.5 pH u n i t s w i t h i n a one t o 

two week p e r i o d and t h e n r e t u r n s t o above pH 6.0 ( J e f f r i e s e t 

a l . 1979). C h e m i c a l m o n i t o r i n g p r o g r a m s c a n e a s i l y m i s s s u c h 

c r i t i c a l , e p i s o d i c , a b i o t i c e v e n t s . A knowledge o f p l a n k t o n 

community c h a n g e s i n d u c e d by a c i d i f i c a t i o n c a n u s e f u l l y 

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

In many S c a n d i n a v i a n a n d a few O n t a r i o l a k e s o f pH > 5.0, 

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

h y d r o x i d e have been u s e d t o c o u n t e r a c t a l k a l i n i t y l o s s e s . 

S u c c e s s f u l i m p l e m e n t a t i o n of s u c h a c t i o n s n o t o n l y r e q u i r e s 

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

n e u t r a l i z e added b a s e , but a l s o demands an u n d e r s t a n d i n g o f t h e 

s e n s i t i v i t y o f p l a n k t o n c o m m u n i t i e s t o sudden pH f l u c t u a t i o n s , 

and t h e amount of b i o t i c a l k a l i n i t y g e n e r a t i o n by a l g a e and 

b a c t e r i a . 

I f a c i d i f i c a t i o n i n d u c e s f o o d s h o r t a g e s f o r z o o p l a n k t o n i n 

l a k e s of pH 5.0-6.0, t h e n m o d e r a t e n u t r i e n t e n r i c h m e n t m i g h t 

a l l e v i a t e s u c h c o n d i t i o n s . V e r y l i t t l e i s known a b o u t e i t h e r 
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t h e a v a i l a b i l i t y o f f o o d f o r z o o p l a n k t o n o r t h e c h e m i c a l and 

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

r a n g e . 

In some a c i d l a k e s of pH < 4.5, s c i e n t i s t s have combined 

l a k e n e u t r a l i z a t i o n and f e r t i l i z a t i o n t o r e s t o r e n o n t o x i c pH 

l e v e l s a n d i n c r e a s e z o o b e n t h i c and z o o p l a n k t o n p r o d u c t i o n p r i o r 

t o t h e r e i n t r o d u c t i o n o f f i s h ( D i l l o n e t a l . 1979). 

O c c a s i o n a l l y , t h e s e m a n i p u l a t i o n s have u n i n t e n t i o n a l l y c a u s e d 

n e a r t o t a l e l i m i n a t i o n of t h e z o o p l a n k t o n community ( D i l l o n e t 

a l . 1979, Yan and L a f r a n c e 1981). What f a c t o r s i n f l u e n c e t h e 

a b i l i t y o f p l a n k t o n s y s t e m s t o a b s o r b n e u t r a l i z a t i o n a n d 

e n r i c h m e n t p e r t u r b a t i o n s ? 

j_.2 R e s e a r c h O b j e c t i v e s 

My o v e r a l l g o a l s i n t h i s r e s e a r c h were t o improve upon 

e x i s t i n g methods f o r s t u d y i n g t h e e f f e c t s o f l a k e a c i d i f i c a t i o n 

on p l a n k t o n s y s t e m s , t o a d d r e s s some o f t h e f o r e g o i n g 

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

l a k e management. To a c h i e v e t h e s e g o a l s , I f o r m u l a t e d the 

f o l l o w i n g s e v e n r e s e a r c h o b j e c t i v e s : 

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

e n c l o s u r e s f l o a t i n g i n a l a k e ) i n s i m u l a t i n g t h e 

e f f e c t s o f l a k e a c i d i f i c a t i o n on p l a n k t o n s y s t e m s ; 

2. t o examine t h e a b i o t i c and b i o t i c c o n t r o l s on 

a l k a l i n i t y , pH and t r a n s p a r e n c y under e x p e r i m e n t a l 

a c i d i f i c a t i o n and f e r t i l i z a t i o n . 

3. t o d e t e r m i n e t h e e f f e c t s o f e x p e r i m e n t a l 
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a c i d i f i c a t i o n on z o o p l a n k t o n p o p u l a t i o n s , community 

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

4. t o d e t e r m i n e whether e x p e r i m e n t a l a c i d i f i c a t i o n c a n 

c a u s e s t a r v a t i o n i n c r u s t a c e a n z o o p l a n k t o n by 

a l t e r i n g t h e a v a i l a b i l i t y o f e d i b l e p h y t o p l a n k t o n ; 

5. i f (4) i s t r u e , t o a s s e s s whether n u t r i e n t 

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

a l l e v i a t e s u c h s t a r v a t i o n e f f e c t s ; 

6. t o compare t h e r e s p o n s e s of a c i d - s t r e s s e d and 

c i r c u m n e u t r a l p l a n k t o n s y s t e m s t o e x p e r i m e n t a l 

e n r i c h m e n t ; and 

7. t o a s s e s s t h e r e l a t i v e i m p o r t a n c e s o f a c i d t o x i c i t y , 

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

c o m p o s i t i o n o f e x p e r i m e n t a l l y a c i d i f i e d z o o p l a n k t o n 

c o m m u n i t i e s . 

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

c o n d u c t e d f r o m m i d - J u l y t o m i d - O c t o b e r i n 1979, t a r g e t e d t o t h e 

above r e s e a r c h o b j e c t i v e s . Q u e s t i o n s s t i m u l a t e d by t h e r e s u l t s 

o f t h e 1979 e x p e r i m e n t were a d d r e s s e d i n a s e c o n d f i e l d 

e x p e r i m e n t t h a t r a n from mid-May t o m i d - J u l y , 1980 ( S e c t i o n I I ) . 
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2. MATERIALS AND METHODS 

2.J_ S t u d y S i t e 

E n c l o s u r e e x p e r i m e n t s were p e r f o r m e d i n 1979 i n E u n i c e L a k e , 

a montane l a k e i n t h e U n i v e r s i t y o f B r i t i s h C o l u m b i a (U.B.C.) 

R e s e a r c h F o r e s t , l o c a t e d e a s t o f V a n c o u v e r n e a r Haney, B r i t i s h 

C o l u m b i a ( F i g u r e 1 ) . T a b l e 1 summarizes some o f E u n i c e L a k e ' s 

p h y s i c a l and c h e m i c a l p r o p e r t i e s , and i t s z o o p l a n k t o n community. 

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

E f f o r d (1967) and F e l l e r (1975 and 1977).. B r i e f l y , t h e a r e a i s 

u n d e r l a i n by m a s s i v e , i g n e o u s b e d r o c k o f h o r n e b l e n d e d i o r i t e , 

w i t h g e n e r a l l y deep, p e r m e a b l e p o d z o l i c t i l l s . 

E u n i c e L a k e i s an a p p r o p r i a t e l o c a t i o n f o r a c i d i f i c a t i o n 

e x p e r i m e n t s . I t s a l k a l i n i t y , t o t a l d i s s o l v e d s o l i d s and t o t a l 

p h o s p h o r u s l e v e l s a r e a l l low ( T a b l e 1 ) , and t y p i c a l o f l a k e s i n 

b o t h t h e C o a s t a l Range o f B r i t i s h C o l u m b i a and a r e a s o f E a s t e r n 

Canada t h a t a r e c o n s i d e r e d s e n s i t i v e t o a c i d p r e c i p i t a t i o n (NRCC 

1981, D i l l o n e t a l . 1978). E x p o r t s o f a n i o n s and c a t i o n s i n a 

c a l i b r a t e d w a t e r s h e d w i t h i n t h e U n i v e r s i t y o f B r i t i s h C o l u m b i a 

R e s e a r c h F o r e s t ( F e l l e r 1975) a r e s t r i k i n g l y s i m i l a r t o 

c a l i b r a t e d w a t e r s h e d s i n t h e Muskoka H a l i b u r t o n R e g i o n o f 

O n t a r i o (NRCC 1981). F e l l e r (1975, and u n p u b l i s h e d d a t a ) h a s 

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

t h e U.B.C. R e s e a r c h F o r e s t on a w e e k l y b a s i s d u r i n g t h e l a s t 

d e c a d e . The a n n u a l a v e r a g e a t m o s p h e r i c d e p o s i t i o n o f H + i s 45 ± 

6.6 m e q « m ~ 2 « y r ~ 1 (SE; n = 8 ) , and t h e mean pH o f p r e c i p i t a t i o n 

e v e n t s i s 4.7, compared t o 67 meq»irr 2 » y r ~ 1 and pH 4.2 i n t h e 
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F i g u r e 1. L o c a t i o n of study s i t e . From N e i l l (1978) 
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Table 1. Physical, chemical, and biological characteristics of Eunice 
Lake. Crustacean densities are maximum summer densities in 
limnetic zone, averaged over the entire water column. 
Adapted from Northcote and Clarotto (1975), Olenick (1982), 
and Neill (unpublished data). 

Elevation (m) 480 
Drainage area (ha) 191 
Surface area (ha) 18.2 
Maximum depth (m) 42 
Mean depth (m) _x 15.8 
Total dissolved solids (mg*l~ ) 16 
Mean pH x 6.4 
Mean alkalinity (ueq*l~ )* 90 
Total phosphorus (yg«l~ ) 5 
Colour (Pt units) 10 
Transparency (secchi disc; m) 6-10 
Epilimnion depth, late summer (m) 4-6 
Hypolimnion O 2 minimum (mg/1) 0.6 
Crustacean density (#/100 1) 

Daphnia rosea 233 
Holopedium gibberun 124 
Diaphanosoma brachyurum 253 
Polyphemus pediculus 13 
Ceriodaphm'a pulchella rare 
Bosmina 1ongi rostris 230 
Diaptomus kenai 70 
Diaptomus leptopus 0.5 
Diaptomus-tyrrelli 800 
Cyclopoid copepods 27 

Years zooplankton sampled 1967, 1969, 1971, 1972. 

* Total fixed end point (pH 4.5) alkalinity. 
Inflection point alkalinity is 70 yeq-1"1. 
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M u s k o k a - H a l i b u r t o n R e g i o n o f O n t a r i o (NRCC 1981). S p r i n g pH 

d e p r e s s i o n s a r e commonly o b s e r v e d i n t h e M u s k o k a - H a l i b u r t o n A r e a 

o f O n t a r i o ( J e f f r i e s e t a l . 1979) i n l a k e s t h a t a r e c h e m i c a l l y 

q u i t e s i m i l a r t o E u n i c e L a k e . Measurements i n E u n i c e L a k e a r e 

i n s u f f i c i e n t t o a s c e r t a i n whether u n u s u a l a l k a l i n i t y d e p r e s s i o n s 

o c c u r s e a s o n a l l y , o r whether a c i d d e p o s i t i o n i n t h e l a s t d ecade 

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

f u n c t i o n a l r e l a t i o n s h i p between a l k a l i n i t y and pH i s c a l l e d a 

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

t h e pH r a n g e o f 5.0 t o 6.0. E u n i c e L a k e ' s mean pH has n o t 

c h a n g e d s i n c e 1970 ( N o r t h c o t e and C l a r o t t o 1975), w h i c h i s 

e x p e c t e d s i n c e c u r r e n t pH and a l k a l i n i t y l e v e l s a r e above t h e 

s t e e p p a r t o f t h e l a k e w a t e r ' s t i t r a t i o n c u r v e . 

The E u n i c e L a k e z o o p l a n k t o n community c o n t a i n s s e v e r a l 

s p e c i e s commonly f o u n d i n W e s t e r n N o r t h A m e r i c a ( C a r l 1940; 

Edmundson 1959; A n d e r s o n 1974), n o t a b l y w i t h i n h i g h e l e v a t i o n , 

low a l k a l i n i t y w a t e r b o d i e s t h a t a r e r e l a t i v e l y s e n s i t i v e t o 

l a k e a c i d i f i c a t i o n . S i n c e some o f t h e s e l a k e s a r e e x p e r i e n c i n g 

a l k a l i n i t y d e c l i n e s a t t r i b u t a b l e t o a c i d p r e c i p i t a t i o n ( L e w i s 

1982), an u n d e r s t a n d i n g o f a c i d i f i c a t i o n e f f e c t s on E u n i c e L a k e 

z o o p l a n k t o n i s o f immediate and w i d e s p r e a d r e l e v a n c e . 
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2.2 E x p e r i m e n t a l Methods 

In l a t e J u n e 1979, e i g h t l i m n o c o r r a l s were p l a c e d i n E u n i c e 

L a k e . T h e s e e n c l o s u r e s were u s e d f o r e x p e r i m e n t a l a c i d i f i c a t i o n 

a nd f e r t i l i z a t i o n . T h i s s e c t i o n d e s c r i b e s a l l e x p e r i m e n t a l and 

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

d e s c r i b e d i n S e c t i o n 2.3. 

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

d e s c r i b e d by N e i l l ( 1 9 7 8 ) . The e n c l o s u r e s were c o n s t r u c t e d o f 

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

p o l y s t y r e n e f l o a t s ( F i g u r e 2 ) , and m e a s u r e d 2 m i n d i a m e t e r by 9 

m deep. The t o p 66 cm o f t h e c y l i n d e r s were c o a t e d w i t h a 

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

u l t r a v i o l e t d e g r a d a t i o n o f t h e m a t e r i a l ; no d e g r a d a t i o n was 

a p p a r e n t two y e a r s l a t e r . The b o t t o m o f t h e e n c l o s u r e s were 

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

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

p o t e n t i a l l y t o x i c m e t a l s , z o o p l a n k t o n e m e r g i n g f r o m 

o v e r w i n t e r i n g e ggs, and p h y t o p l a n k t o n d e v e l o p i n g from r e s t i n g 

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

c o n t r o l and p h y s i c a l s t a b i l i t y of t h e e n c l o s u r e s , a t t h e e x p e n s e 

o f some l o s s o f c h e m i c a l a n d b i o l o g i c a l r e a l i s m . 

A f t e r b e i n g a n c h o r e d n e a r t h e w e s t e r n s h o r e o f E u n i c e L a k e 

( F i g u r e 3 ) , t h e e n c l o s u r e s were f i l l e d w i t h l a k e w a t e r f r o m 

s e v e r a l d e p t h s , f i l t e r e d t h r o u g h a 54 nm n e t t o remove 

c r u s t a c e a n z o o p l a n k t o n , n a u p l i i and most r o t i f e r s b u t p e r m i t 

g r a z a b l e s e s t o n t o p a s s . Z o o p l a n k t o n were c o l l e c t e d w i t h 

t o w n e t s from s e v e r a l l a k e d e p t h s and p l a c e d i n c o o l s t o r a g e 
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F i g u r e 2. P l a n view of l i m n o c o r r a l d e s i g n 
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50x100 mm Fir 

<d 

1.57 m 

Exterior of cylinder at 0.5 m 

below surface. 
(o.38mm woven polyolefin) 

1.32 m 

Interior of cylinder 
nailed to float at 
surface. 

10 cm 
Styrofoam 

3 mm steel wire 
capped on outside 
with tygon tubing 
(looped through 
middle of foam) 

wm 

^2L 

12 mm plywood 
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F i g u r e 3. L o c a t i o n of 1 i m n o c o r r a l s i n E u n i c e Lake. Depth 
c o n t o u r s from Hume (1978). 
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c o n t a i n e r s a l o n g t h e s h o r e . L a k e d e n s i t i e s and s p e c i e s 

c o m p o s i t i o n o f z o o p l a n k t o n were e s t i m a t e d from a p o o l e d sample 

o f 10 r e p l i c a t e h a u l s of a 54 Mm W i s c o n s i n n e t t h r o u g h t h e upper 

10 m o f w a t e r n e a r t h e l a k e ' s d e e p e s t p o i n t . A f t e r making 

a d d i t i o n s t o t h e s t o r a g e c o n t a i n e r s t o remove b i a s e s i n s p e c i e s 

c o m p o s i t i o n , s u f f i c i e n t v o l u m e s o f " p l a n k t o n s o u p " were added 

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

z o o p l a n k t o n i n t h e e n c l o s u r e s (21 a n i m a l s » L ~ 1 ) . I n e s t i m a t i n g 

l a k e d e n s i t i e s , I assumed t h e W i s c o n s i n n e t t o be 35% e f f i c i e n t 

(W.E. N e i l l p e r s . comm. ) . E u n i c e L a k e c u t t h r o a t t r o u t were 

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

Two r e p l i c a t e s o f t h r e e e x p e r i m e n t a l t r e a t m e n t s were 

ran d o m l y a s s i g n e d t o s i x o f t h e e n c l o s u r e s ; t h e o t h e r 2 s e r v e d 

a s c o n t r o l s ( T a b l e 2 ) . E x p e r i m e n t a l a c i d i f i c a t i o n s w i t h 

r e a g e n t - g r a d e H 2 S O 0 were p e r f o r m e d on s i x o c c a s i o n s i n 

t r e a t m e n t s A ( a c i d i f i c a t i o n ) a n d AF ( a c i d i f i c a t i o n p l u s 

f e r t i l i z a t i o n ) , by a d d i n g a c i d t o t h e s u r f a c e and m i x i n g w i t h an 

o a r . In t o t a l , a p p r o x i m a t e l y 62 neq»L~ 1 o f H* were ad d e d t o t h e 

e p i l i m n i o n o f e a c h a c i d i f i e d c y l i n d e r . T r e a t m e n t s F and AF 

r e c e i v e d 10 /ug»L~ 1 o f P ( a s d i s s o l v e d r e a g e n t g r a d e H 3 P 0 4 ) and 

150 Mg*L" 1 o f N (as d i s s o l v e d r e a g e n t g r a d e NH f lN0 3) on f o u r 

o c c a s i o n s , p r o v i d i n g an N:P m o l e c u l a r r a t i o o f a p p r o x i m a t e l y 

33:1. ( T h e s e c o n c e n t r a t i o n s a r e b a s e d on a 4 m deep 

e p i l i m n i o n . ) 

I s a m p l e d w a t e r , p h y t o p l a n k t o n , c h l o r o p h y l l a nd z o o p l a n k t o n 

by means o f a 9 m l o n g , 2.5 cm d i a m e t e r h o s e , c o n n e c t e d t o a 

b a t t e r y o p e r a t e d b i l g e pump t h a t d e l i v e r e d 34 L « m i n _ 1 . B o t h 



Table 2. Experimental Treatments. 

Treatment Cylinder 
Numbers 

Total Quantities of Chemicals 
Added to Epilimnion (top 4 m) 

C: control 2C 6C no chemical additions 

F: fertilization IF 8F 40 ug/L P and 600 ug/L N* 

A: acidification 4A 5A 62 ueq/L of H+** 

AF: acidification 
and 
fertilization 

3AF 7AF treatments A and F combined 

** 

divided equally over four additions. 

divided unequally over six additions of sulfuric acid. 
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E u n i c e Lake and t h e e n c l o s u r e s were s a m p l e d w e e k l y , and a l l 

s a m p l e s were t a k e n p r i o r t o any s c h e d u l e d c h e m i c a l a d d i t i o n s . 

2.2.J_ P h y s i c a l and C h e m i c a l measurements 

C h e m i c a l s a m p l e s (300 ml) were t a k e n w e e k l y , from d e p t h s o f 

1, 3, 5, and 7 m . I p e r f o r m e d pH measurements and f i x e d end 

p o i n t a l k a l i n i t y t i t r a t i o n s ( t o pH 4.5 w i t h 0.01 N s u l f u r i c 

a c i d ) w i t h i n 4 t o 24 h o u r s o f s a m p l i n g , u s i n g a b u f f e r -

c a l i b r a t e d F i s h e r Accumet pH meter o r F i s h e r A u t o m a t i c T i t r a t o r . 

The two i n s t r u m e n t s d i d n o t d i f f e r i n t h e i r measured a l k a l i n i t y , 

a nd y i e l d e d s t a n d a r d e r r o r s w i t h i n 1.5% o f t h e mean. A l l 

measurements were p e r f o r m e d on s t i r r e d 100 ml s u b s a m p l e s 

e q u i l i b r a t e d t o room t e m p e r a t u r e . In May 1980, Gran t i t r a t i o n s 

(Stumm and Morgan 1970) were p e r f o r m e d on 3 l a k e w a t e r s a m p l e s t o 

d e t e r m i n e t h e i n f l e c t i o n p o i n t o r b i c a r b o n a t e a l k a l i n i t y 

( T a b l e 1 ) . 

To examine t r e a t m e n t x t i m e x d e p t h v a r i a t i o n s i n b o t h 

h y d r o g e n i o n c o n c e n t r a t i o n s and a l k a l i n i t i e s , t h r e e - w a y a n a l y s e s 

o f v a r i a n c e (ANOVA) were p e r f o r m e d on u n t r a n s f o r m e d d a t a u s i n g 

t h e p r o g r a m UBC GENLIN ( G r e i g a n d B e r r i n g 1977). Mean pH was 

d e t e r m i n e d f r o m mean [H+], S i n c e t h e s t a n d a r d e r r o r s o f pH 

means a r e n o t s y m m e t r i c , I computed a "mean s t a n d a r d e r r o r " t o 

s i m p l i f y p r e s e n t a t i o n o f r e s u l t s : 

[ p H ( h i g h ) - p H ( l o w ) ] 
pSE = (1) 

2 

where pSE = mean s t a n d a r d e r r o r o f pH; 



28 

p H ( h i g h ) = - l o g ([H+] - S E ) ; 
p H(low) = - l o g ([H+] + S E ) ; 
[H+] = mean h y d r o g e n i o n c o n c e n t r a t i o n ; and 
SE = s t a n d a r d e r r o r o f [H+], 

S e c c h i d i s c d e p t h s were measured w e e k l y , t o t h e n e a r e s t 0.25 

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

r e g r e s s i o n a n a l y s i s . Water t e m p e r a t u r e s were r e c o r d e d on e a c h 

s a m p l i n g d a t e by pumping water from 1 m d e p t h i n t e r v a l s o v e r a 

thermometer a c c u r a t e t o ± 0.5° C. D e p t h - t i m e i s o c l i n e s o f 

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

s u b r o u t i n e CNTOUR, d e v e l o p e d a t t h e U n i v e r s i t y o f A l b e r t a 

C omputing C e n t r e and a d a p t e d by Susan M a i r o f t h e UBC Computing 

C e n t r e and m y s e l f t o r u n a t UBC. 

2.2.2 P h y t o p l a n k t o n 

(i) Methods U s e d 

F o r p h y t o p l a n k t o n a n a l y s i s , a 300 ml w a t e r sample was 

o b t a i n e d f r o m a m i x t u r e c o n t a i n i n g 1000 ml o f water pumped from 

e a c h o f f o u r d e p t h s ( 1 , 3, 5, and 7 m), and p r e s e r v e d i n L u g o l ' s 

s o l u t i o n . A 100 ml s u bsample was a l l o w e d t o s e t t l e i n a 

g r a d u a t e d c y l i n d e r f o r 24-36 h. The t o p 75 ml o f t h e 

s u p e r n a t a n t was t h e n d e c a n t e d and t h e r e m a i n i n g 25 ml l e f t t o 

s e t t l e i n a c o u n t i n g chamber f o r a f u r t h e r 24 h. U s i n g an 

i n v e r t e d , p h a s e - c o n t r a s t m i c r o s c o p e a t 400X m a g n i f i c a t i o n , two 

o r more m i c r o s c o p e f i e l d s were examined u n t i l a t l e a s t 200 c e l l s 

g r e a t e r t h a n 2 um had been c o u n t e d . A l l c e l l s were c l a s s i f i e d 

a c c o r d i n g t o t h e i r shape ( s e e A p p e n d i x A f o r c a t e g o r i e s ) , s i z e 
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(two measurements f o r e a c h shape) and t y p e ( s i n g l e , c o l o n y o r 

f i l a m e n t o u s ) . As w e l l a s b e i n g measured, c e l l s and c o l o n i e s 

were c l a s s i f i e d a c c o r d i n g t o t h e i r maximum d i m e n s i o n i n t o one o f 

se v e n s i z e c l a s s e s (< 2, 2-5, 5-9, 9-13, 13-18, 18-30 and > 30 

um) w h i l e f i l a m e n t s were a s s i g n e d t o a s e p a r a t e c l a s s . Where 

p o s s i b l e , t a x o n o m i c i d e n t i f i c a t i o n t o genus was p e r f o r m e d f o r 

th e most common f o r m s , u s i n g P r e s c o t t ( 1 9 7 8 ) , S m i t h (1951) and 

S t e i n ( 1 9 7 5 ) . A FORTRAN computer p r o g r a m ( A p p e n d i x A) was u s e d 

t o compute t o t a l c e l l , c o l o n y , and f i l a m e n t v o l u m e s (and 

bi o m a s s ) by s i z e c l a s s , t a x o n and phylum. I n c o n v e r t i n g a l g a l 

volume t o b i o m a s s , I assumed c e l l s h ad a s p e c i f i c g r a v i t y o f 

1.0. The volume o f D i n o b r y o n c o l o n i e s was computed a s t h e sum 

of s e p a r a t e l o r i c a v o l u m e s . 

The p r o p o r t i o n o f t o t a l a l g a l volume i d e n t i f i e d 

t a x o n o m i c a l l y v a r i e d w i t h t h e t r e a t m e n t . I n t h e l a k e , c o n t r o l 

and A c y l i n d e r s a m p l e s , t h e p e r c e n t o f p h y t o p l a n k t o n volume 

i d e n t i f i e d t a x o n o m i c a l l y a v e r a g e d 87% and was n e v e r l e s s t h a n 

70%. However, i n e n c l o s u r e s 1F, 8F, and 3AF, an a v e r a g e o f o n l y 

59.0% o f t h e p h y t o p l a n k t o n volume was i d e n t i f i e d . The o b s e r v e d 

p r o p o r t i o n o f p h y t o p l a n k t o n volume i n any phylum s h o u l d 

t h e r e f o r e be r e g a r d e d o n l y a s a r o u g h minimum e s t i m a t e o f t h e 

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

F o r c h l o r o p h y l l a n a l y s e s , one l i t e r w a t e r samples 

( c o n t a i n i n g 250 ml from e a c h o f 1, 3, 5 and 7 m d e p t h s ) were 

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

pump. The f i l t e r s were i m m e d i a t e l y f r o z e n and s t o r e d i n t h e 

d a r k t o be l a t e r a n a l y z e d on a T u r n e r M o d e l I I I F l u o r o m e t e r f o r 
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c h l o r o p h y l l a and p h a e o p h y t i n a a c c o r d i n g t o S t r i c k l a n d and 

P a r s o n s ( 1 9 6 8 ) . The f l u o r o m e t e r was c a l i b r a t e d u s i n g a 

s p e c t r o p h o t o m e t e r and a 12-day o l d ( e a r l y s t a t i o n a r y p h a s e ) 

c u l t u r e o f t h e d i n o f l a g e l l a t e P r o r o c e n t r u m minimum S c h i l l e r , 

o b t a i n e d f r o m N o r t h e a s t P a c i f i c C u l t u r e C o l l e c t i o n (NEPCC) and 

grown i n a r t i f i c i a l s e a w a t e r medium. 

S i n c e p h a e o p h y t i n a r e p r e s e n t s d e g r a d e d o r d i g e s t e d 

c h l o r o p h y l l a, I u s e d l i v e c h l o r o p h y l l a a s an i n d e x o f 

a v a i l a b l e f o o d f o r z o o p l a n k t o n . To d e t e c t g r o s s c h a n g e s i n t h e 

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

computed t h e r a t i o s o f l i v e c h l o r o p h y l l a c o n c e n t r a t i o n s t o 

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

p h a e o p h y t i n a . 

P e r i p h y t o n (on t h e s i d e s and b o t t o m o f t h e e n c l o s u r e s ) were 

n o t q u a n t i t a t i v e l y s a m p l e d . However, v i s u a l o b s e r v a t i o n 

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

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

A l g a l s i z e c l a s s v o l u m e s , c h l o r o p h y l l a c o n c e n t r a t i o n s and 

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

t o two way a n a l y s e s o f v a r i a n c e ( t r e a t m e n t x t i m e ) . 

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

means. Mean v a l u e s q u o t e d a r e a r i t h m e t r i c means u n l e s s 

o t h e r w i s e s t a t e d . 
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( i i ) P r e c i s i o n o f A l g a l C e l l Volume and C h l o r o p h y l l  

D e t e r m i n a t i o n s 

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

volume a s e s t i m a t o r s o f a l g a l b i o m a s s . C h l o r o p h y l l a 

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

w a t e r , b u t a l s o t h e c e l l c h l o r o p h y l l c o n t e n t , w h i c h i s known t o 

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

s p e c i e s c o m p o s i t i o n a n d pH ( D a l e y a n d Brown 1973, N i c h o l l s a n d 

D i l l o n 1978). A l t h o u g h t o t a l a l g a l c e l l v o l u m e s a r e t h e r e f o r e 

g e n e r a l l y c o n s i d e r e d more r e l i a b l e m e a sures o f a l g a l b i o m a s s 

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

a d e q u a t e numbers o f c e l l s a r e c o u n t e d under t h e m i c r o s c o p e t o 

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

t h e c r i t e r i o n I u s e d t o d e c i d e on t h e number o f m i c r o s c o p i c 

f i e l d s t o be e x amined ( s u f f i c i e n t t o y i e l d more t h a n 200 c e l l s 

i n a l l s i z e c a t e g o r i e s ) r e s u l t e d i n v e r y low numbers o f c e l l s 

a nd low p r e c i s i o n i n most s i z e c a t e g o r i e s , as shown i n columns 3 

and 4 o f T a b l e 3. C o m p a r i n g c o l u m n s 5 w i t h 6, and columns 7 and 

8 w i t h 9 a n d 10, i l l u s t r a t e s t h a t t h e o b s e r v e d mean 95% 

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

p r e d i c t e d ( f o r s i x o f e i g h t s i z e c l a s s e s ) s o l e l y by P o i s s o n 

f r e q u e n c y d i s t r i b u t i o n c o n f i d e n c e l i m i t s on t h e mean numbers o f 

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

i n a l g a l v o l u m e s a p p e a r e d l a r g e l y due t o c o u n t i n g ( s u b s a m p l i n g ) 

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

o n l y e x c e p t i o n s t o t h i s p a t t e r n were t h e 2-5 urn and f i l a m e n t 

s i z e c l a s s e s , w h i c h showed g r e a t e r t h a n p r e d i c t e d w i t h i n 



Table 3. Variability in phytoplankton volume estimates due to low numbers of counted cells. 

Size 
Class 
of 
Algae 
(ym) 

(1) 

Mean Cell 
Volume 
± 2 (SE) 
(ym3) 

(2) 
Total 
# Cells 
Measured 
in All 
Samples 

(3) 

Mean # 
"Cells" 
Counted/ 
Sample2 

(4) (5) 
Predicted 95% C.I.* 
on # CelIs/Sample3 

As # 
Cells 

As % of 
Mean # 
Cells/S. 

(6) 
Observed 
95% C.I. 
on Within 
Treatment 
Mean Algal 
Volume1* 

(7) (8) 
Predicted 95% 
C.I. on Total 
Counted Vol. 
In % of 

(ym)3 5 Total 

(9) (10) 
Observed 95% 
C.I. on Total 
Counted Vol. 

In % of 
(ym)3 6 Total 

< 2 0.2681 0 15 ± 8.2 
2-5 6.4± 1.3 21605 202 ±27.9 
5-9 150± 56 776 7.2 ± 5.8 
9-13 479± 210 277 2.6 ± 3.8 
13-18 532± 192 2211 20.7 ± 9.4 
18-30 2979±1226 234 2.2 ± 3.6 
> 30 1315± 315 504 4.7 ± 5.0 

Fil. 10± 6 3656 34.2 ±12 
Total 29263 288.6 

± 55% + 57% ± 220 0.9% ± 263 ± 1.0% 
± 14% + 53% ± 179 0.7% ± 942 ± 3.7% 
± 80% + 94% ± 870 3.4% ± 892 ± 3.5% 
±146% + 128% ± 1820 7.1% ± 1293 ± 5.0% 
± 45% + 67% ± 5001 19.6% ± 5162 ±20.0% 
±163% + 146% ±10724 42.0% ±12707 ±49.3% 
±106% + 101% ± 6575 25.8% ± 3936 ±15.3% 
± 35% + 124% ± 118 0.4% ± 565 ± 2.2% 

+ 55% (25507) 100% (25760)7 100% 

1 Volume assumed constant at 26.8 ym3/100 cells in < 2 ym category. Cells in < 2 ym category counted in 
batches of 100. Mean # cells/sample is therefore approximately 1500, but items counted = 15. 

2 Based on 107 samples. Colonies are regarded as single "cells", except for Dinobryon sp. (See Methods.) 
3 Based on Poisson distribution (Ricker 1937); calculated as 0.5*(upper limit-lower limit). 
•* Computed as mean of 1.96(SE)/X x 100, calculated for 47 cases (4 treatments x 12 dates - 1), where 
X = mean algal volume for date and treatment. 

5 Computed from (C.I. on # cells/sample) * (mean cell volume) (i.e. ignoring cell size variation). 
6 Mean C.I. computed from confidence intervals for each date and treatment's mean volumes. 
7 Actual C.I. for total algal volume is less than sum of C.I.'s for each size class, since "errors" 

cancel. Observed C.I. was ± 17911 ym3or 70% of sum of C.I.'s. 
* Confidence interval 
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t r e a t m e n t v a r i a t i o n , s u g g e s t i n g r e a l d i f f e r e n c e s between 

r e p l i c a t e s i n t h e volumes o f t h e s e s i z e c l a s s e s . 

S u b s a m p l i n g e r r o r s were v o l u m e t r i c a l l y most s i g n i f i c a n t i n 

t h e 13-18, 18-30, and > 30 /urn s i z e c l a s s e s , s i n c e s m a l l e r r o r s 

i n e s t i m a t i n g t h e numbers o f l a r g e c e l l s o r c o l o n i e s c a u s e s 

c o n s i d e r a b l e e r r o r s i n t h e e s t i m a t e d t o t a l a l g a l v olume. A 

s i n g l e l a r g e c o l o n y o f C h r y s o c a p s a s p . f o r example, made up 50% 

o f t h e c o u n t e d p h y t o p l a n k t o n volume i n c y l i n d e r 3AF on J u l y 26. 

The o b s e r v e d mean 95% c o n f i d e n c e l i m i t s on w i t h i n - t r e a t m e n t 

t o t a l a l g a l volume ( e x p r e s s e d a s a p e r c e n t a g e o f t h e mean) were 

± 55%. T h i s i s much l e s s t h a n t h e mean o f t h e c o n f i d e n c e 

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

i n some s i z e c l a s s e s c a n c e l l e d o v e r e s t i m a t e s i n o t h e r s i z e 

c l a s s e s . The e q u i v a l e n t l y - c a l c u l a t e d w i t h i n - t r e a t m e n t 95% 

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

23%. In v i e w o f t h e s u b s a m p l i n g e r r o r s on a l g a l volume 

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

measurements, I r e l i e d p r i m a r i l y on t h e l a t t e r f o r e x a m i n i n g 

c h a n g e s o v e r t i m e . However, between t r e a t m e n t c o m p a r i s o n s o f 

a r i t h m e t i c o r g e o m e t r i c mean a l g a l c e l l v olumes a v e r a g e d o v e r 12 

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

s i n c e t h e e s t i m a t e d g r a n d means had c o n f i d e n c e l i m i t s of 

a p p r o x i m a t e l y ± 16% (55 x . s q r t ( 1 / 1 2 ) ) . S i n c e t h e i m p r e c i s i o n o f 

my a l g a l b i o m a s s e s t i m a t e s a f f e c t e d t h e r a t i o s o f c h l o r o p h y l l t o 

a l g a l b i o m a s s , I d i s c u s s p r i m a r i l y t h e o v e r a l l mean r a t i o s , 

r a t h e r t h a n t h e time s e r i e s . 
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2.2.3 Z o o p l a n k t o n 

D e p t h - i n t e g r a t e d z o o p l a n k t o n s a m p l e s were t a k e n by pumping 

f o r 30 sec f r o m e i g h t d e p t h s : 0.5 m; 1.5 m; 2.5 m; 3.5 m; 4.5 m; 

5.5 m; 6.5 m; and 7.5 m, w i t h t h e pump o u t f l o w p a s s i n g t h r o u g h a 

54 urn mesh n e t . D e p t h - s t r a t i f i e d s a m p l e s ( f o u r 2 m s t r a t a ) were 

t a k e n i n s t e a d o f i n t e g r a t e d s a m p l e s on A u g u s t 1 and September 6, 

1979. The hose and b i l g e pump method o f z o o p l a n k t o n s a m p l i n g 

has been p r e v i o u s l y shown t o p r o d u c e e x c e l l e n t r e p l i c a b i l i t y 

w i t h m i n i m a l s a m p l i n g b i a s ( P e a c o c k 1981, N e i l l 1 9 8 1 a ) . Samples 

were p r e s e r v e d i n a s u c r o s e - f o r m a l d e h y d e m i x t u r e (Haney and H a l l 

1975), and en u m e r a t e d by s p e c i e s , s e x , s t a g e o f m a t u r i t y , 

r e p r o d u c t i v e c o n d i t i o n , and number o f e g g s , u s i n g Edmondson 

(1959) and Pennak (1978) f o r t a x o n o m i c i d e n t i f i c a t i o n . U s i n g 

t h e s u b s a m p l e r d e s c r i b e d i n N o r t h c o t e and C l a r o t t o ( 1 9 7 5 ) , 

s u c c e s s i v e s i x t h s o f t h e samp l e s were e n u m e r a t e d u n t i l 200 

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

c l a d o c e r a n e g g s were a s s i g n e d p r o p o r t i o n a t e l y t o s p e c i e s b a s e d 

on t h e abundance o f a t t a c h e d e g g s . 

I t e s t e d t h e o v e r a l l p r e c i s i o n o f t h e z o o p l a n k t o n s a m p l i n g 

and c o u n t i n g method by s a m p l i n g c y l i n d e r 8F t w i c e on O c t o b e r 5, 

1979 and p r o c e s s i n g t h e two samp l e s t h r o u g h two d i f f e r e n t f i e l d 

a s s i s t a n t s ( T a b l e 4 ) . C o e f f i c i e n t s o f v a r i a t i o n i n T a b l e 4 

t h e r e f o r e r e f l e c t v a r i a b i l i t y due t o f o u r s o u r c e s : i n c o n s i s t e n c y 

i n f i e l d s a m p l i n g t e c h n i q u e ; z o o p l a n k t o n p a t c h i n e s s i n s p a c e and 

t i m e ; e r r o r s i n s u b s a m p l i n g ; and i d e n t i f i e r b i a s and e r r o r . 

Compared t o s i m i l a r s t u d i e s o f s a m p l i n g e r r o r (Wiebe e t 

a l . 1968, G i b s o n and G r i c e 1977), t h e c o e f f i c i e n t s o f v a r i a t i o n 



Table 4. Test of precision of zooplankton sampling method. Cylinder 8F 
was sampled twice on October 5, 1979 and the two samples 
counted by different individuals. 

Species 
No. Animals 

Sample A 

in Sample* 

Sample B 
X S i o o - s / ; 

D. kenai 24 18 21 4.2 20.2 
D. tyrrelli 164 146 155 12.7 8.2 
Daphnia rosea 213 218 216 3.5 1.6 
Bosmina longirostris 3072 2754 2913 224.9 7.7 
Diaphanosoma brachyunum 18 37 28 13.4 48.9 
Chydorus sphaericus 1470 1221 1346 55.7 13.1 
Acroperus harpae 27 25 26 1.1 5.4 
Loose Cladoceran eggs 38 16 27 15.6 57.6 
Loose Copepod eggs 137 153 145 11.3 7.8 

* 134 liters 

** Coefficient of variation. 
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i n T a b l e 4 a r e r e l a t i v e l y low. 

U s i n g 25X (and o c c a s i o n a l l y 50X) m a g n i f i c a t i o n , 20 a d u l t s 

and 20 j u v e n i l e s o f e a c h s p e c i e s were m e a s u r e d f r o m e a c h 

t r e a t m e n t on f o u r o c c a s i o n s : J u l y 26, A u g u s t 9, A u g u s t 23, and 

September 13. C l a d o c e r a n measurements e x t e n d e d f r o m t h e 

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

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

were measured from t h e a n t e r i o r t i p o f t h e c e p h a l o t h o r a x t o t h e 

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

T h e s e l e n g t h s were c o n v e r t e d t o j u v e n i l e and a d u l t b i o m a s s 

e s t i m a t e s u s i n g l e n g t h - w e i g h t r e g r e s s i o n s f r o m P e a c o c k 

( u n p u b l i s h e d d a t a ) , Dumont e t a l . 1975 and B o t t r e l l e t a l . 1976; 

s e e A p p e n d i x B. The o v e r a l l mean a n d v a r i a n c e o f e a c h s p e c i e s ' 

l e n g t h s were computed f o r s p e c i f i c d a t e s b a s e d on t h e 

p r o p o r t i o n s o f j u v e n i l e s and a d u l t s p r e s e n t . S e p a r a t e one-way 

ANOVAs and Tukey m u l t i p l e r a n g e t e s t s were p e r f o r m e d on 

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

Numbers o f a n i m a l s , t o t a l numbers o f eggs and mean b r o o d s i z e s 

were l o g - t r a n s f o r m e d and a n a l y z e d w i t h 2-way ANOVA ( t r e a t m e n t X 

t i m e ) . N ote t h a t 

l o g ( b r o o d s i z e ) = l o g ( e g g s ) - l o g ( o v i g e r o u s f e m a l e s ) (2) 

T h e r e f o r e , i f b o t h l o g ( e g g s ) a n d l o g ( o v i g e r o u s f e m a l e s ) a r e 

n o r m a l l y d i s t r i b u t e d , l o g ( b r o o d s i z e ) w i l l a l s o be n o r m a l l y 

d i s t r i b u t e d . 
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To compare t h e t r a n s i e n t b e h a v i o u r o f a c i d i f i e d and 

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

I p l o t t e d t h e s i m u l t a n e o u s c h a n g e s i n t o t a l z o o p l a n k t o n b i o m a s s 

and l i v e c h l o r o p h y l l a s p h a s e p l a n e t r a j e c t o r i e s . Z o o p l a n k t o n 

f i l t e r i n g r a t e s were e s t i m a t e d by m u l t i p l y i n g mean s p e c i e s 

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

t e m p e r a t u r e s b u t c i r c u m n e u t r a l pH (Haney 1973, Buckingham 1978). 

2!.2.4 S t a t i s t i c a l Methods 

"As f a r as t h e laws o f m a t h e m a t i c s r e f e r t o 

r e a l i t y , t h e y a r e n o t c e r t a i n ; and a s f a r a s 

t h e y a r e c e r t a i n , t h e y do n o t r e f e r t o 

r e a l i t y . " 

E i n s t e i n 

U n i v a r i a t e a n a l y s e s o f v a r i a n c e (ANOVA) were u s e d i n t h r e e 

d i f f e r e n t ways i n t h i s s t u d y : 

( i ) one-way t r e a t m e n t c o m p a r i s o n s o f 5 t r e a t m e n t s on 

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

( i i ) two-way ( t r e a t m e n t x t i m e ) c o m p a r i s o n s o f two 

t r e a t m e n t s o v e r a l l s a m p l i n g d a t e s ; and 

( i i i ) t h r e e - w a y ( t r e a t m e n t x t i m e x d e p t h ) c o m p a r i s o n s o f 

two t r e a t m e n t s o v e r a l l s a m p l i n g d a t e s . 

One-way ANOVAs ( a c r o s s a l l t r e a t m e n t s on a s i n g l e s a m p l i n g 

d a t e ) u s e d t h e Tukey m u l t i p l e r a n g e t e s t t o compare a l l p a i r s o f 

t r e a t m e n t means. The Tukey t e s t i s a r e l a t i v e l y c o n s e r v a t i v e 



38 

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

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

1964). The a d v a n t a g e o f t r e a t m e n t x t i m e c o m p a r i s o n s i s t h a t 

o v e r a l l t r e a t m e n t e f f e c t s c a n be i s o l a t e d f r o m t e m p o r a l 

f l u c t u a t i o n s due t o s e a s o n a l f o r c e s . G r e e n and Hobson (1970) 

u s e d 2-way ANOVAs i n t h i s manner t o a n a l y z e t h e s p a t i a l and 

t e m p o r a l s t r u c t u r e o f an i n t e r t i d a l community. The most 

i m p o r t a n t a s s u m p t i o n s o f ANOVA a r e t h a t t h e w i t h i n g r o u p e r r o r s 

a r e i n d e p e n d e n t ( o f e a c h o t h e r and o f t h e g r o u p mean), n o r m a l l y 

d i s t r i b u t e d and homogeneous among g r o u p s ( G l a s s e t a l . 1972, 

G r e e n 1979). I n a l l a p p l i c a t i o n s o f ANOVA t o t h e e n c l o s u r e s , 

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

t r e a t m e n t , and measured on a s i n g l e d a y . I n d e p e n d e n c e o f w i t h i n 

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

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

same t r e a t m e n t c o u l d i n no way p h y s i c a l l y a f f e c t one a n o t h e r . 

(Note t h a t t h e i n d e p e n d e n c e a s s u m p t i o n i s v i o l a t e d i f one 

i n c l u d e d . w i t h i n t h e same g r o u p two measurements t a k e n f r o m t h e 

same e n c l o s u r e on s u c c e s s i v e s a m p l i n g d a t e s ) . 

I n d e p e n d e n c e o f w i t h i n g r o u p e r r o r s f r o m w i t h i n g r o u p means 

was t e s t e d p r i o r t o e a c h ANOVA by e x a m i n i n g t h e l i n e a r 

r e g r e s s i o n ( T a y l o r 1961, G r e e n 1979): 

l o g S 2 = l o g a + b l o g X (3) 

where S 2 = w i t h i n g r o u p sample v a r i a n c e ; 

X = w i t h i n g r o u p sample mean; 

l o g a = r e g r e s s i o n i n t e r c e p t , and 
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b = r e g r e s s i o n s l o p e . 

When b was c l o s e t o 0, no t r a n s f o r m a t i o n was p e r f o r m e d . I n most 

c a s e s , b was w i t h i n t h e r a n g e 1.75 t o 2, and t h e d a t a t h e r e f o r e 

s u b j e c t e d t o t h e l o g a r i t h m i c t r a n s f o r m a t i o n Z = l o g ( X ) , o r i f 

t h e d a t a i n c l u d e d z e r o v a l u e s , Z = l o g ( X + 1 ) ( G r e e n 1979). T h i s 

t r a n s f o r m a t i o n a l s o s e r v e d t o make t h e w i t h i n g r o u p e r r o r s more 

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

s t a t i s t i c a l l y . Note t h a t s t a t i s t i c a l t e s t s on l o g - t r a n s f o r m e d 

d a t a a s s e s s t h e s i g n i f i c a n c e o f d i f f e r e n c e s between g e o m e t r i c , 

n o t a r i t h m e t i c means. 

Homog e n e i t y o f r e s i d u a l v a r i a n c e s was t e s t e d w i t h B a r t l e t t ' s 

t e s t , u s i n g t h e computer p r o g r a m UBC GENLIN ( G r e i g and B j e r r i n g 

1977); h e t e r o g e n e o u s v a r i a n c e s a r e n o t e d i n t h e R e s u l t s s e c t i o n . 

G l a s s e t a l . (1972) showed t h a t n o n n o r m a l i t y and h e t e r o g e n e i t y 

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

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

b a l a n c e d d e s i g n . A l l s t a t i s t i c a l t e s t s between e n c l o s u r e s were 

b a l a n c e d (2 r e p l i c a t e s / g r o u p ) . ANOVAs between t h e c o n t r o l 

e n c l o s u r e s and t h e l a k e were u n b a l a n c e d , s i n c e o n l y one sample 

was o b t a i n e d f r o m E u n i c e L a k e . T h e s e t e s t s t h e r e f o r e examined 

t h e d i f f e r e n c e s between t h e l a k e and t h e c o n t r o l s r e l a t i v e t o 

t h e v a r i a t i o n w i t h i n t h e two c o n t r o l c y l i n d e r s . 
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2.3 E x p e r i m e n t a l D e s i g n 

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

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

a c i d i f i c a t i o n , f e r t i l i z a t i o n , and e n c l o s u r e ( T a b l e 5 ) . A l t h o u g h 

most o f t h e s e h y p o t h e s e s were p r e s e n t e d i n my r e s e a r c h p r o p o s a l 

(Marmorek 1979), o t h e r h y p o t h e s e s e v o l v e d d u r i n g t h e c o u r s e o f 

my f i e l d work and d a t a a n a l y s i s . I a t t e m p t e d t o f a l s i f y e a c h 

h y p o t h e s i s by c o m p a r i n g key i n d i c a t o r v a r i a b l e s , b o t h between 

t r e a t m e n t s and o v e r t i m e ( T a b l e 6 ) . 

The h y p o t h e s e s l i s t e d i n T a b l e 5 r e q u i r e some e l a b o r a t i o n . 

W i t h r e s p e c t t o h y p o t h e s e s 2 ( i ) and 5 ( i ) , I was p a r t i c u l a r l y 

i n t e r e s t e d i n whether c h a n g e s i n z o o p l a n k t o n p o p u l a t i o n s were 

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

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

S i m i l a r l y , I was i n t e r e s t e d i n w hether p h y t o p l a n k t o n community 

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

i n h e r b i v o r e f i l t e r i n g ( f o l l o w i n g f r o m h y p o t h e s e s 2 ( i i ) and 

5 ( i i ) ) . I n t h e a b s e n c e o f p r i m a r y p r o d u c t i v i t y and z o o p l a n k t o n 

g r a z i n g measurements, and w i t h o u t p e r f o r m i n g l a b o r a t o r y t o x i c i t y 

t e s t s , i t i s n o t a l w a y s p o s s i b l e t o c h o o s e between t h e s e 

a l t e r n a t e e x p l a n a t i o n s . However, I u s e d c a r e f u l e x a m i n a t i o n o f 

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

t r e a t m e n t s ) t o s u g g e s t w h i c h mechanisms were more p r o b a b l e . 

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

s h o r t a g e s o f p h y t o p l a n k t o n f o o d f o r z o o p l a n k t o n ( h y p o t h e s i s 

4 ( i i )) i t i s n e c e s s a r y t o show t h a t : 

1) s u c h f o o d s h o r t a g e s do o c c u r w i t h a c i d i f i c a t i o n 
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T a b l e 5. H y p o t h e s e s t e s t e d by t h e 1979 e x p e r i m e n t 

N u l l H y p o t h e s i s T e s t 

1. E n c l o s u r e o f p l a n k t o n s y s t e m s 
an d r e m o v a l o f c u t t h r o a t t r o u t 
p r e d a t i o n d o e s n o t a f f e c t l i g h t 
t r a n s m i s s i o n , pH, a l k a l i n i t y , 
p h y t o p l a n k t o n , o r z o o p l a n k t o n . 

2. G r a d u a l , e x p e r i m e n t a l a c i d i f i 
c a t i o n o f o l i g o t r o p h i c w a t e r s t o 
pH 5.0: 

( i ) d o e s n o t a f f e c t z o o p l a n k t o n 
p o p u l a t i o n s o r community 
b i o m a s s ; 

( i i ) d o e s n o t a f f e c t p h y t o p l a n k 
t o n community b i o m a s s o r 
s i z e c o m p o s i t i o n ; 

( i i i ) d oes n o t a f f e c t t h e a b i o t i c 
component of l i g h t e x t i n c 
t i o n ; 

( i v ) i s n o t a f f e c t e d by b i o t i c 
g e n e r a t i o n o r c o n s u m p t i o n 
o f a l k a l i n i t y ; a n d 

(v) r e a l i s t i c a l l y s i m u l a t e s 
l a k e a c i d i f i c a t i o n . 

Compare a l l i n d i c a t o r s i n 
c o n t r o l c y l i n d e r s (C) and 
E u n i c e L a k e ( L K ) . 

Compare z o o p l a n k t o n p e r f o r 
mance i n A and C r e l a t i v e 
t o b o t h pH d i s t r i b u t i o n o v e r , 
d e p t h and t i m e , and p h y t o 
p l a n k t o n b i o m a s s and s i z e 
c o m p o s i t i o n . 

Compare p h y t o p l a n k t o n i n d i c a 
t o r s i n A and C r e l a t i v e t o 
b o t h pH o v e r t i m e , and 
e s t i m a t e s o f z o o p l a n k t o n 
g r a z i n g p r e s s u r e . 

Compare s e c c h i d e p t h -
c h l o r o p h y l l a r e g r e s s i o n 
l i n e s i n A and C. 

Compare t h e o r e t i c a l and 
o b s e r v e d a l k a l i n i t y d e c r e a s e s 
i n A. 

Compare c h a n g e s i n key 
i n d i c a t o r s w i t h o b s e r v a t i o n s 
f r o m m u l t i p l e l a k e s u r v e y s 
and whole l a k e e x p e r i m e n t s . 



42 

T a b l e 5 C o n t i n u e d ... 

N u l l H y p o t h e s i s T e s t 

3. M o d e r a t e n u t r i e n t e n r i c h m e n t 
of c i r c u m n e u t r a l w a t e r s : 

( i ) d o e s n o t a f f e c t a l k a l i n i t y , 
pH o r t r a n s p a r e n c y ; 

( i i ) d o e s n o t a f f e c t z o o p l a n k t o n 
p o p u l a t i o n s o r community 
b i o m a s s ; and 

( i i i ) d o e s n o t change t h e a v a i l 
a b i l i t y o f p h y t o p l a n k t o n 
f o o d f o r z o o p l a n k t o n . 

4. M o d e r a t e n u t r i e n t e n r i c h m e n t 
d u r i n g e x p e r i m e n t a l a c i d i f i c a t i o n 
t o pH 5.0: 

( i ) d o e s n o t a l t e r a l k a l i n i t y , 
pH o r t r a n s p a r e n c y from t h e 
l e v e l s o b s e r v e d by a c i d i f i 
c a t i o n a l o n e ; and 

( i i ) d o e s n o t a l l e v i a t e a c i d -
i n d u c e d s h o r t a g e s o f 
p h y t o p l a n k t o n f o o d f o r 
z o o p l a n k t o n . 

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

( i ) ( i i ) same as 2 ( i ) , 2 ( i i ) 

( i i i ) d o e s n o t a l t e r t h e a b i l i t y 
o f p l a n k t o n s y s t e m s t o 
a b s o r b e n r i c h m e n t 
p e r t u r b a t i o n s ; and 

( i v ) d o e s n o t a l t e r t r a n s p a r e n c y 
f r o m t h e l e v e l s o b s e r v e d i n 
n o n - a c i d i f i e d , m o d e r a t e l y 
e n r i c h e d w a t e r s . 

Compare a l k a l i n i t y , pH a n d 
t r a n s p a r e n c y i n F and C. 

Compare i n d i c a t o r s o f 
z o o p l a n k t o n p e r f o r m a n c e i n 
F and C. 

Compare p h y t o p l a n k t o n 
i n d i c a t o r s i n F and C. 

Compare a l k a l i n i t y , pH and 
t r a n s p a r e n c y i n AF and A. 

Compare i n d i c a t o r s o f 
z o o p l a n k t o n p e r f o r m a n c e 
i n AF and A. 

P e r f o r m c o m p a r i s o n s l i s t e d 
f o r 2 ( i ) and 2 ( i i ) , b u t f o r 
t r e a t m e n t s F and AF. 

Compare j o i n t f l u c t u a t i o n s 
o f p h y t o p l a n k t o n and 
z o o p l a n k t o n i n F and AF. 

Compare t r a n s p a r e n c y i n AF 
and F. 



Table 6. Indicator variables monitored in the 1979 study, and 
their justification. 

Variables Monitored to Indicate 

Physico-Chemical Conditions: 
• temperature 
• pH 
• alkalinity 

• secchi depth 

Phytoplankton: 
• chlorophyll â  

• pheophytin £ 

• algal cell counts 

Zooplankton: 
• species densities by 
age class 

• lengths 

thermocline; metabolic rates 
abiotic stress 
degree of acification (acid 
balance-
biotic effects on 
alkalinity 
abiotic and biotic effects on 
transparency 

algal biomass 
biotic effects on transparency 
chlorophyll degradation, 
including digestion by 
zooplankton 
size composition and edibility 
of phytoplankton 
taxonomic composition 
total algal biomass 

overall effects of life histories 
and perturbations 
growth effects (copepods) 
age structure (cladocerans) 
biomass 
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Table 6. Continued 

Variables Monitored to Indicate 

Zooplankton (continued): 
• mean brood size, percent 
of ovigerous females, 
total egg production 

• vertical distribution 

food availability 
reproductive status of population 
birth rates 
actual exposure to abiotic stress 
overlap in species' spatial 
distribution 



alone; 

zooplankton in the A and AF enclosures are exposed to 

the same degree of ac id stress (hypothesis 4 ( i ) ) . 
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3. RESULTS 

I ' l P h y s i c a l and C h e m i c a l C o n d i t i o n s 

3_._1_.J_ P r e c i p i t a t i o n and T e m p e r a t u r e 

D a i l y p r e c i p i t a t i o n d u r i n g t h e e x p e r i m e n t i s shown i n 

F i g u r e 4. S i n c e t h e e x p e r i m e n t a l e n c l o s u r e s were i s o l a t e d f r o m 

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

have i n c r e a s e d d i f f e r e n c e s between t h e l a k e and t h e e n c l o s u r e s . 

D u r i n g t h e f i r s t month o f t h e e x p e r i m e n t however, t h e c o m p l e t e 

a b s e n c e o f p r e c i p i t a t i o n ( F i g u r e 4) r e d u c e d f l u s h i n g and 

m a t e r i a l s e x p o r t t o a minimum. T h i s d r y p e r i o d , w h i c h r e s u l t e d 

i n a h i g h f o r e s t f i r e r i s k on l a n d and l i k e l y e x a c e r b a t e d 

n u t r i e n t s h o r t a g e s i n t h e l a k e , was ended by 24 mm o f r a i n f a l l 

d u r i n g A u g u s t 14-22, f o l l o w e d by 126.7 mm o f r a i n f a l l d u r i n g 

September 1 t o 8. The l a s t m a j o r s t o r m e v e n t s o f t h e e x p e r i m e n t 

o c c u r r e d September 26-29, c o n t r i b u t i n g 32.8 mm o f r a i n . 

D a i l y a i r t e m p e r a t u r e minima and maxima a r e shown i n 

F i g u r e 5, a n d l a k e water t e m p e r a t u r e s by d e p t h - t i m e i s o t h e r m s i n 

F i g u r e 6. The d a s h e d l i n e s on F i g u r e 6 o u t l i n e t h e u p p e r a n d 

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

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

( H u t c h i n s o n 1957; pg. 428) f r o m v e r t i c a l d e p t h p r o f i l e s . 

G r a p h i c a l d e t e r m i n a t i o n o f m e t a l i m n i o n t h i c k n e s s ( W e t z e l 1975; 

p g . 70) showed t h e upper m e t a l i m n e t i c b o u n d a r y t o be a l w a y s 

w i t h i n 0.5 m o f t h e s t a r t o f t h e t h e r m o c l i n e , due t o t h e s h a r p 

d e c r e a s e i n t e m p e r a t u r e t h e r e . The t e m p e r a t u r e change below t h e 

http://3_._1_.J_
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F i g u r e 4. D a i l y p r e c i p i t a t i o n (1979) . 

F i g u r e 5. D a i l y v a r i a t i o n i n a i r t e m p e r a t u r e (1979) . 
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F i g u r e 6. E u n i c e L a k e water t e m p e r a t u r e s d u r i n g 1979 . 
D ashed l i n e s i n d i c a t e u p p e r and l o w e r l i m i t s o f 
m e t a l i m n i o n . 
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t h e r m o c l i n e was more g r a d u a l . 

F i g u r e 6 i l l u s t r a t e s t h e g r a d u a l t r a n s f e r o f h e a t f r o m t h e 

l a k e s u r f a c e t o l o w e r d e p t h s , w i t h t h e i s o t h e r m s between 8°C and 

14°C s i n k i n g a t r a t e s o f 0.4-0.7 m/month o v e r t h e c o u r s e o f t h e 

e x p e r i m e n t . More s i g n i f i c a n t however, a r e t h e c h a n g e s i n t h e 

s t r e n g t h and p o s i t i o n o f t h e t h e r m o c l i n e . D u r i n g t h e l a s t two 

weeks of J u l y , warm d a y t i m e t e m p e r a t u r e s h e a t e d t h e upper 2 m t o 

above 22°C, and t h e t h e r m o c l i n e r e m a i n e d a t t h e 3 t o 5 m d e p t h 

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

f i r s t two weeks o f A u g u s t , w i t h l o w e r n i g h t t i m e t e m p e r a t u r e s 

( F i g u r e 5) l i k e l y r e s p o n s i b l e f o r c o o l i n g t h e u p p e r 2 m . A v e r y 

s t r o n g t h e r m o c l i n e between 4 and 5 m had formed by t h e s e c o n d 

week o f A u g u s t , but t h e n became more g r a d u a l , s t r e t c h i n g between 

4 and 6 m by A u g u s t 30. The s e r i e s o f m a j o r s t o r m s i n t h e f i r s t 

week o f September ( F i g u r e 4) c o o l e d and mixed t h e upper 4 m, 

s h i f t i n g t h e t h e r m o c l i n e down t o t h e 5-7 m s t r a t u m f o r t h e 

r e m a i n d e r o f t h e e x p e r i m e n t . 

F o l l o w i n g t h e s t o r m s i n t h e f i r s t week o f September, t h e 

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

t h e month, when a n o t h e r m a j o r s t o r m c o o l e d and m i x e d t h e t o p 4 m 

t o a homogeneous t e m p e r a t u r e o f 16°C. 

3_.1.2 Hy d r o g e n Ion C o n c e n t r a t i o n and A l k a l i n i t y 

The pH and a l k a l i n i t y o v e r t i m e and d e p t h a r e i l l u s t r a t e d i n 

F i g u r e s 7 a n d 8 r e s p e c t i v e l y , w i t h mean v a l u e s f o r e a c h 

t r e a t m e n t i n T a b l e 7. Mean d i f f e r e n c e s i n c o m p o s i t e a l k a l i n i t y 

(1-7 m) between t r e a t m e n t s a r e shown f o r e a c h sample d a t e i n 



52 

T a b l e 8. A p p e n d i x C d e t a i l s t h e r e s u l t s of t h r e e - w a y a n a l y s e s 

of v a r i a n c e ( t r e a t m e n t , t i m e and d e p t h ) of c y l i n d e r a l k a l i n i t e s 

and H + c o n c e n t r a t i o n s ; o n l y a summary of t h e s e a n a l y s e s i s 

p r e s e n t e d h e r e . 

(i_) E n c l o s u r e E f f e c t s 

D i d e n c l o s u r e a f f e c t a l k a l i n i t y and pH l e v e l s ? The 

e n c l o s u r e o f w ater s i g n i f i c a n t l y r e d u c e d mean e p i l i m n e t i c (1-3 

m) a l k a l i n i t i e s ( T a b l e 7 a n d A p p e n d i x C ) . E p i l i m n e t i c 

a l k a l i n i t i e s i n E u n i c e Lake and t h e c o n t r o l s d i f f e r e d by more 

t h a n 25 ueq»L~ 1 on A u g u s t 1 and A u g u s t 30 ( F i g u r e 8 ) . B o t h t h e 

l a k e and t h e c o n t r o l c y l i n d e r s showed a n e t d e c l i n e i n 

e p i l i m n i o n a l k a l i n i t y o v e r A u g u s t , t h o u g h t h e l a k e showed 

g r e a t e r t e m p o r a l f l u c t u a t i o n s ( F i g u r e 8 a n d A p p e n d i x C ) . 

E p i l i m n e t i c pH l e v e l s were l o w e r i n t h e c o n t r o l s t h a n i n E u n i c e 

Lake ( F i g u r e 7 and T a b l e 7) but d i f f e r e n c e s were s m a l l r e l a t i v e 

t o t h e a l k a l i n i t y gap. T h i s i s b e c a u s e water has a h i g h 

b u f f e r i n g c a p a c i t y a t pH v a l u e s c l o s e t o 6.4, t h e a p p r o x i m a t e 

e q u i v a l e n c e p o i n t o f b i c a r b o n a t e a n d c a r b o n i c a c i d (Stumm a n d 

Morgan 1970). 

At 5-7 m, c o n t r o l c y l i n d e r mean a l k a l i n i t i e s and pH l e v e l s 

were s i g n i f i c a n t l y h i g h e r t h a n E u n i c e Lake measurements, and 

d i f f e r e d i n d e p t h g r a d i e n t s as w e l l ( A p p e n d i x C ) . 

I n summary, t h e c o n t r o l s showed s m a l l e r v e r t i c a l g r a d i e n t s 

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

L i g h t l i m i t a t i o n from l i m n o c o r r a l s h a d i n g l i k e l y c o n t r i b u t e d t o 

t h e s e e n c l o s u r e e f f e c t s ( d i s c u s s e d i n S e c t i o n 4 . 1 ) . 
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F i g u r e 7. 1979 pH l e v e l s by d e p t h and t i m e , and t i m i n g o f 
c h e m i c a l a d d i t i o n s . V a l u e s a t 3 m ( n o t shown f o r 
c l a r i t y ) were a l w a y s w i t h i n 0.05 u n i t s o f pH a t 1 m. 
B a r s show neq o f H* added t o t o t a l c y l i n d e r volume from 
s u l f u r i c a c i d ; d o t s i n d i c a t e t i m i n g o f n u t r i e n t 
a d d i t i o n s . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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F i g u r e 8. D e p t h - t i m e d i a g r a m s o f a l k a l i n i t y i s o p l e t h s d u r i n g 
1979 . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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Table 7. Mean pH and alkalinity by treatment and depth stratum (mean ± s.e. (n)). 

pH Alkalinity (ueq/1) Treatment !  

1-7 m 1-3 m 5-7 m 1-7 m 1-3 m 5-7 m 

Lake 6. ,45 + 0.03 (43) 6. 61 + 0.03 (21) 6. 34 + 0.03 (22) 89 + 2.4 (31) 98 + 2.9 (15) 81 + 2.3 (16) 
C 6. ,44 + 0.01 (86) 6. ,51 + 0.02 (43) 6. 39 + 0.02 .(43) 84 + 0.9 (61) 82 + 1.1 (31) 87 + 1.3 (30) 
F 6. ,45 + 0.02 (86) 6. ,52 + 0.03 (43) 6. 38 0.02 (43) 79 + 1.2 (63) 74 + 1.2 (32) 84 + 1.7 (31) 
A 5. ,85 + 0.04 (96) 5. ,72 + 0.05 (48) 6. 06 + 0.05 (48) 62 + 2.3 (63) 49 + 2.6 (31) 74 + 2.2 (32) 
AF 5. ,60 + 0.05 (96) 5. ,42 + 0.06 (48) 5. 91 + 0.10 (48) 59 + 2.7 (64) 43 + 2.5 (32) 73 + 2.9 (32) 

U l 
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Table 8. Differences between treatments in mean water column alkalinity 
(ueq/1) on each sampling date. 

Column 1: Effect of enclosure. 
Column 2: Cumulative amount of acid added to A enclosures as H2SG\. 
Column 3: Observed effect of acidification. 
Column 4: Amount of acid added to F enclosures as 

fertilizer. 
Column 5: Observed effect of fertilization on 

circumneutral waters. 
Column 6: Amount of acid added to AF enclosures as 

fertilizer. 
Column 7: Observed effect of fertilization on 

acidifying waters. 

Change in Composite Alkalinity Due to Treatment (ueq/1) 
nate Control Acidification in Fertilization in Fertilization in 

Enclosures A Enclosures F Enclosures AF Enclosures 
(1) (2) (3) (4) (5) (6) (7) 

u+ f H + from H + from _ 
(C-LK) " Q (y o m i s ̂  H3P04 and (F-C) H3P04 and (AF-A) 

HzSO. KR-l) NH,N03* Nh\N03 

July 16 -5 0 -4 0 3 0 1 
Aug. 1 -14 -5 -7 -0.38 -3 -0.38 -6 

9 +3 -8 -11 -0.57 -3 -0.56 -6 
16 -5 -18 -22 -0.57 -4 -0.56 -3 
23** -6 -18 -33 -0.77 -3 -0.72 2 
30 ? -18 -17 -0.77 -7 -0.72 -7 

Sept. 6 -4 -18 -20 -0.77 -7 -0.72 -4 
.13 -3 -23 -26 -0.77 -8 -0.72 -2 
27 -1 -31 -41 -0.77 -10 -0.72 -3 

Difference not calculable due to missing data. 
Calculated from dissociation constants for H3P0i* and NhUN03at 20°C in pure water, and mean epilimnetic pH for each treatment (Kester and Pytokowicz 
1967, Thurston et al. 1974). About 98% of the H+ comes from H3P04 at the observed pH levels. 
Only two samples taken for 0-4 m and 4-8 m, rather than four samples. 
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( i i ) E f f e c t o f H* i o n L o a d i n g i n P r e c i p i t a t i o n 

A c a l c u l a t i o n o f t h e t o t a l H + l o a d i n g f r o m p r e c i p i t a t i o n 

d u r i n g t h e c o u r s e o f t h e e x p e r i m e n t i s shown i n T a b l e 9. Even 

a l l o w i n g f o r a 20% i n c r e a s e f o r e v a p o r a t i v e c o n c e n t r a t i o n (Yan 

and L a f r a n c e 1981), t h e p r e c i p i t a t i o n c o u l d o n l y have i n c r e a s e d 

e p i l i m n e t i c [H+] ( m a x i m a l l y d e c r e a s e d a l k a l i n i t y ) w i t h i n t h e 

e n c l o s u r e s by 0.247 ,ueq»L" 1. Hence H + l o a d i n g f r o m t h e 

at m o s p h e r e d u r i n g t h i s e x p e r i m e n t was n e g l i g i b l e r e l a t i v e t o t h e 

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

( i i i ) E f f e c t s o f E x p e r i m e n t a l A c i d i f i c a t i o n 

The amount o f s u l f u r i c a c i d added t o t h e A e n c l o s u r e s i s 

shown by t h e b a r s on F i g u r e 7, e x p r e s s e d a s *ieq«L~ 1 o f H + 

a v e r a g e d o v e r t h e e n t i r e volume o f t h e c y l i n d e r . Was t h e 

a c i d i f i c a t i o n of t h e A c y l i n d e r s a f f e c t e d by b i o t i c g e n e r a t i o n 

or c o n s u m p t i o n o f a l k a l i n i t y ? T h i s q u e s t i o n c a n be a n s w e r e d by 

c o m p a r i n g t h e e x p e c t e d H + l o a d i n g t o t r e a t m e n t A ( t h e s e c o n d 

column o f T a b l e 8) w i t h t h e o b s e r v e d d i f f e r e n c e i n mean 

a l k a l i n i t y between t r e a t m e n t s C and A ( t h e t h i r d c o l u m n ) . The A 

e n c l o s u r e s showed c o m p o s i t e a l k a l i n i t i e s 4 /ueq»L~ 1 l e s s t h a n t h e 

c o n t r o l s on J u l y 16 p r i o r t o any a c i d a d d i t i o n s . When t h i s 

i n i t i a l d i f f e r e n c e i s d e d u c t e d f r o m s u b s e q u e n t (A-C) a l k a l i n i t y 

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

d i f f e r e n c e s i s 0.98 ± 0 . 1 1 (SE; n = 8 ) . Hence, i t a p p e a r s t h a t 

t h e a d d e d s u l f u r i c a c i d was c l o s e t o 100% e f f i c i e n t i n r e m o v i n g 

a l k a l i n i t y . The e x c e p t i o n a l l y l a r g e a l k a l i n i t y d i f f e r e n c e on 

A u g u s t 23 was due t o an i n c r e a s e i n t h e c o n t r o l s ' mean 



Table 9. Hydrogen ion1 loading from precipitation during 1979 
experiment. 

Total M H H+ Loadinq/ Potential 
Date of Collection Rainfall2 '"z 5 • Enclosures3 Increase in 

(m) o r K a i n (ueq) Epilimnetic (H+)4 

(yeq/1) 

Aug. 7-27 0.024 6.0 50 0.005 

Aug. 27-Sept. 13 0.1267 5.1 2094 0.2 

Sept. 18-29 0.0332 5.2 436 0.042 

Total 0.1839 2580 0.247 

1 Source: Dr. Michael Feller, Department of Forestry, U.B.C. 
Precipitation Sampling Stations 6 km from Eunice Lake. 

2 From Figure 3.1. 
3 Calculated assuming surface area of enclosure =• 2.08 m2. 
" Calculated assuming epilimnetic depth = 4 km and allowing 20% for 

evaporative concentration (Yan and Lafrance 1981). 



61 

a l k a l i n i t y r a t h e r t h a n a d e c r e a s e i n t h e A e n c l o s u r e s . I n 

c o n c l u s i o n , n e t a l k a l i n i t y c h a n g e s due t o b i o t a were n e g l i g i b l e , 

c o n s i s t e n t w i t h h y p o t h e s i s 2 ( i v ) on page 41. 

The t h e r m a l r e g i m e , c l e a r l y a f f e c t e d t h e v e r t i c a l 

d i s t r i b u t i o n o f added H + . When a l k a l i n i t y c o n t o u r s i n t h e A 

e n c l o s u r e s a r e compared w i t h t h e c o n t r o l s ( F i g u r e 8 ) , i t i s 

e v i d e n t t h a t a l t h o u g h some a c i d was a b l e t o p e n e t r a t e t h e s h a r p 

A u g u s t t h e r m o c l i n e a t 5 m, b o t t o m w a t e r a l k a l i n i t i e s l a g g e d 

b e h i n d s u r f a c e c o n c e n t r a t i o n s by two t o t h r e e weeks. C o i n c i d e n t 

w i t h w i n d m i x i n g and wea k e n i n g o f t h e t h e r m o c l i n e i n t h e f i r s t 

h a l f o f September, a l k a l i n i t i e s d r o p p e d i n t h e 4-6 m z o n e . 

A l k a l i n i t y i n c r e a s e s a t t h e 7 m l e v e l d u r i n g t h i s p e r i o d were 

p r e s u m a b l y due t o C 0 2 p r o d u c t i o n f r o m m i c r o b i a l m e t a b o l i s m ( t o 

be d i s c u s s e d i n S e c t i o n 4 . 1 ) . 

R e d u c t i o n s i n pH i n t h e A t r e a t m e n t s were l a r g e l y r e s t r i c t e d 

t o t h e upper 4 m d u r i n g A u g u s t ( F i g u r e 7 ) . F o l l o w i n g a major 

a c i d a d d i t i o n on A u g u s t 9 (10 ueq»L~ 1 ) t h e mean pH i n t h e 1-3 m 

l a y e r o f t h e A e n c l o s u r e s d r o p p e d f r o m 6.3 ± 0.00 t o 5.72 ± 

0.06. I n t h e a b s e n c e o f a c i d a d d i t i o n s between A u g u s t 9 and 

September 6, t h e e p i l i m n e t i c pH r e c o v e r e d , p r o b a b l y due t o 

g e n e r a t i o n o f a l k a l i n i t y by p h o t o s y n t h e t i c N0 3~ u p t a k e and 

m i x i n g w i t h l e s s a c i d w a ter a t 5 m; by September 6, t h e v e r t i c a l 

pH g r a d i e n t between 1 and 5 m had d i s a p p e a r e d . I t was n o t u n t i l 

l a t e September t h a t t h e pH a t 5 m d r o p p e d below 6.0. 
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( i v ) E f f e c t s o f E x p e r i m e n t a l F e r t i l i z a t i o n 

E p i l i m n e t i c a l k a l i n i t i e s were on a v e r a g e 8 y e q « L " 1 l o w e r i n 

t h e F c y l i n d e r s t h a n i n t h e c o n t r o l s ( T a b l e 7 ) , a d i f f e r e n c e 

w h i c h was h i g h l y s i g n i f i c a n t s t a t i s t i c a l l y ( A p p e n d i x C ) . A t 5-7 

m, t h e mean d i f f e r e n c e i n a l k a l i n i t i e s was o n l y 3 veq*L~1, but 

s t i l l s i g n i f i c a n t ( T a b l e 7; A p p e n d i x C ) . 

U n l i k e t h e a c i d i f e d c y l i n d e r s ( t r e a t m e n t A ) , t h e f e r t i l i z e d 

c y l i n d e r s were p r o b a b l y a f f e c t e d by b i o t i c c o n t r o l s on 

a l k a l i n i t y . Column 5 of T a b l e 8 c o n t a i n s t h e mean o b s e r v e d 

a l k a l i n i t y d i f f e r e n c e between t h e C and F t r e a t m e n t s ( F - C ) , 

c a l c u l a t e d f r o m 1-7 m c o m p o s i t e a l k a l i n i t i e s . C o m p a r i n g column 

5 t o column 4 ( t h e t h e o r e t i c a l c h e m i c a l c o n t r i b u t i o n s o f H* from 

d i s s o c i a t i o n o f H 3PO 0 and N H „ N 0 3 ) i t seems t h a t b i o t i c r a t h e r 

t h a n a b i o t i c p r o c e s s i n g o f t h e added n u t r i e n t s must have been 

r e s p o n s i b l e f o r t h e o b s e r v e d l o s s o f a l k a l i n i t y i n t h e F 

c y l i n d e r s . P r e f e r e n t i a l a l g a l a s s i m i l a t i o n o f N H „ * o v e r N0 3~ 

and b a c t e r i a l n i t r i f i c a t i o n a p p e a r t o be t h e two most l i k e l y 

c a u s e s o f t h e a l k a l i n i t y d e c r e a s e ( t o be d i s c u s s e d i n S e c t i o n 

4 . 1 ) . Note t h a t t h e l o s s o f a l k a l i n i t y i n t h e F c y l i n d e r s was 

i n s u f f i c i e n t t o d e c r e a s e t h e pH ( F i g u r e 7; T a b l e 7 ) . O b s e r v e d 

[H*] d i f f e r e n c e s between t r e a t m e n t F and t h e c o n t r o l s were n o t 

s t a t i s t i c a l l y s i g n i f i c a n t ( A p p e n d i x C ) . T h e r e f o r e , p a r t o f n u l l 

h y p o t h e s i s 3 ( i ) (page 41) was c o n t r a d i c t e d ( t h a t m o derate 

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

a l k a l i n i t y ) , a nd p a r t was n o t c o n t r a d i c t e d ( t h a t pH i s n o t 

a f f e c t e d ) . 
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(v) E f f e c t s of E x p e r i m e n t a l A c i d i f i c a t i o n and F e r t i l i z a t i o n 

D u r i n g t h e week a f t e r t h e major a c i d a d d i t i o n on A u g u s t 9, 

when t h e mean e p i l i m n e t i c pH i n t h e A e n c l o s u r e s d r o p p e d f r o m 

6.3 t o 5.72, t h e AF e n c l o s u r e s showed a much l a r g e r d e c r e a s e , 

f r o m 6.24 ± 0.06 t o 5.30 ± 0.10 ( F i g u r e 7 ) . T h i s h a d tr e m e n d o u s 

b i o l o g i c a l r e p e r c u s s i o n s i n AF ( t o be d i s c u s s e d ) . 

S i n c e t h e same amount o f H2SO., was a d d e d t o t h e A and AF 

e n c l o s u r e s p r i o r t o A u g u s t 16, and d i s s o c i a t i v e c o n t r i b u t i o n s o f 

H* from NH aNO 3 and H3PO., were n e g l i g i b l e ( T a b l e 8 ) , t h e g r e a t e r 

a c i d i f i c a t i o n o f AF must have been due t o b i o t i c p r o c e s s i n g o f 

t h e added n u t r i e n t s . S u ch n u t r i e n t p r o c e s s i n g r e s u l t e d i n a 

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

a l k a l i n i t i e s between t r e a t m e n t s A and AF ( T a b l e 7; A p p e n d i x C ) . 

Though t h e a l k a l i n i t y d i f f e r e n c e between t r e a t m e n t s A a n d AF was 

on a v e r a g e 2 ueq»L~1 l e s s t h a n t h e d i f f e r e n c e between C and F, 

n u t r i e n t - i n d u c e d a l k a l i n i t y l o s s e s r e s u l t e d i n a much g r e a t e r 

s u p p l e m e n t a r y pH d e c l i n e i n AF t h a n F. T h i s i s b e c a u s e t h e 

c o n c u r r e n t H 2 S O « a d d i t i o n s t o t h e AF t r e a t m e n t s d e c r e a s e d t h e pH 

t o a l e v e l (5.7) where t h e b u f f e r i n g c a p a c i t y was t h e o r e t i c a l l y 

a b o u t 53% o f t h a t a v a i l a b l e i n t h e F t r e a t m e n t a t pH 6.5 (Stumm 

and Morgan 1970). ( B u f f e r i n g c a p a c i t y i s t h e s l o p e o f t h e 

t i t r a t i o n c u r v e , o r d ( p H ) / d ( a l k a l i n i t y ) (Stumm and Morgan 

1970).) 

D i f f e r e n c e s i n pH between t r e a t m e n t s A and AF c l o s e l y 

r e f l e c t e d t h e a l k a l i n i t y d i f f e r e n c e s . Over t h e c o u r s e o f t h e 

e x p e r i m e n t , t h e mean e p i l i m n e t i c pH was s i g n i f i c a n t l y l o w e r i n 

t r e a t m e n t AF (5.42 ± 0.06) t h a n i n t r e a t m e n t A (5.72 ± 0.05) 
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( A p p e n d i x C ) . T h e r e f o r e , i n c o n t r a s t t o n u l l h y p o t h e s i s 4 ( i ) 

(page 4 1 ) , moderate n u t r i e n t e n r i c h m e n t d u r i n g e x p e r i m e n t a l 

a c i d i f i c a t i o n t o pH 5.0 d i d a l t e r a l k a l i n i t y a nd pH f r o m t h e 

l e v e l s o b s e r v e d by a c i d i f i c a t i o n a l o n e . 

3._1_.3. T r a n s p a r e n c y 

The n u l l h y p o t h e s e s c o n c e r n i n g w ater t r a n s p a r e n c y (page 41) 

f o c u s s e d on t h e e f f e c t s o f e n c l o s u r e , t h e e f f e c t s o f 

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

component o f w a t e r t r a n s p a r e n c y ) , and t h e e f f e c t s o f 

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

w a t e r s ) . T h e s e q u e s t i o n s were a p p r o a c h e d by b o t h g r a p h i c a l 

c o m p a r i s o n o f S e c c h i d e p t h c h a n g e s o v e r t i m e ( t h i s s e c t i o n ) , and 

s t a t i s t i c a l c o m p a r i s o n s o f between t r e a t m e n t d i f f e r e n c e s i n 

S e c c h i d e p t h v s . c h l o r o p h y l l a n o n l i n e a r r e g r e s s i o n s (summarized 

i n t h i s s e c t i o n and d e t a i l e d i n A p p e n d i x D ) . 

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

c o n t r o l s d u r i n g A u g u s t and O c t o b e r , b u t s l i g h t l y g r e a t e r i n 

September ( F i g u r e 9 ) . E n c l o s u r e i n c r e a s e d l i g h t e x t i n c t i o n due 

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

l i m n o c o r r a l s ( A p p e n d i x D ) . 

D i d e x p e r i m e n t a l a c i d i f i c a t i o n a f f e c t t r a n s p a r e n c y ? On 

September 13 and 20, S e c c h i d e p t h i n t r e a t m e n t A a v e r a g e d 6.9 ± 

0.13 m, compared t o o n l y 6.1 ± 0.07 m i n t h e c o n t r o l s 

( F i g u r e 9 ) . T h i s t r a n s p a r e n c y d i f f e r e n c e o c c u r r e d when t h e mean 

e p i l i m n e t i c pH i n t h e A c y l i n d e r s was 5.92 ± 0.05 ( v e r s u s 6.39 ± 

0.03 i n t h e c o n t r o l s ) , and t h e t o t a l c h l o r o p h y l l a 
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F i g u r e 9 . Mean S e c c h i d i s c d e p t h s by t r e a t m e n t and t i m e . 
E r r o r b a r s show ± SE. A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; 
A = a c i d i f i c a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . 
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c o n c e n t r a t i o n s ( c h l o r o p h y l l p l u s p h a e o p h y t i n ) i n A and C were 

s i m i l a r (0.93 ± 0.14 and 0.89 ± 0.07 M 9 # L " 1 r e s p e c t i v e l y ) . 

O v e r a l l mean S e c c h i d e p t h s i n t r e a t m e n t A (7.14 ± 0.23 m) were 

n o t s i g n i f i c a n t l y d i f f e r e n t f r o m t h e c o n t r o l s (6.72 ± 0.35 m). 

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

c h l o r o p h y l l ( A p p e n d i x D) d i d n o t show s i g n i f i c a n t c h a n g e s i n 

l i g h t e x t i n c t i o n w i t h e x p e r i m e n t a l a c i d i f i c a t i o n ( t r e a t m e n t A ) . 

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

h y p o t h e s i s 2 ( i i i ) (page 4 1 ) , t h a t e x p e r i m e n t a l a c i d i f i c a t i o n ( a t 

l e a s t t o pH 5.5) does n o t a f f e c t t h e a b i o t i c component o f l i g h t 

e x t i n c t i o n . 

S e c c h i d e p t h s i n t r e a t m e n t F were v e r y s i m i l a r t o t h e 

c o n t r o l s f o r most o f t h e e x p e r i m e n t , but were s i g n i f i c a n t l y 

l o w e r ( p a r t i c u l a r l y i n 8F) d u r i n g c h l o r o p h y l l p e a k s on A u g u s t 1 

a n d September 2 7 - O c t o b e r 5 ( F i g u r e 9; F i g u r e 20, page 1 2 0 ) . 

Between t r e a t m e n t d i f f e r e n c e s on t h e s e d a t e s were s u f f i c i e n t t o 

r e j e c t p a r t o f n u l l h y p o t h e s e s 3 ( i ) : t h a t n u t r i e n t e n r i c h m e n t o f 

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

In t h e AF e n c l o s u r e s , S e c c h i d e p t h s t r a c k e d t h e l a r g e 

f l u c t u a t i o n s i n c h l o r o p h y l l ( F i g u r e 20, page 1 2 0 ) . D u r i n g t h e 

p e r i o d f r o m A u g u s t 9 t o 23, when t h e s e c y l i n d e r s showed s i x t o 

s e v e n f o l d i n c r e a s e s i n t o t a l c h l o r o p h y l l , mean S e c c h i d e p t h 

d e c r e a s e d f r o m 5.8 ± 0.2 m t o 3.8 ± 0.8 m. Th e s e d r a m a t i c 

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

m a j o r a c i d - i n d u c e d d e c r e a s e s i n t o t a l z o o p l a n k t o n b i o m a s s 

( S e c t i o n 3 . 3 . 5 ) . Due t o t h e h i g h c h l o r o p h y l l l e v e l s , t h e 

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

t r e a t m e n t s ( A p p e n d i x D ) . In c o n c l u s i o n , l o w e r S e c c h i d e p t h s i n 

t r e a t m e n t AF t h a n t r e a t m e n t A c o n t r a d i c t p a r t of h y p o t h e s i s 4 ( i ) 

(page 4 1 ) : t h a t n u t r i e n t e n r i c h m e n t d u r i n g a c i d i f i c a t i o n t o pH 

5.0 d o e s n o t a l t e r t r a n s p a r e n c y f r o m t h e l e v e l s o b s e r v e d by 

a c i d i f i c a t i o n a l o n e . N u l l h y p o t h e s i s 5 ( i v ) ( t h a t a c i d i f i c a t i o n 

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

was a l s o c o n t r a d i c t e d , s i n c e S e c c h i d e p t h s were much l o w e r i n AF 

t h a n F ( F i g u r e 9 ) . 

_3.J..4. Summary o f P h y s i c a l and C h e m i c a l R e s u l t s 

1. A s t r o n g t h e r m o c l i n e a t 4-6 m p e r s i s t e d t h r o u g h o u t 

t h e d r y , warm months o f J u l y and A u g u s t , b e f o r e 

w e a k e n i n g w i t h t h e s t o r m s a n d c o o l w e a t h e r i n 

Septe m b e r . 

2. E n c l o s u r e o f water r e d u c e d mean e p i l i m n e t i c 

a l k a l i n i t y by 16 neq»L~1 and r a i s e d mean 

m e t a l i m n e t i c a l k a l i n i t y by 6 ,ueq»L~L. However, mean 

pH l e v e l s c h a n g e d by l e s s t h a n 0.1 u n i t s . 

3. B i o t i c p r o c e s s e s d i d n o t c a u s e a n e t change i n 

a l k a l i n i t y i n t r e a t m e n t A, s i n c e e x p e r i m e n t a l 

a d d i t i o n s o f s u l f u r i c a c i d t o t h e A c y l i n d e r s 

removed a s much a l k a l i n i t y a s was e x p e c t e d f r o m 

l a b o r a t o r y t i t r a t i o n o f l a k e w a t e r . 

4. Due t o summer t h e r m a l s t r a t i f i c a t i o n , pH l e v e l s a t 5 

m i n A and AF r e m a i n e d above 6.0 u n t i l l a t e 

.September. 



I n b o t h t r e a t m e n t s F and AF, f e r t i l i z a t i o n 

s i g n i f i c a n t l y r e d u c e d e p i l i m n e t i c a l k a l i n i t i e s , 

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

The a l k a l i n i t y l o s s d i d n o t a f f e c t pH l e v e l s i n F, 

but r e d u c e d t h e e p i l i m n e t i c pH i n AF by 0.4 u n i t s 

r e l a t i v e t o A. 

F e r t i l i z a t i o n - i n d u c e d a l k a l i n i t y l o s s e s r e d u c e d t h e 

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

t h e s e n s i t i v i t y o f pH l e v e l s t o s u b s e q u e n t a c i d 

a d d i t i o n s . 

E n c l o s u r e o f w a t e r i n c r e a s e d l i g h t e x t i n c t i o n due t o 

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

s h a d i n g . 

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

a b i o t i c component of l i g h t e x t i n c t i o n , but d i d 

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

c o n t r o l s . 

F e r t i l i z a t i o n d e c r e a s e d t r a n s p a r e n c y i n b o t h 

t r e a t m e n t s F and AF, but t o a much g r e a t e r e x t e n t i n 

AF, where S e c c h i d e p t h s d e c r e a s e d 2 m between A u g u s t 

9 and 23. 
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3.2 Z o o p l a n k t o n 

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

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

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

a r e compared b o t h t o one a n o t h e r and t o E u n i c e L a k e . 

The z o o p l a n k t o n c o m m u n i t i e s c o n s i s t e d a l m o s t e x c l u s i v e l y o f 

c r u s t a c e a n s w i t h i n t h e s u b c l a s s e s C l a d o c e r a and Copepoda. The 

most i m p o r t a n t c l a d o c e r a n s p e c i e s ( i n o r d e r o f mean b i o m a s s 

a c r o s s a l l t r e a t m e n t s ) were D a p h n i a r o s e a , C h y d o r u s s p h a e r i c u s , 

H o l o p e d i u m gibberurn, Bosmina l o n g i r o s t r i s , Diaphanosoma  

b r a c h y u r u m , and C e r i o d a p h n i a p u l c h e l l a . The two o t h e r i m p o r t a n t 

s p e c i e s were c a l a n o i d c o p e p o d s , D i a p t o m u s t y r r e l l i and D i a p t o m u s  

k e n a i , w h i c h t o g e t h e r a v e r a g e d 20% o f t h e t o t a l z o o p l a n k t o n 

b i o m a s s a c r o s s a l l s a m p l e s . O t h e r c r u s t a c e a n z o o p l a n k t o n 

s p e c i e s commonly i d e n t i f i e d i n t h e samples were t h e c l a d o c e r a n s 

Polyphemus p e d i c u l u s and S c a p h o l e b e r i s k i n q i , t h e c a l a n o i d 

c o p e p o d D i a p t o m u s l e p t o p u s and t h e c y c l o p o i d c o p e p o d D i a c y c l o p s  

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

z o o p l a n k t o n b i o m a s s . R o t i f e r s were n e v e r a b u n d a n t , w i t h o n l y 

K e r a t e l l a s p . r e a c h i n g d e n s i t i e s a s h i g h a s 2 p e r l i t e r , and 

t h a t on o n l y one o c c a s i o n . L a r v a e o f t h e genus C h i r o n o m u s were 

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

f e r t i l i z e r a d d i t i o n s , e s p e c i a l l y i f t h e s a m p l i n g hose 

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

S i n c e t h e r e s u l t s i n t h i s s e c t i o n a r e p r e s e n t e d by 

t r e a t m e n t , r a t h e r t h a n by s p e c i e s , a few comments a r e n e c e s s a r y 

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

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

i n F i g u r e 10, and expanded i n t o a g r a p h o f p e r c e n t a g e 

c o m p o s i t i o n i n F i g u r e 11. S t a t i s t i c a l a n a l y s e s o f t o t a l 

z o o p l a n k t o n b i o m a s s a r e summarized i n T a b l e 10, f o r e a c h d a t e 

a c r o s s a l l t r e a t m e n t s . A n a l y s e s o f v a r i a n c e o f t h e abu n d a n c e , 

egg p r o d u c t i o n and c l u t c h s i z e s o f t h e m a j o r s p e c i e s a r e shown 

f o r p a r t i c u l a r t r e a t m e n t c o m p a r i s o n s ( a c r o s s a l l d a t e s ) i n 

T a b l e 11. Some o f t h e numbers on w h i c h t h e s e a n a l y s e s a r e b a s e d 

a r e shown g r a p h i c a l l y i n F i g u r e s 12 t o 17. 

When e x a m i n i n g t h e g r a p h s of D. t y r r e l l i and D. k e n a i 

abundance and egg p r o d u c t i o n ( F i g u r e s 14 t o 16), i t i s i m p o r t a n t 

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

Though not documented p r e c i s e l y , t h e l i f e h i s t o r i e s g e n e r a l l y 

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

( u n p u b l i s h e d d a t a ) and summarized by O l e n i c k ( 1 9 8 2 ) . I n E u n i c e 

L a k e , D. t y r r e l l i n a u p l i i emerge f r o m r e s t i n g eggs i n A p r i l o r 

May and r e a c h a d u l t h o o d by J u l y o r A u g u s t . T h e s e a d u l t s p r o d u c e 

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

a d u l t s i n September o r O c t o b e r . The l a r g e r D i aptomus k e n a i 

h a t c h from e g g s ( l i k e l y b o t h s u b i t a n e o u s and r e s t i n g e g g s ) i n 

December, r e a c h i n g r e p r o d u c t i v e m a t u r i t y by A p r i l . In May and 

J u n e , t h e s e a d u l t s p r o d u c e e i t h e r s u b i t a n e o u s eggs ( w h i c h m a t u r e 

i n t o a d u l t s by A u g u s t and September) o r r e s t i n g eggs ( w h i c h o n l y 

h a t c h i n l a t e A u g u s t o r S e p t e m b e r ) . The d i a p t o m i d c o p e p o d 

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

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

D. t y r r e l l i ) d e c l i n e d t o l e s s t h a n 10 p e r 100 L by m i d - A u g u s t 

( F i g u r e 1 6 ) . D. t y r r e l l i d e n s i t i e s were h i g h l y v a r i a b l e , b ut 

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

A u g u s t , w i t h v e r y few c o p e p o d i t e s p r e s e n t a f t e r September 13 

( F i g u r e 1 4 ) . D. k e n a i a l s o moved from t h e c o p e p o d i t e t o a d u l t 

s t a g e d u r i n g J u l y and A u g u s t ; I f o u n d v i r t u a l l y no D. k e n a i 

c o p e p o d i t e s a f t e r A u g u s t 30. L o o s e c a l a n o i d eggs ( n o t 

i d e n t i f i e d t o s p e c i e s ) showed h i g h e s t abundance i n l a t e A u g u s t 

and September, c o i n c i d e n t w i t h t h e s e x u a l m a t u r a t i o n o f b o t h 

d i a p t o m i d s ( F i g u r e 1 6 ) . 

C l a d o c e r a n s , u n l i k e c o p e p o d s , do n o t show d i s t i n c t l y 

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

summer. M a l e s and s e x u a l e p h i p p i a l eggs a p p e a r i n t h e f a l l , 

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

t e m p e r a t u r e . 

A l t h o u g h l e n g t h s o f t h e a n i m a l s d i d v a r y b o t h between 

t r e a t m e n t s and s e a s o n a l l y ( s e e A p p e n d i x E) t h e e f f e c t s o f t h e s e 

v a r i a t i o n s on b i o m a s s were n e g l i g i b l e r e l a t i v e t o f l u c t u a t i o n s 

i n d e n s i t i e s . I t h e r e f o r e make r e f e r e n c e t o s t a t i s t i c a l 

a n a l y s e s o f s p e c i e s abundance t o e x p l a i n v a r i a t i o n s i n b i o m a s s . 

3.2._1_ E f f e c t s o f E n c l o s u r e 

R e p l i c a t i o n w i t h i n t h e c o n t r o l c y l i n d e r s was e x c e l l e n t 

( F i g u r e 1 0 ) . The m a j o r e f f e c t s o f e n c l o s u r e ( a s d e t e r m i n e d by 

c o m p a r i n g t h e c o n t r o l s t o t h e l a k e ) were a r a p i d d e c l i n e o f 

H o i o p e d i u r n g i b b e r u m , c h a n g e s i n t h e s e a s o n a l d y n a m i c s o f D a p h n i a 
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F i g u r e 10. C u m u l a t i v e b i o m a s s o f major z o o p l a n k t o n s p e c i e s i n 
1979 e x p e r i m e n t . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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F i g u r e 11. P e r c e n t c o m p o s i t i o n o f t o t a l z o o p l a n k t o n b i o m a s s i n 
1979 e x p e r i m e n t . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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Table 10. Mean zooplankton community biomass by treatment and date. Probability of no 
treatment effect in column labelled "P" obtained from analyses of variance on 
total biomass values (untransformed unless stated). Results of Tukey multiple 
range tests show treatments listed in ascending order of biomass from left to 
right. Underlining indicates homogeneous subsets i.e. treatments are not 
significantly different from one another at stated probability level. 

Zooplankton Community Biomass by Tukey Significant Differences 
Treatment (X±SE)in yg/L n = 2 replicates/treatment 

Date P 
C F A AF LK a = 0.10 a = 0.05 

July 16 96±19 49± 6 54± 3 76± 7 
26 56± 9 76±20 61 ±10 59±0.3 

Aug. 1 76± 9 117+17 109±22 120± 4 
9 65±18 89±29 100±16 85±16 
16 65± 5 73± 8 51± 2 24±12 
23 34± 9 99±11 38± 8 41 ±19 
30 20± 3 98±28 22± 3 43±14 

Sept. 6 33±21 66±21 15± 1.4 225±36 
13 18± 8 76±11 32±15 101±27 
27 19± 3 76± 5 15± 1.2 132±33 

Oct. 11 9±0.3 48±25 11± 2** 58±30 
All Dates 
(2-way 45± 6 79± 6 46+ 7 87±13 
ANOVA) 

* 0.10 ns ns 
47 0.67 ns ns 
77 0.29 ns ns 
31 0.44 ns ns 
61 0.06 AF-A-LK-C-F ns 
61 0.09 C-A-AF-LK-F ns 
24 0.10 C-A-LK-AF-F ns 
48 0.01 A-C-LK-F-AF A-C •LK-F-AF 
30 0.09 C-LK-A-F-AF ns 
30 0.03 same as a=0.05 A-C •LK-F-AF 
83 0.25h ns ns 

\9±6 (10"5)H C-A-LK-AF-F C-A •LK-AF-F 

* Sample destroyed. ** Sample from October 5 used for 6C since Oct. 
11 sample lost. 

h Variances heterogeneous at p < 0.05. H Variances heterogenous at p< 0.01. 
ns Differences not significant at stated a 

level. 



Table 11. Two-way analyses of variance on lop-transformed zooplankton species abundance, egg 
production, and brood size per ovigerous female. If p < 0.05, the treatment listed 
is the one that was sicmificantly hiaher. See Materials and Methods for explanation 
of log transform applied to brood sizes,, Number in brackets is probability of 
significant treatment effect (Fi 5n for C vs. LK; F i j 2 2 for all other comparisons). 
Most time effects (Fi . 0 , 2 2 ) were significant at p < 0.01. 

Species and Variable 
C vs. LK 

Treatment Comparison 
C vs. A C vs. F F vs. AF A vs. AF 

D. kenai: log (#) 
log(# eggs) 
log (brood size) 

ns(0.11)h 
ns(O.ll) 
ns(0.36) 

ns 
ns 
ns 
(0.54)H 
(0.7) 
(0.94) 

ns(0.86)h 
ns(0.96) 
ns(0.79) 

ns 
ns 
ns 
(0.058) 
(0.38) 
(0.46) 

AF(0.0002) 
ns(0.2) 
ns(0.2) 

D. tyrrelli: log (#) 
log(# eggs) 
log(brood size) 

ns(0.2)h 
ns(0.09) 
ns(0.25) 

ns 
ns 
ns 
(0.06) 
(0.36) 
(0.94) 

F(0.05) 
F(0.002)i 
ns(0.08) 

F 
ns 
ns 
(0.006)IH 
[0.64)i 
r0.24)I 

ns(0.9) 
AF(10"s)h 
AF(0.01) 

D. rosea: log(#) 
log(# eggs) 
log(brood size) 

LK(0.001)IH 
LK(0.006) 
ns(0.46) 

ns 
ns 
ns 
(0.68) 
[0.76) 
(0.32) 

F(10"5)IH 
F(10"5) 
F(0.014) 

F( 
F 
ns 

10"5)IH 
0.0009)H 
0.19) 

A(10"5)i 
AF(0.03) 
ns(0.07)h 

B. longirostris: log(#) 
log(# eggs) 
log(brood size) 

C(0.08) 
C(0.0004) 
ns(0.10) 

CI 
C 
ns 
'0.05) 
(0.02) 
0.20) 

F(10"5)Ih 
F(10"5) 
ns(0.07) 

ns 
AF 
ns 

0.84) 
0.03) 
0.08) 

AF(10'5)IH 
AF(10"5)H 
ns(0.14) 

C. sphaericus: log(#) C(10"5)IH ns 0.28) F(0.02) ns 0.83) ns(0.06) 
D. brachyurum: log(#) C(0.01) ns (0.88) F(0.0005) AF (0.004)H AF(10_5)iH 
C. pulchella: log(#) C(10_5)IH ns (0.10)H F(0.02)H AF (0.002)H AF(10"5)IH 
Calanoid eggs: log(#) C(0.01) nsi 0.57)H ns(0.12) AF( 0.004) AF(10"5) 
Copepod nauplii: log(#) ns(0.13) C( 0.04) ns(0.10) nsl 0.46) AF(0.0036) 

ns Not significant at a = 0.05. 
h Variances heterogeneous at a = 0.05. 
H Variances heterogeneous at a = 0.01. 

i Treatment * time interaction significant at 
a = 0.05. 

I Interaction significant at a = 0.01. 

- 4 
0 0 
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F i g u r e 12. D e n s i t i e s o f D a p h n i a r o s e a by age c l a s s . 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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F i g u r e 13. Daphnia rosea r e p r o d u c t i o n : % o v i g e r o u s females and 
mean brood s i z e s . Number of o v i g e r o u s females 
i n d i c a t e d i f l e s s than t e n . A b b r e v i a t i o n s used f o r 
t r e a t m e n t s : C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; 
A = a c i d i f i c a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . 
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i 

Figure 14. Densi t ies of Diaptomus t y r r e l l i . Graphs show 
attached eggs only; loose eggs in Figure 16. 
Abbreviations used for treatments: C=controls; 
F = f e r t i l i z a t i o n only; A=ac id i f i ca t ion only; 
AF=ac id i f i ca t ion and f e r t i l i z a t i o n . 
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Figure 15. Densi t ies of Diaptomus kenai . Graphs show 
attached eggs only; loose eggs in Figure 16. 
Abbreviations used for treatments: C=controls; 
F = f e r t i l i z a t i o n only; A=ac id i f i ca t ion only; 
AF=ac id i f i ca t ion and f e r t i l i z a t i o n . 
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F i g u r e 16. D e n s i t i e s o f l o o s e c a l a n o i d c o p e p o d eggs and 
n a u p l i i . N o te t h a t l o g a r i t h m i c s c a l e d i f f e r s s l i g h t l y 
between g r a p h s . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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Figure 17. Densi t ies of Bosmina l o n g i r o s t r i s . Note that 
logarithmic scale d i f f e r s s l i g h t l y between graphs. 
Abbreviations used for treatments: C=controls; 
F = f e r t i l i z a t i o n only; A=ac id i f i ca t ion only; 
AF=ac id i f i ca t ion and f e r t i l i z a t i o n . 
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r o s e a , r e p l a c e m e n t o f D a p h n i a r o s e a by C h y d o r u s s p h a e r i c u s a s 

community d o m i n a n t , and an e a r l i e r "shutdown" o f t h e z o o p l a n k t o n 

community. E n c l o s u r e a l s o a f f e c t e d t h e l e n g t h s o f some 

z o o p l a n k t o n s p e c i e s . 

H. g i b b e r u m o f t e n h as d i f f i c u l t i e s s u r v i v i n g i n l i m n o c o r r a l s 

d u r i n g warm-water c o n d i t i o n s (W.E. N e i l l , p e r s . comm.; 

Buckingham 1978). The l o s s o f H. g i b b e r u m ( i n a l l t r e a t m e n t s ) 

was not a t t r i b u t a b l e t o my 1 0 m e n c l o s u r e s b e i n g t o o s h a l l o w f o r 

t h i s s p e c i e s t o r e a c h optimum d e p t h , s i n c e s t r a t i f i e d samples on 

A u g u s t 1 showed H. g i b b e r u m c o n c e n t r a t e d i n t h e u p p e r 2 m o f 

c y l i n d e r s 1F, 8F, 4A, and 7AF ( t h e o n l y e n c l o s u r e s w i t h 

s u f f i c i e n t numbers o f a n i m a l s t o c a l c u l a t e a v e r t i c a l 

d i s t r i b u t i o n ) . A l s o , H. g i b b e r u m s u f f e r e d a s i m i l a r d e c l i n e i n 

a n o t h e r l i m n o c o r r a l e x p e r i m e n t c o n d u c t e d i n E u n i c e L a k e i n 1979, 

b u t w i t h 15 m e n c l o s u r e s ( R . J . O l e n i c k , p e r s . comm.). 

S i n c e t h e l a k e was n o t sample d on J u l y 16, I c a n n o t be 

c e r t a i n w h ether a l l o f t h e s p e c i e s were p r o p e r l y s t o c k e d i n t h e 

e n c l o s u r e s . However, t h e J u l y 26 samples s u g g e s t t h a t t h e 

r e p l a c e m e n t o f H. g i b b e r u m by D a p h n i a r o s e a may have been 

p a r t i a l l y due t o i n i t i a l u n d e r r e p r e s e n t a t i o n o f H. g i b b e r u m a n d 

o v e r r e p r e s e n t a t i o n o f D. r o s e a ( F i g u r e s 10, 11 a n d 1 2 ) . (Note 

t h a t t h e mean w e i g h t o f a d u l t H. g i b b e r u m u s e d i n bi o m a s s 

c a l c u l a t i o n s was t w i c e t h a t o f D. r o s e a ) . Peak b i o m a s s l e v e l s 

o f D. r o s e a i n t h e c o n t r o l c y l i n d e r s ( A u g u s t 1 i n 6C, A u g u s t 9 

i n 2C) were about d o u b l e t h e b i o m a s s o f l a k e D. r o s e a on A u g u s t 

1. T h i s was due e i t h e r t o i n i t i a l o v e r s t o c k i n g o f D. r o s e a , o r 

an i n c r e a s e i n r e s o u r c e s c a u s e d by t h e c o l l a p s e o f H. g i b b e r u m , 
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o r b o t h f a c t o r s . However, D. r o s e a c o u l d n o t m a i n t a i n t h i s 

b i o m a s s i n t h e c o n t r o l c y l i n d e r s , a s e v i d e n c e d by low egg 

d e n s i t i e s on t h e peak d a t e s and s u b s e q u e n t s h a r p d e c r e a s e s i n 

abundance ( F i g u r e 1 2 ) . In t h e l a k e , D. r o s e a d e n s i t i e s 

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

t h e o s c i l l a t i o n s o c c u r r i n g A u g u s t 9, A u g u s t 30, and September 

20, w i t h maximum d e n s i t i e s on O c t o b e r 11 ( F i g u r e 1 2 ) . T h e r e i s 

a s t r i k i n g d i f f e r e n c e between t h e c o l l a p s e o f t h e c o n t r o l 

c y l i n d e r p o p u l a t i o n s i n September and t h e s h a r p r e c o v e r y of t h e 

l a k e ' s p o p u l a t i o n . 

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

t h e c o n t r o l s b e h a v e d d i f f e r e n t l y f r o m t h e E u n i c e L a k e 

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

month e x p e r i m e n t a r e a n a l y z e d t o g e t h e r , l a k e p o p u l a t i o n s showed 

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

t h a n t h e c o n t r o l s ( T a b l e 1 1 ) . Mean b r o o d s i z e s were n o t 

s i g n i f i c a n t l y d i f f e r e n t however ( T a b l e 1 1 ) . As w e l l a s 

s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s i n abundance ( i . e . a 

t r e a t m e n t e f f e c t ) , t h e c o n t r a s t i n D. r o s e a t e m p o r a l p a t t e r n s 

between t h e l a k e and t h e c o n t r o l s p r o d u c e d a s i g n i f i c a n t (p < 

0.01) t r e a t m e n t x t i m e i n t e r a c t i o n . T h i s d i f f e r e n c e i n t e m p o r a l 

p a t t e r n s may have been p a r t i a l l y due t o f i s h p r e d a t i o n 

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

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

end o f A u g u s t , t h e g e n e r a l l y l i t t o r a l c l a d o c e r a n , C h y d o r u s  

s p h a e r i c u s , became d o m i n a n t i n t e r m s o f b i o m a s s ( F i g u r e 1 1 ) . 

C. s p h a e r i c u s d e n s i t i e s were s i g n i f i c a n t l y h i g h e r i n t h e c o n t r o l 
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c y l i n d e r s t h a n i n t h e l a k e ( T a b l e 1 1 ) . 

When t e s t e d t o g e t h e r w i t h o t h e r t r e a t m e n t s u s i n g a Tukey 

m u l t i p l e r a n g e t e s t , t h e a r i t h m e t i c mean z o o p l a n k t o n b i o m a s s i n 

t h e c o n t r o l s (45 ± 2 1 /zg»L" 1) was n o t s i g n i f i c a n t l y d i f f e r e n t 

f r o m t h e l a k e (49 ± 15 uq»L~ 1) ( T a b l e 1 0 ) . The most o b v i o u s 

d i f f e r e n c e between t h e l a k e a n d t h e c o n t r o l s was t h e l o n g e r 

p e r s i s t e n c e o f t h e l a k e z o o p l a n k t o n community t h r o u g h t h e 

autumn. Between September 27 and O c t o b e r 11, t h e mean 

z o o p l a n k t o n b i o m a s s o f t h e c o n t r o l s f e l l f r o m 19 ± 3 t o 9 ± 0.3 

M g « L " 1 , w h i l e t h e l a k e b i o m a s s grew f r o m 30 t o 83 u g » L " 1 

( F i g u r e 1 0 ) . 

E n c l o s u r e a f f e c t e d t h e l e n g t h s o f t h e l a r g e r c r u s t a c e a n s , 

p r o b a b l y due t o t h e r e m o v a l o f c u t t h r o a t t r o u t s i z e - s e l e c t i v e 

p r e d a t i o n . The mean l e n g t h s o f a d u l t and j u v e n i l e D. r o s e a were 

c o n s i s t e n t l y l o w e r i n E u n i c e Lake t h a n i n t h e c o n t r o l s ( T a b l e 12 

and A p p e n d i x E ) , w h i c h s u p p o r t s t h e view t h a t s i z e - s e l e c t i v e 

f i s h p r e d a t i o n a f f e c t e d D a p h n i a . On September 13, t h e mean 

l e n g t h o f D. k e n a i a d u l t s was c o n s i d e r a b l y l e s s i n E u n i c e L a k e 

(1.82 ± 0.070 ( 1 0 ) ) t h a n i n t h e c o n t r o l c y l i n d e r s (1.94 ± 0.024 

( 1 4 ) ) , t h o u g h n o t s i g n i f i c a n t l y d i f f e r e n t (p=0.08). By 

c o n t r a s t , t h e mean l e n g t h s o f t h e s m a l l e r s p e c i e s D i aptomus  

t y r r e l l i and Bosmina l o n g i r o s t r i s d i d n o t d i f f e r s i g n i f i c a n t l y 

between E u n i c e Lake and t h e c o n t r o l s on any o f t h e f o u r d a t e s 

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

N o r t h c o t e e t a l . ( 1 9 7 8 ) , who f o u n d t h a t c u t t h r o a t t r o u t (added 

t o E u n i c e L a k e i n 1974 and 1975) g r e a t l y p r e f e r r e d D. k e n a i and 

D. r o s e a t o D. t y r r e l l i and B. l o n g i r o s t r i s . I n t e r e s t i n g l y , 
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T a b l e 12. L e n g t h s o f D a p h n i a r o s e a i n E u n i c e L a k e and t h e 
c o n t r o l s , compared u s i n g S t u d e n t t - t e s t s on e a c h d a t e . 
A b b r e v i a t i o n s : C = c o n t r o l s ; L K = E u n i c e L a k e ; p = p r o b a b i l i -
t y o f s i g n i f i c a n t i n t e r - t r e a t m e n t d i f f e r e n c e ( i f l e s s 
t h a n 0 . 1 ) ; ns=no s i g n i f i c a n t d i f f e r e n c e . 

D a t e T r e a t - Mean L e n g t h o f D a p h n i a r o s e a (mm)±SE (n) 
ment J u v e n i l e s A d u l t s 

J u l y 26 C 0 .80 + 0.027 (20) 1 .32 ± 0.034 (20) 
LK 0 .77 + 0.057 (10) 1 .24 ± 0.027 (10) 

ns ns 

Aug. 5 C 0 .83 + 0.024 (20) 1 .31 ± 0.033 (20) 
LK 0 .78 + 0.053 (10) 1 .21 ± 0.035 (10) 

ns p=0.07 

Aug. 23 C 0 .95 + 0.017 (20) 1 .42 ± 0.038 (20) 
LK 0 .82 + 0.037 (10) 1 .25 ± 0.035 (10) 

P= 0.002 P=0.01 

S e p t . 13 C 0 .97 + 0.030 (13) 1 .37 ± 0.038 (17) 
LK 0 .81 + 0.029 (10) 1 .27 ± 0.040 (10) 

P= 0.002 p=0.09 



95 

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

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

h e r b i v o r e s ( f o l l o w i n g t h e e l i m i n a t i o n o f C h a o b o r u s p r e d a t i o n ) 

r a t h e r t h a n t o i n c r e a s e d f i s h p r e d a t i o n . By c o n t r a s t , t h e 

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

p r e d a t i o n d i d have a s i g n i f i c a n t e f f e c t on E u n i c e L a k e 

z o o p l a n k t o n . The d i f f e r e n c e between my r e s u l t s a n d t h o s e o f 

N o r t h c o t e e t a l . may be due t o c h a n g e s i n t h e d e n s i t y o f f i s h 

i n E u n i c e Lake ( h i g h e r i n 1979 t h a n 1976 (W.E. N e i l l , 

p e r s . comm.)). 

F i s h p r e d a t i o n may have a l s o a f f e c t e d t h e d e n s i t i e s o f 

D. r o s e a and D. k e n a i . As r e p o r t e d a b ove, D. r o s e a d e n s i t i e s 

were s i g n i f i c a n t l y h i g h e r i n E u n i c e Lake t h a n i n t h e c o n t r o l s . 

Mean d e n s i t i e s o f D. k e n a i a d u l t s and j u v e n i l e s were 

c o n s i d e r a b l y h i g h e r i n t h e c o n t r o l c y l i n d e r s (0.22 ± 0.028 and 

0.10 ± 0.03 L - 1 r e s p e c t i v e l y ) t h a n i n E u n i c e L a k e (0.08 ± 0.011 

and 0.041 ± 0.016 L " 1 ) but s t a t i s t i c a l l y n o t s i g n i f i c a n t l y 

d i f f e r e n t (p = 0.11; T a b l e 1 1 ) . 

3.2.2 E f f e c t s o f A c i d i f i c a t i o n 

When c o m p a r i s o n s were made between t r e a t m e n t s A a n d C o v e r 

t h e e n t i r e l e n g t h o f t h e e x p e r i m e n t , t h e r e were no h i g h l y 

s i g n i f i c a n t (p < 0.01) s t a t i s t i c a l d i f f e r e n c e s i n a b u n d a n c e s , 

egg p r o d u c t i o n o r b r o o d s i z e s o f any o f t h e m a j o r s p e c i e s 

( T a b l e 1 1 ) . O n l y Bosmina l o n g i r o s t r i s and c o p e p o d n a u p l i i 

showed d i f f e r e n c e s s i g n i f i c a n t a t p < 0.05. Though t h e c o n t r o l s 

showed s i g n i f i c a n t l y h i g h e r B. l o n g i r o s t r i s d e n s i t i e s and egg 
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p r o d u c t i o n (p = 0.05 and 0.02 r e s p e c t i v e l y ) , t h e v e r y low 

b i o m a s s o f B. l o n q i r o s t r i s i n b o t h t h e c o n t r o l s and t r e a t m e n t A 

( F i g u r e 11) makes t h i s r e s u l t o f n e g l i g i b l e i m p o r t a n c e a t t h e 

community l e v e l . S i m i l a r l y , t h e h i g h v a r i a b i l i t y a n d low 

d e n s i t i e s o f n a u p l i i i n b o t h t r e a t m e n t s C and A ( F i g u r e 16) 

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

0.04) d i f f e r e n c e i n n a u p l i i between t h e s e two t r e a t m e n t s . 

I f a c i d i f i c a t i o n were t o c a u s e a c u t e t o x i c i t y , one would 

e x p e c t t o see m o r t a l i t y f o l l o w i n g t h e A u g u s t 9 and September 20 

a c i d a d d i t i o n s , w h i c h g e n e r a t e d t h e s h a r p e s t pH d e c l i n e s 

( F i g u r e 1 2 ) . The d e g r e e o f e x p o s u r e t o s u c h pH d r o p s v a r i e d 

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

u p p e r 4 m were s t r o n g l y a c i d i f i e d (See S e c t i o n 3.2.5). 

What happened a f t e r t h e A u g u s t 9 a c i d a d d i t i o n ? The m a j o r 

d i f f e r e n c e between t r e a t m e n t s A and C d u r i n g A u g u s t 9 t o 16 was 

t h e s h a r p e r d r o p i n t o t a l z o o p l a n k t o n b i o m a s s and D. r o s e a 

d e n s i t i e s i n A ( F i g u r e s 10 and 1 2 ) . S i n c e D. r o s e a a b u n d a n c e s 

i n A s u b s e q u e n t l y s t a b i l i z e d and were v e r y s i m i l a r t o C 

( F i g u r e 12), i t seems u n l i k e l y t h a t D. r o s e a m o r t a l i t y i n A 

d u r i n g A u g u s t 9-16 was i n d u c e d by t h e c o n c u r r e n t d r o p i n mean pH 

from 6.3 t o 5.7. The D. r o s e a p o p u l a t i o n s i n A and C were n o t 

e x a c t l y i n p h a s e . T h i s l e a d s me t o b e l i e v e t h a t t h e o b s e r v e d 

d i f f e r e n c e s between A and C on A u g u s t 9 were due t o my s a m p l i n g 

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

c o n t r o l s , b ut t r a c k i n g t h e p o p u l a t i o n i n A. 
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A f t e r t h e September 20 a c i d d o s e , t h e a b u n d a n c e s o f D. r o s e a 

( F i g u r e 12) were t o o low t o c l e a r l y d e t e c t any i n c r e a s e d 

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

c o n t r o l c y l i n d e r s a m p l e s t a k e n a f t e r September 20 r e v e a l e d l o w e r 

d e n s i t i e s o f D. t y r r e l l i i n A (0.19 ± 0.06 L " 1 ) t h a n C (1.00 ± 

0 . 5 0 ) . The pH i n t h e u p p e r 4 m o f t h e A c y l i n d e r s a v e r a g e d 5.36 

d u r i n g September 20 t o O c t o b e r 11, t h e most a c i d c o n d i t i o n s 

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

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

i n A c y l i n d e r s , t h e e v i d e n c e i s n o t c o m p e l l i n g due t o t h e 

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

N u l l h y p o t h e s i s 2 ( i ) (page 41) s t a t e d t h a t g r a d u a l , 

e x p e r i m e n t a l a c i d i f i c a t i o n o f o l i g o t r o p h i c w a t e r s t o pH 5.0 d o e s 

n o t a f f e c t any z o o p l a n k t o n p o p u l a t i o n s o r community b i o m a s s . 

The t r e a t m e n t A c y l i n d e r s d i d n o t r e a c h pH 5.0 u n t i l t h e v e r y 

end o f t h e e x p e r i m e n t , so t h a t t h e n u l l h y p o t h e s i s was o n l y 

t e s t e d d e f i n i t i v e l y down t o pH 5.6. I t i s i m p r e s s i v e t h a t a t pH 

5.6 ( a l m o s t a t e n f o l d i n c r e a s e i n [ H + ] ) t h e z o o p l a n k t o n i n 

t r e a t m e n t A c y l i n d e r s a p p e a r e d t o be r e p l i c a t e s o f t h e c o n t r o l s ; 

t h e r e were no d i f f e r e n c e s i n z o o p l a n k t o n p o p u l a t i o n s o r b i o m a s s . 

H y p o t h e s i s 4 ( i i ) (page 41) s t a t e d t h a t n u t r i e n t e n r i c h m e n t 

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

of p h y t o p l a n k t o n f o o d . S i n c e z o o p l a n k t o n i n t r e a t m e n t A showed 

no e v i d e n c e o f i n c r e a s e d f o o d l i m i t a t i o n ( r e l a t i v e t o t h e 

c o n t r o l s ) , t h i s h y p o t h e s i s became i r r e l e v a n t t o pH l e v e l s o f 5.6 

o r h i g h e r . 
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3.2.3 E f f e c t s o f F e r t i l i z a t i o n 

The f u n c t i o n o f t r e a t m e n t F was f i r s t t o t e s t whether 

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

most a c i d - s e n s i t i v e z o o p l a n k t o n s p e c i e s ) and s e c o n d , t o s e r v e as 

a c o n t r o l f o r t h e e f f e c t s o f a c i d i f i c a t i o n i n t h e AF c y l i n d e r s . 

Though f e r t i l i z a t i o n had no a p p a r e n t e f f e c t on H. q i b b e r u m o r 

D. k e n a i , i t s i g n i f i c a n t l y b e n e f i t e d D. r o s e a , B. l o n q i r o s t r i s , 

D. t y r r e l l i , C. s p h a e r i c u s , and D. b r a c h y u r u m . The two 

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

B. l o n q i r o s t r i s was c o n s i d e r a b l y more ab u n d a n t i n 1F t h a n 8F. 

E f f e c t s o f f e r t i l i z a t i o n on z o o p l a n k t o n b i o m a s s were most 

e v i d e n t i n t h e C l a d o c e r a . T h i s was e x p e c t e d g i v e n t h e i r 

c o n t i n u o u s r e c r u i t m e n t and r a p i d r a t e s o f d e v e l o p m e n t . D. r o s e a 

and B. l o n g i r o s t r i s i n c r e a s e d s i g n i f i c a n t l y o v e r t h e c o n t r o l s i n 

d e n s i t i e s o f b o t h a n i m a l s and eggs ( T a b l e 1 1 ) . Mean b r o o d s i z e s 

of D. r o s e a ( F i g u r e 13) and B. l o n g i r o s t r i s were a l s o h i g h e r 

under f e r t i l i z a t i o n (1.37 ± 0.07 and 1.12 ± 0.03 r e s p e c t i v e l y ) 

t h a n i n t h e c o n t r o l s (1.05 ± 0.13 and 0.90 ± 0.09) b u t t h e s e 

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

( T a b l e 1 1 ) . D. r o s e a r e m a i n e d a b u n d a n t f o r much l o n g e r i n 

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

t r e a t m e n t x t i m e i n t e r a c t i o n t e r m ( T a b l e 1 1 ) . C. s p h a e r i c u s 

a p p e a r e d i n t h e community one week e a r l i e r i n t r e a t m e n t F t h a n 

i n C o r A. I t s b i o m a s s and d e n s i t i e s were s i g n i f i c a n t l y g r e a t e r 

i n F t h a n i n t r e a t m e n t A o r t h e c o n t r o l s ( F i g u r e 10 and 

T a b l e 1 1 ) . 
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Copepods r e s p o n d t o i n c r e a s e s i n f o o d a v a i l a b i l i t y t h r o u g h 

more r a p i d g r o w t h and h i g h e r egg p r o d u c t i o n , w h i c h a f t e r a t i m e 

l a g t h a t i s d e p e n d e n t on g e n e r a t i o n t i m e and l i f e h i s t o r y , shows 

up i n i n c r e a s e d abundance ( s e e S m i t h 1969). F e r t i l i z a t i o n h ad 

s e v e r a l p o s i t i v e e f f e c t s on D. t y r r e l l i . R e l a t i v e t o t h e 

c o n t r o l s , t r e a t m e n t F a d u l t s showed s i g n i f i c a n t l y h i g h e r 

a t t a c h e d egg p r o d u c t i o n (p = 0.002; T a b l e 11) and t h e g e o m e t r i c 

mean d e n s i t y o f a d u l t s p l u s c o p e p o d i t e s was a l s o s i g n i f i c a n t l y 

h i g h e r (p = 0.05; T a b l e 1 1 ) . Over A u g u s t 23 and 30 ( i . e j u s t 

a f t e r t h e n u t r i e n t a d d i t i o n s ) t h e r e were much h i g h e r mean 

d e n s i t i e s o f l o o s e c a l a n o i d eggs i n t h e F t u b e s (8.5±2.9 

e g g s » L " 1 (SE;n=4)) t h a n i n t h e c o n t r o l s (1.5±0.6 e g g s » L " 1 ) . 

When a n a l y z e d o v e r t h e e n t i r e e x p e r i m e n t however, t h e g e o m e t r i c 

mean d e n s i t i e s o f l o o s e c a l a n o i d eggs i n F were n o t 

s i g n i f i c a n t l y h i g h e r (p = 0.09; T a b l e 1 1 ) . S i m i l a r l y , 

D. t y r r e l l i mean c l u t c h s i z e s and p e r c e n t o v i g e r o u s f e m a l e s were 

h i g h e r on A u g u s t 23 and 30 i n F ( 2.18 ± 0.12 e g g s / f e m a l e and 

5.56 ± 1.58% o v i g e r o u s f e m a l e s ) t h a n i n C (1.00 ± 0.35 

e g g s / f e m a l e and 1.23 ± 0.44% r e s p e c t i v e l y ) , b u t were n o t 

s i g n i f i c a n t l y d i f f e r e n t when compared o v e r t h e whole s e a s o n . 

S i n c e l o o s e c a l a n o i d eggs were n o t i d e n t i f i e d t o s p e c i e s , I 

c a n n o t s a y d e f i n i t i v e l y whether D. t y r r e l l i o r D. k e n a i was 

r e s p o n s i b l e f o r l a t e A u g u s t i n c r e a s e s i n l o o s e e g g s . However, 

t h e r e was a s i g n i f i c a n t i n c r e a s e i n t h e t o t a l number o f eggs 

c a r r i e d by D. t y r r e l l i i n F t u b e s ( r e l a t i v e t o t h e c o n t r o l s ) and 

no s u c h e f f e c t i n D. k e n a i (C v s . F; T a b l e 11). As t h e s e two 

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

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

e g g s . In summary, D. t y r r e l l i a p p e a r e d t o b e n e f i t more from 

f e r t i l i z a t i o n t h a n d i d D. k e n a i . 

Not s u r p r i s i n g l y , t h e mean z o o p l a n k t o n b i o m a s s o v e r a l l 

s a m p l e s was s i g n i f i c a n t l y h i g h e r i n t h e f e r t i l i z e d c y l i n d e r s 

t h a n i n t h e c o n t r o l s ( T a b l e 1 0 ) . 

I n c o n c l u s i o n , t r e a t m e n t F f a l s i f i e d n u l l h y p o t h e s i s 3 ( i i ) 

(page 4 1 ) , t h a t m o d e r a t e n u t r i e n t e n r i c h m e n t does n o t a f f e c t 

z o o p l a n k t o n p o p u l a t i o n s o r community b i o m a s s . However, 

e n r i c h m e n t d i d n o t s h i f t t h e o v e r a l l z o o p l a n k t o n community 

s t r u c t u r e . 

3_.2.4 E f f e c t s o f Combined A c i d i f i c a t i o n and F e r t i l i z a t i o n 

The AF t r e a t m e n t had i n e s s e n c e two " c o n t r o l s " . R e l a t i v e t o 

t r e a t m e n t F, t h e AF c y l i n d e r s showed t h e e f f e c t s o f 

a c i d i f i c a t i o n upon a n u t r i e n t e n r i c h e d s y s t e m . When compared t o 

t r e a t m e n t A, AF i l l u s t r a t e s t h e e f f e c t s o f e n r i c h m e n t o f 

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

whether i n c r e a s e d f o o d r e s o u r c e s b e n e f i t t e d a c i d - s t r e s s e d 

z o o p l a n k t o n (page 13). However, t h e s i g n i f i c a n t l y l o w e r pH 

l e v e l s i n AF d e s t r o y e d one o f t h e n e c e s s a r y c o n d i t i o n s f o r 

e x a m i n i n g t h i s q u e s t i o n , namely, t h a t t h e a c i d s t r e s s w o u l d be 

e q u i v a l e n t i n b o t h f o o d l i m i t e d (A) and f o o d r i c h (AF) 

e n v i r o n m e n t s . Z o o p l a n k t o n would have more f o o d i n AF t h a n i n A, 

but would c o n c u r r e n t l y have t o d e a l w i t h g r e a t e r a c i d s t r e s s . 

T h i s r e p r e s e n t s aJi o v e r l y s t r o n g t e s t o f f o o d l i m i t a t i o n . A f t e r 
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p e r f o r m i n g t h e pH measurements on A u g u s t 16, I c o n s i d e r e d 

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

s i m i l a r pH l e v e l s t o AF. However, due to. t h e d a n g e r o f 

o v e r a c i d i f y i n g t h e A c y l i n d e r s ( w h i c h would weaken t h e t e s t o f 

f o o d l i m i t a t i o n ) , and my u n c e r t a i n t y a t t h e t i m e a s t o why pH 

d i f f e r e d i n A and AF, I d e c i d e d t o c o n t i n u e t o g i v e t h e same 

amount o f a c i d t o t h e two t r e a t m e n t s . I n e v e r t h e l e s s was a b l e 

t o t e s t t h e h y p o t h e s i s o f f o o d l i m i t a t i o n , by e x a m i n i n g a c i d -

s t r e s s e d z o o p l a n k t o n p o p u l a t i o n s i n AF. 

In t h e f o l l o w i n g p a g e s , p a t t e r n s o f change i n t o t a l 

z o o p l a n k t o n b i o m a s s and c l a d o c e r a n c o m p o s i t i o n a r e d e s c r i b e d 

f i r s t , f o l l o w e d by a n a l y s e s o f t h e r e s p o n s e s o f t h e two 

d i a p t o m i d c o p e p o d s . The AF t r e a t m e n t p r o d u c e d t h e most 

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

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

(_i) T o t a l Z o o p l a n k t o n Biomass and Respo n s e o f C l a d o c e r a 

Changes i n community c o m p o s i t i o n i n AF c e n t r e d on c l a d o c e r a n 

s p e c i e s r e p l a c e m e n t s , t r i g g e r e d l a r g e l y by t h e l o s s o f D a p h n i a  

r o s e a . From J u l y 16 t o A u g u s t 9 z o o p l a n k t o n s p e c i e s c o m p o s i t i o n 

and b i o m a s s were e s s e n t i a l l y i d e n t i c a l i n AF and F ( F i g u r e 10; 

T a b l e 1 0 ) . D u r i n g t h i s p e r i o d , D. r o s e a p o p u l a t i o n s i n t h e AF 

and F c y l i n d e r s had shown v e r y s i m i l a r b e h a v i o u r , i n terms o f 

b o t h d e n s i t i e s o f a n i m a l s ( F i g u r e 12) and r e p r o d u c t i v e 

i n d i c a t o r s ( F i g u r e 1 3 ) . In t r e a t m e n t F, o v e r t h e f o u r s a m p l e s 

f r o m J u l y 16 t o A u g u s t 9, t h e mean p e r c e n t a g e o f o v i g e r o u s 

f e m a l e s , mean b r o o d s i z e , and mean p e r c e n t a g e o f j u v e n i l e s i n 
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t h e p o p u l a t i o n were ( r e s p e c t i v e l y ) 25 ± 4.7% o v i g e r o u s , 1.41 ± 

0.10 eggs p e r f e m a l e and 52.5 ± 3.9% j u v e n i l e s . In AF c y l i n d e r s 

t h e s e s t a t i s t i c s were v e r y s i m i l a r : 27 ± 4.9% o v i g e r o u s , 1.54 ± 

0.16 eggs p e r f e m a l e and 50.4 ± 4.1% j u v e n i l e s r e s p e c t i v e l y . 

However, major pH d r o p s between A u g u s t 9 and 16 ( F i g u r e 7) 

were a s s o c i a t e d w i t h m a s s i v e m o r t a l i t y o f D. r o s e a j u v e n i l e s and 

a d u l t s i n b o t h AF t u b e s ( F i g u r e 1 2 ) . I t i s i n t e r e s t i n g t h a t 

D. r o s e a r e d u c t i o n s were l e s s s e v e r e i n 7AF (81.7 % between 

A u g u s t 9 and 16) t h a n i n 3AF ( 9 8 . 4 % ) . T h i s v a r i a t i o n i n 

r e s p o n s e o f t h e s e two r e p l i c a t e s was n o t l i k e l y due t o 

d i f f e r e n c e s i n e p i l i m n e t i c pH; t h e A u g u s t 9 t o 16 pH d e c l i n e i n 

7AF (6.24 ± 0.05 t o 5.34 ± 0.10) was v e r y s i m i l a r t o t h a t o f 3AF 

(6.24 ± 0.05 t o 5.29 ± 0.10). I t i s p o s s i b l e t h a t D. r o s e a was 

d i s t r i b u t e d d e e p e r i n 7AF t h a n 3AF on A u g u s t 9 a n d t h e r e f o r e 

l o s t fewer i n d i v i d u a l s i n t h e a c i d e p i l i m n i o n . T h i s h y p o t h e s i s 

was s u g g e s t e d by my s t r a t i f i e d s a m p l e s f r o m A u g u s t 1, w h i c h 

showed 97% of t h e D. r o s e a j u v e n i l e s and 93% o f t h e a d u l t s above 

4 m i n 3AF, whereas i n 7AF t h i s s t r a t u m c o n t a i n e d o n l y 41% o f 

t h e j u v e n i l e s and 58% o f t h e a d u l t s . I t i s n o t c l e a r why t h e 

v e r t i c a l d i s t r i b u t i o n s were d i f f e r e n t on A u g u s t 1, nor wh e t h e r 

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

t h e a c i d a d d i t i o n s o f A u g u s t 9. 

Due t o t h e c o l l a p s e o f D. r o s e a , t h e A u g u s t 16 mean t o t a l 

z o o p l a n k t o n b i o m a s s i n AF c y l i n d e r s (24 ± 12 M g # L " 1 ) was a b o u t 

one t h i r d t h a t o f t h e F c y l i n d e r s (73 ± 8 j u g ^ L " 1 ) , ( F i g u r e 10 

and T a b l e 1 0 ) . Mean t o t a l z o o p l a n k t o n b i o m a s s i n AF r e m a i n e d a t 

41-43% o f t h a t i n F f o r A u g u s t 23 and 30. D. r o s e a n e v e r 
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r e c o v e r e d i n 3AF, but i n 7AF a d u l t s p e r s i s t e d a t low d e n s i t i e s 

(0.50 ± 0.12 L _ 1 ) from A u g u s t 23 u n t i l September 13, d u r i n g 

w h i c h t i m e mean e p i l i m n e t i c pH v a l u e s v a r i e d f r o m 5.5 ± 0.1 t o 

5.74 ± 0.01). D. r o s e a was a b s e n t however f r o m s a m p l e s t a k e n i n 

7AF f o l l o w i n g t h e September 20 a c i d i f i c a t i o n , w h i c h r e d u c e d t h e 

mean e p i l i m n e t i c pH from 5.77 ± 0.025 t o 5.15 ± 0.05 ( s e e 

F i g u r e s 7 and 1 2 ) . These r e s u l t s s u g g e s t t h a t a pH o f 5.3 t o 

5.4 c a u s e s a c u t e t o x i c i t y i n D. r o s e a j u v e n i l e s and a d u l t s . 

How d i d t h e z o o p l a n k t o n community r e s p o n d t o t h e l o s s o f 

D. r o s e a ? F i g u r e 14 shows an enormous i n c r e a s e i n D. t y r r e l l i 

a d u l t s i n c y l i n d e r 3AF between A u g u s t 16 and 23 ( f r o m 2.8 L " 1 t o 

23.4 L " 1 ) and a s m a l l e r but s t i l l s u b s t a n t i a l i n c r e a s e i n 7AF on 

A u g u s t 30. S i n c e t h e r e were f a r t o o few c o p e p o d i t e s t o have 

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

a r e a n o m a l o u s . The number o f D. t y r r e l l i a d u l t s i n t r e a t m e n t AF 

q u i c k l y d r o p p e d back down t o " r e a s o n a b l e " l e v e l s , s u g g e s t i n g 

t h a t t h e p e a k s on A u g ust 23 i n 3AF and A u g u s t 30 i n 7AF were 

l i k e l y due t o s a m p l i n g e r r o r s . The s a m p l i n g hose may have 

c o n t a c t e d d ense " p a t c h e s " o f D. t y r r e l l i , o r t h e a n i m a l s may 

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

c a p t u r e . 

W i t h t h e e x c e p t i o n of D. t y r r e l l i i n t h e s e two s a m p l e s , t h e 

m a j o r s h o r t t e r m r e s p o n s e t o t h e l o s s o f D. r o s e a was i n t h e 

C l a d o c e r a , not t h e c o p e p o d s . A f t e r a t i m e l a g o f a b o u t t h r e e 

weeks, s m a l l , o p p o r t u n i s t i c c l a d o c e r a n s showed d r a m a t i c 

i n c r e a s e s i n d e n s i t i e s , p a r t i c u l a r l y i n 3AF ( F i g u r e 1 0 ) . The 

r a p i d g r o w t h o f C h y d o r u s s p h a e r i c u s , and t o a l e s s e r e x t e n t 
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Bosmina l o n g i r o s t r i s and Diaphanosoma b r a c h y u r u m , c a u s e d a 523% 

i n c r e a s e i n t r e a t m e n t AF mean t o t a l z o o p l a n k t o n b i o m a s s i n t h e 

week between A u g u s t 30 and September 6 ( T a b l e 10); t h i s i s 

e q u i v a l e n t t o 26.7% d a y " 1 a s s u m i n g e x p o n e n t i a l g r o w t h . 

Keen(1967) f o u n d t h a t l a b o r a t o r y p o p u l a t i o n s o f C. s p h a e r i c u s 

i n c r e a s e d a t 23.7% d a y " 1 u n d e r h i g h f o o d c o n d i t i o n s and 

t e m p e r a t u r e s o f 25°C, and 15.7% d a y " 1 a t 15°C. S i n c e t h e AF 

p o p u l a t i o n s o f C. s p h a e r i c u s were m o s t l y f o u n d a t 5-7 m and 

t e m p e r a t u r e s o f 8-14°C ( S e c t i o n 3.2.5), t h e o b s e r v e d r a t e o f 

i n c r e a s e was e x c e p t i o n a l l y h i g h . A s h i f t i n t h e d i s t r i b u t i o n o f 

C. s p h a e r i c u s f r o m t h e s i d e s o f t h e e n c l o s u r e s t o t h e c e n t r e may 

have been p a r t i a l l y r e s p o n s i b l e f o r t h e v e r y l a r g e i n c r e a s e (See 

d i s c u s s i o n i n S e c t i o n 4.4.1 ( i v ) ) . 

In s p i t e o f t h e s e s h a r p b i o m a s s i n c r e a s e s i n AF t u b e s , 

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

s i g n i f i c a n t l y d i f f e r e n t between t r e a t m e n t s AF and F ( F i g u r e 17 

and T a b l e 1 1 ) . The same was t r u e f o r C. s p h a e r i c u s a l t h o u g h 

mean d e n s i t i e s d u r i n g A u g u s t 30 t o O c t o b e r 11 were s e v e n t i m e s 

h i g h e r i n AF t h a n F (75 ± 32 L " 1 and 10.3 ± 2.5 L " 1 

r e s p e c t i v e l y ) . N ote t h a t C. s p h a e r i c u s f l u c t u a t i o n s i n b o t h AF 

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

most o f September ( F i g u r e 1 1 ) . I d i d f i n d s i g n i f i c a n t 

d i f f e r e n c e s between t r e a t m e n t s AF and F i n g e o m e t r i c mean 

d e n s i t i e s o f D. b r a c h y u r u m and C e r i o d a p h n i a p u l c h e l l a . T h e s e 

two c l a d o c e r a n s were r a r e i n b o t h F c y l i n d e r s , common i n 7AF 

d u r i n g September a n d abu n d a n t i n 3AF on s e v e r a l s a m p l i n g d a t e s . 

(D. b r a c h y u r u m r e a c h e d peak d e n s i t i e s o f 21.3 L " 1 on September 
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13 i n 3AF.) 

C y l i n d e r 3AF showed h i g h e r t o t a l b i o m a s s t h a n 7AF between 

September 6 and 27 ( F i g u r e 1 0 ) . T h i s d i f f e r e n c e was p r i m a r i l y 

due t o h i g h e r p o p u l a t i o n s o f B. l o n g i r o s t r i s , D. b r a c h y u r u m and 

C. p u l c h e l l a i n 3AF, t h o u g h mean d e n s i t i e s o f C h y d o r u s  

s p h a e r i c u s d u r i n g September t e n d e d t o be h i g h e r i n 3AF (91 ± 37 

a n i m a l s « L - 1 ) t h a n i n 7AF (47 ± 1 9 L " 1 ) a s w e l l . The v a r i e d 

r e s p o n s e i n t h e AF r e p l i c a t e s may be i n d i r e c t l y due t o 

d i f f e r e n c e s i n t h e A u g u s t 9-16 D. r o s e a d e c l i n e s ( t o be 

d i s c u s s e d i n S e c t i o n 4 . 4 ) . 

In c o n t r a s t t o t h e r e l a t i v e l y c o n s t a n t t o t a l z o o p l a n k t o n 

b i o m a s s o f t h e F t u b e s , AF t o t a l z o o p l a n k t o n b i o m a s s showed a 

l a r g e a m p l i t u d e 3 week f l u c t u a t i o n d u r i n g September, w i t h p e a k s 

on September 6 and 27 ( F i g u r e 1 0 ) . By O c t o b e r 11, t h e t o t a l 

b i o m a s s i n AF was a g a i n s i m i l a r t o F (58 ± 30 and 48 ± 25 jxg»L~ 1 

r e s p e c t i v e l y ) . The a r i t h m e t i c mean t o t a l b i o m a s s i n AF o v e r t h e 

whole e x p e r i m e n t was n o t s i g n i f i c a n t l y d i f f e r e n t f r o m F 

( T a b l e 10), t h o u g h t h e v a r i a b i l i t y i n AF ( a s measured by o v e r a l l 

s t a n d a r d e r r o r ) was t w i c e t h a t o f t h e F c y l i n d e r s . 

S t a t i s t i c a l t e s t s on d e n s i t i e s , egg p r o d u c t i o n , and b r o o d 

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

a bundance and s u c c e s s i o n , b u t f o r D. r o s e a y i e l d e d some 

s u r p r i s i n g r e s u l t s ( T a b l e 1 1 ) . The d e n s i t y o f a d u l t p l u s 

j u v e n i l e D. r o s e a , and t h e t o t a l number o f d a p h n i d e g g s , were 

s i g n i f i c a n t l y l o w e r i n AF t h a n F, as w o u l d be e x p e c t e d . 

However, t h e r e was no s i g n i f i c a n t d i f f e r e n c e i n o v e r a l l 

g e o m e t r i c mean b r o o d s i z e s p e r o v i g e r o u s f e m a l e between 
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t r e a t m e n t s F and AF (1.37 ± 0.07 and 1.53 ± 0.24 e g g s / f e m a l e 

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

Numbers o f o v i g e r o u s D. r o s e a f e m a l e s c o u n t e d i n 3AF were 

t o o low t o g i v e r e l i a b l e mean b r o o d s i z e s a f t e r A u g u s t 9 ( s e e 

F i g u r e 13). However, c y l i n d e r 7AF mean b r o o d s i z e s between 

A u g u s t 23 and September 13 were a l l b a s e d on more t h a n 15 

o v i g e r o u s f e m a l e s p e r sample (mean o f 31 ± 9.3) and hence t h e 

sample s i z e s a r e s u f f i c i e n t l y l a r g e t o y i e l d m e a n i n g f u l 

s t a t i s t i c a l c o m p a r i s o n s . C o m p a r i n g c y l i n d e r 7AF w i t h t r e a t m e n t 

F c y l i n d e r s between A u g u s t 23 and September 13, I f o u n d t h e mean 

p e r c e n t a g e o f o v i g e r o u s f e m a l e s and mean b r o o d s i z e s 

( u n c o r r e c t e d f o r body s i z e ) t o be much h i g h e r i n t h e a c i d -

s t r e s s e d p o p u l a t i o n o f c y l i n d e r 7AF (38.3 ± 4.8% a n d 3.28 ± 0.23 

r e s p e c t i v e l y ) t h a n i n t h e two F c y l i n d e r s (20.0 ± 3.7% and 1.16 

± 0.04). 

D i f f e r e n c e s i n b r o o d s i z e s and p e r c e n t a g e s o f o v i g e r o u s 

f e m a l e s between c y l i n d e r 7AF and t r e a t m e n t F were p a r t i a l l y due 

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

mean p e r c e n t a g e o f j u v e n i l e D. r o s e a was much l o w e r i n 7AF (4.4 

± 1.6% j u v e n i l e s ) t h a n i n t h e F c y l i n d e r s (14.6 ± 4 . 9 % ) . S i n c e 

t h e p o s t n a t a l d e v e l o p m e n t t i m e o f D. r o s e a j u v e n i l e s a t 18-20°C, 

n e u t r a l pH and " h i g h " s e s t o n c o n c e n t r a t i o n (1.0 m g » L " 1 ) i s 6 t o 

7 d a y s ( N e i l l 1981b), more j u v e n i l e s " s h o u l d " have been seen i n 

7AF i n l a t e A u g u s t and e a r l y S eptember. T h e i r a b s e n c e s u g g e s t s 

t h a t f o l l o w i n g A u g u s t 9, t h e " b o t t l e n e c k " f o r D. r o s e a was 

s u r v i v a l t h r o u g h t h e embryo a n d / o r n e o n a t e s t a g e s . The a d u l t 

D. r o s e a i n 7AF were a b l e t o p r o d u c e eggs a t a r e l a t i v e l y h i g h 
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r a t e ( p o s s i b l y a s s i s t e d by a r e d u c t i o n i n i n t r a s p e c i f i c 

c o m p e t i t i o n ) b u t a t pH l e v e l s of 5.4 t o 5.6 r e l a t i v e l y few of 

t h e s e eggs d e v e l o p e d i n t o f i r s t i n s t a r j u v e n i l e s . (The p o s s i b l e 

r e a s o n s f o r t h i s a r e d i s c u s s e d i n S e c t i o n 4 . 4 . 1 ( i ) . ) T h r o u g h 

l a t e A u g u s t and September, t h e p o p u l a t i o n age s t r u c t u r e i n 7AF 

became s t r o n g l y w e i g h t e d t o w a r d s l a r g e r , o l d e r a d u l t s w i t h ample 

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

mean l e n g t h s o f D. r o s e a a d u l t s on September 13 i n t r e a t m e n t AF 

(1.79 ± 0.051 (n=17)) t h a n i n t r e a t m e n t F (1.46 ± 0.046 ,n=20); 

(p<0.000l ( t - t e s t ) , see A p p e n d i x E ) . S c a l i n g b r o o d s i z e s 

a c c o r d i n g t o body l e n g t h s ( H e b e r t 1978) would l i k e l y y i e l d 

s i m i l a r b r o o d s i z e s f o r t r e a t m e n t s F and AF between A u g u s t 23 

and September 13. 

D. r o s e a d e n s i t i e s were s i g n i f i c a n t l y l o w e r i n AF t h a n A, i n 

s p i t e o f s i g n i f i c a n t l y g r e a t e r mean egg d e n s i t i e s i n AF 

( T a b l e 1 1 ) . The t o x i c i t y e f f e c t s c a u s e d by t h e l o w e r pH i n 

t r e a t m e n t AF a p p a r e n t l y overwhelmed t h e b e n e f i t s o f i n c r e a s e d 

f o o d . 

( i i ) R esponse o f D i a p t o m i d Copepods 

The c o p e p o d r e s p o n s e t o a c i d i f i c a t i o n and f e r t i l i z a t i o n was 

d i v e r g e n t : D i a p t o m u s t y r r e l l i a p p e a r e d a c i d s e n s i t i v e b u t 

Diaptomus k e n a i was a c i d t o l e r a n t . D. t y r r e l l i a d u l t s d i d n o t 

- d e c l i n e i n AF a f t e r t h e A u g u s t 9 a c i d s o l u t i o n , b u t d e c l i n e d 

r a p i d l y t o z e r o a f t e r t h e September 20 a c i d i f i c a t i o n 

( F i g u r e 1 4 ) ) . By c o n t r a s t , D. t y r r e l l i m a i n t a i n e d t h e i r 

d e n s i t i e s d u r i n g September 13-27 i n t h e F c y l i n d e r s . 
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D. t y r r e l l i a d u l t s were t h e r e f o r e s l i g h t l y l e s s a c i d s e n s i t i v e 

t h a n D. r o s e a a d u l t s and j u v e n i l e s . Even i n c l u d i n g t h e h i g h 

peak ( s u s p e c t e d s a m p l i n g e r r o r ) on A u g u s t 23 i n Bag 3AF, t h e 

g e o m e t r i c mean d e n s i t i e s o f D. t y r r e l l i were s i g n i f i c a n t l y 

h i g h e r i n F t h a n AF ( T a b l e 1 1 ) . T h i s r e s u l t i s due t o t h e 

c o n s i s t e n t l y low d e n s i t i e s o f D. t y r r e l l i i n AF c y l i n d e r s a f t e r 

September 13. A t t a c h e d egg p r o d u c t i o n by D. t y r r e l l i d i d n o t 

d i f f e r s i g n i f i c a n t l y between AF and F ( T a b l e 1 1 ) . 

U n l i k e D. t y r r e l l i , D i a p t o m u s k e n a i showed no n e g a t i v e 

i m p a c t s f r o m a c i d i f i c a t i o n i n AF, and i n some r e s p e c t s p e r f o r m e d 

b e t t e r t h e r e t h a n i n t r e a t m e n t F. D. k e n a i g e o m e t r i c mean 

d e n s i t i e s were h i g h e r i n AF t h a n F, (0.30 ± 0.018 and 0.20 ± 

0.019 L " 1 r e s p e c t i v e l y ) , a l t h o u g h t h i s d i f f e r e n c e was n o t 

s i g n i f i c a n t (p = 0.058, T a b l e 1 1 ) . When a n a l y z e d o v e r t h e whole 

e x p e r i m e n t , g e o m e t r i c mean d e n s i t i e s o f a t t a c h e d D. k e n a i eggs 

a l s o d i d n o t d i f f e r s i g n i f i c a n t l y between F a n d AF ( T a b l e 1 1 ) . 

However, mean d e n s i t i e s o f a t t a c h e d D. k e n a i eggs were h i g h e r i n 

AF t h a n F a f t e r t h e c o l l a p s e o f D a p h n i a ( i . e . f r o m A u g u s t 23 t o 

O c t o b e r 1 1 ) : 0.47 ± 0.14 e g g s » L " 1 i n AF; a n d 0.19 ± 0.055 

e g g s » L " 1 i n F. 

A c l e a r e r d i f f e r e n c e between AF and F i s i n t h e g e o m e t r i c 

mean number o f l o o s e c o p e p o d e g g s , w h i c h were s i g n i f i c a n t l y 

h i g h e r i n AF (p = 0.004; T a b l e 11 and F i g u r e 1 6 ) . A l t h o u g h 

t h e s e l o o s e eggs were n o t i d e n t i f i e d t o s p e c i e s , t h e t i m i n g o f 

c a l a n o i d c o p e p o d a t t a c h e d egg p r o d u c t i o n s u g g e s t s t h a t ( u n l i k e 

i n t r e a t m e n t F) many o f t h e l o o s e eggs c o u l d be due t o D. k e n a i 

( F i g u r e s 14 and 1 5 ) . I h y p o t h e s i z e t h a t t h e a c i d - i n d u c e d 
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e l i m i n a t i o n o f D. r o s e a i n t r e a t m e n t AF i n c r e a s e d t h e 

a v a i l a b i l i t y o f r e s o u r c e s t o D. k e n a i r e s u l t i n g i n g r e a t e r 

a t t a c h e d and l o o s e egg p r o d u c t i o n . A l s o , t h e mean l e n g t h o f 

D. k e n a i a d u l t s was s i g n i f i c a n t l y h i g h e r ( p = 0 . 0 0 l 2 , t - t e s t ) i n 

t r e a t m e n t AF (2.06 ± 0.025, n=20) t h a n i n t r e a t m e n t F (1.91 ± 

0.039, n=17) on September 13, s u g g e s t i n g i m p r o v e d g r o w t h i n AF. 

3.2.5 V e r t i c a l D i s t r i b u t i o n 

B o t h c o p e p o d s and c l a d o c e r a n s commonly show v e r t i c a l 

m i g r a t i o n s n e a r s u n s e t a n d s u n r i s e ( W e t z e l 1975). My two 

d a y t i m e s t r a t i f i e d s a m p l i n g s on A u g u s t 1 and September 6) were 

t a k e n between t h e h o u r s o f 10 a.m. and 5 p.m., and t h e r e f o r e 

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

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

1. t h e mean t e m p e r a t u r e s a t w h i c h eggs and j u v e n i l e s o f 

e a c h s p e c i e s were d e v e l o p i n g ; 

2. t h e d e g r e e t o w h i c h p a r t i c u l a r s p e c i e s were e x p o s e d 

t o a c i d e p i l i m n e t i c w a t e r s ; 

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

d i f f e r e n t s p e c i e s , and 

4. t r e a t m e n t e f f e c t s on v e r t i c a l d i s t r i b u t i o n s . 

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

a r e shown i n F i g u r e s 18 a n d 19. N e i t h e r t h e A u g u s t 1 n o r 

September 6 s a m p l i n g s r e v e a l e d v e r t i c a l m i g r a t i o n s f o r any o f 

t h e s p e c i e s when t h e i r v e r t i c a l d i s t r i b u t i o n s were examined i n a 

s e q u e n c e c o r r e s p o n d i n g t o t h e t i m e o f s a m p l i n g . A c c u r a t e 
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F i g u r e 18. V e r t i c a l d i s t r i b u t i o n s o f a d u l t forms o f 
z o o p l a n k t o n . G r a p h s show % o f p o p u l a t i o n a t e a c h o f 
f o u r s t r a t a : 0-2 m; 2-4 m; 4-6 m; and 6-8 m.; V e r t i c a l 
d i s t r i b u t i o n s o m i t t e d i f fewer t h a n 10 a n i m a l s c o u n t e d . 
' S p e c i e s a b b r e v i a t i o n s : KA = D. k e n a i a d u l t s ; TA = 
D. t y r r e l l i a d u l t s ; DA = D. r o s e a a d u l t s ; DOF = D. r o s e a 
o v i g e r o u s f e m a l e s BA = B. l o n g i r o s t r i s a d u l t s ; CHYA = 
C. s p h a e r i c u s a d u l t s . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; 
A = a c i d i f i c a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . 
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F i g u r e 19. V e r t i c a l d i s t r i b u t i o n s o f immature forms o f 
z o o p l a n k t o n , a n d Diaphanosoma b r a c h y u r u m . G r a p h s show 
% o f p o p u l a t i o n a t e a c h o f f o u r s t r a t a : 0-2 m; 2-4 m; 4-
6 m; and 6-8 m.; V e r t i c a l d i s t r i b u t i o n s o m i t t e d i f fewer 
t h a n 10 a n i m a l s c o u n t e d . S p e c i e s a b b r e v i a t i o n s : T J = 
D. t y r r e l l i j u v e n i l e s ; D J = D. r o s e a j u v e n i l e s ; B J = 
B. l o n q i r o s t r i s j u v e n i l e s ; CHJ=C. s p h a e r i c u s j u v e n i l e s ; 
N = c o p e p o d n a u p l i i ; DIA = D. b r a c h y u r u m a d u l t s and 
j u v e n i l e s . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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a s s e s s m e n t o f t i m e of day e f f e c t s on v e r t i c a l d i s t r i b u t i o n s 

w o uld have r e q u i r e d s e v e r a l 24-hour s a m p l i n g s o f t h e e n c l o s u r e s 

i n random o r d e r . 

Some c o n s i s t e n t t r e n d s i n s p e c i e s ' v e r t i c a l d i s t r i b u t i o n s 

a r e s e e n i n F i g u r e s 18 and 19. D i a p t o m u s k e n a i a d u l t s were 

m o s t l y i n t h e c o o l e r w a t e r s below 4 m and t h e r e f o r e s h i e l d e d 

f r o m t h e a c i d e p i l i m n i o n . I n s u f f i c i e n t numbers o f D. k e n a i 

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

d i s t r i b u t i o n . Of t h e 15 v e r t i c a l d i s t r i b u t i o n s o f D. k e n a i 

a d u l t s i n F i g u r e 18, t h e g r e a t e s t p r o p o r t i o n o f a n i m a l s was a t 

6-8 m i n t e n c a s e s , and a t 4-6 m i n f o u r . The p a t t e r n o f 

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

12 o f t h e s e 14 "deep peak" c a s e s t h e p r o p o r t i o n s w i t h i n t h e 

d e n s e s t 2 m s t r a t u m were g r e a t e r t h a n 50%. F e d o r e n k o (1975a, 

1975b) f o u n d a d i s t i n c t r e v e r s e v e r t i c a l m i g r a t i o n i n E u n i c e 

L a k e D. k e n a i ( i . e . d e e p e r a t n i g h t ) , b u t t h i s p a t t e r n may have 

c h a n g e d w i t h t h e e l i m i n a t i o n o f C h a o b o r u s i n 1976. No c l e a r 

d i f f e r e n c e s i n D. k e n a i d i s t r i b u t i o n were e v i d e n t between 

t r e a t m e n t s . 

Though most commonly f o u n d a t 4-6 m, D i aptomus t y r r e l l i 

a d u l t s were much more e q u i t a b l y d i s t r i b u t e d t h r o u g h t h e w a t e r 

column t h a n were D. k e n a i , B. l o n g i r o s t r i s , o r C. s p h a e r i c u s . 

C o p e p o d i t e s were on a v e r a g e 2 m h i g h e r i n t h e w a t e r c o l u m n , most 

commonly c o n c e n t r a t e d a t 2-4 m. In g e n e r a l , v a r i a b i l i t y i n 

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

t r e a t m e n t s a s between. S i g n i f i c a n t f r a c t i o n s o f t h e a d u l t and 

j u v e n i l e p o p u l a t i o n s i n A and AF c y l i n d e r s were f o u n d i n t h e 
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e p i l i m n i o n , and t h e r e f o r e s u s c e p t i b l e t o a c i d s t r e s s . F e d o r e n k o 

(1975a, 1975b) o b s e r v e d no v e r t i c a l m i g r a t i o n i n Diaptomus  

t y r r e l l i . O l e n i c k (1982) d e t e r m i n e d t h e d i u r n a l and n o c t u r n a l 

v e r t i c a l d i s t r i b u t i o n s o f e n c l o s e d E u n i c e Lake z o o p l a n k t o n on 

J u l y 5-6 and September 18-19, 1979. On b o t h d a t e s , d i u r n a l 

s a m p l e s showed 50% o f D. t y r r e l l i a d u l t s and 50% o f t h e 

c o p e p o d i t e s a t 0-2m ( p e r c e n t a g e s b a s e d on t o t a l numbers o f 

a n i m a l s i n a l l e n c l o s u r e s ) . N o c t u r n a l d i s t r i b u t i o n s were a b o u t 

2m l o w e r . I t i s n o t c l e a r why t h e d i u r n a l d i s t r i b u t i o n o f 

D. t y r r e l l i was somewhat h i g h e r i n O l e n i c k ' s e n c l o s u r e s t h a n i n 

mine. 

D a p h n i a r o s e a f e m a l e s ( b o t h o v i g e r o u s and n o n o v i g e r o u s ) were 

e v e n l y d i s t r i b u t e d i n a manner s i m i l a r t o D. t y r r e l l i a d u l t s , 

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

D. r o s e a showed d i s t r i b u t i o n s s t r i k i n g l y s i m i l a r t o D. t y r r e l l i 

c o p e p o d i t e s i n 5 o f t h e 12 c a s e s where b o t h s p e c i e s c o n t a i n e d 

s u f f i c i e n t numbers t o p e r m i t c o m p a r i s o n ; i n o n l y one o f 12 c a s e s 

( c y l i n d e r 4A on September 6) were t h e two s p e c i e s ' j u v e n i l e 

f o rms d i s t r i b u t e d v e r y d i f f e r e n t l y . R e p l i c a t i o n w i t h i n C, A, 

and F c y l i n d e r s was good enough on A u g u s t 1 t o p e r m i t c a u t i o u s 

c o m p a r i s o n s between t h e s e t r e a t m e n t s ; a d u l t s a n d j u v e n i l e s were 

e q u i t a b l y (and s i m i l a r l y ) d i s t r i b u t e d i n t r e a t m e n t A and t h e 

c o n t r o l s , b u t showed c o n s i s t e n t c l u m p i n g a t 2-4 m i n t h e F 

c y l i n d e r s . 

I n S e c t i o n 3 . 2 . 4 ( i ) , I n o t e d t h a t t h e r e l a t i v e l y d e e p 

d i s t r i b u t i o n o f D. r o s e a a d u l t s and j u v e n i l e s i n c y l i n d e r 7AF on 

A u g u s t 1 may have a c c o u n t e d f o r t h e b e t t e r s u r v i v a l o f D. r o s e a 
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i n 7AF t h a n 3AF. O l e n i c k ( u n p u b l i s h e d d a t a ) o b s e r v e d day t o 

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

D. r o s e a i n o n l y 8 o f 21 s t r a t i f i e d s a m p l e s , and 6 o f t h e s e 8 

were downward s h i f t s . T h e r e f o r e , my d a y t i m e s a m p l e s a r e 

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

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

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

t o a c i d c o n d i t i o n s . C l u m p i n g i n t h e 0-2 m s t r a t u m was e v i d e n t 

f o r a d u l t s i n 11 o f 18 s a m p l e s , and f o r j u v e n i l e s i n 11 o f 16 

c a s e s . In t h e s e c a s e s , t h e p r o p o r t i o n s o f a n i m a l s a t 0-2 m were 

r e l a t i v e l y h i g h , a v e r a g i n g 75 ± 3.1% (n = 2 2 ) . B. l o n g i r o s t r i s 

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

two s p e c i e s a r e o f t e n f o u n d t o g e t h e r a t n i g h t n e a r t h e s u r f a c e 

o f t h e w a t e r (W.E. N e i l l , p e r s . comm. ) . 

C h y d o r u s s p h a e r i c u s was n o t i n s u f f i c i e n t a b undance on 

Au g u s t 1 t o examine i t s v e r t i c a l d i s t r i b u t i o n . On September 6, 

b o t h j u v e n i l e s and a d u l t s were c l u m p e d a t 6-8 m i n a l l e i g h t 

c y l i n d e r s a m p l e s , w i t h mean p r o p o r t i o n s o f 83 ± 5% and 84 ± 4%. 

I f t h o s e c h y d o r i d s s a m p l e d a t 6-8 m r e m a i n e d t h e r e c o n s i s t e n t l y , 

t h e y would n e v e r have been e x p o s e d t o pH l e v e l s below 5.9. 

However, C. s p h a e r i c u s h as f r e q u e n t l y been r e c o r d e d a s 

d i s p l a y i n g an upward v e r t i c a l m i g r a t i o n a f t e r s u n s e t (Meyers 

1980, W.E. N e i l l p e r s . comm. ), and t h e r e f o r e was l i k e l y e x p o s e d 

t o t h e more a c i d z o n e . 

The v e r t i c a l d i s t r i b u t i o n s o f more minor c o n s t i t u e n t s o f t h e 

p l a n k t o n ( H o l o p e d i u m g i b b e r u m , c o p e p o d n a u p l i i , and Diaphanosoma  

brachyurum) were a l s o e x a m i n e d . In t h e f i v e c a s e s where 
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s u f f i c i e n t numbers were p r e s e n t t o e s t i m a t e t h e v e r t i c a l 

d i s t r i b u t i o n , most H. g i b b e r u m were i n t h e 0-2 m s t r a t u m . Most 

c o p e p o d n a u p l i i were f o u n d n e a r t h e s u r f a c e as w e l l ; 9 o f t h e 11 

g r a p h s i n F i g u r e 19 show more t h a n h a l f t h e n a u p l i i i n t h e t o p 2 

m. D. b r a c h y u r u m o n l y had s u f f i c i e n t numbers f o r a n a l y s i s i n 

t r e a t m e n t AF, where i t was c e n t e r e d a b o u t t h e 2-4 m s t r a t u m . 
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3.3 P h y t o p l a n k t o n and P h y t o p l a n k t o n - Z o o p l a n k t o n I n t e r a c t i o n s 

_3._3.J_ E f f e c t s o f E n c l o s u r e 

The p h y t o p l a n k t o n o f t h e c o n t r o l e n c l o s u r e s were compared t o 

E u n i c e L a k e t o see i f d i f f e r e n c e s were a p p a r e n t i n e i t h e r mean 

c o n d i t i o n s o r t e m p o r a l p a t t e r n s . T a b l e 13 shows t h a t mean 

c h l o r o p h y l l and p h a e o p h y t i n a l e v e l s i n t h e c o n t r o l s were n o t 

s i g n i f i c a n t l y d i f f e r e n t f r o m E u n i c e L a k e . However, c h l o r o p h y l l 

c o n c e n t r a t i o n s d i d not peak so s h a r p l y i n t h e c o n t r o l c y l i n d e r s 

as i n t h e l a k e d u r i n g September ( F i g u r e 2 0 ) , p e r h a p s due t o 

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

of September 1 t o 9 ( F i g u r e 4, page 4 7 ) . T h e s e s t o r m s would 

have t r a n s p o r t e d l a r g e q u a n t i t i e s o f n u t r i e n t s f r o m b o t h E u n i c e 

and p a r t i c u l a r l y G w e n d o l i n e L a k e s ' w a t e r s h e d s , s i n c e G w e n d o l i n e 

was e x p e r i m e n t a l l y f e r t i l i z e d i n t h e summer o f 1979 

( C . J . W a l t e r s , p e r s . comm. ). 

O t h e r p h y t o p l a n k t o n i n d i c a t o r s d i f f e r e d between t h e c o n t r o l s 

and E u n i c e L a k e . Mean t o t a l a l g a l b i o m a s s was h i g h e r (p = 

0.014) i n t h e l a k e (0.85 ± 0 . 1 1 m g « L " 1 ) t h a n i n t h e c o n t r o l s 

(0.58 ± 0.08), w i t h t h e b u l k o f t h i s b i o m a s s d i f f e r e n c e 

c o n t r i b u t e d by t h e c o l o n i a l g r e e n a l g a G l e o c y s t i s s p i n t h e 13-

18 Mm s i z e c a t e g o r y ( T a b l e s 14 and 15, F i g u r e s 21, 22 and 2 3 ) . 

T h e s e c o l o n i e s f o r m e d between 52 a n d 90% o f t h e t o t a l 

p h y t o p l a n k t o n volume i n t h e A u g u s t and September l a k e samples 

( A p p e n d i x F ) . P r i o r t o A u g u s t 1, b o t h E u n i c e L a k e a n d c o n t r o l 

c y l i n d e r s a m p l e s were d o m i n a t e d ( v o l u m e t r i c a l l y ) by c o l o n i e s o f 

t h e c h r y s o p h y t e D i n o b r y o n , w h i c h were c l a s s i f i e d i n t h e > 30Mm 

http://_3._3.J_


Table 13. Results of analyses of variance on chlorophyll measurements. (See Table IT for 
abbreviations and degrees of freedom.) 

Treatment Geometric Means ± SE (yg/1) 
Variable — LK C F A AF 

Chlorophyll a 0.39 ± 0.049 0.32 ± 0.036 0.51 ± 0.044 0.36 ± 0.031 1.39 ± 0.11 

Pheophytin a 0.38 ± 0.030 0.41 ± 0.025 0.87 ± 0.056 0.42 ± 0.027 1.82 ±0.10 

Treatment Comparison 
Variable C vs. LK C vs. A C vs. F F vs. AF A vs. AF 

Log (Chlorophyll a) ns (0.13) ns (0.31) F (0.00002) AF (10"5) IH AF (10"5) IH 

Log (Pheophytin a) ns (0.23) ns (0.81) F (10"5) IH AF (10"5) IH AF (10"s) IH 
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F i g u r e 20. L i v e c h l o r o p h y l l a and p h a e o p h y t i n a. N ote 
m i s s i n g sample on A u g u s t 9 i n 7AF; e s t i m a t e d c h l o r o p h y l l 
c o n c e n t r a t i o n ( b a s e d on S e c c h i d e p t h - c h l o r o p h y l l 
r e g r e s s i o n e q u a t i o n i n T a b l e D1 ) i s 0.5 jig»L" 1. 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . N o te a l s o no 
s a m p l e s t a k e n between A u g u s t 30 and September 13. 
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Table 14. Results of analyses of variance on algal volumes in particular size classes. See 
Table 11 for abbreviations and degrees of freedom. 

Cell Size Class Used 
for Volume Comparisons C vs. LK 

Treatment Comparison 
C vs. A C vs. F F vs. AF A vs. AF 

< 13 ym* 
< 2 ym 
2-5 ym 
5-9 ym 
9-13 ym 

LK(0.03)IH 
ns(0.13) 
C(0.027) 
LK(10-5)IH 
ns(0.19) 

ns(0.19) 
ns(0.56) 
ns(0.54) 
ns(0.78) 
ns(0.17) 

F (0.002)IH 
C (0.037)H 
ns(0.67) 
F (0.0002)IH 
C (0.0036)IH 

ns(0.86)IH 
AF(0.046)h 
AF(0.013)h 
ns(0.63)I 
ns(0.17)IH 

AF(0.001)h 
ns(0.49) 
AF(0.026)h 
AF(0.004)h 
AF(0.025)Ih 

13-18 ym 
18-30 ym 
> 30 ym 
Filaments 

LK(0.0006) 
ns(0.12)H 
ns(0.94) 
ns(0.92) 

ns(0.57) 
ns(0.8) 
ns(0.41) 
ns(0.52)H 

C (lO-^IH 
ns(0.28) 
C (10~5)IH 
ns(0.4)H 

ns(0.85) 
AF(0.023)H 
AF(0.028)Ih 
AF(0.019)h 

A (10"5)IH 
AF(0.009H 
A (0.003)1 
AF(0.002)H 

Total Algal Biomass LK(0.014) ns(0.55) C (0.0005) AF(0.005)ih ns(0.60)h 

* Accumulated from separate size categories. 



Table 15. Mean percentage of algal volume in particular size classes, by treatment (± SE). 

Cell Size Class Used for 
Proportion Comparisons LK 

Treatment 
AF 

< 5 ym* 

5-9 ym 

9-13 ym 

13-18 ym 

> 18 ym* 

Fi1aments 

3.4 ± 0.5 12.0 ± 2.4 10.5 ± 2.9 20.3 ± 3.3 15.0 ± 2.7 

4.3 ± 0.8 

57 ± 9.7 

33 ± 9.2 

2.8 ± 0.6 2.7 ± 0.7 12.8 ± 2.4 4.9 ± 1.0 

2.2 ± 0.7 2.2 ± 0.6 2.7 ± 0.6 10.8 ± 2.4 6.3 ± 2.0 

38 ± 6.1 38 ± 6.3 18.2 ± 2.9 11.8 ±2.5 

45 ± 6.5 46 ± 6.2 36.2 ± 5.5 57.7 ± 5.2 

0.19 ± 0.1 0.4 ± 0.2 0.3 ± 0.2 1.8 ± 1.1 4.2 ± 1.3 

* Accumulated from separate size categories, 
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F i g u r e 21. A l g a l b i o m a s s by m a j o r s i z e c l a s s e s . See F i g u r e 
22 and T a b l e 15 f o r d e t a i l e d s i z e breakdown. 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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F i g u r e 22. P e r c e n t c o m p o s i t i o n o f a l g a l b i o m a s s by d e t a i l e d 
s i z e c l a s s e s . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 



1 2 7 
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F i g u r e 23. P h y l e t i c c o m p o s i t i o n o f a l g a l volume. 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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s i z e c l a s s due t o t h e i r 45 Mm l o n g l o r i c a s . The s h i f t i n 

dominance f r o m D i n o b r y o n s p . t o G l e o c y s t i s t h a t o c c u r r e d i n 

E u n i c e L a k e a b o u t A u g u s t 1 a l s o o c c u r r e d i n t h e c o n t r o l 

c y l i n d e r s , b u t n o t u n t i l September 6 t o 13 ( F i g u r e 23 and 

A p p e n d i x F ) . T h e s e d i f f e r e n c e s i n dominant t a x a e x p l a i n why t h e 

p r o p o r t i o n o f a l g a l volume i n s i z e c l a s s e s g r e a t e r t h a n 13 Mm 

d i f f e r e d between t h e l a k e and t h e c o n t r o l s ( F i g u r e 22 and 

T a b l e 1 5 ) . 

The mean volume i n a l g a l c e l l s l e s s t h a n 13 Mm i n d i a m e t e r 

was g r e a t e r i n t h e l a k e (0.076 ± 0.012 Mm3) t h a n i n t h e c o n t r o l s 

(0.060 ± 0.004), a d i f f e r e n c e s i g n i f i c a n t a t p = 0.03 

( T a b l e 1 4 ) . I s u s p e c t t h a t most c e l l s o f t h i s s i z e were c a p a b l e 

o f b e i n g i n g e s t e d and d i g e s t e d by z o o p l a n k t o n ( B u r n s 1968; 

P o r t e r 1973, 1977). I t i s p o s s i b l e t h a t c u t t h r o a t t r o u t 

p r e d a t i o n i n E u n i c e L a k e l e s s e n e d t h e h e r b i v o r o u s g r a z i n g 

p r e s s u r e on t h e s e s m a l l a l g a l c e l l s , o r t h a t l o w e r l i g h t l e v e l s 

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

I t i s d i f f i c u l t t o a s s e s s i n t e r - t r e a t m e n t d i f f e r e n c e s i n t h e 

p r o p o r t i o n o f l i v e c h l o r o p h y l l a o r mean a l g a l c h l o r o p h y l l 

c o n t e n t , s i n c e t h e s e r a t i o s a r e s e n s i t i v e t o v a r i a b i l i t y i n b o t h 

t h e n u m e r a t o r and d e n o m i n a t o r . The p r o p o r t i o n o f l i v e 

c h l o r o p h y l l a ( F i g u r e 24) r o s e s h a r p l y i n E u n i c e L a k e between 

A u g u s t 30 and September 13 ( d u r i n g t h e p e r i o d o f h i g h 

p r e c i p i t a t i o n ) b u t d i d n o t i n c r e a s e i n t h e c o n t r o l s . E x amined 

o v e r t h e whole e x p e r i m e n t , t h e mean p r o p o r t i o n o f l i v e 

c h l o r o p h y l l a was h i g h e r i n E u n i c e Lake (49.8 ± 2.6%) t h a n i n 

t h e c o n t r o l s (41.8 ± 1.6%). Mean a l g a l c h l o r o p h y l l c o n t e n t 
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F i g u r e 24. P r o p o r t i o n o f l i v e c h l o r o p h y l l a. A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; 
A = a c i d i f i c a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . 
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( F i g u r e 25) d i d n o t d i f f e r s i g n i f i c a n t l y between E u n i c e Lake 

(0.50 ± 0.062 uq c h l o r o p h y l l • (mg a l g a l b i o m a s s ) " 1 ) and t h e 

c o n t r o l c y l i n d e r s (0.68 ± 0.086). 

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

a and z o o p l a n k t o n b i o m a s s ( F i g u r e 26) i l l u s t r a t e i n t e r - t r e a t m e n t 

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

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

b i o m a s s , and t o t a l z o o p l a n k t o n b i o m a s s r e p r e s e n t s a g r o u p o f 

h e r b i v o r e s r a t h e r t h a n a s i n g l e h e r b i v o r e . N e v e r t h e l e s s , t h e 

ph a s e p l a n e s i n F i g u r e 26 i l l u s t r a t e t h e o v e r a l l e f f e c t o f 

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

and s e c o n d a r y p r o d u c t i o n . I d i d n o t g r a p h p h a s e p l a n e s o f t o t a l 

z o o p l a n k t o n b i o m a s s v s t o t a l a l g a l b i o m a s s due t o p o o r 

e s t i m a t i o n o f a l g a l b i o m a s s i n t h e l a r g e r s i z e c l a s s e s ( S e c t i o n 

2.2.2 ( i i ) ) . 

P hase p l a n e t r a j e c t o r i e s i n t h e c o n t r o l c y l i n d e r s d i v e r g e d 

from t h e p a t h shown i n E u n i c e L a k e . The c o n t r o l c y l i n d e r s b o t h 

showed an i n i t i a l c y c l e i n l a t e J u l y and e a r l y A u g u s t , b u t t h e n 

d w i n d l e d t o low z o o p l a n k t o n d e n s i t i e s by l a t e September, d e s p i t e 

r e l a t i v e l y h i g h c h l o r o p h y l l a c o n c e n t r a t i o n s . By c o n t r a s t , t h e 

l a k e managed t o m a i n t a i n t o t a l z o o p l a n k t o n b i o m a s s t h r o u g h o u t 

September and O c t o b e r . I s u s p e c t t h a t t h e O c t o b e r r e v i v a l o f 

E u n i c e L a k e z o o p l a n k t o n b i o m a s s may have been c a u s e d by 

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

September, but do n o t have measurements t o t e s t t h i s 

p o s s i b i l i t y . 
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F i g u r e 25. C h l o r o p h y l l a p e r u n i t a l g a l b i o m a s s . Computed by 
d i v i d i n g l i v e c h l o r o p h y l l a by t o t a l a l g a l b i o m a s s . 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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F i g u r e 26. Phase p l a n e t r a j e c t o r i e s t h r o u g h t i m e o f t o t a l 
z o o p l a n k t o n b i o m a s s and l i v e c h l o r o p h y l l a 
c o n c e n t r a t i o n s . P o i n t s d e s c r i b e v a l u e s o f t h e s e two 
v a r i a b l e s on J u l y 16 and 26; A u g u s t 1, 9, 16, 23 and 30; 
September 6, 13, and 27; and O c t o b e r 11. The 
t r a j e c t o r y o f e n c l o s u r e 1F p a s s e s t h r o u g h t h e same p o i n t 
t w i c e . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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3.3.2 E f f e c t s o f A c i d i f i c a t i o n 

The b e h a v i o u r o f p h y t o p l a n k t o n i n d i c a t o r s i n t r e a t m e n t A was 

r e m a r k a b l y s i m i l a r t o t h e c o n t r o l s . None o f t h e p h y t o p l a n k t o n 

c h a r a c t e r i s t i c s shown i n F i g u r e s 20 t o 25 (and compared i n 

T a b l e s 13 t o 15) d i f f e r e d s i g n i f i c a n t l y between t h e 

a c i d i f i c a t i o n c y l i n d e r s and t h e c o n t r o l s . O t h e r t h a n 

d e m o n s t r a t i n g h i g h e r z o o p l a n k t o n b i o m a s s i n e a r l y A u g u s t , t h e A 

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

c h l o r o p h y l l ( F i g u r e 26) were q u a l i t a t i v e l y s i m i l a r t o t h e 

c o n t r o l s . I n t e r m s o f a v a i l a b l e f o o d f o r z o o p l a n k t o n , i t i s 

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

( l e s s t h a n 13 ym i n d i a m e t e r ) d i d n o t d e c r e a s e i n t h e A 

c y l i n d e r s d u r i n g t h e most a c i d p e r i o d ( A u g u s t 9 t o 30) when t h e 

mean e p i l i m n e t i c pH was 5.72 ± 0.06. T h e r e were a l s o no m a j o r 

s h i f t s i n o t h e r s i z e c l a s s e s o f a l g a e r e l a t i v e t o t h e c o n t r o l s 

d u r i n g A u g u s t ( F i g u r e 2 2 ) . Though i t i s p o s s i b l e t h a t t h e 

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

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

i d e n t i f i c a t i o n s d i d n o t r e v e a l any c h a n g e s i n m a j o r t a x a 

( A p p e n d i x F ) . 

N u l l h y p o t h e s i s 2 ( i i ) (page 41) s t a t e d t h a t a c i d i f i c a t i o n t o 

pH 5.0 d o e s n o t a f f e c t p h y t o p l a n k t o n community b i o m a s s and s i z e 

c o m p o s i t i o n . The r e s u l t s p r o v i d e no e v i d e n c e a g a i n s t t h i s 

h y p o t h e s i s , a t l e a s t f o r a c i d i f i c a t i o n t o pH 5.6. Most 

i m p o r t a n t l y , t h e abundance o f s m a l l , m o s t l y e d i b l e f orms o f 

a l g a e d i d n o t c h a n g e . T h i s i s c o n s i s t e n t w i t h t h e a b s e n c e o f 

any e v i d e n c e o f i n c r e a s e d f o o d l i m i t a t i o n o f z o o p l a n k t o n i n 
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t r e a t m e n t A ( S e c t i o n 3 . 2 . 2 ) . 

3.3.3 E f f e c t s o f F e r t i l i z a t i o n 

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

p h a e o p h y t i n a c o n c e n t r a t i o n s t h a n t h e c o n t r o l s ( T a b l e 1 3 ) . 

W e t z e l (1975, page 353) l i s t 0.3-3 ug»L'1 a s a t y p i c a l r a n g e o f 

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

o l i g o t r o p h i c l a k e s , and 2-15 u g # L ~ 1 a s t y p i c a l f o r m e s o t r o p h i c 

l a k e s . The o b s e r v e d r a n g e o f p i g m e n t c o n c e n t r a t i o n s ( F i g u r e 20) 

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

f r o m o l i g o t r o p h i c t o o l i g o - m e s o t r o p h i c . 

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

p l a n e t r a j e c t o r i e s ( F i g u r e 2 6 ) . R a t h e r t h a n d e c l i n i n g i n t o t a l 

z o o p l a n k t o n b i o m a s s l i k e t h e c o n t r o l s , t h e two F c y l i n d e r 

t r a j e c t o r i e s c o n t i n u e d t o c i r c u l a t e a r o u n d c e n t r o i d s a t 

a p p r o x i m a t e l y 80 ug»L~1 z o o p l a n k t o n and 0.4 Atg»L~ 1 c h l o r o p h y l l , 

u n t i l l a t e September. 

In l a t e September, t h e p h a s e p l a n e t r a j e c t o r i e s i n 

t r e a t m e n t s C, A and F a l l showed i n c r e a s e d c h l o r o p h y l l a 

c o n c e n t r a t i o n s ( F i g u r e 2 6 ) . T h e s e i n c r e a s e s were a p p a r e n t l y n o t 

t h e r e s u l t o f c h a n g e s i n a l g a l c h l o r o p h y l l c o n t e n t ( F i g u r e 2 5 ) , 

but may have been due t o c l a d o c e r a n s s w i t c h i n g t o i n v e s t i n g 

e n e r g y i n r e s t i n g eggs r a t h e r t h a n a s e x u a l eggs and new ( a l g a e -

c o nsuming) i n d i v i d u a l s . 

The mean p e r c e n t a g e o f l i v e c h l o r o p h y l l ( F i g u r e 24) was 

l o w e r i n t r e a t m e n t F (36.6 ± 1.4%) t h a n i n t r e a t m e n t C (41.8 ± 

1.6%), t h o u g h c y l i n d e r 1F showed an anomalous peak o f 60.9% on 
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September 13. P h a e o p h y t i n a may have g e n e r a l l y been a l a r g e r 

f r a c t i o n i n t h e F c y l i n d e r s b e c a u s e of g r e a t e r z o o p l a n k t o n 

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

c o n v e r s i o n t o p h a e o p h y t i n a ( D a l e y and Brown 1973). 

The mean t o t a l a l g a l b i o m a s s was s i g n i f i c a n t l y l o w e r (p = 

0.0005) i n t h e F c y l i n d e r s (0.33 ± 0.07 m g » L " 1 ) t h a n i n t h e 

c o n t r o l s , due t o f a r l e s s c e l l volume i n t h e 13-18 um and >30 um 

s i z e c a t e g o r i e s ( T a b l e 14 shows d i f f e r e n c e s s i g n i f i c a n t a t p < 

0.0001). However, t h e mean bi o m a s s o f a l g a l c e l l s l e s s t h a n 13 

um ( w h i c h I assume t o be m o s t l y e d i b l e ) was s i g n i f i c a n t l y 

g r e a t e r i n t h e F c y l i n d e r s (0.12 ± 0.035 m g « L " 1 ) t h a n i n t h e 

c o n t r o l s (0.060 ± 0.004). The p e r c e n t of t o t a l a l g a l b i o m a s s 

l e s s t h a n 13 um a v e r a g e d 43.9% i n t r e a t m e n t F, b u t o n l y 17% i n 

t h e c o n t r o l s ( F i g u r e 22 and T a b l e 1 5 ) . N u t r i e n t e n r i c h m e n t may 

h a v e p r e f e r e n t i a l l y b e n e f i t t e d s m a l l e r c e l l s , o r may have s i m p l y 

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

h e r b i v o r y . 

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

i n F t h a n C, i t i s no s u r p r i s e t h a t t h e r a t i o o f t h e s e 

v a r i a b l e s , an e s t i m a t e o f a l g a l c h l o r o p h y l l c o n t e n t ( F i g u r e 2 2 ) , 

was h i g h e r i n F (3.7 ± 1.0 jug c h l o r o p h y l l a • mg a l g a e " 1 ) t h a n 

i n C (0.67 ± 0 . 0 9 ) . E s t i m a t e d a l g a l c h l o r o p h y l l c o n t e n t s ( w h i c h 

a r e o n l y a p p r o x i m a t e due t o i m p r e c i s e e s t i m a t e s o f a l g a l 

b i o m a s s ) r e a c h e d maxima o f 17.5 jig c h l o r o p h y l l a • mg a l g a e ' L on 

A u g u s t 1 i n c y l i n d e r IF and 10.3 on A u g u s t 16 i n 8F. By 

c o m p a r i s o n , t h e mean i c e f r e e s e a s o n a l g a l c h l o r o p h y l l c o n t e n t i n 

31 l a k e s i n t h e Kawartha L a k e s - Bay o f Q u i n t e r e g i o n o f O n t a r i o 
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was about 3.07±0.67 nq c h l o r o p h y l l a • mg a l g a e " 1 (computed from 

28 p o i n t s i n F i g u r e 4 of N i c h o l l s and D i l l o n ( 1 9 7 8 ) ) . 

S i n c e i n t h e f e r t i l i z e d c y l i n d e r s an a v e r a g e o f o n l y 56 ± 5% 

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

p h y l e t i c c o m p o s i t i o n o f t h e p h y t o p l a n k t o n community i n t h e C and 

F t r e a t m e n t s a r e n o t w o r t h w h i l e . 

In summary, f e r t i l i z a t i o n i n c r e a s e d t h e a l g a l c h l o r o p h y l l 

c o n t e n t and abundance o f s m a l l , m o s t l y e d i b l e c e l l s . Though I 

do n o t have d a t a on p r i m a r y p r o d u c t i o n , t h e r e i s good e v i d e n c e 

( f r o m p h y t o p l a n k t o n s i z e - d i s t r i b u t i o n s , p h a e o p h y t i n 

c o n c e n t r a t i o n s and z o o p l a n k t o n r e p r o d u c t i o n ) o f i n c r e a s e d f o o d 

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

n u l l h y p o t h e s i s 3 ( i i i ) (page 4 1 ) , w h i c h s t a t e d t h a t 

f e r t i l i z a t i o n a l o n e d o e s n o t a f f e c t t h e a v a i l a b i l i t y o f 

p h y t o p l a n k t o n f o o d f o r z o o p l a n k t o n . 

3^.3^'i. E f f e c t s o f A c i d i f i c a t i o n a nd F e r t i l i z a t i o n 

(i_) J o i n t F l u c t u a t i o n s i n C h l o r o p h y l l , P h a e o p h y t i n and T o t a l  

Z o o p l a n k t o n B i o m a s s 

When a v e r a g e d o v e r t h e whole e x p e r i m e n t , b o t h t h e mean and 

v a r i a n c e o f a l g a l p igment c o n c e n t r a t i o n s were much h i g h e r i n AF 

c y l i n d e r s (1.39 ± 0.11 uq*h~1 c h l o r o p h y l l a a n d 1.82 ± 0.10 

nq»L~ 1 p h a e o p h y t i n a) t h a n i n F (0.51 ± 0.044 and 0.87 ± 0.056). 

U n t i l A u g u s t 9, c h l o r o p h y l l and p h a e o p h y t i n a c o n c e n t r a t i o n s 

were s i m i l a r u n d e r t h e F and AF t r e a t m e n t s ( F i g u r e 2 0 ) . D u r i n g 

A u g u s t 9 t o 23 (when D a p h n i a r o s e a d e n s i t i e s r a p i d l y d e c l i n e d ) , 
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p h a e o p h y t i n - c o r r e c t e d c h l o r o p h y l l c o n c e n t r a t i o n s i n c r e a s e d 910% 

i n c y l i n d e r 3AF, and a p p r o x i m a t e l y 580% i n c y l i n d e r 7AF. (The 

A u g u s t 9 c h l o r o p h y l l c o n c e n t r a t i o n i n 7AF i s m i s s i n g f r o m 

F i g u r e 20, b u t was l i k e l y c l o s e t o 0.5 /ug*L" 1 b a s e d on t h e 

S e c c h i d e p t h a t t h a t t i m e (5.5 m) and t h e c h l o r o p h y l l - S e c c h i 

d e p t h r e g r e s s i o n e q u a t i o n i n A p p e n d i x D ) . 

Were t h e l a r g e i n c r e a s e s i n t r e a t m e n t AF c h l o r o p h y l l 

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

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

c y l i n d e r s ? W i t h o u t p r i m a r y p r o d u c t i v i t y measurements I c a n n o t 

d i s c r i m i n a t e between t h e s e two p o s s i b i l i t i e s . However, t h e f a c t 

t h a t c h l o r o p h y l l c o n c e n t r a t i o n s on A u g u s t 23 were 2 ag*L~1 

h i g h e r i n 3AF t h a n 7AF i s c o n s i s t e n t w i t h t h e v i e w t h a t t h e 

c h l o r o p h y l l i n c r e a s e s were due p r i m a r i l y t o t h e l o s s o f 

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

p r e s e n t i n 3AF t h a n i n 7AF d u r i n g t h i s p e r i o d ( F i g u r e 12 and 

S e c t i o n 3 . 2 . 4 ( i ) ) . 

The p e r c e n t of l i v e c h l o r o p h y l l ( F i g u r e 24) i n c r e a s e d 

s h a r p l y between A u g u s t 16 and 23 i n b o t h AF c y l i n d e r s , b u t n o t 

i n t h e F e n c l o s u r e s . T h i s d i f f e r e n c e may have been due t o l o w e r 

h e r b i v o r e g r a z i n g i n t r e a t m e n t AF, c a u s i n g r e d u c e d c o n v e r s i o n o f 

c h l o r o p h y l l t o p h a e o p h y t i n ( D a l e y and Brown 1973). The d e c r e a s e 

i n p e r c e n t p h a e o p h y t i n a i n t r e a t m e n t AF ( i n c r e a s e i n p e r c e n t 

l i v e c h l o r o p h y l l ) was p r o b a b l y n o t r e l a t e d t o d i r e c t pH e f f e c t s 

on t h e a l g a e , s i n c e D a l e y (1973) f o u n d t h e r e v e r s e : d e c r e a s e d pH 

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

c h l o r o p h y l l . O v e r a l l , t h e mean % l i v e c h l o r o p h y l l was l o w e r i n 
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F (36.6 ± 1.4%) than i n AF (42.0 ± 1.7%). 

C h l o r o p h y l l c o n c e n t r a t i o n s d e c l i n e d 2 M g # L " 1 i n both AF 

c y l i n d e r s between August 23 and 30, w i t h very l i t t l e i n c r e a s e i n 

t o t a l zoop lankton biomass u n t i l the f o l l o w i n g week ( F i g u r e 2 6 ) . 

These events c r e a t e d "L-shaped" phase p lane t r a j e c t o r i e s i n the 

AF c y l i n d e r s that were analogous to the path seen i n E u n i c e Lake 

i n l a t e September, but of much l a r g e r a m p l i t u d e . 

Changes i n both h e r b i v o r e g r a z i n g and p r i m a r y p r o d u c t i o n 

were l i k e l y r e s p o n s i b l e f o r the "L-shape" t r a j e c t o r i e s i n A F . 

I n c r e a s e s i n the food a v a i l a b l e to c l a d o c e r a n zoop lankton l e a d 

to g r e a t e r f e e d i n g r a t e s (Burns and R i g l e r 1967, Buckingham 

1978), deve lopmenta l r a t e s (Weglenska 1971, N e i l l 1981b) and 

r e p r o d u c t i o n (Weglenska 1971). In treatment A F , h i g h 

c h l o r o p h y l l a c o n c e n t r a t i o n s on August 23 were f o l l o w e d by h i g h 

d e n s i t i e s of c l a d o c e r a n eggs on August 30, w i t h development of 

those eggs i n t o a d u l t s i n the f o l l o w i n g week (See F i g u r e 17 

(page 89) f o r Bosmina l o n q i r o s t r i s ) . (With abundant food and 

temperatures of 1 6 - 1 8 ° C B . l o n q i r o s t r i s and Chydorus s p h a e r i c u s 

r e q u i r e o n l y 5 to 6 days to r e a c h r e p r o d u c t i v e m a t u r i t y (Goulden 

et a l . 1978, Weglenska 1971).) The g r a z i n g r a t e s of Bosmina and 

Chydorus must have been h i g h to have produced such dramat i c 

i n c r e a s e s i n egg and an imal d e n s i t i e s between August 23 and 

September 6, and may have been e n t i r e l y r e s p o n s i b l e for the 

August 23 to 30 d e c l i n e s i n c h l o r o p h y l l a c o n c e n t r a t i o n s . T h i s 

s u g g e s t i o n i s suppor ted by the sharp decrease i n Chydorus 

d e n s i t i e s a f t e r September 6, which was very l i k e l y due to the 

p o p u l a t i o n o v e r s h o o t i n g the a v a i l a b l e food s u p p l y . However, 
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n u t r i e n t l i m i t a t i o n a n d / o r s e l f - s h a d i n g ( n o t e t h e t r a n s p a r e n c y 

d e c r e a s e s d u r i n g A u g u s t 9 t o 23 i n F i g u r e 9) p e r h a p s a l s o 

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

The September 6 t o 13 r e d u c t i o n s i n t o t a l z o o p l a n k t o n 

b i o m a s s ( 6 7 % i n 3AF and 66% i n 7AF) may have a l l o w e d c h l o r o p h y l l 

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

h e r b i v o r e g r a z i n g . Two u n c e r t a i n t i e s w h i c h weaken t h i s 

e x p l a n a t i o n a r e t h e d i e t o f C h y d o r u s s p h a e r i c u s ( d i d i t f e e d o f f 

b o t h p e r i p h y t i c a l g a e and p h y t o p l a n k t o n ? ) a n d t h e a b s e n c e o f 

c h l o r o p h y l l measurements on September 6. 

( i i ) E s t i m a t e s o f A l g a l Biomass by C e l l C o u n t s 

R e p l i c a t i o n o f a l g a l b i o m a s s ( e s t i m a t e d by c e l l v o l u m e s ) 

a p p e a r e d a d e q u a t e i n t h e AF c y l i n d e r s i n t h e < 13 um a n d 13-18 

um s i z e c a t e g o r i e s , b u t was v e r y p o o r i n t h e 18-30 um s i z e 

c a t e g o r y ( F i g u r e 2 1 ) . T a b l e 16 shows t h a t d u r i n g t h e p e r i o d 

f r o m A u g u s t 1 t o September 13, t h e marked d i f f e r e n c e s i n t o t a l 

a l g a l b i o m a s s between AF r e p l i c a t e s were due a l m o s t e n t i r e l y t o 

d i f f e r e n c e s i n t h e abundance of one t a x o n o n l y : l a r g e , s p h e r i c a l 

c o l o n i e s o f C h r y s o c a p s a s p . N o t e t h a t t h e sum o f d i f f e r e n c e s i n 

t o t a l a l g a l b i o m a s s between t h e two r e p l i c a t e s o v e r t h i s s i x 

week p e r i o d was o n l y 0.1% a p a r t f r o m t h e sum o f d i f f e r e n c e s i n 

C h r y s o c a p s a b i o m a s s ( T a b l e 1 6 ) . The low numbers o f c o l o n i e s 

c o u n t e d ( T a b l e 16) s u g g e s t t h a t t h e l a r g e w i t h i n - t r e a t m e n t 

v a r i a t i o n may have been due p r i m a r i l y t o i n a d e q u a t e s u b - s a m p l i n g 

p r o c e d u r e a s d i s c u s s e d i n S e c t i o n 2.2.2 ( i i ) . T h e s e g l o b u l a r 

c o l o n i e s ( w h i c h m easured on a v e r a g e 22 jim i n d i a m e t e r and 5600 



Table 16. Differences in total algal biomass and biomass of Chrysocapsa colonies between cylinders 7AF and 
3AF during the period August 1 to September 13, 1979. 

Cylinder 
3AF 7AF (7AF-3AF) 

Date Total 
Algal 
Biomass 
(mg-L"1) 

Chrysocapsa Colonies Total 
Algal 
Biomass 
(mg-L"1) 

Chrysocapsa colonies Total 
Algal 
Biomass 
(mg-L"1) 

Chrysocapsa colonies Total 
Algal 
Biomass 
(mg-L"1) 

Bi omass 
(mg-L"1) 

No. 
Colonies 

Total 
Algal 
Biomass 
(mg-L"1) 

Biomass 
(mg-L"1) 

No. 
Colonies 

Total 
Algal 
Biomass 
(mg-L"1) 

Biomass 
(mg-L"1) 

No. 
Colonies 

August 1 0.75 0.18 1 2.28 1.78 10 1.52 1.60 9 
9 0.13 0. 0 0.82 0.36 2 0.69 0.36 2 
16 0.51 0.04 10* 3.25 2.85 16 2.74 2.80 * 
23 0.76 0.36 2 1.16 0.89 10 0.40 0.53 8 
30 0.79 0.36 2 1.37 1.07 9 0.58 0.71 7 

September 6 0.31 0. 0 1.75 1.42 8 1.44 1.42 8 
13 0.14 0. 0 0.35 0.18 1 0.22 0.18 1 

Biomass 
Totals 3.38 0.94 10.97 8.54 7.59 7.60 

(Numbers may not sum to totals due to rounding errors.) 
* Smaller colonies 8umin diameter. (All other colonies were 24umin diameter.) The difference between 7AF and 

3AF in No. Colonies is not shown due to this size difference. 
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Mm3 i n volume) are most ly c l e a r muc i lage ( P r e s c o t t 1978), so 

tha t they would not c o n t r i b u t e much c h l o r o p h y l l . T h i s 

sugges t ion i s c o n s i s t e n t w i t h observed c h l o r o p h y l l 

c o n c e n t r a t i o n s , which were lower i n 7AF than 3AF i n s p i t e of a 

much g r e a t e r volume of Chrysocapsa in the former t u b e . 

Chrysocapsa a l s o caused the r a t i o of c h l o r o p h y l l to a l g a l 

biomass ( F i g u r e 25) to be much lower in the 7AF (2 .9 ± 0.85 M9 

c h l o r o p h y l l mg a l g a l b i om ass" 1 ) than i n 3AF (4 .8 ± 0 . 7 5 ) . 

Due to C h r y s o c a p s a , the mean biomass i n the 18-30 urn s i z e 

c l a s s was g r e a t e r i n AF than F . Treatment AF a l s o c o n t a i n e d a 

g r e a t e r mean biomass of f i l a m e n t s and c e l l s of d iameter above 30 

Mm (Table 14 and Appendix F ) . A l t h o u g h Chrysocapsa was more 

abundant i n AF than F , i t does not f o l l o w tha t a c i d i f i c a t i o n of 

n u t r i e n t - e n r i c h e d waters f a c i l i t a t e d the growth of C h r y s o c a p s a ; 

r e l a t i v e l y l a r g e numbers of c o l o n i e s were p r e s e n t i n 7AF on 

August 1 when the e p i l i m n e t i c pH was s t i l l 6 .15 . The c o n c u r r e n t 

sharp i n c r e a s e s i n t o t a l z o o p l a n k t o n biomass and Chrysocapsa 

c o l o n i e s d u r i n g the p e r i o d from J u l y 26 to August 1 i n d i c a t e s 

t h a t the abundance of these l a r g e c o l o n i e s were not reduced by 

i n t e n s i v e z o o p l a n k t o n g r a z i n g p r e s s u r e . Consumption of s m a l l e r 

a l g a l c e l l s by Daphnia may have f a c i l i t a t e d growth of 

Chrysocapsa through removal of c o m p e t i t o r s , as suggested by 

Lynch and S h a p i r o (1981) f o r Aphanizomenon. 

Of p a r t i c u l a r i n t e r e s t was the biomass of s m a l l , mos t ly 

e d i b l e a l g a l c e l l s < 13 am i n treatment A F , r e l a t i v e t o 

t rea tments F and A . Over the whole exper iment , there was no 

s i g n i f i c a n t d i f f e r e n c e between trea tments AF and F i n the mean 
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b i o m a s s l e s s t h a n 13 Mm (0.12 ± 0.14 m g » L ~ 1 i n AF and 0.12 ± 

0.035 i n F; p=0.86). However, d i f f e r e n c e s between F and AF i n 

t h e a l g a l b i o m a s s < 13 Mm were a p p a r e n t i n t h e s e c o n d h a l f o f 

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

L a s t l y , I f o u n d s i g n i f i c a n t l y g r e a t e r mean v o l u m e s o f a l g a e l e s s 

t h a n 13 Mm d i a m e t e r i n AF t h a n A (p = 0.001; T a b l e 1 4 ) . 

In a d d i t i o n t o c h l o r o p h y l l measurements and m i c r o s c o p e c e l l 

c o u n t s , I o b t a i n e d i n f o r m a t i o n on n e t p l a n k t o n c o m p o s i t i o n 

( l a r g e r t h a n 54 Mm) f r o m z o o p l a n k t o n s a m p l e s . Net p l a n k t o n 

became v e r y abundant i n t h e z o o p l a n k t o n s a m p l e s t a k e n i n AF 

c y l i n d e r s a f t e r A u g u s t 23. Common g e n e r a were T a b e l l a r i a s p p . , 

Oedogonium spp. and M o u g e o t i a s p p . M o u g e o t i a was m o s t l y 

d i s t r i b u t e d a t 5-7 m, b a s e d on v e r t i c a l l y s t r a t i f i e d s a m p l e s 

t a k e n f r o m t h e AF c y l i n d e r s on September 6 a n d O c t o b e r 11. 

A l t h o u g h t h e above a l g a l g e n e r a were a l s o f o u n d i n z o o p l a n k t o n 

s a m p l e s from t h e F c y l i n d e r s , t h e i r d e n s i t i e s were c o n s i d e r a b l y 

l o w e r . 

( i i i ) E f f e c t s o f L o s s o f D a p h n i a on H e r b i v o r e C o n t r o l o f  

P h y t o p l a n k t o n and P h y t o p l a n k t o n Community S i z e S t r u c t u r e 

In t h i s s e c t i o n , I compare t h e h e r b i v o r o u s z o o p l a n k t o n 

c o m m u n i t i e s i n t r e a t m e n t s F a n d AF i n t e r m s of t h e i r s i z e 

s t r u c t u r e and p a r t i c l e r e m o v a l c a p a b i l i t i e s . The o b j e c t i v e o f 

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

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

h e r b i v o r e s on t h e p h y t o p l a n k t o n community. T h e r e f o r e , t h e 

a n a l y s i s examines z o o p l a n k t o n and p h y t o p l a n k t o n d a t a b e f o r e and 
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a f t e r t h e l o s s o f D. r o s e a i n AF. 

F i g u r e 27 shows t h e e s t i m a t e d f i l t e r i n g r a t e s f o r e a c h 

s p e c i e s i n t h e F and AF t r e a t m e n t s , b o t h p r i o r t o D a p h n i a ' s 

d e c l i n e ( J u l y 16 t o Au g u s t 9 t h ) and f o l l o w i n g i t ( A u g u s t 30 t o 

O c t o b e r 1 1 ) . The e i g h t s p e c i e s have been g r a p h e d a c c o r d i n g t o 

t h e i r mean s i z e s t o r e f l e c t z o o p l a n k t o n community s i z e 

s t r u c t u r e . E s t i m a t e d f i l t e r i n g r a t e s were computed by 

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

m e a sured a t s i m i l a r t e m p e r a t u r e s b u t c i r c u m n e u t r a l pH 

( T a b l e 1 7 ) . T h e s e f i l t e r i n g e s t i m a t e s a r e o n l y a p p r o x i m a t e , 

s i n c e t h e y assume t h a t 1) t h e s i z e s o f a n i m a l s , s e s t o n 

c o n c e n t r a t i o n and s i z e d i s t r i b u t i o n , and f o o d q u a l i t y i n H e a r t 

L a k e (Haney 1973) were s i m i l a r t o t h o s e f o u n d i n t h e F and AF 

c y l i n d e r s ; and 2) f i l t e r i n g r a t e change a r e n e g l i g i b l e . I w i l l 

comment on t h e s e two a s s u m p t i o n s b e f o r e d i s c u s s i n g t h e e s t i m a t e d 

f i l t e r i n g r a t e s . 
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F i g u r e 27. E s t i m a t e d f i l t e r i n g r a t e s o f z o o p l a n k t o n s p e c i e s 
p r e s e n t i n t r e a t m e n t s F and AF o v e r two t i m e p e r i o d s ; 
J u l y 16 - A u g u s t 9 ( p r i o r t o c o l l a p s e o f D. r o s e a i n 
A F ) ; and A u g u s t 30 - O c t o b e r 11 (when o t h e r c l a d o c e r a n s 
had r e p l a c e d D a p h n i a r o s e a ) . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : F = f e r t i l i z a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . S t a n d a r d d e v i a t i o n s a p p l i e d t o mean 
l e n g t h s t o i l l u s t r a t e t h e r a n g e o f a n i m a l s i z e s and 
i m p l i e d p a r t i c l e h a n d l i n g c a p a b i l i t y . A v e r a g e o f 68 ± 
20.0 (SD) a n i m a l s p e r s p e c i e s m e asured i n f i r s t t i m e 
p e r i o d and 32 ± 8.5 i n s e c o n d . F i l t e r i n g r a t e s t a n d a r d 
e r r o r s b a s e d on n = 8 and n = 10 f o r f i r s t and s e c o n d 
t i m e p e r i o d s r e s p e c t i v e l y . T o t a l f i l t e r i n g r a t e s 
( " T o t a l = ") a r e t h e sums o f i n d i v i d u a l s p e c i e s ' mean 
r a t e s . L a r g e s i z e o f D. r o s e a i n AF d u r i n g A u g u s t 30 -
O c t o b e r 11 p e r i o d e x p l a i n e d i n S e c t i o n 3 . 2 . 4 ( i ) . Mean 
f i l t e r i n g r a t e s p e r i n d i v i d u a l a n i m a l drawn from s o u r c e s 
l i s t e d i n T a b l e 17. 
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T a b l e 17. Assumed f i l t e r i n g r a t e s f o r s p e c i e s i n F i g u r e 27. 

S p e c i e s F i l t e r i n g R a t e R e f e r e n c e 
m l » i n d " 1 » d a y " 1 

( 1 ) 

D a p h n i a r o s e a  

D i a ptomus k e n a i  

D i a ptomus t y r r e l l i 

5.5 

16.6 

0.48 

H o l o p e d i u m g i b b e r u m 9.4 

Bosmina l o n g i r o s t r i s 0.44 

Diaphanbsoma b r a c h y u r u m 1.6 

C e r i o d a p h n i a p u l c h e l l a 4.6 

C h y d o r u s s p h a e r i c u s 0.18 

Haney (1973) 

Buckingham ( 1978) ( 2 > 

Haney (1973) ( 3 ) 

Haney (1973) 

Haney (1973) 

Haney (1973) 

Haney (1973) 

Haney (1973) 

% f i l t e r e d » d a y ~ 1 = ( i n d « m l " 1 ) x ( m l » i n d " ' " d a y " 1 ) X 1 0 0 
a s s u m i n g a d r y w e i g h t s e s t o n c o n c e n t r a t i o n o f 5 m g » l i t e r _ 1 , 
t e m p e r a t u r e s o f 8-12°C and mean D i a p t o m u s k e n a i b i o m a s s 
of 21.7 /ig. 
measured f o r D. o r e q o n e n s i s 

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

Haney (1973; page 110) were g e n e r a l l y g r e a t e r t h a n t h o s e shown 

i n F i g u r e 27, a n d mean s e s t o n l e v e l s i n t r e a t m e n t s AF and F were 

a b o u t 3-6 t i m e s l o w e r t h a n t h e l e v e l s f o u n d i n H e a r t L a k e (15 

m g « l i t e r _ 1 ) . (As s e s t o n was not me a s u r e d i n t h e e n c l o s u r e s , 

t h i s e s t i m a t e i s b a s e d on mean p h y t o p l a n k t o n c o n c e n t r a t i o n s and 

p r e v i o u s measurements o f l a k e s e s t o n ( N e i l l 1978).) S i n c e l o w e r 

f o o d abundance r e q u i r e s h i g h e r f i l t e r i n g r a t e s t o o b t a i n t h e 

same e n e r g y ( B u r n s and R i g l e r 1967), F i g u r e 27 l i k e l y 

u n d e r e s t i m a t e s t h e p e r c e n t o f e n c l o s e d w a t e r t h e a n i m a l s would 
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have f i l t e r e d p e r day. 

A s s u m p t i o n 2) may be j u s t i f i a b l e f o r a c i d - t o l e r a n t s p e c i e s , 

but t h i s i s by no means c e r t a i n . Though i n Haney's s t u d y , 

B. l o n g i r o s t r i s showed no r e d u c t i o n i n f i l t e r i n g r a t e between 

c i r c u m n e u t r a l H e a r t L a k e and Bog L a k e (pH 4 . 5 ) , sudden c h a n g e s 

i n pH may c a u s e t e m p o r a r y d e c r e a s e s i n maximal f i l t e r i n g r a t e s 

( I v a n o v a 1969, K r i n g a n d O ' B r i e n 1 9 76). T h e s e c o n s i d e r a t i o n s 

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

F i g u r e 27 a r e l i k e l y r e a s o n a b l e . 

P r i o r t o t h e d e c l i n e o f D. r o s e a A u g u s t 9 t o 16, t r e a t m e n t 

AF f i l t e r i n g was v e r y s i m i l a r t o t r e a t m e n t F ( F i g u r e 2 7 ) . From 

J u l y 16 t o A u g u s t 9, D. r o s e a p r o v i d e d on a v e r a g e a b o u t 80% o f 

t h e t o t a l z o o p l a n k t o n f i l t e r i n g i n t r e a t m e n t s F and AF. I t i s 

not known what s i z e c l a s s e s o f a l g a e t h e d a p h n i d s a c t u a l l y 

consumed. However, I c a n e s t i m a t e t h e maximum s i z e p a r t i c l e 

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

( 1 9 6 8 ) : 

Y = 22X + 4.87 (4) 

where: 

Y = d i a m e t e r o f l a r g e s t p l a s t i c b e a d i n g e s t e d (nm), 

w i t h a 95% c o n f i d e n c e i n t e r v a l o f ±9nm; and 

X = c a r a p a c e l e n g t h o f a f i l t e r - f e e d i n g c l a d o c e r a n (mm) 

S u b s t i t u t i n g t h e mean l e n g t h o f D. r o s e a (1.1mm) i n t o e q u a t i o n 

(4) l e a d s t o t h e s u g g e s t i o n t h a t a l g a l c e l l s up t o 29±9 urn i n 

d i a m e t e r c o u l d t h e o r e t i c a l l y have been i n g e s t e d by D. r o s e a . 
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From A u g u s t 30 t o O c t o b e r 11, t r e a t m e n t AF had a g r e a t e r 

mean t o t a l f i l t e r i n g r a t e (4.0%) t h a n F ( 3 . 0 % ) ; ( F i g u r e 2 7 ) . 

However, t h i s f i l t e r i n g was l a r g e l y p r o v i d e d by s m a l l 

c l a d o c e r a n s , w h i c h were a p p a r e n t l y n o t so e f f e c t i v e a s t h e F 

c y l i n d e r z o o p l a n k t o n a t g r a z i n g c h l o r o p h y l l down t o low 

c o n c e n t r a t i o n s ( F i g u r e 2 6 ) . I h y p o t h e s i z e t h a t t h e l o s s o f 

D. r o s e a i n AF c r e a t e d an u n b a l a n c e d s i z e d i s t r i b u t i o n o f 

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

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

A g a i n u s i n g t h e e m p i r i c a l e q u a t i o n o f B u r n s ( 1 9 6 8 ) , I e s t i m a t e 

t h a t d u r i n g t h e p e r i o d f r o m A u g u s t 30 t o O c t o b e r 5, a b o u t 85% o f 

t h e h e r b i v o r o u s f i l t e r i n g i n t h e AF c y l i n d e r s d u r i n g t h e A u g u s t 

30 - O c t o b e r 5 p e r i o d would have been by s p e c i e s c o n s u m i n g 

p r i m a r i l y a l g a l c e l l s l e s s t h a n 13Atm i n s i z e . D. k e n a i was t h e 

o n l y h e r b i v o r e i n AF l a r g e enough t o f i l t e r l a r g e c e l l s , b u t i t s 

n u m e r i c a l r e s p o n s e was t o o slow t o f i l l t h e gap l e f t by D. r o s e a 

( a t l e a s t w i t h i n t h e t i m e h o r i z o n o f t h i s e x p e r i m e n t ) . D. k e n a i 

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

f o l l o w i n g F e b r u a r y (A. Chapman, u n p u b l i s h e d d a t a ) . 

I f t h e z o o p l a n k t o n community c h a n g e s i n AF d e c r e a s e d t o t a l 

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

s m a l l e r p a r t i c l e s , one would e x p e c t g r e a t e r t o t a l a l g a l b i o m a s s 

i n AF t h a n F, but a s m a l l e r p r o p o r t i o n o f t o t a l a l g a l b i o m a s s i n 

c e l l s £13jim i n d i a m e t e r . P h y t o p l a n k t o n d a t a were g e n e r a l l y 

c o n s i s t e n t w i t h t h e s e e x p e c t a t i o n s . T a b l e 18 l i s t s t h e b i o m a s s 

o f p h y t o p l a n k t o n i n forms w i t h maximum d i m e n s i o n £13ym, and 

bi o m a s s o f l a r g e r f o r m s . C h r y s o c a p s a c o l o n i e s a r e n o t i n c l u d e d 
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i n T a b l e 18, due t o t h e i r i n e d i b l e n a t u r e and t h e i r s t r o n g b i a s 

on e s t i m a t e d a l g a l b i o m a s s ( S e c t i o n 3.3.4 ( i i ) ) . 

T a b l e 18. Mean a l g a l b i o m a s s by majo r s i z e c l a s s e s i n t r e a t m e n t s 
F and AF, b e f o r e and a f t e r t h e c o l l a p s e o f D a p h n i a i n AF. 
Biomass o f C h r y s o c a p s a c o l o n i e s n o t i n c l u d e d -
se e t e x t f o r e x p l a n a t i o n . 

Time T r e a t - A l g a l S i z e Mean Biomass % o f Mean T o t a l 
P e r i o d ment C l a s s ' 1 ) ± SE [mg/L] B i o m a s s 

J u l y 
t o 

Aug. 9 

(n=8) 

16 

AF 

<13nm 
> 1 3jLini 
T o t a l 

<1 3^m 
> 1 3 am 
T o t a l 

0.05±0.01 
0.09±0.04 
0.14±0.04 

37, 
62, 

100, 

0.10±0.02 
0.20±0.07 
0.30±0.07 

32 
67 

100-

Aug. 30 
t o 

O c t . 5 

£1 3/xm 
> 1 3 Aim 
T o t a l 

(n=12) AF <1 3nm 
> 13nm 
T o t a l 

0.18±0.06 
0.12±0.04 
0.30±0.08 

59.1 
40.9 

100 

0.11±0.02 
0.27±0.05 
0.38±0.05 

28.8 
71.2 

100 

b a s e d on maximum d i m e n s i o n o f c e l l o r c o l o n y . F i l a m e n t s 
( i n c l u d e d i n >13/xm s i z e c l a s s ) were <5% o f t h e t o t a l b i o m a s s 
i n AF, and <2% i n F ( T a b l e 15 and F i g u r e 2 2 ) . 

P r i o r t o t h e c o l l a p s e o f D. r o s e a i n t h e AF c y l i n d e r s ( J u l y 16 

t o A u g u s t 9) t h e p e r c e n t o f t o t a l a l g a l b i o m a s s ^13um was 

s i m i l a r i n AF and F ( T a b l e 18) w h i c h i s c o n s i s t e n t w i t h t h e 

s i m i l a r f i l t e r i n g p a t t e r n t h e s e two t r e a t m e n t s showed d u r i n g 

t h i s p e r i o d ( F i g u r e 2 7 ) . I t i s s u r p r i s i n g t h a t t h e mean t o t a l 

a l g a l b i o m a s s was n e a r l y t w i c e a s h i g h i n AF a s i n F d u r i n g t h i s 
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p e r i o d , s i n c e mean c h l o r o p h y l l a l e v e l s were s i m i l a r (0.37 ± 

0.07 Axg #L" 1 i n F and 0.42 ± 0.08 y g » L - 1 i n A F ) . I t i s p o s s i b l e 

t h a t s u b l e t h a l pH l e v e l s i n t r e a t m e n t AF l o w e r e d b o t h t h e a c t u a l 

f i l t e r i n g r a t e s o f h e r b i v o r e s ( a s shown by K r i n g and O ' B r i e n 

(1976) f o r D a p h n i a p u l e x ) a n d a l s o t h e c h l o r o p h y l l c o n t e n t o f 

a l g a l c e l l s . However, I have no d a t a on a c t u a l f i l t e r i n g r a t e s . 

A f t e r t h e c o l l a p s e o f D a p h n i a (August 30 t o O c t o b e r 5 ) , 

t r e a t m e n t AF c o n t a i n e d l e s s a l g a l b i o m a s s i n s m a l l c e l l s t h a n 

d i d t r e a t m e n t F, b o t h q u a n t i t a t i v e l y and as a p e r c e n t o f t o t a l 

a l g a l b i o m a s s ( T a b l e 1 8 ) . 

T h e s e r e s u l t s , and t h e h i g h c h l o r o p h y l l a c o n c e n t r a t i o n s i n 

AF a f t e r t h e l o s s o f D. r o s e a , s u g g e s t t h a t a c i d i f i c a t i o n -

i n d u c e d m o r t a l i t y o f D a p h n i a : 1) r e d u c e d o v e r a l l h e r b i v o r e 

c o n s u m p t i o n o f l a r g e p a r t i c l e s ; a n d 2) l e d t o z o o p l a n k t o n 

community c h a n g e s w h i c h i n c r e a s e d g r a z i n g p r e s s u r e on s m a l l 

p a r t i c l e s . 

H i g h e r c h l o r o p h y l l c o n c e n t r a t i o n s i n t r e a t m e n t AF t h a n F i n 

September m i g h t have been p a r t i a l l y due t o g r e a t e r p r i m a r y 

p r o d u c t i o n . N u t r i e n t t u r n o v e r may have been f a s t e r i n AF d u r i n g 

t h i s month, s i n c e s m a l l e r h e r b i v o r e s have f a s t e r m e t a b o l i c r a t e s 

and h i g h e r P r e l e a s e r a t e s p e r u n i t b i o m a s s ( P e t e r s and R i g l e r 

1973, Lehman 1980a). T u r n o v e r r a t e s may a f f e c t b o t h t h e r a t e 

and q u a l i t y o f p h y t o p l a n k t o n p r o d u c t i o n (Lehman 1980b). W i t h o u t 

measurements o f p a r t i c l e s i z e - s e g r e g a t e d p r i m a r y p r o d u c t i o n and 

z o o p l a n k t o n g r a z i n g r a t e s , I c a n n o t q u a n t i t a t i v e l y a s s e s s t h e 

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

i n h e r b i v o r e g r a z i n g . 
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The r e s u l t s i n t h i s l o n g s e c t i o n a r e b e s t summarized by 

r e f e r r i n g back t o t h e o r i g i n a l n u l l h y p o t h e s e s i n T a b l e 5 (page 

4 1 ) . 

N u l l h y p o t h e s i s 4 ( i i ) s t a t e d t h a t n u t r i e n t e n r i c h m e n t d u r i n g 

e x p e r i m e n t a l a c i d i f i c a t i o n t o pH 5.0 does n o t a l l e v i a t e a c i d -

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

S e c t i o n 3.3.2 d e m o n s t r a t e d t h a t a c i d i f i c a t i o n a l o n e ( t o pH 5.6) 

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

S e c t i o n 3.3.4 showed t h a t f e r t i l i z a t i o n d u r i n g a c i d i f i c a t i o n 

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

a l g a e (<13Mm) o v e r t h a t i n t r e a t m e n t A. However, t h e b e n e f i t s 

o f t h i s i n c r e a s e d f o o d t o a c i d - s e n s i t i v e D a p h n i a r o s e a were 

overwhelmed by t h e t o x i c i t y o f pH 5.4 water ( S e c t i o n 3.2.4 ( i ) ) . 

N u l l h y p o t h e s i s 5 ( i i ) s t a t e d t h a t g r a d u a l e x p e r i m e n t a l 

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

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

t r e a t m e n t s F and AF c o n t r a d i c t t h i s h y p o t h e s i s . A f t e r t h e 

c o l l a p s e o f D. r o s e a i n t r e a t m e n t AF, mean ' c h l o r o p h y l l a 

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

c o n c e n t r a t i o n s r e m a i n e d c o n s t a n t . The r e p l a c e m e n t o f D. r o s e a 

by s m a l l e r h e r b i v o r e s i n t r e a t m e n t AF g r e a t l y i n c r e a s e d t h e 

e s t i m a t e d f i l t e r i n g r a t e s of a l g a l c e l l s s m a l l e r t h a n 13 Mm, and 

d e c r e a s e d f i l t r a t i o n o f l a r g e r c e l l s , a p p a r e n t l y c a u s i n g AF 

a l g a l b i o m a s s t o become d o m i n a t e d by l a r g e r c e l l s . In t r e a t m e n t 

F (where D. r o s e a p e r s i s t e d ) , a l g a l b i o m a s s was d o m i n a t e d by 

s m a l l e r c e l l s . 
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N u l l h y p o t h e s i s 5 ( i i i ) s t a t e d t h a t g r a d u a l e x p e r i m e n t a l 

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

a b i l i t y of p l a n k t o n s y s t e m s t o a b s o r b e n r i c h m e n t p e r t u r b a t i o n s . 

The e x p e r i m e n t d i d n o t p r o c e e d l o n g enough t o r i g o r o u s l y t e s t 

t h i s h y p o t h e s i s . However, t h e r e s u l t s s u g g e s t t h a t 

a c i d i f i c a t i o n may i n c r e a s e t h e amount o f p l a n k t o n s y s t e m 

f l u c t u a t i o n f o l l o w i n g e n r i c h m e n t . D u r i n g t h e s i x weeks 

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

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

C h y d o r u s s p h a e r i c u s , Bosmina l o n q i r o s t r i s , and Diaphanosoma  

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

t h e s e z o o p l a n k t e r s c o l l a p s e d . By c o n t r a s t , t r e a t m e n t F 

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

t h e same p e r i o d . 
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4. DISCUSSION 

"I n o u r e n d e a v o r t o u n d e r s t a n d r e a l i t y we a r e 

somewhat l i k e a man t r y i n g t o u n d e r s t a n d t h e 

mechanism o f a c l o s e d w a t c h . He s e e s t h e f a c e and 

t h e moving hands, even h e a r s i t s t i c k i n g , b u t has 

no way o f o p e n i n g t h e c a s e . I f he i s i n g e n i o u s , 

he may form some p i c t u r e o f a mechanism w h i c h 

c o u l d be r e s p o n s i b l e f o r a l l t h e t h i n g s he 

o b s e r v e s , b u t he may n e v e r be q u i t e s u r e h i s 

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

o b s e r v a t i o n s . " 

E i n s t e i n (1938; page 31) 

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

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

a c i d i f i c a t i o n a c t u a l l y t a k e s p l a c e i n whole l a k e s (and t h e i r 

w a t e r s h e d s ) o v e r p e r i o d s g e n e r a l l y g r e a t e r t h a n t e n y e a r s . 

T h e r e a r e t h r e e m a j o r ways i n w h i c h t h e e x p e r i m e n t a l s e t t i n g and 

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

1) E n c l o s u r e e f f e c t s : d i f f e r e n c e s i n b i o p h y s i c a l 

c o n d i t i o n s between t h e l a k e and 

t h e e x p e r i m e n t a l e n c l o s u r e s ; 

2) N a t u r e o f t h e p e r t u r b a t i o n : d i f f e r e n c e s between t h e p h y s i c a l 

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

i n a c i d i f y i n g l a k e s and t h e 

c o n d i t i o n s p r o d u c e d by my 
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e x p e r i m e n t a l t r e a t m e n t s . 

3) R e s p o n s e t o p e r t u r b a t i o n : d i f f e r e n c e s between l a k e s and 

e n c l o s u r e s i n t h e i r r e s p o n s e s t o 

i n c r e a s e d a c i d a n d / o r n u t r i e n t 

l o a d i n g , due t o t h e l i m i t e d s i z e 

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

e x p e r i m e n t . 

The f i r s t two i s s u e s a r e c o n s i d e r e d i n S e c t i o n s 4.1 and 4.2. 

I have a d d r e s s e d t h e t h i r d i s s u e t h r o u g h o u t S e c t i o n s 4.3 t o 4.5, 

by c o m p a r i n g t h e r e s p o n s e s of p a r t i c u l a r e c o s y s t e m components i n 

t h i s e x p e r i m e n t w i t h t h o s e o b s e r v e d i n a c i d i c l a k e s . 

4.j_ E n c l o s u r e E f f e c t s 

D i f f e r e n c e s between the c o n t r o l c y l i n d e r s and t h e l a k e do 

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

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

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

d i v e r g i n g t o o f a r f r o m t h a t of t h e l a k e . The major r e s u l t s 

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

l i s t e d i n T a b l e 19. 

C o n t r o l e n c l o s u r e s showed s i g n i f i c a n t l y l o w e r a l k a l i n i t i e s 

a nd h y d r o g e n i o n c o n c e n t r a t i o n s t h a n t h e l a k e a t 1 and 3 m, 

w h i c h I h y p o t h e s i z e was p r i m a r i l y t h e r e s u l t o f l i g h t l i m i t a t i o n 

on p h o t o s y n t h e t i c u p t a k e o f N 0 3
_ , a p r o c e s s t h a t g e n e r a t e s 

a l k a l i n i t y (Brewer and Goldman 1976). S i n c e mean a l k a l i n i t i e s 

were 16 jxeq'L" 1 l e s s i n t h e c o n t r o l s t h a n i n E u n i c e L a k e , a l g a e 

i n t h e c o n t r o l s would had t o have t a k e n up r o u g h l y 16 A i e q « L ~ 1 
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Table 19. Summary of 1979 results relevant to hypotheses on 
enclosure effects. 

Null Hypotheses (from pg 41) Major Results 

Enclosure of plankton systems 
and removal of cutthroat trout 
predation does not affect: 
light transmission, 

pH, 

alkalinity, 

phytoplankton, and 

zooplankton 

falsified: increased light 
extinction by non-
chlorophyll factors in 
controls (vs. lake) 
no evidence against 
hypothesis 
falsified: epilimnetic 
alkalinity significantly 
reduced, metalimnetic 
alkalinity significantly 
increased 
some evidence against 
hypothesis: controls had 
decreased biomass of 
algal cells < 13 yg and 
Gleocystis, and apparent 
decrease in primary 
production near end of 
experiment 
some evidence against 
hypothesis: controls 
showed collapse of 
Holopedium gibberum 
populations, altered 
dynamics of Daphnia  
rosea,appearance of 
Chydorus sphaericus, 
lncreased lengths of 
Daphnia rosea and 
Diaptomus kenai 
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l e s s N0 3" (0.99 mg»Lr 1 ) t h a n d i d E u n i c e Lake a l g a e (See S e c t i o n 

4.3 f o r s t o i c h i o m e t r i c e q u a t i o n s ) . U n f o r t u n a t e l y I have no 

measurements o f N0 3" l e v e l s t o t e s t whether o r n o t t h i s 

c o n d i t i o n p r e v a i l e d . N e i l l ( u n p u b l i s h e d d a t a ) made p h o t o m e t e r 

measurements i n l i m n o c o r r a l s a n c h o r e d i n G w e n d o l i n e L a k e , 

u p s t r e a m o f E u n i c e L a k e . He f o u n d t h a t l i g h t l e v e l s a t 1m d e p t h 

were 20% l o w e r i n t h e l i m n o c o r r a l s t h a n i n t h e l a k e , b u t t h a t 

d i f f e r e n c e s i n l i g h t i n t e n s i t y d e c r e a s e d w i t h d e p t h and were 

n e g l i g i b l e below 5 m ( N e i l l , p e r s . comm.). Though my e n c l o s u r e s 

were 0.5 m l a r g e r i n d i a m e t e r t h a n N e i l l ' s , t h e y p r o b a b l y s h a d e d 

t h e upper w a t e r s a t l e a s t a s much due t o t h e U V - p r o t e c t i v e 

o r a n g e c o a t i n g on t h e c y l i n d e r ' s t o p 0.7 m. C o n s i s t e n t w i t h t h e 

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

g r e a t e r kw ( e x t i n c t i o n c o e f f i c i e n t f o r f a c t o r s o t h e r t h a n 

c h l o r o p h y l l ) . L i g h t l i m i t a t i o n i s p r o b a b l y n e g l i g i b l e i n 

e x p e r i m e n t s w i t h c y l i n d e r s g r e a t e r t h a n 5 m i n d i a m e t e r . M u l l e r 

(1980) f o u n d no d i f f e r e n c e i n e x t i n c t i o n c o e f f i c i e n t s o f l i g h t 

i n t e n s i t y between c o n t r o l t u b e s and l a k e 223; h i s e n c l o s u r e s 

were 10 m i n d i a m e t e r and 2.5 m deep. A t t h e o t h e r s i z e 

e x t r e m e , M a r s h a l l and M e l l i n g e r (1980) f o u n d t h a t l i g h t 

i n t e n s i t i e s i n 8 l i t e r t r a n s l u c e n t p o l y e t h y l e n e c a r b o y s were 

e q u i v a l e n t t o Lak e M i c h i g a n l i g h t i n t e n s i t i e s 1.7 m d e e p e r . 

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

e p i l i m n e t i c a l k a l i n i t y i n t h e c o n t r o l s , two a l t e r n a t i v e 

h y p o t h e s e s t o e x p l a i n t h i s o b s e r v a t i o n a r e : 

1) n u t r i e n t l i m i t a t i o n i n t h e " l i m n e t i c z o n e " o f t h e 

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

and 

2) l o s s o f b i c a r b o n a t e c o n t r i b u t i o n s from t h e w a t e r s h e d 

t o m a i n t a i n a l k a l i n i t y . 

P e r i p h y t o n g r o w t h was n o t o b s e r v e d i n t h e t o p 2 m o f t h e c o n t r o l 

c y l i n d e r s , and was p r o b a b l y n o t s u f f i c i e n t a t 3 m t o c a u s e 

n u t r i e n t l i m i t a t i o n . The e x t r e m e l y d r y w e a t h e r o f J u l y and 

A u g u s t ( F i g u r e 4) makes i t u n l i k e l y t h a t w a t e r s h e d f l u s h i n g o f 

e i t h e r n u t r i e n t s o r b u f f e r s were r e s p o n s i b l e f o r l o w e r 

a l k a l i n i t i e s d u r i n g t h e s e months. T h e s e two a l t e r n a t e 

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

e p i l i m n e t i c a l k a l i n i t i e s i n t h e c o n t r o l s t h a n i n t h e l a k e . 

One c o n s e q u e n c e of t h e d i f f e r e n c e i n e p i l i m n e t i c a l k a l i n i t y 

between t h e c o n t r o l s and E u n i c e L a k e i s t h a t t h e c y l i n d e r s 

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

t h a n i n t h e l a k e . The e p i l i m n e t i c pH r e d u c t i o n s a c h i e v e d by my 

a c i d a d d i t i o n s t o A c y l i n d e r s were a b o u t 0.5 pH u n i t s more 

s e v e r e t h a n would have o c c u r r e d u nder e q u i v a l e n t H + l o a d i n g t o 

t h e l a k e . T h i s i s e s t i m a t e d f r o m t h e pH d r o p c a u s e d by t h e l a s t 

16 /neq»L" 1 d e c l i n e i n a l k a l i n i t y i n t r e a t m e n t A ( I6=the mean 

a l k a l i n i t y d i f f e r e n c e between t h e c o n t r o l s and E u n i c e L a k e ) . 

The v e r t i c a l d i s t r i b u t i o n o f pH and a l k a l i n i t y i s s t r o n g l y 

a f f e c t e d by t h e u t i l i z a t i o n o f C 0 2 i n t h e zone o f p r i m a r y 

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

d e c o m p o s i t i o n o r t r o p h o l y t i c zone ( H u t c h i n s o n 1957; p g . 6 8 5 ) . 

Deep, o l i g o t r o p h i c l a k e s w i t h o r t h o g r a d e oxygen c u r v e s 

f r e q u e n t l y show t h e g r a d u a l d e c l i n e i n pH and a l k a l i n i t y w i t h 
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d e p t h e x h i b i t e d by E u n i c e Lake ( i b i d , p g . 6 8 5 ) . U n l i k e t h e 

l a k e , t h e c o n t r o l c y l i n d e r s showed i n c r e a s e s i n a l k a l i n i t y and 

pH between 5 and 7 m. S i n c e c o n t r o l t u b e oxygen measurements on 

A u g u s t 1 ( o n l y d a t e t a k e n ) showed c o n c e n t r a t i o n s o f 9.5 m g « L ~ 1 

a t 7 m, i t seems u n l i k e l y t h a t a n a e r o b i c c o n d i t i o n s and 

d e n i t r i f i c a t i o n c o u l d have g e n e r a t e d t h e a l k a l i n i t y . A l k a l i n i t y 

i s i n c r e a s e d by a e r o b i c d e c o m p o s i t i o n o f o r g a n i c n i t r o g e n t o 

N H „ + and OH" (Brewer and Goldman 1976). However, i f t h e N H 4
+ so 

g e n e r a t e d were c o n v e r t e d i n t o N 0 3 " by n i t r i f y i n g b a c t e r i a , w h i c h 

commonly o c c u r s above a e r o b i c s e d i m e n t s (Keeney 1972), I w o u l d 

have s e e n a n e t d e c r e a s e r a t h e r t h a n an i n c r e a s e i n a l k a l i n i t y . 

W i t h o u t n i t r a t e and ammonia measurements i n t h e c y l i n d e r s a n d 

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

o b s e r v e d a l k a l i n i t y d i f f e r e n c e s a t 5-7 m. 

The i n c r e a s e i n d e n s i t i e s o f C h y d o r u s s p h a e r i c u s i n t h e 

c o n t r o l s s i x weeks a f t e r t h e s t a r t o f t h e e x p e r i m e n t may have 

been a s s i s t e d by t h e e x i s t e n c e o f t h e c y l i n d e r w a l l s . 

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

r a r e l y f o u n d i n t h e l i m n e t i c zone o f E u n i c e Lake ( F r y e r 1968, 

N o r t h c o t e and C l a r o t t o 1975). M a r s h a l l and M e l l i n g e r (1980) 

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

weeks i n 8 l i t e r e n c l o s u r e s ( r e l a t i v e t o L a k e M i c h i g a n ) , b u t i n 

e x p e r i m e n t s t h e y p e r f o r m e d i n 150 m 3 e n c l o s u r e s i n Lake 223, 

C h y d o r u s s p h a e r i c u s d i d not d i f f e r i n abundance between t h e 

c o n t r o l s and t h e l a k e . 
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The r a p i d e x t i n c t i o n of H o l o p e d i u m g i b b e r u m i n a l l 

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

a c i d t o l e r a n t . ( M a l l e y e t a l . (1982) f o u n d t h a t d e n s i t i e s o f 

H. g i b b e r u m i n c r e a s e d t w e n t y f o l d a s L a k e 223 was a c i d i f i e d from 

pH 6.8 t o 5.37.) However, s i n c e t h e b i o m a s s o f H. g i b b e r u m i n 

E u n i c e L a k e d e c l i n e d t o v e r y low l e v e l s by t h e t h e end o f A u g u s t 

( F i g u r e 10), e n c l o s u r e e f f e c t s were n o t s o l e l y r e s p o n s i b l e f o r 

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

Mean d e n s i t i e s o f d a p h n i d s and t h e i r e ggs were l o w e r i n t h e 

c o n t r o l s t h a n i n E u n i c e L a k e , d a p h n i d l e n g t h s were l o n g e r i n t h e 

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

t h e l a k e p o p u l a t i o n . T h e s e d i f f e r e n c e s were p r o b a b l y due 

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

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

d a p h n i d l e n g t h s and p e r h a p s a l s o c a u s e o v e r g r a z i n g ) . 

D i f f e r e n c e s between t h e c o n t r o l s and E u n i c e Lake i n 

d e n s i t i e s and l e n g t h s o f D i a p t o m u s k e n a i a l s o s u g g e s t t h a t s i z e -

s e l e c t i v e p r e d a t i o n was i m p o r t a n t i n E u n i c e L a k e . I t would be 

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

few a d d e d f i s h . 

L a s t l y , i t s h o u l d be s t r e s s e d t h a t w i t h i n s e a s o n e x t i n c t i o n s 

o f z o o p l a n k t o n i n a c i d i f y i n g e n c l o s u r e s do n o t n e c e s s a r i l y i m p l y 

y e a r - t o - y e a r e x t i n c t i o n s i n a c i d i f y i n g l a k e s . D i f f e r e n t a b i o t i c 

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

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

c o n d i t i o n s i n l a k e s may a l l o w some p o p u l a t i o n s t o become more 

a c i d t o l e r a n t ; and r e s t i n g e ggs i n l e s s a c i d , b o t t o m w a t e r s ( o r 
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p o p u l a t i o n s i n u n a c i d i f i e d u p s t r e a m l a k e s ) may a l l o w a c i d -

s e n s i t i v e s p e c i e s t o p e r s i s t . 

4.2 E v a l u a t i o n o f t h e P h y s i c a l and C h e m i c a l E f f e c t s o f t h e 

E x p e r i m e n t a l A c i d i f i c a t i o n 

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

s i m u l a t e l a k e a c i d i f i c a t i o n ? T h i s s e c t i o n compares a c i d l a k e s 

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

i o n i c c o n t e n t , e f f e c t i v e n e s s o f a c i d i f i c a t i o n i n r e m o v i n g 

a l k a l i n i t y , r a t e s o f pH c h a n g e , and t r a n s p a r e n c y . 

The a c i d i f i c a t i o n of w a t e r s h e d s and l a k e s i s c o r r e l a t e d w i t h 

many c h e m i c a l c h a n g e s t h a t were n o t s i m u l a t e d i n t h i s 

e x p e r i m e n t . The c h e m i s t r y o f l a k e s w i t h pH l e v e l s s i m i l a r t o 

t h e AF c y l i n d e r s i s n e a r l y a l w a y s c h a r a c t e r i z e d by i n c r e a s e d 

c o n c e n t r a t i o n s o f s u l f a t e and aluminum and o f t e n shows e l e v a t e d 

l e v e l s o f c a l c i u m , manganese, magnesium, m e r c u r y , cadmium, z i n c , 

and l e a d (Aimer e t a l . 1978, G j e s s i n g e t a l . 1978, H e n r i k s e n and 

W r i g h t 1978, H u t c h i n s o n e t a l . 1978, S c h e i d e r e t a l . 1979, 

G a l l o w a y and L i k e n s 1979, D r i s c o l l e t a l . 1980, D i c k s o n 1980). 

M o b i l i z a t i o n o f m e t a l s f r o m w a t e r s h e d s o i l s ( C r o n a n and 

S c h o f i e l d 1979) and l a k e s e d i m e n t s ( S c h i n d l e r e t a l . 1980b) were 

a l s o n o t s i m u l a t e d . A l s o , o n l y s u l f u r i c a c i d was ad d e d t o t h e 

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

o f t h e a c i d i t y i n p r e c i p i t a t i o n i n Norway ( B r a e k k e 1976) and t h e 

n o r t h e a s t e r n U n i t e d S t a t e s ( L i k e n s e t a l . 1979). 
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E x t r a p o l a t i o n s f r o m my e x p e r i m e n t t o a c i d i f y i n g l a k e s 

r e q u i r e one t o assume t h a t i n c r e a s e d [ H + ] and [ S 0 4 " 2 ] a r e t h e 

key i o n i c s h i f t s a f f e c t i n g p l a n k t o n community change i n a c i d 

l a k e s . T h i s a s s u m p t i o n i s n o t v a l i d f o r h i g h l y m e t a l -

c o n t a m i n a t e d a c i d l a k e s ( e . g . l e s s t h a n 20 km downwind o f 

S u d b u ry, O n t a r i o ) where b o t h z o o p l a n k t o n and p h y t o p l a n k t o n 

c o m m u n i t i e s have l i k e l y been a l t e r e d by h i g h c o p p e r and n i c k e l 

c o n c e n t r a t i o n s ( H u t c h i n s o n and S t o k e s 1975, W h i t b y e t a l . 1978, 

Yan and M i l l e r 1981). 

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

aluminum c o n c e n t r a t i o n s a r e t h e most f r e q u e n t l y c i t e d m e t a l 

c o n t a m i n a t i o n ( r e v i e w e d by NRCC 1981). A l t h o u g h I d i d n o t 

measure t o t a l aluminum c o n c e n t r a t i o n s , t h e y c o u l d n o t have 

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

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

I t i s n o t known whether aluminum c o n c e n t r a t i o n s i n a c i d i f i e d 

l a k e s i n c r e a s e pH t o x i c i t y t o z o o p l a n k t o n . E x p e r i m e n t a l s t u d i e s 

have d e m o n s t r a t e d t h a t t h e c o n c e n t r a t i o n and s p e c i e s o f aluminum 

g r e a t l y i n f l u e n c e s t h e s u r v i v a l of brown t r o u t (Muniz and 

L e i v e s t a d 1980) and b r o o k t r o u t f r y ( D r i s c o l l e t a l . 1980, B a k e r 

and S c h o f i e l d 1980) a t low pH. Low pH k i l l s z o o p l a n k t o n 

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

sodium l o s s ( P o t t s and F r y e r 1979, Havas 1980). Havas (1980) 

f o u n d t h a t a d d i t i o n s o f 1 mg A l » L ~ 1 t o pond w a t e r d i d n o t change 

t h e m o r t a l i t y o f D. magna a t pH 4.5 (median s u r v i v a l t i m e was 70 

h o u r s ) , b u t a d d i n g 5 mg A l / 1 r e d u c e d median s u r v i v a l t o 10 

h o u r s . She a l s o f o u n d t h a t a d d i n g 20 mg A l » L ~ 1 t o pond w a t e r a t 
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pH 4.5 r e d u c e d t h e median s u r v i v a l t i m e of D. m i d d e n d o r f f i a n a 

f r o m 140 t o 10 h o u r s . S u b l e t h a l e f f e c t s may however o c c u r a t 

much l o w e r c o n c e n t r a t i o n s : B i e s i n g e r and C h r i s t e n s e n (1972) 

f o u n d 16% i m p a i r m e n t o f r e p r o d u c t i o n i n D a p h n i a magna a t 0.32 mg 

A l » L ~ 1 . Mean aluminum c o n c e n t r a t i o n s i n O n t a r i o and N o r w e g i a n 

a c i d l a k e s o f pH 4.5 a r e a b o u t 15 t o 60 t i m e s l o w e r t h a n Havas' 

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

r e p r o d u c t i v e i m p a i r m e n t i n t h e l a b o r a t o r y ( T a b l e 2 0 ) . I n 

e x a m i n i n g T a b l e 20, i t i s i m p o r t a n t t o r e c o g n i z e t h a t s p r i n g 

m e l t e p i s o d e s may g e n e r a t e aluminum c o n c e n t r a t i o n s s i g n i f i c a n t l y 

h i g h e r t h a n t h e mean and i n c r e a s e t o x i c i t y ( D r i s c o l l e t 

a l . 1 980). M a l l e y e t a l . (1982) c o n c l u d e d t h a t e x p e r i m e n t a l 

a c i d i f i c a t i o n o f Lake 223 t o pH 5.37 d i d n o t e l e v a t e e i t h e r 

h e avy m e t a l s o r aluminum t o t o x i c l e v e l s , b u t t h e i r e x p e r i m e n t 

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

T h e r e f o r e , t h e r e i s n o t y e t s u f f i c i e n t e v i d e n c e t o r e j e c t 

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

aluminum a d d i t i o n s ) a d e q u a t e l y s i m u l a t e t h e t o x i c i t y e f f e c t s o f 

a c i d i f i c a t i o n on z o o p l a n k t o n c o m m u n i t i e s a t pH l e v e l s above 5.0. 

At pH l e v e l s o f 4.5 o r l o w e r , t h i s a s s u m p t i o n a p p e a r s more 

t e n u o u s . 

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

a p p r o x i m a t e l y 98% e f f e c t i v e i n d e p l e t i n g t h e e n c l o s u r e s ' 

a l k a l i n i t y . T h i s c o n t r a s t s w i t h major s p r i n g m e l t H* l o a d s t o 

a c i d i f y i n g l a k e s i n Norway ( H e n r i k s e n and W r i g h t 1977), Sweden 

( H u l t b e r g 1977) a n d O n t a r i o ( J e f f r i e s e t a l . 1 9 79). M e l t w a t e r , 

a l t h o u g h c a u s i n g s h a r p pH d e c l i n e s i n t h e n e a r s u r f a c e w a t e r s , 
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Location No. Lakes PH Al (mg/1) 

Norway 
Central 
Coastal 
Western 
South-central and 
eastern 

52 
20' 
23 
26 

6.4 ± 0.64 
5.4 ± 0.40 
5.22 ± 0.17 
4.76 ± 0.33 

0.028 ± 0.047 
0.086 ± 0.066 
0.055 ± 0.019 
0.208 ± 0.086 

Ontario 
Muskoka-Haliburton 
Sudbury 
Sudbury 

14 
2 
5 

5.6 - 6.8 
5.5 

4.0 - 4.6 

0.049 
0.069 

0.280 - 0.380 
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t e n d s t o be b uoyed up by i n v e r s e s t r a t i f i c a t i o n and moves a c r o s s 

t h e t o p o f t h e l a k e t o t h e o u t l e t o n l y p a r t i a l l y m i x e d . F o r 

example, i n Norway's Lak e L a n t j e r n , 85-90% o f t h e a c i d m e l t w a t e r 

l e a v e s t h e l a k e w i t h o u t d e p l e t i n g a l k a l i n i t y ( H e n r i k s e n and 

W r i g h t 1977). Summer s t r a t i f i c a t i o n c an c r e a t e i m p o r t a n t 

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

o f d e e p e r w a t e r s e v i d e n t i n t r e a t m e n t s A and AF was a l s o 

o b s e r v e d by S c h i n d l e r e t a l . (1980a) i n t h e e x p e r i m e n t a l 

a c i d i f i c a t i o n o f Lake 223. 

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

a c i d i f i c a t i o n t r e a t m e n t s , I would have needed t o add more H* t o 

consume t h e same amount o f a l k a l i n i t y , s i n c e N 0 3 " a s s i m i l a t i o n 

by a l g a e g e n e r a t e s a l k a l i n i t y (See S e c t i o n 4 . 3 ) . A l s o , 

i n c r e a s e d N 0 3 " c o n c e n t r a t i o n s would p r o b a b l y have a f f e c t e d t h e 

s p e c i e s c o m p o s i t i o n of t h e p h y t o p l a n k t o n community, and p e r h a p s 

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

Under low oxygen c o n d i t i o n s , b i c a r b o n a t e g e n e r a t i o n f r o m 

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

e f f e c t of summer a d d i t i o n s o f H 2 S O 0 ( S c h i n d l e r e t a l . 1 9 8 0 a ) . 

In Lake 223 i n 1977, s u c h b u f f e r i n g i n c r e a s e d t h e v o l u m e -

w e i g h t e d a v e r a g e a l k a l i n i t y 11 y e q ' L " 1 , and was l a r g e l y 

r e s p o n s i b l e f o r t h e a d d e d H 2 S O i , b e i n g o n l y 31% e f f i c i e n t a t 

r e m o v i n g a l k a l i n i t y ( S c h i n d l e r e t a l . 1980a). F e r t i l i z a t i o n o f 

a c i d i c M o u n t a i n t o p Lake i n O n t a r i o (pH 4.62) a l s o g e n e r a t e d 

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

s u l p h a t e r e d u c t i o n (Yan and L a f r a n c e 1981). K e l l y e t a l . (1982) 

have shown t h a t t h e h y p o l i m n i a o f a r t i f i c i a l l y e u t r o p h i e d l a k e s 
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c o u l d p o t e n t i a l l y p r o d u c e enough a l k a l i n i t y t o n e u t r a l i z e 

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

n o t . However, as water i n t h e A e n c l o s u r e s was w e l l o x y g e n a t e d , 

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

d e e p e r c y l i n d e r s e x t e n d i n g i n t o E u n i c e L a k e ' s a n o x i c z o n e , I 

wou l d a l s o have e n c o u n t e r e d i n c r e a s e s i n h y p o l i m n e t i c a l k a l i n i t y 

g e n e r a t e d by s u l f a t e - r e d u c e r s . 

The i m p o r t a n t one u n i t pH change o b s e r v e d A u g u s t 9 t o 16 i n 

t h e e p i l i m n i o n o f t h e AF e n c l o s u r e s , a l t h o u g h coming i n summer 

r a t h e r t h a n s p r i n g , i s w i t h i n t h e o b s e r v e d r a n g e o f s p r i n g pH 

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

( J e f f r i e s e t a l . 1979). T h e r e f o r e , t h o u g h t h e o v e r a l l r a t e o f 

change i n mean pH was much f a s t e r t h a n has been o b s e r v e d i n 

a c i d i f y i n g l a k e s ( D i c k s o n 1975), t h e s i m u l a t e d pH d e p r e s s i o n s 

were r e a s o n a b l e . 

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

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

t r a n s p a r e n c y . F i r s t , p u b l i s h e d s t u d i e s s h o w i n g c o r r e l a t i o n s 

between l a k e a c i d i t y and t r a n s p a r e n c y do n o t r e v e a l whether h i g h 

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

p r e v i o u s l y (NRCC 1981). S e c o n d , t h e most t h o r o u g h l y m o n i t o r e d 

c a s e s t u d y a t i n t e r m e d i a t e pH l e v e l s was t h e e x p e r i m e n t 

a c i d i f i c a t i o n o f Lake 223, w h i c h d i d n o t i n c l u d e a c i d i f i c a t i o n 

o f t h e w a t e r s h e d . 

E x p e r i m e n t a l a c i d i f i c a t i o n i n t r e a t m e n t A c a u s e d : 1) a 

t r a n s i e n t 0.8m i n c r e a s e i n t r a n s p a r e n c y ; 2) no s i g n i f i c a n t 

c hange i n mean n o n c h l o r o p h y l l l i g h t e x t i n c t i o n ; and 3) a s l i g h t 
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i n c r e a s e i n mean S e c c h i d e p t h s (7.14±0.23 m i n t r e a t m e n t A a t 

mean pH 5.85, v e r s u s 6.72±0.35 m i n t h e c o n t r o l s a t mean pH 

6.44) ( S e c t i o n 3 .13). T h e s e r e s u l t s c a n be compared t o b o t h 

m u l t i - l a k e s u r v e y s and t h e Lake 223 r e s u l t s . I n a s u r v e y o f 209 

l a k e s i n t h e Sudbury A r e a , t h e 25 l a k e s w i t h mean pH 5.5-6.0 had 

a mean S e c c h i d e p t h of 5.80±0.42 m; 68 l a k e s w i t h mean pH 6.5-

7.0 had a mean S e c c h i d e p t h o f 4.80±0.22 m (NRCC 1981). 

E x p e r i m e n t a l a c i d i f i c a t i o n o f Lak e 223 f r o m pH 6.79 t o 6.08 

d u r i n g 1976-1977 was a c c o m p a n i e d by a 0.8m i n c r e a s e i n mean 

S e c c h i d e p t h s , w i t h no c o n c u r r e n t d e c r e a s e i n a l g a l b i o m a s s 

( S c h i n d l e r e t a l . 1980a). 

Aimer e t a l . (1978) have shown t h a t aluminum c a n r a p i d l y 

p r e c i p i t a t e humic m a t e r i a l s a t pH 5, and s u g g e s t e d t h a t t h i s 

mechanism may be p a r t i a l l y r e s p o n s i b l e f o r t h e c l a r i t y o f a c i d 

l a k e s . Lake 223 aluminum c o n c e n t r a t i o n s were f a r below t h e 

l e v e l s shown by Aimer e t a l . t o a f f e c t t r a n s p a r e n c y ( S c h i n d l e r 

e t a l . 1980a); t h i s was v e r y l i k e l y a l s o t h e c a s e i n t h e A 

c y l i n d e r s . S c h i n d l e r (1980) has h y p o t h e s i z e d t h a t i n c r e a s e s i n 

c l a r i t y a t pH l e v e l s n e a r 6 may be due t o c h a n g e s i n t h e c o l o u r 

o f d i s s o l v e d m a t e r i a l s . S i n c e L a k e 223 d i d n o t show c h a n g e s i n 

a b s o r p t i o n o f b l u e (425 nm) l i g h t ( S c h i n d l e r e t a l . 1980a), t h i s 

h y p o t h e s i s depends upon a c i d w a t e r s showing d e c r e a s e d a b s o r p t i o n 

a t l o n g e r w a v e l e n g t h s , a p r e d i c t i o n w h i c h s h o u l d be r e l a t i v e l y 

e a s y t o t e s t . 
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4.3 B i o t i c P r o c e s s i n g o f Ammonium N i t r a t e A d d i t i o n s 

A d d i t i o n s o f f e r t i l i z e r were r e s p o n s i b l e f 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 d e c r e a s e s i n e p i l i m n e t i c a l k a l i n i t y i n b o t h t h e F 

and AF t r e a t m e n t s ; i n t h e l a t t e r t r e a t m e n t , t h e a l k a l i n i t y 

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

t h e s e d e c r e a s e s were due p a r t i a l l y t o p r e f e r e n t i a l a l g a l 

a s s i m i l a t i o n of NH,* o v e r N0 3~, and p a r t i a l l y t o b a c t e r i a l 

n i t r i f i c a t i o n . T h e s e two p o s s i b i l i t i e s a r e d i s c u s s e d s e p a r a t e l y 

b elow. 

The s t o i c h i o m e t r y of a l g a l NH, + a s s i m i l a t i o n f i r s t p r o p o s e d 

by R e d f i e l d e t a l . (1963) and r e c e n t l y c o n f i r m e d by Brewer and 

Goldman (1976) a n d Goldman and Brewer ( 1 9 8 0 ) , i s a s f o l l o w s : 

l 06CO 2+l06H 2O+16NH f t
+ — > ( C H 2 0 ) . 0 6

+ ( N H 3 ) « 6 + 1 6 H + + 1 0 6 ( 0 2 ) (5) 

W h i l e e a c h m o l e c u l e o f a s s i m i l a t e d N H « + d e p l e t e s an e q u i v a l e n t 

q u a n t i t y o f a l k a l i n i t y , t h e r e v e r s e o c c u r s under n i t r a t e 

a s s i m i l a t i o n : 

106C0 2+138H 20+16N0 3- ~ > C H 2 0 ) . 0 6
 + ( N H 3 ) . 6 +160H" +1 3 8 ( 0 2 ) (6) 

S i n c e NH(,N03 i s b a l a n c e d i n a l k a l i n i t y - i n c r e a s i n g and d e p l e t i n g 

f o rms o f n i t r o g e n , t h e a l k a l i n i t y d e c r e a s e s I o b s e r v e d i n 

f e r t i l i z e r t r e a t m e n t s c o u l d o n l y have been due t o a l g a l 

a s s i m i l a t i o n i f NH, + was a s s i m i l a t e d p r e f e r e n t i a l l y . Most o f 

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

o f N H „ + o v e r N 0 3" when b o t h a r e p r e s e n t . ( P r a t t and Fong 1940; 
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Cramer and Myers 1948; L u i and R o e l s 1972; Brewer and Goldman 

1976, B a t e s 1976; M c C a r t h y e t a l . 1977; E p p l e y e t a l . 1979; 

O l s o n 1980). I t i s p o s s i b l e t h a t t h e change i n p h y t o p l a n k t o n 

s p e c i e s c o m p o s i t i o n i n d u c e d by my e x p e r i m e n t a l f e r t i l i z a t i o n 

a f f e c t e d o v e r a l l r a t e s o f NH 0 * and N0 3~ a s s i m i l a t i o n . 

The mechanism r e s p o n s i b l e f o r p r e f e r e n t i a l N H „ * u p t a k e i s 

s u p p r e s s i o n o f i n t r a c e l l u l a r n i t r a t e r e d u c t i o n ( f a i l u r e o f 

i n d u c t i o n of n i t r a t e r e d u c t a s e ) when ammonium i s p r e s e n t i n 

g r o w i n g c e l l s ( Z i n k and V e l i k y 1977). M c C a r t h y e t a l . (1977) 

showed t h a t NHft* c o n c e n t r a t i o n s g r e a t e r t h a n 0.5 t o 1.0 Aig-atom 

N » L " 1 a l m o s t t o t a l l y s u p p r e s s e d N0 3~ u t i l i z a t i o n by a wide 

v a r i e t y o f p h y t o p l a n k t o n s p e c i e s . S i n c e t h e e p i l i m n i o n o f my 

f e r t i l i z e d e n c l o s u r e s (F and AF) r e c e i v e d a p p r o x i m a t e l y 5.4 jug-

atom N « l i t e r " 1 as NHft* d u r i n g e a c h o f 4 n u t r i e n t a d d i t i o n s 

( t o t a l o f 2 1 . 6 ) , i t seems r e a s o n a b l e t h a t N 0 3" u p t a k e was 

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

Under t h e s t o i c h i o m e t r y shown i n e q u a t i o n ( 9 ) , e a c h o f t h e 

f o u r n u t r i e n t a d d i t i o n s c o u l d have c a u s e d an a l k a l i n i t y 

r e d u c t i o n o f 5.4 M e q « L ~ 1 a s s u m i n g o n l y NH„ + a s s i m i l a t i o n . To 

y i e l d t h e 10 neq»L~1 d e c r e a s e i n a l k a l i n i t y o b s e r v e d i n F 

e n t i r e l y by a l g a l n i t r o g e n p r o c e s s i n g , t h e r a t i o o f NH a
+:N0 3~ 

a l g a l a s s i m i l a t i o n would have t o have been a t l e a s t 1.9 

( i . e . 21 .6/[21 .6-1 0 ] ) . S i m i l a r l y , t h e 8 jueq*L" 1 d e c r e a s e i n AF 

woul d have r e q u i r e d an NH, +:N0 3" a s s i m i l a t i o n r a t i o o f 1.6. 

P r a t t and Fong (1940) o b s e r v e d a l k a l i n i t y d e c r e a s e s due t o a l g a l 

N H „ + u p t a k e , b u t f o l l o w i n g t h e d e p l e t i o n o f NH a* i n t h e i r 

c u l t u r e s t h e pH r o s e r a p i d l y , w h i c h t h e y a t t r i b u t e d t o 
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a b s o r p t i o n o f n i t r a t e i o n s . G i v e n t h e v e r y h i g h N:P a t o m i c 

r a t i o o f my n u t r i e n t a d d i t i o n s (33.2:1, w i t h h a l f o f t h e 

n i t r o g e n a s NH„ + ) i t i s p o s s i b l e t h a t NH f l
+ n e v e r d i d become 

d e p l e t e d ; w i t h o u t n u t r i e n t measurements I c a n n o t t e l l . 

B a c t e r i a l n i t r i f i c a t i o n c a n a l s o d e p l e t e a l k a l i n i t y , by 

o x i d i z i n g ammonium t o n i t r i c a c i d v i a t h e f o l l o w i n g r e a c t i o n s 

(Weber and Stumm 1963): 

2NH, + + 3 0 2 -"> 2N0 2 + 4H + + 2H 20 (7) 

2N0 2 + 0 2 --> 2N0 3- (8) 

The r e a c t i o n s i n e q u a t i o n s (7) and (8) a r e p e r f o r m e d by t h e 

b a c t e r i a N i t r o s o m o n a s and N i t r o b a c t e r r e s p e c t i v e l y . Note t h a t 

e q u a t i o n (7) p o t e n t i a l l y p r o d u c e s t w i c e a s much a c i d i t y a s N H « * 

a s s i m i l a t i o n by a l g a e ( E q u a t i o n 8 ) . 

Was n i t r i f i c a t i o n a s i m p o r t a n t i n t r e a t m e n t AF a s i n F? 

B a c t e r i a l n i t r i f i c a t i o n o f i n d u s t r i a l w a t e r s h e d s has been 

r e s p o n s i b l e f o r t h e a c i d i f i c a t i o n o f Lake O r t a i n N o r t h e r n I t a l y 

t o pH v a l u e s n e a r 4 ( G e r l e t t i and P r o v i n i 1978). G e r l e t t i and 

P r o v i n i d e m o n s t r a t e d e x p e r i m e n t a l l y t h a t n i t r i f i c a t i o n a t 2 5 ° C 

p r o c e e d e d c o n s i d e r a b l y s l o w e r a t pH 5 t h a n a t pH 7. I n 

a d d i t i o n , n a t u r a l L a k e O r t a d e n s i t i e s o f n i t r i f i e r s h ad t o be 

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

t h a n two t o t h r e e months. T h e i r r e s u l t s s u g g e s t t h a t l e s s 

n i t r i f i c a t i o n o c c u r r e d i n t r e a t m e n t AF t h a n F. 
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In r e t r o s p e c t , i t would have been p o s s i b l e t o d i s t i n g u i s h 

between a l g a l a s s i m i l a t i o n and b a c t e r i a l n i t r i f i c a t i o n w i t h a 24 

h r s e r i e s o f NH, +, N0 3" and N0 2~ measurements, s i n c e o n l y 

n i t r i f i c a t i o n w ould a f f e c t n i g h t t i m e N0 3" c o n c e n t r a t i o n s . 

A l t e r n a t i v e l y , I c o u l d have examined d a y t i m e a l k a l i n i t y a n d 

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

a s s i m i l a t i o n o f u r e a ( C O - ( N H 2 ) 2 ) d o e s n o t p r o d u c e a c i d i t y 

(Brewer and Goldman 1976), but b a c t e r i a l o x i d a t i o n o f u r e a d o e s 

(Hunt and Boyd 1981). 

B i o t i c p r o c e s s i n g o f n i t r o g e n a p p e a r s t o have been i m p o r t a n t 

i n t h i s e x p e r i m e n t - how i m p o r t a n t i s i t i n low a l k a l i n i t y l a k e s 

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

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

f o r m o f n i t r o g e n a v a i l a b l e t o a l g a e . E x p e r i m e n t a l f e r t i l i z a t i o n 

o f low a l k a l i n i t y Lake 227 w i t h NaN0 3 c a u s e d t h e pH t o i n c r e a s e 

f r o m 6.5 t o 10.2 ( S c h i n d l e r 1971 a n d 1973). C r o s s o n L a k e , an 

o l i g o t o p h i c a c i d l a k e i n O n t a r i o , showed a pH i n c r e a s e f r o m 5.1 

t o 6.6 between May and A u g u s t o f 1978, w h i c h was a t t r i b u t e d t o 

a l g a l N0 3" a s s i m i l a t i o n (NRCC 1981). By c o n t r a s t , f e r t i l i z a t i o n 

of a c i d i c M o u n t a i n t o p Lake w i t h N H „ N 0 3 c a u s e d t h e e p i l i m n e t i c pH 

t o d r o p f rom 4.5 t o 4.2 i n t h e summer o f 1977, and from 4.8 t o 

4.5 i n 1978 (Yan and L a f r a n c e 1981). Yan and L a f r a n c e ' s 

a n a l y s i s o f N H „ + and N0 3" c o n c e n t r a t i o n s i n M o u n t a i n t o p showed 

t h a t a l g a l p r e f e r e n t i a l u p t a k e of N H 4
+ o v e r N 0 3 " c o u l d e x p l a i n 

t h e o b s e r v e d a l k a l i n i t y d e c r e a s e s ; n i t r i f i c a t i o n was d i s c o u n t e d 

due t o t h e low pH. T h e i r d a t a i n d i c a t e r a t i o s o f N H „ + : N 0 3 ~ 

a s s i m i l a t i o n o f 1.6, 2.3 and 1.4 d u r i n g 1976, 1977, and 1978 i n 
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M o u n t a i n t o p L a k e ( c a l c u l a t e d o v e r 2.5 t o 3.5 month p e r i o d s ) . 

T h e s e r a t i o s compare r e a s o n a b l y w e l l w i t h t h e minimum 

t h e o r e t i c a l a s s i m i l a t i o n r a t i o s of 1.6 and 1.9 t h a t I c a l c u l a t e d 

were n e c e s s a r y f o r t h e a l k a l i n i t y c h a n g e s i n AF and F 

( r e s p e c t i v e l y ) t o be due e n t i r e l y t o a l g a e . 

Some c o a s t a l m o u n t a i n l a k e s i n B r i t i s h C o l u m b i a have been 

f e r t i l i z e d w i t h NH f tN0 3 and ammonium p h o s p h a t e t o i n c r e a s e 

s a l m o n i d p r o d u c t i o n ( S h o r t r e e d e t a l . 1981), b u t no e p i l i m n e t i c 

a l k a l i n i t y d e c r e a s e s have been o b s e r v e d (K.S. S h o r t r e e d , 

p e r s . comm. ) . The e n r i c h m e n t was l i k e l y t o o s m a l l t o a f f e c t 

a l k a l i n i t y : n i t r o g e n a d d i t i o n s were o n l y 30 t o 40 mg N » m ~ 2 , as 

compared t o 600 m g « m ~ 2 i n e a c h o f my n u t r i e n t a d d i t i o n s . 

Though i n t h e AF c y l i n d e r s , a l g a l a c t i v i t i e s d e c r e a s e d pH 

bey o n d t h e l e t h a l t h r e s h o l d f o r a dominant z o o p l a n k t o n s p e c i e s , 

t h e r e v e r s e may a l s o o c c u r . O ' B r i e n and de N o y e l l e s (1972) 

d e m o n s t r a t e d t h a t n u t r i e n t e n r i c h m e n t o f s m a l l ponds ( w i t h 

t r i p l e s u p e r p h o s p h a t e , ammonium n i t r a t e and m u r i a t e o f p o t a s h ) 

l e d t o an i n c r e a s e i n pH f r o m 9.9 t o 11.0, c a u s i n g m a s s i v e 

m o r t a l i t y o f C e r i o d a p h n i a r e t i c u l a t a . Why d i d a pH i n c r e a s e 

o c c u r a f t e r a d d i t i o n s o f N H „ N 0 3 ? A t t h e t e m p e r a t u r e s and pH 

l e v e l s i n O ' B r i e n and de N o y e l l e ' s e x p e r i m e n t ( a b o u t 21°C and pH 

10), r o u g h l y 80% o f t h e adde d NH„ + w o u l d have been c o n v e r t e d t o 

NH 3 ( T h u r s t o n e t a l . 1974). I s u g g e s t t h a t N H „ + l e v e l s may have 

been t o o low t o i n h i b i t n i t r a t e r e d u c t i o n . 

S i n c e n i t r i c a c i d c o n t r i b u t e s a b o u t one t h i r d o f t h e H + i n 

p r e c i p i t a t i o n i n Norway and t h e n o r t h e a s t e r n U.S., g e n e r a t i o n o f 

a l k a l i n i t y by n i t r a t e a s s i m i l a t i o n c o u l d be an i m p o r t a n t n a t u r a l 
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b u f f e r i n g mechanism f o r a c i d l a k e s . However, most o f t h e 

n i t r a t e d e p o s i t e d on w a t e r s h e d s i s t a k e n up by p l a n t s a n d s o i l , 

and n e v e r r e a c h e s t h e l a k e ( H e n r i k s e n and W r i g h t 1977, D i l l o n e t 

a l . 1980). I t i s p o s s i b l e t h a t i n l a k e s l i m i t e d by p h o s p h o r u s 

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

may e v e n t u a l l y end up a c c u m u l a t i n g i n t h e i n c r e a s i n g l y a c i d 

w a t e r . Though some a c i d l a k e s show h i g h n i t r a t e l e v e l s r e l a t i v e 

t o c i r c u m n e u t r a l l a k e s ( G j e s s i n g e t a l . 1976), t h e s e a r e 

p r o b a b l y i n b a s i n s w i t h v e r y low w a t e r s h e d t o l a k e a r e a r a t i o s 

( i . e . low n i t r a t e r e t e n t i o n ) . I have not f o u n d e v i d e n c e i n t h e 

l i t e r a t u r e showing n i t r a t e a c c u m u l a t i o n s o v e r t i m e i n a c i d 

l a k e s . T h i s a p p e a r s - t o be a t o p i c w o rthy o f f u r t h e r r e s e a r c h , 

s i n c e L i k e n s e t a l . (1979) have n o t e d a r e c e n t i n c r e a s e i n t h e 

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

4.4 Z o o p l a n k t o n Community S t r u c t u r e 

The e x p e r i m e n t a l t e s t s of t h e o r i g i n a l n u l l h y p o t h e s e s 

c o n c e r n i n g z o o p l a n k t o n community s t r u c t u r e a r e summarized i n 

T a b l e 21. The a b s e n c e o f m e a s u r a b l e a c i d i f i c a t i o n e f f e c t s on 

community s t r u c t u r e i n t r e a t m e n t A c y l i n d e r s d e m o n s t r a t e s t h a t 

t h e community c a n t o l e r a t e pH 5.6, a t l e a s t d u r i n g t h e p e r i o d 

f r o m J u l y t o O c t o b e r . However, t h e n u l l e f f e c t o f t r e a t m e n t A 

means t h a t a d i s c u s s i o n o f t h e mechanisms by w h i c h a c i d i f i c a t i o n 

a l t e r s z o o p l a n k t o n c o m m u n i t i e s must f o c u s on t r e a t m e n t AF, and 

use t h e o t h e r t r e a t m e n t s f o r c o m p a r i s o n s . F o u r m a j o r community 

c h a n g e s o c c u r r e d i n t h e AF c y l i n d e r s : 

1) D. r o s e a d e c l i n e d p r e c i p i t o u s l y A u g u s t 9 t o 16; 



1 7 8 

Table 21. Summary of 1979 results relevant to hypotheses on 
zooplankton communities. 

Null Hypotheses (from pg 41) Major Results 

2(i) Gradual experimental acidification 
of oligotrophic waters to pH 5.0 
does not affect zooplankton 
populations or community biomass 

2(ii) Moderate nutrient enrichment of 
circumneutral waters does not 
affect zooplankton populations 
or community biomass 

5(i) Gradual, experimental 
acidification of moderately 
enriched waters does not affect 
zooplankton populations or 
community biomass 

no evidence against 
hypothesis down to 
pH 5.6 (A vs. C) 
too few animals 
and samples for 
adequate test at 
pH < 5.6 
hypothesis falsified 
(F vs. C) 
significant increases 
in densities and 
reproduction of all 
species except 
Diaptomus kenai and 
Holopedium gibberum 
significant increases 
in biomass 
hypothesis falsified 
(AF vs. F) 
mortality of Daphnia  
rosea at pH 5.4 led 
to significant 
changes in species 
composition and 
biomass 
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2) D. b r a c h y u r u m , C. s p h a e r i c u s , B. l o n g i r o s t r i s and 

C. p u l c h e l l a r e p l a c e d D a p h n i a ; 

3) D. t y r r e l l i d i s a p p e a r e d a f t e r September 20; and 

4) D. k e n a i showed i m p r o v e d r e p r o d u c t i o n ( r e l a t i v e t o F ) . 

I c o n s i d e r e a c h s p e c i e s s e p a r a t e l y i n t h i s d i s c u s s i o n , a n d 

a t t e m p t t o i d e n t i f y whether a c i d t o x i c i t y , c o m p e t i t i o n , f o o d 

s u p p l y , p r e d a t i o n o r some c o m b i n a t i o n of t h e s e f a c t o r s were 

r e s p o n s i b l e f o r i t s p e r f o r m a n c e i n t r e a t m e n t AF, r e l a t i v e t o 

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

a p p e a r s i m p o r t a n t , I a t t e m p t t o i d e n t i f y t h e " c r i t i c a l pH" and 

t h e most a c i d - s e n s i t i v e l i f e h i s t o r y s t a g e s . 

The e f f e c t s o f a c i d i f i c a t i o n on p h y t o p l a n k t o n - z o o p l a n k t o n 

r e l a t i o n s h i p s a r e d i s c u s s e d i n S e c t i o n 4.5. 

C o m p a r i s o n s o f pH t o x i c i t y between s t u d i e s must a c c o u n t f o r 

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

a c i d i f i c a t i o n e f f e c t s on z o o p l a n k t o n use t h e t e r m " c r i t i c a l pH" 

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

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

pH a s t h e pH below w h i c h s h a r p d e c r e a s e s a r e s e e n i n r a t e s o f 

s u r v i v a l (Havas 1980; P a r e n t and Cheetham 1980), r e p r o d u c t i o n 

( P a r e n t and Cheetham 1980) o r i n t r i n s i c r a t e o f p o p u l a t i o n 

i n c r e a s e ( W a l t o n e t a l . 1981). S u r v e y s o f z o o p l a n k t o n 

c o m m u n i t i e s a c r o s s many l a k e s o f d i f f e r e n t a c i d i t y have 

e m p h a s i z e d t h e mean l a k e pH a t w h i c h s i g n i f i c a n t c h a n g e s a r e 

see n i n s p e c i e s c o m p o s i t i o n , p a r t i c u l a r l y numbers o f s p e c i e s , 

number o f community d o m i n a n t s o r s p e c i e s d i v e r s i t y i n d i c e s 

( summarized i n T a b l e 22, w h i c h i s d i s c u s s e d b e l o w ) . 



Table 22. Summary of literature showing changes In numbers of crustacean zooplankton species across lakes of different pH. 

Location 

1. LaCloche Mts. , 
Ontario 

2. Greater 
Sudbury Area, 
Ontario2 

3. Sudbury and 
Muskota-
Hal iburton, 
Ontario 

4. S. Norway' 

5. S. Norway 

6. S. Sweden3'" 

7. Island of Rhum 
and Yorkshire, 
U.K. 

I Lakes Method of 
Sampled D «es/Lake S a n ) p l 1 n g 

47 

187 

57 

27 s 

84 

74 

5 ± 0.1 

11 26 ± 5 

1 

2.7 ± 0.2 

1 

1 

76 urn and 
80 umnets 

34 L trap; 
80um net 

95 urn net 

90 urn net 

75 um net 

I of Crustacean Species in Lakes with Mean pH 
In Stated Range (X/lake ± SE (I of Lakes)) 

4 0 ' 4 4 4 .5 -4 .9 5.0-5.4 5 .5 -5 .9 6.0-6.4 fi.5 - 6.9 

75 pmnet 3.9±0.7 (9) 3.0±0.5(13) 7.2*1.1(10) 11.3±2.0(4) 10.3*1.1(8) 11.0±1(2) 

5.3 (12) 6.6 (23) 9.3 (19) 10.1 (23) 10.9 (26) 11.7(32) 

3.410.1 (4)' 9.5±1.5 (2)' 11.7±1.2 (4)1 11.9 (1)' 

2-5 (2) 2.7 (9) 3.3 (14) 3.7 (6) 3.9 (11) 4.2 (1) 

3.9±0.5 (7) - 10.0±0.9 (5) 6 ±1.2 (5) 9.0 (1) 

4 (14) 5 (17) 5 (8) 7 (13) 7 (12) 

6.4±0.9(14) 6 10.0±1.2(11)' 16.3±1.1 (4) s 13.3±2.2 (3)' 14.8±2.0 (9)6 15.6*1.7(9)' 

Source 

Sprules (1975) 

Keller (1981) 

Yan and Strus 
(1980) 

Hendrey and 
Wright (1976) 

Hobaek and 
Raddum (1980) 

Aimer et al. 
(1974) 

Fryer (1980) 

1 Mean t species per sample, not per lake. 
% Some overlap exists between lakes sampled In locations 1 and 2, and between locations 2 and 3. 
1 Standard error not computable from published material. 

* Only 1 significant digit in mean no. of species Interpretable from published material. 
s Three humlc acid lakes and 6 alpine lakes not Included here. 
6 Includes littoral and limnetic habitats In tarns and ponds. 

CO 
o 
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E a c h l e v e l o f a p p r o a c h has i t s w e a k n e s s e s . R e g i o n a l s u r v e y s 

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

z o o p l a n k t o n c o m m u n i t i e s , and a t b e s t p r o v i d e o n l y c o r r e l a t i v e 

e v i d e n c e f o r t h e p r o c e s s e s r e s p o n s i b l e f o r between l a k e 

d i f f e r e n c e s . However, a c i d i f i c a t i o n e x p e r i m e n t s i n t h e 

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

c o n d i t i o n s ( o r r a t e o f change i n c o n d i t i o n s ) p r e s e n t i n 

a c i d i f y i n g l a k e s . 

S i n c e t h e l i f e h i s t o r y t r a i t s o f c l a d o c e r a n s and c o p e p o d s 

d i f f e r , f u n d a m e n t a l l y ( A l l e n and G o u l d e n 1980), I w i l l d i s c u s s 

t h e s e two g r o u p s s e p a r a t e l y . 

C l a d o c e r a n s 

(i_) D a p h n i a r o s e a 

The p r i m a r y e f f e c t o f a c i d i f i c a t i o n i n t h e AF c y l i n d e r s was 

t h e m o r t a l i t y o f D. r o s e a , w h i c h o c c u r r e d a t a pH o f 5.3 t o 5.4. 

T h i s m o r t a l i t y was u n d o u b t e d l y a s s o c i a t e d w i t h low pH r a t h e r 

t h a n s t a r v a t i o n o r p r e d a t i o n , s i n c e : 

1) d a p h n i d egg p r o d u c t i o n , a s w e l l as p h y t o p l a n k t o n c e l l 

s i z e s and c h l o r o p h y l l c o n c e n t r a t i o n s a l l i n d i c a t e t h a t 

f o o d was a b u n d a n t ; 

2) t h e o n l y p o t e n t i a l p r e d a t o r s i n t h e AF c y l i n d e r s were 

D i a c y c l o p s t h o m a s i and D i a p t o m u s k e n a i . D. t h o m a s i i s 

t o o s m a l l t o p r e y on a d u l t D a p h n i a ( P e a c o c k 1981), and i n 

any c a s e was f a r t o o r a r e (0.01 L " 1 ) t o have any i m p a c t . 

D. k e n a i , l a b e l l e d by G e r r i t s e n (1980) a s a p r e d a t o r , has 
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been f o u n d i n t h e UBC R e s e a r c h F o r e s t l a k e s t o be 

p r i m a r i l y h e r b i v o r o u s , t h o u g h i t may consume r o t i f e r s or 

n a u p l i i (W.E. N e i l l , E . K r a u s e , and J . Bowerman, 

p e r s . comm. ). 

3) S u b s e q u e n t e x p e r i m e n t s i n 1980 w i t h pH k e p t u n i f o r m o v e r 

a l l d e p t h s ( S e c t i o n I I ) c o n f i r m e d t h a t D a p h n i a r o s e a 

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

n u t r i e n t s and c o l d e r t e m p e r a t u r e s . 

R e d u c t i o n s i n t h e abundance o f D. r o s e a d u r i n g A u g u s t 9 t o 

16 were l e s s s e v e r e i n c y l i n d e r 7AF t h a n 3AF, i n s p i t e o f 

i d e n t i c a l pH r e g i m e s . In S e c t i o n 3.2.4 ( i ) , I h y p o t h e s i z e d t h a t 

t h i s d i f f e r e n c e was due t o between r e p l i c a t e d i f f e r e n c e s i n t h e 

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

zone o f t h e w a t e r column (0-4m). Though d e p t h - s t r a t i f i e d 

s a mples a r e not a v a i l a b l e f r o m A u g u s t 9 t o t e s t t h i s h y p o t h e s i s , 

i t n e v e r t h e l e s s seems r e a s o n a b l e . W i t h i n - t r e a t m e n t d i f f e r e n c e s 

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

t r e a t m e n t AF on A u g u s t 1, and were a l s o o b s e r v e d i n o t h e r 

t r e a t m e n t s ( e . g . t r e a t m e n t F on September 6 ) . Such d i f f e r e n c e s 

may have been due t o c h a n g e s i n s u n l i g h t d u r i n g t h e day, s i n c e 

t h e e n c l o s u r e s were s a m p l e d (an d a c i d i f i e d ) s e q u e n t i a l l y r a t h e r 

t h a n s i m u l t a n e o u s l y . 

Whatever t h e r e a s o n f o r i t s o c c u r r e n c e , t h e between-

r e p l i c a t e d i f f e r e n c e i n t r e a t m e n t AF on A u g u s t 9 u l t i m a t e l y 

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

c o m p o s i t i o n one month l a t e r ( t o be d i s c u s s e d ) . The p r i n c i p l e 

w h i c h emerges from t h e s e r e s u l t s i s t h a t random v a r i a t i o n i n t h e 
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v e r t i c a l d i s t r i b u t i o n o f a c i d - s e n s i t i v e o r g a n i s m s c a n g r e a t l y 

r e d u c e ( o r i n c r e a s e ) t h e impact o f a c i d p u l s e s t o s u r f a c e 

w a t e r s . 

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

v i a a c i d i f i c a t i o n - i n d u c e d c h a n g e s i n f o o d s u p p l y i s n o t l i k e l y . 

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

by a c i d i f i c a t i o n t o mean pH 5.7 ( t r e a t m e n t A i n t h i s s t u d y , Yan 

e t a l . 1977), s t a r v a t i o n e f f e c t s w ould need t o be m a n i f e s t e d i n 

t h e narrow band between pH 5.7 and 5.4. Weak b u f f e r i n g makes i t 

v i r t u a l l y i m p o s s i b l e f o r l a k e s w i t h mean pH 5.4-5.7 t o h o l d 

t h e i r pH above 5.4 o v e r t h e e n t i r e i c e f r e e s e a s o n (NRCC 1981, 

pg. 161). D. r o s e a w o u l d t h e r e f o r e p r o b a b l y be k i l l e d by a c i d 

t o x i c i t y b e f o r e any d e c r e a s e s i n f o o d s u p p l y o c c u r r e d . M a l l e y 

e t a l . (1982) f o u n d t h a t t o t a l e d i b l e p h y t o p l a n k t o n ( d e f i n e d a s 

l e s s t h a n 20Mm i n t h e i r s t u d y ) a c t u a l l y i n c r e a s e d when L a k e 223 

was e x p e r i m e n t a l l y a c i d i f i e d t o pH 5.37, a l l o w i n g a s e c o n d 

d a p h n i d t o c o l o n i z e t h e z o o p l a n k t o n community. 

The m o r t a l i t y o f D. r o s e a c a n be compared t o p u b l i s h e d 

i n f o r m a t i o n on o t h e r D a p h n i a s p e c i e s , f r o m m u l t i - l a k e s u r v e y s , 

l a b o r a t o r y e x p e r i m e n t s and whole l a k e m a n i p u l a t i o n s ; 

u n f o r t u n a t e l y I have n o t f o u n d any p u b l i s h e d i n f o r m a t i o n 

r e g a r d i n g pH e f f e c t s on D. r o s e a . 

M u l t i - L a k e S u r v e y s 

I n t e r p r e t a t i o n o f pH s e n s i t i v i t y f r o m r e g i o n a l s u r v e y s i s 

o f t e n c o n f o u n d e d by l a r g e between l a k e v a r i a t i o n i n b o t h a b i o t i c 

and b i o t i c f a c t o r s . A l s o , e x t r a p o l a t i o n f r o m one r e g i o n t o 
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a n o t h e r i s r i s k y , as i l l u s t r a t e d by a s t u d y o f 32 ponds n e a r 

G e o r g i a n Bay, O n t a r i o ( C a r t e r 1971). I n t h i s s t u d y , D iaptomus 

m i n u t u s o c c u r r e d i n many a l k a l i n e ponds but n e v e r i n ponds o f 

mean pH l e s s t h a n 5.2. C a r t e r i n c l u d e d D. m i n u t u s i n a g r o u p o f 

s p e c i e s t h a t he s u g g e s t e d may have been e x c l u d e d f r o m a c i d ponds 

by u n f a v o u r a b l e water c h e m i s t r y . However, D. m i n u t u s i s 

g e n e r a l l y d o m i n a n t i n a c i d l a k e s w i t h pH l e s s t h a n 5.0 i n b o t h 

t h e Sudbury A r e a o f O n t a r i o ( K e l l e r 1981) and t h e A d i r o n d a c k s o f 

New York S t a t e ( J . L . C o n f e r , p e r s . comm. ). 

Numerous r e s e a r c h e r s have r e m a r k e d upon t h e a p p a r e n t 

s e n s i t i v i t y o f d a p h n i d s t o a c i d c o n d i t i o n s . L a k e s u r v e y s i n 

O n t a r i o ( K e l l e r 1981, S p r u l e s 1975a, R o f f and K w i a t k o w s k i 1977), 

Sweden (Aimer e t a l . 1974) and Norway (Hobaek and Raddum 1980, 

N i l l s e n 1980a) have a l l f o u n d d e c r e a s i n g a b u n d a n c e s o f most 

d a p h n i d s below pH 6.0. However, s i g n i f i c a n t d r o p s i n t o t a l 

numbers o f c r u s t a c e a n s p e c i e s a r e n o t s e e n u n t i l pH 5.0: 20-60% 

fewer s p e c i e s a r e f o u n d i n l a k e s o f mean pH 4.5-4.9 t h a n i n 

l a k e s o f pH 5.0-5.4 ( T a b l e 2 2 ) . A c t u a l numbers o f s p e c i e s f o u n d 

w i t h i n g i v e n pH r a n g e s v a r y w i t h t h e f r e q u e n c y and methods o f 

s a m p l i n g , number o f l a k e s s a m pled, r a n g e of e l e v a t i o n s and humic 

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

s h a r p change a t pH 5.0. 

L a b o r a t o r y E x p e r i m e n t s 

The m a j o r r e s u l t s o f f i v e s t u d i e s o f t h e t o x i c i t y o f pH t o 

D a p h n i a have been summarized i n T a b l e 23. D i f f e r e n c e s i n 

e x p e r i m e n t a l methods r e s t r i c t c o m p a r i s o n s between t h e s e s t u d i e s ; 



Table 23. Summary of experimental studies of the pH tolerance of daphnids. 

Water 
Effects on Survival 

Species Reference Food Source Temperature 
Source and 
Alkalinity 1 

Length of 
Test and 
(Age of 
Animals) 

LC50* LCO2 

Effects on Reproduction Other Effects/Comments 

Daphnia pulex Walton 
et al. 
(1982) 

Anklstrodesmus 
angustus, grown 
In ASM-1 medium 
plus vitamins 

- 18°C 

- pond 

- 5.6 

12 hr 
(4 i 1 d) 

21 day 
(< 1 d) 

4.2 4.3 

4.4 5.0 

Reproductive maturity 
delayed below pH 5.0 
(30-60% Increase) 

Brood size unaffected 

Intrinsic rate of 
population Increase (r) 
decreased below pH 5.0 

Body length at day 21 
reduced at pH 4.4 

D. pulex Davis and 
Ozburn 
(1969) 

Yeast - 22°C 

- aquarium 

- 70 

32 hr > 50% 
survival 
from pH 
4.2 to 10.4 

Parthenogenesis only 
between pH 7.0 - 8.7 

Poor pH control 

Limited reproductive 
data 

0. maqna Parent 
and 
Cheetham 
(1980) 

Yeast - 18-20°C 

- river 

- 11 

24 hr 
(14 d) 

21 day 
(7 d) 

21 day 
(4 d) 

4.2 4.5 

5.4 6.0 

5.8 7.0 

Not measured 

No reproduction below 
pH 5.0 

No reproduction below 
pH 5.5 

Survival of neonates 
not examined 

D. magna Havas 
(1980) 

Chlorella, 
Scenedesmus, 
and yeast 

14 hr 4.0 4.5 

Under chronic exposure, 
neonate survival 20% at 
pH 5.5, 40% at 6.0, 
100% at 8.0 (control) 

% ovigerous and brood 
size unaffected by pH 

0. midden-
dorffiana 

Havas 
(1980) 

Pond algae - 12-18°C 

- pond 

- 95 

15 hr 
variable 4.0 4.5 Not examined Experiments performed 

1n situ showed higher 
survival in controls, 
but same pattern 

i Of water used 1n experiments , prior to acid additions (In ma/1 as CaC03). 

2 LCO = pH causing same mortality as controls (not necessarily 0%). 
LC50 = pH causing 50% mortality. 
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n e v e r t h e l e s s some g e n e r a l p a t t e r n s emerge w h i c h a r e r e l e v a n t t o 

t h e o b s e r v e d b e h a v i o u r o f D. r o s e a p o p u l a t i o n s i n t h e AF 

c y l i n d e r s . 

A l l f i v e a c u t e t e s t s i n T a b l e 23 f o u n d d a p h n i d s u r v i v a l t o 

be l e s s s e n s i t i v e t o pH t h a n were D. r o s e a p o p u l a t i o n s i n t h e AF 

c y l i n d e r s . I f I i g n o r e d i f f e r e n c e s between e x p e r i m e n t a l 

s e t t i n g s and compare t h e c h r o n i c t e s t s by P a r e n t and Cheetham 

(1980) and W a l t o n e t a l . (1982) w i t h my l i m n o c o r r a l r e s u l t s , i t 

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

t h a n D. magna, and l e s s t o l e r a n t t h a n D. p u l e x . T h i s c o n c l u s i o n 

i s o n l y t e n t a t i v e , g i v e n t h e c o n t r a s t s between l i m n o c o r r a l and 

l a b o r a t o r y e n v i r o n m e n t s . 

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

e x p o s u r e s comes from Skadowski (1926) who p e r f o r m e d e x p e r i m e n t s 

w i t h D a p h n i a l o n g i s p i n a . A n d e r s o n (1974) has o b s e r v e d t h a t many 

h i s t o r i c a l r e c o r d s of D. l o n g i s p i n a were p r o b a b l y D. r o s e a , so 

S k a d o w s k i ' s r e s u l t s a r e p a r t i c u l a r l y r e l e v a n t . He f o u n d t h a t 

d e l e t e r i o u s e f f e c t s were s t r o n g l y e v i d e n t a t pH l e v e l s o f 5.3. 

U n f o r t u n a t e l y , Skadowski d e s c r i b e d n e i t h e r what t h e s e e f f e c t s 

were, no r u n d e r what e x p e r i m e n t a l c o n d i t i o n s t h e y were o b s e r v e d . 

H i g h n e o n a t e m o r t a l i t y (Havas 1980; T a b l e 23) and d e l a y e d 

r e p r o d u c t i v e m a t u r i t y ( W a l t o n e t a l . 1982, T a b l e 23) a r e 

c o n s i s t e n t w i t h t h e o b s e r v e d s h i f t i n t h e age s t r u c t u r e o f t h e 

7AF D a p h n i a p o p u l a t i o n t o w a r d s o l d e r i n d i v i d u a l s . However, t h e 

a p p a r e n t n e o n a t e m o r t a l i t y i n 7AF was n o t n e c e s s a r i l y due o n l y 

t o a c i d s t r e s s . Neonate s u r v i v a l c o u l d a l s o have been a f f e c t e d 

by c o m p e t i t i o n w i t h t h e d e n s e p o p u l a t i o n s o f B. l o n g i r o s t r i s and 
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C. s p h a e r i c u s , w h i c h p r o b a b l y g r a z e d p r i m a r i l y on a l g a l c e l l s < 

13/im ( S e c t i o n 3.3.5 ( i i i ) ) ; n e o n a t e d a p h n i d s w o u l d have been 

c o m p e t i n g f o r t h e s e same c e l l s . I t i s n o t c l e a r t h a t t h e s e 

c e l l s were l i m i t i n g i n 7AF, but t h e y were much l e s s abundant i n 

t r e a t m e n t AF t h a n F d u r i n g September and O c t o b e r ( T a b l e 1 8 ) . 

N e i l l (1975a) and L y n c h (1978) have shown how s m a l l c l a d o c e r a n s 

may c r e a t e c o m p e t i t i v e b o t t l e n e c k s f o r immature s t a g e s o f l a r g e r 

h e r b i v o r o u s c r u s t a c e a n s . 

The a c i d - s t r e s s e d D a p h n i a p o p u l a t i o n i n 7AF h a d h i g h e r 

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

t h e F c y l i n d e r p o p u l a t i o n s , w h i c h I s u g g e s t was due t o d e c r e a s e d 

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

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

C h y d o r u s and B osmina . In c o n t r a s t t o t r e a t m e n t AF, W a l t o n e t 

a l . (1982) and Havas (1980) f o u n d no change i n b r o o d s i z e s , and 

P a r e n t and Cheetham (1980) f o u n d a d e c r e a s e . I n t h e s e 

l a b o r a t o r y s t u d i e s , more t h a n one a n i m a l was p r e s e n t p e r 

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

i n t r a s p e c i f i c c o m p e t i t i o n would have been low i n a l l t r e a t m e n t s . 

T h i s p r o b a b l y i s why none o f t h e s e s t u d i e s o b s e r v e d i n c r e a s e d 

b r o o d s i z e s a s some a n i m a l s d i e d . W a l t o n e t a l . (1980) p o i n t 

o u t t h a t r e p r o d u c t i o n may have been h i g h e r i n t h e i r s t u d y t h a n 

i n t h a t o f P a r e n t and Cheetham (1980) s i n c e W a l t o n ' s a n i m a l s 

were f e d a more n u t r i t i o u s d i e t ( T a b l e 2 3 ) . The g r e a t 

r e d u c t i o n s i n r e p r o d u c t i o n o b s e r v e d by D a v i s a n d O z b u r n (1969) 

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

r e p r o d u c t i v e d a t a . T h e i r a n i m a l s may a l s o have p r o d u c e d few 
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eggs on a d i e t c o n s i s t i n g o n l y o f y e a s t . 

W a l t o n e t a l . f o u n d d e l a y e d m a t u r i t y i n D. p u l e x a t pH 5.0, 

but no d e c r e a s e i n s u r v i v a l u n t i l pH 4.4. I f t h i s p a t t e r n h e l d 

f o r D. r o s e a i n t h e f i e l d , I s h o u l d have s e e n a d e c l i n e i n egg 

d e n s i t i e s a t s u b l e t h a l pH l e v e l s i n t r e a t m e n t A ( a b o u t 0.3 pH 

u n i t s above l e t h a l i t y ) . However, t h i s d i d n o t o c c u r . 

A t pH 4.4, W a l t o n e t a l . (1982) o b s e r v e d a d e c r e a s e i n t h e 

body l e n g t h o f 21 day o l d D. p u l e x . In my e x p e r i m e n t mean body 

l e n g t h s o f AF c y l i n d e r a d u l t D. r o s e a i n c r e a s e d r e l a t i v e t o a l l 

o t h e r t r e a t m e n t s . These two o b s e r v a t i o n s a r e n o t c o n t r a d i c t o r y , 

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

o v e r l a p p i n g g e n e r a t i o n s i n t e g r a t e s b o t h age s t r u c t u r e and g r o w t h 

r a t e c h a n g e s , whereas t o x i c i t y t e s t measurements o f u n i f o r m age 

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

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

maximum i n a narrow pH range ( c l o s e t o t h a t o f t h e body o f w a t e r 

from w h i c h t h e a n i m a l s were c o l l e c t e d ) and d e c r e a s e a t b o t h 

h i g h e r and l o w e r pH ( I v a n o v a 1969, I v a n o v a and K l e k o w s k i 1972, 

K r i n g and O ' B r i e n 1976). F e e d i n g r a t e s o f D. r o s e a may 

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

a c c l i m a t e . I n any c a s e , t h i s d i d n o t i n h i b i t egg p r o d u c t i o n 

a f t e r A u g u s t 16 ( F i g u r e 1 2 ) . Under more l i m i t i n g f o o d 

c o n d i t i o n s , r e d u c t i o n s i n f e e d i n g r a t e may be more c r i t i c a l , but 

t h e y a r e s t i l l l e s s i m p o r t a n t t h a n d i r e c t t o x i c i t y ( S e c t i o n I I ) . 

One c r i t i c a l f a c t o r i n e x t r a p o l a t i n g f r o m t h e l a b o r a t o r y t o 

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

t e m p o r a l . d i s t r i b u t i o n s o f o r g a n i s m s and h y d r o g e n i o n s . 
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V a r i a t i o n s i n t h e v e r t i c a l d i s t r i b u t i o n o f D a p h n i a were l i k e l y 

r e s p o n s i b l e f o r d i f f e r e n c e s between t h e AF r e p l i c a t e s i n D a p h n i a 

m o r t a l i t y A u g u s t 9 t o 16. G r o t e r u d (1972) f o u n d t h a t C y c l o p s  

s t r e n u u s s t r e n u u s was e n t i r e l y a b s e n t from s u r f a c e w a t e r s o f 

L a k e S a n d t j e r n o n l y when t h e pH a t 0-2 m was l e s s t h a n 5.0. 

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

w a t e r s b u t t h e c y c l o p o i d s may a l s o have a v o i d e d a c i d s t r a t a . 

A v o i d a n c e o f low pH z o n e s i s w e l l known i n f i s h (Muniz and 

L e i v e s t a d 1980). However, t h e v e r t i c a l d i s t r i b u t i o n s o f 

c r u s t a c e a n s on A u g u s t 1 and September 6 d i d n o t d e m o n s t r a t e any 

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

Whole Lak e M a n i p u l a t i o n s 

U s e f u l i n f o r m a t i o n on t h e a c i d t o l e r a n c e o f d a p h n i d s may be 

g l e a n e d f r o m two whole l a k e m a n i p u l a t i o n s i n O n t a r i o : t h e 

n e u t r a l i z a t i o n o f N e l s o n L a k e i n t h e Sudbury a r e a (Yan e t 

a l . 1977) a n d t h e a c i d i f i c a t i o n o f L a k e 223 i n t h e E x p e r i m e n t a l 

L a k e s A r e a (ELA) ( M a l l e y 1981). In 1975, t h e mean pH o f N e l s o n 

L a k e was r a i s e d f r o m 5.7 t o 6.4 w i t h c a l c i u m h y d r o x i d e and 

c a l c i u m c a r b o n a t e (Yan e t a l . 1977). Z o o p l a n k t o n community 

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

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

O n t a r i o s a m p l e d by P a t a l a s ( 1 9 7 1 ) . However, i t i s i n t r i g u i n g 

t h a t D a p h n i a l o n g i r e m i s was r a r e i n N e l s o n L a k e p r i o r t o 

n e u t r a l i z a t i o n b ut became d o m i n a n t s u b s e q u e n t l y • (Yan e t 

a l . 1977). (The t e r m 'dominant' h e r e means g r e a t e r t h a n 10% o f 

t h e t o t a l c r u s t a c e a n d e n s i t y , e x c l u d i n g n a u p l i i . ) I t i s p o s s i b l e 
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t h a t N e l s o n Lake D. l o n g i r e m i s were a c i d - s t r e s s e d p r i o r t o 

n e u t r a l i z a t i o n s i n c e d e p t h - i n t e g r a t e d w a t e r s a m p l e s i n t h e 

s p r i n g o f 1975 measured pH 5.4-5.5, and s u r f a c e pH v a l u e s were 

l i k e l y l o w e r . 

A c i d i f i c a t i o n o f Lake 223 from mean pH 6.8 t o 5.6 (1976-

1979) was a s s o c i a t e d w i t h a s t e a d y d e c l i n e i n D a p h n i a q a l e a t a  

mendotae ( M a l l e y e t a l . 1981). However, w i t h a c i d i f i c a t i o n t o 

pH 5.25 i n 1980, d e n s i t i e s o f D . g a l e a t a mendotae r e c o v e r e d , and 

a p r e v i o u s l y u n r e c o r d e d d a p h n i d , D. s c h o e d l e r i , became t w i c e as 

a b u n d a n t a s D. q a l e a t a mendotae ( M a l l e y e t a l . 1981). C o m p a r i n g 

t h e s e r e s u l t s w i t h my 1979 e x p e r i m e n t s u g g e s t s t h a t D. r o s e a i s 

more a c i d s e n s i t i v e t h a n e i t h e r D. g a l e a t a mendotae o r 

D. s c h o e d l e r i , t h o u g h t h e r a t e o f a c i d i f i c a t i o n was much f a s t e r 

i n my e x p e r i m e n t t h a n i n L a k e 223. 

In c o n c l u s i o n , D a p h n i a r o s e a a p p e a r s more a c i d s e n s i t i v e 

t h a n most o t h e r d a p h n i d s s t u d i e d t o d a t e , e i t h e r i n l a b o r a t o r y 

o r whole l a k e a c i d i f i c a t i o n s t u d i e s . The 1979 e x p e r i m e n t 

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

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

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

l a b o r a t o r y t o x i c i t y s t u d i e s . However, l a b o r a t o r y s t u d i e s o f 

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

p e r f o r m e d by W a l t o n e t a l . 1982) gave r e s u l t s g e n e r a l l y s i m i l a r 

t o mine. 
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( i i ) Diaphanosoma b r a c h y u r u m 

In g e n e r a l , D. b r a c h y u r u m i n E u n i c e Lake b r e a k s d i a p a u s e i n 

J u l y and r e a c h e s peak d e n s i t i e s o f 2 - 3 » L ~ 1 by e a r l y A u g u s t 

( N o r t h c o t e and C l a r o t t o 1975, W.E. N e i l l and C . J . W a l t e r s 

u n p u b l i s h e d d a t a ) . The t i m i n g o f t h e r e s o u r c e peak i n t h e AF 

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

D. b r a c h y u r u m and a c c e l e r a t e d i t s r a t e o f i n c r e a s e . S m i t h 

(1969) o b s e r v e d a d o u b l i n g i n mean d e n s i t i e s o f D. b r a c h y u r u m 

a f t e r f e r t i l i z i n g C r e c y Lake i n 1959. Numbers o f D. b r a c h y u r u m 

a l s o o f t e n i n c r e a s e i n f e r t i l i z e d e n c l o s u r e s i n G w e n d o l i n e L a k e 

(W.E. N e i l l , p e r s . comm. ). However, t h e r e i s s t r o n g e v i d e n c e 

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

r o s e a g r a z i n g was t h e most c r i t i c a l f a c t o r i n p e r m i t t i n g 

Diaphanosoma b r a c h y u r u m t o r e a c h s u c h h i g h d e n s i t i e s i n 3AF. • 

F i r s t , i n t r e a t m e n t F, w h i c h r e c e i v e d t h e same amount o f 

n u t r i e n t s a s AF, d e n s i t i e s o f D. b r a c h y u r u m n e v e r e x c e e d e d 0.78 

L " 1 and a v e r a g e d o n l y 0.25±0.05 L " 1 . Under t h e AF t r e a t m e n t , 

D. b r a c h y u r u m d e n s i t i e s r e a c h e d a peak o f 21.3 L " 1 ( i n 3AF) a n d 

a v e r a g e d 2.7±1.1 L " 1 . 

S e c o n d , D. b r a c h y u r u m p e r f o r m e d much b e t t e r i n 3AF t h a n 7AF 

( F i g u r e 1 0 ) . T h i s d i f f e r e n c e c o u l d n o t be due t o d i r e c t pH 

e f f e c t s on e i t h e r D. b r a c h y u r u m o r i t s f o o d s o u r c e s , s i n c e t h e 

two AF r e p l i c a t e s c o n t a i n e d i d e n t i c a l pH r e g i m e s . Reduced 

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

s u p e r i o r p e r f o r m a n c e o f D. b r a c h y u r u m i n 3AF, s i n c e d e n s i t i e s o f 

D. r o s e a were much l o w e r i n 3AF t h a n i n 7AF ( F i g u r e 1 2 ) . The 

two s p e c i e s may have s i m i l a r d e p t h p r e f e r e n c e s , s i n c e s t r a t i f i e d 
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s a m p l e s i n AF e n c l o s u r e s on September 6 showed D. b r a c h y u r u m a t 

2-4 m, t h e s t r a t u m i n w h i c h D. r o s e a had p r e v i o u s l y been most 

a b u n d a n t . 

The above r e s u l t s s u g g e s t , , b u t do n o t p r o v e , t h a t D a p h n i a 

was t h e main c o m p e t i t o r o f Diaphanasoma i n t r e a t m e n t F. 

L o w e r i n g t h e pH i n AF may have a l s o l o w e r e d t h e g r a z i n g r a t e s o f 

o t h e r p o t e n t i a l c o m p e t i t o r s ( e . g . D. t y r r e l l i ) . However, o t h e r 

e v i d e n c e s u p p o r t s t h e s u g g e s t i o n t h a t D. r o s e a and D. b r a c h y u r u m 

compete. N e i l l ( i n p r e p . ) f o u n d t h a t r e m o v a l o f D. r o s e a f r o m 

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

r e m o v a l o f D a p h n i a from n u t r i e n t - e n r i c h e d e n c l o s u r e s i n c r e a s e d 

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

l a k e s t o mean pH v a l u e s i n t h e ra n g e 5.0-5.5 may r e l e a s e 

Diaphanosoma f r o m c o m p e t i t i o n w i t h D a p h n i a . The d e g r e e o f 

c o m p e t i t i v e r e l e a s e o b s e v e d w i l l depend on t h e a c i d t o l e r a n c e 

and community dominance o f t h e p a r t i c u l a r s p e c i e s o f D a p h n i a , as 

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

G l i w i c z (1977) p r o p o s e d t h a t h i g h summer c o n c e n t r a t i o n s o f 

n e t p h y t o p l a n k t o n i n h i b i t e d t h e f e e d i n g and egg p r o d u c t i o n o f 

two d a p h n i d s i n e u t r o p h i c M i k o l a j s k i e L a k e . Summer d e c l i n e s o f 

t h e s e s p e c i e s (and o t h e r s ) were a c c o m p a n i e d by i n c r e a s e s i n 

D. b r a c h y u r u m , C h y d o r u s s p h a e r i c u s , and C e r i o d a p h n i a  

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

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

p h y t o p l a n k t o n were ab u n d a n t i n z o o p l a n k t o n s a m p l e s from t h e AF 

c y l i n d e r s i n l a t e A u g u s t , d a p h n i d b r o o d s i z e s c o n c u r r e n t l y 

i n c r e a s e d ( d a t a a v a i l a b l e f o r 7AF o n l y ) . Net p h y t o p l a n k t o n 



193 

i n t e r f e r e n c e w i t h d a p h n i d f i l t r a t i o n was t h e r e f o r e n o t 

r e s p o n s i b l e f o r t h e i n c r e a s e i n D. b r a c h y u r u m , C. s p h a e r i c u s , 

and C. p u l c h e l l a o b s e r v e d i n 7AF. 

The t o l e r a n c e of D. b r a c h y u r u m t o pH 5.2 i s s u p p o r t e d by 

b o t h e x p e r i m e n t a l s t u d i e s and r e g i o n a l s u r v e y s . D. b r a c h y u r u m 

r e m a i n e d abundant d u r i n g t h e a c i d i f i c a t i o n o f L a k e 223 t o pH 

5.25 ( M a l l e y e t a l . 1981). N i l l s e n (1980a) r e p o r t e d t h a t i n 

s o u t h e r n Norway D. b r a c h y u r u m was g e n e r a l l y d ominant i n l a k e s o f 

pH 5.0-5.5, common a t 4.8-5.0 and s c a r c e a t l o w e r pH v a l u e s . 

I n t e r e s t i n g l y , he named D. b r a c h y u r u m , H o l o p e d i u m g i b b e r u m and 

Bosmina l o n g i s p i n a a s a g r o u p o f f i l t e r f e e d e r s t h a t f r e q u e n t l y 

o c c u p i e d t h e n i c h e o f D a p h n i a spp. a f t e r t h e i r d i s a p p e a r a n c e . 

Hobaek and Raddum ( 1 9 8 0 ) , a l s o w o r k i n g i n S o u t h e r n Norway, f o u n d 

D. b r a c h y u r u m t o be g e n e r a l l y common o r d o m i n a n t i n c l e a r l a k e s 

o f pH 4.9-6.3, and a l s o i n humic l a k e s o f pH 4.47-6.48. 

D. l e u c h t e n b e r g i a n u m , w h i c h may o n l y be a n o t h e r v a r i e t y o f 

D. b r a c h y u r u m ( C a r t e r e t a l . 1980), a l s o a p p e a r s i n many a c i d 

l a k e s . I n t h e Sudbury a r e a o f O n t a r i o , i t was p r e s e n t i n 11 o f 

17 l a k e s o f pH 4.5-5.0 and dominant i n f i v e ( K e l l e r 1981), 

S p r u l e s ' d a t a (1975a) showed a s i m i l a r p a t t e r n i n a s u r v e y 

p a r t i a l l y o v e r l a p p i n g K e l l e r ' s . A n d e r s o n (1977) f o u n d 

D. l e u c h t e n b e r g i a n u m c o d o m i n a n t w i t h B. l o n g i r o s t r i s i n a 

V i r g i n i a brown water l a k e o f pH 4.5. I n a c i d i c , m e t a l -

c o n t a m i n a t e d C h eat L a k e however, D. l e u c h t e n b e r g i a n u m was 

abundant o n l y i n l e s s a c i d b a c k w a t e r s o f mean pH 5.5 and 

r e l a t i v e l y s c a r c e i n t h e main l a k e , w i t h mean pH 4.5-5.0 

( J a n i c k i and D e C o s t a 1979). 
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The above s t u d i e s s u g g e s t t h a t humic l a k e s , c l e a r a c i d l a k e s 

and a c i d m e t a l - c o n t a m i n a t e d l a k e s c o n s t i t u t e a g r a d i e n t o f 

i n c r e a s i n g t o x i c i t y f o r Diaphanosoma. S t u d i e s by Hobaek and 

Raddum (1980) and Yan and S t r u s (1980) show t h a t z o o p l a n k t o n 

s p e c i e s d i v e r s i t y d e c r e a s e s a l o n g t h i s g r a d i e n t . T h e r e f o r e , 

m e t a l c h e l a t i o n by humic m a t e r i a l s (Aimer e t a l . 1978) may be a s 

i m p o r t a n t t o a c i d - s t r e s s e d z o o p l a n k t o n a s i t i s t o f i s h ( B a k e r 

and S c h o f i e l d 1980; H a i n e s 1981). 

( i i i ) Bosmina l o n g i r o s t r i s 

B r o o k s and Dodson ( 1 9 6 5 ) , G o u l d e n e t a l . ( 1 9 7 8 ) , L y n c h 

(1978) and many o t h e r s have examined t h e q u e s t i o n o f whether 

b o s m i n i d s and d a p h n i d s compete. U n l i k e Diaphanosoma b r a c h y u r u m , 

t h e abundance o f Bosmina l o n g i r o s t r i s a p p e a r e d more c l o s e l y 

a s s o c i a t e d w i t h f e r t i l i z a t i o n t h a n w i t h t h e l o s s o f D a p h n i a  

r o s e a . Mean d e n s i t i e s o f B. l o n g i r o s t r i s were n o t s i g n i f i c a n t l y 

d i f f e r e n t between F and AF, t h o u g h much h i g h e r i n t h e s e two 

f e r t i l i z e d t r e a t m e n t s t h a n i n A and C ( T a b l e 1 1 ) . E l i m i n a t i o n 

o f D. r o s e a may however have h e l p e d t o r a i s e B. l o n q i r o s t r i s egg 

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

t h a n i n F ( T a b l e 11 and F i g u r e 1 7 ) . A l s o , n e a r t o t a l 

e l i m i n a t i o n o f p . r o s e a i n 3AF was a s s o c i a t e d w i t h 3 X h i g h e r 

peak d e n s i t i e s o f B. l o n g i r o s t r i s t h a n i n 7AF, where D. r o s e a 

p e r s i s t e d . B o t h O l e n i c k (1982) and N e i l l ( i n p r e p . ) f o u n d t h a t 

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

i n c r e a s e s i n B. l o n g i r o s t r i s t h a n Diaphanosoma b r a c h y u r u m . 

• D i f f e r e n c e s i n o u r r e s u l t s may have been due t o t h e l a t e r 



195 

r e m o v a l o f D. r o s e a i n my e x p e r i m e n t . 

The i m p r o v e d p e r f o r m a n c e o f B. l o n g i r o s t r i s w i t h 

f e r t i l i z a t i o n i s n o t an i s o l a t e d c a s e . I n c r e a s e s i n 

B. l o n g i r o s t r i s a r e commonly o b s e r v e d f o l l o w i n g f e r t i l i z a t i o n o f 

b o t h e n c l o s e d and whole l a k e z o o p l a n k t o n c o m m u n i t i e s i n 

G w e n d o l i n e Lake (W.E. N e i l l , C . J . W a l t e r s , p e r s . comm. ). Why 

does f e r t i l i z a t i o n b e n e f i t B. l o n g i r o s t r i s o v e r o t h e r s p e c i e s ? 

I n c r e a s e s i n p l a n k t i v o r o u s f i s h , c i t e d as p o s s i b l e c a u s e s by 

B r o o k s (1969) and McNaught (1975) a r e i n a p p l i c a b l e t o b o t h my 

r e s u l t s and t h o s e f r o m G w e n d o l i n e L a k e , s i n c e b o t h e n v i r o n m e n t s 

were f i s h l e s s when f e r t i l i z e d . 

G o u l d e n e t a l . (1978) p e r f o r m e d l a b o r a t o r y s t u d i e s o f t h e 

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

B. l o n g i r o s t r i s . They p r e d i c t e d t h a t Bosmina c o u l d o n l y 

d o m i n a t e o v e r D a p h n i a a t low f o o d d e n s i t i e s , when t h e l a t t e r ' s 

f e c u n d i t y would d r o p low enough t o g i v e Bosmina a h i g h e r 

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

c o n v e r s e : Bosmina p e r f o r m e d worse ( r e l a t i v e t o D a p h n i a ) a t low 

f o o d d e n s i t i e s (A and C) t h a n a t h i g h (F and A F ) . Demott (1982) 

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

a l g a Chlamydomonas, t h e i n g e s t i o n r a t e s ( p e r u n i t b i o m a s s ) o f 

B. l o n g i r o s t r i s a r e 1.6-4.8 t i m e s h i g h e r t h a n D. r o s e a ; a t h i g h 

a l g a l c e l l c o n c e n t r a t i o n s however, f e e d i n g e f f i c i e n c i e s o f t h e 

two s p e c i e s a r e s i m i l a r . D emott's s t u d y a l s o s u g g e s t s t h a t 

B. l o n g i r o s t r i s s h o u l d o u t p e r f o r m D. r o s e a a t low f o o d 

d e n s i t i e s , t h e c o n v e r s e o f what I f o u n d . 
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The two l a b o r a t o r y s t u d i e s d i s c u s s e d above u s e d much l e s s 

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

n a t u r e . B. l o n q i r o s t r i s may have b e n e f i t t e d by f e r t i l i z e r -

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

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

B. l o n q i r o s t r i s (0.36 mm) i n t o e q u a t i o n (4; page 152), s u g g e s t s 

a maximum i n g e s t e d p a r t i c l e s i z e o f 12.8 Mm. The mean a l g a l 

b i o m a s s < 13 nm was s i g n i f i c a n t l y g r e a t e r i n F t h a n i n C, and 

s i g n i f i c a n t l y g r e a t e r i n AF t h a n i n A ( T a b l e 13, F i g u r e s 21 and 

2 2 ) . P r o d u c t i o n o f p a r t i c l e s < 13 Mm l i k e l y i n c r e a s e d even more 

t h a n b i o m a s s , as p h y t o p l a n k t o n g r o w t h r a t e s t e n d t o v a r y 

i n v e r s e l y w i t h c e l l s i z e ( K a l f f 1972, P a r s o n s and T a k a h a s h i 

1973, G u t e l m a c h e r 1975, R e d f i e l d 1980). T h i s i n c r e a s e i n 

abundance o f s m a l l p a r t i c l e s may have p a r t i c u l a r l y b e n e f i t t e d 

Bosmina j u v e n i l e s , w h i c h have low e n e r g y r e s e r v e s r e l a t i v e t o 

b o t h b o s m i n i d a d u l t s and d a p h n i d j u v e n i l e s and a d u l t s ( G o u l d e n 

and H o r n i g 1980). 

D i f f e r e n c e s i n p a r t i c l e s i z e p r e f e r e n c e s may p e r m i t t h e 

c o e x i s t e n c e o f D a p h n i a and Bosmina . K e r f o o t and Demott (1980) 

f o u n d t h a t a l t h o u g h D. p u l e x c o m p e t i t i v e l y e x c l u d e d 

B. l o n g i r o s t r i s i n b e a k e r s when b o t h were f e d Chlamydomonas, t h e 

two s p e c i e s were a b l e t o c o e x i s t i n f i e l d e n c l o s u r e s . 

E x p e r i m e n t a l e n r i c h m e n t s w i t h a l g a e and b a c t e r i a s t r o n g l y 

s u g g e s t e d t h a t Bosmina may u s e s m a l l b a c t e r i a l p a r t i c l e s i n 

p r e f e r e n c e t o some p h y t o p l a n k t o n s p e c i e s ( K e r f o o t and DeMott 

1980). However, n o t a l l e n v i r o n m e n t s r i c h i n n u t r i e n t s c o n t a i n 

t h e d i v e r s i t y o f r e s o u r c e s n e c e s s a r y t o a l l o w c o e x i s t e n c e o f 
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D a p h n i a and Bosmina, In a s e r i e s o f c o m p e t i t i o n e x p e r i m e n t s i n 

e n c l o s u r e s w i t h i n e u t r o p h i c P l e a s a n t Pond, L y n c h (1978) f o u n d 

t h a t Bosmina was c o n s i s t e n t l y o u t - c o m p e t e d by D a p h n i a , 

The g e o g r a p h i c d i s t r i b u t i o n of Bosmina s u g g e s t s t h a t i t i s 

t o l e r a n t t o b o t h e u t r o p h i c a t i o n and a c i d i f i c a t i o n . I n N o r t h 

A m e r i c a , B. l o n g i r o s t r i s f r e q u e n t l y a t t a i n s e x t r e m e dominance i n 

b o t h e u t r o p h i c (Gannon and S t e m b e r g e r 1978, B r o o k s 1969) and 

a c i d i f i e d l a k e s (Yan and S t r u s 1980, D e C o s t a and J a n i c k i 1978, 

K e l l e r 1981). I t i s a l s o v e r y common, t h o u g h g e n e r a l l y l e s s 

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

( C a r t e r e t a l . 1980, P a t a l a s 1971, P a t a l a s and S a l k i 1973). I n 

S c a n d i n a v i a , B. l o n g i r o s t r i s i s sometimes a s s o c i a t e d w i t h 

e u t r o p h i c a t i o n ( P e j l e r , 1975), b u t i n a c i d l a k e s B. c o r e g o n i 

(Aimer 1974), B. l o n g i s p i n a L e y d i g (Hobaek and Raddum 1980) o r 

Eubosmina l o n g i s p i n a ( N i l s s e n 1976, He n d r e y and W r i g h t 1976) a r e 

t h e dominant b o s m i n i d s . (Hobaek and Raddum (1980) s u g g e s t t h a t 

S w e d i s h r e p o r t s o f B. c o r e g o n i were l i k e l y B. l o n g i s p i n a ) . 

B o t h n u t r i e n t - e n r i c h e d and a c i d i c c o n d i t i o n s were p r e s e n t i n 

t h e 1979 e x p e r i m e n t . D u r i n g September and O c t o b e r (when 

B. l o n g i r o s t r i s was a b u n d a n t ) F e n c l o s u r e s c o u l d be c l a s s i f i e d 

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

mean c h l o r o p h y l l c o n c e n t r a t i o n s o f 2.04 ± 0.31 and 5.35 ± 0.53 

M g » L " 1 r e s p e c t i v e l y ( W e t z e l 1975). E x p o s u r e o f Bosmina t o pH 

5.0-5.5 i n AF c a u s e d no a p p a r e n t p h y s i o l o g i c a l d i s t u r b a n c e , and 

a c t u a l l y i n c r e a s e d r e p r o d u c t i o n r e l a t i v e t o F. 
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( i v ) C h y d o r u s s p h a e r i c u s 

D u r i n g t h e f i r s t week of September AF C h y d o r u s numbers 

i n c r e a s e d a t 26.7% d a y - 1 , w h i c h e x c e e d s t h e r a t e o f 23.7% f o u n d 

by Keen (1967) i n a w e l l - f e d l a b o r a t o r y c u l t u r e o f t h e same 

s p e c i e s , a t h i g h e r t e m p e r a t u r e s . I t i s p o s s i b l e t h a t : 1) 

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

due t o p e r i p h y t o n g r o w t h on t h e s i d e s o f t h e e n c l o s u r e s ; and 2) 

a l a r g e p a r t o f t h e o b s e r v e d i n c r e a s e i n C h y d o r u s was due t o a 

s h i f t i n t h e i r d i s t r i b u t i o n f r o m t h e s i d e s and b o t t o m o f t h e 

e n c l o s u r e s t o w a r d s t h e m i d d l e , r a t h e r t h a n due t o i n c r e a s e d 

r e p r o d u c t i o n and s u r v i v a l . T h e s e two i s s u e s a r e a d d r e s s e d i n 

s e q u e n c e . 

B o t h d u r i n g t h e 1979 e x p e r i m e n t and s u b s e q u e n t l y when t h e 

c y l i n d e r s were removed a n d s c r u b b e d c l e a n , i t was a p p a r e n t t h a t 

t h e AF c y l i n d e r s c o n t a i n e d much g r e a t e r q u a n t i t i e s o f p e r i p h y t o n 

t h a n t h e o t h e r t r e a t m e n t s . M u l l e r ( 1 9 8 0 ) , H endrey ( 1 9 7 6 ) , and 

H a l l e t a l . (1980) a l l o b s e r v e d i n c r e a s e d p e r i p h y t o n g r o w t h w i t h 

i n c r e a s e d [H+], T h e i r s i m i l a r r e s u l t s were a t t r i b u t e d t o 

d i f f e r e n t c a u s e s : M u l l e r (1980) i n t e r p r e t e d h i s d a t a a s e v i d e n c e 

f o r a l g a l s p e c i e s p r e f e r e n c e s f o r h i g h [H+]; Hendrey (1976) and 

H a l l e t a l . (1980) c o n c l u d e d t h a t r e d u c e d g r a z i n g by 

i n v e r t e b r a t e s and m i c r o h e t e r o t r o p h s were r e s p o n s i b l e . S e v e r a l 

i n v e s t i g a t o r s ( L a a k e 1976, Hendrey 1976, M u l l e r 1980) r e p o r t 

l a r g e b i o m a s s e s o f M o u g e o t i a s p . and T a b e l l a r i a s p . a s 

p e r i p h y t o n a t pH 4.0-6.0. B o t h o f t h e s e g e n e r a were ab u n d a n t 

( a n n o y i n g l y so) i n my z o o p l a n k t o n samples f r o m t h e AF 

e n c l o s u r e s . The t r u n k l i m b c l a w s o f C. s p h a e r i c u s a r e w e l l -
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a d a p t e d f o r s c r a p i n g p e r i p h y t o n and b a c t e r i a f r o m t h e s i d e s of 

c o n t a i n e r s and f l o a t i n g f i l a m e n t s ( F r y e r 1968). T h e s e r e s o u r c e s 

a r e g e n e r a l l y u n a v a i l a b l e t o o t h e r z o o p l a n k t o n ( K e r f o o t and 

Demott 1980). 

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

b l u e g r e e n and g r e e n a l g a l blooms has been a t t r i b u t e d t o t h e 

v a l u e o f f i l a m e n t s a s l i m n e t i c s u b s t r a t e s ( r e v i e w e d by F r y e r 

1968) and t o t h e c h a n g e s i n l i g h t q u a l i t y and i n t e n s i t y 

a s s o c i a t e d w i t h a l g a l blooms ( H u t c h i n s o n 1967). Though b l u e 

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

( F i g u r e s 22 and 23; A p p e n d i x F ) , t h e i n c r e a s e i n g r e e n f i l a m e n t s 

was much more n o t i c e a b l e . T h e s e g r e e n f i l a m e n t s and t h e c h a n g e s 

i n l i g h t q u a l i t y a s s o c i a t e d w i t h t h e 2 m d e c r e a s e i n s e c h h i 

d e p t h ( A u g u s t 9 t o 23) may have drawn c h y d o r i d s f r o m t h e s i d e s 

of t h e e n c l o s u r e s t o t h e m i d d l e . 

D i d t h e l o s s o f D a p h n i a from t h e AF e n c l o s u r e s b e n e f i t 

C. s p h a e r i c u s ? P e a c o c k (1981) f o u n d t h a t f e r t i l i z a t i o n o f 

l i m n o c o r r a l s i n G w e n d o l i n e L a k e i n c r e a s e d b o t h b l u e g r e e n a l g a e 

and t h e d e n s i t i e s o f C. s p h a e r i c u s . However, she r e p o r t e d s t i l l 

l a r g e r C. s p h a e r i c u s i n c r e a s e s i f D. r o s e a was removed f r o m t h e 

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

C. s p h a e r i c u s i s c o n s t r a i n e d by c o m p e t i t i o n w i t h D a p h n i a . An 

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

g r e e n f i l a m e n t s t o grow l a r g e enough t o i n c r e a s e t h e l i m n e t i c 

h a b i t a t o f C h y d o r u s . K e r f o o t a n d Demott (1980) o b s e r v e d h a b i t a t 

p a r t i t i o n i n g by D. p u l e x and C. s p h a e r i c u s i n b o t h b e a k e r and 

l i m n o c o r r a l e n v i r o n m e n t s , and c o n c l u d e d t h a t t h e y d i d n o t 
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compete. A l l e n and G o u l d e n (1980) p o i n t o u t t h a t t h e i n t r i n s i c 

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

compete s u c c e s s f u l l y w i t h more p r o d u c t i v e l i m n e t i c s p e c i e s . 

D i r e c t c o m p e t i t i o n between D a p h n i a a n d C h y d o r u s i n t r e a t m e n t AF 

seems u n l i k e l y due t o t h e i r d e p e n d e n c y on d i f f e r e n t r e s o u r c e s . 

However, t h e l o s s o f D a p h n i a p r o b a b l y d i d b e n e f i t C h y d o r u s 

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

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

J a c e n k o ( 1 9 2 8 ) , c i t e d i n I v a n o v a (1969) and b r i e f l y 

d i s c u s s e d by Skadowski ( 1 9 2 6 ) , f o u n d t h a t under t e m p e r a t u r e s o f 

22- 2 4 ° C a n d t o t a l d a r k n e s s , C. s p h a e r i c u s r e p r o d u c e d 

s u c c e s s f u l l y between pH 5 and 9. S u r p r i s i n g l y , maximum r a t e s o f 

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

M u l t i - l a k e s u r v e y s (Yan and S t r u s s 1980, K e l l e r 1981) i n d i c a t e 

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

However, when two O n t a r i o a c i d l a k e s were n e u t r a l i z e d and 

f e r t i l i z e d , C. s p h a e r i c u s r e p l a c e d B. l o n g i r o s t r i s and fo r m e d up 

t o 97% o f t h e mean t o t a l z o o p l a n k t o n b i o m a s s (Yan and L a f r a n c e 

1981). T h i s s u g g e s t s t h a t a l t h o u g h C. s p h a e r i c u s may be a s a c i d 

t o l e r a n t a s B. l o n g i r o s t r i s , i t r e q u i r e s v e r y h i g h l e v e l s o f 

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

(Yan and L a f r a n c e a l s o n o t e d t h a t peak a b u n d a n c e s o f 

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

b l u e g r e e n a l g a e . ) B o t h my f e r t i l i z e d c y l i n d e r s ( F i g u r e 11) and 

t h o s e o f P e a c o c k (1981) c o n s i s t e n t l y showed n e g a t i v e 

c o r r e l a t i o n s between B. l o n q i r o s t r i s a n d C. s p h a e r i c u s , 

s u g g e s t i v e o f p o s s i b l e c o m p e t i t i o n . A l t h o u g h t h e i r d a y t i m e 
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d i s t r i b u t i o n s show s t r o n g s e g r e g a t i o n ( S e c t i o n 3 . 2 . 5 ) , at n i g h t 

B . l o n g i r o s t r i s and C . s p h a e r i c u s are o f t e n found t o g e t h e r i n 

the e p i l i m n i o n (W.E. N e i l l , p e r s . comm. ) . 

(v) C e r i o d a p h n i a p u l c h e l l a 

T h i s s p e c i e s i s g e n e r a l l y r a r e i n E u n i c e Lake (Northcote and 

C l a r o t t o 1975), and i t s appearance i n the AF c y l i n d e r s i n 

September may have been d e l a y e d due to v e r y low i n i t i a l 

d e n s i t i e s . I was unable to f i n d any r e c o r d s of C . p u l c h e l l a i n 

a c i d i c env ironments , u n l i k e i t s congener C . quadranqula which i s 

t o l e r a n t of c o n d i t i o n s below pH 5.0 ( C a r t e r 1971, Hobaek and 

Raddum 1980, Lowndes 1952). 

The appearance of C e r i o d a p h n i a i n the AF c y l i n d e r s 

( p a r t i c u l a r l y 3AF) may have been r e l a t e d t o both the l o s s of 

Daphnia and s h i f t s i n the r e s o u r c e spectrum to s m a l l e r 

p a r t i c l e s . L i k e D. brachyurum, C e r i o d a p h n i a was much l e s s 

abundant i n treatment F than AF (Table 11) . In a s e r i e s of 

exper iments by Lynch (1977) , Daphnia pu lex d i d o c c a s i o n a l l y 

c o m p e t i t i v e l y exc lude C e r i o d a p h n i a r e t i c u l a t a , but the r e v e r s e 

o c c u r r e d more f r e q u e n t l y . A l s o , C . q u a d r a n q u l a outcompeted 

Daphnia magna i n a study by N e i l l (1975b). In N e i l l ' s s t u d y , 

the e f f i c i e n c y of C . quadrangu la at g r a z i n g s m a l l p a r t i c l e s (3-6 

Mm) was shown to be a key c o m p e t i t i v e a b i l i t y . T h e r e f o r e the 

s i g n i f i c a n t l y h i g h e r mean biomass of 2-5 Mm p a r t i c l e s i n the AF 

e n c l o s u r e s (as compared to F) may have been advantageous to 

C e r i o d a p h n i a (Table 14, page 122). S i n c e t h e r e was a one month 

t ime l a g between the d i s a p p e a r a n c e of Daphnia i n the AF 
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c y l i n d e r s a n d t h e a p p e a r a n c e o f C e r i o d a p h n i a , a s h i f t i n t h e 

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

i n c r e a s e i n d e n s i t i e s o f C e r i o d a p h n i a . D e c l i n e s i n Bosmina an d 

Diaphanosoma may a l s o have a s s i s t e d C e r i o d a p h n i a . 

.4..4..2 Copepods 

D i a p t o m u s t y r r e l l i and D i a p t o m u s k e n a i were a f f e c t e d v e r y 

d i f f e r e n t l y by my e x p e r i m e n t a l t r e a t m e n t s . F e r t i l i z a t i o n 

s i g n i f i c a n t l y i n c r e a s e d D. t y r r e l l i egg p r o d u c t i o n , a d u l t 

l e n g t h s , and mean d e n s i t i e s ( S e c t i o n 3.2.4 ( i i ) ) but d i d n o t 

a f f e c t D. k e n a i . A c i d i f i c a t i o n and f e r t i l i z a t i o n t o pH 5.15 

c a u s e d h i g h m o r t a l i t y o f D. t y r r e l l i , but r e s u l t e d i n i n c r e a s e d 

egg p r o d u c t i o n and g r o w t h i n D. k e n a i . 

I p r o p o s e t h a t i n 1979 D. t y r r e l l i e v e n t u a l l y succumbed t o 

a c i d s t r e s s , b ut t h a t t h e c o n g e n e r D. k e n a i b e n e f i t t e d by t h e 

l o s s o f D a p h n i a . L o n g e r e x p e r i m e n t s a r e n e c e s s a r y t o r e v e a l 

whether D. k e n a i r e c r u i t m e n t i s a s a c i d r e s i s t a n t as a d u l t 

s u r v i v a l . 

In t h e most a c i d l a k e s o f t h e Sudbury a r e a and t h e 

A d i r o n d a c k M o u n t a i n s , t h e s m a l l d i a p t o m i d D i a p t o m u s m i n u t u s i s 

u s u a l l y d o m i n a n t , o r c o d o m i n a n t w i t h Bosmina l o n g i r o s t r i s 

( K e l l e r 1981, J . L . C o n f e r p e r s . comm. ). S i m i l a r l y , i n s o u t h e r n 

Norway t h e most a c i d l a k e s a r e f r e q u e n t l y d o m i n a t e d by t h e s m a l l 

c a l a n o i d c o p e p o d E u d i a p t o m u s g r a c i l i s and Bosmina l o n g i r o s t r i s 

(Hoboek an d Raddum 1980). The h i g h a c i d s e n s i t i v i t y o f 

D. t y r r e l l i ( w h i c h i s a b o u t t h e same l e n g t h a s D. m i n u t u s ) and 

t h e a c i d t o l e r a n c e o f t h e much l a r g e r D. k e n a i h i g h l i g h t t h e 
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v a r i a b i l i t y i n z o o p l a n k t o n a c i d t o l e r a n c e w i t h i n b o t h p h y l e t i c 

f a m i l i e s and s i z e c l a s s e s . 

I t i s s u r p r i s i n g t h a t t h e c y c l o p o i d c o p e p o d D i a c y c l o p s  

t h o m a s i d i d n o t i n c r e a s e i n t r e a t m e n t s F and AF, s i n c e N e i l l a n d 

P e a c o c k (1980) f o u n d t h a t f e r t i l i z a t i o n s i g n i f i c a n t l y i n c r e a s e d 

t h e s u r v i v a l o f j u v e n i l e s t a g e s o f D i a c y c l o p s t h o m a s i . I n i t i a l 

d e n s i t i e s may have been t o o low. A l s o , t h e t i m i n g o f my 

n u t r i e n t a d d i t i o n s may have been t o o l a t e i n t h e s e a s o n f o r 

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

c a r n i v o r o u s f e e d i n g by A u g u s t (McQueen 1969, P e a c o c k 1981). 

4.5 P h y t o p l a n k t o n and P h y t o p l a n k t o n - Z o o p l a n k t o n I n t e r a c t i o n s 

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

c o n c e r n i n g p h y t o p l a n k t o n and p h y t o p l a n k t o n - z o o p l a n k t o n 

i n t e r a c t i o n s a r e summarized i n T a b l e 24. The a b s e n c e o f any 

c h a n g e s i n p h y t o p l a n k t o n w i t h a c i d i f i c a t i o n t o pH 5.6 s u g g e s t s 

t h a t i n a c i d i f y i n g l a k e s , h i g h l y a c i d - s e n s i t i v e s p e c i e s s u c h a s 

D. r o s e a w i l l be a f f e c t e d by a c i d t o x i c i t y b e f o r e t h e y 

e x p e r i e n c e a l t e r a t i o n s i n t h e i r f o o d s u p p l y ( S e c t i o n 4.4.1 ( i ) ) . 

I n t r e a t m e n t A, t h e pH d i d n o t d r o p below 5.6 f o r l o n g enough t o 

t e s t w h ether pH l e v e l s o f 5.0-5.6 a f f e c t t h e a v a i l a b i l i t y o f 

p h y t o p l a n k t o n f o o d f o r more a c i d - t o l e r a n t s p e c i e s . 

I n c r e a s e s i n t h e a v a i l a b i l i t y o f p h y t o p l a n k t o n f o o d w i t h 

f e r t i l i z a t i o n ( i n b o t h t h e F a n d AF t r e a t m e n t s ) were e x p e c t e d on 

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

o l i g o t r o p h i c l a k e s ( N e l s o n and Edmundson 1955, S m i t h 1969, 

S c h i n d l e r and Fee 1974, Yan e t a l . 1981). The 1979 r e s u l t s 
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Table 24. Summary of 1979 results relevant to hypotheses on 
phytoplankton and phytoplankton-zooplankton interactions. 

Null Hypotheses (from pg 41) Major Results 

2(ii) 

3(iii) 

4(11) 

Gradual, experimental 
acidification of oligotrophic 
waters to pH 5.0 does not 
affect photoplankton 
community biomass and size 
composition 

Moderate nutrient enrichment 
of circumneutral waters does 
not change the availability 
of phytoplankton food for 
zooplankton 

Moderate nutrient enrichment 
during experimental 
acidification to pH 5.0 does 
not alleviate acid-induced 
shortages of phytoplankton 
food for zooplankton 

no evidence against 
hypothesis to pH 5.6 
(A vs. C) 
too few samples for 
adequate test at pH 
< 5.6 
hypothesis falsified 
(F vs. C) 
treatment F showed 
significantly higher 
chlorophyll a_ and 
pheophytin a_ 
concentrations, 
greater biomass of 
edible algal cells • 
< 13 yg, and longer 
sustained production 
of zooplankton 
no evidence of acid-
induced food shortages 
(see 2(ii) above) 
relative to treatment 
A, treatment AF showed 
significantly higher 
chlorophyll â  and 
pheophytin a_ 
concentrations, greater 
biomass of edible algal 
cells, and longer 
sustained production 
of zooplankton 
benefits of increased 
food to Daphnia rosea 
overwhelmed by 
increased acid toxicity 
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Table 24. Continued, 

Null Hypotheses (from pg 41) Major Results 

(ii) 

Gradual, experimental 
acidification of moderately 
enriched waters: 
does not affect phytoplankton 
community biomass and size 
composition; and 

(iii) does not alter the ability 
of plankton systems to 
absorb enrichment 
perturbations 

hypothesis falsified 
(AF vs. F) 
AF showed significantly 
higher chlorophyll a_ 
concentrations after 
the collapse of Daphnia  
rosea and a shift in 
phytoplankton community 
size structure to 
larger cells 
some evidence against 
hypothesis 
collapse of D..rosea in 
AF allowed large algal 
cells to increase 
much greater 
fluctuations in phase 
plane trajectories 
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c o n f i r m t h a t pH l e v e l s o f 5.4-5.7 do n o t c o n s t r a i n t h e o v e r a l l 

a b i l i t y o f t h e p h y t o p l a n k t o n community t o c a p i t a l i z e on p e r i o d i c 

p u l s e s o f n u t r i e n t s . 

In t h e AF c y l i n d e r s , t h e major i n d i r e c t e f f e c t s o f 

a c i d i f i c a t i o n began a s a r e s u l t o f c h a n g e s i n t h e z o o p l a n k t o n 

community, n o t b e c a u s e o f c h a n g e s t o t h e p h y t o p l a n k t o n . A c i d -

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

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

t h e p h y t o p l a n k t o n community t o l a r g e r c e l l s , and g r e a t l y 

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

and c h l o r o p h y l l a c o n c e n t r a t i o n s . How do t h e s e c h a n g e s i n 

p h y t o p l a n k t o n - z o o p l a n k t o n i n t e r a c t i o n s compare w i t h p r e v i o u s 

s t u d i e s i n a c i d i c l a k e s ? 

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

z o o p l a n k t o n i n t e r a c t i o n s i s t h a t o f Yan a n d S t r u s ( 1 9 8 0 ) , who 

a n a l y z e d s i x y e a r s o f p h y t o p l a n k t o n and z o o p l a n k t o n d a t a from 

a c i d i c (pH 4.3), m e t a l - c o n t a m i n a t e d C l e a r w a t e r L a k e . L i k e 

t r e a t m e n t AF, t h e z o o p l a n k t o n b i o m a s s o f C l e a r w a t e r L a k e was 

d o m i n a t e d by c l a d o c e r a n s , w i t h Bosmina l o n g i r o s t r i s f o r m i n g 79-

95% o f mean b i o m a s s d u r i n g t h e i c e f r e e s e a s o n . S i n c e a b o u t 50% 

o f t h e p h y t o p l a n k t o n b i o m a s s i n C l e a r w a t e r Lake c o n s i s t e d o f 

d i n o f l a g e l l a t e s ( p a r t i c u l a r l y P e r i d i n i u m i n c o n s p i c u u m ) t h a t were 

t o o l a r g e t o be g r a z e d by B. l o n g i r o s t r i s , t h e a u t h o r s 

h y p o t h e s i z e d t h a t a p p r o x i m a t e l y h a l f t h e p h y t o p l a n k t o n b i o m a s s 

was u n a v a i l a b l e as a f o o d s o u r c e t o t h e z o o p l a n k t o n community. 

A somewhat s i m i l a r s i t u a t i o n p r e v a i l e d i n t r e a t m e n t AF a f t e r t h e 

c o l l a p s e o f D. r o s e a . About 85% o f t h e h e r b i v o r o u s f i l t e r i n g 
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was by z o o p l a n k t o n s p e c i e s c o n s u m i n g o n l y a l g a l c e l l s l e s s t h a n 

13 um i n s i z e , whereas 71.2% o f t h e t o t a l a l g a l b i o m a s s was i n 

c e l l s l a r g e r t h a n 13 Aim ( T a b l e 18, S e c t i o n 3.3.5 ( i i i ) ) . 

However, C l e a r w a t e r L a k e and t r e a t m e n t AF d i f f e r e d 

c o n s i d e r a b l y i n o t h e r r e s p e c t s . The C l e a r w a t e r L a k e z o o p l a n k t o n 

community was e s t i m a t e d t o f i l t e r o n l y 0.22-0.75% d a y " 1 of t h e 

l a k e ' s volume (5-18 t i m e s l e s s t h a n t h e z o o p l a n k t o n community o f 

a n e a r l y c i r c u m n e u t r a l , o l i o g o t r o p h i c l a k e ) . By c o n t r a s t , 

t r e a t m e n t AF z o o p l a n k t o n f i l t e r e d a p p r o x i m a t e l y 4% d a y " 1 o f t h e 

c y l i n d e r v olume. T r e a t m e n t AF c o u l d s u p p o r t a much h i g h e r 

b i o m a s s o f z o o p l a n k t o n , due t o h i g h e r n u t r i e n t l e v e l s , o n l y one 

t e n t h t h e [ H + ] , and no Cu o r N i c o n t a m i n a t i o n . B e c a u s e o f t h e 

low f i l t e r i n g r a t e of t h e C l e a r w a t e r Lake z o o p l a n k t o n community, 

Yan and S t r u s a l s o h y p o t h e s i z e d t h a t c h a n g e s i n t h e s t r u c t u r e o f 

t h e p h y t o p l a n k t o n community were not a t t r i b u t a b l e t o z o o p l a n k t o n 

g r a z i n g . In t h e AF c y l i n d e r s however, t h e b i o m a s s o f s m a l l 

c l a d o c e r a n s grew h i g h enough t o s i g n i f i c a n t l y r e d u c e t h e 

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

p a r t i c l e s ( S e c t i o n 3.3.4 ( i i i ) ) . 

The most common community d o m i n a n t s i n N o r t h A m e r i c a n a c i d 

l a k e s o f pH<5.0 a r e B. l o n q i r o s t r i s and Diaptomus m i n u t u s , b o t h 

s m a l l c r u s t a c e a n s ( S p r u l e s 1975a; K e l l e r 1981; J . L . C o n f e r 

p e r s . comm.). I f e n r i c h e d , s u c h l a k e s would p r e s u m a b l y d i s p l a y 

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

o b s e r v e d when n u t r i e n t s a r e a d d e d t o c i r c u m n e u t r a l l a k e s w i t h 

l a r g e r h e r b i v o r e s . In t r a n s i t i o n l a k e s (pH 4.7 t o 5 . 3 ) , t h e 

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

p e r t u r b a t i o n s o c c u r d u r i n g e p i s o d i c pH d e p r e s s i o n s a n d t h e 

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

s e n s i t i v e . 

The e f f e c t s o f e n r i c h m e n t o f a c i d i c (pH 4.2) M o u n t a i n t o p 

Lake (Yan e t a l . 1981; Yan and L a f r a n c e 1981) s u p p o r t t h e 

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

i m p a c t o f h e r b i v o r e s on p h y t o p l a n k t o n , a n d o f i n v e r t e b r a t e 

p r e d a t o r s on z o o p l a n k t o n . In 1971, f e r t i l i z a t i o n o f M o u n t a i n t o p 

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

l e d t o s u c h r a p i d i n c r e a s e s i n B. l o n g i r o s t r i s a n d D. m i n u t u s 

t h a t a l g a l b i o m a s s was r e d u c e d t o a l m o s t z e r o , and 

B. l o n g i r o s t r i s c r a s h e d . I t i s a t f i r s t s u r p r i s i n g t h a t no 

l a r g e a l g a e were a b l e t o e s c a p e t h e g r a z i n g o f t h e s e s m a l l 

h e r b i v o r e s . However, t h e p h y t o p l a n k t o n s p e c i e s d i v e r s i t y o f 

M o u n t a i n t o p L a k e was a l r e a d y low, r e l a t i v e t o c i r c u m n e u t r a l 

l a k e s , p r i o r t o f e r t i l i z a t i o n (N.D. Yan, p e r s . comm. ) . A f t e r 

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

community e n t i r e l y d o m i n a t e d by a few s m a l l c r y p t o m o n a d s t h a t 

were h e a v i l y g r a z e d (Yan a n d L a f r a n c e 1 981). F e r t i l i z a t i o n o f 

L a b e l l e L a k e , w h i c h a t pH 6.0 was t h e c o n t r o l f o r t h e 

M o u n t a i n t o p L a k e e x p e r i m e n t , c a u s e d e f f e c t s s i m i l a r t o my 

t r e a t m e n t F, w i t h i n c r e a s e s i n t h e b i o m a s s e s o f b o t h 

p h y t o p l a n k t o n and z o o p l a n k t o n . The a b s e n c e o f z o o p l a n k t o n 

o v e r g r a z i n g i n L a b e l l e L a k e was a t t r i b u t e d t o c y c l o p o i d 

p r e d a t i o n (Yan and L a f r a n c e 1981), b u t b looms o f f i l a m e n t o u s 

O s c i l l a t o r i a may a l s o have been c o n t r i b u t o r y . 
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Dickman and E f f o r d (1972) d e m o n s t r a t e d how n u t r i e n t 

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

L a k e was g e n e r a l l y f o l l o w e d by s h a r p d e c r e a s e s i n a l g a l s p e c i e s 

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

of l a k e s w i t h pH < 5.0, s u c h d e c r e a s e s may l e a d t o l a r g e c r a s h e s 

o f z o o p l a n k t o n due t o o v e r g r a z i n g . A n a l o g o u s e v e n t s may o c c u r 

a t t h e h e r b i v o r e - i n v e r t e b r a t e p r e d a t o r l e v e l . C o n t i n u e d 

f e r t i l i z a t i o n o f M o u n t a i n t o p i n 1977 and 1978, when p r e d a t o r y 

C h a o b o r u s l a r v a e were a b u n d a n t , l e d t o t h e v i r t u a l e x t i n c t i o n o f 

a l l h e r b i v o r o u s z o o p l a n k t o n a n d enormous i n c r e a s e s i n 

p h y t o p l a n k t o n b i o m a s s . The u n i f o r m l y s m a l l s i z e o f t h e 

c r u s t a c e a n z o o p l a n k t o n p r o b a b l y made t h e community c o n s i d e r a b l y 

more v u l n e r a b l e t o C h a o b o r u s p r e d a t i o n . 

A l t h o u g h p o t e n t i a l h e r b i v o r e g r a z i n g i m p a c t s on a l g a e have 

been c o n s i d e r e d i n d e t a i l , a b i o t i c f a c t o r s , e s p e c i a l l y pH, 

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

p h y t o p l a n k t o n community c o m p o s i t i o n . I d e a l l y , t h e e x p e r i m e n t 

would have m o n i t o r e d n u t r i e n t s and p r i m a r y p r o d u c t i o n , o r 

i n c l u d e d an AF t r e a t m e n t w i t h a l l h e r b i v o r e s removed, t o 

s e p a r a t e o u t a b i o t i c e f f e c t s on p h y t o p l a n k t o n community s i z e 

s t r u c t u r e . Taxonomic d e s c r i p t i o n o f t h e p h y t o p l a n k t o n w i t h i n 

t h e AF c y l i n d e r s was i n c o m p l e t e ( F i g u r e 23 and A p p e n d i x F ) , b u t 

was s u f f i c i e n t t o s u g g e s t t h a t t h e e f f e c t s o f a c i d i f i c a t i o n 

d i f f e r e d f r o m t h o s e o b s e r v e d e l s e w h e r e . I n O n t a r i o a n d Sweden, 

d i n o f l a g e l l a t e s a r e a s m a l l p e r c e n t a g e o f t o t a l a l g a l b i o m a s s i n 

c i r c u m n e u t r a l l a k e s , b u t become d o m i n a n t i n l a k e s w i t h pH < 5.0 

(Yan 1979, Yan and S t o k e s 1978, H o r n s t r o m e t a l . 1973 ( c i t e d by 
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Yan and S t o k e s 1 9 7 8 ) ) . In t h e A d i r o n d a c k s some l a k e s a r o u n d pH 

5.0 m a i n t a i n C h r y s o p h y c e a e as community d o m i n a n t s , ( t h e n o r m a l l y 

d o m i n a n t phylum i n c i r c u m n e u t r a l , o l i g o t r o p h i c l a k e s ) but 

d i n o f l a g e l l a t e s s t i l l f o r m a b o u t 20% o f t h e community b i o m a s s 

d u r i n g t h e i c e f r e e months (Hendrey e t a l . 1980). B a s e d on 

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

P e r i d i n i u r n i n c o n s p i c u u m ) a r e f a v o u r e d by s h o r t t e r m , r a p i d 

d e p r e s s i o n s i n pH (Yan a n d S t o k e s 1978), I e x p e c t e d t o s e e an 

i n c r e a s e i n d i n o f l a g e l l a t e s w i t h i n t h e AF c y l i n d e r s . However, 

no D i n o p h y c e a e were o b s e r v e d i n t h e AF s a m p l e s , and e i t h e r 

C h r y s o p h y c e a e o r ( l a t e r ) C r y p t o p h y c e a e a p p e a r e d d o m i n a n t 

( F i g u r e 2 3 ) . D i f f e r e n c e s i n dominant p h y l a between t h e above 

d e s c r i b e d a c i d l a k e s a n d t h e AF c y l i n d e r s c o u l d be due t o t h e 

l a t t e r ' s h i g h e r pH ( p a r t i c u l a r l y below 4m), l o w e r t r a n s p a r e n c y 

a n d / o r h i g h e r t o t a l N and t o t a l P. Of t h e s e t h r e e f a c t o r s , 

n u t r i e n t c o n c e n t r a t i o n s seem t h e l e a s t l i k e l y t o have e x c l u d e d 

d i n o f l a g e l l a t e s : i n O n t a r i o a c i d l a k e s t h e p r o p o r t i o n o f t o t a l 

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

c o r r e l a t e d w i t h [H+] ( r 2 = 0.50), b u t u n c o r r e l a t e d w i t h t o t a l P 

(Yan 1979). A l s o , P e r i d i n i u m i n c o n s p i c u u m became d o m i n a n t 

d u r i n g t h e t h i r d y e a r o f f e r t i l i z a t i o n o f M o u n t a i n t o p L a k e (Yan 

and L a f r a n c e 1981), d e m o n s t r a t i n g t h a t t h i s a l g a c a n m a i n t a i n 

i t s dominance under low and h i g h n u t r i e n t l e v e l s i n a c i d l a k e s . 
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1. INTRODUCTION 

To d a t e , t h e e f f e c t s o f l a k e a c i d i f i c a t i o n on z o o p l a n k t o n 

c o m m u n i t i e s have been s t u d i e d p r i m a r i l y t h r o u g h m u l t i - l a k e 

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

( r e v i e w e d i n S e c t i o n I ) . W i t h t h e e x c e p t i o n of t h e Lake 223 

e x p e r i m e n t i n t h e E x p e r i m e n t a l L a k e s A r e a ( M a l l e y e t a l . 1981), 

t h e r e a r e no p u b l i s h e d s t u d i e s d e m o n s t r a t i n g t h e r e s p o n s e s o f an 

e n t i r e z o o p l a n k t o n community t o e x p e r i m e n t a l a c i d i f i c a t i o n . 

In t h e summer o f 1979, I c o n d u c t e d a t h r e e month l i m n o c o r r a l 

e x p e r i m e n t i n E u n i c e L a k e t o examine t h e e f f e c t s on p l a n k t o n 

s y s t e m s o f t h r e e e x p e r i m e n t a l m a n i p u l a t i o n s : 1) a c i d i f i c a t i o n , 

2) f e r t i l i z a t i o n 1 and 3) b o t h a c i d i f i c a t i o n and f e r t i l i z a t i o n 

( S e c t i o n I ) . The r e s u l t s o f t h e e x p e r i m e n t s t i m u l a t e d s e v e r a l 

q u e s t i o n s c o n c e r n i n g t h e r e s p o n s e s o f z o o p l a n k t o n t o 

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

o r g a n i z a t i o n : 

1) The 1979 e x p e r i m e n t was c o n d u c t e d i n midsummer. 

Would t h e z o o p l a n k t o n community r e s p o n d s i m i l a r l y t o 

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

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

h i g h e r q u a l i t y ( N e i l l 1981b), and d i f f e r e n t 

z o o p l a n k t o n s p e c i e s and l i f e h i s t o r y s t a g e s a r e 

p r e s e n t ? 

2) I n 1979, t h e mean e p i l i m n e t i c pH r e m a i n e d a t o r above 

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

a f f e c t z o o p l a n k t o n p e r f o r m a n c e . What a r e t h e e f f e c t s 

on u n e n r i c h e d p l a n k t o n s y s t e m s o f h i g h e r l e v e l s o f 
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a c i d i f i c a t i o n , s p e c i f i c a l l y t o pH 5.5, 5.0 and 4.5? 

3) M a j o r m o r t a l i t y o f t h e d o m i n a n t h e r b i v o r e , D a p h n i a  

r o s e a , o c c u r r e d i n 1979 i n a c i d i f i e d , n u t r i e n t -

e n r i c h e d e n c l o s u r e s when t h e pH d r o p p e d i n one day 

from 6.2 t o 5.3. Does t h e r a t e o f pH change a f f e c t 

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

z o o p l a n k t o n p o p u l a t i o n s ? T h i s q u e s t i o n i s e s p e c i a l l y 

p e r t i n e n t t o s p r i n g a c i d i f i c a t i o n e x p e r i m e n t s . I n 

many a r e a s o f E a s t e r n N o r t h A m e r i c a and S c a n d i n a v i a , 

low a l k a l i n i t y l a k e s show s e v e r e e p i s o d i c s p r i n g pH 

d e p r e s s i o n s , as h y d r o g e n i o n s s t o r e d i n t h e snowpack 

a r e r e l e a s e d ( J e f f r i e s e t a l . 1979, H u l t b e r g 1 9 77). 

4) I n 1979, s u r f a c e a d d i t i o n s o f s u l f u r i c a c i d f a i l e d t o 

p e n e t r a t e t h e midsummer t h e r m o c l i n e . Though t h i s 

c r e a t e d a s t r o n g pH g r a d i e n t w i t h d e p t h , a common 

f e a t u r e o f a c i d i f y i n g l a k e s ( S c h i n d l e r e t a l . 1980, 

H e n r i k s e n and W r i g h t 1977), i t a l s o c r e a t e d c h e m i c a l 

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

T h i s l o w e r e d t h e v a l u e o f t h e e x p e r i m e n t as a 

t o x i c i t y t e s t . Would t h e a p p a r e n t pH t o l e r a n c e s o f 

t h e v a r i o u s s p e c i e s (and t h e c o n s e q u e n t community 

s h i f t s ) be d i f f e r e n t i f t h e pH were u n i f o r m o v e r a l l 

d e p t h s ? 

I n t h e s p r i n g o f 1980, I c o n d u c t e d a two month l i m n o c o r r a l 

e x p e r i m e n t i n E u n i c e L a k e t o a d d r e s s t h e above f o u r q u e s t i o n s , 

a n d t o compare z o o p l a n k t o n c o m m u n i t i e s and p o p u l a t i o n s i n 

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



214 

l a k e s . As i n 1979, I i n t e n d e d t o use s u c h c o m p a r i s o n s t o 

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

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

z o o p l a n k t o n community change under e x p e r i m e n t a l a c i d i f i c a t i o n . 
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2. MATERIALS AND METHODS 

2.J_ E x p e r i m e n t a l D e s i g n and E x e c u t i o n 

The e x p e r i m e n t was d e s i g n e d t o e x p o s e e n c l o s e d z o o p l a n k t o n 

c o m m u n i t i e s t o low, medium o r h i g h r a t e s o f a c i d i f i c a t i o n ( t o pH 

5.5, 5.0 o r 4.5) o v e r a p e r i o d o f 10 d a y s , and t h e n h o l d t h e pH 

c o n s t a n t f o r f o u r weeks ( F i g u r e 2 8 ) . Between t r e a t m e n t 

c o m p a r i s o n s d u r i n g t h e two week a c i d i f i c a t i o n p h a s e were u s e d t o 

e s t i m a t e i n c i p i e n t l e t h a l pH l e v e l s and a s s e s s whether t h e r a t e 

o f pH change a f f e c t e d z o o p l a n k t o n m o r t a l i t y r a t e s a t s p e c i f i c pH 

l e v e l s ( F i g u r e 2 8 ) . D u r i n g t h e c o n s t a n t pH p h a s e , between 

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

i n z o o p l a n k t o n community b i o m a s s and s t r u c t u r e a t e a c h pH l e v e l . 

The s t u d y a r e a , l i m n o c o r r a l d e s i g n , and p r o c e d u r e s u s e d t o 

f i l l a nd sample t h e e n c l o s u r e s a r e d e s c r i b e d i n S e c t i o n I . I n 

May 1980, t h e e i g h t e n c l o s u r e s u s e d i n 1979 were d r a i n e d , 

s c r u b b e d t o remove e p i p l a s t i c a l g a e ( p e r i p h y t o n ) f r o m t h e w a l l s , 

and r e f i l l e d w i t h E u n i c e Lake z o o p l a n k t o n a t l a k e d e n s i t i e s . 

The low ( L ) , medium (M) and h i g h (H) a c i d i f i c a t i o n t r e a t m e n t s 

were r a n d o m l y a s s i g n e d t o s i x o f t h e e i g h t e n c l o s u r e s ; t h e o t h e r 

two s e r v e d as c o n t r o l s ( C ) . T a b l e 25 shows t h e c o r r e s p o n d e n c e 

between 1979 and 1980 t r e a t m e n t s . I compared r e p l i c a t e 6C w i t h 

8C, a n d 3L w i t h 7L t o a s s e s s whether h e a v y p e r i p h y t o n g r o w t h 

under t h e a c i d i f i c a t i o n and f e r t i l i z a t i o n t r e a t m e n t i n 1979 had 

any r e s i d u a l i m p a c t i n 1980. 
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F i g u r e 28. D e s i g n o f 1980 e x p e r i m e n t . L i n e s show i n t e n d e d pH 
change under e a c h t r e a t m e n t . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; 
M=medium r a t e ; H=high r a t e . Open c i r c l e s i l l u s t r a t e 
e x amples o f b e t w e e n - t r e a t m e n t c o m p a r i s o n s t o e v a l u a t e 
e f f e c t s of r a t e of pH change on t o x i c i t y 
( i . e . t r e a t m e n t s L, M, and H r e a c h pH 5.5 a f t e r 10, 7, 
and 5 d a y s r e s p e c t i v e l y ) . C l o s e d c i r c l e s a r e examples 
o f b e t w e e n - t r e a t m e n t c o m p a r i s o n s d u r i n g c o n s t a n t pH 
p h a s e . T r i a n g l e s show s a m p l i n g i n t e n s i t y . 



2 1 7 

TIME SINCE START OF EXPT. (d) 
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Table 25. Correspondence between 1979 and 1980 experimental 
treatments. The enclosures were numbered differently in 
1979 and 1980. Treatments were randomly assigned to 
enclosures in both years. Abbreviations: 

C = controls 
A = acidification only 
F = fertilization only 
AF = acidification and fertilization 
L = low acidification 
M = medium acidification 
H = high acidification 

1979 1980 
# Treatment treatment # 

3 AF C 6 
5 A C 8 

4 A L 3 
7 AF L 7 

2 C M 2 
6 C M 5 

8 F H I 
I F H 4 
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D u r i n g t h e a c i d i f i c a t i o n p h a s e o f t h e e x p e r i m e n t (May 13 t o 

23) I u s e d a t i t r a t i o n c u r v e d e v e l o p e d from l a k e w a t e r s a m p l e s 

and d a i l y d e p t h - s t r a t i f i e d pH measurements t o compute t h e 

a p p r o p r i a t e amount o f 1M H 2 S O „ ( o r 1M NaOH) t o add t o e a c h 

e n c l o s u r e . C h e m i c a l s were ad d e d d a i l y t o e a c h o f f o u r d e p t h 

s t r a t a (0-2 m, 2-4 m, 4-6 m, and 6-8 m) u s i n g a b i l g e pump and 

h o s e . E a c h a c i d o r ba s e d o s e was f i r s t d i l u t e d w i t h 9 L o f 

water pumped from t h e a p p r o p r i a t e d e p t h s t r a t u m . T h i s p r o c e d u r e 

was d e s i g n e d t o m a i n t a i n v e r t i c a l l y homogeneous pH l e v e l s 

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

a d d i t i o n s were p e r f o r m e d s u b s e q u e n t t o z o o p l a n k t o n s a m p l i n g . I 

o b t a i n e d w a t e r s a m p l e s f o r pH measurements 1-4 h a f t e r a c i d 

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

e q u i l i b r a t i o n ) and measured pH l e v e l s i n t h e l a b o r a t o r y w i t h i n 6 

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

I . 

C h l o r o p h y l l a was measured on J u l y 19 o n l y . S a m p l i n g and 

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

S e c t i o n I , e x c e p t t h a t I f i l t e r e d an a d d i t i o n a l 500 ml t h r o u g h a 

12 nm n u c l e o p o r e f i l t e r . By s u b t r a c t i n g t h e c h l o r o p h y l l 

c o n c e n t r a t i o n y i e l d e d by t h e 12»xm f i l t r a t i o n f r o m t h e 

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

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

t o be g r a z e d by a l l c r u s t a c e a n s i n t h e z o o p l a n k t o n community 

(See S e c t i o n I D i s c u s s i o n ) . In r e t r o s p e c t , a 2 - s t a g e f i l t r a t i o n 

o f one w a t e r sample w o u l d have y i e l d e d b e t t e r p r e c i s i o n t h a n two 

s e p a r a t e f i l t r a t i o n s . 
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Z o o p l a n k t o n samples were o b t a i n e d a t 2-3 day i n t e r v a l s 

d u r i n g t h e f i r s t 17 d a y s o f t h e e x p e r i m e n t , t h e n w e e k l y f o r 

t h r e e weeks, and t h e n once a month l a t e r . W i t h t h e e x c e p t i o n o f 

d e p t h - s t r a t i f i e d s amples o b t a i n e d on June 19 ( f o u r 2 m s t r a t a ) , 

a l l samples were d e p t h - i n t e g r a t e d . Samples were p r e s e r v e d a n d 

enu m e r a t e d a c c o r d i n g t o t h e p r o c e d u r e s d e s c r i b e d i n S e c t i o n I . 

F o l l o w i n g t h e p r o c e d u r e s o u t l i n e d i n S e c t i o n I , I measured 

20 a d u l t s and 20 j u v e n i l e s o f e a c h s p e c i e s from e a c h t r e a t m e n t 

on t h r e e o c c a s i o n s : May 13, June 5, and J u l y 16. Th e s e l e n g t h s 

were c o n v e r t e d t o e s t i m a t e s o f mean a d u l t and j u v e n i l e w e i g h t s 

( s e e A p p e n d i x A) t h a t were u s e d t o e s t i m a t e t h e t o t a l b i o m a s s o f 

e a c h s p e c i e s on e a c h d a t e . Mean w e i g h t s from May 13 were u s e d 

f o r a l l May s a m p l e s , and mean w e i g h t s from June 5 f o r a l l J u n e 

s a m p l e s . 

2.2 S t a t i s t i c a l and S i m u l a t i o n A n a l y s e s 

To d e t e r m i n e t h e s t a t i s t i c a l s i g n i f i c a n c e o f i n t e r - t r e a t m e n t 

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

and numbers o f a n i m a l s and eggs o f e a c h s p e c i e s were a n a l y z e d 

w i t h 1-way ANOVA and Duncan m u l t i p l e r a n g e t e s t s . A n a l y s e s were 

p e r f o r m e d on u n t r a n s f o r m e d d a t a u n l e s s B a r t l e t t ' s t e s t i n d i c a t e d 

h e t e r o g e n e o u s w i t h i n g r o u p v a r i a n c e s , i n w h i c h c a s e d a t a were 

l o g t r a n s f o r m e d . I u s e d 1-way ANOVA i n s t e a d o f 2-way t r e a t m e n t 

by t i m e ANOVA due t o t h e v a r y i n g d u r a t i o n o f s a m p l i n g i n t e r v a l s , 

a nd t h e c o n t r a s t i n g c o n d i t i o n s d u r i n g t h e two p h a s e s o f t h e 

e x p e r i m e n t ( i . e . a c i d i f i c a t i o n v s . c o n s t a n t p H ) . 
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S i n c e D a p h n i a r o s e a commonly f o r m s 70% o f t h e h e r b i v o r o u s 

g r a z i n g p r e s s u r e i n E u n i c e L a k e , and i s a l s o a c i d s e n s i t i v e 

( S e c t i o n I ) I a n a l y z e d i t s m o r t a l i t y i n t h e 1980 e x p e r i m e n t i n 

c o n s i d e r a b l e d e t a i l . D a p h n i a m o r t a l i t y r a t e s were e s t i m a t e d 

u s i n g b o t h t h r e e - s t a g e a n d t w o - s t a g e m o d e l s . The t h r e e - s t a g e 

model i s an u n p u b l i s h e d computer p r o g r a m w r i t t e n by E . G u i n d o n , 

b a s e d on t h e methods o f A r g e n t i s i e t a l . (1974) and S e i t z 

( 1 9 7 9 ) . In t h e program, t h e p o p u l a t i o n i s r e p r e s e n t e d by t h r e e 

s t a g e s : e g g s , j u v e n i l e s , and a d u l t s , e a c h w i t h i t s own r a t e s o f 

r e c r u i t m e n t and m o r t a l i t y . The t w o - s t a g e m o d e l , b a s e d on 

P a l o h e i m o ( 1 9 7 4 ) , c o n s i d e r s o n l y eggs and " a n i m a l s " ( i . e . i t 

d o e s n o t d i f f e r e n t i a t e between a d u l t s and j u v e n i l e s ) . B o t h 

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

t h e computer p r o g r a m u s e d f o r t h e t h r e e s t a g e m o d e l . 

To r o u g h l y e s t i m a t e t h e i n c i p i e n t l e t h a l pH i n e a c h 

t r e a t m e n t , I g r a p h e d mean e s t i m a t e d m o r t a l i t y r a t e s a g a i n s t t h e 

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

i n t e r v a l . T h i s g r a p h i c a l method i s m e r e l y a means o f 

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

r i g o r o u s t o x i c i t y t e s t c u r v e . The e x p e r i m e n t v i o l a t e d two key 

a s s u m p t i o n s o f t o x i c i t y t e s t s (Brown 1978): 

1) t h a t s u b j e c t s c h o s e n t o be t e s t e d a t e a c h d o s e l e v e l 

have been randomly s e l e c t e d ; and 

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

d o s e . 
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The f i r s t a s s u m p t i o n i s v i o l a t e d by t h e d e c l i n i n g pH l e v e l s 

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

pH 5.0 i s l i k e l y more a c i d t o l e r a n t t h a n t h e s t a r t i n g 

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

t e m p e r a t u r e s , f o o d and t h e d e n s i t i e s of c o m p e t i t o r s may c hange 

w i t h t i m e and t r e a t m e n t . 

A l s o , s i n c e t h e pH c h a n g e d d a i l y d u r i n g t h e a c i d i f i c a t i o n 

p h ase o f t h e e x p e r i m e n t , l e t h a l e f f e c t s w h i c h t o o k l o n g e r t h a n 

24 h t o o c c u r may a p p e a r a s s o c i a t e d w i t h a l a t e r , l o w e r pH; t h i s 

w o u l d l e a d t o an u n d e r e s t i m a t e o f pH s e n s i t i v i t y . 

F o r s p e c i e s o t h e r t h a n D a p h n i a , I e s t i m a t e d t h e l e t h a l pH 

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

e x t i n c t i o n s . As m e n t i o n e d a b o v e , t h i s method w i l l t e n d t o 

u n d e r e s t i m a t e pH s e n s i t i v i t y . 
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3. RESULTS 

3_«1 T e m p e r a t u r e and pH Measurements 

C o l d , r a i n y w eather d u r i n g May and J u n e 1980 m a i n t a i n e d much 

l o w e r water t e m p e r a t u r e s t h a n i n J u l y and A u g u s t 1979 

( F i g u r e 2 9 ) . T h i s was n o t o n l y a s e a s o n a l e f f e c t , as mean 

t e m p e r a t u r e s on J u l y 16 1980 (10.4°C o v e r 0-8m, F i g u r e 29) were 

c o n s i d e r a b l y l e s s t h a n on t h e same d a t e i n 1979 (12.8°C, 

F i g u r e 6, page 4 9 ) . R a t e s o f z o o p l a n k t o n d e v e l o p m e n t and 

p h y t o p l a n k t o n g r o w t h a r e h i g h l y t e m p e r a t u r e d e p e n d e n t ( H e b e r t 

1978, Lund 1965) and t h e r e f o r e were l i k e l y s i g n i f i c a n t l y l o w e r 

t h a n i n my 1979 e x p e r i m e n t . 

As i n 1979, c o n t r o l c y l i n d e r s showed l e s s o f a v e r t i c a l pH 

g r a d i e n t t h a n d i d E u n i c e Lake ( F i g u r e 3 0 ) , most l i k e l y due t o 

l i m n o c o r r a l s h a d i n g ( S e c t i o n I ) . The d e p t h - s t r a t i f i e d d a i l y 

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

pH l e v e l s and t h e d e s i r e d r a t e s o f pH c hange ( F i g u r e 3 0 ) . I n 

t r e a t m e n t s L and M, t h e t o t a l amount of s u l f u r i c a c i d a d d e d was 

2.7% and 13.0% l e s s ( r e s p e c t i v e l y ) t h a n t h e amount e x p e c t e d from 

l a k e w a t e r t i t r a t i o n s ; t r e a t m e n t H r e q u i r e d 1.8% more t h a n 

e x p e c t e d ( T a b l e 2 6 ) . D i f f e r e n c e s between e x p e c t e d and o b s e r v e d 

a c i d a d d i t i o n s c a n n o t be c o n s i d e r e d s i g n i f i c a n t i n t r e a t m e n t s L 

and H. In t r e a t m e n t M however, b i o t i c g e n e r a t i o n o f a l k a l i n i t y 

( e . g . a l g a l n i t r a t e a s s i m i l a t i o n ) was a p p a r e n t l y e x c e e d e d by H 

i o n s e i t h e r g e n e r a t e d w i t h i n t h e e n c l o s u r e ( e . g . ammonium 

a s s i m i l a t i o n ) o r d e p o s i t e d i n p r e c i p i t a t i o n . I t seems u n l i k e l y 

t h a t d i f f e r e n c e s i n c h e m i c a l b u f f e r i n g were r e s p o n s i b l e f o r 
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F i g u r e 29. E u n i c e L a k e w a t e r t e m p e r a t u r e s d u r i n g 1980 . 



DEPTH m 
O CD 00 N 0 1 o> -t» cu ro «-* o 



226 

F i g u r e 30. 1980 pH l e v e l s by d e p t h and t i m e . A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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1980 pH BY DEPTH LAYER 
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Table 26. Expected and observed amounts of sulfuric acid 
added to cylinders. Expected amount computed 
from lake water titrations and cylinder volume 
of 28.2 m3. 

Expected Amount of Actual Amount of 
T . . H+ Required for H+ Added Over the 
ireatment Acidifying Each Whole Experiment 

Cylinder (meq) (meq) (x ± SE) 

L (to pH 5.5) 

M (to pH 5.0) 

H (to pH 4.5) 

803.7 

1198.5 

1974.0 

782 ± 14 

1043 ± 46 

2009 ± 6 
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these gaps between expected and observed amounts of a c i d 

a d d i t i o n s , s i n c e the l i m n o c o r r a l s were i s o l a t e d from both 

watershed and sediment sources of p o t e n t i a l b u f f e r s . 

D u r i n g the 6 week p e r i o d from June 5 to J u l y 16 I made o n l y 

one a c i d a d d i t i o n , to c y l i n d e r 4H on June 5. I n c r e a s e s i n mean 

pH l e v e l s of 0 .09-0 .14 pH u n i t s d u r i n g t h i s p e r i o d suggest tha t 

b i o t i c p r o c e s s e s generated a s m a l l s u r p l u s of a l k a l i n i t y 

(Tab le 27 ) . 

3.2 O v e r a l l E f f e c t s on the P l a n k t o n Community 

3 .̂2_.j_ E f f e c t s of E n c l o s u r e 

Two types of p o t e n t i a l e n c l o s u r e e f f e c t s were examined i n 

1980: 1) d i f f e r e n c e s between c o n t r o l e n c l o s u r e s and E u n i c e 

L a k e ; and 2) e f f e c t s of r e u s i n g l i m n o c o r r a l s s u b j e c t e d to 

a c i d i f i c a t i o n and f e r t i l i z a t i o n i n my 1979 e x p e r i m e n t . 

R e l a t i v e to E u n i c e L a k e , the c o n t r o l e n c l o s u r e s were 

i n i t i a l l y s t o c k e d wi th too few Holopedium gibberurn and too many 

Diaptomus k e n a i . On May 13 and 16, biomasses of H . qibberum and 

D. kenai averaged 1.7 ± 0.45 and 5.2 ± 0.60 Mg»L" 1 i n the 

c o n t r o l s , but 5.2 ± 1.2 and 1.6 ± 0.015 M g * L ~ 1 i n E u n i c e L a k e . 

H . gibberurn dwind led to e x t i n c t i o n i n the c o n t r o l s , but became 

i n c r e a s i n g l y important i n the l a k e . D i f f e r e n c e s i n Holopedium 

biomass were l a r g e l y r e s p o n s i b l e for much h i g h e r t o t a l 

z o o p l a n k t o n biomass i n E u n i c e Lake than i n the c o n t r o l s a f t e r 

June 12 ( F i g u r e s 31 and 3 2 ) . F e r t i l i z a t i o n of upstream 

Gwendol ine Lake i n 1979 l i k e l y c o n t r i b u t e d to the u n u s u a l l y h i g h 



Table 27. Mean pH levels June 5 to July 16. Standard errors computed with n = 8 according 
to method described in Section I. 

Treatment 
Date — — • :  

Eunice Lake Control Low Medium High 

June 5 6. 18 + 0.041 6. 22 ± 0.025 5. 47 ± 0.015 5. 00 + 0.005 4. 46 + 0. 028 

June 12 6. 23 + 0.050 6. 32 + 0.038 5. 55 + 0.029 5. 09 + 0.017 4. 54 + 0. 013 

June 19 6. 25 + 0.007 6. 28 + 0.044 5. 55 + 0.032 5. 06 + 0.016 4. 51 + 0. 011 

July 16 6. 16 + 0.08 6. 35 + 0.041 5. 61 + 0.037 5. .14 + 0.015 4. 55 + 0. 015 

M 
to 
O 
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F i g u r e 31. 1980 t o t a l z o o p l a n k t o n b i o m a s s . A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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TOTAL ZOOPLANKTON BIOMASS (1980) 
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F i g u r e 32. P e r c e n t c o m p o s i t i o n o f t o t a l z o o p l a n k t o n b i o m a s s i n 
1980 . A b b r e v i a t i o n s u s e d - f o r t r e a t m e n t s : C = c o n t r o l s ; 
L=low r a t e of a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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t o t a l z o o p l a n k t o n b i o m a s s i n E u n i c e L a k e i n 1980 and t h e 

i m p r o v e d p e r f o r m a n c e s of H o l o p e d i u m and D i a c y c l o p s t h o m a s i 

( C . J . W a l t e r s and W.E. N e i l l , u n p u b l i s h e d d a t a ; P e a c o c k 1981). 

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

s i g n i f i c a n t l y between t h e c o n t r o l s and E u n i c e L a k e ( F i g u r e s 31 

and 3 2 ) . However, t h e e n c l o s e d D a p h n i a r o s e a p o p u l a t i o n s 

i n i t i a l l y c o n t a i n e d f a r fewer eggs and a s m a l l e r p e r c e n t a g e o f 

o v i g e r o u s f e m a l e s t h a n d i d t h e p o p u l a t i o n i n E u n i c e Lake (means 

i n a l l c y l i n d e r s on May 13: 0.33 ± 0.056 eggs /L and 13.0 ± 2.8% 

o v i g e r o u s f e m a l e s ; i n E u n i c e L a k e : 1.50 eggs /L and 47.9% 

o v i g e r o u s ) . T h i s was a p p a r e n t l y due t o e r r o r s i n s t o c k i n g t h e 

l i m n o c o r r a l s . 

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

a n a l y s e s o f t h e e f f e c t s o f 1979 t r e a t m e n t s on t h e p e r f o r m a n c e o f 

e n c l o s e d z o o p l a n k t o n c o m m u n i t i e s i n 1980 were o n l y p o s s i b l e i n 

t h e c o n t r o l s and i n t r e a t m e n t L ( T a b l e 2 7 ) . B o t h t o t a l 

z o o p l a n k t o n b i o m a s s and s p e c i e s c o m p o s i t i o n were s i m i l a r i n t h e 

two c o n t r o l c y l i n d e r s ( F i g u r e s 31 a n d 3 2 ) . However, c y l i n d e r 6C 

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

t h o m a s i ( F i g u r e 3 2 ) . Improved p e r f o r m a n c e s o f t h e s e two s p e c i e s 

i n 6C c o u l d have been due t o a f a i l u r e t o remove a l l o f t h e 

p r e v i o u s y e a r ' s p e r i p h y t o n g r o w t h ( u n d e r a c i d i f i c a t i o n and 

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

u n der a c i d i f i c a t i o n and f e r t i l i z a t i o n i n 1979 ( S e c t i o n I ) ; 

D. t h o m a s i , t h o u g h r a r e i n 1979, g e n e r a l l y b e n e f i t s f r o m 

i n c r e a s e d n u t r i e n t s ( P e a c o c k 1981), w h i c h may have been r e l e a s e d 

i n t o 6C f r om d e c a y i n g p e r i p h y t o n . B a s e d on t h e d i f f e r e n c e s 
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between t h e two c o n t r o l c y l i n d e r s , I e x p e c t e d h i g h e r d e n s i t i e s 

o f C. s p h a e r i c u s and p . t h o m a s i i n c y l i n d e r 7L t h a n 3L, s i n c e 

o n l y 7L was e x p o s e d t o a c i d i f i c a t i o n and f e r t i l i z a t i o n i n 1979 

( T a b l e 2 7 ) . p . t h o m a s i b i o m a s s was h i g h e r i n 7L ( F i g u r e s 31 and 

3 2 ) , but no s i g n i f i c a n t d i f f e r e n c e s were a p p a r e n t i n 

C. s p h a e r i c u s . I n c o n c l u s i o n , c a r r y o v e r e f f e c t s f r o m 1979 may 

have a f f e c t e d two m i n o r s p e c i e s i n 1980, b u t had n e g l i g i b l e 

i m p a c t s on o v e r a l l z o o p l a n k t o n community s t r u c t u r e and b i o m a s s . 

3.2.2 Z o o p l a n k t o n Biomass and Community C o m p o s i t i o n 

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

c o n s i s t e n t between c y l i n d e r s . W i t h t h e e x c e p t i o n o f h i g h 

D i a p t o m u s k e n a i b i o m a s s i n c y l i n d e r 1 H and h i g h D a p h n i a r o s e a 

b i o m a s s i n 4H, a l l e n c l o s u r e s showed s i m i l a r z o o p l a n k t o n 

community c o m p o s i t i o n and t o t a l b i o m a s s on t h e f i r s t two 

s a m p l i n g d a t e s ( F i g u r e s 31 and 32, T a b l e 2 8 ) . O v e r s t o c k i n g o f 

D i a p t o m u s k e n a i may however have been r e s p o n s i b l e f o r t h e 

s u r p r i s i n g l y h i g h t o t a l z o o p l a n k t o n b i o m a s s i n c y l i n d e r 1H on 

May 18 and 21. 

Changes i n t o t a l z o o p l a n k t o n b i o m a s s a n d community 

c o m p o s i t i o n a r e most e a s i l y p r e s e n t e d by moving t h r o u g h t h e 

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

A c i d i f i c a t i o n t o pH 5.5 ( t r e a t m e n t L) c a u s e d t h e g r a d u a l 

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

community c o m p o s i t i o n ( F i g u r e 3 2 ) . T r e a t m e n t L mean t o t a l 

z o o p l a n k t o n b i o m a s s d i f f e r e d s i g n i f i c a n t l y f r o m t h e c o n t r o l s on 

J u n e 5 ( T a b l e 2 8 ) ; t h i s d i f f e r e n c e was due t o t h e c u m u l a t i v e 



Table 28. Mean zooplankton community biomass by treatment and date. Probability of overall 
treatment effect in column labelled "P" obtained from analyses of variance on total 
biomass values (untransformed unless stated). Results of Duncan multiple range 
tests show treatments listed in ascending order of biomass from left to right. 
Underlining indicates homogeneous subsets i.e. treatments are not significantly 
different from one another at stated probability level. 

Date 
Zooplankton Community Biomass by Treatment 

(x ± SE) in /jig/L dry wt. 
Duncan Significant 
Differences, n = 2 
Replicates/Treatment 

M H a 0.05 a 0.01 

May 13 24.8 + 1.4 26.8 + 0.14 24.1 + 4.7 31. 6 + 4.7 0.49 ns ns 
16 25.5 + 4.4 20.0 + 0.16 22.2 + 0.76 22. 0 + 0.86 0.47 ns ns 
18 22.3 + 0.94 23.6 + 1.6 31.6 + 5.1 34. 6 + 4.0 0.15 ns ns 
21 20.2 + 4.8 22.8 + 3.8 20.6 + 1.0 20. 2 + 7.9 0.98 ns ns 
23 20.4 + 1.5 20.3 + 0.25 12.0 + 1.0 9. 9 + 0.7 0.003 H M L C H ML C 
26 21.0 * 20.9 + 2.8 11.6 + 1.4 11. 4 + 2.4 0.13 ns ns 
29 24.8 + 0.35 25.8 + 0.98 16.1 ± 3.1 13. 2 + 0.29 0.01 H M C L ns 

June 5 32.5 + 1.4 22.6 + 1.3 10.4 + 1.2 12. 2 + 0.13 0.0005 M H L C M H L C 
12 31.2 + 6.5 19.8 + 2.2 10.1 + 0.27 6. 9 + 0.52 0.03 H M L C ns 
19 36.4 + 7.0 29.6 + 2.2 7.5 + 2.0 7. 2 + 0.39 0.009 H M L C H M L c 

July 16** 26.3 + 0.13 29.3 + 6.6 18.4 + 0.27 6. 9 + 1.4 0.008 H M C L H M C L 
All Dates 26.7 + 5.1 23.8 + 3.2 16.8 + 5.4 16. 0 + 7.2 

* Sample destroyed 
** Data log-transformed to remove heterogeneous variances 
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e f f e c t of l o w e r b i o m a s s e s o f D a p h n i a r o s e a , D i a p t o m u s k e n a i and 

Diaptomus t y r r e l l i i n t r e a t m e n t L. In s p i t e o f t h e l o s s of 

D. t y r r e l l i f r o m t r e a t m e n t L, t o t a l z o o p l a n k t o n b i o m a s s was n o t 

s i g n i f i c a n t l y d i f f e r e n t f r o m t h e c o n t r o l s on s u b s e q u e n t sample 

d a t e s ( T a b l e 2 8 ) . T h i s was b e c a u s e o f h i g h w i t h i n - t r e a t m e n t 

v a r i a t i o n i n t h e c o n t r o l s on J u n e 12 a n d 19, a n d h i g h e r mean 

b i o m a s s o f p . r o s e a i n t r e a t m e n t L t h a n t h e c o n t r o l s on J u l y 16 

(15.8 ± 2.1 a n d 7.9 ± 1.1 uq*L~ 1 r e s p e c t i v e l y ) . 

A c i d i f i c a t i o n t o pH 5.0 ( t r e a t m e n t M) p r o d u c e d m a j o r c h a n g e s 

i n b o t h t o t a l z o o p l a n k t o n b i o m a s s and community c o m p o s i t i o n . By 

May 23, D a p h n i a r o s e a and D i a p t o m u s t y r r e l l i h a d v i r t u a l l y 

d i s a p p e a r e d f r o m t r e a t m e n t M and t o t a l z o o p l a n k t o n b i o m a s s was 

s i g n i f i c a n t l y l o w e r t h e r e t h a n i n t r e a t m e n t L ( T a b l e 28 and 

F i g u r e 3 1 ) . Though t h e l o s s o f D i a p t o m u s t y r r e l l i a n d D a p h n i a  

r o s e a from t r e a t m e n t M i n c r e a s e d t h e r e l a t i v e i m p o r t a n c e s o f 

H o l o p e d i u m q i b b e r u m , D i a p t o m u s k e n a i and r o t i f e r s ( F i g u r e 3 2 ) , 

t h e s e t a x a d i d n o t r e p l a c e t h e l o s t b i o m a s s ( F i g u r e 4 0 ) . From 

May 23 t o J u n e 19, t r e a t m e n t M t o t a l z o o p l a n k t o n b i o m a s s was 

s i g n i f i c a n t l y l o w e r t h a n t r e a t m e n t L on 4 o f 6 s a m p l i n g d a t e s , 

and s i g n i f i c a n t l y l o w e r t h a n t h e c o n t r o l s on 5 o f t h e s e 6 d a t e s 

( T a b l e 2 8 ) . However, between June 19 and J u l y 16, i n c r e a s e s i n 

t h e b i o m a s s e s o f Di a p t o m u s k e n a i a n d Bosmina l o n q i r o s t r i s c a u s e d 

mean t o t a l z o o p l a n k t o n b i o m a s s i n t r e a t m e n t M t o i n c r e a s e 250%, 

r e a c h i n g a b o u t 75% o f t h e l e v e l i n t r e a t m e n t L . The i n c r e a s e i n 

Bosmina was p a r t i c u l a r l y s t r i k i n g ; on J u l y 16, Bosmina b i o m a s s 

was much h i g h e r i n t r e a t m e n t M (2.75 ± 0.71 tiq»L~1) t h a n i n 

t r e a t m e n t L (0.40 ± 0.12 uq*L~1). 
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The d i f f e r e n c e s i n mean t o t a l z o o p l a n k t o n b i o m a s s between pH 

5.0 and 4.5 ( t r e a t m e n t s M and H) were r e l a t i v e l y s m a l l . From 

May 23 t o June 19, t o t a l z o o p l a n k t o n b i o m a s s r e m a i n e d r e l a t i v e l y 

c o n s t a n t i n t r e a t m e n t s M and H, a v e r a g i n g 11.3 ± 0.95 M9*L" 1 and 

10.2 ± 0.79 A i g # L ~ 1 r e s p e c t i v e l y ; Duncan m u l t i p l e r a n g e t e s t s 

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

( T a b l e 2 8 ) . However, on J u l y 16 t o t a l z o o p l a n k t o n b i o m a s s was 

s i g n i f i c a n t l y h i g h e r i n t r e a t m e n t M t h a n t r e a t m e n t H ( T a b l e 2 8 ) . 

T h i s was due t o t h e a b s e n c e o f c o p e p o d n a u p l i i f r o m t r e a t m e n t H, 

and t h e h i g h e r b i o m a s s e s o f B. l o n q i r o s t r i s a nd Diaptomus k e n a i 

i n t r e a t m e n t M (2.75 ± 0.71 a n d 11.6 ± 1.6 uq*L'1 r e s p e c t i v e l y ) 

t h a n t r e a t m e n t H (0.01 ± 0.01 and 2.6 ± 0.71 M g * L * 1 ) . B i o m a s s 

d i f f e r e n c e s i n t h e s e two s p e c i e s f a r o u t w e i g h e d ( l i t e r a l l y ) t h e 

h i g h e r b i o m a s s o f r o t i f e r s i n t r e a t m e n t H (3.1 ± 1.2 £ig«L~ 1) 

t h a n t r e a t m e n t M (1.3 ± 0.27 /ug*L- 1 ) . 

3.2.3 C h l o r o p h y l l C o n c e n t r a t i o n s 

Mean c o n c e n t r a t i o n s o f l i v e c h l o r o p h y l l a on J u l y 19 d i d n o t 

d i f f e r s i g n i f i c a n t l y between t r e a t m e n t s ( F ( 3 , 1 ) = 2.68; p > 

0. 1 ) . However, b o t h mean c h l o r o p h y l l a c o n c e n t r a t i o n and t h e 

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

w i t h t h e l e v e l o f a c i d i f i c a t i o n ( F i g u r e 3 3 ) . C y l i n d e r 1H 

c o n t a i n e d e s p e c i a l l y h i g h c h l o r o p h y l l a c o n c e n t r a t i o n s (0.88 

M g « L " 1 r e l a t i v e t o t h e o v e r a l l mean c o n c e n t r a t i o n o f 0.49 

n g » L - 1 ) . 
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F i g u r e 33. Mean c o n c e n t r a t i o n s o f l i v e c h l o r o p h y l l a on J u l y 
19, 1980 . Top o f b a r r e p r e s e n t s c o n c e n t r a t i o n on 
g l a s s f i b e r f i l t e r ( v i r t u a l l y a l l c e l l s ) ; s h a d e d a r e a i s 
e s t i m a t e d c o n c e n t r a t i o n of c e l l s n o t r e t a i n e d by a Mum 
n u c l e o p o r e f i l t e r . E r r o r b a r s a r e ± SE. 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low 
r a t e o f a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 



241 

TREATMENT 



242 

C h l o r o p h y l l a c o n c e n t r a t i o n s were much h i g h e r i n E u n i c e L a k e 

t h a n i n t h e c o n t r o l s and t r e a t m e n t L ( F i g u r e 3 3 ) . T h i s was 

p r o b a b l y due t o t h e h i g h f l o w o f n u t r i e n t - r i c h w a ter f r o m 

G w e n d o l i n e Lake i n t o E u n i c e L a k e , b ut not i n t o t h e e n c l o s u r e s . 

Y e a r t o y e a r c o m p a r i s o n s o f c h l o r o p h y l l a c o n c e n t r a t i o n s i n 

E u n i c e L a k e c o n f i r m t h e downstream e f f e c t s o f t h e f e r t i l i z a t i o n 

o f G w e n d o l i n e L a k e . On J u l y 19 1980, c o n c e n t r a t i o n s were 0.68 

M g * L " 1 , compared t o mean c o n c e n t r a t i o n s o f o n l y 0.21 ± 0.01 i n 

J u l y o f 1979 ( F i g u r e 20, page 120). Note t h a t a c i d i f i c a t i o n t o 

pH 4.5 ( t r e a t m e n t H) r e s u l t e d i n c h l o r o p h y l l a c o n c e n t r a t i o n s 

v e r y s i m i l a r t o t h o s e i n E u n i c e L a k e ( F i g u r e 3 3 ) . I s u s p e c t 

t h a t r e m o v a l o f h e r b i v o r e s was t h e p r i m e r e a s o n f o r t h e h i g h 

c h l o r o p h y l l a c o n c e n t r a t i o n s i n t r e a t m e n t H. 

3.3 P e r f o r m a n c e o f P a r t i c u l a r Taxa under Ac i d S t r e s s 

3.3I.1 D a p h n i a r o s e a 

E n c l o s u r e c l e a r l y a f f e c t e d D a p h n i a r o s e a . R e l a t i v e t o t h e 

c o n t r o l s , t h e E u n i c e L a k e p o p u l a t i o n o f p . r o s e a c o n t a i n e d 

h i g h e r egg d e n s i t i e s ( F i g u r e 3 4 ) , a n i m a l d e n s i t i e s ( F i g u r e 3 5 ) , 

mean b r o o d s i z e s ( T a b l e 29) and p e r c e n t a g e s o f f e m a l e s w i t h e g g s 

( T a b l e 3 0 ) . T h i s was i n p a r t t h e r e s u l t o f i n i t i a l d i f f e r e n c e s 

( i . e . s t o c k i n g e r r o r s ) , b u t l a r g e l y due t o t h e e f f e c t s o f 

e l e v a t e d n u t r i e n t s i n E u n i c e Lake ( S e c t i o n 3 . 2 . 1 ) . A 

c o n s e q u e n c e o f t h e low egg d e n s i t i e s i n a l l c y l i n d e r s i s t h a t 

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

d e n s i t i e s t h a n i n a n i m a l d e n s i t i e s . 
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F i g u r e 34. D e n s i t i e s o f D a p h n i a r o s e a by age c l a s s (May 13-29) 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low 

r a t e o f a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 

F i g u r e 35. D e n s i t i e s of D a p h n i a r o s e a by age c l a s s (May 29-
J u l y 16) . D e n s i t i e s n o t shown f o r t r e a t m e n t s M and H 
s i n c e a l l s amples c o n t a i n e d l e s s t h a n 4 a n i m a l s p e r 100 
L. 
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Table 29. Daphnia rosea mean brood sizes ± SE. 

Date LK C L M H 

May 13 3.00 1 .69 + 0.19+ 1 .42 + 0.22 1.64 + 0. 24 1 .67* 
16 2.70 1 .45 + 0.30+ 1 .17 + 0.03 1.71 * + 1 .1 ± 
18 1.43 1 .0 + 0.0+ 1 .17 + 0.17 1.17 + 0. 17+ 1 .0 ± 
21 1.33 1 .25 + 0.25 + 1 .13 + 0.13+ 1.03 + 0. 03 1 .1* 
23 1.28 1 .10 ± 0.10 1 .07 + 0.07 + 1.33 * + -
26 1.30 - 1 .25 + 0.25+ -
29 1.16 1 .17 + 0.17 + 1 .08 + 0.08+ - -

June 5 1.22 1 .0 + 0.0+ 1 .0 + 0.0 - -
12 1.02 1 .0 + 0.0 + 1 .08 + 0.08 - -
19 1.05 1 .0 + 0.0+ 1 .47 + 0.41 - -

July 16 1.09 - 1 .08 + 0.09 _ 

Table 30. Daphnia rosea mean % of females ovigerous ± SE. 

Date LK C L M H 
May 13 47.9% 13.8 + 4.2% 19.9 + 5.1% 14. ,9 ± 2. 1% 6. 8%* 

16 56.3% 9.2 + 3.5% 24.5 + 7.8% 16. 3%* 13. 5 ± 7.8% 
18 11.3% 6.2 + 2.1% 13.1 + 1.5% 7. 8 ± 6. 0% 6. 1 ± 3.9% 
21 18.1% 4.2 + 1.1% 10.5 + 0.9% 10. 5 ± 6. 2% 22. 2%* 
23 36.2% 12.3 + 0.2% 12.2 + 9.6% 7. 9%* _ 

26 12.3% - 4.4 + 2.4% _ 

29 18.4% 4.3 + 2.2% 8.4 + 5.9% _ _ 

June 5 13.1% 3.2 + 2.2% 9.4 + 0.5% _ _ 

12 15.3% 2.4 + 0.2% 21.9 + 6.3% _ _ 

19 22.7% 3.9 + 0.1% 13.3 + 7.5% 
July 16 24.6% - 14.0 + 1.7% - -

* Only 1 replicate with ovigerous females. 
+ n < 5 ovigerous females in either replicate, 

n < 2 ovigerous females in both replicates. 
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T r e a t m e n t L D a p h n i a p o p u l a t i o n s showed no n e g a t i v e e f f e c t s 

f r o m a c i d i f i c a t i o n t o pH 5.5. Mean b r o o d s i z e s o f d a p h n i d 

f e m a l e s were s i m i l a r i n t r e a t m e n t L and t h e c o n t r o l s ( T a b l e 2 9 ) , 

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

h i g h e r i n t r e a t m e n t L ( T a b l e 3 0 ) , a n d d e n s i t i e s o f a n i m a l s 

( j u v e n i l e s p l u s a d u l t s ) were n o t s i g n i f i c a n t l y d i f f e r e n t 

( T a b l e 3 1 ) . A t t h e end o f t h e e x p e r i m e n t ( J u l y 16), t r e a t m e n t L 

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

eggs t h a n d i d t h e c o n t r o l s ( T a b l e 3 1 ) . On t h i s d a t e , a n i m a l 

d e n s i t i e s were a l s o h i g h e r i n t r e a t m e n t L (1.66 ± 0.38 L " 1 ) t h a n 

i n t h e c o n t r o l s (0.97 ± 0.07 L " 1 ) , b u t t h i s d i f f e r e n c e was n o t 

s t a t i s t i c a l l y s i g n i f i c a n t . 

By May 29, t r e a t m e n t M ( a c i d i f i c a t i o n t o pH 5.0) had 

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

t r e a t m e n t L and t h e c o n t r o l s ( T a b l e 3 1 ) . As e x p e c t e d t r e a t m e n t 

H c a u s e d f a s t e r d e c l i n e s : d e n s i t i e s were s i g n i f i c a n t l y l o w e r i n 

t r e a t m e n t H t h a n i n t h e o t h e r t r e a t m e n t s on May 21, 23 a n d 26 

( T a b l e 3 1 ) . 

A n a l y s i s o f D. r o s e a m o r t a l i t y r a t e s u s i n g t h e t h r e e - s t a g e 

model y i e l d e d e x t r e m e l y low ( o f t e n n e g a t i v e ! ) e s t i m a t e s o f 

j u v e n i l e m o r t a l i t y r a t e s ( F i g u r e 3 6 ) . An e x a m i n a t i o n o f why t h e 

model u n d e r e s t i m a t e d j u v e n i l e m o r t a l i t y r a t e s i s g i v e n i n 

A p p e n d i x H. E s t i m a t e d j u v e n i l e m o r t a l i t y r a t e s i n c r e a s e d w i t h 

t i m e (and a c i d i t y ) i n t r e a t m e n t s M and H, b u t showed 

c o n s i d e r a b l e w i t h i n - t r e a t m e n t v a r i a t i o n . E s t i m a t e d a d u l t 

m o r t a l i t y r a t e s ( F i g u r e 37) a l s o i n c r e a s e d w i t h l e v e l s o f 

a c i d i f i c a t i o n , b u t were much h i g h e r t h a n j u v e n i l e m o r t a l i t y 
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Table 31. Results of analyses of variance and Duncan multiple range tests 
of inter-treatment differences in densities of cladocerans, and 
cladoceran eggs. Holopedium and Chydorus eggs were too infre
quent to merit analysis. Treatments are listed in ascending 
order of densities from left to right, with underlining to 
indicate homogeneous subsets not significantly different from 
one another at a = 0.05, and n = 2 replicates/treatment. 
Probability of no treatment effect listed in brackets if less 
than 0.05; otherwise considered not significant (ns). 
Abbreviations: C = controls; L = low acidification (pH 5.5); 
M = moderate acidification (pH 5.0); H = high acidification 
(pH 4.5). 

Daphnia rosea Holopedium Bosmina longirostris Chydorus  
D a t e Adults & „ , n n c Adults & Adults & „ .. sphaericus 

Juveniles * t g g s Juveniles Juveniles w t 9 9 5 

May 13 ns ns ns ns ns ns 
16 ns ns ns ns ns ns 
18 ns ns ns ns ns ns 
21 H L C M 

TO.045) 
ns ns ns ns ns 

23 H M L C 
TO.0007) 

H M C L 
(0.024) 

ns ns ns ns 

26* H M C L 
TO.028) 

ns ns H M L C 
TO.038) 

ns ns 

29 H M C L 
(0.0008)' 

ns ns H M C L 
TO.019) 

ns ns 

June 5 M H L C 
(0.002) 

H M C L 
(0.011) 

ns H M C L 
TO.025) 

ns ns 

12 M H L C 
(0.0009) 

H M C L 
(0.018) 

L C H M 
(0.022) 

ns H C M L 
(0.0007) 

ns 

19 M H L C 
(0.002) 

H M C L 
(0.003) 

ns H C M L 
TO.003) 

H L C M 
(0.035T 

ns 

July 16 M H C L 
(0.004) 

M C H L 
(0.0004) 

ns H C L M 
(0.017) 

H C L M 
(0.043) 

ns 

* One observation missing (Bag 8C) 



2 4 9 

F i g u r e 36. I n s t a n t a n e o u s m o r t a l i t y r a t e s o f j u v e n i l e D a p h n i a  
r o s e a , a s e s t i m a t e d f r o m 3 - s t a g e model . P o i n t s on 
g r a p h r e f e r t o m o r t a l i t y o v e r p r e c e d i n g s a m p l i n g 
i n t e r v a l . M o r t a l i t y r a t e s c a n n o t be e s t i m a t e d i f 
d e n s i t i e s o f e g g s , j u v e n i l e s o r a d u l t s e q u a l l e d z e r o . 
O c c u r r e n c e o f n e g a t i v e m o r t a l i t y r a t e s d i s c u s s e d i n 
S e c t i o n 3.3.1 and A p p e n d i x H. A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; 
M=medium r a t e ; H=high r a t e . 
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F i g u r e 37. I n s t a n t a n e o u s m o r t a l i t y r a t e s o f a d u l t D a p h n i a  
r o s e a , a s e s t i m a t e d from 3-stage model . P o i n t s on 
g r a p h r e f e r t o m o r t a l i t y o v e r p r e c e d i n g s a m p l i n g 
i n t e r v a l . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o ' l s ; L=low r a t e o f a c i d i f i c a t i o n ; M=medium r a t e ; 
H=high r a t e . 
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r a t e s . C y l i n d e r 7L showed v e r y h i g h e s t i m a t e d a d u l t m o r t a l i t y 

between May 13 and May 18 ( F i g u r e 3 7 ) . The r e a s o n s f o r t h i s a r e 

no t c l e a r . 

D i d t h e r a t e o f pH change ( e x p e r i m e n t a l t r e a t m e n t ) a f f e c t 

e s t i m a t e d m o r t a l i t y r a t e a t g i v e n pH l e v e l s ? In v i e w o f t h e 

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

s t a g e m o d el, I examined o n l y a d u l t m o r t a l i t y r a t e s i n a d d r e s s i n g 

t h i s q u e s t i o n . ( R e s u l t s f r o m t h e t w o - s t a g e model a r e d i s c u s s e d 

b elow.) Mean e s t i m a t e d a d u l t m o r t a l i t y r a t e s e x c e e d e d 0.5 i n 

t r e a t m e n t H w i t h pH 5.68-5.40, b u t were c o n s i s t e n t l y l e s s t h a n 

0.2 ( e q u i v a l e n t t o t h e c o n t r o l s ) i n t r e a t m e n t L a t pH 5.45 

( F i g u r e 3 8 ) . T h i s s u g g e s t s t h a t e i t h e r : 1) m o r t a l i t y i n c r e a s e d 

r a p i d l y a t pH 5.45-5.40 ( i n d e p e n d e n t o f t h e r a t e o f pH c h a n g e ) ; 

2) t h e h i g h r a t e of change o f a c i d i t y i n t r e a t m e n t H i n c r e a s e d 

d a p h n i d m o r t a l i t y a t pH 5.4-5.5; o r 3) f o o d r e s o u r c e s were more 

l i m i t i n g t o D. r o s e a i n t r e a t m e n t H t h a n i n t r e a t m e n t L . 

U n f o r t u n a t e l y , t h e r a n g e i n o b s e r v e d pH l e v e l s and v a r i a t i o n i n 

e s t i m a t e d m o r t a l i t y r a t e s make i t i m p o s s i b l e t o c h o o s e between 

t h e f i r s t two s u g g e s t i o n s . The t h i r d e x p l a n a t i o n seems u n l i k e l y 

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

and c h l o r o p h y l l a c o n c e n t r a t i o n s ( T a b l e s 29 and 30, F i g u r e 33 

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

The t w o - s t a g e model p r o d u c e d t o t a l m o r t a l i t y r a t e e s t i m a t e s 

w i t h l o w e r means and v a r i a n c e s t h a n t h e a d u l t m o r t a l i t y r a t e s 

e s t i m a t e d by t h e t h r e e - s t a g e model ( F i g u r e 3 9 ) . As w i t h t h e 

t h r e e - s t a g e model ( F i g u r e 3 8 ) , t h e t w o - s t a g e model s u g g e s t s an 

i n c i p i e n t l e t h a l pH o f 5.3-5.4, and g r e a t e r m o r t a l i t y i n 
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F i g u r e 38. Mean m o r t a l i t y r a t e s o f a d u l t D a p h n i a r o s e a 
v e r s u s pH e x p o s u r e ( u s i n g 3 - s t a g e model) . V e r t i c a l 
b a r s show ± SE. H o r i z o n t a l b a r s show pH ra n g e d u r i n g 
s a m p l i n g p e r i o d . A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : 
C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; M=medium r a t e ; 
H=high r a t e . 



pH 
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F i g u r e 39. Mean m o r t a l i t y r a t e s o f D a p h n i a r o s e a v e r s u s pH 
e x p o s u r e ( u s i n g 2 - s t a g e model) . V e r t i c a l b a r s show ± 
SE. H o r i z o n t a l b a r s show pH r a n g e d u r i n g s a m p l i n g 
p e r i o d . E r r o r b a r s and pH range n o t shown f o r c o n t r o l s 
due t o l a c k o f s p a c e . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; 
M=medium r a t e ; H=high r a t e . 
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t r e a t m e n t H a t pH 5.40-5.68 t h a n i n t r e a t m e n t L a t pH 5.45 

( F i g u r e 3 9 ) . F i g u r e 39 p r o v i d e s no c o n s i s t e n t e v i d e n c e t h a t pH 

5.0-5.2 was more l e t h a l u nder h i g h r a t e s o f a c i d i f i c a t i o n t h a n 

u n d e r medium r a t e s . Though t h e e s t i m a t e d mean m o r t a l i t y r a t e i n 

t r e a t m e n t H a t pH 5.0-5.3 was h i g h e r t h a n i n t r e a t m e n t M a t pH 

5.0-5.2, D a p h n i a m o r t a l i t y i n M a t pH 4.9-5.0 was s i m i l a r t o 

t h a t i n H a t pH 5.0-5.3. 

3.3.2 H o l o p e d i u m g i b b e r u m 

H o l o p e d i u m g i b b e r u m d e c l i n e d q u i c k l y t o low d e n s i t i e s i n 

most o f t h e e n c l o s u r e s but i n c r e a s e d f i v e f o l d i n E u n i c e L a k e 

( F i g u r e 4 0 ) . Over a l l d a t e s , mean d e n s i t i e s o f H o l o p e d i u m 

( j u v e n i l e s and a d u l t s ) were much h i g h e r i n E u n i c e L a k e (1.09 ± 

0.22 L " 1 ) t h a n i n t h e c o n t r o l s (0.067 ± 0.018 L " 1 ) , t r e a t m e n t L 

(0.057 ± 0.020 L " 1 ) , t r e a t m e n t M (0.18 ± 0.19 L " 1 ) , o r t r e a t m e n t 

H (0.17 ± 0.15 L " 1 ) . H o l o p e d i u m a l s o d e c l i n e d a f t e r e n c l o s u r e 

i n 1979 ( S e c t i o n I ) . In 1980, d i f f e r e n c e s between t h e l a k e and 

t h e c o n t r o l s were m a g n i f i e d by t h e f e r t i l i z a t i o n o f E u n i c e L a k e . 

D e n s i t i e s o f H o l o p e d i u m were r e l a t i v e l y h i g h i n c y l i n d e r s 2M 

and 4H, b u t t h e r e p l i c a t e c y l i n d e r s (5M and 1H) b e h a v e d 

s i m i l a r l y t o t r e a t m e n t L and t h e c o n t r o l s ( F i g u r e 4 0 ) . Low 

s t a r t i n g d e n s i t i e s and v e r y few o v i g e r o u s f e m a l e s were t h e 

l i k e l y c a u s e s o f t h e h i g h w i t h i n - t r e a t m e n t v a r i a t i o n . I n s p i t e 

o f t h i s v a r i a t i o n , mean d e n s i t i e s o f H o l o p e d i u m on J une 12 were 

s i g n i f i c a n t l y h i g h e r i n t r e a t m e n t s M a n d H t h a n i n t r e a t m e n t L 

a n d t h e c o n t r o l s ( T a b l e 3 1 ) . B o t h t h e o v e r a l l mean d e n s i t i e s o f 

H o l o p e d i u m and t h e i n t e r - t r e a t m e n t d i f f e r e n c e s on June 12 
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F i g u r e 40. D e n s i t i e s of H o l o p e d i u m g i b b e r u m . A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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i n d i c a t e t h a t Holopedium was c e r t a i n l y not a d v e r s e l y a f f e c t e d by 

a c i d i f i c a t i o n to pH 5.0 and 4 . 5 . Holopedium p o p u l a t i o n s i n 

c y l i n d e r s 2M and 4H may a c t u a l l y have b e n e f i t t e d by the 

e x t i n c t i o n s of Daphnia rosea a n d / o r Diaptomus t y r r e l l i . 

3 . 3 . 3 Bosmina l o n g i r o s t r i s 

A c i d i f i c a t i o n to pH 5.5 ( treatment L) a f f e c t e d d e n s i t i e s of 

B . l o n g i r o s t r i s eggs or an imal s on o n l y two d a t e s : egg d e n s i t i e s 

were h i g h e r i n treatment L than i n the c o n t r o l s on June 12, and 

an imal d e n s i t i e s were h i g h e r i n treatment L on June 19 

( F i g u r e 41 and T a b l e 31) . 

In t reatment M, Bosmina outper formed the c o n t r o l s , w i t h 

s i g n i f i c a n t l y h i g h e r egg d e n s i t i e s on June 12, June 19 and J u l y 

16, and 24 t imes h i g h e r an imal d e n s i t i e s on J u l y 16 (602 ± 164 

L " 1 i n M v e r s u s 25 ± 22 L " 1 i n the c o n t r o l s ) ; see F i g u r e 41 and 

T a b l e 31. Animal d e n s i t i e s i n t r ea tment s M and L were not 

s i g n i f i c a n t l y d i f f e r e n t on any d a t e s , and egg d e n s i t i e s d i f f e r e d 

o n l y on one date (Table 31 ) . 

Though exposure to pH 5.0 appeared to h e l p Bosmina, r a p i d 

a c i d i f i c a t i o n to pH 4.5 was c l e a r l y d e t r i m e n t a l . Between May 23 

and 26, mean an imal d e n s i t i e s i n t reatment H dropped from 21.6 ± 

1.5 to 3.7 ± 0 L " 1 , c o i n c i d e n t w i t h a pH d e c l i n e from 4.68 ± 

0.023 to 4.42 ± 0 .017. Bosmina d e n s i t i e s i n treatment H were 

s i g n i f i c a n t l y lower than i n a l l o t h e r t rea tments on May 26, May 

29, June 5 and June 12, and s i g n i f i c a n t l y lower than t rea tments 

L and M on J u l y 16 (Table 31 ) . A l s o , bosmin id eggs were absent 

from 9 of 10 samples taken from treatment H a f t e r May 26, but 
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F i g u r e 41. D e n s i t i e s o f Bosmina l o n g i r o s t r i s . A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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more common i n t h e o t h e r t r e a t m e n t s ( F i g u r e 4 1 ) . 

3.3.4 D i a p t o m u s k e n a i 

As i n my 1979 e x p e r i m e n t ( S e c t i o n I ) , D iaptomus k e n a i was 

r e l a t i v e l y a c i d t o l e r a n t . C o p e p o d i t e , a d u l t and t o t a l d e n s i t i e s 

showed no s i g n i f i c a n t t r e a t m e n t e f f e c t s u n t i l June 19 ( T a b l e 32; 

F i g u r e 4 2 ) . Mean c o p e p o d i t e d e n s i t i e s i n t r e a t m e n t s M and H 

d r o p p e d s i g n i f i c a n t l y below t r e a t m e n t L and t h e c o n t r o l s on J une 

19 and r e m a i n e d s i g n i f i c a n t l y l o w e r t h a n t h e c o n t r o l s on J u l y 16 

( T a b l e 3 2 ) . 

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

t r e a t m e n t s M a n d H were c a u s e d by i n c r e a s e d m o r t a l i t y , d e n s i t i e s 

o f a d u l t D i a p t o m u s k e n a i i n t h e s e two t r e a t m e n t s s h o u l d have 

been r e l a t i v e l y low on J u l y 16. However, t r e a t m e n t M a d u l t 

d e n s i t i e s were h i g h e r t h a n a l l o t h e r t r e a t m e n t s on J u l y 16, 

p r o v i d i n g no e v i d e n c e f o r m o r t a l i t y . I n c o n t r a s t t o t r e a t m e n t 

M, t r e a t m e n t H c o n t a i n e d t h e l o w e s t d e n s i t i e s o f a d u l t s on J u l y 

16 ( s i g n i f i c a n t l y l o w e r t h a n t r e a t m e n t M), and t h e l o w e s t 

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

a l l o t h e r t r e a t m e n t s ) . A c i d i f i c a t i o n t o pH 4.5 may t h e r e f o r e 

have i n c r e a s e d D iaptomus k e n a i m o r t a l i t y , b u t s a m p l i n g i n J u l y 

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

E f f e c t s o f a c i d i f i c a t i o n on D. k e n a i r e p r o d u c t i o n c a n o n l y 

be a s s e s s e d by e x a m i n i n g d e n s i t i e s o f l o o s e c a l a n o i d e g g s , s i n c e 

o v i g e r o u s D. k e n a i f e m a l e s were t o o r a r e t o m e r i t s t a t i s t i c a l 

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

c a l a n o i d eggs ( F i g u r e 43) were h i g h e r i n May t h a n J une i n a l l 
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F i g u r e 42. D e n s i t i e s o f D i a p t o m u s k e n a i . A b b r e v i a t i o n s u s e d 
f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; 
M=medium r a t e ; H=high r a t e . 
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Table 32. Results of analyses of variance and Duncan multiple range tests of 
inter-treatment differences in densities of diaptomid copepods and 
loose calanoid eggs. See Table 27 for explanation of symbols and 
abbreviations. 

_ ̂  Diaptomus kenai Diaptomus tyrrelli Loose 
Date ' E z Calanoid 

Copepodites Adults Total Copepodites Adults Total EggS 

May 13 ns ns ns ns ns ns ns 
16 ns ns ns ns ns ns ns 
18 ns ns ns ns ns ns ns 
21 ns ns ns H M C L 

TO.044) 
ns H M C L 

TO.044) 
ns 

23 ns ns ns H M C L 
(0.018) 

H M C L 
(0.005) 

H M C L 
(0.017) 

ns 

26 ns ns ns ns H M C L 
(0.005) 

ns 
(0.058) 

M H L C 
(0.002) 

29* ns ns ns H M L C 
(0.0001) 

ns M.H L C 
(0.001) 

H M L C 
(0.013) 

June 5 ns ns ns M H L C 
(0.0002) 

H M C L 
(0.0002) 

M H L C 
(0.0004) 

ns 

12 ns ns ns H M L C 
(0.0004) 

HHLC 
(0.023) 

H M L C 
(0.004) 

ns 

19 M H L C 
(0.029) 

ns- ns H M L C 
(0.013J 

H M L C 
(0.002) 

H M L C 
(0.004) 

ns 

July 16 H M L C 
(0.039) 

H C L M 
(0.035) 

H L C M 
TO.006) 

H M L C 
(0.00001) 

H M L C 
(0.003) 

H M L C 
(0.0007) 

L H M C 
(0.033) 

one observation missing (Bag 8C) 
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c y l i n d e r s , b u t showed t h e r e v e r s e p a t t e r n i n E u n i c e L a k e , 

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

Egg d e n s i t i e s were 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 y l o w e r i n 

t r e a t m e n t s M and H d u r i n g l a t e May ( T a b l e 3 2 ) , b u t i t i s n o t 

c l e a r whether D. k e n a i o r D. t y r r e l l i was r e s p o n s i b l e f o r t h e s e 

d i f f e r e n c e s . 

A n a l y s e s o f v a r i a n c e showed t h a t l e n g t h s o f D. k e n a i a d u l t s 

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

on e i t h e r May 13 o r June 5. Growth o f D. k e n a i was t h e r e f o r e 

n o t s e r i o u s l y a f f e c t e d by a c i d i f i c a t i o n . 

3_.3_.5 D i a p t o m u s t y r r e l l i 

I n 1980, Diaptomus t y r r e l l i was t h e most a c i d - s e n s i t i v e 

c r u s t a c e a n o f t h e E u n i c e L a k e z o o p l a n k t o n community. Though 

m a i n t a i n i n g s t a r t i n g d e n s i t i e s i n t h e c o n t r o l s , D. t y r r e l l i 

s l o w l y d e c l i n e d a t pH 5.5 i n t r e a t m e n t L, and d i s a p p e a r e d 

q u i c k l y i n t r e a t m e n t s M and H ( F i g u r e 4 4 ) . 

D e n s i t i e s o f D. t y r r e l l i c o p e p o d i t e s i n t r e a t m e n t L began t o 

d r o p below c o n t r o l c y l i n d e r l e v e l s on June 5, and were 

s i g n i f i c a n t l y l o w e r by June 19 ( F i g u r e 44, T a b l e 3 2 ) . T r e a t m e n t 

L a l s o c o n t a i n e d l o w e r d e n s i t i e s o f a d u l t s t h a n t h e c o n t r o l s on 

J u n e 19 a n d J u l y 16, t h o u g h t h e s e d i f f e r e n c e s were n o t 

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

t h r e e week e x p o s u r e s t o w a t e r o f pH 5.5 were l e t h a l t o 

D. t y r r e l l i . 
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F i g u r e 43. D e n s i t i e s o f l o o s e c a l a n o i d e g g s . A b b r e v i a t i o n s 
u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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F i g u r e 44. D e n s i t i e s of Diaptomus t y r r e l l i . A b b r e v i a t i o n s 
used for t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e of 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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I t i s h i g h l y u n l i k e l y t h a t p r e d a t i o n by D i a c y c l o p s t h o m a s i 

c o n t r i b u t e d t o t h e d e c l i n e o f D. t y r r e l l i i n t r e a t m e n t L. 

F i r s t , e v i d e n c e f o r c y c l o p o i d p r e d a t i o n on c o p e p o d i t e s o f 

D. t y r r e l l i i s m i x e d : A n d e r s o n (1974) f o u n d s u c h e v i d e n c e but 

McQueen (1969) d i d n o t . S e c o n d , t h o u g h d e n s i t i e s o f p . t h o m a s i 

d i d n ot d i f f e r s i g n i f i c a n t l y between t r e a t m e n t L and t h e 

c o n t r o l s on any s a m p l i n g d a t e s , D. t y r r e l l i d i s a p p e a r e d o n l y i n 

t r e a t m e n t L. One c o u l d a r g u e t h a t D. t y r r e l l i was l e s s a b l e t o 

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

e f f e c t s o f low pH on e s c a p e r e s p o n s e s . However, i f t h i s were 

t h e c a s e , one would e x p e c t D. t y r r e l l i t o have d e c l i n e d f a s t e r 

i n c y l i n d e r 7L t h a n 3L, s i n c e D. t h o m a s i was more ab u n d a n t i n 7L 

( F i g u r e 4 5 ) . I n s t e a d , d e c l i n e s were a l i t t l e f a s t e r i n 3L 

( F i g u r e 4 4 ) . 

In t r e a t m e n t s M and H, p . t y r r e l l i d e n s i t i e s d e c l i n e d 

s h a r p l y between pH 5.3 and 5.0 ( T a b l e 3 3 ) . Though t h e pH 

c a u s i n g i n c i p i e n t m o r t a l i t y c a n n o t be p r e c i s e l y , d e t e r m i n e d , 

t h e r e i s no e v i d e n c e t h a t t h e i n c i p i e n t l e t h a l pH d i f f e r e d 

between t r e a t m e n t s M and H. 

A l l f o u r c y l i n d e r s r e c e i v i n g t r e a t m e n t s M and H showed 

u n e x p e c t e d l y h i g h d e n s i t i e s o f p . t y r r e l l i on May 18, a t pH 5.3 

t o 5.6 ( T a b l e 3 3 ) . In my 1979 e x p e r i m e n t , D. t y r r e l l i d e n s i t i e s 

a l s o showed an u n e x p l a i n e d enormous i n c r e a s e a t mean e p i l i m n e t i c 

pH 5.3 t o 5.5 ( S e c t i o n I , 3.2.4 ( i i ) ) . I t may be t h a t t h e pH 

r a n g e 5.3-5.6 d e c r e a s e s t h e a b i l i t y o f D. t y r r e l l i t o a v o i d 

c a p t u r e by t h e s a m p l i n g pump. I f s o , D. t y r r e l l i was 

u n d e r s a m p l e d a t c i r c u m n e u t r a l pH l e v e l s . I t would be w o r t h w h i l e 



274 

Table 33. Major changes in Diaptomus tyrrelli copepodites in Treatments 
M and H. 

(Density of Copepodites in Treatment Cylinder Date Mean pH* Cylinder)/(Mean Density of 
Copepodites in Controls) 

2M May 16 5.84 + 0.05 1.65 
18 5.60 + 0.02 1.94 
21 5.28 + 0.04 0.44 
23 4.95 + 0.03 0.39 

5M May 16 5.90 + 0.03 1.75 
18 5.70 + 0.00 1.73 
21 5.35 + 0.02 1.27 
23 5.01 + 0.03 0.35 

1H May 16 5.69 + 0.06 1.01 
18 5.40 + 0.02 1.72 
21 4.88 + 0.02 0.26 
23 4.70 + 0.03 0.09 

4H May 16 5.72 + 0.03 1.24 
18 5.41 + 0.04 1.67 
21 5.05 + 0.03 0.17 
23 4.66 + 0.02 0.21 

* At time of sampling of zooplankton (i.e. prior to acid addition for each day). 
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t o p e r f o r m l a b o r a t o r y e x p e r i m e n t s t o a s s e s s t h e e f f e c t s o f 

s u b l e t h a l pH e x p o s u r e s on t h e e s c a p e r e s p o n s e s o f D. t y r r e l l i . 

3.3.6^ D i a c y c l o p s t h o m a s i and c o p e p o d n a u p l i i 

The c y c l o p o i d c o p e p o d D. t h o m a s i becomes c a r n i v o r o u s by t h e 

f o u r t h c o p e p o d i t e s t a g e (C IV) and f e e d s p r i m a r i l y on i t s own 

n a u p l i i and c o p e p o d i t e s , as w e l l as on d i a p t o m i d c o p e p o d n a u p l i i 

(McQueen 1969, P e a c o c k 1981). The l i f e h i s t o r y o f D. t h o m a s i 

has been d e s c r i b e d f o r two l a k e s i n t h e U n i v e r s i t y o f B r i t i s h 

C o l u m b i a R e s e a r c h F o r e s t : M a r i o n L a k e (Mcqueen 1969) and P l a c i d 

L a k e ( P e a c o c k 1981). I n b o t h t h e s e l a k e s , c a r n i v o r o u s C I V 

s t a g e s a r e u s u a l l y f i r s t p r e s e n t i n A p r i l , m o u l t i n g t o a d u l t s 

w h i c h r e p r o d u c e t h r o u g h o u t May and J u n e . Eggs and n a u p l i i a r e 

f o u n d d u r i n g May and J u n e , d e v e l o p i n g i n t o young c o p e p o d i t e s by 

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

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

t h e e n d o f J u n e . 

In p r o c e s s i n g s a m p l e s f r o m my 1980 e x p e r i m e n t , I d i d n o t 

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

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

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

o f c y c l o p o i d e ggs were o b s e r v e d i n May i n a l l e n c l o s u r e s ( F i g u r e 

4 5 ) , c o i n c i d i n g w i t h h i g h c o p e p o d n a u p l i i d e n s i t i e s ( F i g u r e 4 6 ) ; 

r e - e x a m i n a t i o n o f samples showed b o t h c a l a n o i d and c y c l o p o i d 

n a u p l i i were p r e s e n t i n May. C o p e p o d i t e d e n s i t i e s i n c r e a s e d 

o v e r J une and J u l y i n E u n i c e Lake and a l l t r e a t m e n t s e x c e p t H, 

where a c i d i f i c a t i o n e f f e c t s were e v i d e n t ( F i g u r e 4 5 ) . 
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F i g u r e 45. D e n s i t i e s of D i a c y c l o p s t h o m a s i . A b b r e v i a t i o n s 
used for t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e of 
a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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F i g u r e 46. D e n s i t i e s o f c o p e p o d n a u p l i i . A b b r e v i a t i o n s u s e d 
f o r t r e a t m e n t s : C = c o n t r o l s ; L=low r a t e o f a c i d i f i c a t i o n ; 
M=medium r a t e ; H=high r a t e . 
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A c i d i f i c a t i o n t o pH 4.5 ( t r e a t m e n t H) d r a s t i c a l l y r e d u c e d 

d e n s i t i e s o f c y c l o p o i d e g g s , c o p e p o d i t e s and a d u l t s a f t e r May 29 

( F i g u r e 45; T a b l e 3 4 ) . A l s o , c o p e p o d n a u p l i i were a b s e n t from 

t r e a t m e n t H from May 26 onwards, b u t s i g n i f i c a n t l y h i g h e r i n t h e 

o t h e r t r e a t m e n t s and E u n i c e L a k e ( T a b l e 3 4 ) . I r e e x a m i n e d t h e 

J u ne 19 and J u l y 16 samples t o d e t e r m i n e whether t r e a t m e n t H 

a c i d i f i c a t i o n had removed " p o t e n t i a l " c y c l o p o i d n a u p l i i o r 

c a l a n o i d n a u p l i i ; 98% o f t h e n a u p l i i i n t r e a t m e n t s C, L, M and 

E u n i c e Lake were c y c l o p o i d . T h e r e f o r e , i t a p p e a r s t h a t a l l l i f e 

h i s t o r y s t a g e s o f D. t h o m a s i ( n a u p l i i , c o p e p o d i t e s and a d u l t s ) 

were k i l l e d by w a t e r o f pH 4.5. 

3.3.7 R o t i f e r s 

I o n l y e n u m e r a t e d f o u r r o t i f e r g e n e r a ( K e r a t e l l a , 

K e l l i c o t t i a , P o l y a r t h r a , and C o n o c h i l u s ) s i n c e o t h e r forms were 

e x t r e m e l y r a r e . 

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

K e r a t e l l a . By J une 12, K e r a t e l l a had r e a c h e d s i g n i f i c a n t l y 

h i g h e r mean d e n s i t i e s i n t r e a t m e n t H (14.0 ± 0.6 L " 1 ) t h a n i n 

t r e a t m e n t M (7.0 ± 0.8 L " 1 ) w h i c h was i n t u r n s i g n i f i c a n t l y 

h i g h e r t h a n b o t h t r e a t m e n t L (1.54 ± 0.28 L " 1 ) and t h e c o n t r o l s 

(1.74 ± 0.19 L " 1 ) ; see F i g u r e 47 and T a b l e 34. K e r a t e l l a 

d e n s i t i e s i n c r e a s e d i n a l l t r e a t m e n t s between June 12 and J u l y 

16 ( F i g u r e 4 7 ) , but r e m a i n e d s i g n i f i c a n t l y h i g h e r i n t r e a t m e n t s 

M and H ( T a b l e 3 4 ) . 
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Table 34. Results of analyses of variance and Duncan multiple range tests of 
inter-treatment differences in densities of cyclopoid copepods, 
copepod nauplii and rotifers. See Table 27 for explanation of 
symbols and abbreviations. 

Diacyclops thomasi r ^ ^ ^ A ROTIFERS* - K Copepod 
# Adults & £ Nauplii*** K e r a t e n a Kellicottia Polyarthra Juveniles 3 3 — * 

May 13 ns ns ns ns ns ns 
16 ns ns ns ns ns ns 
18 ns ns ns ns ns H M C L 

1070377 
21 ns ns ns ns ns H L M C 

To7oT97 

23 ns H M C L ns ns ns ns 
(0 .0377 

26 ns ns H M L C ns H L M C ns 
T070T9T T07026T 

29** ns ns H M L C ns ns ns 
"[070337 

June 5 H M L C ns H M L_C ns H M L C ns 
ToToBT" To. ooo i) ro7o32T 

12 ns ns H M C L LCMH H M L C M L H C 
TO.0002) T070006) T07042y I07023T 

19 ns ns H M L C ns ns ns 
T07006T 

July 16 H M C L ns H M L C C L M H ns ns 
r070T2T T07002I T0\007T 

* Conochilus not listed. No significant treatment effects found. 
** One missing observation (Bag 8C). 
*** Both calanoid and cyclopoid. (June 19 and July 16 samples were 99% 

cyclopoid.) 
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Figure 47. Dens i t ies of K e r a t e l l a and K e l l i c o t t i a . 
Abbreviations used for treatments: C=controls; L=low 
rate of a c i d i f i c a t i o n ; M=medium rate; H=high ra te . 
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I r e e x a m i n e d t h e June 12, June 19, and J u l y 16 s a m p l e s t o 

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

a c i d i f i c a t i o n ; a l l samples were d o m i n a t e d by K e r a t e l l a  

t a u r o c e p h a l a . V e r t i c a l l y s t r a t i f i e d s a m p l e s t a k e n June 19 

r e v e a l e d t h a t i n a l l t r e a t m e n t s (and i n E u n i c e L a k e ) , t h e 

d i s t r i b u t i o n o f K e r a t e l l a was s t r o n g l y b i a s e d t o t h e 0-2 m 

s t r a t u m ( 9 2 . 5 % o f t h e sampled E u n i c e Lake p o p u l a t i o n was f o u n d 

a t 0-2 m; 78.0 ± 1.7% i n t h e c o n t r o l s ; 87.6 ± 3.8% i n L; 91.5 ± 

0.26% i n M; and 89.7 ± 6.5% i n H ) . In t h o s e t r e a t m e n t s where 

D a p h n i a r o s e a s u r v i v e d ( t r e a t m e n t L .and t h e c o n t r o l s ) , 

K. t a u r o c e p h a l a showed a s t r o n g s p a t i a l o v e r l a p w i t h D a p h n i a  

r o s e a on June 19: 42.9 ± 4.9% o f d a p h n i d j u v e n i l e s and 32.5 ± 

7.7% o f t h e a d u l t s were f o u n d a t 0-2 m. 

In c o n t r a s t t o K e r a t e l l a , K e l l i c o t t i a a p p e a r e d a d v e r s e l y 

a f f e c t e d by h i g h a c i d i f i c a t i o n . On May 26, June 5 and June 12 

d e n s i t i e s o f K e l l i c o t t i a were s i g n i f i c a n t l y l o w e r i n t r e a t m e n t H 

t h a n t h e o t h e r t r e a t m e n t s ( T a b l e 34, F i g u r e 4 7 ) . However, s i n c e 

no s i g n i f i c a n t i n t e r - t r e a t m e n t d i f f e r e n c e s r e m a i n e d a t t h e end 

o f t h e e x p e r i m e n t , t h e p o p u l a t i o n s i n t r e a t m e n t H may have o n l y 

e x p e r i e n c e d t r a n s i e n t e f f e c t s . 

N e i t h e r P o l y a r t h r a n o r C o n o c h i l u s showed any s u s t a i n e d 

i n t e r - t r e a t m e n t d i f f e r e n c e s ( F i g u r e 48; T a b l e 3 4 ) . C o n o c h i l u s , 

w h i c h g e n e r a l l y forms l a r g e c o l o n i e s i n s p r i n g , was v e r y r a r e 

a f t e r May 29 i n a l l t r e a t m e n t s . 
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F i g u r e 48. D e n s i t i e s of P o l y a r t h r a and C o n o c h i l u s . 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; L=low 
r a t e o f a c i d i f i c a t i o n ; M=medium r a t e ; H=high r a t e . 
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4. DISCUSSION 

T h i s d i s c u s s i o n i s d i v i d e d i n t o two p a r t s . S e c t i o n 4.1 

c o n s i d e r s c o m m u n i t y - l e v e l r e s p o n s e s o f z o o p l a n k t o n t o 

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

r e s u l t s o f b o t h o t h e r s t u d i e s ( S e c t i o n 4.1.1) and my 1979 

e x p e r i m e n t . S e c t i o n 4.2 a d d r e s s e s q u e s t i o n s o f t o x i c i t y , 

c o m p e t i t i o n a n d p r e d a t i o n a t a p o p u l a t i o n - l e v e l , s p e c i e s by 

s p e c i e s . 

i . J i _ Changes i n Z o o p l a n k t o n Biomass and Community S t r u c t u r e 

4. KJ_ C o m p a r i s o n s w i t h O t h e r S t u d i e s 

In t h e 1980 e x p e r i m e n t , a c i d i f i c a t i o n t o pH 5.0 and 4.5 

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

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

e x p e c t e d r e s p o n s e s o f a c i d i f y i n g l a k e s ? To d a t e , t h e r e a r e no 

s t u d i e s s h o w i n g t h e s e q u e n c e o f c h a n g e s i n z o o p l a n k t o n b i o m a s s 

i n an a c i d i f y i n g l a k e , and o n l y one r e g i o n w i t h a c c u r a t e 

measurements o f z o o p l a n k t o n b i o m a s s i n a c i d i c and n o n a c i d i c 

l a k e s (Yan a n d S t r u s 1981, Yan a n d G r e i l i n g ( i n p r e p ) ) . 

T a b l e 35 l i s t s some o f t h e z o o p l a n k t o n b i o m a s s d a t a o f Yan and 

c o - w o r k e r s , t o g e t h e r w i t h my e x p e r i m e n t a l r e s u l t s . Mean v a l u e s 

i n t h e l i m n o c o r r a l s were computed o v e r 4 s a m p l i n g d a t e s i n J une 

a n d J u l y , a n d t h e r e f o r e c a n n o t be d i r e c t l y c ompared t o t h e l a k e 

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

November). However, t h e r e l a t i v e d e c l i n e s i n z o o p l a n k t o n 

b i o m a s s u n d e r a c i d i f i c a t i o n c a n be compared, and a r e q u i t e 
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Table 35. Comparison of total zooplankton biomass in 1980 limno-corrals 
and Ontario lakes. Limno-corral means based on samples taken 
June 5, 12, 19 and July 16; Ontario lake means are averaged 
over entire ice-free period. Ontario lake data obtained from 
Yan and Strus (1981), Yan and Greiling (in prep.) and N.D. Yan 
(unpublished data). 

Location Mean TP 
PH (U^L- 1 ) 

Mean Total 
Zooplankton 
Biomass ± 
SE (n) 
(ug-L-M 

Percent Total Biomass 
Cladocera Copepoda Rotataria 

1980 Treatments: 
Controls 6.28 
L 5.54 
M 5.07 
H 4.51 

5 31.6 ± 2.3 (8) 49.0 50.2 0.8 
5 25.3 ± 2.1 (8) 57.6 41.5 0.9 
5 11.6 ± 1.6 (8) 26.1 68.8 5.1 
5 8.3 ± 0.9 (8) 22.1 63.9 14.0 

Mean Biomass in Treatment H 
Mean Biomass in Controls 0.26 

ONTARIO 
Non-Acid Lakes: 
Blue Chalk (1977) 
Red Chalk (1977) 
Jerry (1977) 
Harp (1977) 

MEAN 

6.53 7.7 45.3 (23) 35.8 63.6 0.6 
6.38 6.4 35.3 (25) 30.8 68.7 0.5 
6.35 9.7 32.7 (26) 20.8 78.2 1.0 
6.34 8.2 40.4 (27) 44.0 55.2 0.8 
6.40 8.0 38.4 32.9 66.4 0.7 

Acid Lakes: 
Clearwater (1976) 4. 23 5. ,2 12, .9 (21) 54. .0 12. ,7 33. .3 
Clearwater (1977) 4. 10 6. ,5 16. .5 (15) 78. .6 5. ,0 16. .4 
Clearwater (1978) 4. 40 4. .6 9. .0 (7) 58. .0 14. 5 27. .5 

MEAN 4. 24 5. ,4 12. .8 63. .5 10. ,7 25. .7 
Mean Biomass in Clearwater Lake _ q 
Mean Biomass in Non-Acid Lakes 
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s i m i l a r . Mean t o t a l z o o p l a n k t o n b i o m a s s i n a c i d i c C l e a r w a t e r 

Lake i s on a v e r a g e 33% o f t h e b i o m a s s i n c i r c u m n e u t r a l l a k e s o f 

s i m i l a r t r o p h i c s t a t u s and t h e mean b i o m a s s i n t r e a t m e n t H was 

26% o f t h e l e v e l i n t h e c o n t r o l s . No d a t a a r e a v a i l a b l e f o r 

O n t a r i o l a k e s o f pH 5.0-5.5 t o compare w i t h t r e a t m e n t s M a n d L. 

The r e l a t i v e c o n t r i b u t i o n o f r o t i f e r s t o t o t a l z o o p l a n k t o n 

b i o m a s s was l e s s t h a n 1% i n t h e c o n t r o l s , t r e a t m e n t L and 

O n t a r i o n o n a c i d i c l a k e s , b u t i n c r e a s e d e x p o n e n t i a l l y w i t h 

d e c l i n i n g pH l e v e l s ( T a b l e 3 5 ) . The p r o p o r t i o n o f r o t i f e r -

b i o m a s s may be h i g h e r i n C l e a r w a t e r L a k e t h a n i n t r e a t m e n t H due 

t o l o w e r pH o r t o t h e l o n g e r p e r i o d o f a c i d i f i c a t i o n . 

C l e a r w a t e r has been a c i d i c f o r a t l e a s t two d e c a d e s (Yan and 

S t r u s 1980). 

In M i r r o r Lake (New H a m p s h i r e ) , r o t i f e r s f o r m e d o n l y 16.3% 

of t h e t o t a l z o o p l a n k t o n b i o m a s s , but a c c o u n t e d f o r 39.8% o f 

z o o p l a n k t o n p r o d u c t i o n ( M a k a r e w i c z and L i k e n s 1979). R o t i f e r s 

c o n s t i t u t e d 14.0% o f t h e t o t a l z o o p l a n k t o n b i o m a s s i n t r e a t m e n t 

H d u r i n g June and J u l y ( T a b l e 3 4 ) . B a s e d on M i r r o r L a k e , I 

e x p e c t t h a t r o u g h l y one t h i r d o f t r e a t m e n t H z o o p l a n k t o n 

p r o d u c t i o n came from r o t i f e r s . As most a l g a l c e l l s consumed by 

r o t i f e r s a r e s m a l l e r t h a n 12um i n d i a m e t e r ( W e t z e l 1975), 

h e r b i v o r e f i l t e r i n g of c e l l s l a r g e r t h a n 12/im may have been 

r e l a t i v e l y weak i n t r e a t m e n t H. T h i s s u g g e s t i o n i s s u p p o r t e d by 

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

c e l l s i z e s i n t r e a t m e n t H. 
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R o t i f e r b i o m a s s i n c r e a s e s q u a n t i t a t i v e l y a s w e l l a s 

p r o p o r t i o n a t e l y a t low pH. C l e a r w a t e r L a k e r o t i f e r b i o m a s s 

a v e r a g e d 12.2 t i m e s t h e mean b i o m a s s i n t h e n o n a c i d i c l a k e s , and 

t r e a t m e n t H r o t i f e r b i o m a s s a v e r a g e d 4.6 t i m e s l e v e l s i n t h e 

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

K w i a t k o w s k i ( 1 9 7 6 ) , who r e p o r t e d g r e a t l y r e d u c e d d e n s i t i e s o f 

r o t i f e r s i n l a k e s o f pH 4.5. Yan and G r e i l i n g ( i n p r e p ) p o i n t 

o u t : 1) t h a t d e n s i t i e s of t h e i n v e r t e b r a t e p r e d a t o r C h a o b o r u s 

were much h i g h e r i n t h e i r a c i d l a k e s t h a n i n t h e ones s t u d i e d by 

R o f f and K w i a t k o w s k i , and 2) t h a t C h a o b o r u s p r e d a t i o n on 

c r u s t a c e a n s c a n remove c o m p e t i t i v e c o n s t r a i n t s on t h e 

p e r f o r m a n c e o f r o t i f e r s (shown e x p e r i m e n t a l l y by N e i l l , i n 

p r e s s ) . In my 1980 e x p e r i m e n t , t h e s e c o m p e t i t i v e c o n s t r a i n t s 

were removed d i r e c t l y t h r o u g h t h e a c i d i f i c a t i o n - i n d u c e d 

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

p r e d a t i o n ( s e e d i s c u s s i o n o f K e r a t e l l a a t t h e end o f S e c t i o n 

4 . 2 ) . 

M u l t i - l a k e s u r v e y s i n d i c a t e t h a t z o o p l a n k t o n c o m m u n i t i e s 

g e n e r a l l y show an i n c r e a s i n g p r o p o r t i o n o f c l a d o c e r a n and 

r o t i f e r b i o m a s s w i t h e u t r o p h i c a t i o n (Gannon and S t e m b e r g e r 

1978). R e l a t i v e t o c o p e p o d s , c l a d o c e r a n s and r o t i f e r s m ature 

more r a p i d l y , have a s h o r t e r g e n e r a t i o n t i m e , and l a y many more 

c l u t c h e s o f eggs ( A l l e n and G o u l d e n 1980), a l l of w h i c h a r e 

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

w i t h n u t r i e n t s ( A l l e n 1976). The h i g h e r r e p r o d u c t i v e p o t e n t i a l 

o f c l a d o c e r a n s and r o t i f e r s w ould be e x p e c t e d t o g i v e them a 

r e l a t i v e a d v a n t a g e i n s h o r t - t e r m a c i d i f i c a t i o n e x p e r i m e n t s . A t 
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most t i m e s of t h e y e a r , r e s o u r c e s made a v a i l a b l e by t h e r e m o v a l 

o f a c i d - s e n s i t i v e h e r b i v o r e s c o u l d be more q u i c k l y t r a n s f o r m e d 

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

In 1979, c l a d o c e r a n s q u i c k l y i n c r e a s e d and d o m i n a t e d t h e b i o m a s s 

a f t e r t h e d e c l i n e o f D a p h n i a r o s e a i n t r e a t m e n t AF. In 1980, 

t h e c l a d o c e r a n Bosmina l o n g i r o s t r i s i n c r e a s e d i t s d e n s i t i e s 

f o l l o w i n g t h e d e c l i n e of D a p h n i a r o s e a and D i a p t o m u s t y r r e l l i i n 

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

o p p o r t u n i s t i c c a p a b i l i t i e s i n b o t h t r e a t m e n t s M and H. However, 

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

M and H f o r most o f t h e 1980 e x p e r i m e n t ( F i g u r e 32, T a b l e 3 5 ) . 

T h i s was n o t b e c a u s e D. k e n a i i n c r e a s e d , b u t s i m p l y t h a t i t d i d 

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

I n a c i d i c l a k e s , where a c i d i f i c a t i o n t a k e s p l a c e o v e r 

s e v e r a l d e c a d e s , l i f e h i s t o r y d i f f e r e n c e s between r o t i f e r s , 

c l a d o c e r a n s and c o p e p o d s do n o t o b v i o u s l y i m p l y an a d v a n t a g e t o 

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

by c l a d o c e r a n s i s q u i t e v a r i a b l e i n a c i d i c l a k e s . Some O n t a r i o 

a c i d l a k e s , s u c h a s C l e a r w a t e r , a r e d o m i n a t e d by t h e c l a d o c e r a n 

Bosmina l o n g i r o s t r i s , w h i l e t h e co p e p o d D i a p t o m u s m i n u t u s i s 

domin a n t i n o t h e r s (Yan and S t r u s 1981). P l a n k t o n i n 

S c a n d i n a v i a n a c i d l a k e s a r e f r e q u e n t l y d o m i n a t e d by t h e 

c l a d o c e r a n s Eubosmina c o r e g o n i o r E . l o n g i s p i n a , b u t a b o u t as 

o f t e n by t h e c o p e p o d D i a p t o m u s g r a c i l i s (Hobaek and Raddum 

1980). I n t r e a t m e n t H, c r u s t a c e a n b i o m a s s was d o m i n a t e d 

p r i m a r i l y by t h e c o p e p o d D i a p t o m u s k e n a i and s e c o n d a r i l y by t h e 

c l a d o c e r a n H o l o p e d i u m g i b b e r u m . I n c o n c l u s i o n , c o n s i s t e n t 



292 

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

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

w i t h e u t r o p h i c a t i o n . 

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

c o n s i d e r a t i o n s . Many t e m p e r a t e zone o l i g o t r o p h i c l a k e s s l o w l y 

change t o w a r d s e u t r o p h y w i t h s e d i m e n t a t i o n f r o m t h e i r 

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

(G.E. H u t c h i n s o n 1969, 1973). Such c o n d i t i o n s p r o b a b l y p r o v i d e 

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

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

t a x a . 

Though o l i g o t r o p h i c l a k e s a l s o commonly d e v e l o p i n t o 

d y s t r o p h i c l a k e s w i t h h i g h c o n c e n t r a t i o n s o f humic a c i d s ( W e t z e l 

1975), a c i d i f i c a t i o n v i a n a t u r a l l y g e n e r a t e d s u l f u r i c a c i d s i s 

an uncommon e v e n t , r e q u i r i n g s u c h s o u r c e s a s s u l p h u r s p r i n g s 

(Yamamoto 1970), s p o n t a n e o u s b u r n i n g o f b i t u m i n o u s s h a l e s 

( T . C . H u t c h i n s o n e t a l . 1978), o r v o l c a n i c g a s e s ( W e t z e l 1975). 

S u l f u r - d r i v e n a c i d i f i c a t i o n p r o b a b l y b o t h o c c u r s more 

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

e u t r o p h i c a t i o n . Due t o t h e n o n l i n e a r shape o f l a k e s ' t i t r a t i o n 

c u r v e s , t h e mean pH o f s e n s i t i v e l a k e s c a n d e c l i n e f r o m 6 t o 

below 5 w i t h i n a few d e c a d e s , c r o s s i n g t h e l e t h a l pH t h r e s h o l d 

f o r many z o o p l a n k t o n s p e c i e s . S u r v e y s i n a c i d i f i e d r e g i o n s 

r e v e a l a b i m o d a l f r e q u e n c y d i s t r i b u t i o n o f l a k e pH, w i t h few 

l a k e s a t i n t e r m e d i a t e pH l e v e l s o f 5 t o 6 ( T . C . H u t c h i n s o n e t 

a l . 1978, NRCC 1981, D r i s c o l l a nd B i s o g n i 1983). I s u s p e c t 

t h a t t h e a d a p t a t i o n s demanded by a c i d i c c o n d i t i o n s 
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( e . g . m a i n t e n a n c e o f i o n i c b a l a n c e ) r e q u i r e m a j o r c h a n g e s t o t h e 

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

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

u t i l i z a t i o n o f p u l s e s o f r e s o u r c e s ) may r e q u i r e fewer 

g e n e r a t i o n s t o e v o l v e . 

D i a p t o m i d s may be common i n a c i d i c l a k e s s i m p l y b e c a u s e s o 

many s p e c i e s e x i s t i n t h e D i a p t o m i d a e i n c i r c u m n e u t r a l l a k e s , 

r a t h e r t h a n due t o a f a m i l i a l a c i d t o l e r a n c e . C e r t a i n l y , t h e 

d i a p t o m i d s i n my 1980 e x p e r i m e n t d e m o n s t r a t e d a v e r y wide 

v a r i a n c e i n a c i d - s e n s i t i v i t y : D. k e n a i t o l e r a t e d pH 4.5 whereas 

5* t y r r e l l i was e l i m i n a t e d a t pH 5.5. The f r e q u e n c y 

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

D a p h n i i d a e ) i s l i k e l y n a r r o w e r ( s e e D i s c u s s i o n i n S e c t i o n I ) . 

N o te t h a t t h e most f r e q u e n t l y d ominant c r u s t a c e a n i n O n t a r i o 

a c i d i c l a k e s ( t h e r e l a t i v e l y s m a l l D i a p t o m u s m i n u t u s ) i s 

a p p r o x i m a t e l y t h e same s i z e a s a c i d - s e n s i t i v e D i aptomus  

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

t h e s i z e o f c r u s t a c e a n s p e c i e s , b u t t h a t t h e low s p e c i e s 

d i v e r s i t y i n a c i d i c l a k e s commonly p r o d u c e s a b i a s e d community 

s i z e s t r u c t u r e . The p r o b a b i l i t y t h a t two s p e c i e s a r e b o t h 

r e l a t i v e l y s m a l l ( o r l a r g e ) i s g r e a t e r t h a n t h e p r o b a b i l i t y t h a t 

t e n s p e c i e s a r e a l l r e l a t i v e l y s m a l l ( o r l a r g e ) . In t r e a t m e n t 

H, t h e two d o m i n a n t c r u s t a c e a n s were r e l a t i v e l y l a r g e ( D iaptomus  

k e n a i and H o l o p e d i u m g i b b e r u m ) . S m a l l s p e c i e s d o m i n a t e t h e 

c r u s t a c e a n c o m m u n i t i e s o f O n t a r i o ' s a c i d i c l a k e s ( S p r u l e s 1975), 

w h i l e S w e d i s h a c i d i c l a k e s a r e o f t e n d o m i n a t e d by l a r g e 

c r u s t a c e a n s ( E r i c k s o n e t a l . 1980). S p r u l e s (1980) s p e c u l a t e d 
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t h a t t h e O n t a r i o p a t t e r n may have been c a u s e d by s m a l l 

z o o p l a n k t o n b e i n g more e f f i c i e n t a t f i l t e r i n g b a c t e r i a and 

d e t r i t u s . E r i c k s o n and c o - w o r k e r s m a i n t a i n e d t h a t t h e s i z e 

s t r u c t u r e o f z o o p l a n k t o n c o m m u n i t i e s i n S w e d i s h l a k e s was t h e 

r e s u l t o f i n t e n s e i n v e r t e b r a t e p r e d a t i o n on s m a l l z o o p l a n k t o n . 

N e i t h e r S p r u l e s n o r E r i c k s o n p r o v i d e d e x p e r i m e n t a l e v i d e n c e f o r 

t h e i r ' b i o t i c h y p o t h e s e s ' . T r e a t m e n t H shows t h a t l a r g e 

z o o p l a n k t o n may become d o m i n a n t i n t h e a b s e n c e o f i n v e r t e b r a t e 

p r e d a t o r s , s i m p l y as a r e s u l t o f g r e a t e r a c i d t o l e r a n c e . (The 

r e l a t i v e i m p o r t a n c e o f i n v e r t e b r a t e p r e d a t i o n i n a c i d i c l a k e s i s 

d i s c u s s e d i n S e c t i o n I I I ) . 

M u l t i - l a k e s u r v e y s a c r o s s pH g r a d i e n t s have c o n s i s t e n t l y 

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

z o o p l a n k t o n s p e c i e s and l a k e pH ( s e e T a b l e 4.2, S e c t i o n I ) . 

S u r p r i s i n g l y , t h i s s t u d y and t h e a c i d i f i c a t i o n o f L a k e 223 

( M a l l e y e t a l . 1981) a r e t h e f i r s t f i e l d , e x p e r i m e n t a l 

d e m o n s t r a t i o n s t h a t r e d u c t i o n s i n pH c a n i n f a c t c a u s e 

d e c r e a s i n g numbers o f s p e c i e s . Though m u l t i - l a k e s u r v e y s show 

s i g n i f i c a n t d e c l i n e s i n numbers o f s p e c i e s o n l y a t pH < 5.0 

T a b l e 4.2, S e c t i o n I ) , t h e E u n i c e L a k e z o o p l a n k t o n community 

began t o change m a r k e d l y below pH 5.4. C l e a r l y , a knowledge o f 

t h e r e l a t i v e a c i d s e n s i t i v i t i e s o f d i f f e r e n t c r u s t a c e a n s i s an 

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

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

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

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

numbers o f s p e c i e s . 
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4.J_.2 C o m p a r i s o n s w i t h t h e 1979 e x p e r i m e n t 

The r a t e s o f l o s s and r e c o v e r y o f z o o p l a n k t o n b i o m a s s i n t h e 

1980 e x p e r i m e n t a l t r e a t m e n t s c a n be compared w i t h my 1979 

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

t e m p e r a t u r e , pH, n u t r i e n t s , a n d l i f e h i s t o r y . I n A u g u s t 1979, 

a c i d i f i c a t i o n t o pH 5.3 ( i n n u t r i e n t - e n r i c h e d c y l i n d e r s ) c a u s e d 

m a s s i v e m o r t a l i t y o f D a p h n i a r o s e a . Over t h e f o l l o w i n g two 

weeks, t h e mean t o t a l z o o p l a n k t o n b i o m a s s i n a c i d i f i e d and 

f e r t i l i z e d e n c l o s u r e s was o n l y 38% o f t h e b i o m a s s i n f e r t i l i z e d 

e n c l o s u r e s ( S e c t i o n I , T a b l e 1 0 ) . I n 1980, d u r i n g t h e f i r s t two 

weeks of e x p o s u r e t o pH 5.0 (May 23 t o June 5 ) , mean t o t a l 

z o o p l a n k t o n b i o m a s s i n t r e a t m e n t M was 46% o f t h e mean b i o m a s s 

i n t h e c o n t r o l s . I n i t i a l b i o m a s s d e c l i n e s were l i k e l y h i g h e r i n 

1979 due t o t h e g r e a t e r dominance (% o f t o t a l b i o m a s s ) o f a c i d -

s e n s i t i v e D. r o s e a . Huge i n c r e a s e s i n t o t a l z o o p l a n k t o n b i o m a s s 

o c c u r r e d i n 1979 ( a t a b o u t pH 5 . 5 ) , w i t h Diaphanosoma  

br a c h y u r u m , C h y d o r u s s p h a e r i c u s , and Bosmina l o n g i r o s t r i s 

r e p l a c i n g D a p h n i a ; t h e s e r e c o v e r i e s o c c u r r e d t h r e e weeks a f t e r 

t h e i n i t i a l c r a s h e s . In 1980, r e c o v e r y o f z o o p l a n k t o n b i o m a s s 

was slow a n d i n c o m p l e t e a t pH 5.0, and n o n e x i s t e n t a t pH 4.5. 

On J u l y 16, e i g h t weeks a f t e r t h e i n i t i a l c o l l a p s e s , mean 

z o o p l a n k t o n b i o m a s s e s i n t r e a t m e n t s M and H were s t i l l 30% and 

74% l e s s ( r e s p e c t i v e l y ) t h a n l e v e l s i n t h e c o n t r o l s . 

Why d i d Diaphanosoma, C h y d o r u s , and Bosmina n o t r e p l a c e 

D a p h n i a b i o m a s s i n t r e a t m e n t M i n 1980 t o t h e e x t e n t t h e y d i d i n 

1979? Diaphanosoma u s u a l l y b r e a k s d i a p a u s e i n J u l y , b ut 

p r o b a b l y b e c a u s e o f c o o l t e m p e r a t u r e s i n 1980, had s t i l l n o t 
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a p p e a r e d i n E u n i c e Lake by J u l y 16 and was t h e r e f o r e n o t p r e s e n t 

i n t h e e n c l o s u r e s e i t h e r . 

C h y d o r u s and Bosmina, u n l i k e Diaphanosoma, were b o t h p r e s e n t 

i n t r e a t m e n t M when D a p h n i a c r a s h e d . P r o d u c t i o n r a t e s p e r u n i t 

b i o m a s s o f t h e s e s p e c i e s may have been s l i g h t l y i n h i b i t e d by t h e 

l o w e r pH i n 1980 (5.0) t h a n 1979 ( 5 . 0 - 5 . 5 ) , b u t were l i k e l y more 

s t r o n g l y c o n s t r a i n e d by t h e l o w e r n u t r i e n t l e v e l s and 

t e m p e r a t u r e s i n 1980. I n my d i s c u s s i o n o f C h y d o r u s i n t h e 1979 

e x p e r i m e n t ( S e c t i o n I 4.4.1 ( i v ) ) I c o n c l u d e d t h a t i t s s u c c e s s 

a t 5.0-5.5 was due p r i m a r i l y t o a b u n d a n t g r o w t h o f p e r i p h y t o n 

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

D a p h n i a seemed l e s s p r o b a b l e . The 1980 r e s u l t s show t h a t u n d e r 

l o w e r t e m p e r a t u r e s and n u t r i e n t l e v e l s , r e m o v a l o f D a p h n i a by 

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

t h e s p r i n g z o o p l a n k t o n community a t pH 5.0. The 1980 C h y d o r u s 

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

1979 e x p e r i m e n t . However, t o d e m o n s t r a t e t h a t i t was t h e 

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

w h i c h p r e v e n t e d C h y d o r u s from c o l o n i z i n g t r e a t m e n t M, I w o u l d 

n e e d t o r e p e a t t h e 1980 e x p e r i m e n t d u r i n g J u l y t o O c t o b e r . 

Bosmina a l s o p e r f o r m s b e t t e r w i t h f e r t i l i z a t i o n ( S e c t i o n I 4.4.1 

( i i i ) ) b u t u n l i k e C h y d o r u s , was a b l e t o s l o w l y p e n e t r a t e t h e 

z o o p l a n k t o n community i n t r e a t m e n t M i n 1980. 

A c i d i f i c a t i o n - i n d u c e d l o s s e s o f z o o p l a n k t o n b i o m a s s i n 1979 

were a c c o m p a n i e d by 6-9 f o l d i n c r e a s e s i n c h l o r o p h y l l a 

c o n c e n t r a t i o n s ( S e c t i o n I 3 . 3 . 5 ) . U n f o r t u n a t e l y , c h l o r o p h y l l a 

was n o t m o n i t o r e d r e g u l a r l y i n 1980. A s i n g l e s a m p l i n g a t t h e 
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end o f t h e e x p e r i m e n t ( J u l y 19) d i d however show r e s u l t s 

c o n s i s t e n t w i t h my 1979 e x p e r i m e n t a l r e s u l t s . Mean c h l o r o p h y l l 

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

p a r t i c u l a r l y i n t r e a t m e n t H among l a r g e r a l g a l c e l l s . E ven 

t h o u g h t h e c r u s t a c e a n s s u r v i v i n g a t pH 4.5 were r e l a t i v e l y l a r g e 

( D i a p t o m u s k e n a i and H o l o p e d i u m g i b b e r u m ) , t h e i r t o t a l f i l t e r i n g 

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

l a r g e r t h a n 12 jum; K e r a t e l l a t a u r o c e p h a l a was p r o b a b l y p r i m a r i l y 

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

c e l l s . Though i n t e r - t r e a t m e n t d i f f e r e n c e s i n c h l o r o p h y l l a 

c o n c e n t r a t i o n s were not s t a t i s t i c a l l y s i g n i f i c a n t , one would n o t 

e x p e c t a s l a r g e an a l g a l r e s p o n s e t o r e d u c e d h e r b i v o r e g r a z i n g 

i n t h e n u t r i e n t - p o o r e n c l o s u r e s of 1980 as i n t h e n u t r i e n t -

e n r i c h e d e n c l o s u r e s o f 1979. 

4.2 P e r f o r m a n c e o f P a r t i c u l a r T a x a Under A c i d S t r e s s  

D a p h n i a r o s e a d i s p l a y e d e s s e n t i a l l y i d e n t i c a l a c i d 

s e n s i t i v i t y i n t h e 1979 a n d 1980 e x p e r i m e n t s . I n 1979, no 

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

were e v i d e n t a t pH 5.6-5.7 (under a c i d i f i c a t i o n a l o n e ) b u t h i g h 

m o r t a l i t y o c c u r r e d a t pH 5.3-5.4 ( u n d e r a c i d i f i c a t i o n and 

f e r t i l i z a t i o n ) . R e s u l t s i n 1980 were s i m i l a r : d a p h n i d d e n s i t i e s 

and r e p r o d u c t i v e i n d i c a t o r s were n o t r e d u c e d by pH 5.5 

( t r e a t m e n t L ) , and e s t i m a t e d m o r t a l i t y r a t e s i n c r e a s e d s h a r p l y 

a t pH 5.4 i n t r e a t m e n t s M and H (un d e r b o t h t w o - s t a g e and t h r e e -

s t a g e r a t e e s t i m a t i o n m o d e l s ) . T h u s , t h e s e a s o n a l t i m i n g o f 

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

In d e t a i l e d l a b o r a t o r y s t u d i e s , W a l t o n e t a l . (1982) 

o b s e r v e d a s i g n i f i c a n t i n c r e a s e i n t h e t i m e t o f i r s t 

r e p r o d u c t i o n o f D a p h n i a p u l e x a t pH 5.0, b u t no d e c l i n e i n 

s u r v i v a l u n t i l pH 4.4. I f D a p h n i a r o s e a a l s o s u f f e r s d e l a y e d 

r e p r o d u c t i o n a t s u b l e t h a l pH l e v e l s , I s h o u l d have o b s e r v e d 

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

a t pH 5.5 was o n l y 0.1-0.2 pH u n i t s above t h e l e t h a l t h r e s h o l d . 

I n s t e a d , t r e a t m e n t L egg d e n s i t i e s e q u a l l e d o r e x c e e d e d l e v e l s 

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

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

D. r o s e a t h a n D. p u l e x o r l e s s i m p o r t a n t i n t h e f i e l d t h a n t h e 

l a b o r a t o r y , o r b o t h . S e c o n d , a c i d i f i c a t i o n t o pH 5.5 d o e s n o t 

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

f o r D. r o s e a ; i f i t d i d , egg d e n s i t i e s would have d e c r e a s e d . I 

f o u n d t h e same r e s u l t f o r summer f o o d r e s o u r c e s i n 1979 ( S e c t i o n 

I ) . 

The 1980 e x p e r i m e n t d i d n o t p r o v i d e c o n v i n c i n g e v i d e n c e o f 

a g e - s p e c i f i c a c i d s e n s i t i v i t y i n D a p h n i a . T h i s r e s u l t was due 

t o p r i m a r i l y t o u n c e r t a i n t y i n m o r t a l i t y r a t e e s t i m a t i o n (See 

S e c t i o n 3.3.1) and a l s o t o t h e a b s e n c e o f an e x t e n d e d p e r i o d o f 

i n t e r m e d i a t e l e v e l t o x i c i t y , where o n l y t h e most a c i d - s e n s i t i v e 

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

( t r e a t m e n t L) o r went e x t i n c t q u i c k l y ( t r e a t m e n t s M and H ) . I n 

c o n t r a s t t o 1979, when n e o n a t e m o r t a l i t y was a p p a r e n t l y v e r y 

h i g h ( S e c t i o n I 4 . 4 . 1 ( i ) ) , t h e t h r e e - s t a g e model i n d i c a t e d v e r y 

low j u v e n i l e m o r t a l i t y i n 1980. T h i s d i f f e r e n c e i n r e s u l t s may 
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have been due t o m e t h o d o l o g i c a l p r o b l e m s w i t h t h e t h r e e - s t a g e 

model ( A p p e n d i x H ) . A c c u r a t e d e t e r m i n a t i o n o f d e m o g r a p h i c 

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

i n t e n s i v e i n s i t u measurements o f egg and j u v e n i l e d e v e l o p m e n t a l 

r a t e s , as w e l l as f r e q u e n t measurements o f egg age d i s t r i b u t i o n s 

( T h r e l k e l d 1979). L a r g e e n c l o s u r e s would be r e q u i r e d f o r s u c h 

s t u d i e s , so t h a t t h e a l r e a d y d e c l i n i n g a c i d - s t r e s s e d p o p u l a t i o n s 

c a n be a d e q u a t e l y and f r e q u e n t l y sampled w i t h o u t s i g n i f i c a n t l y 

d i m i n i s h i n g t h e i r d e n s i t i e s . 

The e x p e r i m e n t a l s o d i d n o t p r o v i d e a d e f i n i t i v e answer t o 

t h e q u e s t i o n of whether t h e r a t e o f pH change a f f e c t s t h e 

s e n s i t i v i t y o f D a p h n i a t o d i f f e r e n t pH l e v e l s . A t i n c i p i e n t 

l e t h a l l e v e l s (pH 5.4) h i g h r a t e s o f a c i d i f i c a t i o n c a u s e d 

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

e x p o s u r e s (pH 5.0-5.2) t h e r e were no c o n s i s t e n t d i f f e r e n c e s 

between m o r t a l i t y r a t e s i n t r e a t m e n t s M and H. More p r e c i s e 

a n s w e r s t o t h i s q u e s t i o n w o u l d be b e s t p u r s u e d t h r o u g h 

l a b o r a t o r y e x p e r i m e n t s , due t o t h e h i g h l e v e l o f e x p e r i m e n t a l 

c o n t r o l and l a r g e numbers of r e p l i c a t e s r e q u i r e d . However, 

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

w hether l a b o r a t o r y t e s t s a r e p r o d u c i n g r e a s o n a b l e t o x i c i t y 

e s t i m a t e s . 

H o l o p e d i u m g i b b e r u m s u f f e r e d e n c l o s u r e e f f e c t s i n b o t h 1979 

and 1980. However, i t s i m p r o v e d p e r f o r m a n c e i n c y l i n d e r s 2M and 

4H i m p l i e s t h a t i t c a n become i n c r e a s i n g l y i m p o r t a n t a t pH 4.5-

5.0. T h i s i s c o n s i s t e n t w i t h o b s e r v a t i o n s o f i n c r e a s e d 

H o l o p e d i u m dominance i n a c i d i c l a k e s i n b o t h O n t a r i o ( S p r u l e s 



300 

1975; K e l l e r 1981) and S c a n d i n a v i a (Hobaek and Raddum 1980). 

The p o o r p e r f o r m a n c e o f Bosmina l o n q i r o s t r i s i n t r e a t m e n t H 

was s u r p r i s i n g , s i n c e t h i s s p e c i e s commonly d o m i n a t e s a c i d l a k e s 

o f pH < 4.5 (Yan and S t r u s 1980, D e C o s t a and J a n i c k i 1978, 

K e l l e r 1981). A c i d i f i c a t i o n i n t r e a t m e n t H may have been t o o 

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

r e p r o d u c t i o n by t h e more a c i d - t o l e r a n t i n d i v i d u a l s o f t h e 

p o p u l a t i o n . In a c i d l a k e s o f mean pH < 4.5 where Bosmina i s 

d o m i n a n t , a c i d i f i c a t i o n has g e n e r a l l y o c c u r r e d o v e r more t h a n 

one d e c a d e . When s u c h l a k e s p a s s e d t h r o u g h t h e . ' t r a n s i t i o n 

z one' (pH 5.3 t o 4.7) e p i s o d i c pH d e c l i n e s may have s e r v e d t o 

s e l e c t t h e most a c i d - t o l e r a n t c l o n e s o f t h e p o p u l a t i o n . 

I f a c i d i c l a k e s a r e n e u t r a l i z e d v e r y r a p i d l y , i t i s p o s s i b l e 

t h a t h i g h Bosmina m o r t a l i t y c o u l d o c c u r due t o e i t h e r an 

i n a b i l i t y t o r e a c c l i m a t e t o h i g h e r pH, o r i n a d e q u a t e t i m e t o 

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

c o n d i t i o n s . I n O n t a r i o , t h e n e u t r a l i z a t i o n o f M i d d l e , Hannah 

and L o h i L a k e s from pH 4.3-4.4 t o pH 7.0-8.0 l e d t o c a t a s t r o p h i c 

d e c l i n e s i n t h e abundance o f B osmina, w h i c h had p r e v i o u s l y been 

t h e community dominant ( S c h e i d e r e t a l . 1976, Yan and D i l l o n 

1 981). 

As m e n t i o n e d i n S e c t i o n 4.1.2, t h e i m p r o v e d p e r f o r m a n c e of 

Bosmina i n t r e a t m e n t M n e a r t h e end o f t h e 1980 e x p e r i m e n t may 

have been p a r t i a l l y due t o a r e l e a s e f r o m c o m p e t i t i o n w i t h 

D a p h n i a . E x p e r i m e n t a l o r p r e d a t o r - i n d u c e d r e m o v a l o f D a p h n i a 

under c i r c u m n e u t r a l c o n d i t i o n s sometimes c a u s e s an a p p a r e n t 

c o m p e t i t i v e r e l e a s e o f Bosmina ( B r o o k s and Dodson 1965, L y n c h 
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1979, N e i l l ( i n p r e p . ) ) and sometimes d o e s not ( K e r f o o t and 

Demott 1980). T r e a t m e n t M a c i d i f i c a t i o n n o t o n l y removed 

D a p h n i a r o s e a and Diaptomus t y r r e l l i a s p o t e n t i a l c o m p e t i t o r s , 

i t may a l s o have l o w e r e d t h e c o m p e t i t i v e a b i l i t i e s o f o t h e r 

c r u s t a c e a n s . 

I n 1979, Di a p t o m u s k e n a i was u n a f f e c t e d by pH 5.3 but i t was 

n o t c l e a r whether t h i s was due t o i t s a c i d t o l e r a n c e o r t o i t s 

c o n c e n t r a t i o n below t h e t h e r m o c l i n e i n c i r c u m n e u t r a l w a t e r s . 

The 1980 e x p e r i m e n t c o n f i r m e d t h a t D. k e n a i p o p u l a t i o n s p e r f o r m 

n o r m a l l y a t pH 5.0, t h o u g h s u r v i v a l f r o m c o p e p o d i t e t o a d u l t 

s t a g e s may have been r e d u c e d a t pH 4.5. 

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

t o pH 5.5 ( t r e a t m e n t L) i n t h e s p r i n g o f 1980, t h o u g h i n t h e 

summer o f 1979 i t had s u r v i v e d two weeks o f e x p o s u r e t o pH 5.3-

5.4. T h i s d i f f e r e n c e may be due a change i n a c i d s e n s i t i v i t y 

w i t h l i f e h i s t o r y s t a g e . In May 1980 c o p e p o d i t e s made up a b o u t 

95% o f t h e t r e a t m e n t L D. t y r r e l l i p o p u l a t i o n s , whereas i n 

A u g u s t 1979 o n l y 12% o f t h e a c i d - s t r e s s e d p o p u l a t i o n s were 

c o p e p o d i t e s . M o l t i n g between c o p e p o d i t e s t a g e s , and from 

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

D. t y r r e l l i t o low pH. Lee and Buikema (1979) f o u n d t h a t 

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

c h r o m a t e . They s p e c u l a t e d t h a t t h i s was due t o e i t h e r r a p i d 

u p t a k e o f c h r o m a t e as t h e body volume i n c r e a s e d d u r i n g m o l t i n g , 

o r t o c a l c i u m d e f i c i e n c y o f t h e new e x o s k e l e t o n . A l s o , M a l l e y 

(1980) f o u n d t h a t d e c r e a s e d pH l o w e r e d t h e r a t e o f c a l c i u m 

u p t a k e by p o s t m o l t c r a y f i s h ( O r c o n e c t e s v i r i l i s ) a nd d e c r e a s e d 
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t h e i r s u r v i v a l . T e m p e r a t u r e and f o o d d i f f e r e n c e s between 1979 

and 1980 may a l s o have been i m p o r t a n t t o D. t y r r e l l i , b u t t h e r e 

a r e no p u b l i s h e d s t u d i e s showing t h e e f f e c t s o f t h e s e f a c t o r s on 

t h e pH s e n s i t i v i t y o f t h i s s p e c i e s . F i n a l l y , t h e e x i s t e n c e o f a 

d e e p w a t e r r e f u g e f r o m a c i d w a ter may have been i m p o r t a n t t o 

D. t y r r e l l i i n 1979. 

D i a c y c l o p s t h o m a s i was much more ab u n d a n t i n 1980 t h a n i n 

1979, most l i k e l y b e c a u s e o f t h e f e r t i l i z a t i o n o f u p s t r e a m 

G w e n d o l i n e Lake (C. W a l t e r s and W.E. N e i l l p e r s . comm. ). The 

e x t i n c t i o n o f D i a c y c l o p s t h o m a s i i n t r e a t m e n t H i s c o n s i s t e n t 

w i t h o b s e r v a t i o n s o f t h i s s p e c i e s i n O n t a r i o . Yan and S t r u s 

(1981) n o t e d t h e r e l a t i v e s c a r c i t y o f D i a c y c l o p s t h o m a s i i n 

C l e a r w a t e r L a k e (pH 4.3) compared t o n o n a c i d i c l a k e s w i t h i n t h e 

same z o g e o g r a p h i c r e g i o n . S p r u l e s (1975) f o u n d t h a t D. t h o m a s i 

was d o m i n a n t (> 10% n u m e r i c a l l y ) i n o n l y one o f 23 La C l o c h e 

Mt. L a k e s o f pH < 5.0. S i m i l a r l y , K e l l e r (1981) f o u n d t h a t 

D. t h o m a s i was dominant i n none o f 21 S u d b u r y A r e a l a k e s o f pH < 

5.0. In b o t h S p r u l e s ' and K e l l e r ' s s u r v e y s t h e f r e q u e n c y o f 

D. t h o m a s i dominance i n c r e a s e d w i t h l a k e pH. F i n a l l y , R o f f and 

K w i a t k o w s k i (1976) f o u n d g r e a t r e d u c t i o n s i n t h e s e a s o n a l 

a bundance o f p . t h o m a s i i n 2 Sudbury A r e a l a k e s o f pH < 5.0, as 

compared t o 4 l a k e s o f pH £ 5.0. 

Yan and S t r u s (1981) and D e C o s t a and J a n i c k i (1978) have 

s u g g e s t e d t h a t c y c l o p o i d p r e d a t i o n (by C. v e r n a l i s i n C l e a r w a t e r 

L a k e , and by M e s o c y c l o p s edax i n C h e a t L a k e (pH 4.5)) may be 

i m p o r t a n t c o n t r o l s on s p r i n g p o p u l a t i o n s o f Bosmina  

l o n g i r o s t r i s . The a c i d s e n s i t i v i t y o f p . t h o m a s i s u g g e s t s t h a t 
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i t p r o b a b l y c o u l d not f u l f i l l t h i s r o l e i n E u n i c e L a k e i f t h e 

l a k e were t o a c i d i f y t o pH 4.5; c y c l o p o i d p r e d a t i o n w o u l d l i k e l y 

o n l y become i m p o r t a n t i f a more a c i d - t o l e r a n t c y c l o p o i d 

c o l o n i z e d t h e l a k e . 

The i m p r o v e d p e r f o r m a n c e o f K e r a t e l l a t a u r o c e p h a l a under 

m o d e r a t e and h i g h a c i d i f i c a t i o n was v e r y l i k e l y due t o a r e l e a s e 

from c o m p e t i t i o n w i t h D. r o s e a . T h i s s t a t e m e n t i s s u p p o r t e d by 

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

K. t a u r o c e p h a l a and D. r o s e a ( S e c t i o n 3.3.7) and by a s e r i e s o f 

c o m p e t i t i o n e x p e r i m e n t s by N e i l l ( i n p r e s s ) i n n e a r b y G w e n d o l i n e 

L a k e . N e i l l f o u n d t h a t r e m o v a l o f D. r o s e a i n c r e a s e d d e n s i t i e s 

o f K. c o c h l e a r i s 1 t o 2.5 o r d e r s o f m a g n i t u d e , w h i l e a 

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

K. c o c h l e a r i s by 85%. H u t c h i n s o n (1967) n o t e d t h a t 

K. t a u r o c e p h a l a i s q u i t e a c i d t o l e r a n t . M a l l e y e t a l . (1982) 

f o u n d t h a t e x p e r i m e n t a l a c i d i f i c a t i o n o f L a k e 223 l e d t o l a r g e 

i n c r e a s e s i n b o t h K. t a u r o c e p h a l a and K. c o c h l e a r i s . A l s o , Yan 

and G r e i l i n g ( i n p r e p ) have o b s e r v e d r o u g h l y 9 t i m e s h i g h e r mean 

d e n s i t i e s o f K. t a u r o c e p h a l a i n a c i d i c O n t a r i o l a k e s t h a n i n 

n o n a c i d i c l a k e s . 

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

K e r a t e l l a t a u r o c e p h a l a i n J une o f 1980, why d i d t h i s n o t o c c u r 

when D a p h n i a c o l l a p s e d i n A u g u s t o f my 1979 e x p e r i m e n t ? I t i s 

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

f o r c e s c a u s e d K e r a t e l l a t o peak e a r l y i n 1979 and be s c a r c e i n 

J u l y when t h e c y l i n d e r s were s t o c k e d . No d a t a a r e a v a i l a b l e t o 

c o n f i r m t h i s . N e i l l f o u n d t h a t i n 1976 and 1978 K. c o c h l e a r i s 
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c o n s i s t e n t l y d e c l i n e d by June o r J u l y , even i f D a p h n i a had been 

removed f r o m e x p e r i m e n t a l e n c l o s u r e s ; Yan ( i n p r e p ) f o u n d 

r e l a t i v e l y low d e n s i t i e s o f K. t a u r o c e p h a l a d u r i n g A u g u s t i n 4 

o f 4 l a k e - y e a r s o f d a t a . However, S c h i n d l e r and Noven (1971) 

f o u n d t h a t K. t a u r o c e p h a l a was a t maximum d e n s i t i e s i n A u g u s t i n 

L a k e s 122 and 132. An a l t e r n a t i v e e x p l a n a t i o n f o r t h e a b s e n c e 

o f K. t a u r o c e p h a l a i n 1979 i s t h a t i t was o u t c o m p e t e d by v e r y 

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

Diaphanosoma b r a c h y u r u m . The m a j o r weakness o f t h i s e x p l a n a t i o n 

i s t h a t t h e s e t h r e e s p e c i e s i n c r e a s e d i n abundance t h r e e weeks 

a f t e r t h e c r a s h o f D a p h n i a ; w i t h i t s s h o r t e r g e n e r a t i o n t i m e , 

K e r a t e l l a s h o u l d have been a b l e t o bloom s o o n e r . 
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1. SUMMARY 

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

J u l y t o O c t o b e r 1979, and May t o J u l y 1980. T h e s e s t u d i e s 

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

f e r t i l i z a t i o n on e n c l o s e d p l a n k t o n c o m m u n i t i e s , c o n c e n t r a t i n g on 

t h e e c o s y s t e m components and i n t e r a c t i o n s shown i n F i g u r e 49. 

In b o t h e x p e r i m e n t s , t h e d i r e c t i o n o f z o o p l a n k t o n community 

change depended p r i m a r i l y on t h e i n t e r s e c t i o n o f a c i d i f i c a t i o n 

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

s e n s i t i v e z o o p l a n k t o n s p e c i e s , and t h e c o m p e t i t i v e r e l a t i o n s h i p s 

w i t h i n t h e community a t t h e t i m e o f a c i d i f i c a t i o n . U n d e r l y i n g 

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

s e a s o n a l c h a n g e s i n t e m p e r a t u r e and n u t r i e n t s ( F i g u r e 4 9 ) , s i n c e 

t h e l i f e h i s t o r i e s o f t h e z o o p l a n k t o n s p e c i e s have been " t u n e d " 

t o t h e s e f a c t o r s o v e r e v o l u t i o n a r y t i m e . ( W i t h i n E u n i c e L a k e 

and o t h e r l a k e s o f t h e U n i v e r s i t y o f B r i t i s h C o l u m b i a R e s e a r c h 

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

of e a c h s p e c i e s , and t h e peak d e n s i t i e s a t t a i n e d w i t h i n t h e 

s e a s o n , a r e s t r o n g l y a f f e c t e d by l a k e t e m p e r a t u r e s and n u t r i e n t 

l e v e l s ( C . J . W a l t e r s and W.E. N e i l l , u n p u b l i s h e d d a t a ) . ) 

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

c o n c e n t r a t i o n o f [H*] i n t h e w a t e r c o l u m n , a l t e r i n g t h e a n i m a l s ' 

e x p o s u r e t o a c i d i t y ( F i g u r e 4 9 ) . The p r i m a c y o f t h e s e e c o s y s t e m 

i n t e r a c t i o n s i s e v i d e n t from t h e m a j o r r e s u l t s o f t h e s t u d y , 

w h i c h a r e summarized below. 
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F i g u r e 49. P r i m a r y e c o l o g i c a l i n t e r a c t i o n s i n t h e 1979 and 
1980 f i e l d e x p e r i m e n t s . A r r o w s c o n n e c t i n g b o x e s show 
e c o s y s t e m l i n k a g e s ( d o u b l e l i n e s f o r most i m p o r t a n t 
l i n k a g e s ) . An ar r o w c o n n e c t i n g two boxes t h r o u g h 
a n o t h e r box r e p r e s e n t s t h e means by w h i c h t h e 
' i n d e p e n d e n t ' component a t t h e a r r o w ' s o r i g i n i n f l u e n c e d 
t h e 'dependent' component a t t h e a r r o w ' s p o i n t . 
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1 1 
E N C L O S U R E A N D R E M O V A L 
F R O M F I S H P R E D A T I O N 
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The t h r e e 1979 t r e a t m e n t s were a c i d i f i c a t i o n , f e r t i l i z a t i o n , 

a nd a c i d i f i c a t i o n p l u s f e r t i l i z a t i o n . Summer t h e r m a l 

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

e p i l i m n i o n . A c i d i f i c a t i o n a l o n e l o w e r e d t h e e p i l i m n e t i c pH t o 

5.6, but d i d n o t s i g n i f i c a n t l y a l t e r t r a n s p a r e n c y , p h y t o p l a n k t o n 

o r z o o p l a n k t o n r e l a t i v e t o t h e c o n t r o l s . F e r t i l i z a t i o n a l o n e 

s i g n i f i c a n t l y i n c r e a s e d c h l o r o p h y l l a c o n c e n t r a t i o n s ' and t h e 

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

i n c r e a s e s i n t o t a l z o o p l a n k t o n b i o m a s s . A l g a l a s s i m i l a t i o n and 

b a c t e r i a l n i t r i f i c a t i o n o f t h e ammonium i n NH fl NO 3 a d d i t i o n s 

( F i g u r e 49) c a u s e d a s i g n i f i c a n t l o s s o f a l k a l i n i t y i n 

f e r t i l i z e d e n c l o s u r e s but d i d n o t a f f e c t t h e pH. 

However, when a c i d i f i c a t i o n and f e r t i l i z a t i o n were combined, 

b i o t i c p r o c e s s i n g o f ammonium l o w e r e d t h e e p i l i m n e t i c pH an 

a d d i t i o n a l 0.2 u n i t s ( t o 5.4), c a u s i n g m a s s i v e m o r t a l i t y o f t h e 

z o o p l a n k t o n community do m i n a n t , D. r o s e a . T h i s m o r t a l i t y was 

c l e a r l y due t o a c i d - a s s o c i a t e d t o x i c i t y , and n o t s t a r v a t i o n o r 

p r e d a t i o n . 

The c o l l a p s e o f D. r o s e a p r e c i p i t a t e d m a j o r c h a n g e s t o b o t h 

p h y t o p l a n k t o n and z o o p l a n k t o n c o m m u n i t i e s . C h l o r o p h y l l a 

c o n c e n t r a t i o n s i n c r e a s e d 6-9 f o l d w i t h i n two weeks, p r o v i d i n g 

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

t h e i r d e n s i t i e s (Bosmina l o n g i r o s t r i s , Diaphanosoma b r a c h y u r u m , 

C h y d o r u s s p h a e r i c u s , and C e r i o d a p h n i a p u l c h e l l a ) . I c o n c l u d e d 

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

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

s p e c i e s f e d on s m a l l a l g a l c e l l s (<13 u r n ) r e l e a s e d from d a p h n i d 
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h e r b i v o r y . 

The above r e p l a c e m e n t s p e c i e s soon o v e r s h o t t h e i r f o o d 

r e s o u r c e s , l e a d i n g t o a c o l l a p s e o f z o o p l a n k t o n b i o m a s s and a 

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

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

l o s s o f D. r o s e a was a s s o c i a t e d w i t h s i g n i f i c a n t i n c r e a s e s i n 

b o t h t h e a m p l i t u d e o f z o o p l a n k t o n b i o m a s s - c h l o r o p h y l l a 

f l u c t u a t i o n s and t h e b i o m a s s o f a l g a l c e l l s l a r g e r t h a n 13 Mm. 

I n ' F i g u r e 49, I have e m p h a s i z e d t h e i m p o r t a n c e o f t h i s s e q u e n c e 

o f c h a n g e s by h a v i n g a d o u b l e l i n e l e a d i n g f r o m " e x p o s u r e o f 

p l a n k t o n t o a c i d i c c o n d i t i o n s " , t o " z o o p l a n k t o n s p e c i e s 

c o m p o s i t i o n " , and c o n t i n u i n g on t o "biomass and s i z e s o f a l g a e " . 

The r e v e r s e pathway ( a c i d - i n d u c e d c h a n g e s t o p h y t o p l a n k t o n 

s p e c i e s c o m p o s i t i o n a f f e c t i n g z o o p l a n k t o n b i o m a s s and s i z e 

c o m p o s i t i o n ) i s deemed t o be o f l e s s e r i m p o r t a n c e i n F i g u r e 49. 

T h i s r e f l e c t s t h e f a c t t h a t t h e d o m i n a n t i n f l u e n c e s on 

p h y t o p l a n k t o n were v i a a c i d - i n d u c e d c h a n g e s t o t h e z o o p l a n k t o n 

community, r a t h e r t h a n t o d i r e c t e f f e c t s o f a c i d i f i c a t i o n on 

p h y t o p l a n k t o n . 

In May 1980, I e x p e r i m e n t a l l y a c i d i f i e d a l l d e p t h s o f t h e 

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

a c o n s t a n t l e v e l ( 5 . 5, 5.0 o r 4.5) f o r s e v e n weeks. 

The 1980 e x p e r i m e n t d e m o n s t r a t e d t h a t t h e a c i d t o l e r a n c e s o f 

some z o o p l a n k t o n s p e c i e s v a r y s e a s o n a l l y , b u t o t h e r s a r e 

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

i n 1979 and 1980 ( c o l l a p s i n g a t pH 5.4), b u t D i a p t o m u s t y r r e l l i 

( w h i c h s u r v i v e d pH 5.3 i n 1979) d w i n d l e d t o e x t i n c t i o n a t pH 5.5 
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i n 1980. I s p e c u l a t e d t h a t t h e a c i d s e n s i t i v i t y of D. t y r r e l l i 

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

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

a f f e c t e d t h i s s p e c i e s ' a c i d t o l e r a n c e . 

M o d e l l i n g a n a l y s e s o f D. r o s e a m o r t a l i t y r a t e s i n 1980 

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

pH l e v e l ) i n f l u e n c e d t o x i c i t y n e a r t h e i n c i p i e n t l e t h a l pH l e v e l 

o f 5.4. R a p i d r a t e s o f a c i d i f i c a t i o n may a l s o have w o r s e n e d t h e 

e f f e c t s o f pH 4.5 on Bosmina l o n g i r o s t r i s , as t h i s s p e c i e s 

s u r v i v e s i n O n t a r i o l a k e s o f t h i s a c i d i t y . However, i t was 

d i f f i c u l t t o p r e c i s e l y d e t e r m i n e m o r t a l i t y r a t e s i n t h e 1980 

e x p e r i m e n t , due t o u n c e r t a i n t y i n d e v e l o p m e n t a l r a t e s and t h e 

r a p i d m o r t a l i t y o f a c i d - s e n s i t i v e s p e c i e s . 

Mean t o t a l z o o p l a n k t o n b i o m a s s d e c l i n e d n o n l i n e a r l y w i t h pH 

a c r o s s t h e t h r e e a c i d i f i c a t i o n t r e a t m e n t s . D e c l i n e s a t pH 5.5 

were n o t s i g n i f i c a n t , but a t pH 5.0, r a p i d e x t i n c t i o n s o f 

p . r o s e a and p . t y r r e l l i c a u s e d a s i g n i f i c a n t 63% d e c r e a s e i n 

z o o p l a n k t o n b i o m a s s r e l a t i v e t o t h e c o n t r o l s . T h i s d e c r e a s e i n 

b i o m a s s was p a r t i a l l y r e s t o r e d by a s i g n i f i c a n t i n c r e a s e i n 

d e n s i t i e s o f Bosmina l o n g i r o s t r i s , b u t r e c o v e r y was much s l o w e r 

t h a n i n 1979, p r e s u m a b l y due t o l o w e r t e m p e r a t u r e s and 

n u t r i e n t s . Two s p e c i e s w h i c h h a d r e p l a c e d D. r o s e a i n 1979 d i d 

n o t do so i n 1980, due t o e i t h e r t h e a b s e n c e of s u i t a b l e 

s u b s t r a t e ( i n t h e c a s e o f C. s p h a e r i c u s ) o r l i f e h i s t o r y 

c o n s t r a i n t s (D. b r a c h y u r u m ) . A t pH 4.5, b i o m a s s d e c l i n e s were 

s i m i l a r t o pH 5.0, b u t no r e c o v e r y o c c u r r e d , a s e v e n r e l a t i v e l y 

a c i d t o l e r a n t c r u s t a c e a n s were i m p a i r e d by t h e a c i d i t y 
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<> 

(B. l o n g i r o s t r i s , D i a ptomus k e n a i , a n d D i a c y c l o p s t h o m a s i ) . The 

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

however, r e a c h i n g i t s h i g h e s t b i o m a s s a t pH 4.5. The p a t t e r n o f 

change i n c r u s t a c e a n and r o t i f e r b i o m a s s e s i n t h e 1980 

e x p e r i m e n t was shown t o be v e r y s i m i l a r t o t h a t o b s e r v e d i n 

m u l t i - l a k e s u r v e y s o f O n t a r i o a c i d i c l a k e s . 

C h l o r o p h y l l a c o n c e n t r a t i o n s were m e a s u r e d o n l y once i n 

1980, b u t showed a p a t t e r n c o n s i s t e n t w i t h 1979 r e s u l t s and 

F i g u r e 49: a s t r e a t m e n t pH and z o o p l a n k t o n b i o m a s s d e c r e a s e d , 

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

l a r g e r t h a n 12 /um. 
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2. CONCLUDING DISCUSSION 

2._1_ T e m p o r a l F l u c t u a t i o n s o f P l a n k t o n Systems i n A c i d i c L a k e s 

R e s u l t s f r o m b o t h M o u n t a i n t o p L a k e (Yan and L a f r a n c e 1981) 

and my 1979 e x p e r i m e n t d e m o n s t r a t e d t h a t n u t r i e n t e n r i c h m e n t c a n 

p o t e n t i a l l y c a u s e much g r e a t e r p l a n k t o n s y s t e m f l u c t u a t i o n s i n 

a c i d l a k e s t h a n i n c i r c u m n e u t r a l ones (See F i g u r e 26 on page 

136). A r e symptoms o f i n c r e a s e d f l u c t u a t i o n e v i d e n t i n t h e 

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

l a k e s ? One s i m p l e measure o f t h e d e g r e e o f f l u c t u a t i o n o f 

p l a n k t o n s y s t e m s would be t h e mean s q u a r e d d i s t a n c e from t h e 

c e n t r o i d o f a phase p l a n e t o p o i n t s on t h e t r a j e c t o r y . To make 

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

d i s t a n c e s s h o u l d be e x p r e s s e d i n r e l a t i v e u n i t s ( i . e . t h e 

components d i v i d e d by t h e mean b i o m a s s e s of p h y t o p l a n k t o n and 

z o o p l a n k t o n ) . T h e r e f o r e , we have 

n [ P i - P ] 2 [ Z i - Z ] 2 

D 2 = I + [7] 

i = 1 P 2 Z 2 

n 

where: 

D 2 = mean s q u a r e d d i s t a n c e from c e n t r o i d t o t r a j e c t o r y ; 

n = number o f samples t a k e n p e r y e a r ; 

P i = p h y t o p l a n k t o n b i o m a s s i n sample i ; 

P = mean p h y t o p l a n k t o n b i o m a s s ; 

Z i = z o o p l a n k t o n b i o m a s s i n sample i ; and 

Z = mean z o o p l a n k t o n b i o m a s s . 
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I f we r e p l a c e n by (n-1) i n t h e d e n o m i n a t o r o f e q u a t i o n ( 1 ) , 

i t s i m p l i f i e s t o 

D 2 = [ S p / P ] 2 + [ S z / Z ] 2 -[8] 

where: 

Sp = s t a n d a r d d e v i a t i o n o f p h y t o p l a n k t o n b i o m a s s ; and 

Sz = s t a n d a r d d e v i a t i o n o f z o o p l a n k t o n b i o m a s s . 

The r i g h t s i d e o f e q u a t i o n (14) i s l i n e a r l y p r o p o r t i o n a l t o 

t h e sum o f t h e s q u a r e d c o e f f i c i e n t s o f v a r i a t i o n o f 

p h y t o p l a n k t o n and z o o p l a n k t o n b i o m a s s e s . In t h i s f o r m o f t h e 

e q u a t i o n , t h e numbers o f z o o p l a n k t o n and p h y t o p l a n k t o n s a m p l e s 

t a k e n t h r o u g h t h e s e a s o n may be u n e q u a l . 

B a s e d on t h e p r e c e d i n g r e s u l t s and d i s c u s s i o n , I 

h y p o t h e s i z e d t h a t t h e c o e f f i c i e n t s o f v a r i a t i o n o f p h y t o p l a n k t o n 

and z o o p l a n k t o n b i o m a s s e s (and hence D 2 ) w o u l d be g r e a t e r i n 

a c i d t h a n i n c i r c u m n e u t r a l l a k e s . To a s s i s t i n t e s t i n g t h e s e 

h y p o t h e s e s , Mr. Norman Yan and D r . Ken N i c h o l l s o f t h e O n t a r i o 

M i n i s t r y o f E n v i r o n m e n t v e r y k i n d l y p r o v i d e d 26 l a k e - y e a r s o f 

z o o p l a n k t o n a n d p h y t o p l a n k t o n b i o m a s s d a t a . 

D e t a i l e d a n a l y s i s o f p h y t o p l a n k t o n b i o m a s s c o e f f i c i e n t s o f 

v a r i a t i o n (and t h e e f f e c t o f 'n' on t h e e r r o r a s s o c i a t e d w i t h 

D 2 ) w i l l a p p e a r e l s e w h e r e (Marmorek, Yan and N i c h o l l s , i n 

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

v a r i a t i o n o f p h y t o p l a n k t o n b i o m a s s were u n c o r r e l a t e d w i t h pH. 

The O n t a r i o z o o p l a n k t o n d a t a were s u p p l e m e n t e d by d a t a f r o m 

a c i d i c C h e a t Lake ( D e c o s t a 1975; D e c o s t a a n d J a n i c k i 1978), 

c i r c u m n e u t r a l Lago M a g g i o r e ( R a v e r a 1969) and t h e F and AF 

c y l i n d e r s f r o m my 1979 e x p e r i m e n t . S a m p l i n g i n t h e 1980 
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e x p e r i m e n t was not o f s u f f i c i e n t d u r a t i o n o r r e g u l a r i t y t o 

d e t e r m i n e w i t h i n - s e a s o n f l u c t u a t i o n s i n z o o p l a n k t o n b i o m a s s . 

A n n u a l c o e f f i c i e n t s o f v a r i a t i o n i n t o t a l z o o p l a n k t o n b i o m a s s 

were computed from a l l samples t a k e n between May 1 and November 

30, a n d g r a p h e d a g a i n s t t h e mean pH o f t h e w a t e r body ( F i g u r e 

5 0 ) . The p a t t e r n i n F i g u r e 50 i s g r a t i f y i n g l y c o n s i s t e n t w i t h 

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

z o o p l a n k t o n b i o m a s s i n c r e a s e s i n a c i d l a k e s . Some i m p o r t a n t 

comments on F i g u r e 50: 

1) d a t a were a v a i l a b l e f o r o n l y two l a k e s w i t h pH l e s s . 

t h a n 5.5 ( C l e a r w a t e r and C h e a t ) . B o t h t h e s e l a k e s 

show extreme dominance by B. l o n g i r o s t r i s , w h i c h may 

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

Many N o r t h A m e r i c a n a c i d l a k e s a r e d o m i n a t e d by t h e 

c o p e p o d D i a p t o m u s m i n u t u s (Yan and S t r u s 1980), and 

N o r w e g i a n a c i d l a k e s o f t e n c o n t a i n s i g n i f i c a n t 

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

s a l i e n s ( N i l s s e n 1980). 

2) D i c k i e Lake l i k e l y shows g r e a t e r v a r i a b i l i t y i n 

z o o p l a n k t o n b i o m a s s b e c a u s e i t i s b o t h much s h a l l o w e r 

and more p r o d u c t i v e t h a n t h e o t h e r O n t a r i o l a k e s 

g r a p h e d (N.D. Yan, p e r s . comm. ). 

The c o e f f i c i e n t s o f v a r i a t i o n o f t o t a l z o o p l a n k t o n b i o m a s s 

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

o r g a n i z a t i o n o f t h e c o m m u n i t i e s , w i t h no a c i d - t o l e r a n t s p e c i e s 

a v a i l a b l e w i t h t h e a p p r o p r i a t e l i f e h i s t o r y and t e m p e r a t u r e 

r e s p o n s e p h y s i o l o g y t o f i l l them. Such h o l e s w o u l d i n c r e a s e t h e 
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F i g u r e 50. C o e f f i c i e n t s o f v a r i a t i o n o f May t o November t o t a l 
z o o p l a n k t o n b i o m a s s f o r 33 l a k e - y e a r s o f d a t a and o f 
J u l y t o O c t o b e r t o t a l z o o p l a n k t o n b i o m a s s f o r 4 
l i m n o c o r r a l s and E u n i c e L a k e . The t h r e e p o i n t s f o r 
Cheat Lake r e p r e s e n t d i f f e r e n t p a r t s o f t h e same 
r e s e r v o i r i n one y e a r , and t h e a r r o w shows t h e 
n e u t r a l i z a t i o n o f N e l s o n L a k e . R e f e r e n c e s a r e ( 1 ) : 
N.D. Yan, u n p u b l i s h e d d a t a ; ( 2 - 3 ) : D e c o s t a 1975, D e c o s t a 
and J a n i c k i 1978; ( 4 ) : R a v e r a 1969. 



3 1 7 

co < 
§ 140 

120 
o o 
N 100 

o 
U. 

o 
80 

< 
or 
2 

60 

40 

UJ 

o 20 
u. 
UJ o o 

• 
• 

°4.0 5.0 6.0 
MEAN pH 

7.0 

Symbol Lake # Samples Source Symbol Lake # Samples Source 
• Clearwater 9-24 (1) 
P Chub 23-24 (1) 
v Nelson 8-9 (1) 
• Dickie 22-27 (1) 
o Harp 21-25 (1) 
A Jerry 16-24 (1) 

A Red Chalk 20-24 (1) 
• Cheat 13-14 (2,3) 
® Maggiore 9 (4) 
e AF Cylinders IH 
a F Cylinders 11 this study 
x Eunice II' 



318 

v a r i a b i l i t y i n z o o p l a n k t o n b i o m a s s w i t h o u t c a u s i n g sudden 

c o l l a p s e s o f t h e e n t i r e community ( a s o c c u r r e d i n M o u n t a i n t o p 

L a k e w i t h i n v e r t e b r a t e p r e d a t i o n o r t h e a b s e n c e o f h e r b i v o r e -

r e s i s t a n t p h y t o p l a n k t o n ) . More s e a s o n a l d a t a i s r e q u i r e d f o r 

l a k e s o f pH l e s s t h a n 5.5 b e f o r e t h e p a t t e r n i n F i g u r e 50 c a n be 

c o n f i r m e d ; and more e x p e r i m e n t s a r e r e q u i r e d t o u n c o v e r t h e 

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

G i v e n t h e o b v i o u s p a t t e r n i n F i g u r e 50 one wonders why t h e 

c o e f f i c i e n t s o f v a r i a t i o n o f p h y t o p l a n k t o n b i o m a s s were not 

c o r r e l a t e d w i t h pH. Though p h y t o p l a n k t o n s p e c i e s d i v e r s i t y i s 

l o w e r i n a c i d t h a n i n c i r c u m n e u t r a l l a k e s , t h e r e a r e s t i l l 

t h i r t y o r more p h y t o p l a n k t o n g e n e r a a t pH 4.3 (N.D. Yan and 

K.H. N i c h o l l s , u n p u b l i s h e d d a t a from C l e a r w a t e r L a k e ) , r o u g h l y 

t e n t i m e s t h e number o f z o o p l a n k t o n s p e c i e s i n s u c h l a k e s (Yan 

and S t r u s 1981). T e m p o r a l h o l e s i n t h e p h y t o p l a n k t o n community 

may t h e r e f o r e be more e a s i l y f i l l e d t h a n h o l e s i n t h e 

z o o p l a n k t o n community. 

I would s p e c u l a t e t h a t an e x t e n s i o n o f F i g u r e 50 w i t h more 

p o i n t s a t h i g h e r pH v a l u e s , would r e v e a l a r o u g h l y p a r a b o l i c 

s c a t t e r o f p o i n t s . L a k e s o f h i g h e r pH a r e g e n e r a l l y ( t h o u g h n o t 

a l w a y s ) more p r o d u c t i v e , and w i t h i n - s e a s o n v a r i a b i l i t y i n t o t a l 

z o o p l a n k t o n b i o m a s s would l i k e l y i n c r e a s e w i t h t r o p h i c s t a t u s . 

A more c o m p r e h e n s i v e a p p r o a c h would be t o add t o F i g u r e 50 a 

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

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

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

v a r i a t i o n i n l i g h t and t e m p e r a t u r e , l a k e s from r e g i o n s w i t h 
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l a r g e c l i m a t i c d i f f e r e n c e s s h o u l d n o t be g r a p h e d t o g e t h e r . 

2.2 R e l a t i v e I m p o r t a n c e of T o x i c i t y , C o m p e t i t i o n and P r e d a t i o n 

i n A c i d i f y i n g L a k e s 

The 1979 and 1980 e x p e r i m e n t s p r o v i d e a u s e f u l p e r s p e c t i v e 

on community c h a n g e s i n a c i d i f y i n g l a k e s , p r o v i d e d t h a t t h e 

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

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

l i m i t s , e t c . ) a r e f i r m l y k e p t i n mind. 

The d e g r e e o f change o b s e r v e d as l a k e s a c i d i f y i n t o t h e 

" t r a n s i t i o n z o n e " (pH 4.7 t o 5.3 a c c o r d i n g t o H e n r i k s e n ( 1 9 8 0 ) ) 

must d e p e n d upon whether t h e d o m i n a n t h e r b i v o r e s and p r e d a t o r s 

( a t pH > 5.3) a r e a c i d - s e n s i t i v e . In t h e a b s e n c e o f 

a c i d i f i c a t i o n e f f e c t s on f o o d r e s o u r c e s , l o s s o f an a c i d -

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

t h e r e m a i n i n g h e r b i v o r o u s s p e c i e s , s i n c e z o o p l a n k t o n b i o m a s s has 

been r e d u c e d below t h e c u r r e n t c a r r y i n g c a p a c i t y . By c o n t r a s t , 

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

c a u s e z o o p l a n k t o n b i o m a s s t o i n c r e a s e ( u n l e s s t h e p r e d a t o r i s 

r e p l a c e d ) . The r e l a t i v e a c i d t o l e r a n c e s o f p r e d a t o r s and 

d ominant h e r b i v o r e s w i l l d e t e r m i n e w h i c h o f t h e s e two p r o c e s s 

o c c u r s f i r s t . 

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

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

t o x i c i t y w o u l d l i b e r a t e r e l a t i v e l y few r e s o u r c e s t o i t s 

c o m p e t i t o r s whereas l o s s o f a " s u p e r d o m i n a n t " , s u c h as D a p h n i a  

r o s e a i n E u n i c e Lake c o u l d c a u s e m a j o r c h a n g e s . In t h e f o u r UBC 
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R e s e a r c h F o r e s t l a k e s t h a t have been s t u d i e d i n d e t a i l , D. r o s e a 

g e n e r a l l y c o n t r i b u t e s more t h a n 75% o f t h e summertime g r a z i n g 

p r e s s u r e on l a k e s e s t o n ( N e i l l , u n p u b l i s h e d d a t a ) . I n b o t h 1979 

and 1980, t h e a c i d - i n d u c e d m o r t a l i t y o f p . r o s e a a t t r a n s i t i o n 

pH l e v e l s a p p e a r e d t o r e l e a s e s e v e r a l s p e c i e s f r o m c o m p e t i t i o n 

( t r e a t m e n t AF i n 1979 and t r e a t m e n t M i n 1980). 

A t a pH l e s s t h a n 4.7 ( i . e . beyond t h e t r a n s i t i o n z o ne) t h e 

c o m p e t i t i v e r e l a t i o n s h i p s w i t h i n t h e community a r e p r o b a b l y l e s s 

i m p o r t a n t . D e c l i n e s i n t o t a l z o o p l a n k t o n b i o m a s s and i n c r e a s e s 

i n c h l o r o p h y l l a a t pH 4.5 ( t r e a t m e n t H i n 1980) s u g g e s t t h a t 

f o o d r e s o u r c e s were p r o b a b l y n o t l i m i t i n g . However, v e r y few 

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

i n t o i n c r e a s e d a n i m a l d e n s i t i e s ( o n l y K e r a t e l l a t a u r o c e p h a l a ) . 

W i t h n e g l i g i b l e p r e d a t i o n a n d r e d u c e d c o m p e t i t i o n , a c i d 

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

community s t r u c t u r e . F o r p r e d a t i o n t o be i m p o r t a n t i n l a k e s o f 

pH<4.7, t h e p r e d a t o r ( s ) w o u l d o b v i o u s l y have t o be u n u s u a l l y 

a c i d t o l e r a n t ( s e e n e x t s e c t i o n ) . 

C o n n e l l (1975,1980) has s u g g e s t e d t h a t c o m p e t i t i o n i s most 

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

d i s t u r b a n c e . A t low l e v e l s o f d i s t u r b a n c e , p r e d a t i o n and 

p a r a s i t i s m keep p r e y p o p u l a t i o n s w e l l below t h e e n v i r o n m e n t ' s 

c a r r y i n g c a p a c i t y , and hence r e d u c e c o m p e t i t i o n . A t h i g h l e v e l s 

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

p o p u l a t i o n s d i r e c t l y , a l s o r e d u c i n g c o m p e t i t i o n . The p a t t e r n s 

o b s e r v e d i n t h e 1979 and 1980 e x p e r i m e n t s seem c o n s i s t e n t w i t h 

C o n n e l l ' s i d e a s . E n c l o s u r e c o u l d be c o n s i d e r e d a s an 
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i n t e r m e d i a t e d i s t u r b a n c e , w h i c h by r e m o v a l o f f i s h p r e d a t i o n 

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

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

e x p e r i m e n t a l a c i d i f i c a t i o n ) z o o p l a n k t o n b i o m a s s d e c l i n e d , and 

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

What do my e x p e r i m e n t s i m p l y f o r t h e z o o p l a n k t o n c o m m u n i t i e s 

o f o t h e r z o o g e o g r a p h i c r e g i o n s ? S p r u l e s (1975) compared t h e 

c r u s t a c e a n z o o p l a n k t o n c o m m u n i t i e s o f 47 La C l o c h e Mt. l a k e s (33 

o f w h i c h showed pH < 5.5) w i t h t h e c o m m u n i t i e s o f 45 n o n - a c i d i c 

(pH > 5.6) l a k e s i n t h e E x p e r i m e n t a l L a k e s A r e a (ELA) s t u d i e d by 

P a t a l a s ( 1 9 7 1 ) . In s p i t e o f m a j o r d i f f e r e n c e s i n c h e m i s t r y , 

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

s p e c i e s , f i v e o f w h i c h were common t o t h e two a r e a s . D a p h n i d s 

were n o t p a r t o f e i t h e r r e g i o n ' s r e c u r r e n t g r o u p . The 

s i m i l a r i t y i n s p e c i e s c o m p o s i t i o n between t h e two r e g i o n s may be 

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

i n L a C l o c h e l a k e s p r i o r t o t h e i r a c i d i f i c a t i o n . L a k e s i n t h e 

La C l o c h e M o u n t a i n and S u d b u r y a r e a s a r e w i t h i n t h e same 

z o o g e o g r a p h i c r e g i o n as t h e M u s k o k a - H a l i b u r t o n R e g i o n o f 

O n t a r i o , and t h e ELA, b o t h o f w h i c h have few l a k e s w i t h d a p h n i d 

d o m i n a n t s ( P a t a l a s 1971, S p r u l e s 1975, Yan and S t r u s 1981). 

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

l a k e t r o p h i c s t a t u s (Gannon and S t e i n b e r g e r 1978). However, 

l a k e s e n s i t i v i t y t o a c i d i f i c a t i o n t e n d s t o d e c r e a s e w i t h t r o p h i c 

s t a t u s (NRCC 1981). T h e r e f o r e , t h e r e may n o t be many l a k e s b o t h 

s e n s i t i v e t o a c i d i f i c a t i o n and d o m i n a t e d by d a p h n i d s . 
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N i l s s e n (1980) s t r e s s e d t h e i m p o r t a n c e o f r e p l a c e m e n t o f 

D a p h n i a s p p . by o t h e r f i l t e r - f e e d e r s i n a c i d i f i e d l a k e s o f 

s o u t h e r n Norway. The s p e c i e s r e p l a c e m e n t s t h a t N i l s s e n r e p o r t 

p a r a l l e l my e x p e r i m e n t a l o b s e r v a t i o n s much more c l o s e l y t h a n do 

t h e community s h i f t s o b s e r v e d by S p r u l e s (1975) i n O n t a r i o . 

However, some o f t h e o b s e r v e d community s h i f t s i n N o r w e g i a n a c i d 

l a k e s may a l s o have been due t o i n v e r t e b r a t e p r e d a t i o n , 

p a r t i c u l a r l y by H e t e r o c o p e s a l i e n s ( N i l s s e n 1980, b u t see Hobaek 

and Raddum 1980). 

In g e n e r a l , t h e r e a p p e a r s t o be i n t e r r e g i o n a l c o n s i s t e n c y i n 

z o o p l a n k t o n a c i d t o l e r a n c e a t t h e s p e c i e s l e v e l , and i t seems 

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

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

D a p h n i d s a p p e a r t o be r e l a t i v e l y a c i d - s e n s i t i v e , and b o s m i n i d s 

r e l a t i v e l y a c i d - t o l e r a n t , b u t d i a p t o m i d s show a wide r a n g e i n 

s e n s i t i v i t y . W i t h i n t h e l i m i t e d number o f s p e c i e s e x a m i n e d i n 

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

r e l a t i v e s i z e o r t a x o n o m i c s u b c l a s s ( i . e . C l a d o c e r a o r 

C o p e p o d a ) . 

Would i n v e r t e b r a t e p r e d a t i o n be a s i g n i f i c a n t f a c t o r i f 

E u n i c e L a k e were a c i d i f i e d t o pH 5.0? A d i s c u s s i o n o f t h i s 

q u e s t i o n r e q u i r e s some h i s t o r i c a l b a c k g r o u n d . In 1973, t h e 

d o m i n a n t p r e d a t o r s i n E u n i c e L a k e were C h a o b o r u s l a r v a e , w i t h 

peak d e n s i t i e s o f C h a o b o r u s t r i v i t t a t u s and C. a m e r i c a n u s ( t h i r d 

a n d f o u r t h i n s t a r s ) o f 2000 nr 2 and 100 m"2 r e s p e c t i v e l y 

( N o r t h c o t e e t a l . 1978). I n t r o d u c t i o n o f c u t t h r o a t t r o u t (Salmo  

c l a r k i ) i n 1974 and 1975 v i r t u a l l y e l i m i n a t e d C. a m e r i c a n u s a n d 
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d r a s t i c a l l y r e d u c e d C. t r i v i t t a t u s ( N o r t h c o t e e t a l . 1978). 

A l t h o u g h I was u n a b l e t o f i n d p u b l i s h e d i n f o r m a t i o n on t h e 

pH s e n s i t i v i t y of c u t t h r o a t t r o u t , s a l m o n i d s a r e g e n e r a l l y 

r e l a t i v e l y a c i d s e n s i t i v e ( H a i n e s 1982; NRCC 1981; E I F A C 1969). 

Hence, a c i d i f i c a t i o n o f E u n i c e Lake t o pH 5.0 would l i k e l y 

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

e l i m i n a t i n g D. r o s e a and D. t y r r e l l i by d i r e c t t o x i c i t y . 

E r i c k s s o n e t a l . (1980) have s p e c u l a t e d on t h e i m p o r t a n c e o f 

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

p r e s s u r e on c r u s t a c e a n z o o p l a n k t o n . C. a m e r i c a n u s i s t o l e r a n t 

o f pH l e v e l s < 4.5 (Yan and L a F r a n c e 1981) a n d c o u l d t h e r e f o r e 

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

E u n i c e L a k e . I f o u n d no i n f o r m a t i o n on t h e a c i d t o l e r a n c e o f 

C. t r i v i t t a t u s . However, even a s s u m i n g t h a t b o t h c h a o b o r i d s 

r e t u r n e d t o t h e i r 1973 d e n s i t i e s , s i g n i f i c a n t c r u s t a c e a n 

community s h i f t s would be u n l i k e l y . N e i l l (1980) f o u n d t h a t a t 

d e n s i t i e s o f 2400 m~2, f o u r t h i n s t a r C. t r i v i t t a t u s o n l y 

t e m p o r a r i l y r e d u c e d a b u n d a n c e s of D. b r a c h y u r u m and 

B. l o n g i r o s t r i s , b u t h a d l i t t l e l o n g t e r m e f f e c t on any s p e c i e s . 

A l t h o u g h N e i l l and P e a c o c k (1980) and Yan and L a f r a n c e (1980) 

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

e f f e c t s r e q u i r e d v e r y h i g h n u t r i e n t c o n c e n t r a t i o n s ( a t l e a s t 10 

X n o r m a l l e v e l s ) . P e a c o c k (1981) showed t h a t c y c l o p o i d s , u n l i k e 

C h a o b o r u s , a r e n o t a b l e t o d e c i m a t e t h e i r p r e y ( e v e n a t v e r y 

h i g h n u t r i e n t l e v e l s ) . 
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In c o n c l u s i o n , I b e l i e v e t h a t a c i d i f i c a t i o n of E u n i c e L a k e 

t o pH 5.0 would n o t c a u s e s i g n i f i c a n t c r u s t a c e a n community 

s h i f t s v i a i n c r e a s e s i n i n v e r t e b r a t e p r e d a t o r s . R a t h e r , t h e 

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

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

c o n c u r r e n t r e p l a c e m e n t s by Bosmina l o n g i r o s t r i s , Diaphanosoma  

b r a c h y u r u m , H o l o p e d i u m g i b b e r u m , Diaptomus k e n a i , K e r a t e l l a  

t a u r o c e p h a l a , C h y d o r u s s p h a e r i c u s , a n d / o r C e r i o d a p h n i a  

p u l c h e l l a . The community s h i f t c a u s e d by t h e e l i m i n a t i o n o f 

D. r o s e a would - p r o b a b l y be l e s s i n E u n i c e L a k e t h a n t h a t w h i c h 

o c c u r r e d i n t r e a t m e n t AF i n 1979. F i r s t , c u t t h r o a t t r o u t 

a p p a r e n t l y r e d u c e d t h e dominance o f D. r o s e a i n b o t h 1979 a n d 

1980. S e c o n d , E u n i c e Lake i s l e s s p r o d u c t i v e t h a n t h e AF 

c y l i n d e r s were, and w o u l d n o t s u p p o r t so h i g h a z o o p l a n k t o n 

b i o m a s s . T h e s e two f a c t o r s must be w e i g h e d a g a i n s t t h e 

c o n s i d e r a t i o n t h a t n a t u r a l a c i d i f i c a t i o n w o u l d o c c u r much more 

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

community. 

S h o r t - t e r m e x p e r i m e n t s c o u l d r e v e a l a g r e a t d e a l a b o u t t h e 

p o t e n t i a l r o l e o f i n v e r t e b r a t e p r e d a t o r s i n a c i d l a k e s . 

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

a c i d i f i c a t i o n and t h e d e n s i t y o f s t o c k e d C h a o b o r u s , i n a manner 

a n a l o g o u s t o N e i l l (1980) and P e a c o c k ( 1 9 8 1 ) . 
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2.3 I m p l i c a t i o n s f o r H i g h e r T r o p h i c L e v e l s and Lake Management 

Do t h e e f f e c t s o f a c i d i f i c a t i o n on p l a n k t o n s y s t e m s have 

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

a b ove, p o t e n t i a l b i o t i c l i n k a g e s i n a c i d i c l a k e s must be j u d g e d 

r e l a t i v e t o t h e a b i o t i c s t r e s s e s t h a t o r g a n i s m s e x p e r i e n c e 

i n d e p e n d e n t l y . F o r example, t h e i m p a c t s o f sudden d e c r e a s e s i n 

z o o p l a n k t o n b i o m a s s on t h e most a c i d - s e n s i t i v e p l a n k t i v o r o u s 

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

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

c o n d i t i o n s . Changes i n p l a n k t o n s y s t e m b e h a v i o u r c o u l d however 

be s i g n i f i c a n t f o r r e l a t i v e l y a c i d - t o l e r a n t p r e d a t o r s . 

I n E u n i c e L a k e l i m n o c o r r a l s , D a p h n i a r o s e a s u f f e r e d v e r y 

h i g h m o r t a l i t y a t pH 5.3-5.4. As D a p h n i a i s a p r e f e r r e d p r e y 

f o r many p l a n k t i v o r o u s f i s h ( i n c l u d i n g t h e c u t t h r o a t t r o u t o f 

E u n i c e L a k e ) i t i s t e m p t i n g t o s p e c u l a t e t h a t t h e l o s s o f 

D a p h n i a c o u l d c a u s e f o o d s h o r t a g e s f o r any p l a n k t i v o r o u s f i s h 

s p e c i e s w h i c h a r e s t i l l p r e s e n t i n l a k e s o f pH 5.3-5.4. Though 

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

r e a s o n s w h i c h make them u n l i k e l y . F i r s t l y , most d a p h n i d s a p p e a r 

more a c i d - t o l e r a n t t h a n D a p h n i a r o s e a ( S e c t i o n I 4.4.1 ( i ) ) . 

S e c o n d l y , o t h e r c r u s t a c e a n s p e c i e s l a r g e enough t o be seen by 

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

r e p l a c e l o s t D a p h n i a b i o m a s s i n l a k e s o f i n t e r m e d i a t e pH. In 

E u n i c e L a k e , H o l o p e d i u m g i b b e r u m and D i a p t o m u s k e n a i a r e two 

s u c h s p e c i e s . T h i r d l y , r e d u c t i o n s i n t h e abundance o f a c i d 

s e n s i t i v e f i s h s p e c i e s ( e x p e c t e d below pH 5.5) wou l d l i k e l y 

l o w e r b o t h i n t e r a n d i n t r a s p e c i f i c c o m p e t i t i o n f o r z o o p l a n k t o n . 
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T h e r e a r e t o d a t e no p u b l i s h e d e x p e r i m e n t a l s t u d i e s o f 

f i s h - z o o p l a n k t o n i n t e r a c t i o n s i n a c i d l a k e s . However, d a t a on 

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

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

f o o d . Y e l l o w p e r c h l e s s t h a n 140 mm i n s i z e o f t e n f e e d h e a v i l y 

on c r u s t a c e a n z o o p l a n k t o n ( T h a r a t t 1959). Work by Ryan and 

H a r v e y (1980) i n d i c a t e s t h a t y e l l o w p e r c h l e s s t h a n t h r e e y e a r s 

o f age ( l e s s t h a n 140 mm) were r e l a t i v e l y w e l l f e d i n a c i d 

l a k e s : i n 39 La C l o c h e M o u n t a i n L a k e s , mean l e n g t h s o f young 

p e r c h (age 1 t o 3) were g r e a t e s t i n t h e most a c i d l a k e s , l o w e r 

i n t r a n s i t i o n l a k e s and l o w e s t i n c i r c u m n e u t r a l l a k e s . The 

r e v e r s e was t r u e f o r t h e o l d e r , p r i m a r i l y p i s c i v o r o u s age 

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

s u f f i c i e n t numbers o f s m a l l f i s h (Ryan an d H a r v e y 1980). T h e s e 

and o t h e r p r e l i m i n a r y r e s u l t s (NRCC 1981) i m p l y t h a t a c i d -

i n d u c e d r e d u c t i o n s i n t h e abundance of z o o p l a n k t o n a r e u n l i k e l y 

t o have m a j o r , l o n g - t e r m i m p a c t s on t h e f i s h p o p u l a t i o n s o f a c i d 

l a k e s . 

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

z o o p l a n k t o n and i n v e r t e b r a t e p r e d a t o r s as l a k e s a c i d i f y . T h i s 

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

t o l e r a n c e s o f i n v e r t e b r a t e p r e d a t o r s . F o r example, M y s i s  

r e l i c t a d e c l i n e d s h a r p l y i n L a k e 223 a t pH 5.6-5.9 (Nero 1981), 

whereas C h a o b o r u s a m e r i c a n u s r e a c h e d v e r y h i g h d e n s i t i e s i n 

M o u n t a i n t o p L a k e i n s p i t e o f a mean l a k e pH o f 4.2 (Yan and 

L a f r a n c e 1981). A c i d i f i c a t i o n - i n d u c e d s h i f t s i n p r e y s i z e 

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

a s s o c i a t i o n s , a s o b s e r v e d i n M o u n t a i n t o p L a k e . 

In b o t h M o u n t a i n t o p L a k e and t r e a t m e n t AF i n 1979, 

z o o p l a n k t o n d e c l i n e s were f o l l o w e d by huge i n c r e a s e s i n a l g a l 

b i o m a s s . Such blooms a r e c o n s i d e r e d a n u i s a n c e , and c a n 

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

c o l d w a t e r f i s h and o t h e r o r g a n i s m s . Most a c i d i f y i n g l a k e s a r e 

l i k e l y t o o n u t r i e n t - p o o r f o r t h e i r a l g a e t o be a b l e t o i n c r e a s e 

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

However, i n l a k e s w h i c h a r e p o t e n t i a l l y s u s c e p t i b l e t o b o t h 

a c i d i f i c a t i o n and a n t h r o p o g e n i c n u t r i e n t e n r i c h m e n t ( e . g . l a k e s 

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

l o a d s may t r i g g e r l a r g e a l g a l blooms i f a c i d i f i c a t i o n removes 

t h e h e r b i v o r o u s community d o m i n a n t . 

R e l a t i v e t o p h y t o p l a n k t o n , z o o p l a n k t o n a r e slow t o 

r e c o l o n i z e f o r m e r l y a c i d l a k e s w h i c h have been n e u t r a l i z e d 

( D i l l o n e t a l . 1979). F e r t i l i z a t i o n o f s u c h p a r t i a l l y 

r e h a b i l i t a t e d l a k e s has been p r e v i o u s l y a t t e m p t e d i n o r d e r t o 

i n c r e a s e z o o p l a n k t o n a n d z o o b e n t h i c b i o m a s s p r i o r t o r e s t o c k i n g 

f i s h (Yan and L a f r a n c e 1981). I f t h e z o o p l a n k t o n community o f 

s u c h l a k e s i s s t i l l i m p o v e r i s h e d , l a r g e a l g a l blooms, 

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

p o t e n t i a l l y o c c u r . 

The z o o p l a n k t o n s p e c i e s ' a c i d t o l e r a n c e s i n t h e 1979 a n d 

1980 e x p e r i m e n t s c a n be o f u s e t o s c i e n t i s t s r e s p o n s i b l e f o r 

managing l a k e s i n r e g i o n s t h a t a r e g e o l o g i c a l l y s e n s i t i v e t o 

a c i d i f i c a t i o n , p r o v i d e d t h a t some o f t h e same s p e c i e s a r e 



328 

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

a v a i l a b l e . The two most a c i d - s e n s i t i v e s p e c i e s i n E u n i c e L a k e 

( D a p h n i a r o s e a and Di a p t o m u s t y r r e l l i ) a r e common t h r o u g h o u t 

w e s t e r n N o r t h A m e r i c a (Edmundson 1959). D. t y r r e l l i i s more 

common a t h i g h e l e v a t i o n s t h a n low. W i t h i n a r e a s s e n s i t i v e t o 

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

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

( C r o n a n and S c h o f i e l d 1979, L e w i s 1982). I s p e c u l a t e t h a t some 

o f t h e s e l a k e s may be l o s i n g ( o r have a l r e a d y l o s t ) t h e i r 

p o p u l a t i o n s o f D. t y r r e l l i . 

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

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

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

o f t h e mechanisms by w h i c h s u c h c h a n g e s o c c u r . S u c h knowledge 

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

u n d e r l y community o r g a n i z a t i o n and f u n c t i o n , a n d t o l a k e 

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

a l l e v i a t i n g t h e damage f r o m a c i d p r e c i p i t a t i o n . 
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c c c c c c c c c c c c c c c c. c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c c 

PROGRAM TO COMPUTE ALGAL CELL VOLUMES AND TOTAL ALGAL 
BIOMASS BY BAG, DATE, GENERA AND SIZE CLASS. 

BY DAVID MARMOREK . THIS PROGRAM EXAMINES THE FILES PHYT01 AND 
PHYT02 FOR CONSISTENCY AND CALCULATES PHYTOPLANKTON VOLUMES 
BY SIZE CLASS AND TAXON FOR A GIVEN BAG AND DATE. 
THE PROGRAM IS FIRST RUN WITH TWO DUMMY SUBROUTINES (CRUNCH AND 
OUTPUT, STORED IN PCHECK.DUMMY) TO CLEANSE THE DATA FILES OF 
CODING SINS. THEN THE PROGRAM IS RUN WITH THE REAL CRUNCH AND 
OUTPUT SUBROUTINES, STORED IN PCHECK.CRUNCH OR PCHEK.RESIZE. 
PCHEK.CRUNCH KEEPS CELLS IN THE CATEGORIES BY WHICH THEY WERE CODED. 
PCHEK.RESIZE GETS RID OF THE "COLONY" CATEGORY AND ALLOCATES COLONIES 
TO ONE OF THE FOLLOWING SIZE CATEGORIES: <2,2-5,5-9,9-13,13-18,18-30 
OR >30 MICRONS. CELLS IN THE >18 MICRON CATEGORY ARE SPLIT INTO 
18-30 AND >30 MICRONS. 
UNIT 1=PHYT01; #CELLS, #SHAPES, AND fFIELDS 
UNIT 2=PHYT02; GENERA, SHAPES AND DIMENSIONS 
UNIT 3=PCHEK.DATA; VARIOUS CONSTANTS TO BE READ INTO THIS PROGRAM. 

CONFAC 
NTAXA 

NUNK 
TINYV -
FPC 

ICHECK -

DATE 
BAG 
I YEAR -
VOLSET -
FIELDS -
NCELL(8) 

999) 
2 MICRONS DIAM. 

AT 

CAT(8) 
NSHAPE(8 
SHAPE(10 

TAXON(10 
MCELL(10 
DIM1(10) 
DIM2(10) 
NS 
GVOL(50) 

VARIABLES USED IN PROGRAM 

# OF MICRONS/MICROMETER UNIT 
# OF TAXONOMIC CATEGORIES IDENTIFIED (DIMENSION OF GVOL 
MUST BE GREATER THAN OR EQUAL TO NTAXA) 
OUTPUT SUBROUTINE FORMAT STATEMENT MUST BE CHANGED IF 
NTAXA IS CHANGED. 
IS TAXON ID NO. USED FOR "UNKNOWN" (E.G. 
IS VOLUME TO BE ASSUMED FOR ALL CELLS < 
# MICROSCOPE FIELDS/COUNTING CHAMBER CYLINDER (E.G. 
400X WITH 22.25MM. CYLINDER FPC=6181.4) 
A FLAG. TO CHECK PHYTOI AND PHYT02 FOR 
CONSISTENCY SET ICHECK=1 IN PCHEK.DATA. TO SKIP 
CHECKING, SET ICHECK=0. 
6 DIGITS (YYMMDD) 
# OF BAG OR SAMPLING LOCATION 
YEAR (2 DIGITS) 
VOLUME OF WATER SETTLED INTO COUNTING CHAMBER (ML. 
# OF MICROSCOPE FIELDS COUNTED. 
- # OF CELLS COUNTED WITHIN EACH OF 8 SIZE CLASSES: 

1. <1 MICROMETER UNIT 5. 
2. 1-3 6. 
3. 3-5 7. 
4. 5-7 8. 

- 3 CHARACTER CODES SPECIFYING ABOVE SIZE CLASSES 
- # OF DIFFERENT CELL SHAPES IN EACH OF 8 SIZE CLASSES 

- ID NUMBERS OF SHAPES (E.G. 1=SPHERE, 2=ELLIPSOID ETC.) 
WITHIN EACH SIZE CLASS (MAX. OF 5 TAXA/SHAPES) 
THE FUNCTION VOLUME (IN PCHEK.CRUNCH) MUST BE ALTERED 
IF SHAPES OTHER THAN THOSE LISTED HAVE BEEN RECORDED. 

- TAXA FOUND WITHIN ONE SIZE CLASS (MAX 10) 
- # CELLS OF GIVEN SHAPE AND TAXON WITHIN A SIZE CLASS 
- FIRST DIMENSION OF THE CELL (IN MICROMETER UNITS) 
- SECOND DIMENSION OF THE CELL 

- CURRENT COUNTER OF SIZE CLASS 
- VOLUME OF DIFFERENT TAXA (INITIALLY AS CUBIC MICRONS; 

) 

7-10 
>10 
COLONIES (>3 CELLS) 
FILAMENTS 
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C THEN CONVERTED TO MG/L) 
C GPCNT(50) - GVOL AS A PERCENTAGE OF TVOL 
C SVOL(B) - VOLUME WITHIN EACH SIZE CLASS (UNITS LIKE GVOL) 
C SPCNT(B) - SVOL AS A PERCENTAGE OF TVOL 
C TVOL - TOTAL PHYTOPLANKTON VOLUME FOR A PARTICULAR DATE 
C AND BAG) THAT WAS ACTUALLY COUNTED FROM FIELDS SEEN. 
C (IN CUBIC MICRONS) 
C ETVOL - TVOL IN MG/L, ACCOUNTING FOR VOLSET AND FIELDS 
C CVOL - VOLUME OF PHYTOPLANKTON OF ONE TAXON AND SIZE CLASS 
C AVGCV(8) - AVERAGE CELL VOLUME WITHIN A SIZE CATEGORY 
C 
$CONTINUE WITH PCHEK.C RETURN 

LOGICAL ERROR,FATAL 
INTEGER ICAT(8),LI ST(1),OLDATE/0/ 
REAL* 8 CVMEAN(8),CVSD(8) 
DATA ICAT/' <1','1-3','3-5','5-7','710','>10' ,'COL' ,'FIL'/ 
DATA LIST(1)/'*'/ 
DO 3 1=1,8 
SVOL(I)=0.D0 
SVOL2(I)=O.D0 
CAT(I)=ICAT(I) 
SUMCV(I)=0.D0 
SUMCV2(I)=0.D0 
NCV(I)=0 

3 CONTINUE 
LINES=60 
FATAL=.FALSE. 
NERRS=0 

C 
C...IF ICHECK>0 SKIP ERROR CHECKING 

READ(3,LI ST)CONFAC,NTAXA,NUNK,TINYV,FPC,I CHECK,PLUGOL 
5 READ(1,10,END= 999)1 YEAR,DATE,BAG,VOLSET,(NCELL(I),1 = 1,6), 

1 (NSHAPE(I),I=1,8),FIELDS 
10 FORMAT(12,1 4,11,F3.0,814,812,2X,F1.0) 

ERROR=.FALSE. 
C 
C SET TOTAL AND TAXON VOLUMES TO ZERO BEFORE LOOPING 
C THROUGH SIZE CLASSES. SIZE CLASS VOLUME IS SET TO 
C ZERO AT EACH ITERATION. 

TVOL=0.D0 
DO 15 1=1,NTAXA 

15 GVOL(I)=0. 
DO IB 1=1,8 
SVOL(I)=0.D0 
SVOL2(I)=0.0D0 

18 CONTINUE 
C 
C...LOOP THROUGH SIZE CATEGORIES CHECKING FOR ERRORS 

DO 100 NS=1 ,8 
IF(NS.EQ.1)GO TO 70 
IF(NSHAPE(NS).EQ.0)GO TO 100 
LAST=NSHAPE(NS) 
READ(2,20)DATE2,BAG2,SIZE,(TAXON(I),SHAPE(I),DIM1(I),DIM2(I), 

1 MCELL(I),1=1,5) 
20 FORMAT(2X,I 4,11,A3,5(I 3,12,2F2.0,1 3 ) ) 

IF(LAST.GT.5)READ(2,25)(TAXON(I),SHAPE(I),DIM1(I),DIM2(I), 
1 MCELL(I),1=6,LAST) 

25 FORMAT(1 OX,5(13,12,2F2.0,13)) 
IF(ICHECK.GT.0)GO TO 70 
IF(DATE2.EQ.DATE)GO TO 30 



WRITE(4,801)DATE,DATE2 
FATAL=.TRUE. 
GO TO 900 

30 IF(NS.NE.2.0R.BAG.EQ.BAG2)GO TO 40 
WRITE(4,802)BAG,BAG2 
FATAL=.TRUE. 
GO TO 900 

40 IF(SIZE.EQ.CAT(NS))GO TO 50 
WRITE(4,803)SIZE,CAT(NS) 
FATAL=.TRUE. 
GO TO 900 

C 
C...CHECK THAT #CELLS MATCH IN PHYTO1 AND PHYT02 
C...CHECK THAT DIMENSIONS HAVE NOT BEEN OMITTED. SHAPES 1,8 AND 9 
C...ONLY REQUIRE ONE DIMENSION. 
50 TCELLS=0 

DO 60 1=1,LAST 
IF(DIM1(I).NE.0.D0)GO TO 53 
ERROR=.TRUE. 
WRITE(4,807)CAT(NS) ,1 
NERRS=NERRS+1 

53 IF(SHAPE(I).EQ.1.OR.SHAPE(I).EQ.8.OR.SHAPE(I).EQ.9)GO TO 56 
IF(DIM2(I).NE.0.D0)GO TO 56 
ERROR=.TRUE. 
WRITE(4,807)CAT(NS),1 
NERRS=NERRS+1 

56 TCELLS=TCELLS+MCELL(I) 
60 CONTINUE 

IF(TCELLS.EQ.NCELL(NS))GO TO 70 
C 
C...ALLOW.TOTAL # CELLS IN COLONIES TO BE > THAN #COLONIES 

IF(NS.EQ.7.AND.TCELLS.GT.NCELL(NS))GO TO 70 
WRITE(4,805)TCELLS,NCELL(NS),CAT(NS) 
ERROR=.TRUE. 
NERRS=NERRS+1 

C... CALCULATE VOLUME OF PHYTOPLANKTON IN EACH SIZE CLASS 
70 CALL CRUNCH 
100 CONTINUE 
C... CALCULATE TOTAL VOLUME IDENTIFIED IN CUBIC MICRONS 
C...AND MEAN CELL VOLUME WITHIN SIZE CATEGORY. 
C...FOR COLONIES, THIS IS MEAN COLONY VOLUME. 

TVOL=0. 
DO 120 NS=1,8 
TVOL=TVOL+SVOL(NS) 
AVGCV(NS)=0. 
IF(NCELL(NS).EQ.0)GO TO 120 

C AVGCV(NS)=SVOL(NS)/DFLOAT(NCELL(NS)) 
IF(BAG.NE.9)GO TO 120 

C NEXT STATEMENTS BYPASSED UNDER RESIZE CALCULATION 
C SUMCV(NS)=SUMCV(NS)+SVOL(NS) 
C SUMCV2(NS)=SUMCV2(NS)+SVOL2(NS) 
C NCV(NS)=NCV(NS)+NCELL(NS) 
120 CONTINUE 
C 
C...FORMATS FOR ERROR STATEMENTS 
801 FORMAT(' DATE' ,15,' DOES NOT MATCH',15) 
802 FORMAT(' BAG',12,' DOES NOT MATCH',12) 
803 FORMAT(' SIZE',A5,' DOES NOT MATCH',A5) 
805 FORMATC # OF CELLS MISMATCH:',15,' AND',15,' IN SIZE',A5) 
806 FORMAT(' ERROR OCCURRED ON',I 5,' FOR BAG',12/) 
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807 FORMATC MISSING DIMENSIONS IN CATEGORY',A5,'; TAXON',12) 
IF(.NOT.ERROR.AND..NOT.FATAL)GO TO 950 

900 WRITE(4,806)DATE,BAG 
IF(FATAL)STOP 
IF(NERRS.GT.15)STOP 

950 CALL OUTPUT(OLDATE) 
OLDATE=DATE 
GO TO 5 

C 
C CALCULATE AND OUTPUT MEAN CELL VOLUMES IN EACH SIZE CATEGORY 
999 WRITE(4,1000) 
1000 FORMATC SIZE MEAN VOLUME',T23,'STD. DEV',T36,*# CELLS OR COL.') 

DO 1020 NS=2,8 
XN=DFLOAT(NCV(NS)) 
IF(XN.LE.0)GO TO 1020 
CVMEAN(NS)*SUMCV(NS)/XN 
CVSD(NS)=DSQRT((SUMCV2(NS)-SUMCV(NS)**2/NCV(NS))/(XN-1.)) 
WRITEU, 1010)ICAT(NS) ,CVMEAN(NS) ,CVSD(NS) ,NCV(NS) 

1010 FORMAT(A5,2F15.2,I7) 
1020 CONTINUE 

STOP 
END 
SUBROUTINE JULIA(IDATE,IMONTH,I DAY,JDAY) 
INTEGER IMATCH(12,2)/716,726,801 ,809,816,823,830,906,913, 
1 920,927,1005,196,206,212,220,227,234,241,248,255,262,269,277/ 

C 
C SEPARATE MONTH AND DAY AND CALCULATE JULIAN DATE 

IMONTH=IDATE/100 
IDAY =IDATE-1MONTH * 10 0 
DO 5 1=1,12 
IF(I MATCH(I,1).NE.IDATE)GO TO 5 
JDAY=IMATCH(1,2) 
GO TO 10 

5 CONTINUE 
WRITE(5,8) IDATE 

8 FORMAT(16,' NOT LISTED IN JULIA''S DRAWERS') 
STOP 

10 RETURN 
END 

C 
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

FUNCTION VOLUME(I SHAPE,D1,D2) 
c. ..THIS FUNCTION CALCULATES THE VOLUME OF A GEOMETRICAL SHAPE 
c. ..BASED ON 2 MEASUREMENTS OF ITS DIMENSIONS. I SHAPE SPECIFIES 
c. ..TYPE OF GEOMETRICAL FIGURE: 
c I SHAPE GEOMETRICAL FIGURE 
c 1 SPHERE 
c 2 ELLIPSOID (EQUAL MINOR AXES) 
c 3 ELLIPSOID (2ND MINOR AXIS=.5*1ST) 
c 4 CYLINDER 
c 5 CRESCENT 
c 6 CONE 
c 7 PEAR OR TEARDROP 
c 8 TETRAHEDRON 
c 9 CUBE 
c 10 FILAMENT 
c 11 FUSIFORM OR SPINDLE SHAPE 
c 12 RECTANGULAR PLATE (THICKNESS=.25*LENGTH) 
c 13 ELLIPTIC PLATE (THICKNESS=0.033*MINOR AXIS) 



c u RECTANGULAR PLATE (THICKNESS-.5*WIDTH) 
c 15 S-SHAPED TAPERING FILAMENT 
c 16 CAPSULE 
c 17 PIE-SLICE (EQUILATERAL TRIANGULAR PLATE) 
c 18 HEMI-ELLIPSOID 
c 19 ELLIPTIC PLATE (THICKNESS=WIDTH) 
c 20 HEMI-ELLIPTIC PLATE (THICKNESS=.5*WIDTH) 
c 21 RECTANGULAR PLATE (THICKNESS=0.16667*LENGTH) 
c 
c 

22 RECTANGULAR PLATE (THICKNESS=WIDTH) 

C FORMULAE HAVE BEEN CODED FOR MAXIMUM CLARITY 
C RATHER THAN MAXIMUM COMPUTING EFFICIENCY 
C STATEMENT #(ISHAPE*10) HAS FORMULA FOR I SHAPE. 

REAL*8 PI ,D1,D2,THETA,ONE333,TWO,THREE,FOUR,Z3,SIX 
DATA FOUR/4.0D0/,THREE/3.0D0/,Z33/0.0333333333333/ 
DATA PI/3.14159265/,ONE333/1.3333333333/,TWO/2.0D0/ 
DATA SIX/6.0D0/ 
GO TO(10,20,30,40,50,60,70,80,90,100,110,120,130,140,150, 
1 160, 170, 180,190,200,210,220),I SHAPE 

C 
C...SPHERE. DI=DIAMETER 
10 V0LUME=0NE333*PI*(D1/TW0)**3 

RETURN 
C 
C ELLIPSOID WITH EQUAL MINOR AXES. D1=MAJOR; D2=MINOR 
20 VOLUME=ONE333*PI*Dl/TWO*(D2/TWO)**2 

RETURN 
C 
C...ELLIPSOID WITH THICKNESS=HALF MINOR AXIS (D2) 
3 0 VOLUME=ONE 3 3 3 * PI *D1/TWO*D2/TWO*D2/FOUR 

RETURN 
C 
C...RIGHT CIRCULAR CYLINDER. DI=HEIGHT; D2=DIAMETER 
40 VOLUME=PI*D1*(D2/TWO)**2 

RETURN 
C 
C CRESCENT. D1=TIP TO TIP LENGTH (DIAMETER) 
C D2=WIDTH AT CENTRE (ARC LENGTH) 
C CALCULATE ANGLE SUBTENDED IN RADIANS. ASSUME THICKNESS IS ONE 
C HALF OF ARC LENGTH. 
50 THETA=TWO*D2/D1 

VOLUME=D1**2/TWO*THETA*D2/TWO 
RETURN 

C 
C...CONE. D1=HEIGHT; D2=DIAMETER 
60 VOLUME=PI/THREE*D2**2/FOUR*D1 

RETURN 
C 
C...PEAR SHAPE. DI=LONG AXIS; D2=SHORT. TREATED AS ELLIPSOID WITH 
C...ALL AXES REDUCED 10%. 
70 VOLUME=ONE333*PI*0.729D0*D1/TWO*(D2/TWO)**2 

RETURN 
C 
C. . .TETRAHEDRON. D1«= LENGTH OF EACH EDGE 
80 VOLUME=0.11785*D1**3 

RETURN 
C 
C...CUBE. D1=LENGTH OF EACH EDGE 
90 VOLUME=D1**3 

RETURN 



c 
C FILAMENT. D1=LENGTH D2=WIDTH=THICKNESS 
100 VOLUME=D1*D2**2 

RETURN 
C 
C FUSIFORM. Dl=LENGTH; D2=WIDTH AT CENTRE. TREAT AS 2 CONES. 
110 V0LUME=PI/THREE*D1*D2**2 

RETURN 
C 
C RECTANGULAR PLATE. D1=LENGTH; D2=WIDTH. THICKNESS=D1/4 
120 V0LUME=D1**2/F0UR*D2 

RETURN 
C 
C ELLIPTIC PLATE. D1«=MAJOR AXIS; D2=MIN0R AXIS; THICKNESS".033*D2 
130 V0LUME=PI*D1/TW0*D2/TW0*D2*0.033 

RETURN 
C 
C RECTANGULAR PLATE. THICKNESS=D2/2 
140 V0LUME=D1*D2**2/TW0 

RETURN 
C 
C...S-SHAPED. D1=HEIGHT; D2=THICKNESS AT MIDPOINT 
C...ASSUME TRUE LENGTH=1.57*HEIGHT 
C...ASSUME AVG. THICKNESS=0.5*D2 
150 VOLUME=1.57*D1*0.25*D2**2 

RETURN 
C 
C...CAPSULE. D1=LENGTH; D2=WIDTH 
C...ASSUME CYLINDER OF HEIGHT=(D1-D2) CAPPED BY HEMISPHERES OF 
C...RADIUS D2/2. 
160 VOLUME=PI*(D1-D2)*(D2/TWO)**2 + ONE333*PI*(D2/TWO)**3 

RETURN 
C 
C...EQUILATERAL PIE SLICE. D1=LENGTH OF SIDE; D2=THICKNESS 
170 VOLUME=0.43301*D1**2*D2 

RETURN 
C 
C...HEMIELLIPSOID. D1=MAJOR AXIS; D2=MINOR AXIS/2 
180 VOLUME=(ONE333*PI*D1/TWO *D2**2)/TWO 

RETURN 
C 
C...ELLIPTIC PLATE. THICKNESS=D2 
190 V0LUME=PI*D1/TW0*D2/TW0*D2 

RETURN 
C 
C...HEMI-ELLIPTIC PLATE. THICKNESS=D2/2 
200 VOLUME*(PI*D1/TW0*D2)/TWO *D2/TWO 

RETURN 
C 
C...RECTANGULAR PLATE. THICKNESS=D2/6 
210 VOLUME=D1*D2*D2/SIX 

RETURN 
C 
C... RECTANGULAR PLATE. THICKNESS=D2 
220 VOLUME=D1*D2*D2 

RETURN 
END 
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APPENDIX B: LENGTH-WEIGHT REGRESSIONS USED FOR CALCULATION OF 

ZOOPLANKTON BIOMASS (1979 AND 1980) 



T a b l e B1. Length-weight r e g r e s s i o n s used f o r c a l c u l a t i o n of zooplankton biomass.and mean 

z o o p l a n k t e r w e i g h t s . R o t i f e r biomass o n l y c o n s i d e r e d i n 1980. 

Spec i es 

1979 Expt. 1980 Expt . 

Length-Weight '" Mean Wt.(pg) 1 1 1 Mean Wt.(^g) Source of 

R e g r e s s i o n Used Juven- A d u l t s Juven- A d u l t s R e g r e s s i o n or 

1 l e s 1 l e s Mean Weight 

Diaptomus kenai 3 . 15 2 .98 9 . 50 22 .55 12 . 27 25 .23 Nei11 & Peacock 

Diaptomus t y r r e l l i 1 .89 3 .07 1 .06 2 . 16 0 .83 2 .48 Ne i11 & Peacock ' 1' 

Daphnia r o s e a 4 .36 2 . 55 3 . 13 10. .51 2 . .43 9 .07 Nei11 & Peacock 

Holopedium gibberum 24 . 3 1 .44 10 . 14 19. .42 7. .66 16 .77 Walters 

Bosmina l o n q i r o s t r i s 0 . 322 1 . .45 0. .47 0. .82 0. .49 0 .80 Nei11 & Peacock "' 

Chydorus s p h a e r i c u s 89 . .43 3 , ,93 0, .49 2. .34 0. 50 2 , .05 Dumont et a l . ( 1975) 

Diaphanosoma brachyurum 3. . 76 2 . , 1 1 0. .64 1 . 12 Dumont et a l . (1975) 

C e r i o d a p h n i a p u l c h e l l a 10. . 24 2. . 26 2 . 16 5 . 21 Dumont et a l . ( 1975) 

Polyphemus p e d i c u i u s 6 . .93 2 . 15 2 .66 2 .06 Dumont et a l . ( 1975) 

D i a c y c l o p s thomasi 6. 25 2 . 17 2. .86 4 .00 Peacock (1981) 

K e r a t e l l a t a u r o c e p h a l a 0 .037 B o t t r e l 1 e t a l . (1976) 

K e l i c o t t i a sp. 0 .017 B o t t r e l 1 e t a l . (1976) 

P o l y a r t h r a sp. 0. .043 B o t t r e l 1 e t a l . (1976) 

C o n o c h i l u s sp. 0. .015 B o t t r e l 1 e t a l . (1976) 

l o g ( W e i g h t ) = l o g a + b l o g ( L e n g t h ) . No r e g r e s s i o n used f o r r o t i f e r s , j u s t mean weights, 

a v e r a g e d over a l l t r e a t m e n t s and d a t e s , 

u n p u b l i s h e d d a t a 
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APPENDIX C: THREE-WAY ANALYSES OF VARIANCE OF ALKALINITY AND H + 

CONCENTRATIONS (1979) 

The a n a l y s e s a r e p r e s e n t e d s e p a r a t e l y f o r t h e 1-3 m and 5-7 

m s t r a t a , s i n c e t h i s breakdown d i v i d e s e p i l i m n e t i c and 

m e t a l i m n e t i c p r o c e s s e s . Note t h a t t h e use o f H+ i o n 

c o n c e n t r a t i o n s ( r a t h e r t h a n pH) i n s t a t i s t i c a l a n a l y s e s e n s u r e s 

c o r r e c t c a l c u l a t i o n o f mean pH, but t e n d s t o g e n e r a t e h i g h l y 

s i g n i f i c a n t d i f f e r e n c e s i n [ H + ] even when pH d i f f e r e n c e s a r e 

c l e a r l y n e g l i g i b l e . 
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F i g u r e C1. R e s u l t s o f 3-way a n a l y s e s o f v a r i a n c e c o m p a r i n g 
[ H + ] and a l k a l i n i t y i n t h e c o n t r o l s w i t h E u n i c e L a k e . 
V e r t i c e s o f t r i a n g l e s r e p r e s e n t t h r e e e f f e c t s t e s t e d : E 
= e x p e r i m e n t a l t r e a t m e n t ; T = t i m e ; D = d e p t h . 
P r o b a b i l i t y l e v e l s f o r i n d e p e n d e n t e f f e c t s l i s t e d a t 
e a c h v e r t e x , and i l l u s t r a t e d by c i r c l e s a r o u n d e f f e c t 
a b b r e v i a t i o n : d a s h e d c i r c l e f o r p < 0.05; s i n g l e c i r c l e 
f o r p < 0.01; and d o u b l e c i r c l e f o r p < 0.001. 
P r o b a b i l i t y l e v e l s f o r two-way i n t e r a c t i o n s l i s t e d a l o n g 
s i d e s o f t r i a n g l e ( e . g . p r o b a b i l i t y o f ( e x p e r i m e n t a l 
t r e a t m e n t ) x ( t i m e ) i n t e r a c t i o n i n F i g u r e 3.-6 (a) i s 
0.14), w i t h e x t r a l i n e s and a r r o w s f o r s i g n i f i c a n t 
i n t e r a c t i o n s . P r o b a b i l i t y l e v e l f o r t h r e e - w a y 
i n t e r a c t i o n l i s t e d i n c e n t r e o f t r i a n g l e . O v e r a l l mean 
pH and a l k a l i n i t y l e v e l s ( f o r t h e whole e x p e r i m e n t ) a r e 
l i s t e d f o r e a c h d e p t h s t r a t u m . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; LK = E u n i c e L a k e . 
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(a) 

l - 7 m 

(b) 

l - 3 m 

(0 

as pH 
[H+] 

(peg/J) 
Alkalinity 

L K = 6 . 4 5 
C= 6 . 4 4 

L K = 6 . 6 0 
C = 6.51 

(0 .016) 

(0.028) 

(d) 

L K = 9 8 
C = 8 2 

(e) 
( < I 0 - 5 ) 

0 . 9 8 D 
(0.55) 

L K = 6 . 3 4 
C = 6 . 2 9 

( 0 . 0 0 4 ) 

(0.37) 

LJK =81 
C = 8 7 ( f ) 

( 0 . 0 0 0 6 ) 
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F i g u r e C2. R e s u l t s o f 3-way a n a l y s e s o f v a r i a n c e c o m p a r i n g 
[ H + ] and a l k a l i n i t y i n t h e c o n t r o l s w i t h t r e a t m e n t F . 
Symbols u s e d t o r e p r e s e n t s t a t i s t i c a l e f f e c t s and t h e i r 
s i g n i f i c a n c e a r e d e s c r i b e d i n F i g u r e C1. Mean pH and 
a l k a l i n i t y l e v e l s l i s t e d f o r e a c h d e p t h s t r a t u m . 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; F = 
f e r t i l i z a t i o n o n l y . 



3 6 7 

as pH 
[H+] 

(jueqAO 
Alkalinity 

(a) 

I -7 m 

(<icr 5 ) 

(b) F 
C 

l-3m 

(0 .00003) 

(0 C 
F 

5-7m 

( < I 0 - 5 ) ( < I 0 - 5 ) 

C = 84 
F =79 

(< I 0 - 5 ) 

(<I0 _ : > ) ( < I 0 - 5 ) 

C = 82 
F = 74 

( < I 0 - 5 ) 

( 0 .00004 ) 

C = 87 
F = 84 

(0 .03) 

( < I 0 - 0 ) 

(d) 

(e) 

( f ) 
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F i g u r e C3. R e s u l t s o f 3-way a n a l y s e s o f v a r i a n c e c o m p a r i n g 
[ H + ] and a l k a l i n i t y i n t r e a t m e n t s A a n d AF . Symbols 
u s e d t o r e p r e s e n t s t a t i s t i c a l e f f e c t s and t h e i r 
s i g n i f i c a n c e a r e d e s c r i b e d i n F i g u r e C1. Mean pH and 
a l k a l i n i t y l e v e l s l i s t e d f o r e a c h d e p t h s t r a t u m . 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : A = a c i d i f i c a t i o n 
o n l y ; AF = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 
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as pH 
[Hi Alkalinity 

(a) A = 5.85 
AF = 5.60 

(<I0-5) 

- 7 m 

(<I0-5) 

(b) A = 5.72 
AF = 5.42 

(<I0-5) 

l-3m 

(<I0-5) 

(0 A_= 6.06 
AF = 5.91 

(0.003) 

5-7 m 

(<I0-5) 

A • 62 
AF = 59 

(d) 

(0.002) 

(<io-°) (<I0-5) 

(e) 

0.89 D 
(<I0-5) (0.65) 

( f ) 

-0.009— 
wcr°) (0.00002) 
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APPENDIX D: REGRESSION ANALYSES OF SECCHI DEPTH-CHLOROPHYLL A 

RELATIONSHIPS (1979) 

In o r d e r t o a n a l y z e t h e l i k e l i h o o d o f a c i d i f i c a t i o n c a u s i n g 

c h a n g e s i n l i g h t e x t i n c t i o n f r o m n o n - b i o l o g i c a l m a t t e r , i t i s 

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

e x t i n c t i o n . L i g h t i n t e n s i t y i n t h e w a t e r column c a n be 

r e p r e s e n t e d most s i m p l y by: 

-kz 
I z = I o e ( H u t c h i n s o n 1957; pg. 383) (D1) 

where I z = l i g h t i n t e n s i t y a t d e p t h z, 
Io = l i g h t i n t e n s i t y a t t h e l a k e s u r f a c e , 
z = d e p t h , and 
k = t o t a l l i g h t e x t i n c t i o n o r a t t e n u a t i o n c o e f f i c i e n t . 

The t o t a l e x t i n c t i o n c o e f f i c i e n t was o r i g i n a l l y p a r t i t i o n e d 

by A b e r g and Rodhe (1942) i n t o t h r e e a d d i t i v e c o e f f i c i e n t s ( f o r 

wa t e r i t s e l f , s u s p e n d e d p a r t i c l e s , and d i s s o l v e d compounds). I 

c h o s e t o f o l l o w Megard e t a l . , (1980) and c o n s i d e r o n l y two 

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

c o n c e n t r a t i o n s ( k c ) , and t h e e x t i n c t i o n due t o f a c t o r s o t h e r 

t h a n c h l o r o p h y l l (kw). E q u a t i o n (D1) t h e n becomes: 

-[kw + ( k c ) C] Z 
I z = I o e (D2) 

o r , 

1 kw ( k c ) C 
_ = + ( D 3 ) 

Z l n ( I o / I z ) l n ( I o / I z ) 

Where C = c h l o r o p h y l l a c o n c e n t r a t i o n 
u n c o r r e c t e d f o r p h a e o p h y t i n a . 
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E q u a t i o n (D3) was u s e d t o c a l c u l a t e r e g r e s s i o n l i n e s t o 

p r e d i c t t h e i n v e r s e o f t h e S e c c h i d e p t h b a s e d on t o t a l 

c h l o r o p h y l l a l e v e l s ( i . e . c h l o r o p h y l l a p l u s p h a e o p h y t i n a ) . 

Note t h a t l n ( I o / I z ) c a n be assumed t o be r o u g h l y c o n s t a n t o v e r 

a l l measurements ( I d s o and G i l b e r t 1974). R e g r e s s i o n s 

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

p o o l e d , a r e shown i n T a b l e D1. T r e a t m e n t e f f e c t s on t h e 

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

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

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

w h i c h i s p r o p o r t i o n a l t o kw. One c a n use t h e i n t e r c e p t t o 

s l o p e r a t i o (kw/kc) t o c a l c u l a t e " f , t h e f r a c t i o n o f s u b s u r f a c e 

l i g h t a t t e n u a t e d by c h l o r o p h y l l ( B a n n i s t e r 1974; Megard e t 

a l . 1980): 

C 
f = (D4) 

(kw/kc) + C 

V a l u e s o f f b a s e d on t h e mean t o t a l c h l o r o p h y l l ( f * i n T a b l e D1) 

s u g g e s t t h a t i n a l l t r e a t m e n t s and i n E u n i c e L a k e t h e 

a t t e n u a t i o n by n o n - c h l o r o p h y l l f a c t o r s f a r e x c e e d e d t h a t by 

c h l o r o p h y l l . The h i g h e r f * v a l u e i n AF c y l i n d e r s w o u l d be 

e x p e c t e d g i v e n t h e i r e l e v a t e d c h l o r o p h y l l l e v e l s , b u t t h e marked 

d i f f e r e n c e s i n f * and (kw/kc) between t h e l a k e and a l l o t h e r 

t r e a t m e n t s r e q u i r e an a l t e r n a t i v e e x p l a n a t i o n . I p r o p o s e t h a t 

s h a d i n g by t h e U V - p r o t e c t i v e c o a t i n g and wooden f l o a t o f e a c h 

l i m n o c o r r a l f o r m e d a s i g n i f i c a n t f r a c t i o n o f kw ( e x t i n c t i o n due 



Table Dl. Linear regressions of inverse secchi depth (1/Z) and total chlorophyll a (C), for each 
treatment, f * is the fraction of subsurface light attenuated by chlorophyll. R2 is the 
coefficient of determination, k£ the extinction due to chlorophyll, kw the extinction due to factors other than chlorophyll, I Q the surface light intensity, and I z the light intensity at the secchi-depth. 

Treatment n A ,_ _,_ , a = b = R2 kw f*' = (m) (mg/m ) ° " l n ( I o / I z ) " " WijiJ " ^ ' ( k w / k c ) + I 

C 14 6.7 0.67 0.131 ± 0.030* 0.030 ± 0.043** 0.16 4.4 0.13±0.009 

F 14 6.6 1.22 0.123 ± 0.022 0.024 ± 0.017 0.44 5.1 0.19±0.014 

A 14 7.1 0.72 0.128 ± 0.011 0.017 ± 0.015 0.35 7.5 0.09±0.007 

AF 13 5.1 3.93 0.137 ± 0.062 0.018 ± 0.015 0.40 7.6 0.34±0.027 

LK 7 7.3 0.86 0.093 ± 0.047 0.057 ± 0.050 0.63 1.6 0.35±0.026 

All pooled 62 6.5 1.51 0.130 ± 0.008 0.019 ± 0.004 0.66 6.7 0.18±0.031 

*•* 95% confidence intervals assuming ê ; ~ N (0, o 2 ) . 
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t o f a c t o r s o t h e r t h a n a l g a e ) . T h i s s u g g e s t i o n i s d i s c u s s e d i n 

S e c t i o n I , 4.1. 

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

r e g r e s s i o n s a r e a u t o c o r r e l a t e d , t h e r e s i d u a l s do n o t have t h e 

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

( D r a p e r and S m i t h 1969; p g . 5 8 ) . A s s u m i n g t h a t t h e r e s i d u a l s ' 

d e p a r t u r e s f r o m s t a t i s t i c a l i n d e p e n d e n c e were n e g l i g i b l e , I 

c a l c u l a t e d h y p o t h e t i c a l 95% c o n f i d e n c e i n t e r v a l s f o r t h e s l o p e s 

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

c o n f i d e n c e i n t e r v a l s f o r e a c h t r e a t m e n t ' s y i n t e r c e p t o v e r l a p , 

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

s i g n i f i c a n t l y d i f f e r e n t among t r e a t m e n t s . I n p a r t i c u l a r , t h e r e 

i s no e v i d e n c e o f a s i g n i f i c a n t c h ange i n n o n - c h l o r o p h y l l 

a t t e n u a t i o n among t h e c o n t r o l s and t h e A c y l i n d e r s . A l s o , t h e 

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

c a u s e d a t t e n u a t i o n d o e s n o t d i f f e r s i g n i f i c a n t l y between 

t r e a t m e n t s . 

When a l l t h e d a t a were p o o l e d and f i t t e d t o e q u a t i o n ( D 3 ) , 

( s e e F i g u r e D1 and t h e l a s t row o f T a b l e D 1 ) , t h e c a l c u l a t e d 

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

c h l o r o p h y l l l e v e l s above 2 jj.g«L~1 t h a n do two o t h e r r e g r e s s i o n 

e q u a t i o n s i n t h e l i t e r a t u r e ( C a r l s o n 1977; D i l l o n and R i g l e r 

1975). The r e a s o n s f o r t h i s d i f f e r e n c e a r e n o t c l e a r . 

I a l s o f i t t e d my d a t a t o t h e e x p o n e n t i a l m odel e m p l o y e d by 

D i l l o n and R i g l e r ( 1 9 7 5 ) : 

l o g Z = a + b l o g [ c h l ] . (D5) 

Use o f t h i s e q u a t i o n d i d n o t improve t h e o v e r a l l d a t a f i t ( R 2 ) 
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F i g u r e D1. N o n - l i n e a r r e g r e s s i o n s o f S e c c h i d i s c d e p t h 
v s . t o t a l c h l o r o p h y l l a, w i t h d a t a p o o l e d f r o m a l l 
t r e a t m e n t s . Dashed l i n e s show two r e g r e s s i o n e q u a t i o n s 
f i t t e d t o l i m n o c o r r a l d a t a . S o l i d l i n e and d o t t e d l i n e 
show two p r e v i o u s l y p u b l i s h e d r e g r e s s i o n e q u a t i o n s f o r 
c i r c u m n e u t r a l l a k e s . 



C: CHLOROPHYLL (jiq/i) 

Ln 
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n o r a p p r e c i a b l y change p r e d i c t e d S e c c h i d e p t h s above 2 ng»L~1 

c h l o r o p h y l l , b u t was more s u i t e d t o t h e d a t a a t h i g h e r S e c c h i 

d e p t h s . 

I f t r a n s p a r e n c y was i n c r e a s e d b e c a u s e o f my e x p e r i m e n t a l 

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

p o o l e d d a t a r e g r e s s i o n l i n e ( o b s e r v e d S e c c h i d e p t h s minus 

p r e d i c t e d ) t o be g r e a t e r f o r t r e a t m e n t A t h a n f o r t h e c o n t r o l s . 

T h i s e x p e c t a t i o n i s c o n f i r m e d by F i g u r e D2, s i n c e t h e mean 

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

( p = 0 . 0 l 8 ; o n e - t a i l e d t - t e s t ) t h a n t h e mean c a l c u l a t e d f o r t h e 

c o n t r o l s . However, t h e s e d i f f e r e n c e s i n r e s i d u a l s a r e n o t 

l a r g e enough t o be c o m p e l l i n g e v i d e n c e when one c o n s i d e r s t h e 

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

A l s o , t h e l a k e d a t a p o i n t s may have p u l l e d t h e r e g r e s s i o n away 

from t h e c o n t r o l s . P h o t o m e t e r measurements o f l i g h t e x t i n c t i o n 

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

e f f e c t s o f a c i d i f i c a t i o n on t r a n s p a r e n c y . 
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F i g u r e D2. D i s t r i b u t i o n o f r e s i d u a l S e c c h i d e p t h s f r o m S e c c h i 
d e p t h - c h l o r o p h y l l r e g r e s s i o n on p o o l e d d a t a on p o o l e d 
d a t a . R e s i d u a l s computed as o b s e r v e d S e c c h i d e p t h 
minus S e c c h i d e p t h p r e d i c t e d by p o o l e d d a t a r e g r e s s i o n 
e q u a t i o n ( T a b l e D 1 ) . A b b r e v i a t i o n s u s e d f o r 
t r e a t m e n t s : C = c o n t r o l s ; F = f e r t i l i z a t i o n o n l y ; 
A = a c i d i f i c a t i o n o n l y ; A F = a c i d i f i c a t i o n and 
f e r t i l i z a t i o n . 



Treat- Mean Residual (m) 
ment ± SE (n) Distribution of Secchi Depth Residuals 

C -0.27 ±0.18 (14) 

F 0.09 ±0.13 (14) 

A 0.20 ±0.08 (14) 

A F 0.09 ±0.27 (13) 

L K 0.51 ±0.49 (7) 

5+ 

-1.6 -0.8 0 0.8 1.6 
Secchi Depth Residual Class (m) 
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APPENDIX E: ZOOPLANKTON LENGTHS (1979) 
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F i g u r e E 1 . Mean l e n g t h s o f z o o p l a n k t o n by t r e a t m e n t and t i m e 
(1979) . Note t h a t s c a l e s d i f f e r between g r a p h s . 
Number o f a n i m a l s measured n o t e d i f l e s s t h a n 10. 
A b b r e v i a t i o n s u s e d f o r t r e a t m e n t s : C = c o n t r o l s ; 
F = f e r t i l i z a t i o n o n l y ; A = a c i d i f i c a t i o n o n l y ; 
A F = a c i d i f i c a t i o n and f e r t i l i z a t i o n . 



0 . R O S E A A D U L T S : MEAN L E N G T H S 0 . R O S E A J U V E N I L E S . B E A N L E N G T H S 

2 6 9 2 3 1 3 ' 2 6 9 2 3 1 3 

J U L T | A U G . I S E P T . J U L T | A U G . | S E P T . 
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APPENDIX F: PHYTOPLANKTON VOLUMES BY TAXA FOR EACH CYLINDER AND 

SAMPLING DATE (1979) 



•H C O O O 
O z < -< I X) x - 4 Z -n o o X n > > CD XI -< r~ > o c o < z z z > -< TJ o 
r - - 4 (/) O t / i o > o o C o C W» C - 4 C C XI 

• - • O H * z CD TJ z Z a z O z z a 
< -no z o > > xi z I f - O o "D n TJ t / l o > o O T) 
O o o •-• 03 o z > m < o f- • I X o -< X o a n o Z r~ X X 
V m xi o > - 4 o XI m > m Z XI < m TJ < m m m o o < c Z X n m 13 I > Z XI Z o < Z H Z Z Z -< m > H z H H XI I oo H CD cn » - I O > - 4 m cn cn O Z m m •< o z o TO a z a H - 4 o -< •n X) > o TJ -< o o m XI -< o 

m o TJ o I O O > z o a i / i cn o cn o 
m > •o m -< I z TJ XI > X m z a -4 z O T l (/) O > o XI < f- t/i c r n o 

- 4 m -< > T> o Z C/l c/) 1/) z r (/> > O > CO H JO Z j> > z m o O o o C cn z TJ TJ TJ cn 

o o o o o 
b b b b b 
i o — co 

— to 

o o 
fo i o 
u u 
cn cn 

o o o o 
b b b b 

oo o o o o 
bo b b b b 

CO ( J 

o o 

o o o 
b o b 

o o o o o o o o 
b b b o b o b b 

co 

o o o o o 
b b b b b 

o o o o 
b b b b 

o o 
o b 

o o o o 

o o o o o 
b b b b b 

0) 0> 
U l U1 

o o 
b b 

o o o o 
°888 

o o 
o b 

^ FO O 
& — 
- O -

o o o o 
b b b b 

o o o 
b o b 

o o o o o o o o 
b b 

o o o 
b o b 

o o - o M u co -o i o 
^ I D A O 
CO OB U <0 

o o o o o o o o 
b b b o b o b b 

o o o o o 
b b b b b 

- o go u o o co o 
& Ul m to 
CO £k CO IO 

o o o o o 
b b b b b 

o o 
W IO u u 
O O 
O O 
b b 

o o o o 
b b b b 

o o o o 
o b b b 

o o o 
b o b 

o o o 
b o b 

o o o o o 
°8 o b8 

A u at 
o o o o 

i b b 
CO < 

— — u c 

o o 
b b 

o o o o 
b b b b 

o o o 
o b b 

o o 
b b 

o 
o o o o 
b o o b 

o o o 
S°8 
— CD 

o o 
b b 

o o o o 
b b b b 
o o 

o o o o o 
IO X* 
O i n 
at at 

O O O O O O O O O O O 
o o b b o o o 

o o o o o 
b b b b b 

j> 
o o o o o 

o o u u 
—1 —1 

o o o o 
b b b b 

o o 
o b 

o o o o 

o o o o o 
Co — A CO 

o> ai cn <n 
o o o o o 
b b b b b 

o o o o 
o b b b 

o o 
b b 

o o o o 
U l Ol 
£h £> 
OB CO 

o o o o 
b b b b 

o o o 
b o b 

o o o 
IO — 
Ol M 
CO u 

o o o 
b o b 

CO o 
o o o o o 
b b b b b 

o o o 
° b b 

o o o 
b o b 

o o o o o 
b b b o b 

CO u 

o o 

o o o o o 
b b b b b 

o o 
W IO 

0 o 
01 Ol 

o o 
b b 

o o o o 
b b b b 

o o 
b b 

o o o o 
o u o & o o o 

K ) I O 
U U 
Ol Ol 

o o o o o o o o 
b b g b b b g g 

o o o o 
b b b b 

o o 
b b 

o o o o 
o o o 

o o o o o 

Ol 0 0 - JJ 

o o o o o 

o o 
i - b b 

Ol — — 

o o o o 
b b b b 

o o 
b b 

o o o o 
b b b b 

oi o o o Ol 
— M A u ~* o O ^1 

i o to 

O O 
b b 

o - -
IO M 
CD 03 
Ol Ol 

O O O 

822 
ui at 

o o o o o o o o 
b b g b b b b g 

o o o o o o o o 
b b b b b b b b 

o o o o 
b b b b 

o o 
b b 8 - - IO 

i o — & 
cn u oo co 
w at at u 

o I 
o o o 
b o b 

o o o o o o o o 
b b b b b b b b 

z c cn c 
I - o 

o o o o o o o o o o o o o o o o o o o o 
b o b 

o o o o o o o o 
88888282 8888- 22 8888 

— — co ^ cn cn - J o o ao 
- J <D *k O -» OCT) I S U U A O O O O O o o o o o o 

b b b b - o o o -
J > O - • M ! • U U FO C J <_) PO 
O J> u a ai coco - J o — - J 
u i 0 O A I D to ro o w -» O 

§ Q O O O -

Q O cn cn — O A 01 U J co to io to cn CD 0 l 
oo o o o o o o o o o o o o o o o 
§8 — O w »̂ _ _ _ _ _ 

Q ro c?> i k Xk u * J CD <i>-«jikcj — - » u i r o 
cn cn c n u c n o rocncn <>• ai oi A M <o u 



- 4 C o o O o 
O z < -< x • 30 I 
- 4 Z O O X > J > CD 30 -< r -
J > o a < z z z > -< T J o 
f- H n t / i o > o o o c o t n C -* X I 

n -t c z CD -< T J z o z o o 
< « o z o > > Z X r- z o o T J H O U a > « O T J 
O o <-• 00 o z m -< o i - > ~ X X O -< X o z r- X I 
f~ m o > H o 30 H m > r- z 30 < nt T J < O X o f- < c Z o m T J > Z 30 r- 5 < Z H H < m > - 4 z - 4 -4 30 I CO - 4 O CD t / l > - t o > cn c/» O z > m m -< z a Z 30 a - z - i -t n < -n xt > - 4 o T J a <. o a 30 •< o 

m T J O X z o > o z I / I O I / I a 
m > m - c > z T J 33 > O -t z O ti a J > r> ( /I < (/> m « o 

m > T J C / l l / l z 
> o > H Z > 

> z m O c t / l Z T J 

o o o o 
bbbb 
— A 0i 
• J CD 0) 
tflU QD 

o o o o 
o o o o 
M & o cn 

o o o o 
— w u 
b M - J 
- O A . - * 

o o o o 
o b b b 
U l C J CD 

o o o o 
- o o -
O M C J 
I O - 4 O 
OD -O U l 

o o 
CO CO o o 

ooo 
bob 

o o 
b b 

o o o o 
bbbb 

ooo 
o b b 

o o 
b b 

o o 
b b 

ooo 
o o b 

o o 
b b 

o -»— CO 
ao ^ i cn 
u i -o w 
U 10 u 

O O O O 
O CO o CO 

O O O O O O O O 

g b g b b b o o 
o o 
ooo o o o o o 
obb b b b b b 

ooo 
bob 

o o o o o 
b g o o g 

o o 
b b 

co - . — 

ooo 
bob 

o o 
b b o u i o cn 

J l ^1 CO 

o - -
- » I O u 

ooo 
bob 
p o 

o o o o o 
bbbbb 

o o 
CO CO 
a i cn 

ooo 
bob 

o o 
b b ooo 

8 b 8 
o o o o o 
bbbbb 

o o o o o o ooo 
bob 

o o 
b b 

o o o o 
b - b -

o o o o o 
b b b b b 

co co aa cn 

o o o o 
o o o o 
co i o u CD O co i o cn 
Co -o co Co 

O O 
i o i o 
CO CO 
O O 

O O O 

° 8 8 
I O I O 

O O O O 
O i o O i o 

O O O 

bob 
o o o o o 
o b o b b 

o o o o o o ooo 
8 ° 8 

o o 
b b o o o o ooo 

bob o o o o o 
O O I O O I O 

CD ^1 U l co eo I O I O aa oo CD U l -0 -0. 01 

O O O O O O O O O O O o o o o O O O O O O O O ui 0566
 

0088
 

0282 
0196 

0157 
0157 

° 8 8 
I O I O 

O O ° 8 ° 8 
03 09 

O O O O O O - o 
cn ~ i 
U l CO QD 
A . i o cn 

E
PT

13 

O O O O O O O O O o o O O O O O O O O O O O O C/l 0386
 

0111 
02 16 
0059

 96
00

 
96

00
 0016

 
0016

 
0
 . o o 

CO CO 
U l U l 

.0
0
3
7
 

.0
 

. 0037
 

O O A o u 
u - 0 O 
A — cn 
CD CO 00 

E
PT

20 

O O O O O O ooo o o O O O O O O O O o - o - tA 0
8
1
0

 
0234 
0297 
0279 

0146 
0

1
4

6 

° 8 8 
I O I O 

o o 

.4
8

6
4 

.4
7

4
4 

.0
 

.0
1

2
0 

O O O 

CO CO 

.5176 
.0

 
.5102 
.0

0
3

7
 

.0
0
3
7

 

E
PT

27 

O O O O O O ooo o o O O O O O O O o o o o o O
CT . 

5
 

0539
 

0
 

0189 
0350

 

0103
 

0
1
0
3

 

0036
 

0016
 

0020
 

0027
 

0027
 

.0
4

1
7 

. 0232 
0
1
8
5

 

O O O 

.6
0

7
3

 
.0

 
.5

9
7

8
 

.0
0
2
9

 
.0

0
6
6

 

O
CT . 

5
 

o o 
b b ooo oo o o o o 

§ 88 88 S in a t " 

u o u O O ui ui u u 
O O O O O O O O O 

O O O O O O O O 

o o o o 
U M O — — 
•* cn to eo 4> - u 
A CO - A C J (0 to 
o o o o o o 
b b b b b b 
w - M o o 
cn O O -» ~ J - J 
FO cs - j — cn cn 

888 2 8 S 8 " 
f o - & c n o O cn o as ro — u to ao cn cn 
O O O O O O O O 

!88 88 8 a i ik co 888 — 8 cn 8 cn 
> — — r o r o cn to o oo ucncn I D — a> -» cn > ik u i cn cn - * u a > u —• u i to D A >iUM 

fr8£ 



•H C o o o o o O Z -< -< X 7) X -i Z -n o o x o > > CO 3D •< r > o c o < z < z z •< "0 o r- - t VlOl/lO > o o C o C tfl C -H C X) H fl H t z CO < •D z Z a z o z o < - n O Z o > Z X 1— a O "0 O T> Z a > n T) o o o <-< 00 o z > m -< a j> 1— a X X O * X a o O o z X X r- m TO O > •H o n -i m CD > ro z a -< m Tj < m c m o r- -< c Z X o m TJ X > Z ro 30 z a < H Z -* H Z Q Z < > H z •H 33 I t/i —( r- -t CO VI > -t O > - I m ro VI Z > m ro •< • z r— O O • z O O H H < •n > H o > TJ -< n o H ro TO a m o •o o TO X o » o z n in a a 
m > m -< X z "D 9 > X Z o z O •n C/l O > > O J O cn -c C/l r- c m o H m < > •o o CO z r l/i > O > C/l 3D z J> > z m o o o c ui z TJ </l 

o o 
8° 
01 
CJ 

o o 
b b u 
0) 

o o o 
b o b 
M U 
U l O 
X . - J 

o o o 
b b -

o o o 
b b 

U l IO & O 
i t 

o o o 
- b o 
fO — — 

U l O 
o o o 
0 o o 
01 — (0 
u to cn 
u 10 o i 

o o o 
— u on 
- J 01 M O U K) o o o o o 

- b b b -

o o o 
b o b 

o o o 
b o b 

o o o o 
b b b b 

o o o o o o o o o o 
b o b b b b b b b b 

o o o o o o o o o o 
b o b b b b b b b b 

o o o 
b o b 

CO 10 

o o o o 
b i 

o o o 
o o b 

-* . - J co ^i & 
O I O D 

o o o o 
b b b b 

8 o o 
I O po 

I O J . 01 

o o o o o o o 
b b b b b b b 

o o o 
b o b 

o o o o o o o 
b b b b b b b 

ID is 
o o o 
o b b 8 o o -

01 01 U 01 

ai M co -i O O 
bb 

OOO oo o o o o 
o - -u O A oi at 
CJ (0 U l 

o o 
M I O 
- I - 4 
(0 (0 

o o o o 
- 4 O 09 
03 O 

o o o o o o o o o o o 
o o 
U l X* O —J 
K) O 

o o -
Xk Xk 00 
— 03 01 

o o 
IO u 

0 o 
01 O l 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

01 o i u — ** 
O to CO 

o o o 

o o o o o o o 
b b b b b b b 

I O ft I O 

o 
U l CO 

o o o o o o o 
O O (J CJ 

O I O I 
01 O I 
cn GO 

OOOOO 

CS U Xk Q 01 

i o o> o cn o i 

o o o o o 
b o b b b 

o o 
u u 
I O I O u u 
o o 
b b 

o o o o 
b o o b 

o o o 
b o b 

O Ouu 
O I O I 
O I CJI 
0 0 0 0 

o o o o 
b b o b 

o o o 
Xk Xk 
Xk Xk 
O I O I 

o o o 
b o b 

o o o o u Xk o 
CJI u CO 
Xk O I D 

OOO 
Xk Xk u u 
- J - J 

OOOO u u 
Ol O 
Xk - J . 

OOOO 
b o o o 

o o o 
CJ CO — 
CO CJ 01 
o o o 

o o o 
b o b 

CJ — — 
oo - -
Ol 

o o o o 
°8°8 

o o o 
b o b 

o o o o 
b b o b 

o o 
b b 8 8 o 

U l CD - J 

o o 
b b 

o o o o 
SSjbb 

o o o 
b o b 

o o o o 
b b o b 

o o o 
• O - J 
U l U l 

o o o 
b -

o o o o 
b b o b 

o o o 
°88 

o o o o 
b b b b 

o o o 
°88 

O O 
b b 

o o o 
o b o 

U U Oi 

OOOO 
b b o b 

•V) 
o o o 

(0 CD 

o o o o 
b b o b 

o o o 
b -

C J u 
03 03 
CD CO 

o o o o o o o 
b b b b b b b 

o o 
b b 

o o o 
b o b o o 

03 03 

OOOO 
OQOQ 8 ao to 

A Ol O 
(0 U M 

OOOO 
b b o b Ouu 

Ul Ul 
- J - J 
<n cn 

OOOOOOO 
o b b b b b b 

OOOOO OO OOOO OOO OOOO OOO OOOOOOO 
O o o o -
U — U M O 
u & >j & a 
- J i n — o u 

o o o o o o — — u O Q u ao CD co — o O 
O O O M 00 

§ o o 
u u 

A M 0 1 

§ o o -
<% (0 u 
cn ro 03 

mom -o o o o o o o o o o o 
b b o b 

o o o o o o o 
— M CJ oo co — o -« O 
CJ & (£> QD CO CD CJ M 

o o o o o o o o o o 
8 b b b b b b b b b f o — - C O O u OOOOO 

C J C J K 3 C J cn 
03 — Q <0 
U M O 91 ID 

> o o 
_ ^ J 01 OI 

C J K J O cn — -j a> & o> at to A oi co 
O -» A to 
- » 0 J O 0 > 
10 CD O 01 

S8E 



-4 C n o o O < < x 30 I 
H o > > CO 30 -< r~ 
j> O O < 2 < z z > < TJ o 
r - -4 o i/i a 

O H C 

AN 
OB o 

OP 

UN 

ci 

so 

UN 

TO TO 
o < - o z o > > 3D X X o t - X o o TJ n TJ X W o > a n TJ o CO o z > m -< o -< > — I X o < X o n o Z T~ x X 

r* m O J * -4 a TO —i m X > r* Z 3D •< m TJ - c C m o X a r - -< c z o m *D X > Z CO 3D r- o -< Z -4 H o 
m 

Z < m J> -4 
X H -4 30 I to -4 m a CO in j> —4 o > o 

m 
m in CO O X J> 

m m -< a X r a X :o a X O O -t H O •< 
"n TO > H o r - "O a < n o —4 m 30 -< o 

m a TJ a > X z o > O z w (/) O W o 
m > TJ m - c > z TJ 3D > > X o -4 X O FILA

M
I 

SI
S O 

> 

ATOM 

CEAE 

in in > 

YPTOPI 

US 

ESM
US 

IS 
I0NAS 

o 
o o o o o 

i n u at 
at o CD 
u t s o 

o o 
b b 

o o o o 
b b o b 

o o o 
b o b 

o o 
88 o o o o 

-* to u 
CJ — 4k 

- o -o o o o o o 

o o o o 
b b o b 

o o o 
b o b 

o o — 
oo at 
ao at 
4k 4k 

O O O O 
b - b -

o o o 
b o b 

o o o o o o o 
b g o b b b -

o o o 
b o g 

o o o o o o o 
b o b b b b b 

o o o -
4k I O 4k — 
— oo 4k cn 
co cn cn o 

O O O O 
cn to - a 
4k IO ~-J 

O O O O 
b b o b 
— 4k CTI 

O O O O 
to to — cn 
I O M 4k u 
•o -* -» CD 

O O O O 
to u cn 

4k o 4k 

o u i cn 

o o o o 
> b 

o o o o 
— I O — 4k 
4k -k - J 
CO 03 -* 03 

O O O O 
g o b b 

o o o o 
b b o b 

o o 
to to 
u i cn 
O O 

o o 
b b 

o o o o 
b b o b 

o o o 
b o b 

o o o o 
to to cn _k 
4k - j to o O 
4k CO U O O 
o o o o o o 

o o o o 
b b o b 

o o o 
b o b 

o cn — 00 
03 — o 
CJ 00 to 

4k cn o 
o o o o 
O cn o cn 

O O O 
b o b 

o o o o o o o 
o o b b b o o 

o o o o 
b b o b 

o o o 
b o b 

o o o o 
b b b b 

o o o 
b o b 

O c j o c j 
— 4k cn 
4k CD CJ 
03 — CO 

o o o o 
b - b -

o o o 
U CJ 
- J - J 

o o 
o o o 
b o b 

o o 
b b 

o o o o o 
b b b b b 

o o 
b b 

o o o o o 
b b o b b 

88 
o o o o o o 

b o o b 
o o o 
b o b 

o o 
o o o o 

o o o 
t j to 
4k 4k 

o o 
b b 

o o o o o 
b o - b -

o o 
b b 

o o o o 
b b o b 

o o o 
b o b 

o o to u 
co at ^ i 
4k 4k OO 
O - J - J 

o o o o 
b b b b 

o o o 
g o b 

o o 
b b 

o o o o o 
o o - o -

o o o 
b o b 

o o 
b b 

o o o o o 
o o - o -
- k I O 4k 
cn u i - . 

o o O O O O 
O o c 
M - k <_ _ _ 
- J c j ao o u i cn 
CO CJ CO — CD CO 

o o o o o o 

o o o 

°88 
at -k co 

o o o o 
b b o b 

o o o o 
to ^1 CO 
to 4k cn 
t j CJ 

OOO 
b o b 

o o 
o g 

o o o o o 
OOuOu 

o o o 
b o b 

o o 
to to 
CJ CJ 
cn u i 

o o o o 
b b b b 

o o o 
b o b 

o o o -
to 00 — 
CJ CO to 
I O O M 

O O O O 

O O - J . * J 

o o o 
b g b 

o o 
b b 

o o o o o 
o o c j o C J 

o o o 
b o b 

o o o o o o o 
O O O O 00 O 00 

o o 
K3 I O 

o o 

o o o o 
b b o b 

o o o 
b o b 

k j - j 

o o o o 
b b o b 

o o o 
b o b 

o o 
o o o o o o o 
o o o o oo o co 
C J O 00 tO 
u i cn - k t j 
4k O O 4k 

OOOO OOO OOOOOOO 
o o g o 
to C J o at 
CO O 01 01 4k 4k 

* - i u i u i at w to — < 

O O O O o o 

8 — — to g O O Q Q Q Q M O U 

- 0 - k CD O — — O O O g c J Q 4 k 
_ CJ CD 01 - J - k Q - k l O - k C J O t O O - k 

• co — to o c j 4 k 0 4 k c o i o u a t o c n c n o o o o o o o o o o o 
§888 8§8 8'' 
U U ^ ^ 03 U 03 

OOOOOOO 
b < o o o o g g 

- J — C J C J CD CD 
O 6 O A - J - J 

, M O cn 
^ 6 to w 
«. CO - J 

822 
•o — — 
& 03 O 

i 6 5 o 6 -
. CD — CO - CJ 
• Ol CO — IO 03 

98£ 



H c o o o n o 
O z < •< X J0 x -i z *n n o x o > > OD 30 -< > o C o < z < z Z > < TJ o r~ H tn O i n O > o o C o C cn C H 

O - 4 « z 03 •< TJ z Z O z o o < "Tl o z o > > 30 Z X f - a o TJ O TJ cn O > O O TJ 
O o o 03 o z > m •< o r o X X o -< X O O Z r - X I 
r~ m o > - 4 o TJ 30 -1 m > m z 30 m TJ < m o x O r— < 
C Z z m "0 X •~> » Z 30 Z o < -i Z Z -< fT» > Z - t H: 30 X cn H H 03 cn H O > m i / i i / i O z > m •< o Z O O Z O H H O < 

t i 30 > H o TJ < O a m M n < a 
m a TJ O X O a > O z cn cn o cn o *» TJ m -< X z TJ XJ > Z O -t z o - n t/i o > o 30 cn -< cn C m M o 

•H m •< > TJ cn cn cn z r - cn > o > cn - 4 Z > > z m o O c cn z TJ TJ cn 
cn 

m X X 
cn 

Z •< < 
H H 
I/) m m 

O O O O O O O O O O O O O O O O O O o o o o o o o o o 
o o o o g o o o o o o o o o o o o o o o o o o 
K 3 9 1 tf)tfl(fl O O O O M M 
cs to — at ai u u M M M M 

0 O O O O O O O O O O O O O O O O O O O O O O O O O O 
CO O O O O O Q Q O O O O O O O -* — M O O O O O O O O O 
01 cn w — to o O i o x . (5 O 
Ol O O CO CO CO u CD U CD 09 
& 10 0? 0 3 U — — A 01 M 0) CD 
0 O O O O O O O O O O O O O O O O O O O O O O O O O O 01 O O O O O Q Q o o o o o o b * O Oi O O O O O O O O O -J -» »u -» u i O O -» co O _». _ 
en — - J a u u to co co U K > 
0) O to -o. O - J -»i O O O O O 
0 O O O O O O O O O O O O O O O O O O O O O O O O O O 
en o o o o o Q Q o o o o o o b o i o o i b o o o o o o o o 
0 1 — U i * 0 ) O O M M O O M C J 
Ol — M & 03 ^ 4 U l (J1 *** « J M CO 

- » C J - J u i cn co co _» - j Q cn 

o o o o o o o o o o o o o o o o o o o o o o o o o o o co o o b o o Q Q o o o o o o o — o — o o o b b o b b b •i* cn k> co o o - J O O O o at cn 
• U U O 4** 4?* ^ -» CP at M to 
to to - 4 cn & ft ~j -«j -*• -«J cn to cn 
o o o o o o o o o o o o o o o o o o o o o o o o o o o 
cn O O O O — Q Q O O O O O O Q CO O to o o o o b o — o — 
U & U u O O o - - J - - J - * PO C J 
co O a> tn u J*. i» cn o cn c o o i c o 
• J M * U 9 l O - J M CO — 

O O O O O O O O O O O O O O O O O O o o o o o o o o o 
M o o b g o g g g°°3 0 0 o o o o §8° b o b — b — 
— M 01 M - » M M ^ —• CO — CO — to o m o t 

>i - d i f c u u ai cn u i M ^ i M c n c o c o c o 
o o o o o o o o o o o o o o o o o o o o o o o o o o o 
u i o o o o o o o o o o o o o o o o o o b o o o o u b u 
U 1 M U 1 M C 0 - * - * Ik Ik CO OD - » _ » 
03 o — M CO 0*1 01 m 01 >l < J Ik 
cn tk — PO - J to to C J C J o O coo*) 
o o o o o o o o o o o o o o o o o o o o o o o o o o o S 88228 88 °°88 0 0 °8°8 °88 b o oK8S M U 1 0 — - 0 - — toco — — m e n cn cn u u 
- J U & O - 0 , U I O I U U Ol Ol - J - J s J M I O 
o o o o o o o o o o o o o o o o o o o o o o o o o o o 
cn O O O O O Q Q O Q O Q Q Q O u O u O O O O O O — O — O i» w co O O O Q O O M M o Co to -u --J —• C J c j O O — — m e n en oo ui 
O U — 4 > 0 0 M M 4 > & Ul Ul C O C D C n 

— o o o o o o o o o o o o o o o o o o o o o o o — o — 
B 8°2°8 88 8°88 0 0 bS°2 °88 0 0 0 3 ° : 
PO CD 0D Cn - J - 4 C J — Ik U U 0 0 0 9 M M 
0 0 PO PO Ik Ik Ik PO d l 0 3 M M Ik Ik - J 

— o o o o o o o o o o o o o o o o o o o o o o o — o — 
O O O O O O O Q Q O Q O O Q O O O O O O O O O U i O i n 

M O C0 — 01 — -* © Q O O U U M M t O C D 
(£> CD CD Ik -» C J C J Ik O Ik C J O *k _ It, Xk 
Ik O C J C D - * - 4 -»J Ik_ U l — C D O C O C O — — 

z 
o 
o 

o o o o o o o o o o o o o o o o o o o o o o o o o o 
28823 88 8888 88 8-Sg 882 888-8S 

N * ^ ^ 9.X. 9 X 0 0 O cn u Q > I U I U O co O cn M ro O » OB —— OD o M o —— OD cn ro en uimo uocn&ou 
o o o o o o o o o o o o o o o o o o o o o o o o o o 
°2°2S 88 8888 \ 
CO < 

0 ) 0 ) U l — 0*1 09 
§ Q Q — O — O Q O Q Q Q t n o u i 

Q O CD A (0 M O M O O O O O O 
O — A u — tn cn ik --. ik M to cn cn 

Ik Ik tOUIU-J O CO CJ U > J O 0 I U & 



- 1 c o o o m CJ _^ 
a z < -< I 33 C X > CO H Z n n x 1> 03 33 < a f— X - J 
> o o < z -< z z > •< TJ r- o o to 
r* - 4 O t f l O > a a c o C cn C H C m 33 z 1 

o -t * z CO < •o z Z O Z O z Z a 5 o < a z o > > 33 X r* z O r> TJ n TJ o cn a > Gi o •o z -< o o CD n z > •< o > o > I X a -< I o TJ o a Z r~ X X r-
r- m a > - 4 a T3 —4 m 00 > m f- Z 33 < m TJ < m X m o a -< o C Z o m "0 X > Z m x> Z r o < Z -i Z -< Z -c m > —4 z Z H 30 I -t t— - 4 o 00 in > -4 O > H m cn cn O z > o o 
m m < O r— a z 3D O z > O -4 —4 o •< > m •n 33 > - 4 > •o a < o o m 33 < o - 4 33 m a o 33 I O z a > r> z m cn cn O cn o m 

m > •o -< I > z 33 > C Z O H z CO 01 O T l Vt > > o 30 cn cn < cn o 5 m o a O 
- 1 m •< > TJ f- cn cn cn z . 30 r— t/i o > cn -4 m z > < 

> z m O a Z c cn Z TJ TJ o in 1 

O O O O O O 
O O O O -* (Jl *j 
U — ro - J , u C J to in 

O O O O 
8 b o b 

M U 
- J C J O 

O O O O 
O O O O 
- C J ft O Oi -J 

C J C J 

o o 

88 

o o 
b b 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o o o o 
b b b b b 

o o o o o 

o o o o 
— A Ul Ul U CO 
en co Ul 

CO N ) O — cn o co cn 91 01 CD O 
o o o o 
b b b b 

o o 
b b 

o o 
b b 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o — Ul - J 
CO to - I ui u CO 

o o o o o 
O O Ul O Ul 

I O M 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o o 
b o b 

o o o o o 
o o CO o CO 

CO CO 
A . A 

o o 
o o o o o 

o o o 
b o b 

o o o 

8 8 ° 
— co o CD dl Ul 
o o o 
b o b 

o o o 
b o b 

o o 
b b 

o o 
b b 

o o o o o o 
b b 6 b b b 

o o 
b b 

o o 
b b 

o o o o o o 
b b b b b b 

o o o o o o 
b b b b b b 

o o 
o b 

o o o o 
b b b b 

8 0 U O U 
CO A CD 

w cn -o cn 
Ul - O — CO 

o o o o o 
b b b b b CO 

o o o 
b o b 

o o o 
b o b 

o o 
b b 

o o 
b b 

o o 
o b 

o o o o 
b o o b 

o o o o 
W - * A 
— CO o 
•o co cn 

O O 
b b 

o o 
o o 
b b 

o o o 
b o b 

o o o 
b o b o o o o 

A CO —I — — 
C J co cn to io 
A I O d l - O - O 

o o o o o o o o o 

o o o 
o b b 

o o o 
b o b 

o 
o o o o o 
b b - b 

o C J A 

o o o 
b o b 

o o 
b b 

o o c 
b b < 

o o o o o o 

8 o o o 
— — CO 

- J A A d l 
C J CD — C J 

O O O O 
i b 

o o o 
b o b 

o o o o o 
O O 10 O lo -o 

CO CO 

o o 
o o o o o 

o o o 
b o b 

o o o 
b o b 

o o 
b b 

o o 
b b 

o o 
b b 

• o o o -) cn — cs 
I I O A Ul 
1 CD M CO 

o o o o 
b o o -

o o 
b b 

o o c — io c_ — — dl CO co co A cn 

o o o o M u o n 
CO Ul CD CO Ul A dl Ul 

O O O O 
— A Ul O - -

o o 

88 
CD CD 

O O 

88 
CD CD CO CO 
O O 
b b 

o o o 
b o b 

o o o 

8 ° 8 

o o o 
b o b 

o o o 

8 ° 8 
ro ro 
O O O 
b o b 

— tn — co co oi ro - 4 

O O O O O 
b o b b b 

o o o 
b o b 

o o 
b b 

6 co co 
co in C J 

ft C J - 4 

O O o - -
C J — ft 
O CD (0 
to oi tn 

O O O O O 
b b b b b 

o o o 
o b b 

o o o 
b o b 

o o 
b b 

o o 
b b 

o o 
b b 

C J 0) 
o 

o o 
bo 

o o o o 
O ro O ro ro & cn — 

cn C J 

O O O O 

8 ro O u 
CO ( O 

C J C J 

> ro cn 
O O O O 
o ft b ft 

• cn t 

o o 
b b 

o o o o 
O ft Q ft 

O O O O o o o o o o o o o o oo o o o o o o 
) 8 o S " 888 88 8 — 8ft8a> 

u o t c n c n o w ft -* — o co o O ft ft ft ro ro ot cs co cn C J C J C J in cn ft ft C J 

oo o o o o o o o o o o o o o o o o o o o o o o 
8 0 ro - ro QQQ QQ b b b - Q -

— i n - J t O O O O O O O l d O - J O C O —• O ft O ro — 0") - J ft ft -* o M cn O ro cn —. cn ro as O O ft ft ro - J in co -* oa 

O O O O O O ro u o cn — — ro - A ft co ro ro cn ft ro u a) Oi 

O O O O 
' > b o o c 

ro — ( 
ro ro in C J ft ft 
-o ro oi o> M ro 

§ Q Q O O O 

g o O tn tn O O - J C J in 
ft -A ft -A U l ft 

8 8 e 



1979-CYLINDER 7AF : PHYTOPLANKTON VOLUMES BY TAXA (MG/L WET WEIGHT) 

TAXONOMIC CATEGORY SAMPLING DATE > 

JULY 16 JULY26 AUG. 1 AUG. 9 AUG. 16 AUG.23 AUG.30 SEPT 6 SEPT 13 SEPT20 SEPT27 OCT. 5 MEAN STO.DEV. 

CHLOROPHYTA 0 . 0 0 .0179 0 . 0 2 3 0 0 .0088 0 .0061 0 .0875 0 .0273 0 .0222 0 .0123 0 .0256 0 . 0 0 .0107 0 .0201 0 .0232 
CHLAMYDOMONAS 0 . 0 0 . 0 0 .0037 0 . 0 0 . 0 0 .0253 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 0 .0024 0 .0073 
GLOEOCYSTIS 0 . 0 0 . 0 0 . 0 0 0 0 .0 0 .0315 0 . 0 0 . 0 0 .O 0 . 0 0 . 0 0 .0 0 .0026 0 .0091 
ANKISTROOESMUS 0 . 0 0 0O47 0 . 0 0 .0 0 . 0 0 .0026 0 .0103 0 . 0 0 . 0 0 .0045 0 .0 0 .0107 0 .0027 0 . 0040 
OOCYSTIS 0 . 0 0 .0132 0 .0132 0 0088 0 . 0 0 .0066 0 .0088 0 .0099 0 . 0 0 . 0 0 . 0 0 .0 0 .0050 0 .0056 
SCENEOESMUS 0 . 0 0 . 0 0 .0061 0 .0 0 .0061 0 .0215 0 .0082 0 .0123 0 .0123 0 . 0 0 .0 0 .0 0 .0055 0 0O70 

UNIDENT. CHLOROPHYTE 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 .0 0 . 0 0 . 0 0 .021 1 0 .0 0 .0 0 .0018 0 .0061 

EUGLENOPHYTA 0 . 0 0 . 0 0 . 0 0 .0 0 .0 0 .0142 0 . 0 0 . 0 0 . 0 0 .0 0 .0 0 0 0 .0012 0 .0041 
UNIDENT. EUGLENOID 0 . 0 0 . 0 0 . 0 0 .0 0 .0 0 .0142 0 .0 0 . 0 0 . 0 0 .0 0. .0 0 0 0 .0012 0 .0041 

CRYPTOPHYTA 0 .0165 0 0 0 . 0 0 0 0 .0 0 .0 0 .0 0 . 0 0 .0428 0 .3781 0 .2332 0 .2595 0 .0777 0 . . 1330 
CYPTOMONAS 0 . .0185 0 . 0 0 . 0 0 0 0 .0 0 .0 0 .0 0 .0 0 .0428 0 .3781 0 . .2332 0 2595 0 .0777 0 . . 1330 

CHRYSOPHYTA O. 0 0 1853 2 . 1962 0 5720 2 9394 0 9359 1 .0675 1 .4233 0 . 1779 0 .0093 0 .0 0 0 0 .7922 0 . .9708 
CHRYSOCAPSA 0 0 0 0 1 7792 0 3558 2 8467 0 8896 1 0675 1 4233 0 . 1779 0 0 0 0 0 . 0 0. 7117 0 . 9198 
DINOBRYON 0 . 0 0 1853 0 .4 170 0 2162 0 0927 0 0463 0 .0 0 .0 0 0 0 .0 0. .0 0 0 0 0798 0 1312 

UNIDENT. CHRYSOPHYTE 0 . 0 0 0 0 . 0 0 . 0 0 0 0 0 0 0 0 0 0 0 0 .0093 0 . 0 0 . 0 0 0008 0 . 0027 

BACILLARIOPHYCEAE 0 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0O15 0 .0 0 0 0 0 0 3707 0 0310 0 . 1070 
TABELLARIA 0 . 0 0 . 0 0 0 0 . 0 0 0 0 . .0 0 0 0 .0 0. .0 0 0 0 . 0 0 . 3707 0. 0309 0 . 1070 

UNIDENT. DIATOM 0 . 0 0 . 0 0 0 0 . 0 0 . 0 0 . 0 0 . 0 0 0O15 0 0 0 0 o! 0 0 . 0 0. .0001 0 . 0004 

CYANOPHYTA 0 . 0118 0 0 0 .0004 0 . 0003 0 . 0798 0 . 0542 0 . 0928 0 0156 0 0020 0 . 0042 0 . 0059 0 . 0039 0 . 0226 0 . 0334 
MERISMOPEDIA 0 . 0 0 . 0 0 0 0 . 0 0 . 0031 0 . 0079 0 . 0 0 . 0 0 0 0 . 0 0 . 0 0 . 0 0 . 0009 0 . 0024 
RAPHIDIOPSIS 0 . 0118 0 . 0 0 0OO4 0 . 0003 0 . 0004 0 . 001 1 0 0052 0 0010 0 0020 0 0042 0 . 0059 0 . 0039 0 . 0030 0 . 0035 

CYANOPHYTE FI LAMENTS 0 . 0 0 . 0 0 0 0 . 0 0 . 0763 0 . 0452 0 0876 0 0146 0 . .0 0 . 0 0 . 0 0 . 0 0. 0186 0 . 0324 

CYANOBACTERIA 0 . 0197 0 . 0239 0 . 0161 0 . 0196 0 . 0396 0 . 0125 0 . 0264 0 0223 0 . 0121 0 . 0161 0 . 0176 0 . 0069 0 . 0194 0 . 0084 
CYANOBACTERIA 0 . 0197 0 . 0239 0 . 0161 0 . 0196 0 . 0396 0 . 0125 0 . 0264 0 . 0223 0 . 0121 0 . 0161 0 . 0176 0 . 0069 0 . 0194 0 . 0084 

UNKNOWN 0 . 1 157 0 . 1 130 0 . 0434 0 . 2172 0 . 1841 0 . 0523 0 . 1528 0 . 2641 0 . 1046 0 . 0968 0 . 0957 0 . 1397 0 . 1316 0 . 0647 
CYST 0 . 0192 0 . 0 0 . 0 0 . 0792 0 . 1404 0 . 0193 0 . 0 0 . 0O66 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0221 0 . 04 36 
COCCOID 0 . 0316 0 . 0 7 1 0 0 . 0215 0 . 1247 0 . 0383 0 . 0192 0 . 0350 0 . 034 2 0 . 0529 0 . 0488 0 . 0815 0 . 1071 0 . 0555 0 . 0339 
FUSIFORM 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0049 0 . 0033 0 . 0568 0 . 0023 0 . 0 0 . 0 0 . 0 0 . 0056 0 . 0162 
NOT IDENTIFIED 0 . 0649 0 . 0 4 2 0 0 . 0219 0 . 0133 0 . 0054 0 . 0089 0 . 1 145 0 . 1665 0 . 0494 0 . 0480 0 . 0142 0 . 0326 0 . 0485 0 . 0480 

TOTAL VOLUME 0 . 1657 0 . 3403 2 . 2792 0 . 8178 3 . 2492 1. 1564 1. 3669 1. 7491 0 . 3517 0 . 5301 0 . 3525 0 . 7914 1. 0959 0 . 9329 

00 
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APPENDIX G: METHODS OF ESTIMATING DAPHNIA MORTALITY RATES (1980) 

D a p h n i a m o r t a l i t y r a t e s were e s t i m a t e d u s i n g b o t h t h r e e -

s t a g e and t w o - s t a g e m o d e l s . The t h r e e - s t a g e model i s an 

u n p u b l i s h e d computer p r o g r a m w r i t t e n by E . G u i n d o n , b a s e d on t h e 

methods o f A r g e n t i s i e t a l . (1974) and S e i t z ( 1 9 7 9 ) . In t h e 

p r o g r a m , t h e p o p u l a t i o n i s r e p r e s e n t e d by t h r e e s t a g e s : e g g s , 

j u v e n i l e s , and a d u l t s , e a c h w i t h i t s own r a t e s o f r e c r u i t m e n t 

and m o r t a l i t y . The p o p u l a t i o n demography i s d e s c r i b e d by t h e 

f o l l o w i n g s y s t e m o f d i f f e r e n t i a l e q u a t i o n s ( A r g e n t i s i e t a l . 

1974): 

d E / d t = R 0 - R i - (me) E (G1 ) 

d J / d t = R, - R 2 - (mj) J (G2) 

dA/dt = R 2 - (ma) A (G3) 

where R 0 = t h e f e c u n d i t y r a t e (# eggs p r o d u c e d ) ; 

R, = t h e b i r t h r a t e (# eggs h a t c h e d ) ; 

R 2 = t h e m a t u r a t i o n r a t e (# j u v e n i l e s m a t u r e d ) ; and 

me, mj, ma = t h e m o r t a l i t y r a t e o f e g g s , j u v e n i l e s and 

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

E, J , A = t h e numbers of e g g s , j u v e n i l e s and a d u l t s . 

The above d i f f e r e n t i a l e q u a t i o n s a r e s o l v e d a s d i f f e r e n c e 

e q u a t i o n s , u s i n g t h e c o l l o c a t i o n method on smoothed d a t a ( t h r e e 

d a t e r u n n i n g a v e r a g e s ) . E a c h f i e l d s a m p l i n g i n t e r v a l i s 

d i v i d e d i n t o s u b i n t e r v a l s o f d u r a t i o n 0.1 d a y . The d e n s i t i e s 

o f e g g s , j u v e n i l e s and a d u l t s a r e i n t e r p o l a t e d e x p o n e n t i a l l y f o r 

e a c h s u b i n t e r v a l , and p a r a m e t e r v a l u e s computed so a s t o s a t i s f y 

t h e d i f f e r e n c e e q u a t i o n s . The mean v a l u e s o f p a r a m e t e r s o v e r 
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a l l s u b i n t e r v a l s a r e c o n s i d e r e d as p a r a m e t e r e s t i m a t e s f o r t h e 

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

t h a t : 

1) egg m o r t a l i t y r a t e s e q u a l a d u l t m o r t a l i t y r a t e s ; 

2) egg d e v e l o p m e n t t i m e s d e c r e a s e e x p o n e n t i a l l y w i t h 

t e m p e r a t u r e , a c c o r d i n g t o t h e d a t a o f H a l l (1964) f o r 

D a p h n i a g a l e a t a , b u t a r e u n a f f e c t e d by pH; 

3) j u v e n i l e d e v e l o p m e n t t i m e s d e c r e a s e e x p o n e n t i a l l y 

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

N e i l l (1981) and G u i n d o n ( u n p u b l i s h e d d a t a ) , b u t a r e 

a l s o u n a f f e c t e d by pH; and 

4) t h e f r a c t i o n o f eggs h a t c h i n g p e r day, and t h e 

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

by t h e i n t r i n s i c g r o w t h r a t e s o f o t h e r c ompartments 

( e . g . t h e f r a c t i o n o f eggs h a t c h i n g d e pends on t h e 

i n t r i n s i c g r o w t h r a t e of a d u l t s . ) 

The t w o - s t a g e m odel, b a s e d on P a l o h e i m o ( 1 9 7 4 ) , c o n s i d e r s 

o n l y eggs and " a n i m a l s " ( i . e . i t do e s n o t d i f f e r e n t i a t e between 

a d u l t s and j u v e n i l e s ) . The a n i m a l s ' m o r t a l i t y r a t e i s 

c a l c u l a t e d a s t h e d i f f e r e n c e between t h e i n s t a n t a n e o u s b i r t h 

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

i n s t a n t a n e o u s b i r t h r a t e ( o r egg h a t c h i n g r a t e ) i s g i v e n by: 

b = l n [ ( E / N ) + 1]/D (G4) 

where: 

b = i n s t a n t a n e o u s b i r t h r a t e ; 

E = t h e t o t a l number o f e g g s ; 

N = t h e t o t a l number o f a n i m a l s ( j u v e n i l e s p l u s a d u l t s ) ; 
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D = the egg development t i m e . 

The i n t r i n s i c r a t e of p o p u l a t i o n i n c r e a s e , r , i s computed from 

two s e q u e n t i a l samples , a c c o r d i n g t o : 

r = (In N 2 - In N , ) / ( t 2 - t , ) (G5) 

where: N 2 = the t o t a l number of a n i m a l s counted at t ime t 2 ; and 

N , = the t o t a l number of a n i m a l s counted at t ime t , . 
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APPENDIX H: S ENSITIVITY ANALYSIS OF THREE STAGE MODEL FOR 

ESTIMATING DAPHNIA MORTALITY RATES (1980) 

The t h r e e s t a g e model f r e q u e n t l y e s t i m a t e d n e g a t i v e 

m o r t a l i t y r a t e s f o r j u v e n i l e D a p h n i a r o s e a . T h i s i n d i c a t e s 

e i t h e r e r r o n e o u s a s s u m p t i o n s i n c o m p u t a t i o n o r e r r o r s i n 

s a m p l i n g and e n u m e r a t i o n . In s i m u l a t i o n t e s t s t o e s t i m a t e 

known p a r a m e t e r v a l u e s , S e i t z (1979) f o u n d t h a t h i s t h r e e - s t a g e 

model o v e r e s t i m a t e d h a t c h i n g r a t e s by 104.4% and m a t u r a t i o n 

r a t e s by 185%. S e i t z a t t r i b u t e d t h e s e e r r o r s t o t h e d e v i a t i o n 

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

i n d u c e d by u s i n g t h e i n t r i n s i c r a t e s of g r o w t h o f b o t h j u v e n i l e s 

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

In h i s s i m u l a t i o n t e s t s , S e i t z u s e d " t r u e " v a l u e s f o r 

d e v e l o p m e n t a l r a t e s , and assumed z e r o s a m p l i n g e r r o r . To 

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

r a t e s a n d / o r s a m p l i n g , I r e r a n t h e t h r e e - s t a g e model f o r 

c y l i n d e r 3L a s s u m i n g : 

1) an 8°C d e c r e a s e i n t h e t e m p e r a t u r e a t w h i c h j u v e n i l e s 

d e v e l o p e d (so a s t o g r e a t l y i n c r e a s e j u v e n i l e 

d e v e l o p m e n t a l t i m e ) ; 

2) an 8°C i n c r e a s e i n t h e t e m p e r a t u r e a t w h i c h eggs 

d e v e l o p e d ( t o i n c r e a s e r a t e o f egg h a t c h i n g ) ; and 

3) a 50% i n c r e a s e i n egg d e n s i t y . 

4-7) a l l c o m b i n a t i o n s o f c o n d i t i o n s 1 ) , 2 ) , and 3 ) . 

T a b l e H1 shows t h a t e s t i m a t e d j u v e n i l e m o r t a l i t y r a t e s were 

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

were a p p l i e d i n c o m b i n a t i o n . I t seems h i g h l y u n l i k e l y t h a t 
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Table HI.. Sensitivity analysis of estimated mortality rates of juvenile 
Daphnia rosea in cylinder 3L. Tj = temperature of juveniles; 
Te = temperature of eggs; E = egg density. 

JUVENILE MORTALITY RATES (estimated) 
Sampling Assumed Conditions 
Interval Tj Tj-8 Tj-8 Tj-8 Tj-8 

Te Te+8 Te+8 Te+8 Te+8 
E E*1.5 E*1.5 E*1.5 E*1.5 

May 13-16 -0. 094 -0. .063 -0. 077 -0. 072 -0. 033 -0. 041 -0. 026 0. 004 
May 16-18 -0. 065 -0. ,022 -0. 054 -0. 051 -0. 003 -0. 009 -0. 022 0. 021 
May 18-21 -0. 030 0. ,007 -0. 022 -0. 020 0. 021 0. 017 0. ,001 0. 038 
May 21-23 -0. 047 -0. ,014 -0. 039 -0. 040 -0. 001 -0. 007 -0. 021 0. 012 
May 23-26 -0. 035 -0. ,005 -0. 029 -0. 029 0. 007 0. 001 -0. 012 0. 019 
May 26-29 -0. 058 -0. ,018 -0. 052 -0. 054 -0. 006 -0. 014 -0. ,037 0. 004 
Ha.y 2 9~ -0.039 0.002 -0.029 -0.033 0.020 0.007 -0.007 0.034 dune 5 
June 5-12 -0.026 0.015 -0.005 -0.015 0.052 0.026 0.041 0.083 
June 12-19 0.056 0.099 0.131 0.107 0.230 0.150 0.304 0.346 

^uVie 0 , 1 8 8 0 , 2 3 8 0 , 3 5 6 0 , 3 1 0 0 , 5 3 2 0 , 3 6 1 0 , 7 5 2 0 , 8 0 2 

These are the estimated mortality rates shown in Figure 45 for cylinder 
3L. 
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assumed d e v e l o p m e n t a l r a t e s and e s t i m a t e d egg d e n s i t i e s were 

b o t h so f a r i n e r r o r . R a t h e r , I s u s p e c t t h a t more f u n d a m e n t a l 

e r r o r s ( s u c h a s t h o s e d e s c r i b e d by S e i t z ) a r e i n h e r e n t i n t h e 

t h r e e s t a g e m o d e l . 


