
Durham E-Theses

Ecology and physiology of photosynthetic organisms in

highly acid streams

Hargreaves, J. W.

How to cite:

Hargreaves, J. W. (1977) Ecology and physiology of photosynthetic organisms in highly acid streams,
Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/8300/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/8300/
 http://etheses.dur.ac.uk/8300/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


ECOLOGY AND PHYSIOLOGY OF PHOTOSYNTHETIC ORGANISMS 

• I N HIGHLY ACID STREAMS 

By 

J . W. H a r g r e a v e s ( B . S c , M.I. B i o l . ) 

A t h e s i s s u b m i t t e d f o r t h e d e g r e e o f D o c t o r o f P h i l o s o p h y 

i n t h e U n i v e r s i t y o f Durham, E n g l a n d . 

D e p a r t m e n t o f B o t a n y F e b r u a r y , 1977 

The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 



A t h e s i s s u b m i t t e d by J . W. H a r g r e a v e s , B . S c , t o t h e 

U n i v e r s i t y o f Durham, f o r t h e D e g r e e o f D o c t o r o f 

P h i l o s o p h y . D e p a r t m e n t o f B o t a n y , U n i v e r s i t y o f Durham. 



T h i s t h e s i s w h i c h i s e n t i r e l y t h e r e s u l t o f my own w o r k , 

h a s n o t b e e n a c c e p t e d f o r any d e g r e e , a n d i s n o t b e i n g 

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

d e g r e e . 

/ 



CONTENTS 
page 

A b s t r a c t 1 

A c k n o w l e d g m e n t s 3 

L i s t o f T a b l e s and F i g u r e s 5 

1. INTRODUCTION 

1.1 G e n e r a l i n t r o d u c t i o n 9 

1.2 Low pH e n v i r o n m e n t a n d p r o d u c t i o n o f a c i d 

1.21 S o u r c e s o f a c i d i t y 10 

1.22 F o r m a t i o n o f a c i d m i n e d r a i n a g e 12 

1.23 C h e m i c a l r e a c t i o n i n v o l v e d 14 

1.24 R o l e o f b a c t e r i a 16 

1.25 R a t e o f r e a c t i o n 18 

1.26 H y d r o l o g y 2 0 

1.27 A b a t e m e n t o f a c i d m i n e w a t e r s 21 

1.3 P h y s i c a l and c h e m i c a l c h a r a c t e r s o f a c i d m i n e w a t e r 24 

1.31 R e l a t i o n s h i p b e t w e e n w a t e r c h e m i s t r y a n d s p e c i e s ^5 

1.4 E f f e c t s o f a c i d i c w a t e r on t e r r e s t r i a l w i l d l i f e 

1.41 T e r r e s t r i a l w i l d l i f e 26 

1.42 F i s h 27 

1.5 E f f e c t s o f a c i d i c w a t e r on t h e f a u n a 

1.51 B e n t h i c f a u n a 28 

1.52 L a b o r a t o r y s t u d i e s 30 

1.53 Z o o p i a n k t o n 31 

1.6 E f f e c t s o f a c i d i c w a t e r on p h o t o s y n t h e t i c o r g a n i s m s 

1.61 M a c r o p h y t e s 32 

1.62 A l g a e 33 

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

h e a v y m e t a l s 



1.71 Low pH 27 

1.72 H e a v y m e t a l s . a n d low pH 40 

1.73 M e c h a n i s m s i n v o l v e d i n pH t o l e r a n c e 40 

1.8 E f f e c t s o f h i g h l y a c i d i c w a t e r s on b a c t e r i a a n d f u n g i 41 

1.9 A i m s 43 

2. METHODS 

2.1 L o c a t i n g t h e s i t e s 44 

2.2 S a m p l i n g programme 44 

2.3 P h y s i c a l p a r a m e t e r s 51 

2.31 C u r r e n t s p e e d 51 

2.32 T o t a l d i s c h a r g e 51 

2.3 3 pH 52 

2.34 O x y g e n and t e m p e r a t u r e 52 

2.35 C o n d u c t i v i t y 52 

2.36 O p t i c a l d e n s i t y 52 

2.37 Redox p o t e n t i a l 52 

2.4 C h e m i c a l p a r a m e t e r s 

2.41 C o l l e c t i o n o f w a t e r s a m p l e s 52 

2.42 A n a l y s i s o f c a t i o n s 54 

2.43 A n a l y s i s o f a n i o n s 54-

2.5 S a m p l i n g f o r a l g a l a n d moss s p e c i e s 

2.51 D e s i g n a t i o n o f s a m p l i n g a r e a 57 

2.52 H a r v e s t i n g o f a l g a l s a m p l e s 58 

2.53 M i c r o s c o p i c e x a m i n a t i o n o f s a m p l e s 59 

2.6 E s t i m a t i o n o f s t a n d i n g c r o p o f a l g a e a n d moss 60 

p r o t o n e r a a 



2.61 H a r v e s t i n g a n d s t o r a g e o f s a m p l e s ^ 

2.62 E x t r a c t i o n o f c h l o r o p h y l l a_ f r o m f i e l d m a t e r i a l 54 

2.7 C u l t u r e t e c h n i q u e s 

2.71 E q u i p m e n t and e n v i r o n m e n t a l c o n d i t i o n s 59 

2.72 I s o l a t i o n t e c h n i q u e s a n d p r e p a r a t i o n o f m e d i a 70 

2.8 G r o w t h r e s p o n s e e x p e r i m e n t s 

2.81 I n t r o d u c t i o n 73 

2.82 E x p e r i m e n t a l e q u i p m e n t , m e d i a a n d c o n d i t i o n s 73 

2. 83 S i z e o f i n o c u l u m 74 

2.84 pH t o l e r a n c e e x p e r i m e n t s 75 

2.85 H e a v y m e t a l t o l e r a n c e 76 

2.86 H a r v e s t i n g a n d e s t i m a t i o n o f g r o w t h 77 

2.9 C o m p u t i n g and s t a t i s t i c a l a n a l y s i s 80 

3. D I S T R I B U T I O N AND D E S C R I P T I O N OF S I T E S AND STREAM 

COMPLEXES I N ENGLAND 

3.1 D i s t r i b u t i o n o f s i t e s 81 

3.2 G e o l o g y a n d h i s t o r y o f s i t e s 

3.21 S o u r c e s o f a c i d m i n e w a t e r f r o m c o a l m i n e s 84 

3.22 S u b s t r a t a 85 

3.23 H i s t o r y 86 

3.24 S i t e s n o t a s s o c i a t e d w i t h c o a l m i n i n g 87 

3.3 G e o l o g y a n d h i s t o r y o f B r a n d o n P i t h o u s e A c i d S t r e a m 

3.31 L o c a t i o n 88 

3.32 G e o l o g y 88 

3.33 H i s t o r i c a l b a c k g r o u n d a n d s o u r c e o f a c i d w a t e r 91 

3.4 T o p o g r a p h y o f B r a n d o n P i t h o u s e A c i d S t r e a m 

3.41 S t r e a m A, r e a c h e s 1 - 6 95 



3.42 S t r e a m B, r e a c h e s 7 - 7b 97 

3.43 D o w n s t r e a m o f c o n f l u e n c e o f s t r e a m A a n d s t r e a m B 98 

( r e a c h e s 8 - 11) 

3.44 E s h w o o d t o R i v e r D e e r n e s s ( r e a c h e s 12 - 19) 99 

3.5 C h a n g e s i n s t r e a m s o c c u r r i n g d u r i n g s t u d y 101 

3.51 F r e e z i n g o f r e s e r v o i r 101 

3.52 B r o k e n p i p e - c h a n g e s J u l y - November 1974 101 

3.53 November 1974 - M a r c h 1 9 7 5 102 

4. SURVEYS OF WATER AT OR BELOW pH 3.0 I N ENGLAND 

4.1 C h e m i c a l p a r a m e t e r s ' 103 

4.11 pH 103 

4.12 A c i d i t y 103 

4.13 H e a v y m e t a l s 106: 

4.14 F e , A l , Mn 106 

4.15 Na, K, C a , Mg 107 

4.16 O p t i c a l d e n s i t y a n d c o n d u c t i v i t y 107 

4.17. PO -P, NH -N, NO -N 107 4 4 3 
4.18 S i , C I , SO -S 1 ° 8 

4 

4.19 P e r c e n t a g e o x y g e n s a t u r a t i o n 108 

4.2 P h y s i c a l p a r a m e t e r s 

4.21 T e m p e r a t u r e 1^9 

4.22 C u r r e n t s p e e d 1 0 9 

4.3 C o m p a r i s o n o f t h e p h y s i c a l a n d c h e m i c a l d a t a b e t w e e n 110 

t h e two s u r v e y s 

4.4 P h o t o s y n t h e t i c o r g a n i s m s r e c o r d e d a t o r b e l o w pH 3.0 

4.41 S p e c i e s c o m p o s i t i o n 112 

4.42 C o m p a r i s o n o f s p e c i e s c o m p o s i t i o n b e t w e e n s u r v e y s 115 



4.43 C o m p a r i s o n o f h a b i t a t t y p e 

4.44 E s t i m a t i o n o f p e r c e n t a g e c o v e r 

4.45 R e l a t i v e a b u n d a n c e 

4.5 P h y s i c a l a n d c h e m i c a l p a r a m e t e r s t o l e r a t e d by 

i n d i v i d u a l s p e c i e s 

4.51 E f f e c t o f pH a n d a c i d i t y on t h e d i s t r i b u t i o n o f ^24 

s p e c i e s 

4.6 C h e m i s t r y a n d f l o r a o f t h e i n d u s t r i a l e f f l u e n t 

4.61 C h e m i s t r y ^2g 

4.62 F l o r a ^29 

4.7 S t a t i s t i c a l a n a l y s i s o f d a t a ^29 

5. BRANDON PITH O U S E A C I D STREAM 

5.1 W a t e r c h e m i s t r y f o r s o u r c e o f a c i d s t r e a m A ^ 34 

5.11 S t a t i s t i c a l a n a l y s i s I35 

5.2 S a m p l i n g programme 158 

5.3 W a t e r c h e m i s t r y d a t a f o r r e a c h e s 1 t o 1 9 , f r o m O c t o b e r 

1972 - J u l y 1974 

5.31 O v e r a l l t r e n d s i n p h y s i c a l a n d ' c h e m i c a l p a r a m e t e r s 138 

5.32 S t r e a m A, r e a c h 1 - 6 139 

5.33 S t r e a m B, r e a c h 7 a n d 7b 147 

5.34 D o w n s t r e a m c o n f l u e n c e o f s t r e a m s A a n d B, a t r e a c h 8148 

5.35 R e a c h e s 9 - 1 1 1.48 

5.36 E s h w o o d t o R e d b u r n , r e a c h 11 - 16 149 

5.37 R e d b u r n t o R i v e r D e e r n e s s , r e a c h 16 - 19 150 

5.4 W a t e r c h e m i s t r i e s f o r s a m p l e s J u l y - November 1974 

5.41 R e a c h 1 - 6 150 

5.42 R e a c h 8 . 1 5 2 



5.43 R e a c h 9 - 1 9 153 

5.5 W a t e r c h e m i s t r i e s f o r s a m p l e s November 1974 - M a r c h 

1975 

5.51 I n t r o d u c t i o n 155. 

5.52 R e a c h 8 153 

5.53 R e a c h 9 - 19 154 

5.54 S t a t i s t i c a l a n a l y s i s 155 

5.6 D i s t r i b u t i o n o f p h o t o s y n t h e t i c o r g a n i s m s f o r B r a n d o n 

P i t h o u s e A c i d S t r e a m , O c t o b e r 1972 - M a r c h 1975 

5.61 O v e r a l l t r e n d s i n d i s t r i b u t i o n 160 

5.62 S t r e a m A, r e a c h 1 t o 6, O c t o b e r 1972 - M a r c h 1 9 7 5 161 

5.63 S t r e a m B, r e a c h 7 and 7b, O c t o b e r 1972 - M a r c h 1975 162 

5.64 D o w n s t r e a m o f c o n f l u e n c e , r e a c h 8 - 16, O c t o b e r 1972 -

J u l y 1974 163 

5.65 R e a c h 8 - 16, J u l y - November 1974 165 

5.66 R e a c h e s 8 - 16, November 1974 - M a r c h 1975 165 

5.7 O r d i n a t i o n o f s p c i e s a c c o r d i n g t o t o l e r a n c e t o a c i d 167 

m i n e w a t e r 

5.71 G r o u p I 168 

5.72 G r o u p I I 169 

5.73 G r o u p I I I 170 

5.74 G r o u p I V 171 

5.75 S t a t i s t i c a l a n a l y s i s f o r d a t a c o n c e r n i n g number 171 

o f s p e c i e s 

5.8 Maximum s t a n d i n g c r o p o f a l g a e a t s e l e c t e d r e a c h e s down 

B r a n d o n P i t h o u s e A c i d S t r e a m 



5 . 81 Mean v a l i 

5 . 82 Max imum 

5. 83 R e a c h 2 

5. 83 R e a c h 8 

5. 84 R e a c h 10 

5. 85 R e a c h 1 1 

5 . 86 R e a c h 13 

5. 87 R e a c h 14 

5 . 88 R e a c h 16 

5. 89 R e a c h 19 

: t o r aj.1 r e a c h e s o v e r lz month p e r i o d 

m d i n g c r o p s f o r r e a c h 1 175 

175 

179 

180 

180 

181 

181 

, 182 

182 

5.9 S t a t i s t i c a l a n a l y s i s 183 

5/10 S e a s o n a l v a r i a t i o n a nd s u c c e s s i o n o f a l g a l s p e c i e s 185 

EXPERIMENTAL S T U D I E S 

6.1 I n t r o d u c t i o n 189 
6.21 Improvement i n growth r a t e of Eu/:lena m u t a b i l i s 189 

6.2 P r e l i m i n a r y i n v e s t i g a t i o n s 189 

6.22 E f f e c t s o f v a r y i n g s o u r c e s o f a c i d a n d a l k a l i a d d e d 190 

t o t h e m e d i a on H o r m i d i u m r i v u l a r e 

6.23 E f f e c t o f v a r y i n g i n c u b a t i o n t i m e on r e s p o n s e o f 191 

H o r m i d i u m r i v u l a r e t o pH 

6.24 E f f e c t o f v a r y i n g i n o c u l u m s i z e on r e s p o n s e o f 192 

H o r m i d i u m r i v u l a r e t o pH 

6.25 S o u r c e o f i n o c u l u m 194 

6.3 E f f e c t o f pH on t h e g r o w t h o f a c i d s t r e a m a l g a e 

6.31 G r o w t h r e s p o n s e t o pH i n b a s a l m e d i a 194 

6.32 E f f e c t o f t h e a d d i t i o n o f f i l t e r e d a c i d s t r e a m 199 

w a t e r on t h e pH g r o w t h r e s p o n s e 



6.32 E f f e c t o f t h e a d d i t i o n o f f i l t e r e d a c i d s t r e a m .j gg 

w a t e r on t h e pH g r o w t h r e s p o n s e 

6.33 E f f e c t o f p r o l o n g e d g r o w t h a t pH 6.0 on t h e pH ^ gg 

t o l e r a n c e o f H o r m l d i u m r i v u l a r e a n d E u g l e n a m u t a b i l i s 

6.34 C o m p a r i s o n o f t h e pH l i m i t s f o r g r o w t h i n t h e f i e l d 

w i t h t h o s e i n t h e l a b o r a t o r y 201 

6.35 E f f e c t o f pH on m o r p h o l o g y 205 

4 E f f e c t o f h e a v y m e t a l c o n c e n t r a t i o n on H o r m i d i u m r i v u l a r e 

a n d ( E u q l e n a m u t a b i l i s ) o v e r a r a n g e o f pH v a l u e s 

6.41 E f f e c t o f . Zn on H o r m i d i u m r i v u l a r e . 205 

6.42 E f f e c t o f Zn on E u g l e n a m u t a b i l i s 207 

6.43 E f f e c t o f Zn on t h e g r o w t h o f H o r m i d i u m r i v u l a r e 207 

5 pH t o l e r a n c e o f p o p u l a t i o n s o f H o r m i d i u m s p p . n o t 

p r e v i o u s l y e x p o s e d t o low pH c o n d i t i o n s 

6.51 H o r m i d i u m r i v u l a r e 210 

6.52 H o r m i d i u m f l a c c i d u m a n d H_. s c o p u l i n u m 213 

6 E f f e c t o f C a , Mg, P 0 4 ~ P a n d A l on t h e r e s p o n s e o f 215 

H o r m i d i u m r i v u l a r e t o pH 

6.61 C a 215 

6.62 Mg, P 0 4 - P , A l 217 

6.63 E f f e c t o f C a on t h e t o x i c i t y o f Zn t o H o r m i d i u m 217 

r i v u l a r e 

7 E f f e c t o f t e m p e r a t u r e on g r o w t h o f f o u r a c i d t o l e r a n t 220 

s p e c i e s 

MORPHOLOGY AND ECOLOGY OF THE S P E C I E S RECORDED 

AT pH 3.0 

1 I n t r o d u c t i o n 223 



7 . 2 E u g l e n a m u t a b i l i s 224 

7.3 P i n n u l a r i a a c o r i c o l a 230 

7 . 4 G l o e o c h r y s i s t u r f o s a 235 

7 . 5 N i t z s c h i a s u b c a p i t e l l a t a 237 

7.6 N i t z s c h i a e l l i p i t c a v a r . a l e x a n d r i n a 239 

7 . 7 E u n o t i a e x i g u a 241 

7 . 8 C h l a m y d o m o n a s a p p l a n a t a v a r . a c i d o p h i l a 243 

7.9 H o r m i d i u m r i v u l a r e 245 

7/10 Z y g o g o n i u m e r i c e t o r u m 
251 

7/11 C h a r a c i u m s p . 253 

7/12 L e p o c i n c l i s ovum 254 

7/13 C h l a m y d o m o n a s s p . 255 

7/14 S t i c h o c o c c u s b a c i l l a r i s 256 

7/15 N i t z s c h i a s p . t y p e A. 257 

7/16 C r y p t o m o n a s s p . 258 

7/17 N i t z c c h i a o v a l i s 259 

7/18 P i n n u l a r i a m i c r o s t a u r o n 260 

7/19 N i t z s c h i a p a l e a 260 

7/20 N a v i c u l a s p . 261 

7/21 N i t z s c h i a s p . t y p e B. 262 

7/22 N a v i c u l a n i v a l i s 263 

7/23 U l o t h r i x z o n a t a 263 

7/24 M i c r o t h a m n i o n s t r i c t i s s i m u m 263 

7/25 D r e p a n o c l a d u s f l u i t a n s 264 

7/26 D i c r a n e l l a s p . 267 

7/27 T y p h a l a t i f o l i a 269 

7/28 J u n c u s e f f u s u s 270 



8 . D I S C U S S I O N 

8.1 G e o g r a p h y a n d t o p o g r a p h y o f s i t e s b e l o w pH 3 . 0 271 

8 . 2 P h y s i c a l a n d c h e m i c a l a s p e c t s 

8 . 2 1 C h e m i c a l p a r a m e t e r s 272 

8 . 2 2 P h y s i c a l p a r a m e t e r s 273 

8 . 2 3 B r a n d o n P i t h o u s e A c i d S t r e a m 27 273 
8.24 Seasonal v a r i a t i o n s 

27 
274 

8 . 25 R e l a t i o n s h i p b e t w e e n c h e m i c a l c o n s t i t u e n t s i n a c i d 276 

w a t e r 

8 . 2 6 C o m p a r i s o n w i t h l i t e r a t u r e 277 

8 . 3 P h o t o s y n t h e t i c o r g a n i s m s p r e s e n t i n a c i d w a t e r s 

8.31 G e o g r a p h i c a l d i s t r i b u t i o n a n d a v a i l a b i l i t y o f 279 

i n o c u l u m 

8 . 3 2 F r e q u e n c y o f o c c u r r e n c e 281 

8 . 3 3 R e l a t i v e a b u n d a n c e 282 

8 . 3 4 Maximum s t a n d i n g c r o p v a l u e s f o r B r a n d o n P i t h o u s e 283 

A c i d S t r e a m 

8 . 3 5 C o m p a r i s o n o f s t a n d i n g c r o p v a l u e s w i t h v a l u e s 

r e c o r d e d f o r o t h e r h a b i t a t s 284 

8 . 3 6 S e a s o n a l v a r i a t i o n s 285 

8 . 3 7 C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e 286 

8 .4 F a c t o r s e f f e c t i n g d i s t r i b u t i o n o f p h o t o s y n t h e t i c 290 

s p e c i e s 

8 .41 R e l a t i o n s h i p b e t w e e n t h e number o f s p e c i e s a n d pH 291 

i n t h e f i e l d 

8 . 4 2 pH a s a g r o w t h l i m i t i n g f a c t o r 292 

8 . 4 3 C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e p e r t a i n i n g 

t o pH 293 



8.44 E f f e c t o f a c i d i t y on t h e d i s t r i b u t i o n a n d g r o w t h 

o f s p e c i e s 

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

8.46 R e l a t i o n s h i p b e t w e e n pH, Ca a n d Zn t o x i c i t y 

8.47 C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e p e r t a i n i n g 

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

8.48 R e q u i r e m e n t s o f H o r m i d i u m r i v u l a r e a n d E u g l e n a 

m u t a b i l i s f o r l e v e l s o f A l a n d Zn 

8.49 E f f e c t o f n u t r i e n t l e v e l s on number o f s p e c i e s 

8.5 E f f e c t s o f some e l e m e n t s on g r o w t h o f H o r m i d i u m r i v u l a r e 

8.51 R e q u i r e m e n t s 298 

8.52 E f f e c t s o f l a r g e c o n c e n t r a t i o n o f C a , Mg, A l 299 

8.6 E f f e c t o f F e a n d p h y s i c a l p a r a m e t e r s on t h e d i s t r i b u t i o n 

o f s p e c i e s 

8.61 F e 300 

8.62 E x p e r i m e n t a l d a t a p e r t a i n i n g t o F e 301 

8.63 E f f e c t o f t e m p e r a t u r e on g r o w t h 302 

8.64 E f f e c t o f o t h e r p h y s i c a l f a c t o r s on d i s t r i b u t i o n 302 

a n d a b u n d a n c e 

8.65 H a b i t a t t y p e 303 

8.66 P r e d a t o r s a n d i n t e r s p e c i f i c c o m p e t i t i o n 304 

8.67 Resume o f f a c t o r s a f f e c t i n g t h e g r o w t h o f 305 

p h o t o s y n t h e t i c o r g a n i s m s a t low pH 

8.7 O r d i n a t i o n o f s p e c i e s on t h e b a s i s o f pH t o l e r a n c e 306 

8.8 M o r p h o l o g y 308 

8.9 A d a p t a t i o n a n d p o s s i b l e m e c h a n i s m s i n v o l v e d i n a c i d 310 

t o l e r a n c e 

Summary 315 

R e f e r e n c e s 319 



1 

A b s t r a c t 

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

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

o f 3.0 o r l e s s . Of t h e 16 s i t e s l o c a t e d , f o u r t e e n w e r e 

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

one w i t h an i n d u s t r i a l e f f l u e n t . One c o a l m i n i n g s i t e 

( S i t e 16) and t h e i n d u s t r i a l e f f l u e n t ( S i t e 1 5 ) , w e r e f o u n d 

t o r u n i n t e r m i t t e n t l y b e l o w pH 3.0. S a m p l e s c o l l e c t e d f r o m 

95 10 ra r e a c h e s , s howed t h a t t h e w a t e r s w e r e c h a r a c t e r i z e d 

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

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

c o m b i n e d i n o r g a n i c n i t r o g e n . T h e t o t a l f l o r a f r o m t h e 16 

s i t e s c o n s i s t e d o f 24 a l g a l s p e c i e s , two m o s s e s and two 

f l o w e r i n g p l a n t s . Of t h e 8 s p e c i e s w h i c h o c c u r r e d i n o v e r 

2 0 % o f t h e r e a c h e s s a m p l e d , E u g l e n a mu t a b i 1 i s was t h e m o s t 

w i d e s p r e a d and a b u n d a n t s p e c i e s . 

One s t r e a m w i t h a pH g r a d i e n t o f 2.6 - 7.0 ( B r a n d o n 

P i t h o u s e A c i d S t r e a m ) was s t u d i e d i n g r e a t e r d e t a i l . O b s e r v a t i o n s 

w e r e made i n r e s p e c t t o s e a s o n a l v a r i a t i o n a n d t o c h a n g e s 

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

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

moss p r o t o n e m a w e r e c a r r i e d o u t f o r one y e a r . A n a l y s i s o f 

t h e s e d a t a s u g g e s t s t h a t o v e r a l a r g e pH r a n g e , H+ c o n c e n t r a t i o n 

h a s t h e g r e a t e s t i n f l u e n c e on t h e number o f s p e c i e s p r e s e n t 

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

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

o f some a l g a e . 
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I n a d d i t i o n t o f i e l d s t u d i e s , l a b o r a t o r y e x p e r i m e n t s 

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

B r a n d o n P i t h o u s e A c i d S t r e a m . T h e s e i n c l u d e d an e x a m i n a t i o n 

o f t h e e f f e c t pH h a d on g r o w t h a n d m o r p h o l o g y a n d a l s o t h e 

r e l a t i o n s h i p b e t w e e n low pH and h e a v y m e t a l t o x i c i t y . 
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p l a n n e n t w i t h heavy g r a n u l a t i o n 

T a b l e 8.1 Comparison of wa t e r c h e m i s t r y f o r a c i d i c w a t e r s 
r e p o r t e d i n the l i t e r a t u r e w i t h t h o s e c o l l e c t e d 
i n E n g l a n d 

T a b l e 8.2 Comparison of a l g a l s p e c i e s a t or below pH 3.0 i n 
U.S.A. and E n g l a n d . L , L a c k e y (1938) > S t e i n b a c k 
( 1 9 6 6 ) ; W, Warner ( 1 9 6 8 ) ; B, B e n n e t t (1969) 

T a b l e 8.3 P h o t o s y n t h e t i c o r g a n i s m s i n o r d e r o f t o l e r a n c e to 
PH 
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1 .' INTRODUCTION 

1.1 G e n e r a l i n t r o d u c t i o n 

A l t h o u g h some r e s e a r c h has been c a r r i e d out on the 

e f f e c t s o f hydrogen i o n c o n c e n t r a t i o n on a q u a t i c o r g a n i s m s , 

many b a s i c q u e s t i o n s remain unanswered. F u r t h e r ^ o n l y a s m a l l 

p r o p o r t i o n of the work which has been c a r r i e d o u t on the 

low pH environment has c o n c e r n e d p h o t o s y n t h e t i c o r g a n i s m s . 

Some p r o g r e s s has been made i n u n d e r s t a n d i n g the community 

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

t h e r m a l a c i d i c environment (Brock & Brock, 1966: Doemal & 

Brock, 1970: C a s t e n h o l z , 1 9 7 3 ) . However, s i m i l a r work has 

not been conducted on the non t h e r m a l a c i d i c e n v i r o n m e n t , 

even though the o c c u r r e n c e of s u c h h a b i t a t s i s p r o b a b l y more 

w i d e s p r e a d and a v a i l a b l e to b i o l o g i s t s than the t h e r m a l 

s p r i n g s . Most of the emphasis i n the non t h e r m a l a c i d i c f i e l d 

has been p l a c e d on the f o r m a t i o n and abatement of the a c i d i c 

w a t e r s where they c o n s t i t u t e a p o l l u t i o n problem, and t h e r e f o r e , 

the p h y s i o - c h e m i c a l and e n g i n e e r i n g a s p e c t s have r e c e i v e d 

c o n s i d e r a b l y more a t t e n t i o n t h a n the b i o l o g i c a l ones ( e g . 

B r a l e y , 1951 - 1954: P a r s o n s , 1956-58: Hawley, 1 9 7 1 ) . 

As mentioned i n more d e t a i l i n 1.2, h i g h l y a c i d i c w a t e r s 

have a w o r l d w i d e d i s t r i b u t i o n , however, a l t h o u g h t h e i r 

e x i s t e n c e i s known i n England ( G l o v e r , 1 9 7 1 ) , l i t t l e work 

has been conducted on the c h e m i s t r y and b i o l o g y of t h e s e 

w a t e r s . I t was t h e r e f o r e c o n s i d e r e d t h a t a s t u d y of the 

c h e m i s t r y and f l o r a of h i g h l y a c i d i c w a t e r s i n E n g l a n d s h o u l d 

be c a r r i e d o u t . 
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A g e n e r a l r e v i e w o f many a s p e c t s of low pH en v i r o n m e n t s 

has been i n c l u d e d b e c a u s e t h e p u b l i s h e d d a t a r e l a t i n g to 

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

r e c o r d e d a r e c o n s i d e r e d i n o r d e r of t h e i r p o s i t i o n i n t h e 

a q u a t i c food c h a i n , b e g i n n i n g w i t h the l a r g e r a n i m a l s . 

B a c t e r i a a r e d i s c u s s e d i n two s e c t i o n s , the f i r s t (1.24) 

r e l a t i n g to t h e i r i n v o l v e m e n t i n a c i d f o r m a t i o n , and the 

second (1.8) to the d i s t r i b u t i o n of s p e c i e s which a r e not 

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

1.2 Low pH environment and p r o d u c t i o n of a c i d 

1.21 S o u r c e s of a c i d i t y 

The v a r i o u s t y p e s of a c i d i t y which o c c u r , o r i g i n a t e e i t h e r 

from o r g a n i c or i n o r g a n i c s o u r c e s . Many w a t e r s a r e a c i d i c due 

to the p r e s e n c e of o r g a n i c humic a c i d s d e r i v e d from n a t u r a l 

d e c o m p o s i t i o n of p l a n t s ; however, the r e s u l t i n g pH v a l u e s 

a r e r a r e l y below pH 3.0 (B r o c k , 1969) and where t h e y do o c c u r , 

i t i s u s u a l l y due to i n o r g a n i c a c i d c o n t r i b u t i n g towards t h e 

t o t a l H + c o n c e n t r a t i o n . P e a r s a l l ( 1 9 3 8 ) , examined the pH 

of woodland and moorland s o i l s and found t h a t i n t h e upper 

l a y e r s of the s o i l w h i c h were exposed to the a i r , o x i d a t i o n 

was t a k i n g p l a c e and r e s u l t e d i n low pK v a l u e s . The l o w e s t 

v a l u e s r e c o r d e d were on c o t t o n - g r a s s moorland a t pH 2.80. 

However, P e a r s a l l a l s o found t h a t i n t h e bog s i t u a t i o n , t h e 

s u b s t i t u t i o n of w a t e r f o r a i r p r e v e n t e d the o x i d a t i o n r e a c t i o n 

t a k i n g p l a c e and hence t h e d e c r e a s e i n H + c o n c e n t r a t i o n 

r e s u l t e d i n pH v a l u e s around pH 3.5. 

Oth e r n a t u r a l s o u r c e s of a c i d i t y v/hich o f t e n l e a d to v a l u e s 
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below pH 3.0 a r e t h e r m a l s p r i n g s and v o l c a n i c l a k e s , s u c h 

as t h o s e found i n J a p a n . The a c i d i t y of both s o u r c e s i s 

due to t h e o x i d a t i o n of H^S and/or SC>2 i n the v o l c a n i c 

g a s . T h i s o x i d a t i o n p r o c e s s c a n l e a d t o pH v a l u e s of about 

1.0 and p r o b a b l y c o n s t i t u t e s t h e most extreme non-thermal 

a c i d e n v i r o n m e n t . 

A t h i r d s o u r c e of a c i d i t y w h i c h may produce e x t r e m e l y 

low pH v a l u e s i s from i n d u s t r i a l e f f l u e n t s . I n v a r i a b l y , the 

low pH i s c a u s e d by t h e p r e s e n c e of i n o r g a n i c a c i d s i n t h e 

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

i n the p r o d u c t i o n of b a t t e r i e s , i r o n s m e l t i n g , wood p u l p i n g , 

c h e m i c a l d i s t i l l a t i o n s , m u n i t i o n and some t e x t i l e s may 

produce a c i d s as waste p r o d u c t s ( K l e i n , 1 9 5 7 ) . I t would 

appear from R i v e r A u t h o r i t y r e p o r t s , t h a t i n t h i s c o u n t r y , a t 

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

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

h i g h l y a c i d i c water i s a r e s u l t of mining a c t i v i t i e s o f t e n 

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

a c i d i c w a t e r i n t h i s c a s e i s due to the p r o d u c t i o n of 

s u l p h u r i c a c i d from t h e o x i d a t i o n of s u l p h u r o u s m a t e r i a l . 

The f o r m a t i o n of a c i d i t y i s c o n s i d e r e d i n d e t a i l i n 1.22 

and c o n s t i t u t e s the main s o u r c e of extreme a c i d c o n d i t i o n s 

r e v i e w e d i n t h i s s t u d y . 

A c i d mine d r a i n a g e r e s u l t s from the p a s s a g e o f water 

t h r o u g h mines (and mine s p o i l heaps) where i r o n d i s u l p h i d e , 

u s u a l l y i n t h e form of p y r i t e s , m a r c a s i t e or p y r r h o t i t e i s 

exposed t o the o x i d i z i n g a c t i o n of a i r , w a t e r and p o s s i b l y 
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b a c t e r i a . Such c o n d i t i o n s a r e found i n some l i g n i t e , p y r i t e , 

z i n c , c o p p er, g o l d , s i l v e r , and l e a d mines a s w e l l as c o a l 

mines (Temple & K o e h l e r , 1 9 5 4 ) . The o c c u r r e n c e and f o r m a t i o n 

of a c i d has been w e l l documented, the f o l l o w i n g a r e examples 

of a l a r g e b i b l i o g r a p h y : B r a l e y (1951 - 1 9 5 4 ) ; P a r s o n s ( 1 9 5 6 ) ; 

B a r n e s & C l a r k e ( 1 9 6 4 ) ; B r a n t & Moulton ( 1 9 6 0 ) ; G l o v e r ( 1 9 6 7 ) ; 

Hanna §_£ al . . (1963) ; Boyer (1972) . 

As a r e s u l t of the many p o s s i b l e s o u r c e s of s u l p h u r i c 

a c i d , h i g h l y a c i d i c c o n d i t i o n s a r e l i k e l y to o c c u r where 

m i n i n g has exposed p y r i t e s . Such c o n d i t i o n s have been r e p o r t e d 

i n many c o u n t r i e s , i n c l u d i n g North A m e r i c a (eg. P a r s o n s , 1956; 

K i n n e y , 1964; Boyer 1 9 7 2 ) , A u s t r a l i a ( B l e s i n g , 1974) New 

Z e a l a n d ( K a p l a n , 1 9 5 6 ) , South A f r i c a ( H a r r i s o n e_t a_l. , 1958 -

1962) and s e v e r a l European c o u n t r i e s i n c l u d i n g B r i t a i n 

( G l o v e r , 1 9 6 7 ) , Denmark ( D a h l , 1963) and C z e c h o s l o v a k i a 

( F o t t , 1 9 5 6 ) . 

The a c i d mine d r a i n a g e from b i t u m i n o u s c o a l mines i n 

North A m e r i c a p r e s e n t s a major p o l l u t i o n problem and has been 

the s u b j e c t of many g e n e r a l s u r v e y s which have been co n d u c t e d 

i n an a t t e m p t to a s c e r t a i n t h e c h e m i c a l r e a c t i o n s i n v o l v e d 

i n t h e a c i d p r o d u c t i o n ( B r a l e y 1951 - 1954; Hanna ejt a l ^ . , 1965) 

1.22 F o r m a t i o n of a c i d mine d r a i n a g e 

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

the r e d u c i n g c o n d i t i o n s of u n d i s t u r b e d s t r a t a , b ut o x i d i z e 

s l o w l y to form s o l u b l e s u l p h a t e compounds when exposed to the 

atmosphere. T h i s r e a c t i o n can and does o c c u r n a t u r a l l y , 

where o u t c r o p p i n g c o a l seam's c o n t a i n i n g p y r i t e s become exposed 
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to t he a i r by n a t u r a l e r o s i o j n . The o c c u r r e n c e of a c i d 

mine d r a i n a g e , o f t e n o b v i o u s by i t s c h a r a c t e r i s t i c y e l l o w -

orange c o l o u r , l e d to the d i s c o v e r y of c o a l i n the U n i t e d 

S t a t e s 270 y e a r s ago ( E a v e n s o n , 1 9 4 2 ) . The p r o d u c t i o n of 

a c i d i s n o t , t h e r e f o r e , e n t i r e l y due t o man's o p e r a t i o n s , but 

to the normal o x i d a t i o n p r o c e s s between oxygen and s u l p h u r . 

The raining of c o a l h a s , however, g r e a t l y i n c r e a s e d the amount 

of a c i d p r o d u c e d . 

As i t i s the e x p o s u r e of p y r i t i c m a t e r i a l to t h e atmosphere 

and ground w a t e r t h a t c a u s e d the p r o d u c t i o n of s u l p h u r i c a c i d , 

t h e n mining t e c h n i q u e s can p l a y an i m p o r t a n t r o l e i n the 

p r o d u c t i o n and abatement of the a c i d . The i r o n s u l p h i d e s 

a r e g e n e r a l l y a w a s t e p r o d u c t of mining and a r e exposed to the 

atmosphere i n the s h a f t s and i n the s p o i l t i p s on t h e s u r f a c e . 

Thus the t r e a t m e n t of the s p o i l and the s h a f t s a f t e r they 

have been abandoned i s i m p o r t a n t i n the p r e v e n t i o n of a c i d i t y . 

P r a c t i c e s s u c h as d e l i b e r a t e f l o o d i n g of the mine to quench a 

f i r e i n t he s p o i l or underground, a r e l i k e l y to i n c r e a s e the 

problem ( G l o v e r , 1 9 6 7 ) . 

U n l i k e o t h e r forms of p o l l u t i o n w h i c h i n c r e a s e or d e c r e a s e 

i n p r o p o r t i o n t o p r o d u c t i o n , a c i d mine d r a i n a g e i n c r e a s e s w i t h 

c o a l p r o d u c t i o n , but does not n e c e s s a r i l y d e c r e a s e w i t h i t s 

c e s s a t i o n . The a c i d o f t e n c o n t i n u e s to run f o r y e a r s a f t e r 

the mine has been abandoned. 

The problem has i n c r e a s e d r a p i d l y w i t h demand f o r c o a l , 

so t h a t now a p o i n t has been r e a c h e d i n the major b i t u m i n o u s 

c o a l m i n ing a r e a s of A m e r i c a where many of t h e s t r e a m s and 
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r i v e r s a r e u n f i t f o r i n d u s t r i a l , d o m e s t i c or r e c r e a t i o n a l 

u s e , u n l e s s f i r s t t r e a t e d . I t has been e s t i m a t e d t h a t i n the 

U n i t e d S t a t e s t h e r e were o v e r 10,000 m i l e s of s t r e a m s and 

29,000 a c r e s of impounded w a t e r which were s e r i o u s l y a f f e c t e d 

by a c i d mine d r a i n a g e i n 1971 (Lundgren, 1 9 7 1 ) . 

1.23 C h e m i c a l r e a c t i o n i n v o l v e d 

A l t h o u g h the c h e m i c a l r e a c t i o n s of p y r i t e s o x i d a t i o n have 

been s t u d i e d i n some d e t a i l , t h e r e a c t i o n s a r e not c o m p l e t e l y 

u n d e r s t o o d when c o n s i d e r e d i n the c o n t e x t of the f i e l d s i t u a t i o n 

i n w hich t h e y a r e formed. Temple & K o e h l e r ( 1 9 5 4 ) , Hanna e_t a l . 

( 1 9 6 3 ) , and Boyer (1972) have r e v i e w e d the l i t e r a t u r e on the 

c h e m i c a l a s p e c t s of a c i d mine d r a i n a g e . T h e r e i s g e n e r a l 

agreement t h a t the b a s i c c h e m i c a l change i s from p y r i t i c 

m a t e r i a l to i r o n s u l p h a t e and the s u b s e q u e n t o x i d a t i o n to o t h e r 

s a l t s p r o c e e d as f o l l o w s : (adapted from B r a n t & Moulton (1960) 

S t e p 1. S u l p h i d e to S u l p h a t e ; 

When s u l p h i d e i s exposed to the atmosphere, i t may 

t h e o r e t i c a l l y o x i d i z e i n two ways, w i t h v/ater as the l i m i t i n g 

c o n d i t i o n . The f i r s t r e a c t i o n , assumed to t a k e p l a c e i n the 

d r y , p r o d u c e s an e q u a l amount of s u l p h u r d i o x i d e and f e r r o u s 

s u l p h a t e . 

( I ) FeS„ + 50„ = F e S 0 4 + SC>2 

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

However, i f the o x i d a t i o n p r o c e s s o c c u r s i n the p r e s e n c e 

of w a t e r , then the d i r e c t f o r m a t i o n of s u l p h u r i c a c i d as w e l l 

as f e r r o u s s u l p h a t e w i l l be p r o duced. 
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( I I ) F e S 2 + 2H~20 + 7 0 2 = 2 F e S 0 4 + 2 H 2 S 0 4 

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

a c i d 

As most mines c o n t a i n a c e r t a i n amount of w a t e r then 

the l a t t e r r e a c t i o n i s f a v o u r e d . 

S t e p I I F e r r o u s s u l p h a t e i n the p r e s e n c e of s u l p h u r i c 

a c i d and oxygen i s o x i d i z e d to f e r r i c s u l p h a t e and w a t e r . 

( I I I ) F e S 0 4 + 2 H 2 S 0 4 + 0 2 =• 2 F e 2 (SC>4) + 21^0 

f e r r i c s u l p h a t e 

S t e p I I I . P r e c i p i t a t i o n of i r o n 

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

the w a t e r to form f e r r i c h y d r o x i d e . I n an a c i d e n v i r o n m e n t 

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

as an o r a n g e - y e l l o w p r e c i p i t a t e . 

F e 2 ( S 0 4 ) 3 + 6H 20 = 2Fe (OH) + 3 H 2 S 0 4 

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

I t has been s u g g e s t e d t h a t t h e f e r r i c i o n may e n t e r i n t o 

an o x i d a t i o n r e d u c t i o n r e a c t i o n w i t h i r o n s u l p h i d e , whereby 

the f e r r i c b a c k - t r i g g e r s the o x i d a t i o n of more s u l p h i d e t o 

the s u l p h a t e , t h u s i n c r e a s i n g t h e p r o d u c t i o n of a c i d . B a r n e s 

& C l a r k e (1964) p o s t u l a t e d t h a t a c i d p r o d u c t i o n o c c u r r e d 

under a n a e r o b i c c o n d i t i o n s , t h u s d i s m i s s i n g the e s s e n t i a l 

r o l e of 0 2 s u g g e s t e d by many o t h e r w o r k e r s . C l a r k e (1967) 

however c o n c l u d e d t h a t the r e a c t i o n c o u l d not be s u p p o r t e d 

by the k i n e t i c e v i d e n c e . 

The r a t e s of r e a c t i o n of p y r i t e (FeS ) , m a r c a s i t e ( F e S _ ) 
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and p y r r h o t i t e C F e
n
 s

n + ^) under a c i d mine d r a i n a g e c o n d i t i o n s 

a r e s i g n i f i c a n t l y d i f f e r e n t . . B r a l e y (1954) found t h a t p y r r h o t i t e 

r e a c t e d 18 t i m e s and m a r c a s i t e 9 t i m e s t h e r a t e of p y r i t e . 

The o x i d a t i o n r a t e s of o t h e r p y r i t e m a t e r i a l s s u c h as 

s p h a l e r i t e and c h a l c o p y r i t e a r e s l o w e r compared w i t h i r o n 

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

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

F e „ ( S O j + XS =. XS0„ + 2FeSC> + S 2 4 4 4 
where X = Zn, Cd, Cu, Ni and Co ( B l e s i n g e_t a l . | 1974) . 

Other r e a c t i o n s which o c c u r as a r e s u l t o f t h e low pH 

c r e a t e d by the r e l e a s e of s u l p h u r i c a c i d i n c l u d e t h e m o t i l i t y 

of Na, K, Ca, A l , Mn and S i i o n s . Under low pH c o n d i t i o n s 

a s s e m b l a g e s a r e formed, f o r example: 

2 K A l S i 3 0 8 + H 2 S 0 4 + H 20 r A l ^ i ^ (OH) 4 + 

K 2 S 0 4 + 4 S i 0 2 

At h i g h e r pH v a l u e s t h e m o b i l i t y of t h e s e i o n s i s r e d u c e d 

and t h e y p r e c i p i t a t e out to produce y e l l o w , orange and w h i t e 

s l u d g e s of v a r i o u s s u l p h a t e s , a s w e l l a s f e r r i c s u l p h a t e . The 

g r e y - w h i t e p r e c i p i t a t e s sometimes e n c o u n t e r e d a t pH v a l u e s 

between 3.0 and 6.0 a r e m a i n l y due to A l and c o l l o i d a l s i l i c a 

( B l e s i n g e t aJL. , 1974) . 

1,24 R o l e of b a c t e r i a 

The a s s o c i a t i o n of b a c t e r i a w i t h a c i d mine w a t e r has 

been noted s i n c e the e a r l i e s t i n v e s t i g a t i o n s of t h a t e n v i r o n m e n t . 

P o w e l l & P a r r (1919) r e p o r t e d t h a t s u l p h u r o x i d a t i o n a p p e a r e d 

to be h a s t e n e d by t he p r e s e n c e of b a c t e r i a o r some c a t a l y t i c 
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a g e n t . D a v i d s o n (1930) a n d - C a r p e n t e r & Herndon (1937) a l s o 

a r r i v e d a t s i m i l a r c o n c l u s i o n s . I n 1947 Colmer & H i n k l e 

s u g g e s t e d t h a t the b a c t e r i u m T h i o b a c i l l u s t h i o x i d a n s was 

i n v o l v e d i n the c o n v e r s i o n of s u l p h u r to s u l p h u r i c a c i d and 

Temple & Colmer (1951) gave t h e name T h i o b a c i l l u s f e r r o o x i d a n s 

to an i r o n and t h i o s u l p h a t e o x i d i z i n g a c i d o p h i l i c b a c t e r i u m . 

L e a t h e n e t a l . (1956) i s o l a t e d F e r r o b a c i l l u s f e r r o o x i d a n s 

from b i t u m i n o u s c o a l mines a t pH 2.0 to 4.5. They found t h a t 

t h i s c h e m o a u t o t r o p h i c b a c t e r i u m c o u l d c o m p l e t e l y o x i d i z e 200 

mg 1 * of f e r r o u s i r o n i n 3 d a y s . Ashmead ( 1 9 5 5 ) / i n h i s 

s t u d i e s of mines i n S c o t l a n d , c l a i m e d t h a t f o r e v e r y ton of 

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

4 tons were produced by b a c t e r i a . Baker & W i l s h i r e ( 1 9 7 0 ) , 

c a r r i e d o u t a s t u d y of the r o l e of F e r r o b a c i l l u s f e r r o o x i d a n s , 

T h i o b a c i l l u s t h i o e x i d a n s and F e r r o b a c i l l u s s u l p h o o x i d a n s u s i n g 

a p i l o t p l a n t . They found t h a t t h e o x i d a t i o n of f e r r o u s i r o n 

and s u l p h i d e was i n c r e a s e d , but t h a t the b a c t e r i a d i d not a l t e r 

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

W h i l s t t h e r e i s much e v i d e n c e t h a t t h e s e and o t h e r s p e c i e s 

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

(Walsh & M i t c h e l l , 1972; Manning & Cooke, 1 9 7 2 ) , t h e i r d e t a i l e d 

r o l e i s not y e t f u l l y u n d e r s t o o d . Lundgren (1971) and S i n g e r 

& Stumm ( 1 9 7 0 ) , s t u d i e d T h i o b a c i l l u s f e r r o o x i d a n s i n d e t a i l 

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

T h e s e b a c t e r i a were shown to a c c e l e r a t e t h e r e a c t i o n by a 
g 

f a c t o r of more than 10 over t h e c h e m i c a l r e a c t i o n . 
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However, Smith & Shumate ( 1 9 7 1 ) , i n a r e p o r t c o n c e r n i n g 

t h e r a t e of p y r i t e o x i d a t i o n i n t h e f i e l d , found t h a t t h e 

main s i t e s of p y r i t i c o x i d a t i o n l i e above the ground w a t e r 

t a b l e and a r e o n l y exposed to t h e vapour p h a s e , not the w a t e r . 

They p r o p o s e d t h a t the a c i d forms i n s m a l l d r o p l e t s which a r e 

c a r r i e d away by the ground w a t e r to produce an a c i d e f f l u e n t 

and l a b o r a t o r y d a t a show t h a t the c o n t r i b u t i o n by b a c t e r i a 

i n t h e s e c o n d i t i o n s i s i n s i g n i f i c a n t . F u r t h e r e v i d e n c e which 

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

a d d i t i o n of b a c t e r i o c i d a l a g e n t s d i d not r e d u c e the p r o d u c t i o n 

of a c i d ( L o r e n z , 1 9 6 2 ) . 

T h e r e a p p e a r s to be a c o n s i d e r a b l e amount of e v i d e n c e to 

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

a c i d i n some c a s e s , but t h a t the f o r m a t i o n of a c i d i s not 

e n t i r e l y dependent on t h e i r p r e s e n c e . T h e r e i s a need f o r t h e 

use of more f i e l d p i l o t schemes, such as t h a t used by Smith & 

Schumate ( 1 9 7 1 ) , so t h a t the many o b s e r v a t i o n s t h a t have been 

made i n the l a b o r a t o r y can be t e s t e d under f i e l d c o n d i t i o n s . 

1.25 R a t e of r e a c t i o n 

The s t e p s i n t h e o x i d a t i o n of p y r i t i c m a t e r i a l a r e 

a p p a r e n t l y complex and i n v o l v e s e v e r a l s i m u l t a n e o u s r e a c t i o n s 

f o r w h i c h the k i n e t i c s a r e not c o m p l e t e l y u n d e r s t o o d . Many 

of t h e s t u d i e s of t h e s u l p h i d e to s u l p h a t e o x i d a t i o n s made 

i n the p a s t , have been based on t h e o v e r a l l r e a c t i o n and not 

on t h e i n d i v i d u a l s t e p s . A l s o , much of the work has been 

c a r r i e d o u t i n the l a b o r a t o r y w i t h pure c r y s t a l l i n e p y r i t e s , 
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and i t i s not c e r t a i n how a p p l i c a b l e the d a t a a r e to the 

dynamic c o n d i t i o n s o f the m i n e s . 

S i n g e r & Stumm (1970) r e p o r t e d t h a t i n the a b s e n ce o f 

b a c t e r i a the r a t e d e t e r m i n i n g s t e p was the f e r r o u s o x i d a t i o n . 

Kim (1968) r e p o r t e d t h a t the r a t e of o x i d a t i o n was dependent 

upon the f e r r o u s c o n c e n t r a t i o n , t e m p e r a t u r e and amount of 

d i s s o l v e d oxygen. B a r n e s & C l a r k e (1964) s u g g e s t e d t h a t 

b a c t e r i a a r e i m p l i c a t e d i n the speed of o x i d a t i o n , but t h a t 

w i t h o u t b i o o x i d a t i o n the c h e m i c a l r e a c t i o n s would, i n the end, 

produce the same amount of a c i d , but a t a s l o w e r r a t e . 

S i l v e r & Lundgren (1968) s u g g e s t t h a t the r a t e of f e r r o u s 

o x i d a t i o n i s c o n t r o l l e d by the c a t a l y t i c a c t i o n of T h i o b a c i l l u s 

f e r r o o x i d a n s . The more r e c e n t work of Smith & Shumate (1971) 

c o n s i d e r s the c r i t i c a l r e a c t i o n to be the o x i d a t i o n of p y r i t e s 

by oxygen and not the o x i d a t i o n of f e r r o u s to f e r r i c i r o n , 

w h i c h t h e y m a i n t a i n does not o c c u r a t the p y r i t e s s u r f a c e . 

They found t h a t the m a j o r i t y of a c i d f o r m a t i o n t a k e s p l a c e 

a t the s u r f a c e of t h e p y r i t e s , where i t i s i n c o n t a c t w i t h 

w a t e r v a p o u r . The f o r m a t i o n of the a c i d i s a c o n t i n u o u s 

"weeping" p r o c e s s , where d r o p l e t s form due to the h y g r o s c o p i c 

n a t u r e of the f e r r o u s and s u l p h a t e i o n s . The r a t e of o x i d a t i o n 

i s t h e r e f o r e c o n s i d e r e d to depend on t h e oxygen c o n c e n t r a t i o n , 

t e m p e r a t u r e , h u m i d i t y of the a i r and the pH. 

C o n t r o v e r s e y o v e r the r o l e of the b a c t e r i a and the 

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

c o n t r o l of the a c i d p r o d u c t i o n i s to be c a r r i e d o u t e f f i c i e n t l y . 
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I t i s s t i l l unknown why c e r t a i n mines produce a c i d e f f l u e n t 

i n v a r y i n g amounts when n e i g h b o u r i n g mines i n the same s t r a t a 

do not produce a c i d . 

1.26 Hydrology 

Ground water i n v a r i a b l y a c t s as t h e t r a n s p o r t i n g agent 

f o r most s o u r c e s of a c i d p o l l u t i o n , as w e l l as b e i n g i n v o l v e d 

i n i t s f o r m a t i o n . T h e r e f o r e , t h e h y d r o l o g y of the a r e a i s 

i m p o r t a n t when c o n s i d e r i n g the p r o d u c t i o n of a c i d . 

The h y d r o l o g i c a l a s p e c t s of a c i d mine d r a i n a g e have been 

c o n s i d e r e d i n d e t a i l by B r a n t & Moulton ( 1 9 6 0 ) , C o l l i e r e t a l . 

( 1 9 5 5 ) , Ahmad {c_ 1971) and E m r i c h & M e r r i t t ( 1 9 6 9 ) . Smith 

& Shumate (1971) c a t e g o r i z e d the removal mechanism of the a c i d 

i n t o t h e ground w a t e r . The f i r s t and l e a s t i m p o r t a n t , i s the 

f l u s h i n g a c t i o n of the r i s e and f a l l of t h e w a t e r t a b l e , the 

s e c o n d i s the r e m o v a l of the o x i d a t i o n produced by w a t e r 

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

heavy r a i n f a l l . The l a s t mechanism i s due to t h e c o n s t a n t 

weeping of the a c i d down the w a l l s and has been r e v i e w e d ( s e e 

1 . 2 5 ) , t h i s i s c o n s i d e r e d by the a u t h o r s to be the most 

i m p o r t a n t . 

P r i o r to m i n i n g , the r o c k s above the c o a l seams a r e 

u s u a l l y c o m p l e t e l y s a t u r a t e d w i t h ground w a t e r . T h e s e o v e r ­

l y i n g r o c k s a r e f r a c t u r e d d u r i n g mining and the w a t e r d r a i n s 

t h rough the r o c k s i n t o t h e s h a f t s , w h i c h t h e n a c t as c o n d u i t s 

d r a i n i n g the w a t e r and a c i d away i n t o t h e s u r f a c e . The 

immediate e f f e c t of mining on t h e ground w a t e r i s u s u a l l y t h e 



21 

l o w e r i n g of the ground w a t e r tab-le. I n some c a s e s , the under­

l y i n g , or a s s o c i a t e d ground w a t e r , i s not d r a i n e d from the 

r o c k s b ut f l o w s i n t o t h e o t h e r a s s o c i a t e d ground w a t e r a r e a s 

and t h u s c o n t a m i n a t e s them. The s i n k i n g of w e l l s from one 

a q u e f e r to the n e x t , may c a u s e the c o n t a m i n a t e d water to 

move down the h y d r a u l i c g r a d i e n t to lower u n c o n t a m i n a t e d 

a q u e f e r s , thus d i s t r i b u t i n g t h e a c i d p o l l u t i o n many m i l e s 

from i t s s o u r c e . 

A l t h o u g h much o f the a c i d mine d r a i n a g e o r i g i n a t e s from 

abandoned mines which f l o o d n a t u r a l l y o v e r a p e r i o d of t i m e , 

a c i d p r o d u c t i o n i n t h e working mines i s not uncommon. Water 

i n the s h a f t i s i t s e l f a problem to m i n i n g , b u t the p r e s e n c e 

of a c i d water can c o n s i d e r a b l y i n c r e a s e the h a n d l i n g p r o b l e m s . 

The w a t e r i s u s u a l l y pumped out of the s h a f t s and then d i v e r t e d 

to the n e a r e s t ground w a t e r , t h u s c a u s i n g c o n s i d e r a b l e 

c o n t a m i n a t i o n . 

1.27 Abatement of a c i d mine water 

As p r e v i o u s l y mentioned, the p r i m a r y c o n c e r n of most of 

the r e s e a r c h c a r r i e d out i n t h i s f i e l d has been w i t h a vie w 

to t h e c o n t r o l of a c i d f o r m a t i o n . T h e r e a r e two p o s s i b l e 

methods of c o n t r o l . The f i r s t i s to p r e v e n t t h e a c i d 

f o r m a t i o n i n the mines and the second i s to t r e a t and 

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

The methods of c o n t r o l a t the s o u r c e have been based 

on t h e p r i n c i p l e of e x c l u d i n g c o n t a c t between the t h r e e 

e s s e n t i a l components, a i r , w a t e r and p y r i t e s ( G l o v e r , 1967) 

Many a t t e m p t s have been made to d i v e r t the. w a t e r from the 
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a c i d p r o d u c i n g a r e a and s e a l o f f abandoned s h a f t s to r e d u c e 

the a i r c o n t a c t . I n a d d i t i o n , a t t e m p t s have been made to 

c o v e r t h e p y r i t e s w i t h non a c i d forming m a t e r i a l . However, 

b e c a u s e the s o u r c e of a c i d i s o f t e n so d i v e r s e , s e g r e g a t i o n 

methods a r e not v e r y s u c c e s s f u l i n the m a j o r i t y of mines. 

The second t r e a t m e n t o p t i o n has been used w i t h v a r y i n g 

d e g r e e s of s u c c e s s . Lime and l i m e s t o n e n e u t r a l i z a t i o n p l a n t s 

have been commonly u s e d , but a r e v e r y e x p e n s i v e when l a r g e 

amounts of a c i d w a t e r have to be t r e a t e d . T h i s p r o c e s s a l s o 

c r e a t e s a s l u d g e of h i g h w a t e r c o n t e n t and l a r g e c o n c e n t r a t i o n s 

of i r o n and heavy m e t a l s which p r e s e n t d i f f i c u l t and e x p e n s i v e 

d i s p o s a l problems ( B a r n e s & Romberger ( 1 9 6 8 ) . Other methods 

su c h as the d e l i b e r a t e f l o o d i n g of the deaper mines has met 

w i t h some degree of s u c c e s s , but a g a i n , r e s u l t s a r e u n p r e d i c t a b l e 

and t h i s method may, i n f a c t , enhance a c i d f o r m a t i o n . The use 

of b a c t e r i o c i d e s have f a i l e d to make any s i g n i f i c a n t c o n t r i b u t i o n 

to the r e d u c t i o n of the a c i d . 

G l o v e r (1967) r e p o r t e d f a v o r a b l y on the use of b i o c h e m i c a l 

o x i d a t i o n of f e r r o u s s a l t s i n c o n j u n c t i o n w i t h l i m e s t o n e g r i t 

n e u t r a l i z a t i o n . T h i s method c o u l d be s u c c e s s f u l l y and 

e c o n o m i c a l l y used w i t h d i l u t e a c i d d r a i n a g e w a t e r . 

I t a p p e a r s t h a t u n t i l a r e l a t i v e l y i n e x p e n s i v e and 

e f f i c i e n t treatment p r o c e s s has been d e v e l o p e d , the s t r e a m s 

and r i v e r s w i l l c o n t i n u e to be p o l l u t e d by t h e s e e f f l u e n t s . 

The a c i d mine d r a i n a g e problem i n B r i t a i n i s s i m i l a r i n form, 

b u t a v e r y s m a l l f r a c t i o n of the s i z e of t he problem t h a t i s 

found i n America. G l o v e r ( 1 9 6 7 ) . However, w i t h i n c r e a s i n g 
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p r e s s u r e to r e d u c e the p o l l u t i o n i n the s u r f a c e and ground 

w a t e r s i n B r i t a i n , t h e c o n s e q u e n c e s of the problem become 

more i m p o r t a n t and t r e a t m e n t of a c i d mine d r a i n a g e e s s e n t i a l . 

1.3 P h y s i c a l and c h e m i c a l c h a r a c t e r s of a c i d mine d r a i n a g e 

Many of the s u r v e y s of a c i d s t r e a m s have i n c l u d e d b r i e f 

d e s c r i p t i o n s of some of the c h e m i c a l and p h y s i c a l a s p e c t s of 

the w a t e r . Hawley (1971) d e s c r i b e d a t y p i c a l a c i d mine 

d r a i n a g e as c h a r a c t e r i z e d by low pH, h i g h i r o n and h i g h 

s u l p h a t e c o n c e n t r a t i o n s and abnormal heavy m e t a l c o n c e n t r a t i o n s 

i n c l u d i n g manganese, c o p p e r , c o b a l t , z i n c and n i c k e l . The 

c h e m i c a l c o m p o s i t i o n of the w a t e r i s dependent on the s u r r o u n d i n g 

geology over which the a c i d f l o w s as i t i s b e i n g formed. 

C o n s e q u e n t l y , the c h e m i s t r y of the w a t e r w i l l v a r y between 

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

s i m i l a r i t y between the d i f f e r e n t t y p e s of c o a l mine w a t e r t o 

c r e a t e f o u r g e n e r a l c l a s s e s , (Lundgren et^ a^L. 1971) of w h i c h 

c l a s s e s 1 and 2 can be c o n s i d e r e d the most damaging ( s e e T a b l e 1. 

Th e s e c a t e g o r i e s a r e a u s e f u l g u i d e , but they do not i n c l u d e 

i n f o r m a t i o n on the heavy m e t a l c o n c e n t r a t i o n s , or the n u t r i e n t 

s t a t u s of the w a t e r s . P a r s o n s (1964) c l a s s i f i e d t h e a c i d 

s t r i p mine l a k e s on the b a s i s of t h e i r p h y s i c a l and c h e m i c a l 

c h a r a c t e r i s t i c s and c o n c l u d e d t h a t the p r o g r e s s i v e o x i d a t i o n 

and p r e c i p i t a t i o n of i r o n o x i d e s i n the water was the key 

t o c l a s s i f i c a t i o n of l a k e s . 

A l t h o u g h v a r i o u s a s p e c t s of the c h e m i c a l c o m p o s i t i o n of 

a c i d w a t e r have been d e t e r m i n e d by many w o r k e r s , f o r example 

Roback & R i c h a r d s o n (1969) , Kemp (1967) and K l e i n (1957) , 
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( s e e 8.25 f o r f u r t h e r d e t a i l s ) , the r e p o r t of Van E v e r d i n g e n , 

(1969) on the a c i d s p r i n g s i n Kootenay N a t i o n a l P a r k , B r i t i s h 

C o l u m b i a , r e m a i n s one of the most e x t e n s i v e . He s t u d i e d the 

c h e m i c a l a s p e c t s of a range of s i t e s from pH 2.5 to 5.5, 

m e a s u r i n g 11 c a t i o n s , i n c l u d i n g 6 heavy m e t a l s , 6 a n i o n s , p l u s 

CO^ and 0^ c o n c e n t r a t i o n s and t h e p h y s i c a l p a r a m e t e r s pH, Eh, 

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

a g r e e w i t h the broad d e s c r i p t i o n g i v e n above by Hawley. However 

no i n f o r m a t i o n was g i v e n on phosphorus and n i t r o g e n . 

The n u t r i e n t s t a t u s of the water a p p e a r s to v a r y 

c o n s i d e r a b l y but g e n e r a l l y the w a t e r can be c o n s i d e r e d a s 

s l i g h t l y to m o d e r a t e l y e u t r o p h i c i n c h a r a c t e r . Roback & 

R i c h a r d s o n (1969) and B e n n e t t (1969) d e t e r m i n e d the n i t r o g e n 

and phosphorus c o n c e n t r a t i o n s of s e v e r a l s i t e s and found 

l e v e l s v a r y i n g from PC<4; 4.8 - 0.5 mg 1 _ 1 and N0 3; 6.46 - 0.1 

mg 1 1 . 

1.31 R e l a t i o n s h i p between w a t e r c h e m i s t r y and s p e c i e s 

As a l r e a d y s t a t e d ^ t h e r e have been s e v e r a l a t t e m p t s to 

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

a c i d w a t e r , however, v e r y few a u t h o r s have a t t e m p t e d to r e l a t e 

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

t h e o b s e r v a t i o n s made by B e n n e t t (1969) , B e s c h e_t a_l. (1972) 

and P a t r i c k e t a_l. (1974) i t would appear t h a t pH or a c i d i t y 

had the c o n t r o l l i n g i n f l u e n c e on the s p e c i e s p r e s e n c e r a t h e r 

t h a n o t h e r p a r a m e t e r s s u c h as' heavy m e t a l c o n c e n t r a t i o n s . 

However, t h e r e i s some e v i d e n c e from the work of Besch e t a l . 
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t h a t heavy m e t a l c o n c e n t r a t i o n s do pl_ay a s e c o n d a r y r o l e 

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

t h i s w i l l depend upon the pH v a l u e of t he w a t e r ( s e e 8.57) . 

1.4 E f f e c t s of a c i d i c w a t e r on t e r r e s t r i a l w i l d l i f e and 

f i s h 

1.41 T e r r e s t r i a l w i l d l i f e 

The p r e s e n c e of a c i d mine w a t e r p o l l u t i o n i s f e l t n o t 

o n l y i n t h e a q u a t i c e n v i r o n m e n t b ut a l s o i n t h e s u r r o u n d i n g 

a r e a . The p r e s e n c e o f a c i d i n a major s t r e a m complex, a s 

found i n t he U.S.A., may r e s u l t i n a d r a m a t i c r e d u c t i o n i n 

the a n i m a l p o p u l a t i o n of t he s u r r o u n d i n g a r e a ( K i n n e y , 1 9 6 4 ) . 

T h i s i s p a r t l y due to the c o n t i n u a l d i s t u r b a n c e of t h e 

s u r r o u n d i n g c o u n t r y s i d e by the mining a c t i v i t i e s and p a r t l y 

b e c a u s e of the l a c k of food and c o v e r n o r m a l l y p r o v i d e d by 

the v e g e t a t i o n i n and around the a c i d s t r e a m s . Mammals, 

b i r d s and r e p t i l e s w h i c h r e l y on t h e r i v e r s y s t e m s f o r food 

and b r e e d i n g a r e p a r t i c u l a r l y a f f e c t e d by the d e v a s t a t i o n 

of t h e normal r i v e r e n v i r o n m e n t by t he a c i d mine w a t e r . F i s h 

p r e d a t o r s , such as o t t e r s , b e a r s , r a c o o n s and v a r i o u s s p e c i e s 

of f i s h e a t i n g w a t e r f o w l , a r e n o t a b l y a b s e n t from a r e a s where 

the low pH and a s s o c i a t e d f a c t o r s have removed t h e f i s h 

p o p u l a t i o n . Although d a t a and o b s e r v a t i o n s a r e l a c k i n g i n 

the l i t e r a t u r e , the r e p o r t s by Bo c c a r d y & S p a u l d i n g (1968) 

and the A p p a l a c h i a n R e g i o n a l Commission (1968) i n d i c a t e 

t h a t even though i t i s d i f f i c u l t to d e t e r m i n e t h e s p e c i f i c 

r e a s o n s why a s p e c i e s i s a b s e n t from an a r e a , t h e e f f e c t 

of a c i d mine d r a i n a g e i s d e l e t e r i o u s t o t e r r e s t r i a l v e r t e b r a t e s . 
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The absence o f f i s h from t h e s e w a t e r s i s of p a r t i c u l a r 

i m p o r t a n c e , e s p e c i a l l y i n view of the i n c r e a s i n g demand f o r 

f r e s h w a t e r s p o r t f i s h i n g . K inney (1964) e s t i m a t e d t h a t i n 

the U.S.A., 5890 m i l e s of s t r e a m and 14967 a c r e s of 

impoundment had a p o t e n t i a l f o r f i s h and w i l d l i f e h a b i t a t , i f 

the a c i d p o l l u t i o n was removed. The problems e n c o u n t e r e d i n 

the U.S.A. a r e s e v e r a l d e g r e e s g r e a t e r than any where 

e l s e i n t h e w o r l d ; h o w e v e r , f i s h k i l l s have been r e p o r t e d i n 

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

the p r e s e n c e of a c i d w a t e r s eg.South A f r i c a and Denmark. 

1.42 F i s h 

T h e r e i s much l i t e r a t u r e on the pH l i m i t s o f f i s h i n 

f r e s h w a t e r and t h i s has been e v a l u a t e d c r i t i c a l l y by Doudoroff 

& K a t z (1950) and L l o y d ( 1 9 6 8 ) . T h e r e seems to be g e n e r a l 

agreement t h a t f u l l y d e v e l o p e d f i s h c a n l i v e betv/een pH 5.0 

and 9.0 and t h a t below t h i s range c e r t a i n s p e c i e s a r e c a p a b l e 

of s u r v i v i n g and r e p r o d u c i n g down to pH v a l u e s of 4.2, ( e g . 

p i k e ) . Other e n v i r o n m e n t a l f a c t o r s s u c h as CO^ c o n c e n t r a t i o n s 

and h a r d n e s s o f the wa t e r a r e i m p o r t a n t i n d e t e r m i n i n g t h e 

pH l i m i t s of the f i s h . High l e v e l s of C 0 2 (100-200 mg 1 _ 1 ) 

i n t h e w a t e r appear to i n f l u e n c e t h e t o x i c e f f e c t of low pH 

and f i s h k i l l s may o c c u r a t pH v a l u e s which a r e n o r m a l l y 

not h a r m f u l . 

Although s e v e r a l s p e c i e s can s u r v i v e around pH 4.0 f o r 

some t i m e , t h e i r r e p r o d u c t i v e a b i l i t y i s d i m i n i s h e d and the 

h a t c h i n g s u c c e s s of the eggs i s g r e a t l y r e d u c e d below pH 

5.0. F o r sa l m o n o i d eggs, a marked r e d u c t i o n o c c u r s below 



28 

4.8 a l t h o u g h the a d u l t s have been o b s e r v e d a t pH 4.5. 

The p a t h o l o g i c a l e f f e c t s of low pH on f i s h a r e not 

c o m p l e t e l y u n d e r s t o o d . E l l i s (1937) s u b j e c t e d g o l d f i s h to 

low pH and r e p o r t e d t h a t d e a t h was due to s u f f o c a t i o n by 

the p r e c i p i t a t i o n of mucus on the g i l l e p i t h e l i u m . L l o y d & 

J o r d a n (1964) found no mucus on the g i l l s , or a p p a r e n t damage 

to the g i l l t i s s u e of t r o u t w h i c h had been h e l d a t pH 3.4 

f o r 7h h o u r s . The a u t h o r s a t t r i b u t e d t h e i r d e a t h to a c i d e m i a . 

A l t h o u g h the d a t a r e g a r d i n g the e f f e c t s o f l a r g e amounts 

of i r o n on f i s h are l i m i t e d and c o n f u s e d , t h e r e seems to be an 

i n d i c a t i o n t h a t the l e t h a l e f f e c t s of a c i d mine w a t e r a r e 

i n c r e a s e d by i t s p r e s e n c e . Even i f the i r o n i s not d i r e c t l y 

t o x i c , where i t p r e c i p i t a t e s out i t i s l i k e l y t h a t the f i s h 

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

i n t h e b e n t h i c community. Th e r e does not appear to be much 

d a t a on the combined e f f e c t s of low pH and h i g h heavy m e t a l 

c o n c e n t r a t i o n s . P e r h a p s some of the a n o m a l i e s c o n c e r n i n g the 

t o x i c i t y of i r o n may be a t t r i b u t e d to the heavy m e t a l s . 

Whatever a r e t h e r e a s o n s f o r the a b s e n c e of f i s h from 

t h e s e w a t e r s , i t i s c l e a r t h a t r e s t o r a t i o n of t h e a c i d w a t e r 

to a pH i n which f i s h can s u r v i v e , i e . pH 5.0 and above, 

w i l l u l t i m a t e l y r e s u l t i n an improvement i n the w i l d l i f e and 

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

1.5 E f f e c t s of a c i d i c w a t e r s on the f a u n a 

1.51 B e n t h i c f a u n a 

Of t h e o r g a n i s m s which i n h a b i t a c i d waters, the b e n t h i c 
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and p l a n k t o n i c f a u n a have p r o b a b l y - r e c e i v e d t h e most a t t e n t i o n 

and t h e r e f o r e a l i t t l e more i s known of t h e i r d i s t r i b u t i o n . 

H a r r i s o n and v a r i o u s co- w o r k e r s (1958, 1960 and 1965)' 

i n s t u d i e s of the f a u n a of S. A f r i c a n a c i d streams r e p o r t e d t h a t 

t h e f a u n a was i m p o v e r i s h e d , but not n e c e s s a r i l y of low d e n s i t y . 

T h e r e a p p e a r s to be c h a r a c t e r i s t i c s p e c i e s w h i c h a r e r e s i s t a n t 

to t h e a c i d c o n d i t i o n s ; f o r example, H a r r i s o n e_t̂  a l ^ . found t h a t 

t h e p o p u l a t i o n s of s t r e a m s were dominated by c a d d i s and 

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

A r g y r o b o t h r u s s p . t h r i v e d a t low pH, where o t h e r s p e c i e s o f 

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

s p e c i e s were more abundant t h a n i n the normal s t r e a m s , p r o b a b l y 

due to the l a c k of c o m p e t i t i o n and p r e d a t i o n i n the a c i d 

e n v i r o n m e n t . 

J e w e l l (1922) and L a c k e y (1938, 1939) noted the f a u n a of 

a c i d w a t e r s . L a c k e y found 12 s p e c i e s of m a c r o s c o p i c i n v e r t e ­

b r a t e s from pH 2.2 to 3.9. Of these, Chironomum l a v a e and the 

midge C a r e t h a sp. were abundant. Chironomldae were a l s o 

r e p o r t e d t o l e r a n t to low pH (2.8) by Warner ( 1 9 6 8 ) . He found 

t h a t i n w a t e r a t pH 2.8 - 3.8 the maximum number of s p e c i e s 

was 12,whereas a t pH 4.5 and above the number i n c r e a s e d to 

25 s p e c i e s . B l a c k f l i e s , m a y f l i e s , and s t o n e f l i e s were not 

found below pH 4.5. Roback & R i c h a r d s o n (1969) i n v e s t i g a t e d 

the e f f e c t s o f mine d r a i n a g e (pH 3.0 - 7.0) on a q u a t i c i n s e c t s 

and found t h a t s p e c i e s of the Odonata, E p h e m e r o p t e r a , and 

P l e c o p t e r a were e l i m i n a t e d by low pH, and t h a t t h e s p e c i e s 

P t i l o s tomis ( c a d d i s ) , S i a 1 i s ( a l d e r f l y ) and Chironomus 
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a t t e n u a t u s ( D i p t e r a ) were r e d u c e d but c o u l d t o l e r a t e the h i g h 

a c i d i t y • 

The d i s t r i b u t i o n of T e n d i p e s plumosus i n 19 s t r i p mine 

l a k e s (pH 2.3 - 7.6) was s t u d i e d by Harp & C a m p b e l l ( 1 9 6 7 ) . 

They r e p o r t e d t h a t T. plumosus was the o n l y t e n d i p e d i d e s t a b l i s h e d 

a t pH v a l u e s below 6.0 and t h a t a l t h o u g h the a d u l t s were c o l l e c t e d 

on t h e s u r f a c e of the l a k e a t pH 2.3, t h e pupae were u n a b l e to 

emerge below pH 2.8. The d i s t r i b u t i o n of t h i s s p e c i e s a p p e a r e d 

to be c o n t r o l l e d p r i m a r i l y by the absence of l e a f d e t r i t u s , n o t 

the pH v a l u e . S t o c k i n g e r & Hays (1960) a l s o r e c o r d e d t h e genus 

T e n d i p e s as t he most numerous group, p r e s e n t i n 3 s t r i p mine 

l a k e s . O t h e r major f i e l d s t u d i e s i n t o the i n f l u e n c e of pH 

on b e n t h i c f a u n a , i n c l u d e Dinsmore, ( 1 9 6 8 ) , P a t r i c k ejb a_ l . (1974) 

and H e n r i c k & C a i r n s ( 1 9 7 2 ) . 

1.52 L a b o r a t o r y s t u d i e s 

S e v e r a l l a b o r a t o r y s t u d i e s have a l s o been made on the 

e f f e c t s of a c i d i t y on a q u a t i c i n s e c t s . S t i c k n e y (1922) r e c o r d e d 

t h a t the nymph of the d r a g o n f l y L i b e l l u l a p u l c h e l l a was a b l e 

to t o l e r a t e pH 1.0 f o r 12.5 h o u r s . B e l l & Nebeker (1968) 

c o n d u c t e d a s t u d y on t h e s h o r t term t o l e r a n c e of 10 s p e c i e s 

of a q u a t i c i n s e c t to low pH. The c a d d i s f l i e s , B r a c h y c e n t r u s 

and Hydopsyche were t o l e r a n t to pH 1.5 and 3.15 r e s p e c t i v e l y 

f o r 96 h o u r s , b ut f o r s u r v i v a l of the p o p u l a t i o n o v e r a l o n g e r 

p e r i o d ^ h i g h e r pH v a l u e s were r e q u i r e d (approx. pH 3 . 8 ) . B e l l 

(1971) i n v e s t i g a t e d the e f f e c t of low pH on t h e s u r v i v a l and 

emergence of 9 a q u a t i c i n s e c t s , i n c l u d i n g , d r a g o n f l i e s , s t o n e -

f l i e s , c a d d i s f l i e s and- m a y f l i e s . He c o n c l u d e d from h i s s t u d i e s 
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t h a t the pH t o l e r a n c e o f _ t h e s p e c i e s v a r i e d c o n s i d e r a b l y , and 

t h a t c a d d i s f l i e s were t h e most t o l e r a n t and m a y f l i e s the l e a s t . 

B r a c h y c e n t r u s a m e r i c a n u s was a g a i n the most r e s i s t a n t , w i t h ­

s t a n d i n g pH 2.45 f o r 30 d a y s . The emergence of the i n s e c t s 

a ppeared to be the c r i t i c a l s t a g e of the l i f e c y c l e and 

r e q u i r e d a much h i g h e r pH v a l u e f o r a 50% s u c c e s s r a t e . B e l l 

recommended t h a t to e n s u r e a l a r g e p o p u l a t i o n of i n s e c t s t h e 

w a t e r s h o u l d be above pH 5.5. 

1.53 Z o o p l a n k t o n 

The amount of l i t e r a t u r e d i s c u s s i n g the z o o p l a n k t o n of 

a c i d s t r e a m w a t e r i s c o n s i d e r a b l y l e s s than f o r the b e n t h i c 

f a u n a . L a c k e y (19J8) r e p o r t e d s e v e r a l m i c r o i n v e r t e b r a t e s 

p r e s e n t i n s t r e a m s of low pH. I n p a r t i c u l a r , P i s t y l a s p . , 

A c t i n o p h r y s s o l , and O x y t r i c h a s p . were w e l l r e p r e s e n t e d i n 

the t o t a l p o p u l a t i o n . Of t h e 3 l a k e s studf.ed by Heaton (1951) 

the r o t i f e r B r a c h i o n u s u r e o l a r i s dominated the most a c i d l a k e 

(pH 2.96 - 3 . 3 ) . T h i s r o t i f e r was a l s o r e p o r t e d to be the 

dominant p l a n k t e r i n Lake Osoresan-Ko, J a p a n , a t pH 3.0 

(Ueno, 1 9 5 8 ) . At a s l i g h t l y h i g h e r pH, S t o c k i n g e r & Hays (1960) 

r e p o r t e d t h e r o t i f e r of t he genus K e r a t e l l a to be t h e most 

numerous. Other g e n e r a which o c c u r r e d i n s m a l l e r numbers, i n 

low pH. l a k e s , were C y c l o p s , Daphnia, Diatomus and S c a p h o l e b e r i s . 

P a r s o n s (1968) c a r r i e d out one of the most e x t e n s i v e 

s t u d i e s on the e f f e c t of a c i d w a t e r on the f a u n a of s t r e a m s . 

He s t u d i e d s e v e r a l s i t e s a l o n g Cedar C r e e k , M i s s o u r i , w h i c h were 

s u b j e c t e d to v a r y i n g amounts of c o n s t a n t and i n t e r m i t t e n t a c i d 
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p o l l u t i o n . From h i s work on the r e c o v e r y of the s t r e a m s , 

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

were more t o l e r a n t and b e t t e r adapted to a c i d c o n d i t i o n s t h a n 

o t h e r s . I n c l u d e d among t h e s e were the r o t i f e r s B r a c h i o n u s 

u r c e o l a r i s and B_. h a v a n a e n s i s and K e r a t e l l a q u a d r a t a . I t was 

e v i d e n t a t s t a t i o n s where the i n t e r m i t t e n t pH d e c r e a s e s o c c u r r e d , 

t h a t the p o p u l a t i o n was dominated a t a l l t i m e s by a c i d t o l e r a n t 

s p e c i e s . A l t h o u g h t h e r e was a d e c r e a s e i n the number of s p e c i e s 

i n t h e more a c i d i c r e a c h e s , t h e number of i n d i v i d u a l s was h i g h e r 

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

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

found to be a f u n c t i o n of the l e n g t h of the l i f e c y c l e , eg. the 

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

the b e n t h i c o r g a n i s m s . 

1.6 E f f e c t s of a c i d w a ter on p h o t o s y n t h e t i c o r g a n i s m s 

1.61 Macrophytes 

I t would appear from the l i t e r a t u r e t h a t the m a c r o p h y t i c 

f l o r a i s r e s t r i c t e d t o a few a c i d t o l e r a n t s p e c i e s . L a c k e y 

( 1 9 3 8 ) , i n h i s s u r v e y of a c i d s t r e a m s , r e p o r t e d t h a t Typha 

l a t i f o l i a was the most abundant v a s c u l a r p l a n t , a l t h o u g h 

I s o e t e s spp. a l s o o c c u r r e d . P a t r i c k e t a l . (1974) a l s o 

r e c o r d e d a s p e c i e s of I s o e t e s p r e s e n t below pH 4.0, a l t h o u g h 

V a l l i s n e r i a s p . was the most dominant p l a n t r e c o r d e d . 

S p e c i e s of E l e o c h a r i s seem commonly to be a s s o c i a t e d w i t h 

the a c i d h a b i t a t . Heaton (1951) found E l e o c h a r i s p a l u s t r i s , 

Typha l a t i f o l i a and C a r e x s p . t o be the o n l y p l a n t s i n a l a k e 



33 

a t pH 2.4 - 3.8. With an i n c r e a s e i n pH to above 5.0 the 

p l a n t community i n c r e a s e d by 7 s p e c i e s . B e l l (1956) a l s o 

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

3.4 and 3.0 r e s p e c t i v e l y , w h i l s t E h r l e (1960) found 

E l e o c h a r i s a c i c u l a r i s i n P e n n s y l v a n i a n s t r e a m s a t pH 3.0. 

One of t h e most e x t e n s i v e macrophyte s u r v e y s of a c i d w a t e r s 

was c a r r i e d o u t by Moore & C l a r k s o n (1967) and they c o n f i r m e d 

t h a t E . a c i c u l a r i s was the most abundant s p e c i e s p r e s e n t i n 

the W. V i r g i n i a n s t r e a m s . 

H a r r i s o n (1958, 1965) d i d not r e p o r t E l e o c h a r i s p r e s e n t 

i n t h e S. A f r i c a n a c i d s t r e a m s he s t u d i e d ; however, Typha 

l a t i f o l i a , P h r a g m i t e s communis and the moss Sphagnum t r u n c a t u m 

were found a t pH 2.9. The s p e c i e s which were more abundant 

a t h i g h e r pH v a l u e s (3.7 - 4.3) were S c i r p u s f l u i t a n s , J u n c u s 

e x s e r t u s and J . o x y c a r p u s . H a r r i s o n c o n c l u d e d t h a t s t r o n g 

a c i d p o l l u t i o n e l i m i n a t e d some s p e c i e s , b u t a t the same t i m e , 

encouraged the a c i d o p h i l i c s p e c i e s to c o l o n i z e the extreme 

e n v i r o n m e n t s . / 

1.62 A l g a e 

A l t h o u g h a l g a e a r e the b a s i c components o f the food 

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

i m p o r t a n c e to the p r o d u c t i v i t y of the o t h e r o r g a n i s m s , t h e i r 

r e a c t i o n to a c i d c o n d i t i o n s has r e c e i v e d l i t t l e a t t e n t i o n . 

T h e r e have been s e v e r a l s t u d i e s i n which t h e a l g a l s p e c i e s 

have been noted i n p a s s i n g , but v e r y few w h i c h have d e a l t 

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

i n d i v i d u a l s p e c i e s to the extreme e n v i r o n m e n t . 
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The most e x t e n s i v e s t u d i e - s - o f the i n f l u e n c e of a c i d 

w a t e r on the a l g a l community, as a whole, have been c a r r i e d 

out by L a c k e y ( 1 9 3 8 ) , Bennett ( 1 9 6 9 ) , Warner ( 1 9 6 8 ) , S t e i n b a c k 

( 1 9 6 6 ) , and Weaver and Nash ( 1 9 6 8 ) . The s t u d i e s of H u s t e d t 

(1938), Cholnoky ( 1 9 5 8 ) , J o r g e n s e n ( 1 9 4 8 ) , M e r i l a i n e n (1967) 

and P a t r i c k e_t a l . (1968, 1974) were p r i m a r i l y c o n c e r n e d w i t h t h e 

pH p r e f e r e n c e s of d i a t o m s . I n a d d i t i o n to the d i s c u s s i o n of 

the a v a i l a b l e l i t e r a t u r e g i v e n below, some of t h e s e d a t a 

a r e a l s o summarised i n a comparison o f the r e s u l t s r e p o r t e d i n 

t h i s s t u d y , w i t h t h o s e o b t a i n e d by o t h e r w o r k e r s ( T a b l e 8.2) 

One of the most d e t a i l e d a c c o u n t s of the p h o t o s y n t h e t i c 

o r g a n i s m s i n a c i d mine d r a i n a g e , i s t h a t of L a c k e y f o r s i t e s 

i n I n d i a n a and W. V i r g i n i a . He r e c o r d e d 76 s p e c i e s of a l g a e 

and p r o t o z o a o v e r a pH range of 1.8 t o 3.9. He c o n c l u d e d t h a t 

a t or below pH 3.9, the number of s p e c i e r : found i n a c i d 

w a t e r was s m a l l , the l a r g e s t b e i n g 11 s p e c i e s a t pH 2.6, w h i l e 

s e v e r a l s amples showed none a t a l l . However, where t y p i c a l 

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

numbers. The s p e c i e s o c c u r r i n g most f r e q u e n t l y were E u g l e n a 

m u t a b i l i s (85% o c c u r r e n c e ) , Chlamydomonas sp . (70%) , N a v i c u l a 

d i a toms ( 6 6 % ) , and Ochromonas s p . ( 3 8 % ) . L a c k e y c o n s i d e r e d 

i t p o s s i b l e to d e t e r m i n e the water q u a l i t y by the r e l a t i v e 

abundance of a l i m i t e d number of e a s i l y r e c o g n i z a b l e s p e c i e s . 

B e n n e t t i n v e s t i g a t e d 17 s t a t i o n s (pll 2.69 - 7.0) i n 

W. V i r g i n i a l o c a t e d on c r e e k s , r i v e r s and p o o l s r e c e i v i n g a c i d 

d r a i n a g e . He r e p o r t e d f i n d i n g 107 s p e c i e s o f a l g a e a t 8 

s t a t i o n s below pH 4.1; 25 of t h e s e were r e s t r i c t e d to t h e 8 
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a c i d s t a t i o n s but the r e m a i n i n g 82 were found a t h i g h e r 

pH v a l u e s . A l g a e c h a r a c t e r i s t i c of mine p o l l u t e d w a t e r 

were t h o s e s p e c i e s w h i c h were common to a range of h a b i t a t s . 

T h e r e were a few a l g a e t h a t were found to be c o n s i s t e n t l y 

abundant o v e r a p e r i o d of months, t h e s e were: E u g l e n a m u t a b l l i s 

U l o t h r i x s u b t i l i s , P i n n u l a r i a b r a u n i i , E u n o t i a t e n e 1 l a ( p o s s i b l y 

E . e x i g u a ) , U l o t h r i x s p . , F r u s t u l i a rhomboides and Penium 

j e n e r i . 

B e n n e t t a l s o found a r e d u c t i o n i n the number of s p e c i e s 

as the a c i d i t y i n c r e a s e d and pH d e c r e a s e d and c o n c l u d e d , a s 

d i d L a c k e y , t h a t from the number of s p e c i e s p r e s e n t and 

t h e i r r e l a t i v e abundance, the range of pH and a c i d i t y c o u l d 

be e s t i m a t e d . However he added t h a t abundance was o f t e n 

dependent on the a l g a l s p e c i e s p r e s e n t and the s e a s o n . 

The number of s p e c i e s r e p o r t e d by B e n n e t t was c o n s i d e r a b l y 

l a r g e r t h a n the numbers found by o t h e r a u t h o r s . J o s e p h (1953) 

found 20 s p e c i e s of a l g a e , most of which were diatoms, from 

10 s t r e a m s i n Ohio; u n f o r t u n a t e l y he d i d not g i v e the pH 

v a l u e s r e c o r d e d f o r the s p e c i e s . Weaver & Nash (1968) r e c o r d e d 

20 s p e c i e s from 6 s t a t i o n s on one s t r e a m of pH 3.0 - 4.0 i n 

K e n t u c k y . The f l o r a of t h i s s t r e a m was dominated by 

f i l a m e n t o u s a l g a e and E u g l e n a spp. Of t h e s e , E u g l e n a was 

found to be dominant i n the more a c i d r e a c h e s . Warner (1968) 

compared two s t r e a m s , one pH 2.8 - 3.8 and the o t h e r pH 4.5 

and above and found t h a t the lower pH s u p p o r t e d 10-19 t a x a 

o f a l g a e , w h i l e t h e l e s s p o l l u t e d c o n t a i n e d 33 s p e c i e s . The 

most abundant s p e c i e s of the more a c i d a r e a s were, U l o t h r i x 
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t e n e r i m a , P i n n u l a r i a t e r m i t i n a , E u n o t i a e x i g u a and E u g l e n a 

m u t a b i l i s . S t e i n b a c k (1966) a l s o r e c o r d e d E . m u t a b i l l s i n 

wa t e r below pH 3.0, t o g e t h e r w i t h E u n o t i a spp., N a v i c u l a spp., 

Chlamydomonas spp. Above t h i s pH, s p e c i e s of U l o t h r i x , 

Mi c r o s p o r a and Mougeotia were commonly found. 

I n t h e S. A f r i c a n s t r e a m s i n v e s t i g a t e d by H a r r i s o n and 

h i s c o - w o r k e r s , t h e dominant s p e c i e s i n a r e d u c e d f l o r a were 

f i l a m e n t o u s and d i a t o m s . The diatoms t h a t were o f t e n abundant 

below pH 5.0 were E u n o t i a e x i g u a , F r u s t u l i a spp., P i n n u l a r i a 

a c o r i c o l a , P_. s u b c a p i t a t a , Achnanthes m l c r o c e p h a l a and A_. 

m i n u t i s s i m a . These s p e c i e s a r e c o n s i d e r e d by Cholnoky (1958) 

t o be c h a r a c t e r i s t i c of a c i d c o n d i t i o n s . O t h e r s t u d i e s o f 

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

t h e r e f o r e , t h e y may be c o n s i d e r e d common to t h e low pH 

en v i r o n m e n t . Besch e_t a_l. (1972) used diatom communities as 

i n d i c a t o r s of a c i d and h i g h heavy m e t a l c o n d i t i o n s . They 

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

P i n n u l a r i a i n t e r r u p t a v a r . beceps as p r i m a r y i n d i c a t o r s o f 

a c i d and h i g h c o n c e n t r a t i o n s of Zn and Cu. 

I n a d d i t i o n to the a p p a r e n t l y common and abundant 

di a t o m s r e p o r t e d , t h e s p e c i e s P i n n u l a r i a b r a u n i i v a r . 

a m p h i c e p h a l a might a l s o be c o n s i d e r e d as t o l e r a n t of e x t r e m e l y 

low pH c o n d i t i o n s . Ueno (1958) r e p o r t e d i t ' s p r e s e n c e i n 

a J a p a n e s e l a k e a t pH 2.7 and S a t a k e (1974) found t h a t i t 

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

l a k e a t pH 1.7. 

I n t h e s e e x t r e m e l y low pH w a t e r s , Chlamydomonas spp. 
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appear to be q u i t e common.- F o t t (1964) r e p o r t e d Chlamydomonas 

a p p l a n a t a v a r . a c i d o p h i l a as growing w e l l a t pH 1.0 and Ueno 

(1958) and S a t a k e (1974) a l s o found i t i n a J a p a n e s e l a k e a t 

pH 1.7 and 1.8. The s p e c i e s Cynanidium c a l d a r i u m was a l s o 

r e p o r t e d p r e s e n t i n the same J a p a n e s e l a k e a t pH 1.8. 

Although Ĉ . caldarium i s c o n s i d e r e d a common member of t h e 

t h e r m a l a c i d i c e n v i ronment, t h e r e a r e no o t h e r r e c o r d s of 

t h i s s p e c i e s i n t h e non-thermal a c i d i c h a b i t a t s . 

B l u e - g r e e n a l g a e a r e n o t i c e a b l e by t h e i r a b s e n c e i n t he 

m a j o r i t y of r e p o r t s on a c i d w a t e r s . T h i s s u b j e c t has been 

i n v e s t i g a t e d by Brock (1973) who s u r v e y e d many a c i d s i t e s 

but c o u l d not f i n d any b l u e - g r e e n a l g a e below pH 4.0, and 

o n l y o c c a s i o n a l o c c u r r e n c e s below pH 5.0. These o b s e r v a t i o n s are 

s u p p o r t e d by the m a j o r i t y of s u r v e y s and t h e r e f o r e i t seems 

f a i r to c o n c l u d e t h a t the absence of b l u e - g r e e n a l g a e i s a 

c h a r a c t e r i s t i c of a c i d w a t e r s below pH 4.0. 

1.7 T o l e r a n c e of p h o t o s y n t h e t i c s p e c i e s to low pH and 

heavy m e t a l s , 

1.71 Low pH 

The m a j o r i t y o f the l i t e r a t u r e r e v i e w e d has been 

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

of low pH i n the f i e l d s i t u a t i o n . With t h e e x c e p t i o n of 

the r o l e of b a c t e r i a i n a c i d f o r m a t i o n , and Cyanid i u m 

c a l d a r i u m i n the t h e r m a l a c i d i c h a b i t a t , v e r y few s t u d i e s 

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

o r g a n i s m s t o l e r a n c e to low pH. W h i l s t t h e r e i s a need f o r 

more d e t a i l e d f i e l d work, i t i s a l s o n e c e s s a r y to d e t e r m i n e 
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t h e p h y s i o l o g i c a l . . . c b a r a c t e r i s t i c s o f a c i d t o l e r a n c e , i f 

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

T h e r e h a v e b e e n s e v e r a l a t t e m p t s t o d e t e r m i n e t h e pH 

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

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

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

M c C a r t h y ( 1 9 6 4 ) , M c C a r t h y e t a l . ( 1 9 6 5 ) a n d C a s s i n s ( 1 9 7 4 ) 

h a v e s t u d i e d t h e n u t r i e n t r e q u i r e m e n t s a n d t o some e x t e n t 

a l s o t h e pH t o l e r a n c e o f C h l a m y d o m o n a s a p p l a n a t a v a r . a c i d o p h i l a 

a n d r e p o r t e d t h a t i t was n o t f a s t i d i o u s i n i t s n u t r i e n t 

r e q u i r e m e n t s a n d c o u l d t o l e r a t e pH v a l u e s a r o u n d 2.0 a t a 

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

i t d i d n o t h a v e any m a r k e d n u t r i e n t r e q u i r e m e n t s , i t s 

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

a n d i n c r e a s e d i r o n c o n c e n t r a t i o n s ( C a s s i n s , 1 9 7 4 ) . S e v e r a l 

o t h e r a c i d o p h i l i c s p e c i e s w h i c h a r e n o t r e p o r t e d commonly 

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

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

C_. t u r f o s a a n d Chlamydomona s s p p . C a r t e r i a a c i d i c o l a was 

r e p o r t e d by F o t t & M c C a r t h y ( 1 9 6 4 ) t o be s i m i l a r t o 

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

g r o w t h r a t e , w h e r e a s C a r t e r i a t u r f o s a was f o u n d t o h a v e a 

p o s s i b l e a b s o l u t e r e q u i r e m e n t f o r some v i t a m i n s a n d was n o t 

a s t o l e r a n t t o l o w e r pH v a l u e s a s t h e o t h e r s p e c i e s . 

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

a c i d o b i o n t C y a n i d i u m c a l d a r i u m h a s r e c e i v e d d e t a i l e d s t u d i e s 
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i n t h e l a b o r a t o r y . DoemeL 8 Brock (1971) d e m o n s t r a t e d t h a t 

the s p e c i e s has a pH optimum of about 2-3 and i s c a p a b l e 

of growth a t pH 1.0. A s c i o n e e_t a_l. (1966) found t h a t i n a 

p o o r l y b u f f e r e d medium, the a l g a r e d u c e s t h e pH of i t s 

growth medium i n b a t c h c u l t u r e a t h i g h e r pH v a l u e s . 

S e v e r a l s p e c i e s of E u g l e n a have been i n v e s t i g a t e d f o r 

pH t o l e r a n c e , i n c l u d i n g the a p p a r e n t l y extreme a c i d o p h i l 

E u g l e n a m u t a b i l i s . Dach (1943) found t h a t i t c o u l d s u r v i v e 

a t pH 1.4 f o r 12 ho u r s i n b a s i c medium. K o s t i r ( 1 9 2 1 ) , J a h n 

(1931) and Schoenborn (1950) have examined the n u t r i e n t 

r e q u i r e m e n t s of E. g r a c i l i s and E. v l r i d i s and r e p o r t e d 

t o l e r a n c e t o m o d e r a t e l y low pH. E. v i r i d i s was a l s o found 

to be c a p a b l e of a u t o t r o p h i c growth. Moss (1973) i n v e s t i g a t e d 

the e f f e c t of the i n i t i a l pH on 35 s p e c i e s o f a l g a e . He found 

t h a t E u g l e n a g r a c i l i s and E u n o t i a e x i g u a were t h e o n l y 

s p e c i e s t h a t would grow below pH 4.0. 

A l t h o u g h not commonly a s s o c i a t e d w i t h a c i d water, s e v e r a l 

s p e c i e s of C h l o r e l l a have been t e s t e d f o r pH t o l e r a n c e . 

Hopkins & Wann (1926) s t u d i e d the r e l a t i o n s h i p between H 

i o n s and a s p e c i e s of C h l o r e l l a , and r e p o r t e d pH 3.4 as t h e 

l i m i t of i t s growth. K e s s l e r (1965) conducted an e x t e n s i v e 

s t u d y of 51 a u t o t r o p h i c C h l o r e l l a s t r a i n s of 7 s p e c i e s and 

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

used as taxonomic c h a r a c t e r s . S t r a i n s of C_. e 1 l i p s o i d a were 

the most r e s i s t a n t , growing a t pH 2.0 - 3.0. 

I n a d d i t i o n to d e t e r m i n i n g the pH l i m i t s of a l g a l s p e c i e s , 

some e f f o r t has been made t o d e t e r m i n e t h e e f f e c t s of pH on 
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t h e a v a i l a b i l i t y of n a t u r a l l y o c c u r r i n g e l e m e n t s . Oborn 

(1960) and Hunter e_t a_l. (1950) have r e v i e w e d the r o l e 

of i r o n i n n a t u r a l w a t e r s but l i t t l e i s known of the e f f e c t s 

of pH on i t ' s a v a i l a b i l i t y . C a s s i n s (1974) found t h a t a t 

l o w e r pH v a l u e s the demand f o r Fe was i n c r e a s e d . 

Foy & G e r l o f f (1972) examined the r e s p o n s e of C h l o r e l l a 

p y r e n o i d o s a to aluminium and low pH and showed t h a t a t lower 

pH v a l u e s (4.6) t h e r e was an i n c r e a s e d r e q u i r e m e n t f o r A l . 

They a l s o i n d u c e d t o l e r a n c e to n o r m a l l y t o x i c c o n c e n t r a t i o n s 

of A l by u s i n g s t r e s s t e c h n i q u e s . 

1.72 Heavy m e t a l s and low pH 

V e r y l i t t l e work has been c a r r i e d out on the combined 

e f f e c t s of low pH and the t o x i c i t y of heavy m e t a l s . M. R. Droop 

(1974) s u g g e s t e d t h a t t h e i n t o l e r a n c e shown by many a l g a e 

to low pH, i s due to h i g h l e v e l s of heavy m e t a l s , a l t h o u g h he 

had no e x p e r i m e n t a l p r o o f ( p e r s . comm.). Bes c h e_t a_l. , (1972) 

found i n the f i e l d s i t u a t i o n t h a t many a c i d t o l e r a n t s p e c i e s 

were a l s o t o l e r a n t to h i g h l e v e l s of heavy m e t a l s , but t h a t 

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

i n t h e low pH s i t u a t i o n . F u r t h e r d i s c u s s i o n of the f i n d i n g s 

of B e s c h e_t a_i. a r e g i v e n i n 8.57. 

1.73 Mechanisms i n v o l v e d i n pH t o l e r a n c e 

A l t h o u g h e f f o r t s a r e b e i n g made to d e t e r m i n e t h e 

n u t r i e n t r e q u i r e m e n t and r e s i s t a n c e of o r g a n i s m s t o pH, t h e 

b a s i s of t h e i r t o l e r a n c e r e m a i n s unknown. T h e r e i s some 

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

may be i n v o l v e d ( D o e t s c h £i a l • , 1967, G a l e & Epps, 1 9 4 2 ) . 
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Manning & Cook (1972) have - s u g g e s t e d t h a t an energy dependent 

s y s t e m a c t i v e l y removes H i o n s from t h e c e l l s . However, even 

i f t h e s e s y s t e m s a r e t r u e f o r b a c t e r i a t h e r e i s no r e a s o n 

why t h e y s h o u l d e x i s t i n p l a n t c e l l s . C a s s i n s (1974) has 

s u g g e s t e d t h a t s p e c i l i z e d membranes must be i n v o l v e d i n a c i d 

r e s i s t a n t a l g a l s p e c i e s . Clymo (1963) d e m o n s t r a t e d an i o n 

exchange mechanism i n Sphagnum i n which H i o n s were r e l e a s e d 

i n exchange f o r o t h e r m e t a l i o n s ; he a l s o d e m o n s t r a t e d t h a t 

the exchange r a t e was p r o p o r t i o n a l to the amount of p o l y u r o n i c 

a c i d s i n t h e c e l l w a l l . F u r t h e r d i s c u s s i o n of t h e p o s s i b l e 

mechanisms i n v o l v e d i s g i v e n i n C h a p t e r 8. 

1.8 E f f e c t s of a c i d i c w a ter on b a c t e r i a and f u n g i 

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

w i t h a c i d w a t e r and p r o b a b l y w i t h a c i d f o r m a t i o n ( s e e 1 . 2 4 ) . 

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

o x i d a t i o n appear to be i n d i g e n o u s to a c i d w a t e r . The most 

commonly o c c u r r i n g b a c t e r i a a r e T h i o b a c i l l u s t h i o o x i d a n s , 

T. f e r r o o x i d a n s and F e r r o b a c i l l u s f e r r o o x i d a n s . ( L e a t h e r n , 

1 9 5 3 ) . R e c e n t l y Walsh & M i t c h e l l (1972) i s o l a t e d an a c i d 

t o l e r a n t f i l a m e n t o u s i r o n b a c t e r i a of t h e genus M e t a l l o g e n i u m , 

and Manning & Cook (1972) found a new a c i d o p h i l i c member 

of t h e genus Pseudomonas, a t pH 3.5. 

I n a d d i t i o n to the e x t e n s i v e work on t h e s e b a c t e r i a , 

s e v e r a l s t u d i e s have been made on the m i c r o o r g a n i s m s w h i c h 

a r e not thought to be i n v o l v e d w i t h the p r o d u c t i o n o f a c i d , 

but a r e found growing i n the a c i d e n v i r o n m e n t . J o s e p h (1953) 

- i - s o l a t e d 40 s p e c i e s of b a c t e r i a d u r i n g a s t u d y of C h i o s t r e a m s 
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of pH 2.0 - 4.0. The ge n e r a r e p r e s e n t e d were B a c i l l u s , 

M i c r o c o c c u s , S a r c i n a , E s c h e r i c h i a , A e r o b a c t e r , T h i o b a c i l l u s , 

C r e n o t h r i x and M i c r o s p o r i u m . The m a j o r i t y of t h e s e were 

among the ge n e r a B a c i l l u s and M i c r o c o c c u s . F u n g i were a l s o 

r e l a t i v e l y abundant and r e p r e s e n t e d by s e v e n g e n e r a : A s p e r g i l l u s 

T r i c h o d e r m a , Helminthosporium, A l t e r n a r i a , P e n i c i l l u m , 

T r i c h o t h e c i u m , C l a d o s p o r i u m . However , t h e numbers of both 

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

i n pH. Weaver & Nash (1968) compared two b r a n c h e s of a 

c r e e k , one a c i d i c (pH 3.0 - 3 . 5 ) , t h e o t h e r d i d not r e c e i v e 

a c i d d r a i n a g e . They i s o l a t e d a t o t a l of 41 ge n e r a of f u n g i ? 

17 were common to both b r a n c h e s and 20 were i n the a c i d b r a n c h . 

o n l y . 

Of the 41 s p e c i e s p r e s e n t , o n l y 3 g e n e r a of t r u l y 

a q u a t i c f u n g i were r e p r e s e n t e d , t h e s e were A c h l y a , Aphanomyces 

and S a p r o l e a n i a . The o b s e r v a t i o n s of Weaver & Nash i n d i c a t e d 

t h a t d r a i n a g e from the a c i d s t r i p mine appeared to i n c r e a s e 

the f u n g a l f l o r a . 

T u t t l e e_t a_l. (1968) compared t h e b a c t e r i a l f l o r a o f an 

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

had d i f f e r e n t c h a r a c t e r i s t i c s p e c i e s . I n the a c i d i c s t r e a m 

the i r o n and s u l p h u r o x i d i z i n g b a c t e r i a were common, w h i l s t 

i n the a l k a l i n e s t r e a m , they found low numbers of a c i d 

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

S p e c i e s of y e a s t have a l s o been commonly found i n a c i d 

w a t e r s . Cooke e_t a_l. (1960) i s o l a t e d 3 g e n e r a of y e a s t , 

C a n d i d a , R h o d o t o r u l a and T r i c h o s p o r o n . Rogers & W i l s o n (1966) 
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and Weaver & Nash, a l s o r e p o r t e d the i s o l a t i o n of s p e c i e s 

of R h o d o t o r u l a from a c i d w a t e r . E h r l i c h (1963) s t u d i e d 

the m i c r o b i o l o g y of a c i d d r a i n a g e from a copper mine and 

found s e v e r a l s p e c i e s of y e a s t , i n c l u d i n g R h o d o t o r u l a s p . and 

T r i c h o s p o r a s p . I t would appear from t h e l i t e r a t u r e t h a t the 

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

q u i t e v a r i e d and c h a r a c t e r i s t i c of the c o n d i t i o n s . One 

r e m a r k a b l e example of r e s i s t a n c e was found by S t a r k e y and 

Waksman (1943) who i s o l a t e d two s p e c i e s of a c i d i p h i l i c f u n g i . 

Aeontium velaturn and a s p e c i e s thought to be r e l a t e d to 

C e p h a l o s p o r i u m grew a t between pH 2.0 and 0.3 i n a s a t u r a t e d 

s o l u t i o n of copper s u l p h a t e . 

1.9 Aims 

The main aims of the s t u d y were to c a r r y out d e t a i l e d 

c h e m i c a l and f l o r i s t i c s u r v e y s of a c i d w a f e r s o f pH 3.0 and 

below i n E n g l a n d . I n a d d i t i o n . o n e s t r e a m was to be s t u d i e d 

i n more d e t a i l so t h a t the s e a s o n a l v a r i a b i l i t y i n both the 

c h e m i s t r y and f l o r a might be i n v e s t i g a t e d . 

I t was hoped t h a t from f i e l d and l a b o r a t o r y o b s e r v a t i o n s , 

i t would be p o s s i b l e to e s t a b l i s h which f a c t o r s i n f l u e n c e d 

the d i s t r i b u t i o n and growth of p h o t o s y n t h e t i c o r g a n i s m s i n 

t h e low pH e n v i r o n m e n t . 
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2. METHODS 

2 . 1 L o c a t i n g the s i t e s 

I n an a t t e m p t to l o c a t e w a t e r a t and below pH 3.0, two 

methods of appro a c h were u s e d . I n i t i a l l y , r e p r e s e n t a t i v e s 

of the N a t i o n a l C o a l Board and a l l R i v e r A u t h o r i t i e s i n 

E n g l a n d were c o n s u l t e d . As i n f o r m a t i o n a v a i l a b l e was o f t e n 

r a t h e r vague, e v e r y p o s s i b l e l o c a t i o n was c h e c k e d . S e v e r a l 

r e p o r t e d low pH s i t e s were not sampled, e i t h e r b e c a u s e t h e i r 

f l o w was found to be i n t e r m i t t e n t , or b e c a u s e a t t he time o f 

s a m p l i n g t h e i r pH was not w i t h i n the s t a t e d c a t e g o r i e s o f 

th e s a m p l i n g programme ( s e e 2 . 2 ) . I n a d d i t i o n to t h e d i r e c t 

a p p r o a c h e s made to t h e s e A u t h o r i t i e s , a l i t e r a t u r e s e a r c h 

was c a r r i e d out u s i n g o l d mining r e c o r d s i n o r d e r to e s t a b l i s h 

the whereabouts of l a r g e q u a n t i t i e s of p y r y t i c m a t e r i a l and 

a l s o f o r the o c c u r r e n c e of a c i d mine w a t e r s . S e v e r a l o f t h e 

most p r o b a b l e s i t e s were v i s i t e d but no a c i d w a t e r s were 

found. I n d u s t r i a l e f f l u e n t s a r e g e n e r a l l y l e s s w e l l p u b l i c i s e d 

t h a n mine d r a i n a g e and t h e r e f o r e i t i s l i k e l y t h a t t h e r e 

may be s e v e r a l w h i c h a r e e i t h e r d i s c h a r g e d i n t e r m i t t e n t l y , 

or r u n o n l y s h o r t d i s t a n c e s from the d i s c h a r g e b e f o r e b e i n g 

d i l u t e d o u t . 

2.2 Sampl i n g programme 

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

p a r t of which was known to flow c o n t i n u o u s l y t h r o u g h o u t t h e 

y e a r . Many s i t e s c o n s i s t e d o f one or two l a r g e r s t r e a m s 

d r a i n i n g s e v e r a l s m a l l f l u s h e s . I n v a r i a b l y , t h e s t r e a m s 
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c o n s i s t i n p a r t of e x c a v a t e d d i t c h e s , which were made f o r 

the p u r p o s e of d i v e r t i n g and c o n t r o l l i n g t h e f l o w of e f f l u e n t . 

T h e s e s t r e a m s and f l u s h e s a r e r e f e r r e d to t h r o u g h o u t t h e 

t e x t as s t r e a m c o m p l e x e s . 

At s e v e r a l s i t e s , p o o l s of v a r i o u s s i z e s and dep t h s 

were i n c l u d e d i n t he complex ( s e e 3 . 1 ) . A l t h o u g h t h e s e 

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

p a r t of s t a g n a n t w a t e r . S m a l l e r , temporary p o o l s a l s o 

o c c u r r e d i n s e v e r a l complexes f o l l o w i n g long p e r i o d s of d r y 

summer w e a t h e r , when t h e f l o w from the seepages was c o n s i d e r a b l y 

r e d u c e d and e v a p o r a t i o n o c c u r r e d a t a h i g h r a t e . 

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

s t r e a m complex was c a r r i e d out from p a r t i c u l a r 10 m r e a c h e s . 

Methods o f c o l l e c t i o n of p h y s i c a l , c h e m i c a l and a l g a l s a m p l e s 

a r e g i v e n i n 2.3, 2.4 and 2.5. I n a d d i t i o n to t h e i n f o r m a t i o n 

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

th e topography of the s t r e a m complexes were made and a r e 

summarized i n C h a p t e r 3. 

A r e a c h was d e s i g n a t e d e i t h e r a t t h e s o u r c e of the s t r e a m , 

a t a c o n f l u e n c e w i t h a second s t r e a m , o r below t h e i n f l o w 

of a s i d e f l u s h . E v e r y r e a c h had i t s own d i s t i n c t c h e m i c a l 

c p m p o s t i o n . E x t r a samples were a l s o t a k e n from r e a c h e s 

d e s i g n a t e d a t p o i n t s where t h e r e was an o b v i o u s change i n 

the f l o r a . T h e r e f o r e , t h e number of r e a c h e s p e r s t r e a m 

complex depended on the l e n g t h of the s t r e a m and the number 

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

l e n g t h . Where a s i d e f l u s h was deep enough f o r t h e p h y s i c a l 
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p a r a m e t e r s to be measured and the c o l l e c t i o n of w a t e r samples 

to be made, then i t was c l a s s e d as a s e p a r a t e s t r e a m . 

Samples were a l s o c o l l e c t e d from a l l of the p o o l s p r e s e n t 

i n the complexes. Because of the u n s t a b l e n a t u r e of t he 

s u b s t r a t a i t was o f t e n both d i f f i c u l t and dangerous to 

sample any d i s t a n c e from the s h o r e l i n e . T h e r e f o r e i n t h e s e 

i n s t a n c e s , a s e c t i o n of the p o o l d e l i m i t e d by a 10 m l e n g t h 

of i t s p e r i m e t e r was t r e a t e d as a r e a c h . A l t h o u g h t h e 

s a m p l i n g of the p o o l s was not c o m p l e t e l y s a t i s f a c t o r y , i t 

was c o n s i d e r e d t h a t v e r y few s p e c i e s were o v e r l o o k e d b e c a u s e 

the m a j o r i t y were found growing i n the s h a l l o w w a t e r s n e a r 

the s h o r e l i n e . I n t he s m a l l e r , more s h a l l o w p o o l s , an e f f o r t 

was made to t a k e samples from a l l a r e a s of the s u b s t r a t a . 

Two s u r v e y s of the wa t e r and f l o r a were c a r r i e d o u t , the 

f i r s t t a k i n g from August to e a r l y O c t o b e r 1973 to compl e t e 

and the second was done i n t h e l a t t e r p a r t of F e b r u a r y 1974. 

These a r e termed l a t e summer (A) and l a t e w i n t e r (B) t h r o u g h o u t 

the t e x t . The number of s i t e s , s t r e a m complexes and 10 m 

r e a c h e s f o r both s u r v e y s A and B a r e summarized i n T a b l e 2.1. 

The d e t a i l s of the number of r e a c h e s and p o o l s p e r s i t e a r e 

g i v e n i n T a b l e 3.1. I n s u r v e y A, 13 s i t e s were v i s i t e d , o f 

t h e s e , 12 were a s s o c i a t e d w i t h m ining, and one was an 

i n d u s t r i a l e f f l u e n t . At t h e s e s i t e s 19 s t r e a m complexes 

were sampled from 46 d i s t i n c t 10 ra r e a c h e s . 

Minor d i f f e r e n c e s o c c u r r e d between the number of r e a c h e s 

sampled a t each s u r v e y . One c o a l mining s i t e ( s i t e 2) was 
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Table 2.1 Summary of sampling programme( excluding i n d u s t r i a l e f f l u e n t , s i t e 15) 

abbreviation no. s i t e s no. stream no. 10m 
used i n text complexes reaches 

late summer survey A 13 19 46 

winter survey B 14 20. 49 

to t a l common to 

both surveys - 13 19 43 

t o t a l from both surveys A+B 95 



48 

added between t h e two s u r v e y s and i t was i m p o s s i b l e to g a i n 

a c c e s s to a n o t h e r s t r e a m complex on the second s u r v e y ( s i t e 4, 

r e a c h e s 5 - 7 ) . At s i t e s 4 and 8 some r e a c h e s of the complex 

were dry d u r i n g the summer p e r i o d , but were f l o w i n g i n t h e 

l a t e w i n t e r s u r v e y . T h e s e were t h e r e f o r e o n l y sampled on 

one o c c a s i o n making a t o t a l of 52 d i f f e r e n t 10 m r e a c h e s 

sampled d u r i n g b o t h s u r v e y s and 43 10 m r e a c h e s common to 

both s u r v e y s . With the e x c e p t i o n of c u r r e n t speed, w h i c h was 

measured o n l y d u r i n g t h e second s u r v e y , a l l d e t a i l s o f t h e 

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

both s u r v e y s . 

S h o r t l y a f t e r the c o m p l e t i o n of t he second s u r v e y , 

a c i d w a t e r was found a t a s i t e a s s o c i a t e d w i t h c o a l m i n i n g , 

( s i t e 1 6 ) . However, the s t r e a m was found to r u n a t pH 3.0 o n l y 

a t t i m e s of r e l a t i v e l y low flow and was t h e r e f o r e c l a s s e d 

a s an i n t e r m i t t e n t s i t e . The I n d u s t r i a l e f f l u e n t near Minehead 

was a l s o i n t h i s c a t e g o r y , b e c a u s e on t he r e t u r n v i s i t t h e 

pH of the water was found to be 7.2 compared w i t h 3.0 on t h e 

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

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

d a t a , b ut they have not been i n c l u d e d i n the a n a l y s i s of 

d a t a . 

2.22 Brandon P i t h o u s e A c i d Stream 

I n a d d i t i o n to t he s u r v e y s , an a c i d s t r e a m w i t h a pH 

g r a d i e n t , d r a i n i n g Brandon P i t h o u s e c o l l i e r y , Co. Durham 

( s i t e 3) was c o n s i d e r e d i n more d e t a i l , and a s e p a r a t e 

programme was s e t up ( s e e T a b l e 2 . 2 ) . As d e s c r i b e d i n 3.3 
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t h e r e a r e two s o u r c e s of a c i d w a t e r d r a i n i n g from Brandon 

P i t h o u s e , t h e s e a r e r e f e r r e d to as s t r e a m A and s t r e a m B. 

Monthly w a t e r and f l o r i s t i c samples were t a k e n a t the s o u r c e 

of s t r e a m A from Oc t o b e r 1972 to A p r i l 1975 ( s e e 5 . 1 ) . At 

a p p r o x i m a t e l y 3 monthly i n t e r v a l s d u r i n g t h i s p e r i o d t h e 

whole s t r e a m complex, i n c l u d i n g s t r e a m B was sampled. The 

s a m p l i n g p r o c e d u r e of t he 10 m r e a c h s y s t e m s used i n both 

s u r v e y s was a l s o a p p l i e d to t he r e g u l a r s a m p l i n g of t he 

Brandon P i t h o u s e s t r e a m . The s t r e a m was i n i t i a l l y d i v i d e d 

i n t o 19 10 ra r e a c h e s , from the s o u r c e to where Redburn e n t e r s 

the R i v e r D e e r n e s s ( s e e 3 . 2 ) . A f t e r a number of q u a r t e r l y 

s u r v e y s the 19 r e a c h e s were r e d u c e d to 11. These were 

c o n s i d e r e d to p r e s e n t an adequate d e s c r i p t i o n of the c h e m i c a l 

and f l o r i s t i c c h a r a c t e r s of t he s t r e a m . I n a d d i t i o n t o t h e 

r e g u l a r samples, a l g a l samples were t a k e n on s e v e r a l o c c a s i o n s 

a t random from s i t e s o t h e r than t h o s e d e s i g n a t e d as s a m p l i n g 

r e a c h e s . T h e s e c h e c k s never produced s p e c i e s w h i c h were 

not a l r e a d y r e c o r d e d i n t he m o n i t o r i n g s y s t e m . 

As a r e s u l t of the changes i n the pll g r a d i e n t of the 

s t r e a m w h i c h o c c u r r e d i n J u l y 1974 ( s e e 3.5)> t h e d a t a a r e 

p r e s e n t e d i n t h r e e s e c t i o n s . T h e s e i n c l u d e d the p e r i o d s ? 

O c t o b e r 1972 - J u l y 1974, J u l y 1974 - November 1974 and 

November 1974 - A p r i l 1975. The number of c h e m i c a l s a m p l e s 

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

2.2. 

I n a d d i t i o n to the c h e m i c a l and f l o r i s t i c d a t a c o l l e c t e d 

f o r Brandon P i t h o u s e A c i d Stream, e s t i m a t i o n s of t he maximum 
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s t a n d i n g c r o p f o r a l g a e were made. T h e s e measurements were 

a l s o c a r r i e d o u t on the 10 m r e a c h b a s i s used f o r c h e m i c a l 

s a m p l i n g . Nine r e a c h e s of s i m i l a r p h y s i c a l and t o p o g r a p h i c a l 

f e a t u r e s were cho s e n and sampled a t monthly i n t e r v a l s from 

J u l y 1974 - June 1975. A summary of t h e s a m p l i n g programme 

i s g i v e n i n T a b l e 2.2 

2 . 3 P h y s i c a l p a r a m e t e r s 

The d a t a c o l l e c t e d f o r the p h y s i c a l p a r a m e t e r s r e c o r d e d 

a r e d i s p l a y e d i n C h a p t e r 4. 

2.31 C u r r e n t speed 

The O t t S m a l l c u r r e n t f l o w meter, model 10.150, was 

used to d e t e r m i n e c u r r e n t s p e e d . The v a l u e s r e c o r d e d r e f e r 

to the f a s t e s t c u r r e n t speed of the r e a c h . Where no r e s u l t 

i s g i v e n f o r c u r r e n t i n T a b l e 4.1 t h i s was e i t h e r b e c a u s e the 

r e a c h c o n s i s t e d of s t a g n a n t w a t e r , or the ./ater was not deep 

enough f o r measurements to be t a k e n , i e . l e s s than the minimum 

work i n g d i s t a n c e of 40 mm. The r e s u l t s a r e e x p r e s s e d as m s 

2.32 T o t a l d i s c h a r g e 

Monthly measurements were made o n l y a t the s o u r c e o f 

s t r e a m A, Brandon P i t h o u s e ( s i t e 3 ) . I n o r d e r t h a t t h e t o t a l 

d i s c h a r g e c o u l d be measured; a p i p e was sequered i n the s t r e a m , s u c h 

t h a t t h e t o t a l volume of w a t e r p a s s e d t h r o u g h the p i p e . U s i n g 

a g r a d u a t e d c o l l e c t i n g v e s s e l and a s t o p watch a c c u r a t e to 

0.1 s e c o n d s , t h e t o t a l d i s c h a r g e was i n t e r c e p t e d by t h e 

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

measured and the time t a k e n to c o l l e c t the volume r e c o r d e d . 

T h i s p r o c e d u r e was r e p e a t e d 10 t i m e s a t each s a m p l i n g . 
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and t h e mean v a l u e d e t e r m i n e d . R e s u l t s a r e e x p r e s s e d a s 

1 a " 1 . • 

2.33 pH 

Measurements were r e c o r d e d both i n the f i e l d , u s i n g a 

Pye Unicara p o r t a b l e model No. 293, and a l s o i n the l a b o r a t o r y , 

a t a t e m p e r a t u r e 15°C on an E . I . L . pH meter. B e c a u s e of 

the a c i d n a t u r e of the water, the d i f f e r e n c e between the two 

v a l u e s n e v e r exceeded 0.1 u n i t s . 

2.34 Oxygen and t e m p e r a t u r e 

The L a k e l a n d s I n s t r u m e n t p o r t a b l e meter w i t h a Mackereth 

type e l e c t r o d e was used f o r a l l measurements. The r e s u l t s 

a r e e x p r e s s e d as p e r c e n t a g e s a t u r a t i o n and d e g r e e s c e n t i g r a d e 

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

2.35 C o n d u c t i v i t y 

L a b o r a t o r y measurements were made u s i n g a Lock C o n d u c t i v i t y 

B r i d g e . R e s u l t s a r e e x p r e s s e d as micromhos. 

2.36 O p t i c a l d e n s i t y 

Measurements were made d i r e c t l y on a U v i s p e k s p e c t r o ­

photometer a t 420 nm u s i n g 400 mm s i l i c a c e l l s . 

2.37 Redox p o t e n t i a l 

Redox p o t e n t i a l was measured u s i n g the Pye Unicam p o r t a b l e 

model No. 293. As the redox e l e c t r o d e was a v a i l a b l e o n l y 

towards t h e end of the study, o n l y a few measurements c o u l d 

be made. 

2.4 C h e m i c a l p a r a m e t e r s 

2.41 C o l l e c t i o n of water samples 

B e f o r e samples were c o l l e c t e d , a l l c o n t a i n e r s were soaked 
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i n 10% HCl f o r 24 hours and then r i n s e d s i x t i m e s i n g l a s s 

d i s t i l l e d w a t e r . T h i s p r o c e d u r e was c a r r i e d out to e n s u r e 

r e m o v a l of a d s o r b e d t r a c e e l e m e n t s , and to d e s t r o y any 

l i v i n g c e l l s w hich might be p r e s e n t . 

Water f o r a n a l y s i s was f i l t e r e d i n the f i e l d t h rough 

an a c i d washed No.2 " S i n t a " g l a s s f u n n e l , to remove l a r g e 

suspended m a t t e r and the m a j o r i t y of p l a n t m a t e r i a l . Both 

the f i l t e r and t he c o l l e c t i n g v e s s e l were r i n s e d w e l l w i t h 

sample w a t e r b e f o r e the f i n a l c o l l e c t i o n was made. 

Samples f o r c a t i o n a n a l y s i s were c o l l e c t e d i n 100 ml 

" P y r e x " b o t t l e s . These were used i n p r e f e r e n c e to p o l y t h e n e 

b e c a u s e no m e a s u r a b l e c o n t a m i n a t i o n o f any element was found, 

whereas some s o u r c e s of p o l y t h e n e a r e known to l e a c h l a r g e 

q u a n t i t i e s of Zn, Cu and F e . 

Samples f o r a n a l y s i s of a n i o n s , pH redox p o t e n t i a l and 

c o n d u v t i v i t y were c o l l e c t e d i n heavy duty p o l y t h e n e c o n t a i n e r s , 

u s i n g t h e same p r o c e d u r e as f o r c a t i o n s . 

A l t h o u g h the c h e m i s t r y of h i g h l y a c i d w a t e r i s l i k e l y 

to be r e a s o n a b l y s t a b l e d u r i n g s t o r a g e , c a r e was t a k e n to 

m a i n t a i n t h e samples a t low t e m p e r a t u r e , e s p e c i a l l y o v e r a 

l o n g d i s t a n c e and d u r i n g hot w e a t h e r . On r e t u r n to t h e 
o 

l a b o r a t o r y c a t i o n s samples were s t o r e d a t 4 C i n the d a r k , 

u n t i l a n a l y s i s was c a r r i e d o u t . C a r e f u l c h e c k s were made 

to d e t e r m i n e the l o s s of t r a c e e l e m e n t s o v e r a l o n g p e r i o d 

of s t o r a g e . Samples f o r a n i o n a n a l y s i s were d e t e r m i n e d on 

r e t u r n to the l a b o r a t o r y but where t h i s was not p r a c t i c a b l e , 

t h e y were s t o r e d a t -10°C. 
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2.42 A n a l y s i s of c a t i o n s 

C a t i o n a n a l y s i s was c a r r i e d out u s i n g a P e r k i n - E l m e r 

model 403 a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t e r . The f o l l o w i n g 

e l e m e n t s were a n a l y s e d : Na, K, Mg, Ca, Zn, Cu, Mn, Fe , A l 

Pb, Co, N i . The s t a n d a r d c o n d i t i o n s u s e d i n the P e r k i n -

E l m e r manual were u s e d . Pb was a n a l y s e d u s i n g the Ta s a m p l i n g 

b o a t p r o c e d u r e (Kahn 1 9 6 8 ) . 

2.43 A n a l y s i s of a n i o n s 

The f o l l o w i n g a n i o n s were a n a l y s e d : P 0
4 • N H

4 » N ° 3 ' 

S i t SO^ and a c i d i t y . A l l o p t i c a l d e n s i t y measurements 

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

U v i s p e k s p e c t r o p h o t o m e t e r ( H i l g e r and W a t t s ) . Because o f the 

u n u s u a l l y h i g h c o n c e n t r a t i o n s of i o n s found i n a c i d w a t e r , 

normal a n a l y t i c a l t e c h n i q u e s c o u l d not be a p p l i e d i n a l l 

c a s e s . Where i n t e r f e r e n c e was e n c o u n t e r e d and a l t e r n a t i v e 

methods employed, s t a n d a r d a d d i t i o n s were performed to c o n f i r m 

t h a t the methods were s a t i s f a c t o r y . 

PO^-P The normal s t a n n o u s c h l o r i d e p r o c e d u r e f o r 

phosphate d e t e r m i n a t i o n s (American P u b l i c H e a l t h A s s o c i a t i o n , 

1973) gave low r e c o v e r y , t h e r e f o r e e x y r a c t i o n w i t h h e x a n o l was 

used (Mackereth , 1963) . I n a d d i t i o n to removing i n t e r f e r e n c e 

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

of 0.001 mg 1 * PO^-P, as compared w i t h 0.01 mg 1 * P 0 4 ~ P by 

the A.P.H.A. method. 

NH^-N The p r o c e d u r e of d i r e c t n e s s l e r i s a t i o n o f the 

sample was adapted f o r a n a l y s i s of NH^-N (A.P.H.A. 1 9 7 3 ) . 

S l i g h t m o d i f i c a t i o n s to the normal t e c h n i q u e s were made. As most 

samples c o n t a i n e d l a r g e c o n c e n t r a t i o n s o f i o n s , i n p a r t i c u l a r 
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F e , i t was n e c e s s a r y to c l a r i f y t h e s a m p l e s . T h i s was 

a c h i e v e d by t h e a d d i t i o n of 0.5 ml of ZnSC>4 to 40 ml of 

sample, and the dro p w i s e a d d i t i o n of 0.1 N NaOH to a pH of 

10.5. The p r e c i p i t a t e was c e n t r i f u g e d down a t 3000 r.p.m. 

f o r 5 mi n u t e s and 25 ml a l i q u o t s of t h e s u p e r n a t a n t was 

t a k e n f o r n e s s l e r i z a t i o n . A d e t e c t i o n l i m i t o f 0.01 mg 1 * 

NH^-N was a c h i e v e d u s i n g t h i s t e c h n i q u e . 

NO^-N The h i g h c o n c e n t r a t i o n s of Fe found i n t h e 

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

d e t e r m i n a t i o n of NO^-N. Atte m p t s to remove the Fe by 

p r e c i p i t a t i o n a l s o r e d u c e d t h e l e v e l of NO^-N i n the sample. 

T h e r e f o r e the samples were p a s s e d through a column c f c a t i o n 

exchange r e s i n ( A m b e r l i t e IR 120 H form) p r i o r to a n a l y s i s . 

I t was n e c e s s a r y to wash the exchange r e s i n w i t h 10% HC1 and 

double d i s t i l l e d water a t r e g u l a r i n t e r v a l s . To e n s u r e t h a t 

the sample was not b e i n g d i l u t e d o ut as i t p a s s e d t h r o u g h the 

column,300 ml of sample was p a s s e d through and o n l y t h e 

l a s t 50 ml c o l l e c t e d f o r a n a l y s i s . 

D u r i n g the f i r s t s u r v e y (A) o f a c i d s t r e a m s NO^ was 

de t e r m i n e d u s i n g the method o f Hammond ( 1 9 5 9 ) , i n v o l v i n g 

3 - d i m e t h y l n a p h t h i d i n e . The d i s a d v a n t a g e of t h i s method was 

the o c c u r r e n c e of a h i g h l y c o l o u r e d b l a n k and t he o c c a s i o n a l 

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

of o n l y 0.5 mg 1 * NO^-N. T h e r e f o r e , t h e more s e n s i t i v e 

method of Montgomery & Dymock (1962) u s i n g 2 , 6 - x y l e n o l 

was adapted f o r a l l s u b s e q u e n t NO -N a n a l y s i s . I t was n e c e s s a r y 
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to c a r r y out a l l p r o c e d u r e s a t a c o n s t a n t t e m p e r a t u r e o f 

8°C as t h e r e a c t i o n s a r e t e m p e r a t u r e dependent. I n p a r t i c u l a r , 

c a r e was t a k e n i n t h e p r e p a r a t i o n of t h e 2 , 6 - x y l e n o l s o l u t i o n . 

U s i n g 400 mm c e l l s i t was p o s s i b l e to a t t a i n a d e t e c t i o n l i m i t 

of 0.05 mg l " 1 N0 3~N. 

NO^-N The p r e s e n c e of h i g h l e v e l s of Fe c a u s e d i n t e r ­

f e r e n c e w i t h t h e c o l o u r i m e t r i c d e t e r m i n a t i o n s of NC^-N 

(Crosby 1 9 6 7 ) . However, no NC^ c o u l d be d e t e c t e d a f t e r 

p r e t r e a t m e n t by p a s s a g e through an i o n exchange column. I t 

i s p o s s i b l e t h a t o n l y t r a c e amounts of NC^ were p r e s e n t i n 

the samples and were l o s t on the column. T h e r e f o r e , no 

r e s u l t s a r e p r e s e n t e d f o r NO^-N. 

C I The a r g e n t o m e t r i c t i t r a t i o n f o r c h l o r i d e (American 

P u b l i c H e a l t h A s s o c i a t i o n , 1973) d i d not g i v e an end p o i n t 

b e c a u s e of i n t e r f e r e n c e . The samples were t h e r e f o r e c l a r i f i e d 

by a d j u s t i n g t h e pH t o 10.5 w i t h IN NaOH and then r e - a d j u s t e d 

to pH 7.0 b e f o r e t i t r a t i o n a g a i n s t s i l v e r n i t r a t e . 

S i The h e t e r o p o l y b l u e method (American P u b l i c H e a l t h 

A s s o c i a t i o n , 1973) was used f o r S i d e t e r m i n a t i o n b e c a u s e o f 

l a r g e c o n c e n t r a t i o n s of S i i n a c i d w a t e r , samples were 

i n v a r i a b l y d i l u t e d 10 t i m e s . 

S 0 4 ~ S The method of C o l s o n (1973) was employed f o r 30^-3 

a n a l y s i s . 300 ml was p a s s e d through t h e c a t i o n exchange r e s i n , 

A m b e r l i t e IR 120 H form, and the l a s t 50 ml c o l l e c t e d . As 

h i g h l e v e l s of SO^ were p r e s e n t , many of the samp l e s were 

d i l u t e d by a f a c t o r of 100 b e f o r e b e i n g t i t r a t e d a g a i n s t 

b a r i u m p e r c h l o r a t e . 
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A c i d i t y The d e t e r m i n a t i o n of a c i d i t y was c a r r i e d out by 

hot t i t r a t i o n to an end p o i n t of pH 8.3 u s i n g p h e n o l p h a l e i n 

i n d i c a t o r (A.P.H.A., 1 9 7 3 ) . P o t e n t i o m e t r i e d e t e r m i n a t i o n s 

to a pH of. 8.3 were a l s o c a r r i e d out i n c o n j u n c t i o n w i t h t h e 

i n d i c a t o r . I t was n e c e s s a r y to d i l u t e the m a j o r i t y of samples 

by t i m e s 100. The r e s u l t s a r e e x p r e s s e d as CaCO^ mg 1 * and 

i n c l u d e any weak a c i d s , s t r o n g a c i d s , and a c i d s a l t s t h a t were 

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

2. 5 Sampling f o r a l g a l and moss s p e c i e s 

2.51 D e s i g n a t i o n of s a m p l i n g a r e a 

I n an e f f o r t to r e d u c e the p o s s i b i l i t y of a s p e c i e s 

r e m a i n i n g u n d e t e c t e d each r e a c h was sampled w i t h extreme c a r e . 

Organisms were c o n s i d e r e d p a r t of the a c i d e nvironment o n l y 

when they were e i t h e r submerged or emergent. S p e c i e s growing 

on t h e s i d e of the s t r e a m s above the s p l a s h zone were not 

r e c o r d e d . 
2 

A minimum of 6 x 100 mm a r e a s were c o l l e c t e d from each 

r e a c h and p l a c e d i n 20 ml t u b e s . The s a m p l e s were t a k e n from 

the f o l l o w i n g a r e a s w i t h i n a r e a c h : - a r e a s of v i s u a l l y d i f f e r e n t 

p l a n t growths; a r e a s r e p r e s e n t i n g the v a r i o u s t y p e s of 

topography p r e s e n t i n the r e a c h ; a r e a s r e p r e s e n t i n g t h e 

d i f f e r e n t s u b s t r a t a ; a r e a s w i t h i n t h e l a s t 2 c a t e g o r i e s b ut 

where t h e r e was not o b v i o u s g r o w t h j a c o m p o s i t e sample was 

t a k e n from a l l p h y s i o g n o m i c forms and d i f f e r e n t s u b s t r a t a w i t h 

or w i t h o u t o b v i o u s growth. A d d i t i o n a l a l g a l s amples were 

t a k e n from the s t r e a m p o o l s and f l u s h e s which were o u t s i d e the 

d e s i g n a t e d r e a c h e s . T h i s was done i n an a t t e m p t to i d e n t i f y 
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e v e r y s p e c i e s g r o w i n g a t t h e s i t e s s a m p l e d . 

I n a d d i t i o n t o t h e c o l l e c t i o n o f s a m p l e s , on s i t e 

v i s u a l e s t i m a t i o n s w e r e made o f s e v e r a l f a c t o r s c o n n e c t e d 

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

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

raacroscopically. D e t a i l s o f t h e t o p o g r a p h y , s u b s t r a t u m s i z e 
2 

a n d c o m p o s i t i o n ^ o f e a c h 100 mm s a m p l e s a r e a w e r e made. T h e 

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

were a l s o r e c o r d e d . T h e s e d a t a w e r e u s e d f i r s t l y i n an e f f o r t 

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

a n d s e c o n d l y , t o be i n c l u d e d i n a much l a r g e r s a m p l i n g 

p rogramme b e i n g c a r r i e d o u t i n t h e D e p a r t m e n t o f B o t a n y , 

Durham U n i v e r s i t y . T h i s s t u d y i s b e i n g c a r r i e d o u t w i t h t h e 

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

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

h a b i t a t s . As t h i s s a m p l i n g programme i s , a s y e t , i n c o m p l e t e 

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

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

2.52 H a r v e s t i n g o f a l g a l s a m p l e s 

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

2 

100 mm a r e a s . On s o l i d s u r f a c e s , n o t c o v e r e d w i t h mud, 

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

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

o v e r l a y e r , e i t h e r t h e s a m p l e d was ' s c o o p e d ' d i r e c t l y i n t o t h e 

t u b e o r i t was s u c k e d up u s i n g a p i p e t t e . T h e d i s a d v a n t a g e o f 

t h e p i p e t t e m e t h o d was t h a t i t t e n d e d t o b l o c k , e s p e c i a l l y 
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when the s u b s t r a t u m i n c l u d e d c o a r s e sand. An improved 

s a m p l i n g t e c h n i q u e i n v o l v e d t h e use of an 8 mm d i a m e t e r 

s o l i d p l a s t i c tube a t t a c h e d to a l a r g e s y r i n g e . The end 

of the tube was p l a c e d o v e r the s a m p l i n g a r e a and pushed 

c a r e f u l l y i n t o the o v e r l a y i n g s u b s t r a t u m , w h i l s t drawing 

the sample up i n t o t h e tube. The a l g a e were the n t r a n s f e r r e d 

to t h e c o l l e c t i n g v e s s e l . C a r e was t a k e n t o wash t h e sa m p l e r 

c a r e f u l l y between s a m p l e s . W h i l s t the l a r g e r d i a m e t e r of t he 

tube removed the problem of blockages^ the p i p e t t e was p r e f e r r e d 

where the s u r f a c e was uneven. 

Where mosses and emergent angiosperms were p r e s e n t , a 

sample was t a k e n and t h e e x c e s s w a t e r s q u e e z e d from the m a t e r i a l 

i n t o a sample tube. T h i s p r o c e d u r e was employed so as to 

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

p l a n t m a t e r i a l . The m a t e r i a l was a l s o examined f o r any 

s p e c i e s w h i c h was not removed by the 'squeeze' t e c h n i q u e . 

A l l s amples were t r a n s p o r t e d i n a c o o l e d thermos and 

s t o r e d a t 8°C u n t i l a m i c r o s c o p i c s t u d y c o u l d be made. 

2.53 M i c r o s c o p i c e x a m i n a t i o n of sam p l e s 

As t h e l i t e r a t u r e i n d i c a t e d t h a t t h e number of s p e c i e s 

i n t h e a c i d i c e nvironment was r e l a t i v e l y s m a l l , e f f o r t s were 

made to e n s u r e t h a t a l l samples were examined t h o r o u g h l y . The 

sampl e s were viewed as soon as p o s s i b l e on r e t u r n to t h e 
2 

l a b o r a t o r y . From each 100 mm sample a t l e a s t f o u r s l i d e s 

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

of s p e c i e s , an e s t i m a t i o n was made of the r e l a t i v e abundance 

of t h e s p e c i e s p r e s e n t . T h i s was r e c o r d e d on a 1 to 5 s c a l e , 
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and c o r r e s p o n d s to the w i d e l y used system of s c o r i n g i e . 

p r e s e n t , o c c a s i o n a l , f r e q u e n t , abundant, v e r y abundant. 

T h i s method i s h i g h l y s u b j e c t i v e but was c o n s i d e r e d u s e f u l , 

e s p e c i a l l y when combined w i t h the e s t i m a t e s of p e r c e n t a g e 

c o v e r ( s e e 2.51) of a s p e c i e s . 

Where diatoms were p r e s e n t , subsamples were b o i l e d i n 

n i t r i c a c i d f o r a p p r o x i m a t e l y 20 m i n u t e s , a f t e r w h i c h hydrogen 

p e r o x i d e was added u n t i l the s o l u t i o n c l e a r e d . The s a m p l e s 

were washed w i t h d i s t i l l e d w a t e r and a permanent s l i d e 

p r e p a r e d u s i n g Naphrax as the mounting medium. 

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

i f they were a l i v e . I f dead specimens were r e c o v e r e d they 

were o n l y c o n s i d e r e d r e l e v a n t i f they were i n s u f f i c i e n t 

numbers as to s u g g e s t t h a t they had been p r e v i o u s l y growing 

i n the r e a c h . 

2.6 E s t i m a t i o n of s t a n d i n g c r o p of a l g a e and moss protonema 

E s t i m a t i o n s of the maximum s t a n d i n g crop of a l g a e , f o r 

9 r e a c h e s down Brandon P i t h o u s e s t r e a m , were made by d e t e r m i n i n g 

the amount of c h l o r o p h y l l a_ p r e s e n t i n a g i v e n a r e a . The method 

used was b a s e d on the p r i n c i p l e o u t l i n e d i n the I.B.P. Handbook, 

1974. As communities growing on s e d i m e n t s were to be c o n s i d e r e d 

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

c h l o r o p h y l l was s e l e c t e d a s the p a r a m e t e r f o r the measurement 

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

The e x t r a c t i o n method a l s o f a c i l i t a t e d t h e a n a l y s i s of a 

l a r g e number of samples on a r e g u l a r b a s i s . O ther non r a d i o ­

a c t i v e t e c h n i q u e s f o r e s t i m a t i o n of s t a n d i n g c r o p p r e s e n t e d 
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e i t h e r p o t e n t i a l i n t e r f e r e n c e w i t h e l e m e n t s i n t h e environment 

(eg. F e ) or the i m p o s s i b i l i t y of removing d e t r i t u s from t h e 

sample. P a t r i c k e_t al^. (1974) working on a c i d s t r e a m s i n the 

A p p a l a c h i a n a r e a , U.S.A., found t h a t where heavy p r e c i p i t a t e 

o c c u r r e d , they r e c o r d e d an a c t u a l l o s s of oxygen r a t h e r t h a n 

the e x p e c t e d g a i n by p h o t o s y n t h e s i s . T h i s was thought to be 

due to t he p r e s e n c e of r e d u c i n g a g e n t s i n the sedi m e n t w h i c h 

i n t e r f e r e d w i t h the t e c h n i q u e . 

The main d i s a d v a n t a g e of t h e c h l o r o p h y l l a_ d e t e r m i n a t i o n 

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

samples a c c u r a t e l y . An a d d i t i o n a l problem i s t h a t t h e pigment 

per u n i t a r e a or w e i g h t , i s i n f l u e n c e d by many e n v i r o n m e n t a l 

and i n t e r n a l v a r i a b l e s , such as age of the p l a n t and n u t r i e n t 

s t a t u s of t h e w a t e r . The problems of h a r v e s t i n g u s u a l l y 

e n c o u n t e r e d i n 'most' s t r e a m s , a r e r e d u c e d i n many a c i d s t r e a m s 

and i n p a r t i c u l a r i n Brandon P i t h o u s e s t r e a m . The s u b s t r a t a 

a r e u s u a l l y found to be c l a y or s i l t , which f a c i l i t a t e t h e 

removal of a l g a e , and thus makes t h e d e t e r m i n a t i o n more 

a c c u r a t e . 

2.61 H a r v e s t i n g and s t o r a g e of sam p l e s 

As e s t i m a t e s were made a t monthly i n t e r v a l s a t t h e 

same 10 m r e a c h e s , i t was not p o s s i b l e to g i v e a complete 

p i c t u r e of t h e s t a n d i n g crop f o r t he whole r e a c h w i t h o u t 

d e v a s t a t i n g the p o p u l a t i o n . T h e r e f o r e / i t was c o n s i d e r e d t h a t 

t h e most m e a n i n g f u l c o m p a r a t i v e d a t a c o u l d be o b t a i n e d by 

d e t e r m i n i n g the maximum s t a n d i n g c r o p a t each r e a c h . A 

v i s u a l s u b j e c t i v e a s s e s s m e n t f o r the a r e a of h i g h e s t s t a n d i n g 
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c r o p was made. From t h i s a r e a , w i t h i n the 10 m r e a c h , 5 

samples were t a k e n , one of which r e p r e s e n t e d the maximum 

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

growths of a l g a e were p r e s e n t , more tha n 5 samples were 

t a k e n and where no o b v i o u s growth was p r e s e n t 5 a r e a s of 

the s u b s t r a t a were sampled a t random. 

The method of h a r v e s t i n g employed, depended on the a l g a 

b e i n g sampled and on the s u b s t r a t u m . Where the s u r f a c e was 

l o o s e , and the a l g a e were not a t t a c h e d , a no. 13 c o r k b o r e r 
2 

( a r e a of 380 mm ) was pushed i n t o the s u b s t r a t u m thus 

i s o l a t i n g a column of water and p l a n t m a t e r i a l . U sing a 

p l a s t i c tube a t t a c h e d to a l a r g e s y r i n g e , the c o n t e n t s of the 

column were removed and t r a n s f e r r e d to a c l e a n McCartney b o t t l e . 

Where moss protonema and a l g a e were to be t a k e n , the c o r k 

b o r e r was d r i v e n a p p r o x i m a t e l y 10 mm i n t o the s u b s t r a t u m and 

the column of w ater drawn o f f and t r a n s f e r r e d to the c o n t a i n e r . 

The p l u g of moss protonema and a l g a e c o u l d then be t r a n s f e r r e d 

s e p a r a t e l y . F i l a m e n t o u s s p e c i e s were h a r v e s t e d by p u s h i n g 

t h e b o r e r i n t o the s u b s t r a t u m , t h u s c u t t i n g through the 

f i l a m e n t s and i s o l a t i n g a known a r e a of a l g a e . The m a t e r i a l 

was t r a n s f e r r e d to t h e b o t t l e as d e s c r i b e d above. The m a j o r i t y 

of r e a c h e s sampled had c l a y , s i l t , or f l o c c u l e n t p r e c i p i t a t e 

a s t h e i r s u b s t r a t e , and t h e r e f o r e , the t e c h n i q u e s d e s c r i b e d 

above c o u l d be u t i l i s e d . However, i n some i n s t a n c e s i t was 

n e c e s s a r y to c r o p s o l i d s u r f a c e s . Where p o s s i b l e , t h i s was 

c o mpleted by removing the s u b s t r a t u m , f o r example a s t o n e , 

from the w a t e r , and the a r e a to be sampled was marked o u t . 
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The m a t e r i a l was then s c r a p e d o f f w i t h a k n i f e . When t h i s 

was not p o s s i b l e t h e main f l o w of wa t e r was d i v e r t e d from 

the sample a r e a u s i n g a s h e e t of p l a s t i c and the sample 

e i t h e r s c r a p e d or s u c k e d o f f the s u r f a c e . 

From each a r e a sampled, a s m a l l subsample was t a k e n f o r 

m i c r o s c o p i c e x a m i n a t i o n . T h i s was done so a s to d e t e r m i n e 

which s p e c i e s were p r e s e n t , and i n what p r o p o r t i o n t h e 

i n d i v i d u a l s p e c i e s were l i k e l y to c o n t r i b u t e towards t h e 

t o t a l c h l o r o p h y l l a_ e x t r a c t e d . 

I t was n e c e s s a r y to keep the samples c o o l d u r i n g t r a n s p o r t 

e s p e c i a l l y o v e r the summer p e r i o d . I f t h i s was not done i t 

was found t h a t the f l a g e l l a t e s p e c i e s , i n p a r t i c u l a r , were 

degraded b e f o r e e x t r a c t i o n c o u l d be c a r r i e d o u t . The e f f e c t i v e 

n e s s of the t e c h n i q u e f o r d e t e r m i n i n g the maximum crop was 

t e s t e d a t r e a c h 1 where 50 sam p l e s were c o l l e c t e d from a 
2 

10 m r e a c h . The s t a n d i n g crop v a l u e s ranged from 2.3 ug mm 
2 

to 0.1 ug mm c h l o r o p h y l l a_, w i t h a mean v a l u e of 1.9 + S.D. 
2 

0.36 ug mm c h l o r o p h y l l a_. I n a d d i t i o n to t h e s e s a m p l e s , 10 

samples were t a k e n which were v i s u a l l y c o n s i d e r e d to 

r e p r e s e n t the maximum s t a n d i n g c r o p of a l g a e f o r t h a t r e a c h . 
2 

The mean v a l u e f o r t h e s e e s t i m a t e s was 2.1 + S.D. 0.25 ug mm 

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

r e c o r d e d as the maximum s t a n d i n g crop were p r o b a b l y near 

enough to the t r u e v a l u e s to be s u f f i c i e n t l y a c c u r a t e f o r 

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

d i f f e r e n t s a m p l e s . 
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2.62 E x t r a c t i o n of c h l o r o p h y l l a_ from f i e l d m a t e r i a l 

The e x t r a c t i o n p r o c e d u r e was c a r r i e d o u t i m m e d i a t e l y on 

r e t u r n to the l a b o r a t o r y . C h l o r o p h y l l was e x t r a c t e d i n t o 

90% a c e t o n e and a b s o r b a n c e measured on a P e r k i n Elmer 402 

r e c o r d i n g s p e c t r o p h o t o m e t e r a t 665 nm. As s e d i m e n t s i n v a r i a b l y 

c o n t a i n c o l o u r e d d e g r a d a t i o n p r o d u c t s of c h l o r o p h y l l ( V a l l e n t y n e , 

1960) i t i s e s s e n t i a l when making an e s t i m a t i o n of the pigments 

of b e n t h i c c o m m u n i t i e s , t h a t e i t h e r the c r o p s must be s e p a r a t e d 

from t h e s e d i m e n t , ( E a t o n & Moss, 1 9 6 6 ) , or d e t e r m i n a t i o n s 

must i n c l u d e a c o r r e c t i o n f o r the d e g r a d a t i o n p r o d u c t s ( W e t z e l , 

1 9 6 4 ) . I t was p r o b a b l e t h a t the r e a c h e s b e i n g sampled would 

c o n t a i n c o n s i d e r a b l e amounts of dead m a t e r i a l , e s p e c i a l l y 

where moss protonema o c c u r r e d . T h e r e f o r e , as i t was not 

p r a c t i c a b l e to s e p a r a t e the a l g a e from t h e s u b s t r a t a , c o r r e c t i o n s 

were made to the f i n a l 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 o r t h e 

d e g r a d a t i o n p r o d u c t s , u s i n g the method of L o r e n z e n ( 1 9 6 7 ) . 

The o p t i c a l d e n s i t y of the e x t r a c t was measured b e f o r e and 

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

A problem s p e c i f i c to c h l o r o p h y l l e x t r a c t i o n s on m a t e r i a l 

from a c i d w a t e r , i s t h a t any r e s i d u a l a c i d on the s e d i m e n t 

or a l g a e , w i l l c a u s e immediate d e g r a d a t i o n of t h e c h l o r o p h y l l 

to p h e o p h y t i n on a d d i t i o n of the s o l v e n t . T h i s was overcome 

by i n c r e a s i n g the pH of the sample to 7.0 b e f o r e the e x t r a c t i o n 

took p l a c e . Mg CO^ and Na OH were used f o r n e u t r a l i z a t i o n . 

Mg CO^ was p r e f e r r e d b e c a u s e any e x c e s s NaOH c a u s e d a d r i f t 

i n a b s o r b a n c e a t 665 and 750 nm. 
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The e f f e c t i v e n e s s of p r e v e n t i n g d e g r a d a t i o n of t he 

pigment by t h i s method, was checked by d e t e r m i n i n g t h e 

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

growing a t pH 2.7. The a c i d f a c t o r r e f e r s to the r a t i o of 

a b s o r b a n c e of the e x t r a c t between 660 and 665 nm, b e f o r e and 

a f t e r , a c i d i f i c a t i o n of t h e sample. The c u l t u r e was d i v i d e d 

i n t o two, one a l i q u o t was l e f t a t pH 2.7 and t h e second 

n e u t r a l i z e d u s i n g MgCO^. The samples were c e n t r i f u g e d , and 

the s u p e r n a t a n t d i s c a r d e d . The c h l o r o p h y l l a_ was e x t r a c t e d 

w i t h 90% a c e t o n e and the a b s o r b a n c e of the e x t r a c t r e c o r d e d . 

The e x t r a c t was then a c i d i f i e d w i t h 1NHC1 and the a b s o r b a n c e a t 

665 nm r e - r e a d . I t was assumed t h a t t h e c u l t u r e c o n t a i n e d 

l i t t l e or no d e g r a d a t i o n p r o d u c t s and t h e r e f o r e s h o u l d g i v e an 

a c i d f a c t o r i n the r e g i o n of 1.7, t h a t b e i n g the f i g u r e g i v e n 

by L o r e n z e n (1967) and Marker (1972) f o r r. e v e r a l o t h e r a l g a l 

s p e c i e s . An a c i d f a c t o r of 1.66 i n d i c a t e d t h a t the n e u t r a l i z a t i o n 

t e c h n i q u e was s u c c e s s f u l . Where no t r e a t m e n t was u s e d , t h e 

a c i d f a c t o r was 0.64, a f i g u r e w i t h i n t h e range g i v e n by 

Marker which was assumed to r e p r e s e n t p h e n o p h y t i n . 

As 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 were to be c a r r i e d o u t 

on s e v e r a l d i f f e r e n t forms of a l g a l m a t e r i a l , p r e l i m i n a r y 

t e s t s were made to e s t a b l i s h both the most e f f e c t i v e s o l v e n t 

and t h e most e f f e c t i v e t r e a t m e n t of t he sample p r i o r t o 

e x t r a c t i o n . The c o m b i n a t i o n s t h a t were examined a r e g i v e n 

i n T a b l e 2.3. P l a n t m a t e r i a l was sampled from t h r e e 

p r e d e t e r m i n e d a r e a s known to c o n t a i n r e p r e s e n t a t i v e s p e c i e s , 

a s g i v e n i n s e c t i o n s A, B and C c f . T a b l e 2.3. The samples 
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Table 2.3 Chlorophyll a, determinations on f i e l d material. 

solvent treatment 

no pre- treatment ground with sand Bonification 
before extraction 

2 1 2 1 2 
A 0.56 0.02 0.57 0.002 0.56 0.02 
B 0.21 0.23 0.47 0.002 0.31 0.10 

acetone C 0.18 0.21 0.42 0.002 0.31 0.11 

A 0.53 0.01 0.54 0.02 0.54 0.01 
90$ B 0.32 0.13 0.48 0.06 0.36 0.21 
methanol C 0.20 0.22 0.39 0.04 0.33 0.07 

90$ hot 
A 0.42 0.12 0.53 0.001 0.21 0.17 

90$ hot 
Bi 0.49 0.02 0.48 0.003 0.48 0.05 

methanol C 0.34 0.10 0.40 0.01 0.33 0.12 

(cinDarophyll r e s u l t s expressed as ug mm" ) 

A 
B 

C 

= f l a g e l l a t e d species and diatoms 
= filamentous species 
= moss protonema 

1= f i r s t extraction 
2= r e - extraction 
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were then s u b d i v i d e d e q u a l l y and t he p r e - e x t r a c t i o n and 

e x t r a c t i o n p r o c e s s e s c a r r i e d o u t . The m a t e r i a l was r e - e x t r a c t e d 

i n o r d e r to d e t e r m i n e the e f f i c i e n c y of the p r i m a r y t r e a t m e n t . 

So as to a v o i d h a v i n g too many d i f f e r e n t t e c h n i q u e s i n u s e 

a t once, and to a v o i d the r e - e x t r a c t i o n p r o c e d u r e ) i t was 

d e c i d e d t h a t two c o m b i n a t i o n s would p r o v i d e adequate e x t r a c t i o n 

f o r a l l c a t e g o r i e s A, B, C. T h e r e f o r e 90% a c e t o n e , w i t h o u t 

p r e - t r e a t m e n t , was u s e d f o r samples c o n t a i n i n g s p e c i e s i n 

c a t e g o r y A and 90% a c e t o n e , w i t h a p r e - t r e a t m e n t of g r i n d i n g / 

was u s e d f o r any sample c o n t a i n i n g f i l a m e n t o u s o r g a n i s m s . 

As a r e s u l t of t h e p r e l i m i n a r y e x a m i n a t i o n of n e u t r a l i z a t i o n 

and p r e - t r e a t m e n t e x t r a c t i o n , the f o l l o w i n g t e c h n i q u e was 

implemented f o r a l l s a m p l e s . The McCartney b o t t l e s c o n t a i n i n g 

the p l a n t m a t e r i a l and the sediment were f i l l e d w i t h d i s t i l l e d 

w a t e r and a f t e r pH a d j u s t m e n t s to 7.0, c e n c r i f u g e d a t 4000 r.p.m. 

f o r 5 m i n u t e s . The s u p e r n a t a n t was d i s c a r d e d and where 

g r i n d i n g was n e c e s s a r y , the m a t e r i a l t r a n s f e r r e d to a p e s t l e 

and m o r t a r , and then ground w i t h s a n d . T h i s m a t e r i a l was t h e n 

r e t u r n e d to the sample b o t t l e and rewashed to p.nsure t h a t no 

a c i d r e m ained. 10 ml of 90% v/v aqueous a n a l a r a c e t o n e 

were added to the samples and the b o t t l e s s e a l e d and s t o r e d 
o 

i n the dark f o r 24 h o u r s , a t 4 C. A p e r i o d of 24 hours was 

n e c e s s a r y i n o r d e r to a l l o w time f o r complete e x t r a c t i o n t o 

t a k e p l a c e . On c o m p l e t i o n of the e x t r a c t i o n p r o c e s s , t h e 

s e a l e d b o t t l e s were c e n t r i f u g e d a t 4000 r.p.m. f o r 5 m i n u t e s 

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

and made up to volume. 
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With t h e e x c e p t i o n of t he g r i n d i n g p r o c e s s a l l o t h e r 

s t e p s were c a r r i e d o u t i n t h e same McCartney b o t t l e , i n o r d e r 

to r e d u c e l o s s of sample d u r i n g t r a n s f e r from one v e s s e l to 

a n o t h e r . U s i n g a l i q u o t e s o f t h e e x t r a c t i n 1 cm c u v e t t e s , 

t h e a b s o r b a n c e was r e a d a t 665 and 750 nm, on a P e r k i n - E l m e r 

r e c o r d i n g s p e c t r o p h o t o m e t e r . The e x t r a c t was then a c i d i f i e d 

d i r e c t l y i n the s p e c t r o p h t o m e t e r c e l l , w i t h 2 drops of IN HC1 

and mixed f o r s e v e r a l seconds b e f o r e r e - r e a d i n g a t t he same 

w a v e l e n g t h s . Where n e c e s s a r y , the sample was d i l u t e d 10 t i m e s 

b e f o r e the i n i t i a l r e a d i n g was t a k e n . The o p t i c a l d e n s i t y was 

measured a t 750 nm, as an ap p r o x i m a t e measurement of the bac k ­

ground a b s o r p t i o n by m a t e r i a l o t h e r than c h l o r o p h y l l a_. T h i s 

f i g u r e was s u b t r a c t e d from t h e 665 nm r e a d i n g , w h i c h was 

u s e d f o r the c a l c u l a t i o n of 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 . 

The measurements o b t a i n e d a t 665 nra b e f o r e and a f t e r 

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

L o r e n z e n ( 1 9 6 7 ) . 

Where 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 of c h l o r o p h y l l a_ i n 

p.g/ sample 

D a = o p t i c a l d e n s i t y of the e x t r a c t a f t e r a c i d i f i c a t i o n 

= o p t i c a l d e n s i t y of e x t r a c t b e f o r e a c i d i f i c a t i o n 

ac = s p e c i f i c a b s o r p t i o n c o e f f i c i e n t f o r c h l o r o p h y l l a_ 

v = volume of s o l v e n t u s e d i n e x t r a c t i o n (ml) 

1 = p a t h l e n g t h of t he s p e c t r o p h o t o m e t e r c e l l i n cm 

R = D
K / ° f ° r pure c h l p r o p h y l l a_. 

C h l o r o p h y l l a_ = ( D - D ) * [ - ' J x v/, x 10 / ac 

a 
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u s i n g 90% a c e t o n e the v a l u e s s u b s t i t u t e d i n t h e e q u a t i o n were: 

a c = 84, v = 10 ml, 1 = 1 era and R = 2.43. 

The s p e c i f i c a b s o r p t i o n c o e f f i c i e n t of T a i l i n g & D r i v e r (1963) 

was adopted b e c a u s e of t he p o s s i b l e p r e s e n c e of c h l o r o p h y l l 

b and c . T h i s g i v e s an e m p i r i c a l c o e f f i c i e n t of 11.9 f o r 90% 

a c e t o n e . Thus t h e f i n a l e q u a t i o n u s e d was: 

C h i a jig u n i t a r e a " 1 = 11.9 £ 2.43 Dfl - 10 £ 

a r e a sampled 

F o r t e s t s c a r r i e d out u s i n g 90% methanol , the e m p i r i c a l 

c o e f f i c i e n t of 13.9 was us e d . 

The c h l o r o p h y l l c o n t e n t of each of the f i v e samples t a k e n 

from each r e a c h was t h u s d e t e r m i n e d and the l a r g e s 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 p e r u n i t a r e a was r e c o r d e d as t he maximum s t a n d i n g 

crop f o r t h a t r e a c h . 

2.7 C u l t u r e t e c h n i q u e s 

2.71 Equipment and e n v i r o n m e n t a l c o n d i t i o n s 

'Pyrex' g l a s s w a r e was use d f o r a l l c u l t u r e and e x p e r i m e n t a l 

work. T h i s was soaked i n 10% HC1 f o r 24 hours and r i n s e d 

s i x t imes i n d i s t i l l e d w a t e r to remove any ab s o r b e d t r a c e 

e l e m e n t s . The non g r a d u a t e d g l a s s w a r e was d r i e d a t 108°C 

f o r a t l e a s t 2 hours b e f o r e u s e . T h i s s e r v e d both to d r y and 

p a r t i a l l y s t e r i l i z e the equipment. A l l c h e m i c a l s and s o l v e n t s 

u s e d were of a n a l a r g r a d e , so as to r e d u c e c o n t a m i n a t i o n of 

i o n s as much as p o s s i b l e . 

The m a j o r i t y of c u l t u r e s were grown i n 30 ml of medium, 

i n 100 ml f l a s k s . When l a r g e amounts of inoculum were needed, 

100 ml of medium i n 250 ml f l a s k s were u s e d . E x c e p t where 
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s p e c i f i e d , a l l c u l t u r e s were grown a t 15°C + 1°C, under 

c o n s t a n t f l u o r e s c e n t l i g h t of a p p r o x i m a t e l y 2000 l u x . S t o c k 

c u l t u r e s were m a i n t a i n e d e i t h e r i n s t a n d i n g c u l t u r e , or i n 

water c o o l e d shake t a n k s . The g e n t l e s h a k i n g a c t i o n of t h e s e 

t a n k s promoted t h e growth of most s p e c i e s , and t h e r e f o r e was 

used m a i n l y f o r e x p e r i m e n t a l work. 

2.72 I s o l a t i o n t e c h n i q u e s and p r e p a r a t i o n of media 

An e f f o r t was made to c o l l e c t and c u l t u r e as many of the 

a c i d i o p h i l i c s p e c i e s as p o s s i b l e . With the e x c e p t i o n of one 

or two s p e c i e s t h i s p roved to be d i f f i c u l t and i n some c a s e s 

i m p o s s i b l e . The c u l t u r e s were used as an a i d to i d e n t i f i c a t i o n , 

and a l s o a s a s o u r c e of t e s t o r g a n i s m s f o r e x p e r i m e n t a l work. 

The s i x s p e c i e s m a i n t a i n e d s u c c e s s f u l l y f o r a long p e r i o d of 

time i n u n i a l g a l c u l t u r e , were a l l i s o l a t e d from Brandon 

P i t h o u s e A c i d Stream. 

As t h e o r g a n i s m s were i s o l a t e d from a f a i r l y low n u t r i e n t 

e n v i r o n m e n t , i t was f e l t t h a t a s t a n d a r d , low n u t r i e n t , m i n e r a l 

medium s h o u l d be used f o r c u l t u r i n g . S e v e r a l h i g h and low 

n u t r i e n t media were t r i e d , of t h e s e a m o d i f i c a t i o n of Chu (1942) 

10 l i q u i d medium was found to be s a t i s f a c t o r y f o r the growth 

of most o r g a n i s m s ( s e e T a b l e 2 . 4 ) . 

A n a l y s i s of the a c i d i c w a t e r d u r i n g the g e n e r a l s u r v e y s 

i n d i c a t e d t h a t n i t r o g e n was p r e s e n t m a i n l y a s NH^-N, r a t h e r 

t h a n N0 3~N ( s e e 4 . 1 ) , t h e r e f o r e , i n a d d i t i o n to t h e NO^ a l r e a d y 

i n the medium NH^SO^ was added. T h i s improved the growth of 

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

Chlamydomonas spp. and E u g l e n a m u t a b i l i s . 
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Table 2.4 Composition of medium developed f or growth of acid stream 
species ( a l l concentrations i n mg 1 

KH 2P0 4 7.8 

MgS04.7H20 25.0 

Ca(N0 3) 2 40.0 

NaHC03 15.8 

Na 2Si0 5 10.9 

(NH 4) 2 S0 4 76.0 

Fe (added from Fe.EDTA 
stock ) 2.0 

Microelements 'C stock ( 1 ml l " ) of Kratz & Myers (1955) 
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B a t c h e s of media (21) were made up u s i n g double d i s t i l l e d 

w ater and t h e pH c o r r e c t e d w i t h IN and 0.1 NH^SO^ and NaOH. 

The pH of the medium remained s t a b l e o v e r the range pH 1.5 to 

4.0, but above t h i s v a l u e i t tended to d r i f t towards n e u t r a l 

u n l e s s c o r r e c t e d r e g u l a r l y . I n o r d e r to a v o i d the u s e of 

c h e m i c a l s not l i k e l y to be p r e s e n t i n t h e n a t u r a l w a t e r , o t h e r 

b u f f e r i n g s y s t e m s were not c o n s i d e r e d . A ttempts to o b t a i n 

a x e n i c c u l t u r e s were u n s u c c e s s f u l , a l t h o u g h t h e number of 

b a c t e r i a l and f u n g a l contaminants remained m i n i m a l as long as 

r e g u l a r s u b c u l t u r i n g was employed. 

The i s o l a t i o n of s p e c i e s was made e a s i e r by the n a t u r a l 

c o l o n i z a t i o n of the organism i n t h e s t r e a m . I t was not 

uncommon to f i n d a r e a s of stream c o m p l e t e l y dominated by one 

s p e c i e s , a l m o s t forming a u n i a l g a l p o p u l a t i o n . Where t h i s 

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

l e f t to grow. I f a mixed p o p u l a t i o n was p r e s e n t , e f f o r t s were 

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

d i l u t i o n , or s t r e a k i n g onto agar p l a t e s made up w i t h a c i d i f i e d 

medium. A d d i t o n a l samples of the mixed p o p u l a t i o n were p u t 

i n t o media, and l e f t i n the hope t h a t one s p e c i e s would grow 

and dominate t h e r e s t . 

S p e c i e s t h a t produced a m o t i l e s t a g e were p ut i n t o f l a s k s 

i n t h e dark and l e f t o v e r n i g h t . T h i s i n v a r i a b l y s t i m u l a t e d 

the p r o d u c t i o n of the m o t i l e s t a g e which c o u l d t h e n be 

p i p e t t e d from the s u r f a c e . As the s p e c i e s v a r i e d i n t h e i r 

t o l e r a n c e to pH, i n o c u l a t i o n of medium over a pH range p r o v e d 

to be a s u c c e s s f u l method of i s o l a t i o n , e s p e c i a l l y f o r t h e 
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more a c i d o p h i l i c s p e c i e s , eg. Eug1ena m u t a b i l l 3 . 

Agar was used f o r the growth and i s o l a t i o n of some 

s p e c i e s , i n a d d i t i o n to l i q u i d medium. The medium was 

p r e p a r e d by t he a d d i t i o n of agar to b o i l i n g a c i d i f i e d Chu 10. 

A f t e r t h e a g a r had d i s s o l v e d i t was poured i n t o p l a s t i c 
o 

p e t r i d i s h e s and s t o r e d a t 4 C. B o i l i n g of the media f o r 

15 m i n u t e s was used i n p r e f e r e n c e to a u t o c l a v i n g , b e c a u s e i t 

was found t h a t a u t o c l a v i n g a c i d i f i e d a g a r and p r e v e n t e d i t 

from s e t t i n g . 

2.8 Growth r e s p o n s e e x p e r i m e n t s 

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

Growth o f an organism was d e t e r m i n e d by c h l o r o p h y l l a 

e x t r a c t i o n methods a t the end of the e x p e r i m e n t a l p e r i o d and 

e x p r e s s e d as (ig 1 ' c h l o r o p h y l l a. M i c r o s c o p i c e x a m i n a t i o n s 

were a l s o c a r r i e d o u t to e s t a b l i s h whether any m o r p h o l o g i c a l 

changes had o c c u r r e d . An at t e m p t was made to m a i n t a i n s i m p l e , 

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

n e a r l y as p o s s i b l e to the f i e l d c o n d i t i o n s . T h i s was a c h i e v e d 

by the u s e d of a b a s i c d e f i n e d m i n e r a l medium, b u f f e r e d w i t h 

a c i d s and a l k a l i n e s o l u t i o n s which o c c u r r e d n a t u r a l l y i n t h e 

en v i r o n m e n t . Four r e p l i c a t e s of each t r e a t m e n t were p r e p a r e d 

and most e x p e r i m e n t s were r e p e a t e d a t l e a s t once. 

2.82 E x p e r i m e n t a l equipment, media and c o n d i t i o n s 

A l l e x p e r i m e n t s were conducted i n 100 ml p y r e x c o n i c a l 

f l a s k s , p r e v i o u s l y t r e a t e d as i n 2.71. A l l o t h e r g l a s s w a r e 

was s i m i l a r l y t r e a t e d b e f o r e u s e , i n o r d e r to r e d u c e 

c o n t a m i n a t i o n by non d e s i r a b l e t r a c e e l e m e n t s . The medium 
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t h a t was u s e d i n a l l e x p e r i m e n t s was b a s e d on the Chu 10, 

as g i v e n i n s e c t i o n 2.72. F o r e x p e r i m e n t s where pH t o l e r a n c e 

was b e i n g i n v e s t i g a t e d , the b a s i c medium was u s e d . I n v e s t i g a t i o n s 

c o n c e r n i n g the r e a c t i o n of organisms to v a r y i n g c o n c e n t r a t i o n s 

of an elem e n t , r e q u i r e d a s l i g h t a d j u s t m e n t of o t h e r e l e m e n t s 

i n a d d i t i o n to the one b e i n g examined. Where a s i n g l e element 

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

u s i n g NaCl and Na^SO^ were c a r r i e d out and t h e s e s a l t s were 

found to have no e f f e c t on growth a t the c o n c e n t r a t i o n s u s e d . 

A c i d s t r e a m w a t e r was p a s s e d through membrane f i l t e r s 

b e f o r e a d d i t i o n to the medium. I n a l l e x p e r i m e n t s 30 ml of 

medium were added to the f l a s k s and a l l o w e d to e q u i l i b r i a t e 

a t 15°C. R e p l i c a s of each t r e a t m e n t were then i n o c u l a t e d , 

c o t t o n wool bungs were p l a c e d i n the nec k s of the f l a s k s , 

and t h e f l a s k s were th e n p l a c e d i n the shake t a n k s a t 15°C and 

2000 l u x . 

2.83 S i z e of inoculum 

The m a t e r i a l to be used as the inoculum f o r t h e e x p e r i m e n t s 

was a c c l i m a t i z e d to t h e c u l t u r e c o n d i t i o n s f o r a t l e a s t 24 h o u r s . 

As both f r e s h f i e l d m a t e r i a l and s t o c k c u l t u r e s were u s e d , t e s t s 

were c a r r i e d out w i t h Hormidium r i v u l a r e to a s c e r t a i n whether 

t h e r e was any d i f f e r e n c e i n growth r e s p o n s e between f i e l d and 

c u l t u r e m a t e r i a l . The r e s u l t s of the p r e l i m i n a r y t e s t s a r e 

g i v e n i n 6.24 and 6.33. 

The s i z e of inoculum was a l s o t e s t e d u s i n g t h e most pH 

s e n s i t i v e o r g a n i s m , H. r i v u l a r e , the r e s u l t s of t h e s e e x p e r i m e n t s 

a r e a l s o g i v e n i n 6.24. As t h i s s p e c i e s i s both f i l a m e n t o u s 
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and m u c i l a g i n o u s , a l l a t t e m p t s to produce a homogenous 

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

s m a l l amounts of f i l a m e n t s were s e p a r a t e d m a n u a l l y . A 'normal' 

i n o c u l u m s i z e was adopted f o r the e x p e r i m e n t s a s a r e s u l t 

of t he t e s t s c a r r i e d out i n 6.24. As a l l the o t h e r s p e c i e s 

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

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

f l a s k s . An i n oculum s i z e of e q u i v a l e n t to a p p r o x i m a b e l y 40 

(ig 1 ' c h l o r o p h y l l a_, was u s e d f o r a l l f i v e s p e c i e s . 

2.84 pH t o l e r a n c e e x p e r i m e n t s 

The g e n e r a l methods d e s c r i b e d i n s e c t i o n 2.81 were 

employed. S e v e r a l s p e c i e s were t e s t e d o v e r a pH range from 

1.5 to 7.0 and bhe amount of growth was d e t e r m i n e d by 

c h l o r o p h y l l e x t r a c t i o n a t the end of the e x p e r i m e n t . 

The i n c u b a t i o n time of each e x p e r i m e n t depended on the 

o r g a n i s m b e i n g t e s t e d . F o r E u g l e n a m u t a b i l i s a p e r i o d of 10 

days was employed, a s t h i s o r ganism had a slow growth r a t e 

i n c u l t u r e . The o t h e r s p e c i e s u s e d i n c l u d e d Hormidium spp., 

G l o e o c h r y s i s t u r f o s a and Chlamydomonas-applanata v a r . a c i d o p h i l a 

and t h e s e were u s u a l l y l e f t f o r 7 days b e f o r e b e i n g h a r v e s t e d 

(6.23) 

The o r g a n i s m s were exposed to the f o l l o w i n g pK v a l u e s : 
2 . 5 

1.5, 1.75, 2.0, 2.25,^2.75, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0. 

Where p r e l i m i n a r y b e s t s were c a r r i e d o u t s e v e r a l pH v a l u e s 

c o u l d be o m i t t e d eg. Hormidium r i v u l a r e d i d not grow below 

pH 2.5. The i n d i v i d u a l v a l u e s were a d j u s t e d to the r e q u i r e d 

pH by a d r o p w i s e a d d i t i o n of IN and 0.1NH SO to the medium. 
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The l i q u i d was c o n t i n u o u s l y s t i r r e d w i t h a m a g n e t i c s t i r r e r 

and the pH was measured on an E . I . L . pH m e t e r . Where n e c e s s a r y 

IN and 0.1 NaOH were added i n a s i m i l a r manner. The pH v a l u e s 

were a d j u s t e d to + 0.02 of a u n i t . The medium was i n o c u l a t e d 

and l e f t i n the c u l t u r e t a n k s as d e s c r i b e d i n 2.81 f o r the 

r e q u i r e d t i m e . 

As t h e r e was a tendency f o r the pH to d r i f t , each f l a s k was 

c h e c k e d on a l t e r n a t e days and when n e c e s s a r y r e a d j u s t e d to t h e 

c o r r e c t v a l u e . F o r v a l u e s of 1.3 to 3.5 the pH was m a i n t a i n e d 

a t + 0.05 of a u n i t , and f o r v a l u e s between 4.0 and 7.0 + 0.2 

of a u n i t . C a r e was t a k e n to r i n s e the e l e c t r o d e w i t h d i s t i l l e d 

w a t e r between measurements, so as to a v o i d c a r r y o v e r of 

m a t e r i a l from one f l a s k to the n e x t . 

2.85 Heavy m e t a l t o l e r a n c e 

The methods end c o n d i t i o n s d e s c r i b e d i n s e c t i o n 2.82 were 

adopted f o r i n v e s t i g a t i o n s i n t o the e f f e c t s of Zn and Cu 

on a c i d o p h i l i c a l g a e . Two t e s t o r g a n i s m s were s u b j e c t e d to 

v a r y i n g amounts of Zn (as ZnSO.) and Cu (as Cuso.) a t a 
4 4 

r ange of pH v a l u e s . Q u a n t i t a t i v e e s t i m a t i o n s of growth were 

d e t e r m i n e d by c h l o r o p h y l l e x t r a c t i o n t e c h n i q u e s ( s e e s e c t i o n 

2 . 8 6 ) , a f t e r e x p o s u r e to the m e t a l s f o r 7 d a y s . A d j u s t m e n t s 

to pH were made a s d e s c r i b e d i n s e c t i o n 2,83 and t h e f i n a l 

c o n c e n t r a t i o n s of the m e t a l under i n v e s t i g a t i o n were made up 

a t each pH v a l u e of the r a n g e . The c o n c e n t r a t i o n s which were 

t e s t e d , depended on both the t e s t o r g a n i s m s and t h e element 

b e i n g examined. The l e v e l s were i n i t i a l l y d e c i d e d by r e f e r e n c e 

to the f i e l d d a t a , c o n s e q u e n t l y i n o r d e r to accommodate f i e l d 



77 

v a l u e s , t h e d i f f e r e n c e between c o n c e n t r a t i o n s w i t h i n the 

s e r i e s was o f t e n l a r g e . A l s o , the number of l e v e l s i n a 

s e r i e s was a t t i m e s d e t e r m i n e d by the amount of s p a c e a v a i l a b l e 

i n t h e c u l t u r e t a n k s . 

A l l d i l u t i o n s were c a r r i e d out i n v o l u m e t r i c f l a s k s 5 g 1 * 

s t o c k s of the e l e m e n t s were used i n o r d e r to o b t a i n the f i n a l 

c o n c e n t r a t i o n r e q u i r e d w i t h o u t d i l u t i n g the medium by more 

than 2 p e r c e n t . An e f f o r t was made to d e t e r m i n e the e f f e c t 

of v a r y i n g the c o n c e n t r a t i o n s of s e v e r a l o t h e r m e t a l s , b e s i d e s 

the heavy m e t a l s , and to s e e what e f f e c t they had on growth 

a t low pH and h i g h heavy m e t a l c o n c e n t r a t i o n s ( e g . Ca and Mg). 

The same p r o c e d u r e s as d e s c r i b e d f o r the heavy m e t a l t o l e r a n c e 

e x p e r i m e n t s were u s e d i n t h e s e e x p e r i m e n t s . 

2.86 H a r v e s t i n g and e s t i m a t i o n of growth 

At the end of an e x p e r i m e n t the a l g a e were h a r v e s t e d by 

vacuum f i l t r a t i o n through 25 mm d i a m e t e r g l a s s f i b r e p a p e r s . 

The e f f i c i e n c y of t h e s e f i l t e r s was t e s t e d by r e - f i l t e r i n g the 

s u p e r n a t a n t through membrane f i l t e r s . No m a t e r i a l was found 

to p a s s through the g l a s s f i b r e . 

The a l g a l m a t e r i a l on the paper was then p l a c e d i n a 

McCartney b o t t l e and the amount of growth e s t i m a t e d by pigment 

e x t r a c t i o n . A known volume of s o l v e n t (90% a c e t o n e or methanol) 

was added to the b o t t l e s so as to c o v e r the a l g a l m a t e r i a l . 

U s u a l l y 5 or 10 ml o f s o l v e n t was added depending on the 

amount of m a t e r i a l p r e s e n t . 90% a c e t o n e was u s e d f o r t h e 

t o t a l e x t r a c t i o n of pigment from the f o l l o w i n g o r g a n i s m s : 

Eug1ena m u t a b i l i s , Chlamydomonas a p p l a n a t a v a r . a c i d o p h i l a 
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and G l o e o c h r y s i s t u r f o s a . The l a s t organism was s u r r o u n d e d 

by m u c i l a g e and p r e t r e a t m e n t by g r i n d i n g w i t h sand had to 

be a p p l i e d to complete e x t r a c t i o n . Complete e x t r a c t i o n " of 

t h e s e s p e c i e s o c c u r r e d u s u a l l y w i t h i n one hour, a l t h o u g h i t was 
o 

o f t e n c o n v e n i e n t to l e a v e them o v e r n i g h t a t 4 C i n the d a r k . 

Hormidium spp. and Stichococcus b a c i l l a r i s were e x t r a c t e d 

i n h o t m e t h a n o l . A f t e r the a d d i t i o n of the methanol t h e tops 

of t h e b o t t l e s were s e a l e d to a v o i d e v a p o r a t i o n of t he s o l v e n t 

d u r i n g h e a t i n g . These were the n p l a c e d i n a wa t e r b a t h a t 

a p p r o x i m a t e l y 70°C f o r a few m i n u t e s u n t i l t h e pigment had 

been e x t r a c t e d ( u s u a l l y 5 m i n u t e s was s u f f i c i e n t ) . The b o t t l e s 

were then removed and a l l o w e d to c o o l a t 4°C i n the d a r k . 

T h i s m o d i f i c a t i o n of the h o t methanol t e c h n i q u e was p r e f e r r e d 

to b o i l i n g the samples i n d i v i d u a l l y , as s u g g e s t e d i n the I.D.P. 

Handbook s i n c e many e x t r a c t i o n s c o u l d be c a r r i e d o u t t o g e t h e r , 

depending on t he s i z e of the w a t e r b a t h . The t e c h n i q u e was 

c a r e f u l l y c h e c k e d a g a i n s t t h e recommended method b e f o r e u s e , 

but t h e r e was no e v i d e n c e to s u g g e s t t h a t t h e r e was any l o s s 

of c h l o r o p h y l l a_ due to d e g r a d a t i o n , or t h a t i n c o m p l e t e 

e x t r a c t i o n was t a k i n g p l a c e . 

F o l l o w i n g e x t r a c t i o n a l l samples were p a s s e d t h r o u g h 

g l a s s f i b r e f i l t e r s o r c e n t r i f u g e d to remove any d e b r i s and 

then made up to volume. The a b s o r b a n c e of t he samp l e s was 

r e a d a t 665 nm and 750 nm on a P e r k i n Elmer 402 r e c o r d i n g 

s p e c t r o p h o t o m e t e r , u s i n g 100 and 400 mm c e l l s , ( s e e s e c t i o n 

2.62) . The amount of c h l o r o p h y l l a_ p er sample was d e t e r m i n e d 

by a p p l y i n g t h e f o l l o w i n g e q u a t i o n : 
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C h l a ug per sample = O.D. x 11.9 x v ( f o r a c e t o n e , 90%) 
1 

=» O.D. x 13.9 x v/^ ( f o r methanol, 90%) 

Where O.D. = a b s o r b a n c e a t 665 nm 

v = volume of s o l v e n t 

1 = p a t h l e n g t h of the s p e c t r o p h o t o m e t e r c e l l s 

As o n l y a measurement of the l i v e m a t e r i a l was r e q u i r e d no 

a l l o w a n c e was made f o r c h l o r o p h y l l d e g r a d a t i o n p r o d u c t s . 
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S t a t i s t i c a l a n a l y s i s and computing 

A l l s t a t i s t i c a l methods were b a s e d on t h o s e s u g g e s t e d 

by B a i l e y (1959) and S i e g e l ( 1 9 5 6 ) . A p a r t from the 

d e t e r m i n a t i o n of means, s t a n d a r d d e v i a t i o n s and s t a n d a r d 

e r r o r a l l a n a l y s e s were c a r r i e d o u t u s i n g an IBM 360/67 and 370/ 

168 computer (NUMAC). For the most p a r t the SPSS (Nie e t a l . , 

1975) packaged programmes were made where n e c e s s a r y . 
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3. DISTRIBUTION AND DESCRIPTION OF S I T E S AND STREAMS 

IN ENGLAND 

3.1 D i s t r i b u t i o n of s i t e s 

The d i s t r i b u t i o n of the s i t e s s u r v e y e d , w i t h w a t e r a t 

and below pH 3.0, a r e g i v e n i n F i g . 3.1. The e x a c t l o c a t i o n 

of t he s i t e s t o g e t h e r w i t h the topography and g e o l o g i c a l 

d e s c r i p t i o n of the s t r e a m complexes, a r e g i v e n i n T a b l e s 3.1 and 

3.2. F o u r t e e n of t h e s i t e s v i s i t e d were a s s o c i a t e d w i t h 

c o a l f i e l d s , one was a d i s u s e d b a r y t e s mine, ( s i t e 1 4 ) , and 

one was an i n t e r m i t t e n t I n d u s t r i a l s o u r c e ( s i t e 1 5 ) . As 

p r e v i o u s l y mentioned, a l t h o u g h Dowgang ( s i t e 16) i s a s s o c i a t e d 

w i t h a c o a l seam, i t was found to run a t pH 3.0 o n l y a t t i m e s 

of low f l o w . 

The geography of the s i t e s , i n c l u d i n g the a p p r o x i m a t e 

d i m e n s i o n s of the i n d i v i d u a l s t r e a m complexes and p o o l s , a r e 

g i v e n i n T a b l e 3.1. The number of s e p a r a t e s t r e a m c o m p l e x e s , 

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

l e n g t h of the s t r e a m s v a r i e d from a few m etres t o about 1000 m 

and t h e i r w i d t h s from 20 to 1500 ram ( s i t e 7 and 6 r e s p e c t i v e l y ) . 

Depth of w a t e r w i t h i n a s t r e a m v a r i e d g r e a t l y from a p p r o x i m a t e l y 

5 t o 800 mm, i n v a r i a b l y the deeper s e c t i o n s were v e r y slow 

f l o w i n g . 

The a p p r o x i m a t e d i m e n s i o n s of the major p o o l s g i v e n i n 

T a b l e 3.1, v a r i e d c o n s i d e r a b l y from s m a l l , s h a l l o w p o o l s 

( s i t e no. 1 ) , to l a r g e deep ponds ( s i t e s 11 and 6 ) . The d epth 

of the l a r g e r ponds was not e s t i m a t e d b e c a u s e c o l l e c t i o n of 



Fig.3.1 L o c a t i o n of a c i d mine drainage s i t e s i n England w i t h w a t e r s pH 3.0 
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samples was r e s t r i c t e d to t he s h a l l o w w a t e r a t the edge o f 

the ponds. At s e v e r a l s i t e s ( s i t e s 2, 3, 8, 13 and 14) 

s m a l l e r man-made h o l d i n g l a g o o n s had been e x c a v a t e d i n an 

e f f o r t to c o n t r o l the s p r e a d of the a c i d d r a i n a g e w a t e r . 

The l a r g e r ponds a t s i t e s 11 and 6 had c o m p l e t e l y d i f f e r e n t 

a p p e a r a n c e s . As mentioned i n 7 . 2 8 j t h e w a t e r a t s i t e 11 

was c l e a r whereas the pond w a t e r a t s i t e 6 was b r i g h t r e d 

i n c o l o u r due t o the v e r y l a r g e c o n c e n t r a t i o n s of f e r r i c 

compounds p r e s e n t i n the w a t e r . 

3.2 Geology and h i s t o r y of s i t e s 

3.21 S o u r c e of a c i d water from c o a l mine 

C o a l measures of the upper and low c a r b o n i f e r o u s p e r i o d 

a r e u s u a l l y a s s o c i a t e d w i t h a s e r i e s of c l a y s , s h a l e s , g r i t s , 

s a n d s t o n e s and i r o n s t o n e s . L i m e s t o n e s a r e w i t h a few e x c e p t i o n s , 

n o t i c e a b l y a b s e n t from the c o a l seams. S u l p h u r commonly 

o c c u r s i n v a r y i n g amounts i n most c o a l seams, u s u a l l y i n the 

form of i r o n p y r i t e s . Other m i n e r a l o r e s i n p a r t i c u l a r aluminium 

s i l i c a t e , a r e a l s o found i n t h e v e i n s i m m e d i a t e l y around the 

c o a l seams. D u r i n g the p r o c e s s of c o a l m i n i n g , t h e s e m i n e r a l s , 

u n l e s s p r e s e n t i n l a r g e amounts, a r e t r e a t e d as w a s t e a l o n g 

w i t h the o t h e r non c a r b o n i f e r o u s m a t e r i a l such as the s h a l e s 

and c l a y s , and a r e e i t h e r l e f t underground, or a r e b r o u g h t 

to t h e s u r f a c e and dumped. Many of the s t r e a m s s u r v e y e d were 

s i t u a t e d a t t h e b a s e of the w a s t e t i p s and o f t e n the bed o f 

the s t r e a m c o n s i s t e d of a m i x t u r e of d i f f e r e n t s u b s t r a t a from 

the v a r i o u s d e p t h s of the mine. 
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The main s o u r c e of most of the s t r e a m s was from seepage 

from t h e s p o i l heaps ( T a b l e 3 . 2 ) , but s i x o r i g i n a t e d i n p a r t 

from s p r i n g s i n the immediate a r e a of the t i p . I n a l l b u t 

one of t h e l a t t e r ( s i t e 1 ) , the w a t e r had been d i v e r t e d t hrough 

a p i p e . I n t h e s e i n s t a n c e s i t was d i f f i c u l t to d e t e r m i n e w i t h 

any c e r t a i n t y whether the s o u r c e was a n a t u r e s p r i n g , or 

whether t h e p i p e had been l a i d to d r a i n the o l d mine s h a f t s . 

I t i s p o s s i b l e t h a t s e v e r a l of the s e e p a g e s o r i g i n a t e d from 

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

s p o i l heap. I f t h i s was the c a s e , then i t i s l i k e l y t h a t 

the p o i n t of i s s u e of the w a t e r had been d i v e r t e d by the s p o i l 

m a t e r i a l , so t h a t i t s e x i t from the t i p was i n the form of a 

slow seepage r a t h e r t h a n the c o n t i n u o u s f l o w from which i t 

o r i g i n a t e d . Where seepages o c c u r r e d , they were u s u a l l y 

r e p r e s e n t e d by s e v e r a l s m a l l i s s u e s of a c i d w a t e r combining to 

form a l a r g e r s t r e a m . These were i n v a r i a b l y l e d away from 

the t i p by man-made d i t c h e s and i n the c a s e of s i t e s 4 and 1 2 , 

t h e w a t e r was then n e u t r a l i z e d i n t r e a t m e n t l a g o o n s . 

3 . 2 2 S u b s t r a t a 

The p r i n c i p a l components of the s u b s t r a t a of the s t r e a m s 

a r e g i v e n i n T a b l e 3 . 2 . The s u b s t r a t a were v e r y s i m i l a r , 

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

l e s s f r e q u e n t l y . The p a r t i c l e s i z e of the s u b s t r a t a , as 

d e t e r m i n e d by the Wentworth s c a l e , ( S t r a n h l e r , 1 9 7 1 ) , v a r i e d 

from c l a y to b o u l d e r s . However-a m i x t u r e of c l a y , s i l t and 

sand was t y p i c a l . The most v a r i a b l e s u b s t r a t a s i z e was found 

a t s i t e s 4 and 1 6 , where i t r a nged from s i l t to l a r g e b o u l d e r s 
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which o f t e n formed w a t e r f a l l s . The s u b s t r a t a a t many s i t e s 

were o f t e n mixed w i t h f r i a b l e and compacted p r e c i p i t a t e , 

u s u a l l y of f e r r i c compounds. Although the m a j o r i t y of i r o n 

i n s o l u t i o n does not p r e c i p i t a t e out below pH 3 . 0 

some f e r r i c i r o n when p r e s e n t i n v e r y l a r g e amounts w i l l 

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

t h e s t r e a m bed. B e c a u s e of the n a t u r e of the s u b s t r a t a and 

t h e p r e s e n c e of f r i a b l e p r e c i p i t a t e s , t h e s t r e a m beds were 

r a t h e r u n s t a b l e and s u b j e c t to c o n s i d e r a b l e e r o s i o n under 

h i g h f l o w . As many of the s t r e a m s were l o c a t e d c l o s e to 

the s p o i l h e a p s , run-off from the t i p s i n t o t h e s t r e a m s a t 

t i m e s of heavy r a i n f a l l , c o u l d have q u i t e d e v a s t a t i n g e f f e c t s 

on the s t a b i l i t y of the bed. Of the s i t e s s u r v e y e d , o n l y 

s i t e s 6 , 1 2 and 1 4 would be r e l a t i v e l y f r e e from t h e extreme 

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

3 . 2 3 H i s t o r y 

I t was a l m o s t i m p o s s i b l e to d e t e r m i n e how long t h e s e 

a c i d s t r e a m s had been i n e x i s t e n c e , as i t a p p e a r s t h a t no 

s p e c i f i c r e c o r d s have been k e p t f o r any of them. Knowledge 

of t h e age of t h e mine may be of some a d v a n t a g e , but i n many 

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

vague. S e v e r a l mines a r e l i k e l y to have been i n o p e r a t i o n 

f o r o v e r 1 0 0 y e a r s ( s i t e s , 3 , 4 , 6 , 9 , and 1 1 ) but whether 

t h e r e has been a c i d r u n n i n g f o r t h a t l e n g t h of time i s 

unknown. With the e x c e p t i o n of s i t e s 1 0 and 1 3 , a l l o t h e r 

s i t e s have been c l o s e d down f o r a number of y e a r s , and s i t e s 

5 and 8 have been r e c l a i m e d and g r a s s e d . I t i s l i k e l y t h a t 
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the s p r i n g s which formed s e v e r a l of the s t r e a m s were i n 

e x i s t e n c e b e f o r e the mining a c t i v i t i e s began (eg. s i t e s 1 

and 3 ) . However, t h i s does not mean t h a t t h e s p r i n g w a t e r 

had a low pH. 

3.24 S i t e s not a s s o c i a t e d w i t h c o a l m i n i ng 

Of t h e two s i t e s not a s s o c i a t e d w i t h c o a l f i e l d s , t h e 

b a r y t e s mine ( s i t e 14) was s i t u a t e d on a s t r a t a of p r e d o m i n a n t l y 

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

n a t u r a l f a u l t . The s o u r c e of the a c i d most l i k e l y comes 

from the o x i d a t i o n of the b a r y t e s and to some e x t e n t i r o n 

p y r i t e s a s s o c i a t e d w i t h the v e i n . The main s t r e a m o r i g i n a t e d 

from a s p r i n g a t the base of a r o c k f a c e , p resumably t h i s 

s p r i n g had been i n e x i s t e n c e b e f o r e the m i n i n g . The s e c o n d 

s o u r c e was from d r a i n a g e from w i t h i n the mine and f l o w e d i n t o 

a l a g o o n . The s h a f t s had been abondoned f o r s e v e r a l y e a r s 

a f t e r t h e m i n e r a l s became u n e c o n o m i c a l to mine. As the mine 

was p r i v a t e l y owned i t was not p o s s i b l e to f i n d o u t when 

mining had commenced, a l t h o u g h the s i z e of the mining a r e a 

s u g g e s t e d t h a t i t had been o p e r a t i o n a l f o r a t l e a s t 50 y e a r s . 
v. 

The i n d u s t r i a l e f f l u e n t o r i g i n a t e d from a m u n i t i o n 

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

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

f l o w s i n t o t h e s e a . The f a c t o r y would not a l l o w the e x a c t 

p o s i t i o n of the s t r e a m to be g i v e n , nor would i t g i v e 

i n f o r m a t i o n c o n c e r n i n g the f r e q u e n c y of d i s c h a r g e . However, 

the l a r g e changes i n f l o r a ( s e e 4.62) s u g g e s t e d t h a t the 

r e l e a s e s were i n f r e q u e n t r a t h e r than on a r e g u l a r b a s i s . 
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3 . 3 G e o l o g y a n d h i s t o r y o f B r a n d o n P i t h o u s e A c i d S t r e a m 

3 . 3 1 L o c a t i o n 

A s m e n t i o n e d i n 1 . 9 , o f t h e 1 6 s i t e s s u r v e y e d , o n e s i t e 

a t B r a n d o n P i t h o u s e C o l l i e r y ( s i t e 3 ) , w a s s t u d i e d i n d e t a i l . 

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

a n a l t i t u d e o f 8 0 0 f t , a p p r o x i m a t e l y 5 m i l e s f r o m D u r h a m C i t y 

a n d i n t h e U r b a n D i s t r i c t o f B r a n d o n a n d B y s h o t t l e s . T h e 

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

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

c r e a t i n g a p H g r a d i e n t o f 2 . 6 t o 8 . 0 . E x c e p t i n d i s c u s s i o n 

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

C o l l i e r y w i l l b e r e f e r r e d t o i n t h e t e x t a s B r a n d o n P i t h o u s e 

A c i d S t r e a m a n d n o t s i t e 3 a s i n T a b l e 3 . 1 . 

3 . 3 2 G e o l o g y 

B r a n d o n P i t h o u s e i s s i t u a t e d o n t h e w e s t e r n e x t r e m e o f 

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

C a r b o n i f e r o u s p e r i o d . T h e r o c k t y p e s a s s o c i a t e d w i t h t h e c o a l 

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

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

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

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

o r e s s u c h a s s p h a l e r i t e , b a r y t e s a n d w i t h e r i t e ( W o o d w a r d * 

1 8 7 6 } . D u r i n g t h e s i n k i n g o f t h e s h a f t s t o t h e d e e p e r 

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

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

Q u a t e r , ( s e e F i g . 3 . 2 ) l a y e r s o f n o n c a r b o n i f e r o u s m a t e r i a l 

w e r e d i s t u r b e d a n d b r o u g h t t o t h e s u r f a c e a s w a s t e . T h e 
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Pig-. 3.2 Map of Brandon Pithouse Acid! Stream, from source 
to confluence with River Deerness.(reaches 16-19 included) 
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e x p o s u r e of t h e s e m i n e r a l o r e s to a i r and w a t e r , underground 

and on the t i p s , g i v e s the w a t e r i t s c h e m i c a l c h a r a c t e r i s t i c s . 

The v a r i o u s seams which have been e x p l o i t e d a t Brandon a l l 

have v e r y s i m i l a r s u r r o u n d i n g s t r a t a . The measures of the 

middle c o a l seams a r e s u r r o u n d e d by a predominance of s h a l e , 

s i l t s t o n e and s u b o r d i n a t e s a n d s t o n e . The T i l l e y , w h i c h was 

the d e e p e s t seam mined, i s s i t u a t e d near the lower c o a l 

measures and i s s u r r o u n d e d by a predominance of s a n d s t o n e , 

s h a l e , and g r i t . The u n d e r l y i n g s t r a t a below the l o w e r 

m e a s u r e s , c o n s i s t of Durham M i l l s t o n e G r i t and r o c k s of the 

Upper L i m e s t o n e group, however, i t i s d o u b t f u l whether t h e s e 

r o c k s w i l l have been exposed by mining a c t i v i t y . Another 

p o s s i b l e s o u r c e of m i n e r a l o r e s i s from a n a t u r a l f a u l t which 

t r a n s e c t s the c o a l seams a t s e v e r a l p o i n t s a l o n g the h i l l s i d e . 

The o c c u r r e n c e of w i t h e r i t e (BaCO^) i n the immediate 

v i c i n i t y of t he mine i s n o teworthy. T h i s m i n e r a l i s c o n s i d e r e d 

r e a s o n a b l y r a r e and s e v e r a l decades ago was mined o n l y a few 

m i l e s away a t B r a n c e p e t h ( W i l s o n , e_t a_l. 1922) . A n a l y s i s 

of the mine water d i d not show s i g n i f i c a n t amounts of B arium. 

The p o s s i b l e r e a s o n f o r t h i s c o u l d be t h a t the s u l p h a t e s a l t 

of Barium i s i n s o l u b l e a t low pH and may be p r e c i p i t a t i n g 

out underground and t h e r e f o r e would not be d e t e c t e d a t t h e 

s u r f a c e . 

3.33 H i s t o r i c a l background and s o u r c e of a c i d w a t e r 

R e c o r d s s u g g e s t t h a t c o a l mining i n the a r e a has been 

c a r r i e d o u t s i n c e the 13th c e n t u r y , when monks worked t h e 
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more e a s i l y a c c e s s i b l e o u t c r o p s i n the Durham a r e a , (Dewdney, 

1 9 7 0 ) . S p e c i f i c r e f e r e n c e was made to mining of P i t h o u s e 

c o l l i e r y i n 1 8 5 6 , but D i o c e s a n r e c o r d s of 1 8 3 8 show t h e 

e x i s t e n c e of s h a f t s to the w e s t and e a s t of the p r e s e n t day 

p i t . S u r v e y s of the a r e a i n d i c a t e t h a t a c o n s i d e r a b l e amount 

of m i n i n g had o c c u r r e d p r i o r to the s i n k i n g of the main 

s h a f t s i n the 1 9 0 0 s . I t i s l i k e l y t h a t some of the mines 

which o c c u r where the c o a l seams a r e near the s u r f a c e , have 

been i n e x i s t e n c e s i n c e the e a r l y 1 8 0 0 ' s , ( I . Green, 1 9 7 5 

p e r s . comm.). The r e i s e v i d e n c e of d r i f t s i n t o s e v e r a l of 

the major seams which o u t c r o p a l o n g the h i l l s i d e . The 

F i v e Q u a t e r , Main, B r a s s T h i l l and Low Main were a l l mined 

d u r i n g t h i s p e r i o d . The p r e s e n c e of many of t h e s e d r i f t 

mines was not shown on the O.S. maps drawn up i n 1 8 9 7 , 

p r o b a b l y b e c a u s e as soon as the d r i f t was f i n i s h e d i t was 

f i l l e d i n and would not t h e r e f o r e be e x t e r n a l l y o b v i o u s . I t 

was not u n t i l a f t e r the g e o l o g i c a l maps were drawn up t h a t 

many of t h e s e d r i f t s were r e c o r d e d . 

A f t e r d r i f t m ining t e c h n i q u e s had d i m i n i s h e d the c o a l 

s u p p l i e s i n the more e a s i l y a c c e s s i b l e seams, the main 

s h a f t was sunk down to the T i l l e y seam i n about 1 9 2 6 . I t 

was the p r a c t i c e a t the time to s i n k the main s h a f t t o the 

l o w e s t seam and then work the seams i n a s c e n d i n g o r d e r . 

C o n s e q u e n t l y , s i n c e 1 9 2 6 , many of the measures r e p r e s e n t e d 

i n F i g . 3 . 2 have been worked. The c o l l i e r y was f i n a l l y 

c l o s e d i n 1 9 6 6 , l e a v i n g a s p o i l heap of a p p r o x i m a t e l y 8 0 0 

m e t r e s a c r o s s . I n 1 9 7 0 c o n t r a c t o r s began to r e c l a i m the 
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c o a l s t i l l p r e s e n t i n the s p o i l . T h i s work i s s t i l l i n 

p r o g r e s s and e v e n t u a l l y the complete t i p i s to be l a n d s c a p e d 

and p r o b a b l y r e t u r n e d to a g r i c u l t u r e . D u r i n g the r e c l a m a t i o n 

i t i s l i k e l y t h a t t h e s p o i l w i l l be c o v e r e d by c l a y and top 

s o i l b e f o r e b e i n g p l a n t e d . I t w i l l be i n t e r e s t i n g to s e e 

i f t h i s r e d u c e s the amount of a c i d produced, as t h i s t e c h n i q u e 

i s recommended as a method of abatement of a c i d w a t e r . 

The c a u s e of t h e a c i d w a t e r i s undoubtedly due to the 

o x i d a t i o n of p y r i t e s and c o n s e q u e n t l y the p r o d u c t i o n of 

s u l p h u r i c a c i d ( s e e 1 . 2 2 ) . The p y r i t e s i s e i t h e r d i r e c t l y 

a s s o c i a t e d w i t h the c o a l or i n the a d j a c e n t v e i n s l y i n g 

around the marine bands. The seam a t Brandon P i t h o u s e 

c o n s i s t s of h i g h grade c o a l of low s u l p h u r c o n t e n t , so i t 

i s l i k e l y t h a t the p y r i t e s i s i n the a d j a c e n t r o c k s ( J . C. 

T r i c k e t t , 1 9 7 3 , p e r s . comm.). 

The o r i g i n of the a c i d i c d r a i n a g e water i s u n c e r t a i n 

b e c a u s e the whole a r e a which s u p p o r t e d many d r i f t s , has 

been c o v e r e d by the p r e s e n t s p o i l heap. One p o s s i b l e s o u r c e i s 

t h a t r a i n w a t e r p e r c o l a t e s through the s p o i l and i s exposed 

to i r o n p y r i t e s and o t h e r w a s t e m i n e r a l s , t h u s l e a d i n g to 

the p r o d u c t i o n of a c i d w a t e r . However, i f the w a t e r i s 

p a s s i n g through t h e s p o i l , , i t s h o u l d c o n t a i n i t s own w a t e r 

t a b l e . B o r i n g s made by T a y l o r & A t t e w e l l ( 1 9 6 8 ) d i d not 

l o c a t e any such w a t e r t a b l e . F u r t h e r i n d i r e c t e v i d e n c e 

w h i c h d i s p r o v e s t h i s p o s s i b i l i t y i s t h a t i f the s o u r c e of 

a c i d was due to p e r c o l a t i o n , t h e n i t would be l i k e l y t h a t 

a c i d seepage would o c c u r a t s e v e r a l p o i n t s a l o n g t h e t i p . 
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However, t h i s i s not found to be s o , b e c a u s e a l t h o u g h t h e r e 

a r e s e v e r a l i n t e r m i t t e n t i s s u e s from t h e t i p t h e s e a r e n o t 

a c i d i c . 

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

m i n e s . Stream B i s l i k e l y to o r i g i n a t e from a d r i f t i n t he 

Main seam whic h i s now c o v e r e d by the s p o i l heap. Maps of the 

s i t e i n 1897 showed a n a t u r a l s p r i n g i n the a r e a i n w h i c h 

t h e r e was a d r i f t . T h i s s p r i n g c o u l d be the s o u r c e of w a t e r 

which comes i n c o n t a c t w i t h p y r i t i c m a t e r i a l exposed when 

th e d r i f t was e x c a v a t e d . 

The s o u r c e of s t r e a m A i s a l s o s i t u a t e d d i r e c t l y below 

an o l d d r i f t i n t o the F i v e Quater and Main seams. T h i s s t r e a m 

i s s u e s a t a f a i r l y c o n s t a n t r a t e from a c l a y p i p e ( s e e T a b l e 

5 . 1 ) . The p r e s e n c e of the p i p e s u g g e s t s t h a t w a t e r was 

d r a i n i n g from a d r i f t b e f o r e i t was c o v e r e d o v e r . I t was 

common p r a c t i c e t o p i p e away the d r a i n a g e w a t e r from d r i f t s 

b e f o r e they were c l o s e d , i n o r d e r to a v o i d a b u i l d up i n 

the w a t e r t a b l e which c o u l d f l o o d o t h e r working mines. L i k e 

s t r e a m B, i t i s p o s s i b l e t h a t a n a t u r a l s p r i n g was d i s t u r b e d 

d u r i n g the e x c a v a t i o n s , and i t c o n t i n u e d to f l o w through 

the exposed mineral?, a f t e r the mine was c l o s e d . The volume 

of w a ter f l o w i n g from the p i p e i s so c o n s t a n t ( s e e 5.2) t h a t 

i t s t r e n g t h e n s the s u g g e s t i o n t h a t t h e s o u r c e i s from a 

deep s p r i n g . Only a f t e r s e v e r a l months of above a v e r a g e 

r a i n f a l l does the d i s c h a r g e a l t e r s i g n i f i c a n t l y . The p r e s e n c e 

of a n a t u r a l f a u l t i n the c o a l seam above s t r e a m A c o u l d 

e x p l a i n 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 of heavy m e t a l s 
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p r e s e n t i n t h e a c i d w a t e r . 

T h e r e a r e no r e c o r d s of when the a c i d w a t e r f i r s t 

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

was d i f f e r e n t , i t s a p p r o x i m a t e p r e s e n t c o u r s e has been shown 

on maps s i n c e 1 8 3 8 . T h e r e i s no e v i d e n c e to s u g g e s t t h a t 

i t was r u n n i n g a c i d a t the t i m e , or t h a t t h e d r i f t s from 

which i t i s presumed to have o r i g i n a t e d had d e f i n i t e l y been 

made i n the p o s i t i o n s shown on t h e l a t e r maps. However, as 

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

been f i l l e d i n by 1 8 3 8 and t h e r e f o r e i t i s p o s s i b l e t h a t t h e 

s t r e a m may have been a c i d f o r about 1 5 0 y e a r s ; i t i s a l m o s t 

c e r t a i n t h a t i t has been a c i d f o r 5 0 y e a r s ( I . Green, p e r s . 

coram.) . 

3 . 4 Topography of Brandon P i t h o u s e A c i d Streams 

The t o p o g r a p h i c a l d e t a i l s of each re-.ch a r e summarized 

i n T a b l e 3 . 3 . The two s t r e a m s a t P i t h o u s e c o l l i e r y i s s u e from 

the base of a l a r g e w a s t e heap and f l o w down the v a l l e y f o r 

3 . 3 km i n a n o r t h e r l y d i r e c t i o n to Redburn and e v e n t u a l l y 

the R i v e r D e e r n e s s a t Ushaw Moor, ( s e e F i g . 3 . 2 ) . 

3 . 4 1 Stream A, r e a c h e s 1 - 6 . 

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

c o n s t a n t pH of 2 . 6 and e x c e p t a f t e r a p e r i o d of heavy 

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

c o n s t a n t ( s e e 5 . 2 ) . The w i d t h and depth of the s t r e a m r e m a i n s 

f a i r l y c o n s t a n t throughout i t s l e n g t h , v a r y i n g from 1 5 0 to 

6 0 0 mm i n w i d t h , and 5 to 1 5 0 mm i n d e p t h . The s t r e a m i s 

g e n e r a l l y f a s t f l o w i n g , w i t h t h e o c c u r r e n c e of a few s m a l l 
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p o o l s and a s e c t i o n where the w a t e r f l o w s t hrough a bed 

of moss. 

F o r a s t r e t c h of a p p r o x i m a t e l y 40 m below t h e s o u r c e , 

the s t r e a m r e c e i v e s a c o n s i d e r a b l e amount by run-off from 

the t i p d u r i n g t i m e s of heavy r a i n f a l l . The f l o o d s a l s o 

c a u s e a c o n s i d e r a b l e amount of e r o s i o n lower down the s t r e a m , 

a l t h o u g h the e f f e c t i s not q u i t e as d r a m a t i c as t h a t o b s e r v e d 

a t r e a c h 2. 

The s t r e a m t h e n f l o w s though a s m a l l c o p p i c e where t h e 

s u b s t r a t a change, from c l a y to medium and s m a l l s i z e d p e b b l e s , 

and i n summer the a l g a e a r e s u b j e c t e d to a c o n s i d e r a b l e amount 

of s h a d i n g . The w a t e r i s then p i p e d under p a r t of a f i e l d 

f o r 20 m i n t o a s m a l l h o l d i n g r e s e r v o i r . The r e s e r v o i r was 

b u i l t e a r l y t h i s c e n t u r y but f o r what purpose i s not known. 

D r e p a n o c l a d u s f l u i t a n s c o v e r e d the bottom of t h e r e s e r v o i r 

t h r o u g h o u t the s t u d y p e r i o d . T h i s moss o f t e n becomes c o v e r e d 

w i t h the s i l t washed i n d u r i n g f l o o d s . The r e s e r v o i r a c t s as 

a b u f f e r f o r the r e s t of the s t r e a m , both by c o n t r o l l i n g t h e 

f l o w d u r i n g f l o o d s and a l s o r e t a i n i n g the w a t e r long enough 

to a l l o w s i l t to s e t t l e o u t . 

The s t r e a m c o n t i n u e s f o r a f u r t h e r 50 m, through a r a b l e 

l a n d , b e f o r e i t i s j o i n e d by a c i d s t r e a m B. Stream A has 

run c o n t i n u o u s l y as f a r as the r e s e r v o i r f o r the t h r e e y e a r s 

of s t u d y and w i t h the e x c e p t i o n of t h e r e s e r v o i r the w a t e r 

has n e v e r f r o z e n . 

3.42 Stream B, r e a c h e s 7 and 7b 

Stream B i s formed from s e v e r a l a c i d s e e p a g e s at the 
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s i d e and toe of the t i p . These c o l l e c t i n a d i t c h and 

form a slow f l o w i n g s t r e a m , p a r t of which a t t i m e s c o u l d 

be c l a s s e d as s t a g n a n t . The st r e a m i s j o i n e d by a l k a l i n e 

s u r f a c e w a t e r a f t e r 20 m. Where t h e pH r i s e s above 3.5 

h y d r a t e d i r o n (Fe+++) and aluminium o x i d e s a r e p r e c i p i t a t e d 

o u t , c o l o u r i n g the stream bed y e l l o w - o r a n g e . The water 

then p a s s e s through a p i p e to j o i n s t r e a m A a t r e a c h 7. The 

volume of w a t e r from the two s t r e a m s i s , under normal 

c i r c u m s t a n c e s , a p p r o x i m a t e l y the same, a l t h o u g h t h e r e i s 

much g r e a t e r v a r i a t i o n from s t r e a m B b e c a u s e of s u r f a c e r u n ­

o f f . 

3.43 Downstream of c o n f l u e n c e of s t r e a m A and B 

( r e a c h e s 8-12) 

At the c o n f l u e n c e of the two s t r e a m s ( r e a c h 8 ) , the pH 

i n c r e a s e s and l a r g e amounts of h y d r a t e d i r o n o x i d e p r e c i p i t a t e 

o u t , c h a n g i n g the c h a r a c t e r i s t i c s of t h e st r e a m bed f o r 

about 30 m from c l a y to a more u n s t a b l e s u b s t r a t e of f r i a b l e 

and compacted f e r r i c h y d r o x i d e p r e c i p i t a t e . . . F o r 30 m below the 

c o n f l u e n c e and a t i n t e r v a l s from t h e r e u n t i l i t r e a c h e s Eshwood 

a p p r o x i m a t e l y 200 m below the c o n f l u e n c e t h e r e i s some s h a d i n g 

by l a r g e t e e e s . T h i s s e c t i o n of t h e s t r e a m r u n s through 

a g r i c u l t u r a l l a n d and i s s u b j e c t e d to i n t e r m i t t e n t n u t r i e n t 

e n r i c h m e n t by run-*>off from the f i e l d s . 

D u r i n g a p e r i o d of low f l o w a s m a l l a c i d seepage was 

o b s e r v e d a t r e a c h 10. The s o u r c e of t h i s a c i d i s not known 

b u t was assumed to emanate from an o u t c r o p of t he B r a s s T h i l l 
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seam (so c a l l e d b e c a u s e of the l a r g e amounts of p y r i t i c 

m a t e r i a l p r e s e n t i n the seaiq). The pH and c h e m i s t r y of 

t h e seepage c o u l d not be d e t e r m i n e d b e c a u s e the e f f l u e n t 

r a n d i r e c t l y i n t o t h e stream from i t s underground s o u r c e . 

From r e a c h 10 the water c o u r s e becomes d i v e r s e as i t 

f l o w s through a bog of D r e p a n o c l a d u s f l u i t a n s f o r a p p r o x i m a t e l y 

30 m. The s t r e a m t h e n r e f o r m s 10 m above the boundary of 

Eshwood a t r e a c h 11. 

3.44 Eshwood to R i v e r D e e r n e s s ( r e a c h e s 12-19) 

At the boundary of the wood, the s t r e a m r e c e i v e s 

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

Here the s t r e a m bed i s c o v e r e d w i t h a m i x t u r e presumed t o c o n s i s t 

of a v e r y u n s t a b l e , f r i a b l e complex of i r o n aluminium and 

o r g a n i c m a t e r i a l s , which p r e c i p i t a t e o u t over an a r e a of about 

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

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

o b v i o u s . I n the w i n t e r of 1972 the p l a n t a t i o n of d e c i d u o u s 

and f i r t r e e s was f e l l e d and r e p l a n t e d , thus i n c r e a s i n g t h e 

amount of l i g h t a v a i l a b l e to t he o r g a n i s m s i n the s t r e a m . 

At a p p r o x i m a t e l y 1.2 km from the s o u r c e , the s t r e a m f l o w s 

i n t o Redburn, and i s q u i c k l y d i l u t e d o u t to about pH 7.0. 

The immediate e f f e c t on Redburn i s m i n i m i s e d a f t e r 15-20 m. 

Redburn f l o w s f o r a f u r t h e r 2 km b e f o r e e n t e r i n g the R i v e r 

D e e r n e s s , a t Ushaw Moor. D u r i n g i t s p a s s a g e Redburn r e c e i v e s 

u n t r e a t e d sewage, which i n summer c a u s e s d e o x y g e n a t i o n i n t h e 

h i g h e r r e a c h e s , and a l s o non a c i d i c mine d r a i n a g e from 

Ushaw Moor c o l l i e r y i n i t s lower r e a c h e s . As the burn r e c e i v e s 
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s e v e r a l d i f f e r e n t forms of p o l l u t i o n , i t i s i m p o s s i b l e t o 

d e t e r m i n e how much the e f f e c t s e e n a t i t s c o n f l u e n c e w i t h 

R. D e e r n e s s , i s due to the p r e s e n c e of w a t e r from Brandon 

P i t h o u s e A c i d Stream. 
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3.5 Changes to the stream which occured during the study 

The general description of the streams given previously has altered 

at various times during the study period and i n some instances these 

changes have completely altered the c h a r a c t e r i s t i c s of parts of the stream 

system. 

3.51 Freezing over of the reserv o i r 

During the winter the reserv o i r has frozen over on several 

occasions for b r i e f periods.Consequently during these periods water ceased 

to flow from the reservoir, thus causing the section- of the stream below 

the reservoir to dry up.During periods when t h i s occured the only acid 

water flowing down the main stream to Redburn originated from stream B. 

As previously mentioned the pH of stream B was considerably greater than 

stream A thus leading to r e l a t i v e l y large changes i n the pH and other 

chemical parameters i n the reaches down stream of the confluence. 

3.52 Broken pipe - changes from July 1974 - November 1974 

In July 1974 the pipe feeding the reservoir was broken and 

a considerable amount of acid water flowed into the f i e l d . T h i s had two 

e f f e c t s , f i r s t l y the grass i n the f i e l d which came i n contact with the 

acid water was destoyed and secondly, a f t e r about two weeks the l e v e l i n 

the rese r v o i r dropped below the l e v e l of the. out flow, r e s u l t i n g i n the 

discontinuation! of the stream A below the reservoir.Stream B was again 

the only source of water flowing down the stream below the confluence, 

eEcept on a few occasions following heavy r a i n f a l l which f i l l e d the re s e r v o i r 

s u f f i c i e n t l y to allow water to flow.down the stream.After one month, the 

pH and a c i d i t y gradient down the stream below the confluent altered 

considerably (see 5.42).The pH wa3 maintained near the pre-July value 

at reach 10 because of the small acid seepage vrhich enters the stream at 

( 1SSEP 1977 J 
N . , sr Hon y 
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t h i s point .Hovrever, any increase ±rv. flow down the stream reduced the effect 

of the seepage. 

3.53 Changes from November 1974 - March V975 

In November the broken pipe was replaced and the r e s e r v o i r 

r e f i l l e d with acid water.Within a few days of the stream A running i t s f u l l 

course the pH of the stream below the conluence at reach 8 returned to i t s 

previous value(see 5.5).Immediately, the f r i a b l e iron precipitate covered 

the stream bed at and below the confluence, where i t had la r g e l y disappeared 

i n the July-November period. 

Shortly a f t e r the pipe was repaired,stream B was dredged removing 

a l l the Juncus effusus that was growing at the edge of the stream.This action 

changed the stream from a slow moving, deep ditch to a shallow,faster flowing 

type.In addition the pH increased from 2.9 to 3.0 -3.5.The reason for the 

change i n pH i s not clear.Possibly the reconstruction of the t i p i n the 

immediate v i c i n i t y may have diverted some acid water away from the d i t c h , or 

a l k a l i n e water may have been seeping into theditch thus d i l u t i n g the a c i d i t y . 

I n addition to an increase i n pH the t o t a l discharge from stream B has decreased 

s l i g h t l y since dredging took place.This lead to a decrease i n pH below the 

confluence at reach 8 and a consquential decrease i n the amount iron oxide 

p r e c i p i t a t e at reach 8 but an increase i n precipitate at reach 12 -14. 

As previously mentioned i n 2.22 because of the above changes 

the chemical and f l o r i s t i c data are presented i n three sections ( see Table 2.2) 
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4. SURVEYS OF WATER AT OR BELOW pH 3.0 IN 

ENGLAND 

4 . 1 C h e m i c a l p a r a m e t e r s 

The d e t a i l s of the p h y s i c a l and c h e m i c a l p a r a m e t e r s 

measured a t each s i t e d u r i n g the l a t e summer and l a t e 

w i n t e r s u r v e y s a r e g i v e n i n T a b l e 4.1 and the maximum, mean 

and minimum v a l u e s f o r a l l r e a c h e s a r e summarized i n T a b l e 4.9. 

4.11 pH 

The pH v a l u e s of the r e a c h e s sampled ranged from pH 1.5 

to 3.0, w i t h a mean v a l u e of pH 2.7. The d i s t r i b u t i o n of 

r e c o r d e d v a l u e s w i t h i n the range can be se e n more c l e a r l y 

from T a b l e 4/10. The r e s u l t s show t h a t the d i s t r i b u t i o n 

o v e r the range was uneven, w i t h o n l y 15 r e a c h e s h a v i n g a pH 

v a l u e of l e s s t h a n 2.5 and the g r e a t e s t number h a v i n g a pH 

of 3.0. The l o w e s t v a l u e of pH 1.5 was r e c o r d e d a t s i t e 4, 

r e a c h 5; t h i s r e a d i n g was t a k e n a f t e r a long p e r i o d of hot 

weather and may be p a r t l y a c c o u n t e d f o r by e v a p o r a t i o n and the 

c o n s e q u e n t i a l i n c r e a s e of i o n s i n the w a t e r . 

4.12 A c i d i t y 

The a c i d i t y of t h e s e w a t e r s ranged from 64000 rag 1 * 

CaCO, a t s i t e 13, r e a c h 2, to 116 mg 1 1 CaCO_ a t s i t e 9 r e a c h 

5. A lthough measurement of a c i d i t y t a k e s i n t o a c c o u n t t h e 

t o t a l H i o n c o n c e n t r a t i o n , t h e r e was no s i g n i f i c a n t c o r r e l a t i o n 

between pH and a c i d i t y ( s e e 4.7) over t h e pH range 1.5-3.0. 

The l a c k of c o r r e l a t i o n s u g g e s t s t h a t a c i d s a l t s p r o v i d e d an 

i m p o r t a n t c o n t r i b u t i o n to the a c i d i t y of the wa t e r and where 
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t h e r e were h i g h a c i d i t y v a l u e s , b u t not e x t r e m e l y low pH 

v a l u e s , the e nvironment may be more r e s t r i c t i n g to the 

s p e c i e s than i n d i c a t e d by the pH v a l u e . 

4.13 Heavy m e t a l s 

The r e s u l t s show t h a t b e s i d e s h a v i n g a low pH, the 

a c i d mine d r a i n a g e w a t e r s from the c o a l mines c o n t a i n e d 

l a r g e c o n c e n t r a t i o n s of one or more heavy m e t a l s . At l e a s t 

one of the m e t a l s s t u d i e d was i n a t a c o n c e n t r a t i o n of more 

than 1.1 mg 1 * on one or o t h e r s a m p l i n g d a y s . However, 

i n s t a n c e s were r e c o r d e d f o r each element where i t s c o n c e n t r a t i o n 

was r e l a t i v e l y low. Zn was g e n e r a l l y found to be t h e most 

abundant heavy m e t a l , w i t h a.mean v a l u e of 16.0 mg 1 1 and a 

maximum c o n c e n t r a t i o n of 193 mg 1 * a t s i t e 14 r e a c h 2. L a r g e 

c o n c e n t r a t i o n s of Cu, Co and Ni were a l s o r e c o r d e d i n many 

r e a c h e s w i t h maximum v a l u e s of 16.0, 20.0 and 50.4 mg 1 * 

r e s p e c t i v e l y . Water from s i t e 13, r e a c h 2 had t h e l a r g e s t 

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

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

a l s o had the h i g h e s t a c i d i t y v a l u e r e c o r d e d , b u t not t h e 

l o w e s t pH v a l u e . The l e v e l s of Pb were g e n e r a l l y low, compared 

w i t h the o t h e r heavy m e t a l s examined. The maximum v a l u e of 

Pb was 1.90 mg 1 * and the minimum O.OOi mg 1 ~ . As v e i n s of 

l e a d a r e not u s u a l l y a s s o c i a t e d w i t h c o a l m i n i n g a r e a s , i t 

was not s u r p r i s i n g ' to f i n d low v a l u e s of t h i s e l e m e n t i n 

t h e w a t e r . 

4.14 F e , A l , Mn 

The c o n c e n t r a t i o n s of t h e s e e l e m e n t s were a l s o v e r y 
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l a r g e compared w i t h normal s t r e a m s , as d e m o n s t r a t e d by 

t h e i r mean v a l u e s (Fe 1111 mg l " 1 ; A l 258 mg l " 1 ; Mn 64 

mg 1 The o c c u r r e n c e of l a r g e c o n c e n t r a t i o n s of i r o n 

was i n v a r i a b l y a s s o c i a t e d w i t h h i g h A l and to a l e s s e r 

e x t e n t , h i g h Mn c o n c e n t r a t i o n s and f o r t h i s r e a s o n Fe has 

been i n c l u d e d i n t h i s s e c t i o n r a t h e r than the o t h e r heavy 

m e t a l s (4.13) . 

4.15 Na , K, Ca, Mg 

The w a t e r s ranged c o n s i d e r a b l y i n t h e degree of h a r d n e s s , 

but were g e n e r a l l y c o n s i d e r e d to be s o f t . The l o w e s t Mg and 

Ca l e v e l s of 6.6 and 4.0 mg 1 * were r e c o r d e d f o r s i t e 14 i n 

s u r v e y A. The c o n c e n t r a t i o n s of the c a t i o n s measured were 

not p a r t i c u l a r l y noteworthy, e x c e p t f o r t he K l e v e l a t s i t e 13, 

r e a c h 3 which was 0.05 mg 1 

4.16 O p t i c a l d e n s i t y and C o n d u c t i v i t y 

The o p t i c a l d e n s i t y v a l u e s of some w a t e r s were u n u s u a l l y 

h i g h , b ut t h i s was not s u r p r i s i n g i n w a t e r s where l a r g e 

c o n c e n t r a t i o n s of Fe and A l were r e c o r d e d . The l a r g e i r o n 

v a l u e s o f t e n produced b r i g h t r e d w a t e r , as w e l l as a r e d - o r a n g e 

p r e c i p i t a t e . T h i s was most o b v i o u s a t s i t e s 3 and 13. The 

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

s u c h l a r g e c o n c e n t r a t i o n s of i o n s . C o n d u c t i v i t y may be 

c o n s i d e r e d i n d i c a t i v e of the t o t a l i o n s t a t u s of a c i d i c w a t e r s 

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

many of the i o n s which o c c u r r e d i n l a r g e amounts. 

4.17 PO -P, NH -N, NO -N 
4 4 3 

The c o n c e n t r a t i o n s of t h e s e n u t r i e n t s were o f t e n a t a 
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s u f f i c i e n t l y h i g h l e v e l a s to be c o n s i d e r e d i n d i c a t i v e of 

a m o d e r a t e l y e u t r o p h i c e nvironment. I n the l a t e summer 

s u r v e y 56% of the r e a c h e s and 61% of t h o s e i n t he w i n t e r 

s u r v e y had both PO^-P l e v e l s 0.1 mg 1 * and combined 

i n o r g a n i c N l e v e l s of 1.0 rag 1 However t h e r e s u l t s f o r 

a few r e a c h e s were c o n s i d e r a b l y lower than t h o s e v a l u e s , f o r 

example, s i t e 9, r e a c h 4j PO^-P 0.01 and 0.02 mg 1 * and 

s i t e 4, r e a c h 1 N 0.65 mg 1 *. The t o t a l c o n c e n t r a t i o n o f 

N p r e s e n t i n t he a c i d i c environment was m a i n l y c o n t r i b u t e d 

by t h e NH^-N / as NO^-N l e v e l s were g e n e r a l l y l e s s than 0.5 mg 1 * 

4.18 S i , C I , S 0 4 ~ S 

The c o n c e n t r a t i o n s of S i and SO^-S were a l w a y s h i g h , 

(mean v a l u e s of 36.5 mg S i 1 * and 2600 mg S 1 *) and i n 

some i n s t a n c e s v e r y h i g h (maximum v a l u e s : 114 mg S i 1 * and 

8600 mg S 1 * 0 ) . The c o n c e n t r a t i o n s of C I were not u n u s u a l l y 

h i g h , as i n d i c a t e d by a maximum v a l u e of 114 mg 1 * and a 

minimum v a l u e of 14.0 mg 1 

I t i s u n l i k e l y t h a t the diatom p o p u l a t i o n s would have 

been l i m i t e d a t any time by S i , a l t h o u g h n o t h i n g i s known 

of the a v a i l a b i l i t y of t h e S i a t su c h low pH v a l u e s . I t i s 

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

low pH v a l u e s would i n v o l v e s a l t s c o n t a i n i n g t h e s e a n i o n s . 

4.19 P e r c e n t a g e oxygen s a t u r a t i o n 

The c o n c e n t r a t i o n of d i s s o l v e d oxygen was g e n e r a l l y low 

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

growth of a l g a e which sometimes o c c u r r e d , was t a k e n i n t o 

a c c o u n t . A mean v a l u e of 70% and a minimum v a l u e of 10% were 
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r e c o r d e d i n both s u r v e y s . The r e a s o n f o r t he v e r y low 

v a l u e was thought to be due to c o n t i n u e d o x i d a t i o n of f e r r o u s 

to f e r r i c i o n a f t e r t h e water had i s s u e d from t h e ground. 

T h i s o c c u r r e d a t s i t e 14, r e a c h 1, where the oxygen 

i n c r e a s e d from 10% to 70% as the pH d e c r e a s e d from 3.0 to 

2.9. I t was assumed t h a t HjSO was s t i l l b e i n g p r o d u c e d 

above ground. 

4.2 P h y s i c a l p a r a m e t e r s 

4.21 Temperature 

The t e m p e r a t u r e of t h e s e w a t e r s was c o n s i s t e n t w i t h 

normal s t r e a m s f o r the time o f y e a r sampled, e x c e p t where 

water was i s s u i n g from a b u r n i n g t i p . At t h e s e s i t e s , q u i t e 

h i g h v a l u e s were r e c o r d e d , even when t h e a i r t e m p e r a t u r e was 

near f r e e z i n g , f o r example a t s i t e 1, r e a c h 1 t h e wa t e r 

t e m p e r a t u r e a t the s o u r c e of the st r e a m was 15°C. A l t h o u g h 

t h e s e s p r i n g s may be c o n s i d e r e d warmer than normal underground 

s p r i n g s , t h e r e were no examplesof t h e r m a l a c i d s t r e a m s . 

4.22 C u r r e n t speed 

As a l r e a d y mentioned i n 2.31, c u r r e n t speed was measured 

o n l y d u r i n g t h e second s u r v e y . The r e s u l t s , e x p r e s s e d as 

the maximum c u r r e n t speed p e r r e a c h , ranged from v a l u e s g r e a t e r 

than 0.03 to 0.46 ms" 1 w i t h 0.03 b e i n g the l o w e s t speed the 

meter c o u l d measure. The c u r r e n t speed sometimes v a r i e d 

c o n s i d e r a b l y w i t h i n the 10 ra r e a c h sampled and t h e r e f o r e , i t 

was c o n s i d e r e d most u s e f u l to. r e c o r d the maximum v a l u e any 

a l g a would have to w i t h s t a n d , i n o r d e r to s u r v i v e i n a g i v e n 

10 m r e a c h . Where no r e s u l t was g i v e n f o r a r e a c h , t h i s 
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i n d i c a t e s t h a t e i t h e r t h e r e a c h was a p o o l h a b i t a t , or 

e l s e l a c k of a c c e s s p r e v e n t e d a r e a d i n g from b e i n g t a k e n . 

4.3 Comparison of the p h y s i c a l and c h e m i c a l d a t a between 

the two s u r v e y s 

A comparison of the d a t a c o l l e c t e d f o r i n d i v i d u a l 

r e a c h e s d e m o n s t r a t e s how c h e m i c a l l y v a r i a b l e the a c i d i c 

e n v i r o n m e n t can be, even when two r e a c h e s i n the same complex 

a r e c o n s i d e r e d . As w e l l as v a r i a b i l i t y between d i f f e r e n t 

r e a c h e s , t h e r e was f r e q u e n t l y a marked d i f f e r e n c e between 

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

of the two s u r v e y s i s g i v e n i n T a b l e 4.2 and shows t h a t 10 

p a r a m e t e r s were g r e a t e r i n the summer than the w i n t e r s u r v e y s 

and 13 p a r a m e t e r s were g r e a t e r i n the w i n t e r . As the volumes 

of w a t e r i n the s t r e a m s were lower i n the l a t e summer t h a n 

l a t e w i n t e r , i t was not s u r p r i s i n g t h a t some p a r a m e t e r s were 

h i g h e r i n the l a t e summer s u r v e y . However, the v a l u e s 

o b t a i n e d f o r 13 p a r a m e t e r s d i d f a l l the o t h e r way by a 

s u f f i c i e n t l y l a r g e amount as to i n d i c a t e t h a t s t r a i g h t f o r w a r d 

d i l u t i o n was not a f f e c t i n g t h e s e p a r a m e t e r s as would be 

e x p e c t e d . The f a c t t h a t l e v e l s of Na, Mg, Ca, Mn and hydrogen 

i o n c o n c e n t r a t i o n were lower i n w i n t e r , c o u l d be a t t r i b u t e d to 

d i l u t i o n by h i g h e r f l o w s , but a l l of the heavy m e t a l s , a c i d i t y 

and A l were h i g h e r i n w i n t e r t h a n summer. I t was thought t h a t 

both d i l u t i o n and a d e c r e a s e i n the amount of a c i d p roduced 

a c c o u n t s f o r t h e h i g h e r pH v a l u e s i n w i n t e r ( s e e 8 . 2 3 ) . 
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Table 4-«£ Comparison, of values for physical and chemical 

parameters c o l l e c t e d i n late" summer and winter 

surveys. 

no. greater i n no. greater no. same 
lat e summer (A) in winter than on both 
than winter (B) late summer surveys 

0 D 4 2 0 nm 17 26 0 
conductivity (micro-mhos) 34 6 3 
PH 8 24 11 
a c i d i t y (as CaC0 3) 18 25 0 
Na 32 11 0 
K 17 25 1 
Mg 26 17 0 
Ca 30 13 0 
Zn 19 24 0 
Cu U 31 1 
Mn 30 13 0 
Fe 19 24 0 
Al 22 21 0 
Pb 1 42 0 
Co 22 21 0 

Ni 8 35 0 

PO 4-P 14 29 0 
NH4-N 24 19 0 
NO3-N 16 

s o 4 -s 27 16 0 

CI 18 25 0 

S i 17 26 0 

o 2, % 9 29 1 

Temp C 43 0 0 
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4.4 P h o t o s y n t h e t i c organisms r e c o r d e d a t or below pH 3.0 

4.41 S p e c i e s c o m p o s i t i o n 

A t o t a l of 28 s p e c i e s of p h o t o s y n t h e t i c o r g a n i s m s were 

found growing i n w a t e r a t or below pH 3.0 ( T a b l e s 4.3 and 4 . 4 ) . 

I t was p o s s i b l e to g i v e b i n o m i a l s to 21 of the s p e c i e s 

r e c o r d e d . S p e c i e s r e p r e s e n t e d o n l y by i n d i v i d u a l c e l l s , or 

f i l a m e n t s w h i c h had a l m o s t c e r t a i n l y been washed i n from 

d i f f e r e n t h a b i t a t s , were not i n c l u d e d . A lthough s e v e r a l o f 

the s p e c i e s l i s t e d were r e c o r d e d on one o c c a s i o n o n l y , they 

were both o b v i o u s l y h e a l t h y and i n s u f f i c i e n t numbers to 

j u s t i f y t h e i r i n c l u s i o n as p a r t of the s t r e a m f l o r a . I n 

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

( s e e 2.52) t h a t were t a k e n from o t h e r a r e a s of the s t r e a m s 

f a i l e d to show any s p e c i e s not p r e s e n t i n the r e a c h e s . 

From T a b l e 4.4 i t can be s e e n t h a t E u g l e n a m u t a b i l i s (90%) 

P i n n u l a r l a a c o r i c o l a (71%) and G l o e o c h r y s i s t u r f o s a (61%) were 

c o n s i d e r a b l y more w i d e s p r e a d t h a n the o t h e r s p e c i e s . N i t z s c h i a 

s u b c a p i t e l l a t a , N i t z s c h i a e l l i p i t i c a v a r . a l e x a n d r i n a , E u n o t i a 

e x i g u a , Chlamydomonas a p p l a n a t a var. a c i d o p h i l a and Hormidium 

r i v u l a r e were a l s o r e l a t i v e l y common, o c c u r r i n g i n o v e r 20% 

of a l l p o s s i b l e r e a c h e s . 

I n both s u r v e y s diatoms were r e p r e s e n t e d by 11 s p e c i e s , 

making them the l a r g e s t s i n g l e phylum r e p r e s e n t e d . The 

mosses, D r e p a n o c l a d u s f l u i t a n s and D i c r a n e l l a s p . o c c u r r e d both 

i n t h e protonemal and i n the a d u l t forms. U n l i k e most h a b i t a t s 

where mosses grow, the protonema o c c u r r e d more f r e q u e n t l y t h a n 

the a d u l t , p a r t i c u l a r y f o r D i c r a n e l l a s p . 
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able 4.3 Summary of photosynthetic organisms found i n England a t < pH 3.0 

streams associated with mining 

pools only 

steams from i n d u s t r i a l effluent 

algae 
19 

4 

1 

moss 
2 

0 

0 

flowering plants 
1 

1 

Q 

to t a l 24 2 2 =28 
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The two angiosperms, Typha l a t i f o l i a and Juncus e f f u s u s , 

o c c u r r e d i n se p a r a t e s i n g l e reaches. However, dead Typha l a t i f o l i a 

was a l s o found a t s i t e 6, reach 1 . 

4.42 Comparison o f spe c i e s c o m p o s i t i o n between surveys 

The o v e r a l l f l o r i s t i c c o m p o s i t i o n o f the streams showed 

l i t t l e d i f f e r e n c e between the two surveys i n c o n t r a s t t o t h e 

c h e m i s t r y (see Table 4.4) The number o f o c c u r r e n c e s d i d however 

v a r y c o n s i d e r a b l y i n the case o f a few s p e c i e s . L e p o c i n c l l s 

ovum and U l o t h r i x zonata were t h e o n l y s p e c i e s n o t r e c o r d e d i n 

the l a t e summer, w h i l e N i t z s c h i a sp. type A, N i t z s c h i a sp. 

t y p e N a v i c u l a n i v a l i s and Microthamnion s t r i c t i s s i m u m were 

no t r e c o r d e d i n the w i n t e r s u r v e y . 

I n a d d i t i o n , G l o e o c h r y s i s t u r f o s a , Hormidium r l v u l a r e and 

Ch1amydomonas a p p l a n a t a were much more common i n l a t e summer, 

i n c o n t r a s t t o M i t z s c h i a e 1 1 i p t i ca v a r . a l e x a n d r i n a which was 

more widespread i n w i n t e r . These spe c i e s seemed t o demonstrate 

a more ob v i o u s seasonal t r e n d than many o f t h e o t h e r commonly 

o c c u r r i n g s p e c i e s (see Chapter 7) . 

4.43 Comparison o f h a b i t a t t y p e 

Of the spe c i e s r e c o r d e d , 5 were p r e s e n t o n l y i n streams, 

and 6 o n l y i n the p o o l h a b i t a t (Table 4.5) A l l o t h e r s p e c i e s 

were p r e s e n t i n b o t h h a b i t a t s , a l t h o u g h some s p e c i e s were 

more common i n one or the o t h e r (Table 4 . 7 ) . For example, the 

chlamydomonads and L e p o c i n c l i s ovum were more common i n p o o l s . 

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

t o h a b i t a t t y pe are g i v e n i n Chapter 7. The a l g a l s p e c i e s 

t h a t were r e c o r d e d o n l y i n p o o l s were a l l d i a t o m s , rone o f 
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which were common, even though t h e r e were 12 major p o o l 

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

p l a n t s were r e s t r i c t e d t o the p o o l h a b i t a t , a l t h o u g h Juncus 

e f f u s u s has s i n c e been found a t around pH 3.0 i n r u n n i n g 

water i n reach 10 and 11 o f Brandon P i t h o u s e A c i d Stream. 

4.44 E s t i m a t i o n o f percentage cover 

Where i t was p o s s i b l e , an e s t i m a t i o n was made o f t h e 

perce n t a g e o f a 10 m r e a c h , covered by an orga n i s m , or group 

o f organisms. The r e s u l t s are g i v e n i n Table 4.6 f o r s p e c i e s 

which were e a s i l y r e c o g n i z a b l e m a c r o s c o p i c a l l y . The i d e n t i t y o f 

t h e a l g a c o v e r i n g t he sub s t r a t u m was checked by m i c r o s c o p i c 

e x a m i n a t i o n o f samples ta k e n from the a r e a . Most reaches had 

m a c r o s c o p i c a l l y obvious growth o f p l a n t m a t e r i a l on one or 

b o t h o f the sampling days. 

As can be seen from Table 4.6 Euglena mu b a b i l i s was not 

o n l y t h e most widespread s p e c i e s (Table 4.4) b u t a l s o o f t e n t h e 

most abundant s p e c i e s when viewed m a c r o s c o p i c a l l y , sometimes 

c o v e r i n g as much as 8 0 % o f the s u b s t r a t u m . The r e s u l t s suggest 

t h a t t h i s s p e c i e s was as abundant i n l a t e w i n t e r as i t was 

i n l a t e summer and i t was e s t i m a t e d t o cover a t l e a s t 1 0 % 

su b s t r a t u m i n 3 5 % o f the reaches i n the l a t e summer survey 

and 4 7 % o f the l a t e w i n t e r reaches. These v a l u e s may be an 

under e s t i m a t i o n o f the a c t u a l f i g u r e because t h e a l g a tended 

t o m i g r a t e i n t o the s i l t i n o r d e r t o a v o i d h i g h l i g h t i n t e n s i t y 

(see 7 . 2) . 

I t was i m p o s s i b l e t o d i s t i n g u i s h m a c r o s c o p i c a l l y between 

t h e d i f f e r e n t diatom s p e c i e s , t h e r e f o r e , they were c o n s i d e r e d 
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Table 4.6 The percentage cover by macroscopically recognizable organisms 

for each 10 m reach i n survey A and B.. 
Euglena Diatom Hormidium 

species rivulare 

A B A B A B 
1 Walkmill I 20 60 

2 5 1 
3 30 1 30 5 

2 Oat lands 1 1 
2 10 60 

3 Brandon 1 40 20 
Pithouse 2 1 1 10 5 

3 5 5 
4 30 15 

4 Rowley 1 70 70 30 
2 5 1 5 
3 10 5 
4 80 80 
5 10 
6 1 
7 1 

5 Oeerplay 1 1 
2 1 5 
3 20 1 

6 Ch Is n a i l 1 2 70 
Hall 2 10 

3 80 
4 30 50 
5 30 
6 20 
7 5 10 10 
8 10 70 
9 1 60 

7 Welsh Whittle 1 
8 Gibf ield 1 40 10 

2 1 
3 30 40 
4 1 

9 Den by 1 SO 1 
2 70 80 
3 40 20 
4 3 1 1 
5 70 20 
6 80 45 

10 Cannock 1 80 70 1 
11 Polesworth 1 40 2 

2 
3 

12 Kingsbury 1 1 20 10 60 
2 1 60 
3 10 10 5 

13 Birch Coppice 1 1 
2 10 80 
3 1 1 

14 Bridford 1 1 IS 
2 1 1 

Zygogonlum 
ericetorum 

Campylopus 
f l e x u o s u B 
(protonena) 
A B 

Gloeochrv8l8 
t u r f o B a 

5 
10 

10 
1 

1 
3 
SO 

20 70 
40 

70 SO 

40 
5 

30 10 
40 60 
10 60 
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as one organism f o r the purpose of percentage cover e s t i m a t i o n s . 

As a group they were capable o f c o v e r i n g up t o 70% of t h e 

s u b s t r a t u m w i t h a f i l m o f c e l l s . The f i l a m e n t o u s algae and 

moss protonema a t times covered l a r g e areas o f t h e streams, 

b u t i t seemed t h a t these organisms took a l o n g e r p e r i o d t o 

become e s t a b l i s h e d and form l a r g e areas of cover. G l o e o c h r y s i s 

t u r f o s a was q u i t e f r e q u e n t l y m a c r o s c o p i c a l l y o b v i o u s , b u t r a r e l y 

covered l a r g e areas o f a g i v e n 10 m r e a c h . 

4.45 R e l a t i v e abundance 

I n a d d i t i o n t o e s t i m a t i n g percentage cover f o r the 10 m 
2 

r e a c h , t h e r e l a t i v e abundance o f the s p e c i e s w i t h i n a 100 mm 

sampling area was a l s o d e t e r m i n e d (see 2.53). T a b l e 4.7 g i v e s 

the g r e a t e s t r e l a t i v e abundance v a l u e r e c o r d e d f o r the s p e c i e s 
a t each reach and i s the h i g h e s t v a l u e s e l e c t e d from a minimum 

2 
o f f i v e 100 mm samples per r e a c h . T h i s Table a l s o demonstrates 

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

From Table 4.7 i t was p o s s i b l e t o e s t i m a t e the abundance 

o f one s p e c i e s r e l a t i v e t o another f o r a l l the i n d i v i d u a l 

reaches and by d o i n g so, t o e s t i m a t e t h e o c c u r r e n c e o f t h e 

s p e c i e s as a dominant or co-dominant organism i n t h e a c i d 

e n v i r o n m e n t . A l t h o u g h these data are h i g h l y s u b j e c t i v e , they 

do c o n f i r m the macroscopic o b s e r v a t i o n s and g i v e some i d e a 

as t o whether an organism i s r e s i s t a n t t o a p a r t i c u l a r s e t 

o f c o n d i t i o n s , or whether i t merely t o l e r a t e s t h e c o n d i t i o n s . 

T able 4.8 d e t a i l s t he number o f times a p a r t i c u l a r s c ore 

on t h e 1-5 s c a l e was g i v e n t o each spe c i e s and a l s o t h e 

number o f times i t o c c u r r e d as the dominant s p e c i e s . For a 
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s p e c i e s t o be c o n s i d e r e d as dominant i t must be d e s i g n a t e d 

a score o f 5. From these data i t can be seen once a g a i n 

t h a t Euglena m u t a b i l i s was c o n s i d e r a b l y more abundant t h a n 

any o t h e r s p e c i e s , o c c u r r i n g as abundant i n 76% and 7 1 % o f 

t h e reaches f o r the two s u r v e y s . P i n n u l a r i a a c o r i c o l a , 

G l o e o c h r y s i s t u r f o s a , Zygc^nium e r i c e t o r u m and Hormidium 

r i v u l a r e were a l s o c o n s i d e r e d as dominant s p e c i e s . 

There were some d i f f e r e n c e s i n abundance between t h e 

two s u r v e y s , p a r t i c u l a r l y w i t h N i t z s c h i a e l l i p t i c a which was 

not o n l y l e s s common i n l a t e summer (Table 4.4) b u t a l s o 

c o n s i d e r a b l y l e s s abundant. 

S e v e r a l s p e c i e s were not r e c o r d e d abundant i n any r e a c h , 

b u t were r e a s o n a b l y commonly o c c u r r i n g ; L e p o c i n c l i s ovum, 

Characium sp., N i t z s c h i a s u b c a p i t e l l a t a and Chlamydomonas 

a p p l a n a t a v a r . a c i d o p h i l a are examples. The mosses Drepanocladus 

f l u i t a n s and D i c r a n e l l a sp. were u s u a l l y abundant a t reaches 

where they o c c u r r e d . F u r t h e r d e t a i l s o f abundance f o r i n d i v i d u a l 

s pecies are g i v e n i n Chapter 7. 

4.5 P h y s i c a l and chemical parameters by i n d i v i d u a l s p e c i e s 

From t h e p h y s i c a l and c h e m i c a l data c o l l e c t e d f o r each 

r e a c h , i t was p o s s i b l e t o d e t e r m i n e t h e maximum, mean and 

minimum v a l u e s f o r a l l parameters measured f o r each s p e c i e s 

(Table 4.9) . S e c t i o n I o f t h i s t a b l e a l s o summaria.es the 

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

t he maximum, mean and minimum v a l u e s . The data c o l l e c t e d 

f o r t he i n d u s t r i a l e f f l u e n t , s i t e 15, were not i n c l u d e d i n 

the summary. 

http://summaria.es
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These data demonstrate t h e a b i l i t y o f the i n d i v i d u a l 

s p e c i e s t o s u r v i v e and i n many cases, grow w e l l , i n v e r y 

v a r i a b l e p h y s i c a l and chemical c o n d i t i o n s . However, t h e 

v e r y l a r g e range o f c o n c e n t r a t i o n s o f some elements, f o r 

example Fe 2300 - 7.5 mg 1 make i t v e r y d i f f i c u l t t o 

det e r m i n e whether an organism was i n h i b i t e d by p a r t i c u l a r 

c o n d i t i o n s . As a l r e a d y mentioned, the c h e m i c a l parameters 

were i n some i n s t a n c e s so changeable from one season t o t h e 

n e x t , t h a t i t was i m p o s s i b l e t o de t e r m i n e whether more severe 

c o n d i t i o n s , f o r i n s t a n c e i n l a t e summer, p r e v e n t e d a s p e c i e s 

from growing i n a r e a c h , or whether i t was absent because o f 

a l a c k o f s u i t a b l e i n o c u l u m . T h e r e f o r e , w h i l s t Table 4.9 

p r o v i d e s some i n d i c a t i o n o f the extremes t he sp e c i e s can w i t h ­

s t a n d , i t does n o t n e c e s s a r i l y determine what parameters 

i n f l u e n c e the presence and absence o f a s p e c i e s , w i t h t h e 

e x c e p t i o n o f perhaps pH. 

However, i t was p o s s i b l e t o say from t h e r e s u l t s t h a t 

those s p e c i e s which o c c u r r e d i n 20% o f a l l reaches and c o u l d 

t o l e r a t e pH v a l u e s below pH 2.5, were a l s o capable o f growing 

i n t h e presence o f the l a r g e s t c o n c e n t r a t i o n s o f heavy m e t a l s 

r e c o r d e d . Euglena m u t a b i l i s , G l o e o c h r y s i s t u r f o s a , Chlamydomonas 

a p p l a n a t a and Characium sp. grew below pH 2.0, i n a c i d i t y 

v a l u e s i n excess o f 15000 mg 1 } CaCO^, and a t l e v e l s o f 

Zn, 57.0 mg l _ 1 j Cu 3.9 mg l " 1 ; . Co 4.0 mg l " 1 and Ni 8.0 

mg 1 St i c h o c o c c u s b a c i l l a r i s was r e c o r d e d a t pH 1.8, b u t 

not i n waters c o n t a i n i n g t h e l a r g e c o n c e n t r a t i o n s o f m e t a l s 

shown above. S e v e r a l species were a b l e t o t o l e r a t e l a r g e 
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c o n c e n t r a t i o n s o f heavy m e t a l s b u t were not r e c o r d e d a t 

the e x t r e m e l y low pH v a l u e s p r e v i o u s l y mentioned. For example, 

Hormidium r i v u l a r e , Zygogonium e r i c e t o r u m and D i c r a n e l l a sp. 

grew i n water c o n t a i n i n g l e v e l s o f m e t a l s i n excess o f : 

Zn, 67.4 rag 1 Cu, 2.32 mg 1 Co, 2.48 mg l " 1 and N i , 

6.21 mg 1 b u t were n o t r e c o r d e d below pH 2.5. 

Where t h e o c c u r r e n c e o f spec i e s was r a r e , t h e n t he v a l u e s 

g i v e n f o r the ch e m i c a l parameters w i l l have l i t t l e meaning, 

except t o i n d i c a t e t h e c o n c e n t r a t i o n s which t h e sp e c i e s were 

ab l e t o w i t h s t a n d . 

4.51 The e f f e c t o f pH and a c i d i t y on the d i s t r i b u t i o n 

o f s p e c i e s 

As pH and a c i d i t y appeared t o i n f l u e n c e t he o c c u r r e n c e 

o f s p e c i e s t o some e x t e n t (see 4.7), t he d i s t r i b u t i o n o f the 

speci e s over the pH and a c i d i t y ranges r e c o r d e d , was examined 

i n more d e t a i l . The number of reaches i n which each s p e c i e s 

o c c u r r e d , a t a g i v e n pH v a l u e , are p r e s e n t e d i n Table 4/10. 

The maximum number o f reaches per r e c o r d e d pH v a l u e are 

a l s o g i v e n . 

The r e s u l t s demonstrate the i n c r e a s e i n t h e number o f 

speci e s w i t h i n c r e a s e i n pH, up t o pH 3.0. The number o f 

spe c i e s growing a t and above pH 2.5 were g r e a t e r t h a n t h e 

number a t pH v a l u e s below t h i s f i g u r e . However, t h i s may 

be p a r t l y e x p l a i n e d by the d i s t r i b u t i o n o f pH v a l u e s r e c o r d e d 

below pH 3.0. As mentioned p r e v i o u s l y , o f t h e 95 reaches 

sampled i n b o t h surveys o n l y 15 were below pH 2.5. 
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Euglena m u t a b i l i s , P i n n u l a r i a a c o r i c o l a , G l o e o c h r y s i s 

t u r f o s a , Chlamydomonas a p p l a n a t a , Characium sp. and S t i c h o c o c c u s 

b a c i l l a r i s were the o n l y s p e c i e s r e c o r d e d below pH 2.5 and o f 

these E_. m u t a b i l i s , P_. acor i c o l a and Characium sp. were t h e 

most t o l e r a n t , growing a t pH 1.5. However, a l l of these 

s p e c i e s were a l s o commonly r e c o r d e d a t pH v a l u e s above 2 . 5 , w i t h 

E_. m u t a b i l i s b e i n g the most common speci e s a t a l l pH v a l u e s 

r e c o r d e d . 

M i c r o t h a m n i o n s t r i c t i s s i m u m , U l o t h r i x zona t a and N a v i c u l a 

n i v a l i s were o n l y r e c o r d e d a t and above pH 2 . 9 . M. s t r i c t i s s i m u m 

was commonly r e c o r d e d i n waters between pH 3.0 and 4.0, and 

pH 2.9 may be i t s lower l i m i t f o r g r o w t h . 

The d i s t r i b u t i o n of s p e c i e s over the range of a c i d i t y 

v a l u e s , expressed as L o g ^ , i s shown i n Table 4 / 1 1 . The 

number o f reaches a t a p a r t i c u l a r a c i d i t y v a l u e are a l s o ' 

g i v e n i n the T a b l e . The d i s t r i b u t i o n o f the a c i d i t y v a l u e s 

and the o c c u r r e n c e o f the s p e c i e s was more oven th a n was 

found f o r the d i s t r i b u t i o n over the pH range. The sudden 

i n c r e a s e i n the number o f s p e c i e s as r e c o r d e d above pH 2 . 5 , 

was not s i m i l a r l y demonstrated f o r any p a r t i c u l a r a c i d i t y 

v a l u e . There was, however, a g r a d u a l i n c r e a s e i n the number 

of s p e c i e s and the number o f o c c u r r e n c e s of t h e s p e c i e s , 

as the a c i d i t y decreased i n v a l u e . 

A l l s p e c i e s , except M i c r o t h a m n i o n s t r i c t i s s i m u m , were 

r e p r e s e n t e d a t l e a s t once, a t an a c i d i t y v a l u e between 3.3 

and 3.2 L o g ^ a c i d i t y and a v a l u e o f around 4.3 l o g ^ a c i d i t y 

was the upper l i m i t f o r the m a j o r i t y o f s p e c i e s p r e s e n t . A t 
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the h i g h e s t a c i d i t y v a l u e s o f 4.8 - 4.3 l o g ^ a c i d i t y , 

s i m i l a r s p e c i e s o c c u r r e d as were r e c o r d e d a t t h e l o w e s t pH 

v a l u e s ; a g a i n , Euglena m u t a b i l i s grew a t the h i g h e s t l e v e l s 

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

r e c o r d e d v a l u e s . 

4.6 Chemistry and f l o r a o f t h e i n d u s t r i a l e f f l u e n t 

4 . 6 1 Chemis t r y 

As mentioned i n 2.2 the i n d u s t r i a l e f f l u e n t a t s i t e 1 5 , 

was found t o r u n a t pH 3.0 o n l y i n t e r m i t t e n t l y , t h e r e f o r e , t h e 

r e s u l t s were n o t i n c l u d e d i n 4.1 and are d e a l t w i t h s e p a r a t e l y . 

The heavy m e t a l l e v e l s o f t h e e f f l u e n t were lower t h a n 

i n any o f the mine d r a i n a g e s (maximum = N i , C. 0.55 mg 1 

The n u t r i e n t l e v e l s were g e n e r a l l y h i g h compared w i t h mine 

waters and i n p a r t i c u l a r t h e n i t r a t e l e v e l s were h i g h a t 

a l l t h r e e reaches sampled. 

4.62 F l o r a 

D u r i n g t h e f i r s t survey t h e o n l y p h o t o s y n t h e t i c organism 

p r e s e n t a t pH 3.0 was Euglena g r a c i l i s . A l t h o u g h t h i s s p e c i e s 

was v e r y abundant a t s e v e r a l reaches on s i t e 1 5 , i t was not 

r e c o r d e d i n any of the mine d r a i n a g e s . The i n c r e a s e d pH 

on t h e second survey was accompanied by an i n c r e a s e d and wide 

range o f s p e c i e s . However, t h e f l o r a d i d not i n c l u d e Euglena 

g r a c i l i s or any o t h e r acid.mine water s p e c i e s . 

4 . 7 S t a t i s t i c a l a n a l y s i s o f d a t a 

I n a d d i t i o n t o the maximum, mean and minimum v a l u e s 

g i v e n f o r the parameters measured i n b o t h surveys (see Table 

4.9) Pearson c o r r e l a t i o n c o e f f i c i e n t ( r ) was a l s o computed f o r 
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p a i r s o f a l l t h e p a r a m e t e r s m e a s u r e d , e x c e p t c u r r e n t s p e e d . 

T h e r e s u l t s a r e g i v e n i n T a b l e 4/12 f o r s u r v e y A a n d T a b l e 

4/13 f o r s u r v e y B. T h e ( r ) v a l u e s g i v e n a r e o n l y f o r 

c o r r e l a t i o n s w h i c h w e r e s i g n i f i c a n t a t a n d a b o v e t h e 95% 

c o n f i d e n c e l i m i t . 

As c a n be s e e n f r o m t h e d a t a , t h e r e a r e s e v e r a l d i f f e r e n c e s 

b e t w e e n t h e two s u r v e y s . F o r e x a m p l e , i n s u r v e y A, t h e r e was 

a s i g n i f i c a n t c o r r e l a t i o n b e t w e e n pH an d t h e number o f s p e c i e s 

a t t h e 95% l e v e l , w h e r e a s i n s u r v e y B t h e r e was no s i g n i f i c a n t 

c o r r e l a t i o n a t t h i s l e v e l w i t h pH, b u t t h e r e was a n e g a t i v e 

c o r r e l a t i o n b e t w e e n a c i d i t y a n d number o f s p e c i e s . O t h e r 

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

a t 95% l i m i t i n s u r v e y A w e r e o p t i c a l d e n s i t y ( r = - 0 . 3 8 ) , 

c o n d u c t i v i t y ( r = - 0 . 3 3 ) , F e ( r - - 0.310) a n d S 0 4 ~ S ( r - - 0 . 3 7 ) . 

I n s u r v e y B, s e v e r a l o t h e r p a r a m e t e r s w e r e c o r r e l a t e d a t t h e 

same d e g r e e o f s i g n i f i c a n c e , i n c l u d i n g a c i d i t y ( r = - 0 . 3 3 ) , A l 

( r - - 0 . 2 9 ) , N i ( r = - 0 . 2 5 ) , PO -P ( r s - 0.29) NH -N ( r = 0.39) 
4 4 

a n d C I ( r o 0.29) a s w e l l a s F e a n d o p t i c a l d e n s i t y . W i t h t h e 

e x c e p t i o n o f N i t h e r e was no c o r r e l a t i o n b e t w e e n t h e number o f 

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

S e v e r a l i o n s a p p e a r e d t o be a s s o c i a t e d w i t h one a n o t h e r , 

f o r e x a m p l e , F e was s i g n i f i c a n t l y c o r r e l a t e d w i t h A l , SO^-S, 

Co a n d N i i n b o t h s u r v e y s . H o w e v e r , t h e m a j o r i t y o f t h e 

m a j o r e l e m e n t s i n s o l u t i o n w e r e c o r r e l a t e d w i t h e a c h o t h e r 

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

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

t o t a l i o n i c c o n c e n t r a t i o n a n d was s i g n i f i c a n t l y c o r r e l a t e d 

w i t h a l a r g e number o f i o n i c p a r a m a t e r s i n t h e summer s u r v e y / 

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

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

c o r r e l a t e d w i t h a c i d i t y , F e a n d A l i n t h e l a t e summer, b u t 

n o t s o i n t h e l a t e w i n t e r . 

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

w i t h pH, i n p a r t i c u l a r t h o s e m e a s u r e d i n summer when t h e pH 

v a l u e s w e r e g e n e r a l l y l o w e r . A l t h o u g h t h e r e was a s i g n i f i c a n t 

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

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

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

( r = - 0.47) . 
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5. BRANDON PITH O U S E A C I D STREAM 

5.1 W a t e r c h e m i s t r y f o r t h e s o u r c e o f a c i d s t r e a m A 

As m e n t i o n e d i n 2.22 m o n t h l y w a t e r s a m p l e s w e r e t a k e n 

f r o m t h e s o u r c e o f a c i d s t r e a m A f r o m D e c e m b e r 1972 u n t i l 

M a r c h 1975. T h e r e s u l t s o f t h e a n a l y s i s c a r r i e d o u t f o r t h e 

28 p a r a m e t e r s m e a s u r e d , a r e g i v e n i n T a b l e 5.1, t o g e t h e r 

w i t h t h e maximum mean a n d minimum v a l u e s . T h e s t a n d a r d 

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

g i v e n . 

T h e p h y s i c a l a n d c h e m i c a l p a r a m e t e r s m e a s u r e d w e r e v e r y 

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

s o u r c e h a d a mean v o l u m e o f 0.70 1 s * S . E . + 0.086 a n d r e m a i n e d 

c o n s t a n t u n t i l month 24, when i t i n c r e a s e d c o n s i d e r a b l y t o 

1.4 - 1.9 1 s * a n d r e m a i n e d a t t h i s l e v e l f o r some t i m e . T h e 

r e a s o n f o r t h i s i n c r e a s e was c o n s i d e r e d t o be due t o an e x t e n d e d 

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

w h i c h t h e s p r i n g o r i g i n a t e d . 

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

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

N i a n d C I . A c i d i t y a n d c u r r e n t s p e e d i n c r e a s e d w i t h a n 

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

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

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

t h e m o s t s t a b l e , o n l y v a r y i n g f r o m pH 2.60 t o 2.70 S . E . + 

0.003. O t h e r p a r a m e t e r s t h a t w e r e a l s o p a r t i c u l a r y c o n s t a n t 

a t t h e s o u r c e o f t h e s t r e a m , i n c l u d e d o p t i c a l d e n s i t y , Na, K, 
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Zn, Cu, Pb a n d t o a l e s s e r e x t e n t E h , ' o x y g e n a n d Mn c o n c e n t r a t i o n s 

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

f l u c t u a t e d t o some e x t e n t . 

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

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

d r a i n a g e w a t e r a s f o u n d i n t h e two s u r v e y s ( s e e T a b l e 4 . 1 ) . 

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

c h e m i c a l e n v i r o n m e n t c o m p a r e d w i t h o t h e r a c i d s t r e a m s ^ i n t h a t 

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

o f t h e w a t e r , w e r e l o w e r t h a n t h e v a l u e s r e c o r d e d a t some 

s i t e s . 

T h e n u t r i e n t c o n t e n t was a l s o l o w e r t h a n t h e mean v a l u e s 

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

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

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

5.11 S t a t i s t i c a l a n a l y s i s 

A p a r t f r o m t h e mean, s t a n d a r d d e v i a t i o n a n d s t a n d a r d 

e r r o r o f t h e m o n t h l y , r e s u l t s , P e a r s o n ' s c o r r e l a t i o n c o e f f i c i e n t s 

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

c o r r e l a t i o n m a t r i x f o r m e d a s g i v e n i n T a b l e 5.2. O n l y v a l u e s 

w h i c h w e r e s i g n i f i c a n t a t 95%, 99% a n d 99.9% c o n f i d e n c e l e v e l s 

a r e g i v e n . 

As c a n be s e e n f r o m t h e r e s u l t s , many o f t h e c a t i o n s 

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

a t v a l u e s a b o v e t h e 95% l i m i t ; t h i s i n d i c a t e d t h a t t h e y w e r e 

n o t t o t a l l y i n d e p e n d e n t o f e a c h o t h e r . 
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As m e n t i o n e d i n 5.1, s e v e r a l p a r a m e t e r s r e l a t e d t o t h e 

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

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

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

95% l e v e l , a n d Co, N i a n d S i n e g a t i v e l y c o r r e l a t e d a t 90% 

s i g n i f i c a n c e . As c a n be s e e n f r o m t h e d a t a t h e r e was no 

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

t h e s e p a r a m e t e r s a n d o t h e r s , s u c h a s F e a n d SO^, w h i c h a r e 

o f t e n a s s o c i a t e d w i t h them. 

5.2 S a m p l i n g programme 

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

t h e c o n f l u e n c e a t r e a c h 8 ( s e e 3.5) t h e r e s u l t s h a v e b e e n 

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

c o l l e c t e d f r o m O c t o b e r 1972 t o J u l y 1974; t h e s e c o n d f r o m 

J u l y t o November 1974, a n d t h e t h i r d f r o m November 1974 t o 

M a r c h 1975. The number o f s a m p l e s t a k e n i n e a c h p e r i o d i s 

s u m m a r i z e d i n T a b l e 2.2. 

A l t h o u g h r e a c h e s 7 a n d 7b r e p r e s e n t t h e s a m p l i n g r e a c h e s 

on s t r e a m B ( s e e F i g . 3.2), f o r convenience . t h e y h a v e b e e n 

i n c l u d e d w i t h t h e o t h e r r e a c h e s on s t r e a m A. T h e r e s u l t s 

p r e s e n t e d i n F i g . 5.1 t o 5.27 do n o t i n c l u d e w a t e r c h e m i s t r y 

r e s u l t s t a k e n when t h e s t r e a m s w e r e i n f l o o d , a s t h e s e w e r e 

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

n o r m a l l y p r e v a i l e d i n t h e s t r e a m . 

5.3 W a t e r c h e m i s t r y d a t a f o r r e a c h e s 1 t o 19, f r o m O c t o b e r 

1972 t o J u l y 1974 

5.31 O v e r a l l t r e n d s i n p h y s i c a l a n d c h e m i c a l p a r a m e t e r s 



1 3 9 

T h e 26 p h y s i c a l and c h e m i c a l p a r a m e t e r s r e c o r d e d f o r 

t h e 19 10 m s a m p l i n g r e a c h e s a r e p r e s e n t e d i n F i g . 5.1 - 5/2 7. 

T h e r e was a g e n e r a l d e c r e a s e i n t h e mean c o n c e n t r a t i o n s o f many 

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

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

a t r e a c h 16 ( F i g . 3 . 2 ) . T h i s d e c r e a s e i n i o n i c c o n c e n t r a t i o n 

was d e m o n s t r a t e d m o s t m a r k e d l y by a c i d i t y , F e , A l , Mn, S i , 

SO^-S a n d h e a v y m e t a l c o n c e n t r a t i o n . O t h e r p a r a m e t e r s s u c h a s 

c u r r e n t s p e e d , t e m p e r a t u r e , d i s s o l v e d o x y g e n ^ C l a n d NH^-N 

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

e i t h e r f l u c t u a t e d e g . C a , Mg, o r i n c r e a s e d e g . NO^-N, a s t h e 

pH i n c r e a s e d down t h e s t r e a m . 

5.32 S t r e a m A, r e a c h 1-6 

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

a n d t h e o c c a s i o n s when t h e r e s e r v o i r was f r o z e n , t h e v o l u m e 

o f w a t e r f l o w i n g down s t r e a m A was r e l a t i v e l y c o n s t a n t t h r o u g h ­

o u t t h e p e r i o d o f s t u d y . From r e a c h e s 1 — 4, u p s t r e a m o f 

t h e r e s e r v o i r , t h e s t r e a m was n e v e r known t o d r y up, e v e n 

u n d e r e x t r e m e c l i m a t i c c o n d i t i o n s . L i k e w i s e , t h e p h y s i c a l 

and c h e m i c a l p a r a m e t e r s f o r r e a c h e s 1 t o 6 w e r e v e r y s t a b l e 

and w h e r e t h e r e w e r e l a r g e v a r i a t i o n s i n t h e r e a c h e s down­

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

r u n - o f f f r o m t h e t i p . 

T h e m a j o r i t y o f p a r a m e t e r s d e c r e a s e d d o w n s t r e a m o f 

r e a c h 1, a l t h o u g h t h e pH, E h a n d Na c o n c e n t r a t i o n s , r e m a i n e d 

t h e same o v e r t h i s s e c t i o n . T h e mean v a l u e s o f a c i d i t y , 

PO -P, F e a n d A l showed q u i t e a l a r g e d e c r e a s e d o w n s t r e a m o f 
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r e a c h 1, whereas d i s s o l v e d oxygen c o n t e n t i n c r e a s e d from a 

mean v a l u e of 75% to 87% between r e a c h e s 1 and 2 ( F i g . 5/23) . 

The h o l d i n g r e s e r v o i r ( r e a c h e s 4 and 5) d i d not have any 

marked e f f e c t on the c h e m i s t r y of the w a t e r , a l t h o u g h s e v e r a l 

c h e m i c a l v a l u e s d i d a l t e r s l i g h t l y . Those p a r a m e t e r s t h a t 

d e c r e a s e d s l i g h t l y i n c l u d e d l e v e l s of Cu, Mn, Co, N i , C I 

and NH -N, w h i l s t l e v e l s of Ca, K, PO -P and 0- i n c r e a s e d . 4 4 2 
5.33 Stream B, r e a c h e s 7 and 7b 

A comp a r i s o n of the c h e m i s t r y of st r e a m B, r e a c h lb, w i t h 

s t r e a m A, reaches 1-6, shows t h a t w h i l s t the l e v e l s of a c i d i t y , 

some heavy m e t a l s and a n i o n s were s i m i l a r , t h e r e were s e v e r a l 

major c h e m i c a l d i f f e r e n c e s between the two w a t e r s . The pH, 

Na, K, Ca, Mg, Mn and SO^-S v a l u e s were c o n s i s t e n t l y g r e a t e r 

than t h e v a l u e s f o r stream A, w h i l s t Fe and Cu were c o n s i d e r a b l y 

l o w e r . 

The n u t r i e n t s t a t u s of both s t r e a m s was s i m i l a r , e x c e p t 

the PO -P c o n c e n t r a t i o n . which was l e s s i n s t r e a m B (mean 4 
0.02 c f . 0.1 mg 1 _ 1 , P 0 - P ) . ( F i g . 5 / 1 7 ) . At s t r e a m B, r e a c h 

7 the pH i n c r e a s e d to a mean v a l u e of pH 3.8 ( F i g . 5.3) as 

a r e s u l t of t h e a d d i t i o n of non a c i d i c mine w a t e r from t h e t i p . 

As mentioned i n 4.32 t h i s r e s u l t e d i n the p r e c i p i t a t i o n of 

Fe and A l from s o l u t i o n . I n a d d i t i o n to t he c o n s e q u e n t i a l 

d e c r e a s e of t h o s e e l e m e n t s from the w a t e r , s e v e r a l o t h e r 

c o n s t i t u e n t s a l s o d e c r e a s e d as a r e s u l t of both d i l u t i o n 

and p o s s i b l y p r e c i p i t a t i o n . However t h e i r d e c r e a s e was 

o n l y s l i g h t compared w i t h t h a t of Fe and A l . With the e x c e p t i o n 

of N i , the l e v e l s of heavy m e t a l s and n u t r i e n t s i n t h e w a t e r 



148 

a t r e a c h 7 remained r e a s o n a b l y c o n s t a n t . The d e c r e a s e i n 

t e m p e r a t u r e ( F i g . 5/24) o b s e r v e d a t t h i s r e a c h , was due to 

the water b e i n g p i p e d underground f o r s e v e r a l hundred m e t r e s 

and a l s o t h e a d d i t i o n of s u r f a c e run-off below r e a c h 7b. 

5.34 Downstream c o n f l u e n c e of st r e a m A and B a t r e a c h 8 

The r e s u l t of t h e two s t r e a m s meeting was to produce 

a w a t e r of mean pH 3.5 a t r e a c h 8 ( F i g . 5 . 3 ) . The i n c r e a s e 

i n pH of s t r e a m A from 2.6 c a u s e d a l a r g e amount of i r o n o x i d e 

to be p r e c i p i t a r e d out on the s t r e a m bed and an a s s o c i a t e d drop 

i n Fe c o n c e n t r a t i o n s from 75 mg 1 ' to 20 mg 1 * ( F i g . 5 / 1 1 ) . 

The o v e r a l l e f f e c t on t h e water c h e m i s t r y , was to produce 

a w a t e r t h a t c o n s i s t e d of elements i n c o n c e n t r a t i o n s p r o p o r t i o n a l 

to t h e l e v e l s found i n the two s t r e a m s , a t r e a c h e s 6 and 7. 

Where one s t r e a m c o n t a i n e d a g r e a t e r c o n c e n t r a t i o n of a 

p a r t i c u l a r element, the l e v e l i n the mixed w a t e r tended to 

be n e a r e r t h a t v a l u e , f o r example, a c i d i t y , Ca and Mg. The 

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

c o n c e n t r a t i o n i n both s t r e a m s was NO^-N ( F i g . 5 / 1 9 ) . The 

r e a s o n s f o r t h i s i n c r e a s e were not c l e a r but i t was thought 

to have been due to a g r i c u l t u r a l r u n - o f f . 

5.35 R e a ches 9 - 1 1 

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

p a r a m e t e r s measured between r e a c h 9 and r e a c h 11, e x c e p t f o r 

the mean v a l u e s of pH, a c i d i t y , O.D, and oxygen, which r e m a i n e d 

about t h e same. The mean c o n c e n t r a t i o n of s e v e r a l i o n s 

d e c r e a s e d more markedly than o t h e r s over t h i s s e c t i o n ; t h e s e 

i n c l u d e d l e v e l s of K, A l and the heavy m e t a l s , e x c e p t Pb, a l l 
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of which d e c r e a s e d by a l m o s t h a l f the v a l u e a t r e a c h 9. 

At r e a c h 10, a s m a l l a c i d i c seepage e n t e r e d t h e s t r e a m 

( s e e 3.43) and c a u s e d an i n c r e a s e i n t he c o n c e n t r a t i o n of many 

i o n s . I n p a r t i c u l a r , the l e v e l s of Pb, Co, Ni and some 

n u t r i e n t s , i n c r e a s e d above the v a l u e s a t r e a c h e s 8 and 9. 

However, by r e a c h 11 the l e v e l s of t h o s e and o t h e r e l e m e n t s had 

d e c r e a s e d a g a i n to below the l e v e l s a t r e a c h 8. T h i s d e c r e a s e 

was due to the d i f f u s i o n of the wa t e r t h r o u g h an e x t e n s i v e bed 

of D r e p a n o c l a d u s f l u i t a n s and the i n f l u e n c e of a s m a l l volume 

of non a c i d i c d r a i n a g e w a t e r . 

5.36 Eshwood to Redburn, r e a c h e s 11 - 16 

A g e n e r a l d e c r e a s e i n the l e v e l s of c h e m i c a l p a r a m e t e r s 

was m a i n t a i n e d over t h i s s e c t i o n of the s t r e a m . Between r e a c h 

11 and 12 two s m a l l a l k a l i n e t r i b u t a r i e s e n t e r e d the a c i d 

s t r e a m ( s e e 3 . 4 3 ) , r e s u l t i n g i n a s h a r p i n c r e a s e i n pH from 

3.5 to 5.2. C o n s e q u e n t l y downstream of the c o n f l u e n c e of 

t h e s e t r i b u t a r i e s f u r t h e r p r e c i p i t a t i o n of i r o n took p l a c e , 

( F i g . 5/11) and a f l o c c u l e n t p r e c i p i t a t e was produced. A l t h o u g h , 

d i l u t i o n was r e s p o n s i b l e f o r the m a j o r i t y of the d e c r e a s e s i n 

c o n c e n t r a t i o n s which o c c u r r e d , some i o n s d e c r e a s e d more than 

o t h e r s and may have been i n c o r p o r a t e d i n an F e - o r g a n i c complex. 

I n p a r t i c u l a r , l e v e l s of A l , Mn. Cu and NO^-N were found to 

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

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

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

r e a c h e s 11 and 16, where t h e s t r e a m e n t e r s Redburn, t h e 

mean c o n c e n t r a t i o n o f the heavy m e t a l s d e c r e a s e d m a r k e d l y , 
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f o r example, Zn, 0.4 to 0.05 mg 1 ; Cu 0.11 to 0.009 mg 1 j 

Co and Ni 0.15 to 0.02 mg 1 1 . Other i o n s which have not been 

mentioned but which a l s o d e c r e a s e d were a c i d i t y , Eh, Mg and 

SO -S . 4 
5.37 Redburn to the R i v e r D e e r n e s s , r e a c h e s 16-19 

The e f f e c t of Brandon P i t h o u s e A c i d . S t r e a m on Redburn 

was dependent on the volume of water i n both s t r e a m s . With 

the fl o w down the a c i d s t r eam b e i n g r e a s o n a b l y c o n s t a n t , 

the g r e a t e s t e f f e c t on Redburn was shown d u r i n g the summer 

months, when the w a t e r l e v e l i n Redburn was low. D u r i n g 

t h e s e p e r i o d s the pH of Redburn i m m e d i a t e l y below the c o n f l u e n c e 

was d e p r e s s e d to below pH 7/0 and the l e v e l s of heavy m e t a l s 

i n c r e a s e d . However, when the f l o w s i n Redburn were a v e r a g e 

and above, the e f f e c t s on the w a t e r c h e m i s t r y of the s t r e a m 

were r e d u c e d and a t times d i f f i c u l t to d e t e c t . 

As can be s e e n from a c o m p a r i s o n of the w a t e r c h e m i s t r y 

a t r e a c h e s 18 and 19, the Redburn has an i n s i g n i f i c a n t e f f e c t 

on the R i v e r D e e r n e s s . 

5.4 Water c h e m i s t r i e s f o r s a m p l e s , J u l y - November 1974 

As mentioned i n 3.5, d u r i n g t h i s p e r i o d the p i p e 

f e e d i n g t he r e s e r v o i r on stream' A was broken and c o n s e q u e n t l y , 

no w a t e r f l o w e d out of the r e s e r v o i r , t h u s l e a v i n g r e a c h e s 

5 and 6 d r y . As a r e s u l t of the l a c k of w a t e r from s t r e a m A. 

the t o t a l flow of t h e s t r e a m below r e a c h 8 was from s t r e a m 

B. 

5.41 Reach 1 - 6 

The o n l y c h e m i c a l changes which o c c u r r e d as a r e s u l t of 
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the a l t e r e d f l o w regime, were downstream of the r e s e r v o i r 

a t r e a c h e s 5 and 6. Although the l e v e l i n the r e s e r v o i r 

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

the r e s e r v o i r to p e r m i t normal s a m p l i n g a t r e a c h 4. As a 

r e s u l t of the work b e i n g c a r r i e d out on the t i p ( s e e 3 . 3 2 ) , 

a d d i t i o n a l a l k a l i n e water was d i v e r t e d i n t o s t r e a m B, below 

r e a c h 7b, t h i s c a u s e d an i n c r e a s e i n pH a t r e a c h 7 from 3.8 

to 6.2. A p a r t from the changes mentioned above, the w a t e r 

c h e m i s t r y of t h e s e r e a c h e s remained the same as r e p o r t e d 

i n the p r e v i o u s s e c t i o n ( s e e 5.33 and 5 . 3 4 ) . 

5.42 Reach 8 

The e f f e c t s of the changes brought about by the c e s s a t i o n 

of s t r e a m A a t r e a c h 6, d u r i n g t h i s p e r i o d were most o b v i o u s 

a t r e a c h 8. The r e s u l t of the changes a r e g i v e n i n T a b l e 5.3. 

A p a r t from an i n c r e a s e i n the mean pH, from 3.5 to pH 

v a l u e s r a n g i n g between pH 4.5 and 6.2, many c h e m i c a l p a r a m e t e r s 

were c o n s i d e r a b l y a l t e r e d , compared w i t h the p r e - J u l y 1974 

p e r i o d ( T a b l e 5 . 3 ) . F o r example, the a c i d i t y d e c r e a s e d from 

a mean of 500 mg 1 * to 16 mg 1 * CaCO^; Zn, 1.04 mg 1 * to 

0.10 mg 1 _ 1 » F e , 250 rag l " 1 to 0.90 mg l " 1 ; A l , 21.2 to 2.3 mg 

1 I n c o n t r a s t , c o n c e n t r a t i o n s of Na, K, Mg, Ca, SO^-S, 

PO^-P and O.D. i n c r e a s e d s i g n i f i c a n t l y d u r i n g t h i s p e r i o d . 

I n a d d i t i o n to changes i n t h e c h e m i c a l p a r a m e t e r s a t 

r e a c h 8, t h e r e were a l s o accompanying p h y s i c a l c h a n g e s . B e c a u s e 

most of the Fe which n o r m a l l y p r e c i p i t a t e d o u t o v e r t h i s 

s t r e t c h of the s t r e a m ( s e e 5.3) o r i g i n a t e d from s t r e a m A, t h e r e 

was a marked r e d u c t i o n i n the amount of i r o n p r e c i p i t a t e 
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d u r i n g t h i s p e r i o d . A l t h o u g h some i r o n c o n t i n u e d to be 

d e p o s i t e d o v e r t h i s a r e a , by November 1974 much of the 

s u b s t r a t a were c o v e r e d w i t h s i l t r a t h e r than i r o n o x i d e . 

5.43 R e a ches 9 - 1 9 

The same changes i n water c h e m i s t r y , as d e s c r i b e d above 

f o r r e a c h 8, were o b s e r v e d a t r e a c h e s downstream of t h i s 

p o i n t . However, the e f f e c t s of the i n c r e a s e d pH were r e d u c e d 

a t r e a c h e s 10 and 11 due to the p r e s e n c e of a c i d seepage, 

and many of the p a r a m e t e r s remained much the same as i n the 

p r e - J u l y p e r i o d . The amount of p r e c i p i t a t i o n o v e r t h i s 

s e c t i o n of the s t r e a m was a l s o r e d u c e d c o n s i d e r a b l y , a l t h o u g h 

not q u i t e to the same e x t e n t as was o b s e r v e d a t r e a c h 8. 

5.5 Water c h e m i s t r i e s f o r samples November 1974 - March 1975 

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

As e x p l a i n e d i n 3.53, the p i p e f e e d i n j the r e s e r v o i r 

was r e p a i r e d a t the end of November 1974 and the a c i d w a t e r 

s t a r t e d once a g a i n to f l o w i t s f u l l l e n g t h , as was the s i t u a t i o n 

b e f o r e J u l y 1974. The immediate r e s u l t was to produce w a t e r 

a t r e a c h 8, which was c h e m i c a l l y s i m i l a r to t h a t f l o w i n g a t 

t h i s r e a c h b e f o r e J u l y 1974. However, due to a more e f f i c i e n t 

f l o w through the new p i p e i n t o the r e s e r v o i r , t h e volume 

of w a t e r m i x i n g w i t h s t r e a m B, a t r e a c h 8, i n c r e a s e d . I n 

a d d i t i o n , the volume of w a t e r from s t r e a m B d e c r e a s e d and c o n s e - . 

q u e n t l y f u r t h e r changes i n the w a t e r c h e m i s t r y o c c u r r e d a t 

r e a c h 8. 

5.52 Reach 8 

The pH of the w a t e r a t r e a c h 8 d e c r e a s e d from pH 6.2 
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( t h e v a l u e i n November) to 2.85 i n J a n u a r y 1975, t h i s v a l u e 

was a l s o lower than t h a t r e c o r d e d i n the p r e - J u l y 1974 p e r i o d 

(s e e T a b l e 5 . 3 ) . Many of the changes r e c o r d e d when the 

pH i n c r e a s e d from pH 3.5 to 6.2 ( s e e 5.42) had r e v e r s e d by 

March 1975. I n a d d i t i o n to a d e c r e a s e i n pH, l e v e l s o f Na, 

K, Mg, Ca and SO^-S a l s o d e c r e a s e d b e c a u s e of t h e lower 

l e v e l s p r e s e n t i n str e a m A w a t e r . The c o n c e n t r a t i o n s of Cu, 

Pb, NO^-N, NH^-N, O^, t e m p e r a t u r e and c u r r e n t speed remained 

s i m i l a r to p r e v i o u s v a l u e s r e c o r d e d a t t h a t r e a c h . 

The r e m a i n i n g p a r a m e t e r s a l l i n c r e a s e d when compared 

w i t h the J u l y t o November 1974 p e r i o d , and a few a l s o i n c r e a s e d 

above the v a l u e s of the p r e - J u l y p e r i o d . Those t h a t were 

h i g h e r t h a n a t any time p r e v i o u s l y r e c o r d e d i n c l u d e d Zn, Cu, 

Mn, F e , A l # N i , PO^-P. Because the pH was l e s s than 3.0 

d u r i n g the November to March 1975 p e r i o d , che i n c r e a s e d l e v e l of 

Fe d i d n o t l e a d to an i n c r e a s e i n t h e amount of Fe p r e c i p i t a t e d 

out, a l t h o u g h some of i t was d e p o s i t e d on the st r e a m bed. 

5.53 R e a ches 9 - 1 9 

The g e n e r a l i n c r e a s e i n c o n c e n t r a t i o n of many of the 

p a r a m e t e r s and the d e c r e a s e i n pH d e s c r i b e d f o r r e a c h 8 i n 

5.52, were a l s o found a t r e a c h e s downstream of the c o n f l u e n c e . 

Once a g a i n the changes were l e a s t a t r e a c h 10, a l t h o u g h even 

here t h e r e was a tendency to f o l l o w t h e g e n e r a l t r e n d shown 

a t o t h e r r e a c h e s . 

The main e f f e c t of the d e c r e a s e i n pH was de m o n s t r a t e d a t 

r e a c h 13, where the non a c i d t r i b u t a r i e s e n t e r e d the s t r e a m . 

Here the pH i n c r e a s e d above pH 3.5 and because o n l y a s m a l l 
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amount of the i n c r e a s e d Fe i n s o l u t i o n had p r e c i p i t a t e d o u t 

a t r e a c h 8, t h e m a j o r i t y of the i r o n s t i l l r e mained i n 

s o l u t i o n u n t i l r e a c h 13, where i t p r e c i p i t a t e d o u t as a 

r e s u l t of the a d d i t i o n of a l k a l i n e w a t e r . The s e c t i o n of 

the s t r e a m from r e a c h 13 to 15, was a f f e c t e d by both t h e 

i n c r e a s e i n i r o n h y d r o x i d e p r e c i p i t a t e and by a lower pH 

and i n c r e a s e d heavy m e t a l c o n t e n t . 

The e f f e c t of the a c i d s t r e a m on Redburn was g r e a t e r by 

March 1975 t h a n a t any time p r e v i o u s l y r e c o r d e d . D u r i n g t h i s 

p e r i o d the a c i d s t r e a m w a t e r e n t e r i n g Redburn was a t pH 4.9, 

compared w i t h a p r e v i o u s mean v a l u e of pH 6.6 and t h e r e were 

a l s o g r e a t e r l e v e l s of Fe and A l i n s o l u t i o n . A l t h o u g h the 

pH of Redburn a t r e a c h 16 remained a t pH 7.0, the bed of the 

s t r e a m was c o v e r e d w i t h a l a y e r of Fe and A l o x i d e s . The 

c o n c e n t r a t i o n s of heavy m e t a l s a t r e a c h 16 were a l s o c o n s i d e r a b l y 

g r e a t e r , f o r example, the c o n c e n t r a t i o n of Zn i n c r e a s e d from 

0.04 to 0.15 mg l " 1 . 

The e f f e c t of the i n c r e a s e d l o a d i n g on Redburn was not 

r e f l e c t e d i n the c h e m i s t r y of the R. D e e r n e s s downstream of the 

c o n f l u e n c e , p r e s u m a b l y > t r i b u t a r i e s to Redburn were s u f f i c i e n t l y 

l a r g e as to d i l u t e t h e a c i d w a t e r by the time i t r e a c h e d the 

R. D e e r n e s s . 

5.54 S t a t i s t i c a l a n a l y s i s 

I n a d d i t i o n to i n d i c a t i n g the range of v a l u e s r e c o r d e d 

a t each r e a c h , f o r a l l the p a r a m e t e r s measured ( s e e F i g . 5.1 - 5/27), 

P e a r s o n ' s c o r r e l a t i o n c o e f f i c i e n t s were a l s o d e t e r m i n e d f o r 

a l l p a i r s of p a r a m e t e r s measured. The ( r ) v a l u e s f o r t h o s e 
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p a r a m e t e r s which were found to be s i g n i f i c a n t l y c o r r e l a t e d 

a t and above t h e 95% c o n f i d e n c e l i m i t a r e g i v e n i n T a b l e 5.4. 

As can be seen from the r e s u l t s ^ m a n y i o n s were s i g n i f i c a n t l y 

c o r r e l a t e d w i t h each o t h e r above the 99% l e v e l . As found w i t h 

the a n a l y s i s of d a t a from t h e two g e n e r a l s u r v e y s ( see 4 . 7 ) , 

many of the p a r a m e t e r s v a r i e d i n v e r s e l y w i t h pH and d i r e c t l y 

w i t h a c i d i t y . T h e r e was a l s o a much g r e a t e r degree of 

c o r r e l a t i o n between pH and a c i d i t y (r= - 0.82) than was found 

i n the two g e n e r a l s u r v e y s ; t h i s was p o s s i b l y due to the 

l a r g e r r ange of pH and a c i d i t y v a l u e s examined i n the Brandon 

A c i d Stream s y s t e m . 

C o n d u c t i v i t y was once a g a i n s t r o n g l y c o r r e l a t e d w i t h 

t h o s e i o n s which were p r e s e n t i n l a r g e c o n c e n t r a t i o n s and 

a l s o t h o s e which tended to be the most v a r i a b l e , f o r example, 

pH (r«=- 0 . 7 7 ) , a c i d i t y ( r = 0 . 6 6 ) , Mn ( r - 0 . 8 3 ) , A l ( r - 0.75) 

and S 0 4 - S ( r c 0.84) . 

I n r e l a t i o n to the a c i d i t y v a l u e s , i t was thought t h a t 

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

to be c a r r i e d out i n an at t e m p t to f i n d which p a r a m e t e r s were 

r e l a t e d i n any way to the a c i d i t y of the w a t e r s . T h e r e f o r e , 

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

as the dependent v a r i a b l e and a l l o t h e r p a r a m e t e r s measured 

as t h e i n d e p e n d e n t v a r i a b l e s . The r e s u l t s of the a n a l y s i s 

a r e g i v e n i n T a b l e 5.5 and show t h a t Al,. Fe and pH 

were h i g h l y c o r r e l a t e d w i t h a c i d i t y . . 
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Table 5̂ 5 Stepwise regression analysis of chemical data collected from 
Erandom Pithouse Acid Stream for the period of October 1972 to 
March 1975. 

Dependent variable - aci d i t y . 

Variable multiple 

aluminium 0.91532 

iron 0.94422 

PH 0.94773 
temperature 0.95027 
copper 0.95251 
n i c k e l 0.95310 

magnesium 0.9535S 
sodium 0.95479 
potassium 0.95539 
phosphate phosphorous 0.95565 
cobalt 0.95588 

sulphate sulphur 0.95602 

% oxygen 0.95616 

n i t r a t e nitrogen 0.95632 

ammonium nitrogen 0.95644 
chloride 0.95652 

manganese 0.95657 
lead 0.95663 
calcium . 0.95669 

(constant) 
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1 2 ) .•1 *j G 7 7b e 9 to 11 12 13 14 15 16 17 10 19 ». .1 

nut': er of samples 20 20 20 20 IC 16 20 Al 20 20 20 20 20 ?o ?0 16 16 17 ia 19 
ra :>: 

ppocloa I 
Sii^lcna autiibilLs 2c 20 19 13 15 I t i 6 10 17 13 11 6 i 1 2.6 

Eunotia cxieua 20 17 16 16 14 V) 18 18 20 18 20 20 17 4 2 1 2 2.6 

Hitzochin e l l i p i i e a vnr. 
alcxandrinn 

Pinnulcrla acoricola 

12 15 

2 

11 

5 

6 

1 

5 9 7 8 1 2 .6 

2 .6 

Nitzachia aubcapiteljata 5 1 2 15 15 10 5 17 17 13 5 6 2 .6 

Chlamydononas applnnatn 
var. ocidophila 

3 2 Q 3 2 5 c 5 1 6 2 1 1 2 .6 

Gloeochryaia turfooa 10 2 5 9 9 4 6 5 8 4 10 15 4 4 3 2 .6 

Characium sp. 2 2 1 1 4 2 3 I 1 1 1 1 2 .6 

Stlohococcua b a c i l l a r i s 5 1 1 1 2 .6 

Eormidium rivulare 2 1 2 1 1 1 15 19 16 14 17 13 a 7 5 2.6 

Drcpanoclaitua fluitana 
(adult) 

D.fluitana (protonema) 

20 

20 20 

17 20 16 
i 

15 

9 

20 14 20 

7 

20 20 

12 

20 2 .6 

2 .6 

Dicranella paluatria 2 20 2 .6 

Lepocinclis arum 1 7 3 2 4 4 3 .0 

Nitzachia palea 2 2 1 8 1 3 3 2 .9 

Juncua effuaua 16 16 20 17 20 20 20 20 2 .6 

Hicrothannion 
atrlctiaslmuin II 1 1 1 2 1 1 3.1 

Dlatoma vulgare 3 2 2 1 8 12 2 1 10 11 5 .2 

Amphiprora ap. 2 1 1 2 5 .6 

Navicula gregarla 1 1 1 1 6 11 8 3 13 13 5 .2 

Navlcula ap. (4Cx15jaa) 2 2 7 6 2 2 13 12 5.5 

Nitzachia aignoidea 1 1 3 12 3 5 5.2 

S u r l r e l l a ovalia 1 4 1 3 4.8 
Finnularla guillarmodiac 1 1 4.8 
ChlamydoDonas ap. 1 1 4 1 2 4 . 2 

Cryptomonaa ap. 3 2 2 4 1 1 2 3 .3 

Oaclllatoria paeudogcninata 2 1 1 1 2 5 5 .0 

Seapania undulata 20 • 12 4.7-
Synedra ulna 2 8 12 3 4 6 5.8 
Achnanthea m i n u t l S B i m a 9 12 15 4 12 10 4 . 9 

AchnantheB microccphala 2 11 2 12 10 5 .6 

Coceoneis placentula 1 4 10 11 6 .2 

Kicrospora lauterbornii 6 2 4 5.8 

Navicula acicularis 
Karicula occulta 
Nitzschia acuta 
Cynbella ventricoaa 
Pleuroaigma ap. 
Comphoneaa acuminatum 
Protococcua ap. 
Anklatrodeamua ap. 
Osclllatoria Bp. (lOjim) 
Lyngbya ap. (6um) 
Chantransia 
Eurhynchium ripnrioftaa 
Ulothrix moniliforoin 
Cladophora glomerato 
Vnucherin sesailis 
Fontinolis antipyretics 
Kougeotia ap. (25um) 
Sphnerocystis sp. 
Diatoma hlomale 
Rhoicoaphenla curvata 
Kitz.vjhia ap, (>.'p) 
Fi::nularia sp. {iCyn) 
Mulosira va.-iunu 
C y i v . a i a p . 
tiivicil;i •ncniroft 
C b l o n t l * •<»• 

in 

IV 
12 

8 
10 
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8 
13 
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ie 
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5.6 D i s t r i b u t i o n of p h o t o s y n t h e t i c o r g a n i s m s , f o r Brandon 

P i t h o u s e A c i d Stream, October 19?2 - March 1975 

5.61 O v e r a l l t r e n d s i n d i s t r i b u t i o n 

The d i s t r i b u t i o n of s p e c i e s down Brandon A.cid S t r e a m , 

from the s o u r c e to the Redburn and from t h e r e to the c o n f l u e n c e 

w i t h the R. D e e r n e s s , a r e g i v e n i n T a b l e 5.6. The number of 

o c c a s i o n s the s p e c i e s were r e c o r d e d a t each r e a c h and the 

number of t i m e s each r e a c h was sampled f o r p h o t o s y n t h e t i c 

o r g a n i s m s , a r e a l s o g i v e n i n T a b l e 5.6, t o g e t h e r w i t h the 

l o w e s t pH v a l u e a t which each s p e c i e s was r e c o r d e d i n the 

Brandon P i t h o u s e A c i d stream s y s t e m . 

59 s p e c i e s were r e c o r d e d over t h e p e r i o d O c t o b e r 1972 to 

March 1975; of t h o s e , 53 were a l g a e , 5 were b r y o p h y t e s 

( D r e p a n o c l a d u s f l u i t a n s was r e c o r d e d s e p a r a t e l y a s a d u l t and 

protonema), and one an angiosperm. The maximum, minimum and 

mean number of s p e c i e s p r e s e n t a t each r e a c h a r e shown i n 

F i g . 5/25. T h i s summary d e m o n s t r a t e s the g e n e r a l i n c r e a s e , 

i n s p e c i e s number w i t h an i n c r e a s e i n pH and a d e c r e a s e i n 

c o n c e n t r a t i o n of the a c i d mine w a t e r . From r e a c h e s 1 to 15 

the number of s p e c i e s p r e s e n t a t a r e a c h was r e l a t i v e l y s t a b l e , 

w i t h the l a r g e s t v a r i a t i o n o c c u r r i n g a t r e a c h e s 10 and 11, 

where t h e r e was a range of 4 to 8 s p e c i e s over t h e p e r i o d of 

s t u d y . The mean number of s p e c i e s i n c r e a s e d from 5 to 15^ 

between r e a c h 15 i n the a c i d s t r e a m and r e a c h 16 i n Redburn. 

The h i g h e s t mean of 19 s p e c i e s o c c u r r e d a t reaches 18 and 19 

i n the R. D e e r n e s s . The l o w e s t number of s p e c i e s were r e c o r d e d 

a t r e a c h 13, where on s e v e r a l o c c a s i o n s o n l y 2 s p e c i e s were 

found. 
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5.62 Stream A, r e a c h e s 1-6 from October 1972 - March 1975 

The number of s p e c i e s remained r e a s o n a b l y c o n s t a n t and 

low over r e a c h e s 1-6 f o r the p e r i o d of s t u d y . Reach 2 had 

c o n s i s t e n t l y the s m a l l e s t number of s p e c i e s , w h i l s t t h e 

g r e a t e s t number was • r e c o r d e d a t r e a c h 1. The f l o r a of r e a c h e s , 

1, 4 and 5 were dominated by the a d u l t moss D r e p a n o c l a d u s 

f l u i t a n s , w h i l s t the a l g a E u q l e n a m u t a b i l i s was p r e s e n t a t a l l 

the r e a c h e s and was i n v a r i a b l y the dominant a l g a p r e s e n t . 

I t was p a r t i c u l a r l y abundant a t r e a c h 1 o f t e n c o v e r i n g o v e r 

60% of t h e s u b s t r a t u m . 

The protonema of the moss D r e p a n o c l a d u s f l u i t a n s dominated 

r e a c h 2, p r o b a b l y b e c a u s e i t was c a p a b l e of w i t h s t a n d i n g the 

r e l a t i v e l y f a s t c u r r e n t speeds which were c h a r a c t e r i s t i c of 

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

a g a i n s t t h e f a s t c u r r e n t speeds by the f i l a m e n t s of protonema, 

a l s o encouraged the growth of E u g l e n a m u t a b i l i s and to a 

l e s s e r e x t e n t E u n o t i a e x i g u a . At r e a c h 3, the a l g a l f l o r a 

c e a s e d to be dominated by E u g l e n a m u t a b i l i s and a l t h o u g h t h e 

s p e c i e s r e m a i n e d abundant, the diatoms N i t z s c h i a e l l i p t i c a 

v a r . a l e x a n d r i n a and E u n o t i a e x i g u a tended to dominate t h e 

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

p e b b l e s appeared to be u n s u i t a b l e f o r the c o l o n i z a t i o n of 

the moss protonema. However, s m a l l growths of the a d u l t moss 

were p r e s e n t i n the s l o w e r c u r r e n t s . t o t h e s i d e of the s t r e a m . 

A l t h o u g h the bed of the h o l d i n g r e s e r v o i r was c o v e r e d 

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

protonema was never r e c o r d e d i n the r e s e r v o i r i t s e l f . The 
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p o p u l a t i o n was s i m i l a r t o o t h e r r e a c h e s a n d e x t e n s i v e 

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

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

P i n n u l a r i a a c o r i c o l a a n d C h l a m y d o m o n a s a p p l a n a t a v a r . 

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

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

b l o o m s . 

5.63 S t r e a m B, r e a c h e s 7 a n d 7 b , O c t o b e r 1 9 7 2 - M a r c h 1 9 7 5 

A l t h o u g h t h e f l o r a o f s t r e a m B was s i m i l a r t o s t r e a m A 

( r e a c h e s 1 - 6) as r e g a r d s c o m p o s i t i o n o f s p e c i e s , t h e r e 

w e r e d i f f e r e n c e s i n t h e f r e q u e n c y o f o c c u r r e n c e a n d t h e 

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

i n s t r e a m B, b u t n o t A, was N i t z s c h i a p a 1 e a , a n d t h i s w a s 

o n l y f o u n d o n t w o o c c a s i o n s . S t i c h o c o c c o u s b a c i 1 l a r i s a n d 

N i t z s c h i a e l l i p t i . c a v a r . a l e x a n d r i n a w e r e r e c o r d e d i n s t r e a m 

A , b u t w e r e a b s e n t f r o m s t r e a m B. L i k e s e v e r a l r e a c h e s 

o f s t r e a m A, t h e r e a c h e s 7 a n d 7b w e r e d o m i n a t e d b y t h e 

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

r e c o r d e d i n t h e a c i d s t r e a m s was D i c r o n e l l a p a l u s t r i s a n d 

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

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

s o u r c e o f s t r e a m B ( r e a c h 7 b ) . T h e a l g a l f l o r a a t r e a c h 7b 

was d o m i n a t e d b y H o r m i d i u m r i v u l a r e a n d t h e d i a t o m s 

N i t z s c h i a s u b c a p i t e l l a t a a n d E u n o t i a e x i g u a . T h e f i r s t 

t w o s p e c i e s l i s t e d a b o v e were- a l s o p r e s e n t i n s t r e a m A 

b u t w e r e n e v e r a s a b u n d a n t a s t h e y o c c u r r e d a t r e a c h 7 b . 
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I n c o n t r a s t , E u g l e n a m u t a b l l i s was m o r e a b u n d a n t i n s t r e a m 

A t h a n s t r e a m B. 

A l t h o u g h r e a c h 7 was a t a h i g h e r pH t h a n r e a c h 7b 

( F i g . 5.3) a n d a l s o h a d a p o t e n t i a l s o u r c e o f d i f f e r e n t 

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

b e l o w 7 b , t h e f l o r a was v e r y s i m i l a r t o t h a t o f t h e m o r e 

a c i d r e a c h e s . T h e m a i n d i f f e r e n c e b e t w e e n t h e t w o was 

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

a b s e n t f r o m r e a c h 7. 

5.64 D o w n s t r e a m o f t h e c o n f l u e n c e , r e a c h e s 8 - 1 6 , 

O c t o b e r 1 9 72 - J u l y 1 9 7 4 

A t r e a c h 8 a n d t o a l e s s e r e x t e n t r e a c h 9, t h e n u m b e r 

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

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

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

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

t h e p r e c i p i t a t e a r e g i v e n i n 8 . 7 1 . B e s i d e s t h e a d u l t m o s s , 

D r e p a n o c l a d u s f l u i t a n s , w h i c h d o m i n a t e d r e a c h 8 a n d 9, t h e 

d i a t o m s E u n o t i a e x i g u a a n d N i t z s c h i a s u b c a p i t e l l a t a , a n d 

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

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

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

l a c k i n g t h e p r e c i p i t a t e . 

T h e mean n u m b e r o f s p e c i e s a t r e a c h e s 10 a n d 11 

i n c r e a s e d f r o m 4 t o 6 a n d a g a i n t h e Drepanocladus f l u i t a n s was t h e 

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

a l g a l f l o r a w as a g a i n d o m i n a t e d b y • t h e same s p e c i e s 
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as f o u n d a t r e a c h 8, a l t h o u g h t h e i r a b u n d a n c e was g r e a t e r . 

G l o e o c h r y s i s t u r f o s a was a l s o common a t t h e s e r e a c h e s , 

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

t h e w a t e r away f r o m t h e f a s t e r c u r r e n t s . T h e a n g i o s p e r m , 

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

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

g r o w i n g i n t h e w a t e r , a s i t d i d i n r e a c h 7 b . F r o m r e a c h 8 

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

f r e q u e n t . 

As a l r e a d y m e n t i o n e d i n 5 . 6 1 , t h e l e a s t n u m b e r o f 

s p e c i e s o c c u r r e d a t r e a c h 1 3 , w h e r e i r o n o x i d e p r e c i p i t a t e 

was e s p e c i a l l y h e a v y . Of t h e s e , E u n o t i a e x i g u a , H o r m i d i u m 

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

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

o b v i o u s . A t r e a c h e s 1 3 , 14 a n d 15, s e v e r a l s p e c i e s o c c u r r e d 

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

s t r e a m . D i a t o m a v u l g a r e , N a v i c u l a g r e g a r i a , S y n e d r a u I n a 

a n d A c h n a n t h e s m i n u t i s s i m a w e r e p a r t i c u l a r l y common, e s p e c i a l l y 

a t r e a c h 1 4 . A t t h i s r e a c h S c a p a n i a u n d u l a t a was p r e s e n t 

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

a t r e a c h 15 d u r i n g t h e same p e r i o d . 

As c a n b e s e e n f r o m F i g . 5/25 t h e mean n u m b e r o f s p e c i e s 

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

s t r e a m was g r e a t e r t h a n a t a n y r e a c h i n t h e a c i d s t r e a m . 

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

a l s o f o u n d i n R e d b u r n a n d t h e R. D e e r n e s s j t h e s e i n c l u d e d , 

D i a t o m a v u l g a r e , N a v i c u l a s p p . a n d A c h n a n t h e s s p p . . E u n o t i a 



165 

e x i g u a was t h e o n l y s p e c i e s r e c o r d e d b o t h i n t h e l o w e s t pH 

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

5.65 R e a c h e s 8 - 1 6 , J u l y - N o v e m b e r 1 9 7 4 

D u r i n g t h e p e r i o d o f h i g h pH v a l u e s ( s e e 5 . 4 2 ) , t h e 

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

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

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

g r o w t h b e l o w pH 3 . 0 , t o s p e c i e s c o m m o n l y f o u n d i n l e s s a c i d 

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

a t r e a c h 8, w h i c h w e r e n o t p r e s e n t b e f o r e t h e i n c r e a s e i n pH 

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

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

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

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

n u m b e r s ( s e e T a b l e 5 . 7 ) . Of t h e s e , E u n o t i a e x i g u a a n d 

N i t z s c h i a s u b c a p i t e l l a t a w e r e t h e m o s t common. 

A t r e a c h e s 10 a n d 11 w h e r e t h e pH c h a n g e was b u f f e r e d 

b y t h e a c i d s e e p a g e ( 5 . 3 6 ) , t h e c o m p o s i t i o n o f t h e a l g a l 

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

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

b e e n a b s e n t . T h o s e s p e c i e s w h i c h d o m i n a t e d r e a c h 8, d u r i n g 

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

i n p a r t i c u l a r ^ r e a c h e s 13 a n d 1 4 . A g a i n , D i a t o m a v u l g a r e 

d o m i n a t e d t h e p o p u l a t i o n a n d a t r e a c h 14 o f t e n f o r m e d 

m a c r o s c o p i c a l l y o b v i o u s g r o w t h s . 

5.66 R e a c h e s 8 - 1 6 , N o v e m b e r 1974 - M a r c h 1 9 7 5 

F o l l o w i n g t h e r e t u r n t o l o w pH c o n d i t i o n s a f t e r 
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T a b l e 5.7 

C o m p a r i s o n o f a l g a l f l o r a s a t r e a c h 8, f o r t h e d i f f e r e n t 

pH r e g i m e s f r o m October 1972 t o M a r c h 1 9 7 5 
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N o v e m b e r 1 9 7 4 , t h e a l g a l c o m m u n i t y a t r e a c h 8, r a p i d l y 

r e t u r n e d t o i t ' s p r e v i o u s c o m p o s i t i o n ( s e e T a b l e 5 . 7 ) . 

T h e s p e c i e s w h i c h h a d d o m i n a t e d t h e p o p u l a t i o n a t t h e 

h i g h e r p H, w e r e f o u n d t o d i e w i t h i n a f e w d a y s o f t h e 

d e c r e a s e i n pH t o 3.0 a n d w i t h i n t h r e e w e e k s t h e r e was 

a n o b v i o u s i n c r e a s e i n n u m b e r s o f E u n o t i a e x i g u a , N i t z s c h i a 

s u b c a p i t e l l a t a , E u g l e n a m u t a b i l i s a n d moss p r o t o n e m a . T h e 

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

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

p r e v i o u s l y r a r e . 

A t r e a c h e s 10 a n d 1 1 , a s w i t h t h e c h e m i c a l p a r a m e t e r s , 

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

b o t h t h e H o r m i d i u m r i v u l a r e a n d moss p r o t o n e m a i n c r e a s e d 

i n a b u n d a n c e . 

A t r e a c h e s 13 t o 1 6 , t h e n u m b e r o f s p e c i e s d e c r e a s e d 

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

o f pH 6.0 t o b e l o w pH 5.0 a n d a l s o b e c a u s e o f t h e l a r g e 

i n c r e a s e i n i r o n o x i d e p r e c i p i t a t e w h i c h a p p e a r e d o v e r 

t h i s s e c t i o n o f t h e s t r e a m ( s e e 5 . 5 3 ) . A t r e a c h 1 4 , D i a t o m a 

v u l g a r e , N a v i c u l a g r e g a r i a a n d S c a p a n i a u n d u l a t a s u r v i v e d 

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

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

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

E u n o t i a e x i g u a a n d G l o e o c h r y s i s t u r f o s a . 

5.7 O r d i n a t i o n o f s p e c i e s a c c o r d i n g t o t o l e r a n c e t o a c i d 

m i n e w a t e r 

I t was p o s s i b l e t o o r d i n a t e t h e s p e c i e s f o u n d i n t h e 
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B r a n d o n A c i d S t r e a m s y s t e m i n t o f o u r g r o u p s o n t h e b a s i s 

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

m e n t i o n e d a n d d e m o n s t r a t e d i n T a b l e 4 . 1 , t h e s p e c i e s g r o w i n g 

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

o f h e a v y m e t a l s as w e l l a s l o w pH a n d h i g h a c i d i t y . T h e 

s p e c i e s g i v e n i n T a b l e 5.6 a r e p r e s e n t e d i n g r o u p s I t o I V , 

i n o r d e r o f t h e i r t o l e r a n c e t o B r a n d o n P i t h o u s e A c i d s t r e a m 

w a t e r . 

5 . 7 1 G r o u p I 

T h e s p e c i e s p r e s e n t e d i n G r o u p I w e r e t h o s e o r g a n i s m s 

w h i c h w e r e c a p a b l e o f g r o w i n g o v e r t h e pH r a n g e 2.6 t o 3.0 

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

p r e s e n t i n t h e a c i d s t r e a m . A l l t h e s e s p e c i e s , w i t h t h e 

e x c e p t i o n o f L e p o c i n c l i s ovum a n d N i t z s c h i a p a l e a , w e r e 

r e c o r d e d a t pH 2.6. H o w e v e r , w i t h t h e e x c e p t i o n o f P i n n u l a r i a 

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

t o g r o w t h i n t h e pH 2.6 t o 3.0 r a n g e . T h e s p e c i e s w h i c h 

w e r e m o r e common i n t h e m o r e a c i d i c r e a c h e s 1 t o 6, i n c l u d e d 

E u g l e n a mu b a b i l i s , N i t z s c h i a e l l i p t i c a , S t i c h o c o c c u s b a c i l l a r i s , 

D r e p a n o c l a d u s f l u i t a n s p r o t o n e m a ; i n c o n t r a s t H o r m i d i u m 

r i v u l a r e , N i t z s c h i a s u b c a p i t e l l a t a , N_. p a l e a , a n d L e p o c i n c l i s 

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

e x a m p l e 7, 7 b , 8 t o 1 1 . E u n o t i a e x i g u a was t h e o n l y s p e c i e s 

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

r e a c h o f t h e a c i d s t r e a m ( r e a c h e s 1 t o 1 5 ) ; i t was a l s o t h e 

o n l y o r g a n i s m i n G r o u p I , e x c e p t N i t z s c h i a p a l e a , w h i c h 

was f o u n d i n R e d b u r n . T h e f l a g e l l a t e d s p e c i e s C h l a m y d o m o n a s 
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a p p l a n a t a a n d G l o e o c h r y s i s t u r f o s a w e r e a l s o d i s t r i b u t e d 

o v e r a w i d e pH, a c i d i t y a n d h e a v y m e t a l r a n g e . 

5.72 G r o u p I I 

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

l e s s a c i d r e a c h e s o f t h e s t r e a m ( r e a c h e s 12 t o 15) b e t w e e n 

pH 3.0 a n d 6.0. T h o s e s p e c i e s w h i c h c o l o n i z e d r e a c h e s 8 - 1 S j 

when t h e pH i n c r e a s e d d u r i n g J u l y t o November 1 9 7 4 , a r e 

a l s o p r e s e n t e d i n G r o u p I I . Many o f t h e s e s p e c i e s w e r e 

r e c o r d e d b e t w e e n pH 4.5 t o 5.5 b u t d i d n o t s u r v i v e a t pH 

v a l u e s o f l e s s t h a n pH 4.0 d u r i n g t h e November 1974 t o M a r c h 

1 9 7 5 p e r i o d . M i c r o t h e m n i o n s t r i c t i s s i m u m a n d t h e c r y p t o m o n a d 

s p e c i e s w e r e t h e o n l y s p e c i e s t o grow b e l o w pK 4 . 0 . W i t h 

t h e e x c e p t i o n o f M. s t r i c t i s s i m u m and S c a p a n i a u n d u l a t a , 

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

R. D e e r n e s s . A l t h o u g h t h e pH v a l u e i n c r p a s e d a n d t h e a c i d i t y 

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

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

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

O s c i l l a t o r i a p s e u d o g e m i n a t a was t h e o n l y b l u e - g r e e n a l g a 

r e c o r d e d w h i c h grew i n a b u n d a n c e b e l o w pH 6.0. 

5.73 G r o u p I I I 

T h e s e s p e c i e s w e r e r e c o r d e d a b o v e pH 6.0 a n d o n l y i n t h e 

R e d b u r n o r t h e R. D e e r n e s s . T h e y w e r e c a p a b l e o f t o l e r a t i n g 

some d e p o s i t i o n o f i r o n h y d r o x i d e a n d q u i t e h i g h 

l e v e l s o f h e a v y m e t a l s . T h e c h a n t r a n s i a - o f L e m a n e a s p . 

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

R e d b u r n a t r e a c h 16 a n d w h i c h was n o t f o u n d i n t h e R. D e e r n e s s . 
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5.74 G r o u p I V 

T h e s p e c i e s i n G r o u p I V w e r e t h o s e w h i c h w e r e o n l y 

r e c o r d e d a t r e a c h 1 7 , l o w e r d o w n t h e R e d b u r n , a n d a b o v e a n d 

b e l o w t h e c o n f l u e n c e i n t h e R. D e e r n e s s . No s p e c i e s w e r e 

p r e s e n t i n t h e u p s t r e a m r e a c h ( 1 8 ) o f t h e R. D e e r n e s s t h a t 

w e r e n o t f o u n d d o w n s t r e a m o f t h e c o n f l u e n c e . H o w e v e r , 

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

r e a c h . 

5.75 S t a t i s t i c a l a n a l y s i s f o r d a t a c o n c e r n i n g n u m b e r 

o f s p e c i e s 

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

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

( T a b l e 5 . 4 ) . S i m i l a r a n a l y s i s has^ a s y e t ^ n o t b e e n c o m p l e t e d 

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

m e a n i n g f u l r e s u l t s . 

As c a n b e s e e n f r o m T a b l e 5 . 4 , t h e n u m b e r o f s p e c i e s a t 

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

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

s p e c i e s ( r = 0 . 7 1 , p r 0 . 0 0 1 ) w h i l s t o t h e r p a r a m e t e r s t h a t 

w e r e s i g n i f i c a n t a b o v e t h e 9 9 % l i m i t i n c l u d e d c o n d u c t i v i t y , 

a c i d i t y , t e m p e r a t u r e , Mg, Z n , Cu, Mn, F e , A l , Co a n d N i . 

T h e r e was a l s o a c o r r e l a t i o n b e t w e e n some o f t h e a n i o n s 

( n o t PO -P a n d NH -N) a n d t h e n u m b e r o f s p e c i e s . 4 4 

As s o many p a r a m e t e r s w e r e s i g n i f i c a n t l y c o r r e l a t e d 

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

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

p a r a m e t e r s h a d t h e g r e a t e s t i n t e r a c t i o n w i t h t h e n u m b e r o f 
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s p e c i e s . T h e r e s u l t s i n T a b l e 5.8 show t h a t o f t h e 25 

i n d e p e n d e n t v a r i a b l e s t e s t e d , t h e p a r a m e t e r s w h i c h h a d t h e 

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

pH and w a t e r t e m p e r a t u r e . 

5.8 Maximum s t a n d i n g c r o p o f a l g a e a t s e l e c t e d r e a c h e s 

down t h e B r a n d o n P i t h o u s e A c i d S t r e a m 

T h e maximum s t a n d i n g c r o p (M.S.C.) o f a l g a e , e x p r e s s e d 
_ 2 

a s c h l o r o p h y l l â  fxg mm , was d e t e r m i n e d a t m o n t h l y i n t e r v a l s 

f o r 9 r e a c h e s down t h e s t r e a m ( T a b l e 2 . 2 ) . T h e pH a n d 

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

a n d a r e g i v e n i n F i g . 5/28 and F i g . 5 / 2 9 . T h e s e v a l u e s h a v e 

a l s o b e e n i n c o r p o r a t e d i n r e s u l t s f o r E ' i g . 5,5.3 a n d 5 / 2 5 . 

5.81 Mean v a l u e s f o r a l l r e a c h e s o v e r a 12 month p e r i o d 

F i g . 5 / 2 8 a g i v e s t h e mean v a l u e s o f che maximum s t a n d i n g 

c r o p , t h e mean pH a n d t h e mean number o f s p e c i e s , f o r t h e 

12 s a m p l e s t a k e n d u r i n g t h e p e r i o d J u l y 1974 t o J u n e 1 9 7 5 . 

T h e mean v a l u e s d e m o n s t r a t e t h e v a r i a t i o n i n t h e s t a n d i n g 

c r o p down t h e pH g r a d i e n t , a s w e l l a s i n d i c a t i n g a n a p p a r a n t 

r e l a t i o n s h i p b e t w e e n t h e t h r e e p a r a m e t e r s m e a s u r e d . T h e 
2 

h i g h e s t mean M.S.C. v a l u e o f 1.5 ug mm o c c u r r e d a t r e a c h 1 
2 

a n d t h e l o w e s t v a l u e o f 0.5 jag mm a t r e a c h 1 3 . From r e a c h e s 

1 t o 15 t h e r e was a g r a d u a l d e c r e a s e i n t h e mean M.S.C. 

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

a t r e a c h 19 i n t h e R. D e e r n e s s t h a t t h e mean v a l u e i n c r e a s e d 

s i g n i f i c a n t l y , t o a p p r o a c h t h e v a l u e s o b t a i n e d i n r e a c h 1. 
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The r e l a t i o n s h i p between the M.S.C. and number of 
s p e c i e s ^ i n d i c a t e d t h a t the s t a n d i n g c r o p v a l u e s f l u c t u a t e d 
w i t h changes i n s p e c i e s number. At r e a c h 13 where, as 
p r e v i o u s l y mentioned, the i r o n h y d r o x i d e p r e c i p i t a t e was 
p a r t i c u l a r l y abundant, t h e M.S.C. was c o n s i d e r a b l y r e d u c e d . . 

5.82 Maximum s t a n d i n g c r o p s f o r r e a c h 1 

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

pH and number of s p e c i e s , a r e g i v e n i n F i g . 5/29a. The r e s u l t s 

show t h a t t h i s r e a c h had the h i g h e s t mean M.S.C. v a l u e and a l s o 
_ 2 

the h i g h e s t i n d i v i d u a l monthly v a l u e o f 3.2 ug mm c h l o r o p h y l l 

a_. The g e n e r a l p a t t e r n shown a t r e a c h 1 o v e r the 12 months, 

was t y p i c a l o f o t h e r r e a c h e s , w i t h the maximum v a l u e s 

o c c u r r i n g from June to l a t e September, f o l l o w e d by a g r a d u a l 

d e c r e a s e to a minimum v a l u e i n J a n u a r y . The i n c r e a s e w h i c h 

was r e c o r d e d i n the l a t e w i n t e r , was due m a i n l y to a bloom 

of E u n o t i a e x i g u a , w h i l s t t h e l a r g e r summer v a l u e s were as 

a r e s u l t of e x t e n s i v e growth of E u g l e n a m u t a b i l i s . Other 

s p e c i e s which c o n t r i b u t e d towards the l a r g e M.S.C. v a l u e s 

were G l o e o c h r y s i s t u r f o s a and the moss protonema. 

5.83 Reach 2 

A l t h o u g h t h e pH, water c h e m i s t r y ( F i g . 5.1 - 5/27) 

and number of s p e c i e s p r e s e n t a t t h i s r e a c h were s i m i l a r 
to r e a c h 1, the M.S.C. o n l y a t t a i n e d a maximum v a l u e of 

_ 2 

1.2 ug mm c h l o r o p h y l l a_ ( F i g . 5 / 2 9 ) . As mentioned i n 

5.62, t h i s r e a c h was c o v e r e d by moss protonema throughout 

the y e a r and t h e r e f o r e each sample t a k e n c o n t a i n e d a 

h i g h p r o p o r t i o n of t h e protonemal f i l a m e n t s . From F e b r u a r y 
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to June t h e M.S.C. i n c r e a s e d due to g r e a t e r growth of t h e 

protonema and a h i g h e r d e n s i t y of E u g l e n a m u t a b i l i s and 

diatoms i n a s s o c i a t i o n w i t h the moss. The c u r r e n t speed 

( F i g . 5/26) and the amount of s c o u r i n g were h i g h a t r e a c h 

2 and t h e r e f o r e ; t h e i n c r e a s e d biomass of protonema o f f e r e d . 

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

5.84 Reach 8 

The M.S.C. v a l u e s from J u l y to October ( F i g . 5/29c) 

were t a k e n when the pH a t r e a c h 8 had i n c r e a s e d ( s e e 5 . 4 2 ) . 

D u r i n g t h i s p e r i o d , the number of s p e c i e s p r e s e n t were not 

o n l y d i f f e r e n t to t h e p r e - J u l y p e r i o d ( s e e 5 . 6 4 ) , b u t v/ere 

a l s o more numerous, i n c r e a s i n g froma mean of 4 to t h a t of 

8 a l g a l s p e c i e s . The i n c r e a s e i n number of non a c i d i c 

s p e c i e s c o i n c i d e d w i t h an i n c r e a s e i n the s t a n d i n g c r o p from 
2 -2 0.26 ug mm to 0.35 ug mm c h l o r o p h y l l a. T h i s i n c r e a s e 

was a t t r i b u t e d to Diatoma v u l g a r e and O s c i 1 l a t o r i a pseudogeminata. 

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

a t t r i b u t e d to a d e c r e a s e i n the amount of i r o n o x i d e p r e c i p i t a t e 

( s e e 5 . 4 2 ) . 

I n November, t h e M.S.C. as w e l l as the pH, and number 
2 

of s p e c i e s ^ d e e r e a s e d . The low M.S.C. v a l u e s (0.02 ug mm ) 

from November to J a n u a r y were due to some e x t e n t to s e a s o n a l 

v a r i a t i o n , but a l s o to changes i n the f l o r a . The i n c r e a s e s 

which f o l l o w e d i n F e b r u a r y and March, were due m a i n l y to 

th e e s t a b l i s h m e n t of moss protonema and E u g l e n a m u t a b i l i s 

and a l s o to the r e d u c t i o n i n i r o n o x i d e p r e c i p i t a t e , mentioned 

i n 5 . 5 1 . 



180 

T h e v a l u e s r e c o r d e d i n May a n d J u n e w e r e a l m o s t 

e n t i r e l y d u e t o an i n c r e a s e i n g r o w t h o f H o r m i d i u m r i v u l a r e . 

5.84 R e a c h 10 

Th e s t a n d i n g c r o p i n r e a c h 10 was c o n s i s t e n t a n d 

c o m p a r a t i v e l y h i g h , c o m p a r e d w i t h o t h e r h i g h e r pH r e a c h e s . 

T h e s e r e s u l t s ( F i g . 5 . 2 9 / d ) c h a r a c t e r i z e t h e s e a s o n a l 

v a r i a t i o n i n M.S..C. a t a r e a c h w h e r e p h y s i c a l a n d c h e m i c a l 

c o n d i t i o n s w e r e r e l a t i v e l y s t a b l e . T h e maximum v a l u e o f 
2 

1.8 u g mm c h l o r o p h y l l a_ was o b t a i n e d d u r i n g J u n e f o r a 

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

t h e s p r i n g w e r e r e p r e s e n t a t i v e o f a c r o p o f E u n o t i a e x i g u a 

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

m o n t h s w h e n t h e pH d r o p p e d b e l o w pH 3 . 0 , t h e a m o u n t o f 

p r o t o n e m a i n c r e a s e d . 

As w i t h r e a c h 1 , t h e a m o u n t o f s c o u r i n g a n d t h e v a r i a t i o n 

i n w a t e r c h e m i s t r y was l e s s f o r t h i s r e a c h t h a n o t h e r s i n 

t h i s s e c t i o n o f t h e s t r e a m . N e v e r t h e l e s s , t h e M.S.C. v a l u e s 

w e r e c o n s i s t e n t l y l o w e r t h a n t h o s e o f r e a c h 1 , i n d i c a t i n g 

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

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

c o n d i t i o n s . 

5.85 R e a c h 11 

A l t h o u g h t h e same s p e c i e s w e r e p r e s e n t a t r e a c h e s 10 

a n d 11 t h e s t a n d i n g c r o p was g e n e r a l l y l o w e r a t r e a c h 11 

( F i g . 5 / 2 8 a n d F i g . 5 / 2 9 e ) . T h e h i g h e s t v a l u e s r e c o r d e d 

i n J u n e w e r e d u e t o H o r m i d i u m r i v u l a r e a n d E u n o t i a e x i g u a , 

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

a t t h i s r e a c h a s was f o u n d f o r t h e o t h e r r e a c h e s . 

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

e x p l a i n e d , b u t i t was p o s s i b l e t h a t some n u t r i e n t w h i c h h a d 

n o t b e e n d e t e c t e d was b e i n g r e m o v e d by t h e b e d o f moss 

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

t r i b u t e d t o t h e l o w e r v a l u e s . 

5.86 R e a c h 13 

As m e n t i o n e d i n 5 . 8 1 , t h e r e s u l t s r e c o r d e d a t r e a c h 13 

( F i g . 5 / 2 9 f ) d e m o n s t r a t e t h e e f f e c t o f l a r g e q u a n t i t i e s 

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

w e r e g e n e r a l l y l o w e r t h a n a t any o t h e r r e a c h , w i t h a maximum 
-2 -2 v a l u e o f 0.15 u.g mm a n d a minimum o f o n l y 0.002 ug mm 

c h l o r o p h y l l a_. E v e n t h o u g h g r o w t h a t t h i s r e a c h was v e r y 

r e s t r i c t e d , t h e same s e a s o n a l c y c l e was o b s e r v e d . T h e 

i n c r e a s e d v a l u e s f r o m A p r i l t o J u n e w e r e due t o E u n o t i a 

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

November w e r e m a i n l y due t o M i c r o t h a m n i o n s t r i c t i s s i m u m a n d 

D i a t o m a v u l g a r e . 

5.87 R e a c h 14 

From J u l y t o November, when t h e pH o f t h e s t r e a m was 

a t i t s h i g h e s t , t h e M.S.C. v a l u e a t t h i s r e a c h was g r e a t e r 

t h a n a t a n y o t h e r r e a c h on t h e l o w e r h a l f o f t h e s t r e a m 

( 1 2 - 1 6 ) . T h e s e v a l u e s ( F i g . 5/29g) w e r e o b t a i n e d m a i n l y 

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

l a u t e r b a u n i i ( s e e T a b l e 5 . 6 ) 1 

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

d e p o s i t i o n . T h i s s i t u a t i o n p e r s i s t e d f o r t h e r e s t o f t h e 

s t u d y p e r i o d . T h e o n l y s i g n i f i c a n t i n c r e a s e i n M.S.C. 

was a t t r i b u t e d t o g r o w t h o f H o r m i d i u m r i v u l a r e , w h i c h s e e m e d 

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

5.88 R e a c h 16 

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

s t a n d i n g c r o p o f a l g a e was r e d u c e d . T h e l a r g e s t M.S.C. 
-2 

o f 0.75 ug mm o c c u r r e d i n J u l y a nd c o n s i s t e d m a i n l y o f 

b l u e - g r e e n a l g a e a n d Lem a n e a s p . 

Th e i n c r e a s e i n t h e i r o n o x i d e d e p o s i t i n D e c e m b e r 

t h r o u g h t o May, c a u s e d a d e c r e a s e i n t h e M.S.C. v a l u e . A 

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

1 9 j d e m o n s t r a t e s t h e e f f e c t n e a r - n e u t r a l m i n e w a t e r h a s o n 

t h e s t a n d i n g c r o p o f a l g a e . A t r e a c h 19 t h e M.S.C. o n l y 
-2 

f e l l b e l o w 0.5 ug mm c h l o r o p h y l l a _ on one o c c a s i o n , w h e r e a s 

a t r e a c h 16) t h e same v a l u e was o n l y a t t a i n e d on two o c c a s i o n s 

a n d t h e s e w e r e when t h e i r o n d e p o s i t w a s a t a minimum. 

5.89 R e a c h 19 

A t r e a c h 19 ( F i g . 5 / 2 9 j ) w h e r e t h e a c i d s t r e a m w a t e r 

was c o n s i d e r e d t o h a v e no m e a s u r a b l e e f f e c t on t h e s p e c i e s , 

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

r e a c h , e x c e p t r e a c h 1 . T h e s e a s o n a l p a t t e r n shown e l s e w h e r e 

was s i m i l a r a t t h i s r e a c h , w i t h t h e maximum v a l u e s b e i n g 

o b t a i n e d i n t h e summer when g r o w t h o f C l a d o p h o r a g l o m e r a t a 

was a t i t s g r e a t e s t . T h e d e c r e a s e i n M.S.C. a n d s p e c i e s 

number i n May a n d J u n e was a t t r i b u t e d t o s c o u r i n g by summer 

s p a t e s . 
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5.9 S t a t i s t i c a l a n a l y s i s 

P e a r s o n ' s c o r r e l a t i o n c o e f f i c i e n t s w e r e d e t e r m i n e d f o r 

maximum s t a n d i n g c r o p , pH and number o f s p e c i e s . T h e r e s u l t s 

o f t h e s e a n a l y s e s a r e g i v e n i n T a b l e 5 .<\ . I t c a n be s e e n 

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

n e g a t i v e c o r r e l a t i o n , a t t h e 9 9 . 9 % l e v e l , b e t w e e n maximum 

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

pH w e r e s i m i l a r l y c o r r e l a t e d ( r = 0 . 7 5 2 ) , t h e r e was no 

s i g n i f i c a n t c o r r e l a t i o n b e t w e e n t h e M.S.C. a n d t h e number 

o f s p e c i e s , when t h e w h o l e s t r e a m was c o n s i d e r e d . 

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

t o i n f l u e n c e t h e M.S.C. , p a r t i a l c o r r e l a t i o n c o e f f i c i e n t 

a n a l y s i s was c a r r i e d o u t on t h e d a t a . T he r e s u l t s i n d i c a t e d 

t h a t t h e r e l a t i o n s h i p b e t w e e n pH a n d t h e M.S.C. was s t r o n g e r 

t h a n t h e r e l a t i o n s h i p b e t w e e n number o f s p e c i e s a n d M.S.C. 

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

pH i s n o t c o n s i d e r e d i n t h e r e l a t i o n s h i p b e t w e e n M.S.C. a n d 

number o f s p e c i e s , t h e n t h e l a t t e r two p a r a m e t e r s a r e more 

s t r o n g l y c o r r e l a t e d ( p a r t i a l c o r r e l a t i o n p = 0 . 0 0 1 o r d i n a r y 

c o r r e l a t i o n p = 0 . 1 ) . 

T h i s s u g g e s t i o n was s u p p o r t e d by t h e Spearman's r a n k 

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

t h e i n d i v i d u a l r e a c h e s ( s e e T a b l e 5.*!) . T h e s e r e s u l t s s h o w e d 

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

c o n s t a n t t h r o u g h o u t t h e 12 month c o l l e c t i o n p e r i o d , a b e t t e r 

c o r r e l a t i o n was o b s e r v e d b e t w e e n M.S.C. a n d number o f 

s p e c i e s , t h a n b e t w e e n M.S.C. a n d p l l . S p e a r m a n ' s r a n k 
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c o r r e l a t i o n was u s e d f o r t h e a n a l y s i s o f t h e d a t a r e l a t i n g 

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

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

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

5^10 S e a s o n a l v a r i a t i o n a n d s u c c e s s i o n o f a l g a l s p e c i e s 

I t was p o s s i b l e t o show t h e s u c c e s s i o n a n d s e a s o n a l 

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

down B r a n d o n P i t h o u s e A c i d S t r e a m , by c o m p a r i n g t h e r e l a t i v e 

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

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

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

i n F i g . 5 / 3 0 . The a b u n d a n c e v a l u e s g i v e n f o r e a c h s e a s o n 

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

w i t h e a c h s c o r e b e i n g e s t i m a t e d on t h e b a s i s o f a 1-5 s c a l e 

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

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

m o n t h l y s a m p l e s , t h e n t h e maximum s c o r e o f 15 w o u l d b e 

r e c o r d e d f o r t h a t s e a s o n . F u r t h e r d i s c u s s i o n o f t h e u s e o f 

t h i s t e c h n i q u e i s g i v e n i n 2.53 a n d 8 . 3 3 . Where t h e a d u l t 

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

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

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

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

t h e y w e r e e s t a b l i s h e d i n a r e a c h . 

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

d e m o n s t r a t e d i n F i g . 5 / 3 0 , s h o w e d t h a t w i t h t h e e x c e p t i o n 

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

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

a l l s i x r e a c h e s a n d s e e m e d , a t l e a s t i n t h e h i g h e r pH 

r e a c h e s ( e g . 1 0 ) , t o be a b u n d a n t m a i n l y when o t h e r s p e c i e s 

w e r e n o t a t t h e i r maximum g r o w t h . A t t h e l o w e r pH v a l u e s 

( r e a c h e s 1 a n d 3) h o w e v e r , t h e o r g a n i s m was u s u a l l y t h e m o s t 

a b u n d a n t t h r o u g h o u t t h e y e a r . 

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

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

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

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

be a b u n d a n t a t d i f f e r e n t s e a s o n s . L i k e w i s e , N̂ . e^l 1 j . p t l c a 

t e n d e d t o be more a b u n d a n t when t h e g r o w t h o f 

N_. s u b c a p i t e l l a t a was r e d u c e d . E u n o t i a e x i g u a a n d N i t z s c h l a 

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

N. s u b c a p i t e l l a t a was f o u n d t o be more a b u n d a n t i n t h e a u t u m n . 

H o r m i d i u m r i v u l a r e d e m o n s t r a t e d i t ' s a b i l i t y t o grow 

s u c c e s s f u l l y a t a l l s e a s o n s e x c e p t w i n t e r . E v e n a t r e a c h e s 7b 

a n d 10 w h e r e i t was u s u a l l y m o s t p r o l i f i c , i t was n o t a b u n d a n t 

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

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

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

t h e w i n t e r . D u r i n g t h e summer m o n t h s i t t e n d e d t o c o m p e t e 

w i t h E u g l e n a m u t a b i l i s , p a r t i c u l a r l y a t t h e h i g h e r pH v a l u e 

o f r e a c h 10 w h e r e i t was i n i t s g r e a t e s t a b u n d a n c e . T h e 

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

d a t a c o l l e c t e d f r o m B r a n d o n P i t h o u s e A c i d S t r e a m a n d t h e 

g e n e r a l s u r v e y s , a r e a l s o d e a l t w i t h i n C h a p t e r 7. 
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6. EXPERIMENTAL S T U D I E S 

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

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

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

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

f r o m B r a n d o n P i t h o u s e A c i d S t r e a m . T h e s e i n c l u d e C h l a m y d o m o n a s 

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

t u r f o s a , H o r m i d i u m r i v u l a r e , and S t i c h o c o c c u s b a c i l l a r i s . 

F u r t h e r t e s t s w e r e a l s o c a r r i e d o u t on t h e g r o w t h o f E u g l e n a 

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

Zn • a n d Cu (H. r i v u l a r e o n l y ) o v e r a r a n g e o f pH v a l u e s . 

The a d a p t a t i o n o f t h e s p e c i e s H_. r i v u l a r e t o pH was 

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

known t o a n t a g o n i z e t h e t o x i c i t y o f Zn t o t h i s s p e c i e s a t 

h i g h e r pH v a l u e s ( S a y & W h i t t o n , i n p r e s s ) . 

T h e e f f e c t o f t e m p e r a t u r e on t h e g r o w t h o f f o u r o f t h e 

p o p u l a t i o n s , a t t h e i r optimum pH, was a l s o e x a m i n e d . T h e 

t e r m p o p u l a t i o n j a s u s e d a b o v e ^ r e f e r s t o t h e m a t e r i a l i s o l a t e d 

f r o m one p o p u l a t i o n i n t h e f i e l d . 

6.2 P r e l i m i n a r y i n v e s t i g a t i o n s 

S e v e r a l p r e l i m i n a r y i n v e s t i g a t i o n s w e r e made i n o r d e r t o 

e n s u r e t h a t t h e m e t h o d s w e r e s t a n d a r d i z e d a s much a s p o s s i b l e . 

6 . 2 1 I m p r o v e m e n t i n g r o w t h r a t e o f E u g l e n a m u t a b i l i s 

An e f f o r t was made t o i m p r o v e t h e g r o w t h o f some p o p u l a t i o n s 

i n p a r t i c u l a r E_. mu t a b i l i s w h i c h s e e m e d t o h a v e a s l o w e r 

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

i n t o t h e f l a s k s c o n t a i n i n g E_. m u t a b i l i s . T h e s e i n c l u d e d 

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

b e a d s a n d e t c h e d g l a s s s l i d e s . T h e s t r e a m mud a n d s a n d w e r e 

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

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

up. H o w e v e r , t h e s e s u b s t r a t e s c o u l d n o t be i n c l u d e d i n t h e 

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

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

F i e l d o b s e r v a t i o n s i n d i c a t e d t h a t _ E _ . m u t a b l l i s w a s 

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

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

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

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

2 0 0 0 l x t o 1 0 0 0 l x d i d b r i n g a b o u t a s i g n i f i c a n t i m p r o v e m e n t . 

As a r e s u l t , a l l e x p e r i m e n t s on m u t a b l l i s w e r e c a r r i e d 

o u t a t 1 0 0 0 l x , w h e r e a s a l l t h e o t h e r p o p u l a t i o n s w e r e i l l u m i n a t e d 

a t 2 0 0 0 l x . 

6.22 E f f e c t o f v a r y i n g s o u r c e s o f a c i d a n d a l k a l i a d d e d 

t o t h e m e d i a 

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

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

t o t h e m e d i a . As r e p o r t e d i n 2 . 7 2 , t h e pH o f t h e c u l t u r e 

medium was c o r r e c t e d by t h e a d d i t i o n o f 1 N a n d 0.1 N H „ S O , 
2 4 

a n d NaOH. I n o r d e r t o d e t e r m i n e w h e t h e r t h e t y p e o f a c i d o r 

a l k a l i p r o v i d i n g t h e H + and OH i o n s t o t h e medium h a d a n y 

e f f e c t on g r o w t h , HC1 and KOH w e r e s u b s t i t u t e d f o r t h e H.SO 



191 

and NaOH, a n d t h e g r o w t h o f H o r m i d i u m r i v u l a r e , a t a r a n g e 

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

t h e s o u r c e o f H + a n d OH i o n s i n t h e medium d i d n o t a l t e r 

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

m a i n s o u r c e o f a c i d i n a c i d m i n e d r a i n a g e was H „ S O , t h i s was 
2 4 

u s e d f o r a l l pH a d j u s t m e n t s . 

6.23 E f f e c t o f v a r y i n g i n c u b a t i o n t i m e on t h e r e s p o n s e o f 

H o r m i d i u m r i v u l a r e t o pH 

T h e g r o w t h o f H_. r i v u l a r e , e x p r e s s e d a s fig 1 * c h l o r o p h y l l 

a_ was e s t i m a t e d a f t e r a n i n c u b a t i o n t i m e o f 4, 7 a n d 10 d a y s . 

T h e r e s u l t s f o r t h e r a n g e o f pH v a l u e s t e s t e d a r e g i v e n i n 

F i g . 6 . 1 , t o g e t h e r w i t h t h e s t a n d a r d e r r o r s f o r e a c h t r e a t m e n t . 

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

w i t h t i m e , t h e p a t t e r n o v e r t h e pH v a l u e s t e s t e d was v e r y s i m i l a r 

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

f o u n d a t pH 2 . 5 , w h e r e t h e amount o f g r o w t h was m i n i m a l . H o w e v e r 

e v e n a t t h i s pH t h e r e was some i n c r e a s e w i t h t i m e . As t h e r e 

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

i n c u b a t i o n p e r i o d , a l l e x p e r i m e n t s w e r e i n c u b a t e d f o r 7 d a y s 

a s t h i s p r o v e d t o be t h e m o s t c o n v e n i e n t p e r i o d ( s e e 2 . 8 3 ) . 

6.24 E f f e c t o f v a r y i n g t h e i n o c u l u m s i z e on t h e r e s p o n s e 

o f H o r m i d i u m r i v u l a r g t o pH 

T h e r e s u l t s o f t h i s e x p e r i m e n t a r e g i v e n i n F i g . 6 . 2 . 

T h r e e s i z e s o f i n o c u l u m w e r e t e s t e d , ' n o r m a l ' % x n o r m a l ' 

a n d 2 x ' n o r m a l ' . T h e n o r m a l i n o c u l u m was i n i t i a l l y b a s e d 

on a v i s u a l e s t i m a t i o n o f t h e amount o f f i l a m e n t s u s e d a n d 

was l a t e r f o u n d t o be a p p r o x i m a t e l y e q u a l t o 40 ug 1 ~ * 

c h l o r o p h y l l a . 
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As c a n be s e e n f r o m F i g . 6.2, t h e g r o w t h r e s p o n s e t o 

pH was n o t a l t e r e d s i g n i f i c a n t l y by v a r y i n g t h e s i z e o f 

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

i n g r o w t h c o m p a r e d w i t h t h e ' n o r m a l ' i n o c u l u m . T h e s t a n d a r d 

e r r o r s o f t h e i n d i v i d u a l r e s u l t s i n d i c a t e d t h a t b e l o w pH 3.0 

t h e r e was l i t t l e d i f f e r e n c e b e t w e e n t h e amount o f g r o w t h 

p r o d u c e d f r o m t h e ' n o r m a l ' a n d 2 x ' n o r m a l ' i n o c u l u m s i z e . 

As a r e s u l t o f t h i s e x p e r i m e n t , t h e ' n o r m a l ' i n o c u l u m 

s i z e was a d o p t e d f o r t h e o t h e r e x p e r i m e n t s on I I . r i v u l a r e 

b e c a u s e i t was f e l t t h a t o v e r a 7 d a y p e r i o d t h e r e w o u l d be 

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

e s t i m a t i o n s . 

6.25 S o u r c e o f i n o c u l u m 

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

t h e pH r e s p o n s e o f H o r m i d i u m r i v u l a r e a l t e r e d when f r e s h l y 

i s o l a t e d m a t e r i a l was e x p o s e d t o a r a n g e o f pH v a l u e s a s 

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

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

r o u t i n e l y f o r s e v e r a l m o n t h s a t pH 3 . 0 , i t s r e s p o n s e t o pH 

was t h e same a s t h a t o f t h e f i e l d m a t e r i a l . H o w e v e r , o b s e r v a t i o n s 

s h o w e d t h a t when u n h e a l t h y o r o l d c u l t u r e s w e r e e x p o s e d t o t h e 

pH r a n g e , t h e y i e l d was r e d u c e d , a l t h o u g h t h e t o l e r a n c e t o pH 

was v e r y much t h e s a m e . 

6.3 E f f e c t o f pH on t h e g r o w t h o f a c i d s t r e a m a l g a e 

6.31 G r o w t h r e s p o n s e t o pH i n b a s a l m e d i a 

T h e i n f l u e n c e o f pH on t h e t o t a l g r o w t h o f f i v e s p e c i e s 

o f a l g a e i s o l a t e d f r o m B r a n d o n P i t h o u s e A c i d s t r e a m i s shown 
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i n F i g . 6.3. T h e pH f r o m w h i c h t h e y w e r e i s o l a t e d a n d t h e 

l o w e s t pH v a l u e a t w h i c h t h e y w e r e r e c o r d e d i n B r a n d o n P i t h o u s e 

A c i d S t r e a m i s g i v e n i n T a b l e 6.1. T h e r e s u l t s g i v e n i n t h i s 

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

t h e a d d i t i o n o f s t r e a m w a t e r . 

A l t h o u g h a l l f i v e p o p u l a t i o n s w e r e t o l e r a n t t o low pH 

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

o r g a n i s m t o t h e pH r a n g e e x a m i n e d . E u g l e n a m u t a b i l i s a n d 

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

t o l o w pH, b o t h g r o w i n g s l i g h t l y a t pH 1.3 a n d i n c r e a s i n g 

s i g n i f i c a n t l y a t pH 1.5. T h e h i g h e s t y i e l d a t t h e l o w e s t pH 

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

500 (ig 1 1 + 75 o f c h l o r o p h y l l a_ a t pH 1.5. A l t h o u g h c e l l s 

o f G l o e o c h r y s i s t u r f o s a a n d S t i c h o c o c c u s b a c i l l a r l s s u r v i v e d 

pH 1.3, t h e l o w e s t v a l u e a t w h i c h g r o w t h o c c u r r e d was pH 1.5. 

T h e l e a s t r e s i s t a n t s p e c i e s t o be t e s t e d was H o r m i d i u m 

r i v u l a r e . w h i c h d i d n o t grow a t pH v a l u e s b e l o w pH 2.5, a l t h o u g h 

f i l a m e n t s w e r e f o u n d t o s u r v i v e f o r up t o 20 d a y s a t pll 2.25. 

A l l f i v e p o p u l a t i o n s g rew a t pH 7.0 e v e n t h o u g h t h e y 

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

o f S t i c h o c o c c u s b a c i l l a r i s , t h e r e was a m a r k e d r e d u c t i o n i n 

g r o w t h a t pH 7.0 c o m p a r e d w i t h t h a t a t t h e o p t i m a l g r o w t h pH. 

T h i s was m o s t e v i d e n t w i t h C h l a m y d o m o n a s a p p l a n a t a v a r . a c i d o p h i l a 

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

t h e pH o f t h e medium t o w a r d s i t s o p t i m a l g r o w t h pH r a n g e o f 

pH 2.0 t o 2.5 ( s e e 7 . 8 ) . 
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6.32 E f f e c t o f t h e a d d i t i o n o f f i l t e r e d a c i d s t r e a m w a t e r 

on t h e pH g r o w t h r e s p o n s e 

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

o f much o f t h e d i s s o l v e d i r o n o c c u r s a t pH 3.0 - 3.5, e x p e r i m e n t s 

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

m o d i f i e d t o i n c l u d e 10% membrane f i l t e r e d s t r e a m w a t e r . T a b l e 

6.2 i n c l u d e s t h e a n a l y s i s o f t h e medium a f t e r t h e pH h a d b e e n 

r a i s e d a b o v e pH 3.0. T h e s e r e s u l t s d e m o n s t r a t e t h a t t h e 

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

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

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

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

t h a n t h o s e i n t h e c o n t r o l medium. 

As c a n be s e e n f r o m F i g . 6.3 t h e p r e s e n c e o f s t r e a m 

w a t e r h a d l i t t l e e f f e c t on g r o w t h a t t h e l o w e r pH v a l u e s , b u t 

a t h i g h e r v a l u e s ( pH 3 . 0 ) y r e d u c e d g r o w t h o c c u r r e d i n t h e 

p r e s e n c e o f t h e s t r e a m w a t e r . T h i s was m o s t n o t i c e a b l e w i t h 

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

H o r m i d i u m r i v u l a r e a nd l e a s t o b v i o u s w i t h S t i c h o c o c c u s b a c i 1 l a r i s . 

6.33 E f f e c t o f p r o l o n g e d g r o w t h a t pH 6.0 on t h e pH 

t o l e r a n c e o f E u g l e n a m u t a b i l i s a n d H o r m i d i u m r i v u l a r e 

As m e n t i o n e d i n 2 . 8 3 ; t h e i n f l u e n c e o f p r o l o n g e d g r o w t h 

a t pH 6.0 on t h e pH t o l e r a n c e o f t h e s e two p o p u l a t i o n s was 

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

c u l t u r e s w e r e m a i n t a i n e d a t pH 6.0 f o r two m o n t h s a n d t h e n 

s u b j e c t e d t o t h e f u l l pH r a n g e u s e d i n p r e v i o u s e x p e r i m e n t s . 

I n b o t h i n s t a n c e s , t h e g r o w t h r e s p o n s e was i d e n t i c a l t o t h a t 
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Table 6.2 

Comparison o f the c o n c e n t r a t i o n s of i o n s i n Chu 10 + 10% 

a c i d s t r e a m w a t e r a t pH 2.5 and pH 4.5. C o n c e n t r a t i o n s 

as mg 1 *. 

Chu 10 + 10% a c i d Chu 10 + 10% a c i d d i f f e r e n c e 
s t r e a m w a t e r s t r e a m w a t e r pH 2.5 -
pH 2.5 pH 4.5 pH 4.5 

Na 7.4 7.3 0.1 

K 2.5 2.5 

Mg 11.3 11.2 0.1 

Ca 15.2 15.2 

Zn 0.51 0.37 0.14 

Cu 0.096 0.090 0.006 

Hn 0.80 0.79 0.01 

Fe 13.1 1.40 11.7 

A l 7.8 2.65 5.2 

Pb 0.005 0.003 0.002 

Co 0.07 0.07 

Ni 0.10 0.10 

PO -P 2.3 2.1 0.2 
4 

NH -N 8.5 8.4 0.1 4 
N0 3-N 7.2 7.0 0.2 

50 -S 38.0 33.4 4.6 4 
51 6.5 5.0 1.5 
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shown i n F i g s . 6.2 a n d 6.3. 

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

H o r m i d i u m r i v u l a r e c o u l d be i n d u c e d t o grow a t pH v a l u e s 

l o w e r t h a n 2.5. I n t h i s e x p e r i m e n t t h e t e s t p o p u l a t i o n was 

f r e s h l y i s o l a t e d f r o m r e a c h 1 o f B r a n d o n P i t h o u s e A c i d S t r e a m 

a t pH 2.65 w h e r e i t h a d b e e n g r o w i n g f o r one m o n t h . T h e 

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

t o pH a n d a s i m i l a r g r o w t h r e s p o n s e t o pH was o b t a i n e d a s t h a t 

shown i n F i g . 6.3. 

6.34 C o m p a r i s o n o f t h e pH l i m i t s f o r g r o w t h i n t h e f i e l d 

w i t h t h o s e i n t h e l a b o r a t o r y 

T h e pH t o l e r a n c e s o f t h e f i v e s p e c i e s i n t h e l a b o r a t o r y 

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

A c i d S t r e a m a n d a l s o t h e l o w e s t v a l u e a t w h i c h t h e y w e r e 

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

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

l a b o r a t o r y a t l o w e r pH v a l u e s t h a n i n t h e s t r e a m f r o m w h i c h 

t h e y w e r e i s o l a t e d . T h e r e was a s i m i l a r i t y b e t w e e n t h e 

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

T h e l o w e r pH l i m i t o f 2.5, f o u n d f o r H o r m i d i u m r i v u l a r e i n 

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

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

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

H o w e v e r , a s o n l y one r e a c h was r e c o r d e d a t pH 1.5 a n d none 

a t pH 1.3, i t i s p o s s i b l e t h a t t h e s e s p e c i e s c o u l d grow a t 

l o w e r v a l u e s i n t h e f i e l d . 
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Table 6.3 Comparison of lower pH l i m i t s i n the f i e l d and i n 

laboratory 

03 •H H 
a -p 
% 
§ 
Q) i-l 

<d 
o 

+> 

01 

o o (D O rH 

0) 

iH 

T3 

O 

•H O 0) 
rQ 
n 
3' o o o o o o •H 
+» 

lowest pH at which detectable growth 1.3 1.3 1.5 2.5 1.5 

lowest pH at which c e l l s u r v i v a l , but 
not growth occurred 1.3 2.25 1.3 

lowest pH at which found i n stream 2.6 2.6 2.6 2.6 2.6 
from which isolated 

lowest pH at which species recorded 
anywhere i n England! 1.8 1.5 1.8 2.5 1.8 
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6.35 E f f e c t o f pH on m o r p h o l o g y 

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

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

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

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

o c c u r r e d a r e s u m m a r i z e d i n T a b l e 6.4. 

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

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

s i z e a n d s h a p e o v e r t h e pH r a n g e t e s t e d . W i t h S t i c h o c o c c u s 

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

h a d l i t t l e e f f e c t on g r o w t h r a t e , w h e r e a s w i t h t h e o t h e r 

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

a m a r k e d r e d u c t i o n i n g r o w t h r a t e . 

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

T a b l e 6.4 w e r e a l s o o b s e r v e d i n c u l t u r e s w h e r e t h e a c i d s t r e a m 

w a t e r was a d d e d . H o w e v e r , a t pH v a l u e s a b o v e 3.0 b r o w n i r o n 

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

t u r f o s a , H o r m i d i u m r i v u l a r e a n d S t i c h o c o c c u s b a c i l l a r i s . 

A p a r t f r o m t h o s e m e n t i o n e d a b o v e , no o t h e r a b n o r m a l i t i e s 

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

T h e v a r i a t i o n s i n m o r p h o l o g y o f t h e s e s p e c i e s i £> c j ^ ^ a 

i n more d e t a i l i n c h a p t e r 7. 

6.4 E f f e c t o f h e a v y m e t a l c o n c e n t r a t i o n on H o r m i d i u m r i v u l a r e 

a n d E u a l e n a m u t a b i l i s o v e r a r a n g e o f pH v a l u e s 

As m o s t a c i d m i n e d r a i n a g e w a t e r s w e r e f o u n d t o c o n t a i n 

l a r g e c o n c e n t r a t i o n s o f h e a v y m e t a l s ( s e e 4 . 1 3 ) , e x p e r i m e n t s 

w e r e c a r r i e d o u t i n t o t h e e f f e c t s o f Zn on t h e g r o w t h o f 



204 

T a b l e 6.4 I n f l u e n c e o f pH on m o r p h o l o g y 

C h l a m y d o m o n a s a p p l a n a t a 
v a r . a c i d o p h .1 l a 

1.3 - 1.5 s m a l l e r c e l l s , t h i c k e r w a l l s , f e w e r 
m o t i l e c e l l s t h a n a t h i g h e r pH 
v a l u e s 

E u g l e n a m u t a b i l i s 

1.3 - 1.5 more n o n - m o t i l e , r o u n d e d c e l l s t h a n 
a t h i g h e r pH v a l u e s ; o c c u r r e n c e 
o f some " m o n s t e r " c e l l s ( i . e . c e l l s 
t h a t do n o t d i v i d e a g a i n a n d a r e 
c o n s i d e r a b l y l a r g e r t h a n t h e a v e r a g e 
c e l l . 

G l o e o c h r y s i s t u r f o s a 

1.5 - 2.25 

2.5 + 

c e l l s r e l a t i v e l y s m a l l ( m o s t l y w i t h 
d i a m e t e r o f 3.5 jim) 
c e l l s l a r g e r , m o s t l y r e a c h i n g a 
d i a m e t e r o f 6-7 urn b e f o r e d i v i s i o n , 
c h a r a c t e r i s t i c d i m e n s i o n s o f t h e 
s p e c i e s . 

H o r m i d i u m r i v u l a r e 

2.5 - 2.75 

2.75-3.0 

t w i s t e d f i l a m e n t s , a c c o m p a n i e d by 
s w o l l e n o r o t h e r w i s e a n o m a l o u s 
s h a p e d c e l l s ; more g e n i c u l a t i o n s ; 
c h l o r o p l a s t s s m a l l e r and an 
u n c h a r a c t e r i s t i c y e l l o w - g r e e n , 
m u c i l a g e p r o d u c t i o n e s p e c i a l l y 
o b v i o u s . 

S t i c h o c o c c u s b a c i l l a r i s 

1.5 - 1.75 

2.0 - 2. 

2.75 + 

many c e l l s c o n t o r t e d t o 'S' o r ' U ' 
s h a p e s , i n s p i t e o f n e a r o p t i m a l 
g r o w t h - r a t e ; no c h a i n s , b u t many 
c l u m p s o f c e l l s . 
l o n g c h a i n s o f c e l l s p r e s e n t (up t o 
40 c e l l s p e r c h a i n ) , t h e s e c h a i n s 
b e i n g u n u s u a l l y s t a b l e m e c h a n i c a l l y , 
p r o b a b l y a s a r e s u l t o f t h e l a r g e r 
amount o f m u c i l a t e p r o d u c e d ; a f e w 
' c o n t o r t e d ' c e l l s p r e s e n t , 
a l l c e l l s r o d - s h a p e d ; c h a i n s b e i n g 
f e w e r a n d s h o r t e r w i t h i n c r e a s e i n 
pK . 
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H o r m i d i u m r i v u l a r e a n d E u g l e n a m u t a b i l i s . An a d d i t i o n a l 

e x p e r i m e n t was a l s o c o n d u c t e d on t h e i n f l u e n c e o f Cu 

on t h e g r o w t h o f H_. r i v u l a r e a t a r a n g e o f pH v a l u e s . T h e s e 

two s p e c i e s w e r e c h o s e n b e c a u s e t h e y r e p r e s e n t e d t h e m o s t , 

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

6.41 E f f e c t o f Zn . c o n c e n t r a t i o n on H o r m i d i u m r i v u l a r e 

T h e i n f l u e n c e o f a r a n g e o f .Zn c o n c e n t r a t i o n s , f r o m 

0 t o 30.0 mg 1 1 , o v e r a pH r a n g e o f 2.5 t o 7.0, on t h e g r o w t h 

o f H^ r i v u l a r e i s g i v e n i n F i g . 6.4. T h e o v e r a l l 

e f f e c t o f i n c r e a s e d Zn• l e v e l s i n t h e medium was t o c a u s e 

a d e c r e a s e i n g r o w t h o f a l l pH v a l u e s t e s t e d . H o w e v e r , t h e r e 

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

a l g a t o Zn a t d i f f e r e n t pH v a l u e s . A t pH 2.5 i t was t h e 

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

a b o v e 5.0 mg 1 1 . Zn . W h i l s t a t pH 3.5 a n d 4.0, t h e t o l e r a n c e 

was c o n s i d e r a b l y i n c r e a s e d a n d g r o w t h was r e c o r d e d a t 30 mg 1 * 

Zn. A b o v e pH 4.0 t h e d e c r e a s e i n g r o w t h r a t e a t 0 mg 1 * 

Zn was a c c o m p a n i e d by a d e c r e a s e i n t o l e r a n c e t o Zn. . A t 

pH 7.0 t h e r e was o n l y a s l i g h t i n c r e a s e i n g r o w t h r e c o r d e d 

a t 5.0 a n d 10.0 rag 1 * Z n . W h i l s t t h e o r g a n i s m a p p e a r s t o 

be more t o l e r a n t a t pH 7.0 t h a n pH 2.5, t h e d e c r e a s e i n 
_ 1 

g r o w t h a t pK 7.0 i n t h e p r e s e n c e o f 5.0 mg 1 * Zn , was g r e a t e r 

Whip c o m p a r e d w i t h c|/t>wfekat P H ^.0 a n d no Zn / was g r e a t e r o^\o 
t h a n t h e g r o w t h r a t e a t c o r r e s p o n d i n g l e v e l s o f Zn a t pH 2 . 5 . 

T h i s i m p l i e d t h a t Zn was more t o x i c a t pH 6.0 t o pH 7.0 t h a n 

a t pH 2 . 5 . C o m p a r i s o n o f t h e r e s u l t s i n F i g . 6.4 w i t h t h e 

f i e l d l e v e l s r e c o r d e d f o r B r a n d o n P i t h o u s e A c i d S t r e a m , r e a c h 

Zn J was 
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10 ( Z n 1.0 rag 1 ) show t h a t t h e p o p u l a t i o n was c o n s i d e r a b l y 

more t o l e r a n t t o Zh • a t a l l pH v a l u e s t h a n t h e l e v e l s t o 

w h i c h i t was e x p o s e d i n t h e f i e l d . 

6.42 E f f e c t o f Zn on E u g l e n a m u t a b i l i s 

T h e t o l e r a n c e o f E u g l e n a m u t a b i l i s t o a r a n g e o f .Zn 

c o n c e n t r a t i o n s (0 - 100 mg 1 o v e r a r a n g e o f pH v a l u e s 

(1.75 - 6.0) i s shown i n F i g . 6.5. T h e e f f e c t o f i n c r e a s i n g 

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

a t a l l pH v a l u e s . As was f o u n d f o r H o r m i d i u m r i v u l a r e , t h e r e 

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

Zn .. T h e r e was g r e a t e r t o l e r a n c e t o Zn a t t h e l o w e r pH 

v a l u e s t h a n a t t h e h i g h e r v a l u e s t e s t e d . A t pH 1.75 t h e r e 

was b e t t e r g r o w t h a t 100 mg 1 * Zn . t h a n t h e r e was a t 60 mg 1 1 

Zn a t pH 6.0. T h e g r e a t e s t t o l e r a n c e t o Zn a n d t h e 

maximum g r o w t h o c c u r r e d a t pH 3.0; w h i l s t a t pH 6.0 t h e 

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

a t 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 10 mg 1 *. 

B e s i d e s b e i n g more t o l e r a n t t o Zn t h a n t h e t e s t 

p o p u l a t i o n o f K. r i v u l a r e , t h e r e was a l s o some e v i d e n c e 

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

l a r g e c o n c e n t r a t i o n s o f t h e e l e m e n t . T h i s was shown by t h e 

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

1.0 a n d 10 mg 1 1 Zn 

6.43 E f f e c t o f Cu on t h e g r o w t h o f H o r m i d i u m r i v u l a r e 

T h e e f f e c t o f Cu on t h e g r o w t h o f H o r m i d i u m r i v u l a r e 

a t pH 2.75, 3.5 a n d 6.0 i s g i v e n i n F i g . 6.6. T h e r e s u l t s show 

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



208 

Fi g . 6.5 E f f e c t of Zn concentration on the t o t a l growth of Euglena mutaMlis 
over a pH range.Vertical bars represent the standard error of the 
mean of 4 r e p l i c a t e s . 
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o f Cn t h a n i t h a d p r e v i o u s l y e n c o u n t e r e d i n B r a n d o n 

P i t h o u s e A c i d S t r e a m (Cu - 0.7 mg 1 . T h e r e was a l s o a 

m a r k e d i n c r e a s e i n t o x i c i t y o f Cu - w i t h a n i n c r e a s e i n pH. 

T h e g r e a t e s t r e s i s t a n c e t o Cu . was a t t h e optimum g r o w t h 

pH, h o w e v e r , u n l i k e t h e r e s p o n s e t o Zn H o r m i d i u m r i v u l a r e 

t o l e r a t e d t h e same r a n g e o f Cu (0 - 5.0 mg 1 *) a t pH 

2.75 a s i t d i d a t pH 3.5, e x c e p t t h a t t h e g r o w t h was c o n s i d e r a b l y 

g r e a t e r a t pH 3.5. A t pH 6.0 t h e r e was much l e s s r e s i s t a n c e t o 

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

i n c r e a s e d f r o m 0 t o 1.0 mg 1 

T h e g r o w t h c u r v e s a t pH 3.5 a n d 2.75 s u g g e s t t h a t 5.0 

mg 1 * Cu h a d l i t t l e e f f e c t on g r o w t h . ( U n f o r t u n a t e l y ^ f u r t h e r 

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

6.5 pH t o l e r a n c e o f p o p u l a t i o n s o f H o r m i d i u r n s p p . n o t 

p r e v i o u s l y e x p o s e d t o low pH c o n d i t i o n s 

6.51 H o r m i d i u m r i v u l a r e 

As t h e p o p u l a t i o n o f H_. r i v u l a r e i s o l a t e d f r o m B r a n d o n 

P i t h o u s e A c i d S t r e a m a t pH 3.1 h a d shown p r e - a d a p t a t i o n t o 

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

o u t t o d e t e r m i n e t h e g r o w t h r e s p o n s e o f non pH a d a p t e d 

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

F o r t h e p u r p o s e o f t h e s e e x p e r i m e n t s , p o p u l a t i o n s w e r e 

i s o l a t e d f r o m non a c i d s i t e s . T h e pH a n d o t h e r c h e m i c a l 

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

a r e g i v e n i n T a b l e 6.5 f o r t h e t h r e e d i f f e r e n t p o p u l a t i o n s 

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

t h e u s u a l pH r a n g e a n d t h e t o t a l y i e l d m e a s u r e d a f t e r 7 
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F i g . 6.7 pH growth response of four populations of Hormidium r i v u l a r e . 
V e r t i c a l bars represent the standard error of the mean of 4 r e p l i c a t e s . 
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days i n c u b a t i o n . The r e s u l t s a r e g i v e n i n F i g . 6.7 (A to D ) . 

They d e m o n s t r a t e t h a t w h i l e t h e p o p u l a t i o n s B, C and D grew 

a t lower pH v a l u e s than they had p r e v i o u s l y e n c o u n t e r e d , 

the r e s p o n s e to pH was d i f f e r e n t f o r each p o p u l a t i o n . 

P o p u l a t i o n s C and D ( F i g . 6.7) were the l e a s t r e s i s t a n t to 

low pH and d i d not grow a t pH v a l u e s of l e s s t h a n pH 3.5. 

T h e i r maximum growth o c c u r r e d a t pH 7.0, whereas p o p u l a t i o n 

B ( F i g . 6.12b) showed a s i m i l a r r e s p o n s e to pH as was r e c o r d e d 

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

from pH 3.1. As shown i n T a b l e 6.5/the main d i f f e r e n c e s 

i n t h e w a t e r c h e m i s t r y of the t h r e e non a c i d s i t e s was the 

c o n c e n t r a t i o n of Zn . The r e s u l t s i n d i c a t e d a r e l a t i o n s h i p 

between the c o n c e n t r a t i o n of Zn ; i n t h e s t r e a m water and 

the o r g a n i s m s t o l e r a n c e to pH.. The l e a s t pH t o l e r a n t p o p u l a t i o n 

( p o p u l a t i o n D) was a l s o t h e p o p u l a t i o n which had been exposed 

to t h e l o w e s t Zn 1 c o n c e n t r a t i o n , and t h e most pH t o l e r a n t 

p o p u l a t i o n b e s i d e s the a c i d s t r e a m p o p u l a t i o n , was t h a t 

i s o l a t e d from water c o n t a i n i n g 20 mg 1 ' Zn •. 

6.52 Hormidium f l a c c i d u m and s c o p u l i n u m 

The i n f l u e n c e of pH on the growth of t h e s e two s p e c i e s 

was t e s t e d to d e t e r m i n e whether o t h e r Hormidium spp. responded 

to pH i n a s i m i l a r manner as H_. r i v u l a r e . The growth of two 

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

b e a r i n g Zn c o n c e n t r a t i o n s of 1.21 mg l " 1 and 1.0 to 2.0 mg l " 1 

were exposed to a pH range from 2.5 to 7.0. As can be s e e n 

from T a b l e 6.6, the two s p e c i e s v a r i e d i n t h e i r t o l e r a n c e to 

pH, and were a l s o l e s s t o l e r a n t than H, r i v u l a r e . N e i t h e r 
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Table 6.6 

The i n f l u e n c e of pH on the growth of Hormldium f l a c c l d u m 

and IJ. s c o p u l i n u m (growth as c h l o r o p h y l l a ug l " 1 ) 

PH 

3 . 5 

4.0 

4.5 

5.0 

6.0 

7.0 

H. f l a c c l d u m 

no growth 

100 

280 

650 

1000 

1200 

R. s c o p u l i n u m 

no growth 

150 

380 

950 

1100 

1 100 
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s p e c i e s was a s r e s i s t a n t t o pH a s t h e l e a s t r e s i s t a n t 

p o p u l a t i o n (D) o f I I . r i v u l a r e . Maximum g r o w t h was r e c o r d e d 

a t pH 7.0 i n b o t h c a s e s , a n d a l t h o u g h b o t h s p e c i e s w e r e s t i l l 

v i a b l e a t pH 4.0 a f t e r 7 d a y s , g r o w t h was p o o r b e l o w pH 5.0. 

6.6 E f f e c t o f C a , Mg, PO^-P a n d A l on t h e r e s p o n s e o f 

H o r m i d i u m r i v u l a r e t o pH. 

I t h a s b e e n shown t h a t C a , Mg a n d PO^-P a l l a n t a g o n i z e 

t h e t o x i c i t y o f Zn t o a Zn - r e s i s t a n t p o p u l a t i o n s o f 

H o r r o i d i u m r i v u l a r e i s o l a t e d f r o m a n a l k a l i n e s t r e a m a n d g r o w n 

u n d e r non a c i d c o n d i t i o n s ( S a y & W h i t t o n , i n p r e s s ) . As t h e 

e x p e r i m e n t s d e s c r i b e d i n 6.5 s u g g e s t e d t h a t p o p u l a t i o n s f r o m 

Zn r i c h e n v i r o n m e n t s w e r e ' p r e - a d a p t e d * t o l o w pH, e x p e r i m e n t s 

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

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

t o l e r a n c e t o low pH. I n a d d i t i o n , t h e i n f l u e n c e o f v a r y i n g 

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

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

s t r e a m s . T h e e f f e c t o f i n c r e a s i n g t h e l e v e l s o f F e a n d SO^-5 

i n t h e medium h a v e a l r e a d y b e e n b r i e f l y r e p o r t e d i n 6.32 a n d 

2.82 a n d w e r e n o t f o u n d t o i m p r o v e g r o w t h a t l o w pH. 

6.61 C a 

T h e e f f e c t o f i n c r e a s i n g t h e c o n c e n t r a t i o n o f C a i n 

t h e medium f r o m 0 t o 200 mg 1 *, o v e r a pH r a n g e o f 2.5 t o 

6.0 i s g i v e n i n F i g . 6.8. I t c a n be s e e n t h a t r a i s i n g 

t h e l e v e l o f Ca a b o v e t h e minimum l e v e l t e s t e d (10 mg 1 * 0 ) , 

b r o u g h t a b o u t o n l y a s l i g h t i m p r o v e m e n t i n g r o w t h a t t h e l o w e r 
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F i g . 6.8 Effect of Ca on the t o t a l growth of Hormidiunt r i v u l a r e over a pH range 
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pH v a l u e s a n d none a t t h e h i g h e r pH v a l u e s . A t a l l pH 

v a l u e s t h e minimum g r o w t h o c c u r r e d w h e r e no C a was 

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

t h a t e l e m e n t . F o r a l l pH v a l u e s , e x c e p t pH 2.5 a n d 6.0, 

t h e amount o f g r o w t h d e c r e a s e d i n t h e p r e s e n c e o f 200 mg 

C a . T h i s was m o s t m a r k e d a t pH 3.5 a n d 4.0. 

6.62 Mg, P0 4~P, A l 

A r a n g e o f c o n c e n t r a t i o n s o f Mg, P0 4~P a n d A l w e r e 

t e s t e d a t pH 2.75 a n d pH 3.5, a n d t h e r e s u l t s a r e g i v e n i n 

F i g . 6.9. I t c a n be s e e n t h a t a n i n c r e a s e i n Mg a n d PO^-P 

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

t e s t e d . T h e m o s t m a r k e d i n c r e a s e d i n g r o w t h a t pH 2.75 

o c c u r r e d w i t h an i n c r e a s e i n A l c o n c e n t r a t i o n . G r o w t h a t 

b o t h pH v a l u e s was c o n s i d e r a b l y r e d u c e d when a l l t h r e e 

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

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

f o r Ca , g r o w t h was i n h i b i t e d by t h e l a r g e s t c o n c e n t r a t i o n 

o f a l l t h r e e e l e m e n t s t e s t e d a t pH 3.5, a l t h o u g h t h e d e c r e a s e 

was o n l y s l i g h t w i t h P 0 4 ~ P . S i m i l a r i n h i b i t i o n was n o t 

d e m o n s t r a t e d a t pH 2.75 f o r a l l t h r e e i o n s . 

6.63 E f f e c t o f Ca on t h e t o x i c i t y o f Zn t o H o r m i d i u m r i v u l a r e 

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

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

low pH, a n e x p e r i m e n t was c o n d u c t e d t o d e t e r m i n e t h e i n f l u e n c e 

o f Ca .. on t h e t o x i c i t y o f . Zn . T h e r e s u l t s g i v e n i n 

F i g . 6/10 d e m o n s t r a t e c l e a r l y t h a t t h e t o x i c i t y o f Zn 

was d e c r e a s e d by t h e p r e s e n c e o f . "Ca a t a l l pH v a l u e s . 
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F i g . 6/ 10 Effeat of Ca on the t o x i c i t y of Zn to Hormidium r i v u l a r e over a pH 
range. Values given are the mean of 2 r e p l i c a t e s . 
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F o r e x a m p l e , a t pH 2.75 a n d 6.0, g r o w t h was r e c o r d e d i n 

t h e p r e s e n c e o f 30 mg 1 * Zn when c o n c e n t r a t i o n s o f C a 

w e r e b e t w e e n 100 a n d 200 mg 1 *; w h e r e a s a t 10 mg 1 * C a , 

i t c o u l d o n l y t o l e r a t e 10 mg 1 * .Zn •. T h e g r e a t e s t t o l e r a n c e 

t o Zn , a t t h e l o w e s t C a l e v e l , o c c u r r e d a t t h e optimum 

g r o w t h pH o f 3.5. T h e r e s p o n s e t o C a was s i m i l a r t o t h a t 

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

H o r m i d i u m r i v u l a r e ( S a y & W h i t t o n , i n p r e s s ) . 

6.7 E f f e c t o f t e m p e r a t u r e on g r o w t h o f f o u r a c i d t o l e r a n t 

s p e c i e s 

T h e p o s s i b i l i t y was t e s t e d t h a t s p e c i e s w h i c h c a n t o l e r a t e 

a c i d i c c o n d i t i o n s may a l s o h a v e t h e a b i l i t y t o grow a t a n o t h e r 

e n v i r o n m e n t a l e x t r e m e , f o r i n s t a n c e , high temperature. The s p e c i e s used 

w e r e : C h l a m y d o m o n a s a p p l a n a t a v a r . a c i d o p h i l a , E u g l e n a m u t a b i l i s , 

G l o e o c h r y s i s t u r f o s a and H o r m i d i u m r i v u l a r e . E a c h s p e c i e s was 

grown i n m e d i a a t a pH v a l u e w i t h i n i t ' s i n d i v i d u a l o p timum 

pH g r o w t h r a n g e a n d i n c u b a t e d a t t e m p e r a t u r e s r a n g i n g f r o m 8°C 

t o 40°C. T h e r e s u l t s g i v e n i n F i g . 6/11 show t h a t none o f t h e 

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

a b o v e 35° C. The m o s t r e s i s t a n t s p e c i e s w e r e C h l a m y d o m o n a s 

a p p l a n a t a a n d E u g l e n a m u t a b i l i s , w h i c h g r e w a t 3 2°C. H o w e v e r , 

a t t h e maximum t e m p e r a t u r e t h e g r o w t h r a t e was v e r y much 

r e d u c e d c o m p a r e d w i t h t h a t a t 25°C. T h e c h r y s o p h y t e was t h e 

m o s t t e m p e r a t u r e s e n s i t i v e s p e c i e s t e s t e d , a n d d i d n o t grow 
o 

a b o v e 25 C. A l l f o u r s p e c i e s g r e w a t a g r e a t l y r e d u c e d 

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



221 

o 

CQ 

s 
2 

O 

O 

O 
(N 

- o 

w cc 
3 
> 

S K O B 

U 
o 
o 

n 
4J 
(0 
(U 
§ 
•P 

, o 

O 
1 (N 

_ O 

I 

in in in m o i m CM 

3 

co 

T 1 1 1 1 1 1 1 © 

m in m in in CN in 

9 

CO 

OS en 

CO 
CO 

CN 

a 

\ 
— 1 — 
G o — 1 — 

o O I 
o o m o in O in in CN o (-» in CN 

r - l 

O in O O in 
O in 
CN 

O O 
o 

- 1 — 
o 

— 1 — 
O O 

in O in r-- in CN 

( T frl) B I l A u d o j o i i p S B I U M O J S 



222 

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

H. r i v u l a r e was much l e s s common i n w i n t e r than i n summer 

( 5 . 9 and 7/10) . 
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7. MORPHOLOGY AND ECOLOGY OF S P E C I E S RECORDED 

AT pH 3.0 

7 . 1 I n t r o d u c t i o n 

Many of the s p e c i e s r e c o r d e d d u r i n g t h e s u r v e y s of 

a c i d s t r e a m s were found to be m o r p h o l o g i c a l l y v a r i a b l e , 

both between p o p u l a t i o n s and w i t h i n t h e same p o p u l a t i o n . 

I t was f e l t , t h e r e f o r e , t h a t i t would be of v a l u e to comment 

on t h e morphology of the i n d i v i d u a l s p e c i e s where they 

were markedly d i f f e r e n t from d e s c r i p t i o n s g i v e n i n the 

l i t e r a t u r e . I n a d d i t i o n , some d a t a a r e a l s o g i v e n f o r t h e 

s p e c i e s on t h e i r d i s t r i b u t i o n , f r e q u e n c y of o c c u r r e n c e and, 

where p o s s i b l e , e n v i r o n m e n t a l f a c t o r s which were thought 

to have some i n f l u e n c e on t h e i r p r e s e n c e or a b s e n c e . Where 

r e l e v a n t , r e f e r e n c e to t he l a b o r a t o r y e x p e r i m e n t s ( s e e 

C h a p t e r 6) have a l s o been i n c l u d e d . I n c a s e s where a 

s p e c i e s was r e c o r d e d on o n l y one or two o c c a s i o n s i t was 

o n l y p o s s i b l e to g i v e b r i e f a c c o u n t s . Where i t was not 

p o s s i b l e to g i v e b i n o m i a l s to a presumed s p e c i e s , d e s c r i p t i o n s 

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

above. 

F o r e a s e of r e f e r e n c e , some c o m p a r i s o n s w i t h the l i t e r a t u r 

and some d i s c u s s i o n of t h e i n d i v i d u a l s p e c i e s have been made 

i n t h i s s e c t i o n . The a l g a l s p e c i e s have been c o n s i d e r e d i n 

o r d e r of t h e i r f r e q u e n c y , a c c o r d i n g to T a b l e 4.4. The 

mosses and f l o w e r i n g p l a n t s have been i n c l u d e d a t the end of 

the c h a p t e r . B e cause of the i n d i v i d u a l t r e a t m e n t of the 

s p e c i e s i n t h i s c h a p t e r , each one has been d e a l t w i t h i n 
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f i v e s e c t i o n s . T h e s e a r e : I . M o r p h o l o g y a n d t a x o n o m i c 

o b s e r v a t i o n s : I I . D i s t r i b u t i o n a nd f r e q u e n c y o f o c c u r r e n c e : 

I I I . H a b i t a t : I V . F a c t o r s i n f l u e n c i n g t h e o c c u r r e n c e o f 

s p e c i e s : V. C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e . Where 

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

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

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

7 . 2 E u g l e n a m u t a b i l l s 

I . M o r p h o l o g y was f o u n d t o be r e a s o n a b l y u n i f o r m i n a l l 

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

t h a n e x p e c t e d f o r t h i s s p e c i e s , r a n g i n g b e t w e e n 60 um a n d 

120 u m ^ w i t h t h e m a j o r i t y o f c e l l s r e c o r d e d f a l l i n g b e t w e e n 

70 um a n d 90 um. 

T h e o c c u r r e n c e o f l a r g e ' m o n s t e r ' c e l l s ( c e l l s w h i c h 

a r e t h o u g h t n o t t o d i v i d e a g a i n ) a n d r o u n d e d , non m o t i l e 

c e l l s , i n c r e a s e d a t pH c o n d i t i o n s o f l e s s t h a n pH 2.0. T h i s 

was a l s o n o t e d i n c u l t u r e s g r o w i n g a t pH 1.3 - 1.75 ( s e e 

6 . 3 5 ) . 

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

m a r k e d i n c r e a s e i n p a r a m y l o n and l i p i d b o d i e s . T h e s e 

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

t h e g r o w t h r a t e was r e d u c e d , o r w h e r e h i g h c o n c e n t r a t i o n s 

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

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

o l d e r c e l l s . S i m i l a r o b s e r v a t i o n s w e r e made i n c u l t u r e s 

g r o w n i n n u t r i e n t r i c h m e d i a . 
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I I . As p r e v i o u s l y m e n t i o n e d ( s e e 4 . 4 1 ) , t h e a l g a was 

f o u n d n o t o n l y t o be t h e s p e c i e s m o s t f r e q u e n t l y and w i d e l y 

o c c u r r i n g , b u t a l s o t h e one m o s t a b u n d a n t b e l o w pH 3.0 

( s e e T a b l e s 4.7 a n d 4 . 8 ) . I t was n o t u n u s u a l t o f i n d a s 

much a s 80% o f t h e s t r e a m b e d ( s e e 4.44) c o v e r e d w i t h a 

f i l m o f t h i s a l g a s e v e r a l c e l l s t h i c k . 

A l t h o u g h no e s t i m a t i o n was made o f i t s p r o d u c t i v i t y , 

r e l a t i v e l y l a r g e a r e a s ( s e v e r a l s q u a r e cm) w e r e c o v e r e d b y 
-2 

t h e o r g a n i s m a n d a s t a n d i n g c r o p o f 2.5 ug mm c h l o r o p h y l l a_ 

( s e e 5.82) was r e c o r d e d on s e v e r a l o c c a s i o n s f r o m s i t e 3 

a n d s i t e 16. A c h a r a c t e r i s t i c o f t h i s s p e c i e s was i t s 

a b i l i t y t o r a p i d l y c o l o n i z e new a c i d habitats ( e g . s i t e 1 0 ) . 

T h i s w o u l d s u g g e s t t h a t t h e s p e c i e s was g e o g r a p h i c a l l y 

w i d e s p r e a d a n d a common member o f m o s t a q u a t i c h a b i t a t s . 

T h e r e d i d n o t a p p e a r t o be any m a r k e d s e a s o n a l v a r i a t i o n 

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

r e l a t i v e a b u n d a n c e d a t a f r o m B r a n d o n A c i d S t r e a m ( F i g . 5.14) 

i n d i c a t e d t h a t t h e r e was a d e c r e a s e i n a b u n d a n c e d u r i n g 

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

a n d e a r l y summer. 

I I I . A l t h o u g h E_. m u t a b i l i s was r e c o r d e d i n a l l t y p e s o f 

h a b i t a t i n v e s t i g a t e d i n t h i s s t u d y , t h e r e a p p e a r e d t o be 

some i n d i c a t i o n o f h a b i t a t p r e f e r e n c e s . T h e o r g a n i s m was 

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

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

c u r r e n t s p e e d ( e s t i m a t e d t o be a b o u t 0.3 m s e c * ) . I n 
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s t r e a m s w h e r e t h e s u b s t r a t u m was s o f t a n d f r i a b l e , a s 

was commonly f o u n d i n r e a c h e s a r o u n d pH 3.0 w h e r e i r o n 

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

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

was p o s s i b l y due t o a c o n t i n u o u s l y c h a n g i n g s u b s t r a t u m 

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

L i k e w i s e , i t was u n u s u a l t o f i n d d e n s e g r o w t h on b e d r o c k , 

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

c u r r e n t s p e e d s w e r e f a s t ( a p p r o x i m a t e l y 0.4 m S e c . I n 

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

s t r e a m i n t h e s l o w e r c u r r e n t s . 

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

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

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

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

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

I V . Good g r o w t h was r e p o r t e d i n t h e m o s t e x t r e m e c o n d i t i o n s 

o f low pH ( s i t e 4, r e a c h 5; pH 1.5) h i g h e s t a c i d i t y ( s i t e 

13, r e a c h 2; 64000 CaCO^ mg 1 *) a n d h i g h e s t h e a v y m e t a l 

c o n c e n t r a t i o n s ( s i t e 14, r e a c h 2; 193 mg 1 * Zn a n d s i t e 3, r e a c h 

2; 16.0 mg 1-1 Cu). F i e l d a n d l a b o r a t o r y s t u d i e s ( s e e 6.42) h a v e 

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

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

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

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

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

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

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

and m i d r a n g e d c u r r e n t s p e e d ( 0.3 m s e c f a v o u r s good 

g r o w t h . T h e e f f e c t o f s c o u r i n g on E_. m u t a b i l i s by f a s t e r 

c u r r e n t s ( a p p r o x i m a t e l y 0.4 ra s e c was o b s e r v e d a t s i t e 4, 

r e a c h 2. 

A l t h o u g h l i g h t i n t e n s i t y was n o t m e a s u r e d a t t h e 

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

t h e g r o w t h o f t h e o r g a n i s m t o some e x t e n t . F i e l d o b s e r v a t i o n s 

s howed t h a t t h e c e l l s t e n d e d t o m i g r a t e away f r o m s t r o n g 

l i g h t i n t e n s i t y . A t s i t e 16 t h e e f f e c t o f l i g h t on t h e 

s t a n d i n g c r o p o f 12. m u t a b i l i s was v i s u a l l y o b v i o u s . H e r e , 

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

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

o f o p e n m o o r l a n d . . T h e r e s u l t s o f s e v e r a l m e a s u r e m e n t s o f 

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

s p e e d s i s g i v e n i n F i g . 7.1. T h e v a l u e s g i v e n a s l e s s t h a n 

1000 l u x w e r e s a m p l e d f r o m t h e s h a d e d a r e a , a n d t h o s e g r e a t e r 

t h a n 1000 l u x w e r e f r o m t h e m o o r l a n d s e c t i o n . T h e r e s u l t s 

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

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

t h e 0.20 m s e c 1 c u r r e n t s p e e d , a t b o t h l i g h t i n t e n s i t i e s . 

T h e i n c r e a s e i n b i o m a s s o f 12. m u t a b i l i s c o u l d n o t be a t t r i b u t e d 

t o any o b v i o u s c h a n g e s i n w a t e r c h e m i s t r y o r s u b s t r a t u m , 

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

o c c u r r e d . 
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Fig. 7.1 The standing crop of Euglena mutabilis i n Dowgang burn ( s i t e 1S) 

collected from two areas of different l i g h t i n t e n s i t y and at varying 
current speeds. 
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T h e s e measurements were s u p p o r t e d t o some e x t e n t by 

o b s e r v a t i o n s made d u r i n g the s u r v e y s . I n exposed, s h a l l o w 

p o o l s , t h e c e l l s tended to m i g r a t e i n t o the upper l a y e r 

of the s i l t s u b s t r a t u m . However, i n more exposed s i t u a t i o n s 

the a l g a a l s o formed l o c a l i s e d dense a g g r e g a t i o n s of 

c o n t i n u o u s l y moving c e l l s . S i m i l a r a c t i v i t i e s were a l s o 

o b s e r v e d on agar p l a t e s exposed to b r i e f p e r i o d s of b r i g h t 

l i g h t (=2r 2 0 0 0 l u x ) . 

I t would seem from the d a t a c o l l e c t e d f o r Brandon A c i d 

S t r e a m ( c h a p t e r 5) t h a t the o r g a n i s m t h r i v e s b e s t a t lower 

pH v a l u e s (^-pH 3 . 0 ) and a l s o p o s s i b l y where c o m p e t i t i o n from 

o t h e r a c i d t o l e r a n t s p e c i e s i s l e a s t , f o r example, i n newly 

formed a c i d s t r e a m s (eg. s i t e 10 ) and where pH and o t h e r 

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

Where e s t a b l i s h e d mixed p o p u l a t i o n s o c c u r r e d , the dominance 

of t h i s a l g a tended to d e c r e a s e eg. s i t e 3 , r e a c h 2 and 4 ; 

s i t e 1 4 , r e a c h 2 and s i t e 1 1 . 

V. The o c c u r r e n c e of t h i s s p e c i e s i n the a c i d h a b i t a t has 

been documented by many a u t h o r s . L a c k e y ( 1 9 3 8 ) found i t 

growing w e l l a t pH 1 . 8 and noted t h a t i t was the most common 

a l g a a t pH v a l u e s below 3 . 0 . Weaver and Nash ( 1 9 6 8 ) found 

a s p e c i e s of E u q l e n a , p r o b a b l y E_. mu t a b i 1 i s , to be v e r y 

common a t pH v a l u e s around 3 . 0 . B e n n e t t ( 1 9 6 9 ) S t e i n b a c k 

( 1 9 6 6 ) and J o s e p h ( 1 9 5 3 ) a l l commented on the o c c u r r e n c e 

of t h i s s p e c i e s . F o t t ( 1 9 5 6 ) r e p o r t e d the l o w e s t pH a t 

which the organism has been found, a t pH 1 . 0 , w h i l s t Dach 

( 1 9 4 3 ) grew the a l g a a t pH 1 . 4 i n the l a b o r a t o r y . 
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7 . 3 P i n n u l a r i a a c o r i c o l a 

I . The m o r p h o l o g i c a l v a r i a t i o n of t h i s s p e c i e s was c o n s i d e r a b l e 

( F i g . 7 . 2 A ) w i t h the c e l l l e n g t h r a n g i n g from 8 - 25.um and 

the w i d t h from 3 - 6 um. The v a l v e , shape, a r e a , s i z e and 

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

to f r u s t u l e . The s m a l l c e l l s tended to be more rounded, 

w h i l s t the l a r g e r c e l l s ( 18 um i n l e n g t h ) tended to be 

e l l i p t i c a l . The d i r e c t i o n and degree of c u r v a t u r e of t h e 

c o s t a e a l s o a l t e r e d q u i t e m a r kedly from c e l l to c e l l . However, 

the g e n e r a l p a t t e r n of the c o s t a e tended to be s i m i l a r , w i t h 

them r a d i a t i n g a t the c e n t r e and c o n v e r g i n g a t t h e p o l e s . 

Most specimens examined had between 13 and 17 c o s t a e i n 10 um. 

The c h a r a c t e r which was common to a l l f r u s t u l e s was t h a t the 

raphe was u n i l a t e r a l l y b e n t a t t he c e n t r a l p o r e . 

A l t h o u g h many of the c e l l s from the v a r i o u s s i t e s d i d 

v a r y c o n s i d e r a b l y ^ some were c o m p a r a t i v e l y u n i f o r m i n s i z e 

and shape ( e g . s i t e 4 , r e a c h 2 } s i t e 11 s u r v e y A ) . However, 

from t h e r e s u l t s i t was not p o s s i b l e to d e t e r m i n e w h i c h , i f 

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

I I . T h i s diatom s p e c i e s was found to be the one most 

commonly o c c u r r i n g i n s t r e a m s below pH 3 . 0 ( T a b l e 4 . 4 ) and 

the o n l y one to grow a t pH v a l u e s below pH 2 . 5 . I t was 

a l s o t h e most abundant of t he diatom s p e c i e s r e p r e s e n t e d i n 

the a c i d s t r e a m s , and d i d form, m a c r o s c o p i c a l l y o b v i o u s growth 

i n some r e a c h e s (eg. s i t e 4 , 1 1 , 12 and 1 3 ) . I t was more 

common and abundant i n l a t e summer t h a n l a t e w i n t e r . 
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I I I . T h e r e were no o b v i o u s p r e f e r e n c e s f o r h a b i t a t t y p e , 

but the g r e a t e s t d e n s i t y of c e l l s was a s s o c i a t e d w i t h a c i d 

s e e p a g e s and, i n some i n s t a n c e s , the p o o l h a b i t a t (eg. s i t e 4 , 

r e a c h 1 and 4 : s i t e 6 , r e a c h 8 : s i t e 8 , r e a c h 1) . However, 

abundant growth was r e c o r d e d i n the f a s t e r c u r r e n t speeds 

(eg. s i t e 5 , r e a c h 2 : s i t e 8 , r e a c h 4) but o n l y where the 

s u b s t r a t u m was r e a s o n a b l y s t a b l e . 

I V . A p a r t from some i n s t a b i l i t y of t he f r u s t u l e s i n f a s t 

c u r r e n t s p e e d s , the p r e s e n c e and a b s e n c e of t h i s s p e c i e s d i d 

not appear t o be c o n t r o l l e d by the p a r a m e t e r s measured. I t 

grew a t pH 1 . 5 and i n t h e p r e s e n c e of l a r g e c o n c e n t r a t i o n s 

of heavy m e t a l s ( s e e T a b l e 4 . 9 ) , a l t h o u g h t h e s e were not the 

maximum v a l u e s r e c o r d e d . 

V. T h i s s p e c i e s does not appear to be d i s t r i b u t e d w i d e l y . 

H u s t e d t ( 1 9 3 8 ) r e p o r t e d t h a t i t was a common s p e c i e s i n 

J a v a and Cholnoky ( 1 9 5 8 ) found i t i n South A f r i c a . Both 

a u t h o r s noted the a c i d o p h i l i c n a t u r e of t h e diatom and 

Cholnoky r e p o r t e d t h a t optimum c o n d i t i o n s f o r growth were 

a t about pH 5 . 0 but t h a t i t grew w e l l a t pH 2 . 4 . 

More r e c e n t l y , Hancock ( 1 9 7 3 ) r e p o r t e d i t ' s p r e s e n c e i n 

South A f r i c a . C a r t e r , ( 1 9 7 2 ) d e s c r i b e d the l a r g e v a r i a t i o n 

of t h e f r u s t u l e s he found i n a sample t a k e n from Brandon 

P i t h o u s e A c i d Stream ( s i t e 3 i n t h i s s t u d y ) i n 1 9 7 1 . He 

c o n c l u d e d t h a t the v a r i a t i o n was so g r e a t t h a t the o n l y 

d e f i n i t e f a c t o r upon whic h the i d e n t i f i c a t i o n c o u l d be made 

was the shape of r a p h e . T h e r e i s no mention of t h i s s p e c i e s 

i n t h e U.S.A. l i t e r a t u r e , a l t h o u g h - s e v e r a l d i f f e r e n t s p e c i e s 
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F i g . 7.2 A.ginnularia acoricola. B:. Nitzschia subcapitellata. 
C. Nitzschia e l l i p t i c a var. alexandrina. D. Eunotia exigua. 
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F i g . 7.3 A. Nitzschia sp. type A, B. Nitzachia sp. type B, 
C. Navicula sp., D. Nitzschia o v a l i s , E. Pinnularia microstauron 
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Fig.7.4 A. Gloeochrysis turfosa. B. Characium sp. 

C. Stichococcus Taacillaris 
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of P i n n u l a r j a have been named (eg. P_. b r a u n i i , P_. m i c r o s t a u r o n 

and P_. t e r m i t i n a ) . 

7.4 G l o e o c h r y s i s t u r f o s a 

I . The m o t i l e and non m o t i l e s t a g e s of G l o e o c h r y s i s t u r f o s a 

showed some m o r p h o l o g i c a l v a r i a t i o n . The m o t i l e c e l l s were 

p a r t i c u l a r l y v a r i a b l e i n s i z e and shape. T h e s e ranged from 

s p h e r i c a l , slow moving c e l l s F i g . 7.4A1 to an o v a l ., f a s t 

moving form F i g . 7.4A2. Both forms had a s i n g l e f l a g e l l u m 

a p p r o x i m a t e l y 1.5 x the c e l l d i a m e t e r . The c e l l d i m e n s i o n s 

of both s t a g e s v a r i e d from 3.5 to 8.0 \xm i n d i a m e t e r . 

A l t h o u g h the shape of the non m o t i l e c e l l s was c o m p a r i t i v e 

c o n s t a n t F i g . 7.6A3, the s i z e range was g r e a t e r t h a n t h a t 

found i n the m o t i l e form. The v a r i a t i o n o c c u r r e d both w i t h i n 

one p o p u l a t i o n and between p o p u l a t i o n s . T h e r e was some 

i n d i c a t i o n , both from the f i e l d r e s u l t s and l a b o r a t o r y s t u d i e s 

( s e e 6.35), t h a t c e l l s i z e d e c r e a s e d a t the lower pH v a l u e s . 

Another v a r i a b l e f e a t u r e of t h i s s p e c i e s was the p o s i t i o n 

of the chromatophore, which was found to be both p a r i e t a l 

and c e n t r a l . O b s e r v a t i o n s i n d i c a t e d t h a t the p a r i e t a l s t a t e 

was more common i n the non m o t i l e s t a g e and t h a t the l a r g e r 

t h e chromatophore the more p a r i e t a l i t became. Both o b s e r v a t i o 

were v e r y v a r i a b l e and seemed to be l i n k e d w i t h the age of the 

c e l l s , r a t h e r than e n v i r o n m e n t a l f a c t o r s . 

The a e r i a l s t a g e was r a r e l y found i n the s u r v e y s , a l t h o u g h 

the t y p i c a l brown, m a c r o p h y t i c growths wh i c h were sometimes 

o b s e r v e d u s u a l l y o c c u r r e d a t the a i r - w a t e r i n t e r f a c e . I n 
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c u l t u r e , the m o t i l e c e l l s tended to c o n g r e g a t e a t t h e 

s u r f a c e of the medium, thus p r o d u c i n g a t h i n f i l m of c e l l s 

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

was s u b j e c t e d to drought, t h e r e was an o b v i o u s i n c r e a s e 

i n m u c i l a g e s u r r o u n d i n g the c e l l s and the m a t e r i a l remained 

v i a b l e f o r s e v e r a l d a y s . 

I I . T h i s c h r y s o p h y t e was a common member of t h e a c i d 

h a b i t a t and was more common and abundant i n summer ( s e e 

T a b l e 4 . 4 and 4 . 7 ) than i n w i n t e r . These o b s e r v a t i o n s were 

a l s o c o n f i r m e d by the d a t a from Brandon A c i d s t r e a m ( s e e 5 / 1 0 ) 

A l t h o u g h the s p e c i e s was o f t e n abundant and m a c r o s c o p i c a l l y 

o b v i o u s , i t r a r e l y dominated a r e a c h c o m p l e t e l y , b ut tended 

i n s t e a d to produce s m a l l e r l o c a l i z e d c o l o n i e s . 

I I I . The a l g a was r e c o r d e d i n a l l t y p e s of h a b i t a t , b ut the 

swarmers were more abundant i n p o o l s and s t r e a m s w i t h a slow 

c u r r e n t speed (eg. s i t e s 1 , 6 , 1 2 ) . However, the n o n - m o t i l e 

s t a g e was found i n f a s t e r c u r r e n t s (eg. s i t e 3 , r e a c h 1 ) , 

p o s s i b l y b e c a u s e the m u c i l a g e would e n a b l e t h e c o l o n y to 

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

Both forms were o f t e n found i n l a r g e numbers, i n 

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

l e a v e s and t w i g s . 

I V . A l t h o u g h the d a t a d i d not i n d i c a t e any r e l a t i o n s h i p 

between t h e p a r a m e t e r s measured and the o c c u r r e n c e of t he 

s p e c i e s , t h e r e were some f a c t o r s which may have i n f l u e n c e d 

i t ' s p r e s e n c e . Even though i t o c c u r r e d i n abundance a t 

pH 1 . 8 and grew a t pH 1 . 5 i n the l a b o r a t o r y ( s e e 6 . 3 1 ) i t 
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was more w i d e s p r e a d above pH 2 . 5 . T h e r e was a l s o some 

i n d i c a t i o n from p r e l i m i n a r y l a b o r a t o r y s t u d i e s ( s e e 2 . 7 2 ) 

t h a t t h e a d d i t i o n of ammonium as an a l t e r n a t i v e s o u r c e of 

n i t r o g e n , improved growth. Under f i e l d c o n d i t i o n s the 

organism grew i n a wide range of NH^-N c o n c e n t r a t i o n s 

( 0 . 0 5 - 1 0 . 3 mg 1 *) and w h i l s t t h e r e was no o b v i o u s 

r e l a t i o n s h i p between NH^-N and the p r e s e n c e of t h e c h r y s o p h y t e 

the r e s u l t s showed t h a t v a l u e s of NH^-N were g r e a t e r i n 

s u r v e y A when the organism was more common. 

As mentioned i n 6 . 7 , a p o p u l a t i o n of t h e a l g a w h i c h 

was i s o l a t e d from Brandon A c i d Stream was found to be 

s e n s i t i v e to h i g h t e m p e r a t u r e s ( 1 8 - 20°C) and a l t h o u g h 

v a l u e s as h i g h as t h e s e were not o f t e n r e c o r d e d i n t he 

s t r e a m s , t e m p e r a t u r e may w e l l be a growth l i m i t i n g f a c t o r . 

V. A l t h o u g h t h i s s p e c i e s was found to be a common member 

of the a c i d i c e n v i ronment, t h e r e a r e no r e c o r d s of i t ' s 

p r e s e n c e a t low pH. Other c h r y s o p h y c a e s p e c i e s have been 

r e c o r d e d a t below pH 3 . 0 , L a c k e y ( 1 9 3 8 ) and B e n n e t t ( 1 9 6 8 ) 

r e p o r t e d C h r o m u l i n a o v a l i s as common and L a c k e y r e c o r d e d a 

s p e c i e s of Ochromonas. 

7 . 5 N i t z s c h i a s u b c a p i t e l l a t a 

I . The morphology of t h i s diatom was c o m p a r a t i v e l y c o n s t a n t 

when compared w i t h some of the o t h e r d i a t o m s . Even s o , c e l l 

l e n g t h v a r i e d from 12 - 30 urn and c e l l w i d t h from 5 - 8 um^ 

F i g . 7 . 2 B . T h e r e was a l s o some d i f f e r e n c e i n t h e degree of 

p o l a r c a p i t a t i o n and to a l e s s e r e x t e n t , t h e c o n v e x i t y of 
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t h e f r u s t u l e m a r g i n s . As shown i n F i g . 7.2B, one of t h e 

main c h a r a c t e r i s t i c s of t h i s s p e c i e s was the o b v i o u s 

s e p a r a t i o n between the middle k e e l p o i n t s . T h i s c h a r a c t e r 

d i d not v a r y between i n d i v i d u a l s or p o p u l a t i o n s . The s t r i a e 

were e x t r e m e l y f i n e and were o n l y v i s i b l e under the b e s t 

o p t i c a l c o n d i t i o n s . 

I I . The s p e c i e s o c c u r r e d i n 30% of the p o s s i b l e r e a c h e s 

i n both s u r v e y s , but was r a r e l y the most abundant o r g a n i s m 

p r e s e n t i n any one r e a c h . O c c a s i o n a l l y i t formed a m a c r o s c o p i c 

f i l m o v e r u n d i s t u r b e d s e d i m e n t , but i t ' s p r e s e n c e was not 

g e n e r a l l y c o n s p i c u o u s . The s e a s o n a l d a t a b a s e d on r e l a t i v e 

abundance ( F i g . 5 . 1 4 ) , showed t h a t i n Brandon A c i d S t r e a m , 

the s p e c i e s was p r e s e n t t h r o u g h o u t the y e a r , but most abundant 

d u r i n g autumn. 

I I I . Growth tended to be more f r e q u e n t i n r e a c h e s of slow 

c u r r e n t speeds (eg. s i t e 11 and 1 2 ) but over a wide v a r i e t y 

of s u b s t r a t a , i n c l u d i n g the s o f t f l o c c u l a t i n g t y p e p roduced by 

c o n t i n u o u s l y p r e c i p i t a t i n g i r o n h y d r o x i d e . A l t h o u g h growth 

was never dense under t h e s e c o n d i t i o n s , the a l g a seemed 

c a p a b l e of c o l o n i z i n g where o t h e r n o n - m o t i l e diatoms d i d n o t . 

I V . T h e r e was no e v i d e n c e to s u g g e s t t h a t the growth o f 

ti_. s u b c a p i t e l l a t a was c o n t r o l l e d by heavy m e t a l s , or t h a t 

i t ' s d i s t r i b u t i o n was g r e a t l y a f f e c t e d by n u t r i e n t c o n c e n t r a t i o n s 

however, the d a t a s t r o n g l y i n d i c a t e d t h a t growth was r e s t r i c t e d 

to pH v a l u e s above pH 2 . 5 . W i t h i n the pH range examined, the 

g r e a t e s t d e n s i t y of c e l l s o c c u r r e d near pH 3.0 (eg. s i t e 3, 

r e a c h 4 } s i t e 6 , r e a c h 8 ) . 
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V. A l t h o u g h a common a l g a I n the a c i d s t r e a m s i n E n g l a n d , 

i t ' s p r e s e n c e was not r e c o r d e d i n the U.S.A. s t u d i e s . 

Cholnoky ( 1 9 5 8 ) mentions the diatom as a r e a s o n a b l y common 

s p e c i e s of the b r a c k i s h h a b i t a t , but does not i n d i c a t e i t ' s 

pH t o l e r a n c e . 

7 . 6 N i t z s c h i a e l l i p t i c a v a r . a l e x a n d r i n a 

I . The morphology was v e r y v a r i a b l e , both w i t h i n a 

p o p u l a t i o n and between d i f f e r e n t p o p u l a t i o n s . I n some 

c a s e s , t h e v a r i a t i o n between forms was s u c h t h a t i t was 

d i f f i c u l t to a s c e r t a i n w i t h c e r t a i n t y t h a t a l l the s p e cimens 

were one s p e c i e s ( s e e F i g . 7 . 2 C ) . The p r e v i o u s d e s c r i p t i o n s 

of t h i s diatom showed a f r u s t u l e w i t h l i n e a r s i d e s and 

rounded ends, h a v i n g a g e n e r a l h y a l i n e a p p e a r a n c e . The 

p i t c h of the s t r i a e was between 42 - 46 s t r i a e i n 10 Jim 

and k e e l p o i n t s from 16 to 20 i n 10 um. Many of the s p e cimens 

d i d f a l l i n t o t h i s g e n e r a l d e s c r i p t i o n , but the s i z e r a nge 

8 - 2 0 urn and the shape, v a r i e d c o n s i d e r a b l y more t h a n 

n o r m a l l y d e s c r i b e d , as shown i n the diagram. Many specimens 

d i d not have l i n e a r s i d e s , b u t were d i s t i n c t l y rounded, t h i s 

c h a r a c t e r i s t i c i s not i n c l u d e d i n p r e v i o u s d e s c r i p t i o n s of 

the s p e c i e s . 

I t was o b s e r v e d t h a t the s m a l l e r f r u s t u l e s were u s u a l l y 

o v a l , w h i l s t the l a r g e r ones tended to be e l l i p t i c a l or near 

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

by the age of the c l o n e , the l a r g e r c e l l s b e i n g near to t h e 

a uxospore s t a g e ( J . C. C a r t e r , p e r s . comm.). However, the 

samples t a k e n from r e a c h 3 of Brandon P i t h o u s e A c i d S tream, 
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o v e r t h r e e y e a r s , were c o n s i s t e n t l y dominated by s m a l l e r , 

o v a l c e l l s . T h i s would s u g g e s t t h a t age was not the main 

f a c t o r i n d e t e r m i n i n g c e l l s i z e and shape, b u t t h a t some 

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

I I . The diatom was more w i d e s p r e a d i n the l a t e w i n t e r t h a n 

l a t e summer p e r i o d ( s e e T a b l e 4 . 4 ) . I t was more abundant 

i n w i n t e r t h a n the summer p e r i o d , but w i t h the e x c e p t i o n of 

s i t e 3 , r e a c h 3 , i t was not c o n s i d e r e d to be a p a r t i c u l a r l y 

dominant s p e c i e s . O b s e r v a t i o n s from t h i s r e a c h showed t h a t 

i t was most abundant d u r i n g the s p r i n g ( s e e F i g . 5 / 3 0 ) . 

I I I . The d i s t r i b u t i o n of the s p e c i e s was r e s t r i c t e d to 

some e x t e n t by c u r r e n t speed and i t was g e n e r a l l y found to 

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

(eg. s i t e 2 , 11 and s i t e 6 , r e a c h 8 . ) . I t a l s o had a 

p r e f e r e n c e f o r a f i r m s u b s t r a t u m . 

I V . The organism was r e s t r i c t e d to w a t e r s of pH v a l u e s above 

2 . 5 . However, t h e r e was no o b v i o u s r e l a t i o n s h i p between 

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

p a r a m e t e r s . The l e v e l s of heavy m e t a l s i n w h i c h the s p e c i e s 

was r e c o r d e d were not t h e maximum p o s s i b l e ( s e e T a b l e 4 . 9 ) 

b u t n e v e r t h e l e s s i t was c a p a b l e of growth i n r e l a t i v e l y 

l a r g e c o n c e n t r a t i o n s ( s i t e 1 4 , r e a c h 1; s i t e 2 , r e a c h 1 ) . As 

mentioned i n s e c t i o n I I I , the r e a s o n s f o r the dominance by 

N. e l l i p t i c a v a r . a l e x a n d r i n a a t r e a c h 3 of Brandon P i t h o u s e A c i d 

Stream were not a p p a r e n t , b u t . i t i s p o s s i b l e t h a t i t may be 

a l i g h t s e n s i t i v e s p e c i e s . Reach 3 of t h e s t r e a m i s shaded 

( s e e T a b l e 3 . 3 ) w i t h a s u b s t r a t u m of p r e d o m i n a n t l y s m a l l 

p e b b l e s . 

http://but.it
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As the c h e m i c a l c o m p o s i t i o n of t h e w a t e r a t t h i s p o i n t 

was l i t t l e d i f f e r e n t from t h e unshaded a r e a s above and 

below r e a c h 3 , i t was f e l t t h a t t h e c o m b i n a t i o n of a 

s u i t a b l e s u b s t r a t u m and r e d u c e d l i g h t may e x p l a i n the 

abundance of the s p e c i e s a t t h i s p o i n t . However, a t o t h e r 

s i t e s where dense growth o c c u r r e d ^ the same c o n d i t i o n s were 

not a l w a y s p r e v a l e n t (eg. s i t e 2 , 6 and 5 ) . 

V. P r i o r to t h i s s t u dy the s p e c i e s had been r e c o r d e d i n 

v a r i o u s d i f f e r e n t h a b i t a t s . Hustedf ( 1 9 3 8 ) r e c o r d e d i t i n 

a warm s p r i n g i n A f r i c a , and Cholnoky ( 1 9 5 8 ) found the 

v a r i e t y a l e x a n d r i n a i n a m i n e r a l l a k e i n South A f r i c a . 

J . C. C a r t e r ( 1 9 7 3 , p e r s . comm.) has r e c o r d e d the same 

v a r i e t y i n B r i t a i n , but not i n a s s o c i a t i o n w i t h mine w a t e r s , 

or d i s p l a y i n g s u c h a l a r g e v a r i a t i o n i n form. 

7 . 7 E u n o t i a e x i g u a 

I . The morphology of the diatom E u n o t i a e x i g u a was e x t r e m e l y 

v a r i a b l e , a s shown i n F i g . 7 . 2D. The s i z e and shape of t h e 

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

(eg. s i t e 3 , 5 and 14) . C e l l l e n g t h ranged rom 5 - 3 0 uir> ; 

w h i l s t c e l l w i d t h remained r e l a t i v e l y c o n s t a n t . An example 

of a normal f r u s t l e i s shown i n F i g . 7 . 2 D 1 . The number of 

s t r i a e p e r 10 um was r e l a t i v e l y s t a b l e , even i n the most 

c o n t o r t e d c e l l s . The r e a s o n s f o r the extreme v a r i a t i o n 

i n form o b s e r v e d f o r t h i s s p e c i e s i s not known. 

I I . The s p e c i e s was w i d e l y d i s t r i b u t e d i n w a t e r s of pH 

v a l u e s above pH 2 . 5 . The d a t a from Brandon P i t h o u s e A c i d 
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Stream ( F i g . 5 / 3 0 ) showed t h a t i t was most abundant i n s p r i n g 

However, i t was not u s u a l l y r e c o r d e d as a p a r t i c u l a r l y 

dominant s p e c i e s , a l t h o u g h an o c c a s i o n s i t was s u f f i c i e n t l y 

numerous to be m a c r o s c o p i c a l l y o b v i o u s (eg. s i t e 3 , r e a c h 1 : 

s i t e s 11 and 1 4 ) . 

I I I . The o r g a n i s m d i d not seem to have any d i s t i n c t h a b i t a t 

p r e f e r e n c e s . The most abundant growths tended to o c c u r i n 

the medium and slow c u r r e n t s p e e d s , e s p e c i a l l y where the 

s u b s t r a t u m was r e a s o n a b l y s t a b l e . I t was a l s o found i n 

a s s o c i a t i o n w i t h mosses (eg. s i t e 3 , r e a c h 1 : s i t e s 11 and 1 4 ) 

I V . As t h e organism was not r e c o r d e d below pH 2 . 5 , i t was 

f e l t t h a t pH had some c o n t r o l l i n g i n f l u e n c e on growth. I n 

an a t t e m p t to a s c e r t a i n whether pH, or heavy m e t a l s , were 

r e s p o n s i b l e f o r the v a r i a b i l i t y of t he f r u s t u l e s , s p e c imens 

were c o l l e c t e d fiom r e a c h 1 (pH 2 . 6 ) , and r e a c h 11 (pH 3 . 0 ) , 

of Brandon P i t h o u s e A c i d Stream, and the degree of t w i s t i n g 

l e n g t h compared. T h e r e was an o b v i o u s d i f f e r e n c e between 

the p o p u l a t i o n s , a t r e a c h 1 the f r u s t u l e s were c o n s i d e r a b l y 

more c o n t o r t e d and the a v e r a g e c e l l l e n g t h s i g n i f i c a n t l y 

s h o r t e r , a t the 9 9 . 9 % l e v e l , t h a n t h o s e from r e a c h 1 1 , 

( 1 7 . 3 urn + S.E. 0 . 8 7 3 compared w i t h 2 7 . 2 Jim + S.E. 1 . 3 6 ) . 

The p o p u l a t i o n from r e a c h 11 was more c o n s i s t e n t i n s i z e and 

shape. T h e s e o b s e r v a t i o n s were found to be a permanent 

f e a t u r e of the two p o p u l a t i o n s . As the l e v e l s of heavy 

m e t a l s , s i l i c a t e and major n u t r i e n t s were s i m i l a r a t both 

s i t e s ( s e e F i g s . 5 . 1 - 5 / 2 7 ) , i t would appear t h a t the 

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

of pH. 
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V. E u n o t i a e x i g u a a p p e a r s to have a w o r l d w i d e d i s t r i b u t i o n 

i n t h e a c i d i c h a b i t a t . I t has been r e p o r t e d below pH 3 . 0 , 

i n U.S.A., by S t e i n b a c k ( 1 9 6 6 ) ; Warner ( 1 9 6 0 ) ; B e n n e t t ( 1 9 6 9 ) 

and a t pH 2 . 6 by B e s c h e t a l . ( 1 9 7 2 ) . I t was r e c o r d e d i n 

a c i d s t r e a m s i n South A f r i c a by Cholnoky ( 1 9 5 8 & 1 9 6 0 ) and 

Hancock ( 1 9 7 3 ) . Besch e_t a_l. ( 1 9 7 2 ) a l s o noted malformed 

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

l e a d and . Zn , but o t h e r a u t h o r s make no mention of su c h 

f e a t u r e s ( f o r f u r t h e r d i s c u s s i o n s e e 8 . 5 5 ) . 

7 . 8 Chlamydomonas a p p l a n a t a v a r . a c i d o p h i l a 

I . The g e n e r a l d e s c r i p t i o n of the or g a n i s m r e c o r d e d h e r e 

was the same as t h a t d e s c r i b e d by F o t t ( 1 9 5 6 ) f o r Chlamydomonas 

a p p l a n a t a v a r . a c i d o p h i l a and by Negoro ( 1 9 4 4 ) f o r the s p e c i e s 

Chlamydomonas a c i d o p h i l a . The two s p e c i e s a r e c o n s i d e r e d to 

be synonymous . The c e l l d i m e n s i o n s v a r i e d from 6 . 0 - 1 0 . 5 Jim 

i n l e n g t h and 3 . 5 - 8 . 0 urn i n w i d t h . U n l i k e the specimens 

examined by F o t t , t h e s p e c i e s r e c o r d e d h e r e d e m o n s t r a t e d t h e 

a b i l i t y to produce a p a l m e l l o i d s t a g e , both i n c u l t u r e and 

i n f i e l d c o n d i t i o n s . I n c u l t u r e the r e s t i n g s t a t e was more 

common i n n u t r i e n t d e p l e t e d media and a t t h e lower pH v a l u e s . 

I n the l a t t e r s i t u a t i o n i t was d i f f i c u l t to d e t e r m i n e whether 

t h e s e c e l l s were t r u l y i n the p a l m e l l o i d s t a t e , or whether 

they had l o s t t h e i r f l a g e l l a , a f e a t u r e w h i c h was common 

a t the extreme pH v a l u e s . 

A l t hough t h i s s p e c i e s d i d not d e m o n s t r a t e any ob v i o u s 

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



244 

the shape of t he c e l l s seemed to change w i t h t h e i r age. 

The f r e s h l y l i b e r a t e d d a u g h t e r c e l l s tended t o be more 

narrow and p o i n t e d a t the apex, w h i l s t the o l d e r c e l l s were 

l a r g e , o v o i d and w i t h a more rounded apex. These v a r i a t i o n s 

i n shape w i t h age have a l r e a d y been r e c o r d e d f o r t h i s genus 

by Lund ( 1 9 4 7 ) . 

I I . The a l g a was both more common and more abundant i n t he 

summer tha n w i n t e r ( s e e T a b l e 4.4) and on o c c a s i o n s was 

found to produce a m a c r o s c o p i c a l l y o b v i o u s bloom (eg. s i t e 9, 

r e a c h 5j s i t e 13, r e a c h 1 ) . 

I I I . I t was g e n e r a l l y i n d e p e n d e n t of the s u b s t r a t u m b e c a u s e 

of i t ' s m o t i l i t y . The g r e a t e s t d e n s i t i e s were o b s e r v e d i n 

the p o o l h a b i t a t and r e a c h e s of v e r y slow c u r r e n t speeds 

(eg. s i t e s 9, 13 and 1 4 ) . Where i t d i d o c c u r i n t h e f a s t e r 

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

f i l a m e n t o u s a l g a e (eg. s i t e 3, r e a c h 1: s i t e 4, r e a c h 3 ) . 

I V . T h e r e was no e v i d e n c e to s u g g e s t t h a t i t ' s p r e s e n c e 

was c o n t o l l e d by any s i n g l e p h y s i c a l or c h e m i c a l f a c t o r . 

I n c u l t u r e , growth was i n c r e a s e d by t h e p r e s e n c e of ammonium 

s a l t s , b u t t he f i e l d d a t a d i d not i n d i c a t e t h a t NH -N (see 2.72) 
4 

v a l u e s were c o r r e l a t e d w i t h i t s p r e s e n c e or abundance. Hopkins 
( Q I C X -/ o 

and Wann^also found t h a t a s p e c i e s of C h l o r e l l a u t i l i z e d NH^ 

i n p r e f e r e n c e to NO^. 

I t was v e r y t o l e r a n t to low pH, both i n t he f i e l d ( e g . 

s i t e 4, r e a c h 7) and l a b o r a t o r y ( s e e F i g . 6 . 3 ) . I t was a l s o 

r e s i s t a n t to l a r g e c o n c e n t r a t i o n s of heavy m e t a l s ( s e e T a b l e 4. 
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As mentioned i n 6.31, the o r g a n i s m d e m o n s t r a t e d the a b i l i t y 

t o r e d u c e t h e pH of the medium down to v a l u e s around pH 2.0. 

T h i s phenomenon has a l s o been found to o c c u r w i t h the 

t h e r m o p h i l i c a l g a Cyanidium c a l d a r i u m , but no e x p l a n a t i o n 

of t h i s a b i l i t y i s known. Hawley (1971) s u g g e s t e d t h a t 

o x i d a t i o n of f e r r o u s s u l p h a t e by b a c t e r i a , may r e s u l t i n 

the p r o d u c t i o n of s u l p h u r i c a c i d and t h u s a l o w e r i n g of 

the pH, however, t h e r e was no i n d i c a t i o n t h a t Chlamydomonas 

a p p l a n a t a was u t i l i z i n g the i r o n i n s o l u t i o n . 

As t h e r e was s u c h an o b v i o u s s e a s o n a l growth c y c l e f o r 

t h i s s p e c i e s , as c o n f i r m e d by the Brandon d a t a ( s e e F i g . 5/30) 

i t would s u g g e s t t h a t t e m p e r a t u r e may a l s o be i m p o r t a n t i n 

c o n t r o l l i n g i t ' s growth ( F i g . 6 / 1 1 ) . 

V. Many of the a u t h o r s i n v e s t i g a t i n g t h e a c i d h a b i t a t 

r e p o r t e d the p r e s e n c e of s p e c i e s of Chlamydomonas, f o r example 

S t e i n b a c k ( 1 9 6 6 ) , L a c k e y (1938) and B e n n e t t ( 1 9 6 9 ) . F o t t 

(1956) found Chlamydomonas a p p l a n a t a v a r . a c i d o p h i l a growing 

w e l l between pH 1 and 2 and Negoro (1944) r e c o r d e d the 

synonymous s p e c i e s Chlamydomonas a c i d o p h i l a , a t pH 1.7 i n a 

J a p a n e s e L a k e . 

7.9 Hormidium r i v u l a r e 

A l t h o u g h the g e n e r i c name Hormidium was changed by 

F o t t (1960) to Chlorohormidium b e c a u s e a genus of o r c h i d 

has p r i o r i t y f o r t h e former name, u n t i l t h e c u r r e n t 

c r i t i c a l s t u d i e s of the genus- have been completed ( P i c k e t t -

Heaps, 1 9 7 2 ) , the t r a d i t i o n a l g e n e r i c and s p e c i f i c names 

g i v e n by H e e r i n g (1914) have been r e t a i n e d i n o r d e r to 



246 

Fig-. 7.5 Hormidium r i v u l a r e A1 and A2 demonstrate variation i n 
chloroplasts, A3 geniculatiorr, A4 distorted filament with 
heavy granulation. 

A1 V-J 

0 
p c 

( 0 
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o v o i d c o n f u s i o n . T h e v a r i a t i o n i n t h e d i a g n o s t i c 

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

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

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

c o u l d t h e i d e n t i f i c a t i o n be c o m p l e t e d . 

As shown i n F i g . 7.5 t h e c e l l b r e a d t h a n d l e n g t h v a r i e d 

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

o f one f i l a m e n t . C e l l b r e a d t h r a n g e d f r o m 5 - 10 ura w i t h 

a mean o f 7 urn a n d c e l l l e n g t h v a r i e d b e t w e e n 1 a n d 3 t i m e s 

t h e b r e a d t h . T h e l o n g e r c e l l s a l s o t e n d e d t o be t h i n n e r 

( F i g . 7 . 5 A 1 ) , a l t h o u g h t h i s was n o t a l w a y s f o u n d t o b e t h e 

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

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

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

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

b r e a k i n g up o f t h e f i l a m e n t s . 

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

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

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

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

was a l s o made on l a b o r a t o r y c u l t u r e s g r o w n a t low pH a n d 

i n l a r g e c o n c e n t r a t i o n s o f Zn a n d Cu ( s e e 6.35 a n d 6 . 4 ) . 

Two c h a r a c t e r i s t i c s o f t h e s p e c i e s a r e t h e p r e s e n c e o f 

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

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

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

f r o m a p o p u l a t i o n g r o w i n g i n p r e s u m e d optimum c o n d i t i o n s . 
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they were o f t e n d i f f i c u l t to d e t e c t ( s e e F i g . 7.51A). 

Although i t i s d i f f i c u l t to a s s e s s the amount of m u c i l a g e 

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

m u c i l a g e p r o d u c t i o n i n c r e a s e d when t h e o rganism was growing 

i n the lower pH c o n d i t i o n s (pH 2.75 - 3 . 0 ) , b u t t h a t a t pH 

the l i m i t f o r growth, e s t i m a t e d t o be pH 2.5 ( s e e 6.35)y 

the amount of m u c i l a g e was markedly r e d u c e d . 

The s i n g l e p a r i e t a l c h l o r o p l a s t of each c e l l was u s u a l l y 

c l e a r l y d e f i n e d and o c c u p i e d between 0.25 and 0.45 of the 

c e l l volume. From a t r a n s v e r s e view of the c e l l s j the 

shape of the c h l o r o p l a s t v a r i e d from s e m i - e l l i p t i c a l ( F i g . 7.5A1) 

to s e m i - c i r c u l a r ( F i g . 7.5A2). The e l l i p i t i c a l form was 

g e n e r a l l y a s s o c i a t e d w i t h the l o n g e r c e l l s , w h i l s t the rounded 

c h l o r o p l a s t s were p r e d o m i n a n t l y found i n the s h o r t e r c e l l s 

and t h e r e f o r e c o u l d be d e t e r m i n e d by the age and s t a t e o f 

the c e l l s . I t was not u n u s u a l to f i n d examples of both t y p e s 

i n one f i l a m e n t , a l t h o u g h u s u a l l y one was the dominant typ e 

f o r a g i v e n f i l a m e n t . 

I n f i e l d and c u l t u r e d p o p u l a t i o n s when growth was r a p i d , 

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

tended to be dominant, but i n p o p u l a t i o n s i n which the 

growth r a t e was s l o w e r , the o c c u r r e n c e of f i l a m e n t s w i t h 

l o n g e r c e l l s and e l l i p i t i c a l c h l o r o p l a s t s i n c r e a s e d . Under 

c o n d i t i o n s of low pH (pH 2.5) and l a r g e c o n c e n t r a t i o n s 

of heavy m e t a l s , both f i e l d and l a b o r a t o r y m a t e r i a l i n c l u d e d 

f i l a m e n t s i n which the c e l l s were o f t e n d i s t o r t e d and 
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e n l a r g e d w i t h t h i c k e n e d c e l l w a l l s , and i n v a r i a b l y t h e 

whole f i l a m e n t was t w i s t e d ( F i g . 7.5A4) . The c h l o r o p l a s t 

m a r g i n s became i n d i s t i n c t and t he volume of c e l l o c c u p i e d 

by the c h l o r o p l a s t was r e d u c e d to l e s s than 0.25 t o t a l c e l l 

volume. The amount of g r a n u l a t i o n i n t h e s e c e l l s a l s o 

i n c r e a s e d , i n d i c a t i n g t h a t normal me t a b o l i s m was b e i n g 

i n h i b i t e d . The d e c r e a s e d growth which o c c u r r e d i n s u b - o p t i m a l 

pH and heavy m e t a l growth c o n d i t i o n s , was e v i d e n t by an 

i n c r e a s e i n the f r e q u e n c y of l o n g e r , n a r r o w e r c e l l s w i t h 

semi e l l i p t i c c h l o r o p l a s t s . 

The o c c u r r e n c e of g e n i c u l a t i o n s ( F i g . 7.43) i s c o n s i d e r e d 

to be an i m p o r t a n t d i a g n o s t i c f e a t u r e of Horm idiurn r i v u l a r e 

H e e r i n g (1914) and a l t h o u g h they o c c u r r e d i n e v e r y p o p u l a t i o n , 

t h e i r f r e q u e n c y was e x t r e m e l y v a r i a b l e . A g a i n , c o n d i t i o n s 

which i n h i b i t e d growth seemed to c a u s e an i n c r e a s e i n 

g e n i c u l a t i o n s and an i n c r e a s e i n m u c i l a g e around the knee 

j o i n t s , as shown i n 7.5A3. They were a l s o more common i n 

h e a l t h y p o p u l a t i o n s dominated by long f i l a m e n t s and hence 

may be i n d i c a t i v e of o l d e r p o p u l a t i o n s . However^in r a p i d l y 

growing p o p u l a t i o n s t h e i r p r e s e n c e was found a t t i m e s to 

be e x t r e m e l y r a r e . 

The f o r m a t i o n of a k i n e t e s was common f o r t h i s s p e c i e s , 

and t h e o c c u r r e n c e of z o o s p o r e s was never o b s e r v e d . A k i n e t e 

f o r m a t i o n was most common i n o l d e r p o p u l a t i o n s and i n 

c o n d i t i o n s where growth was i n h i b i t e d . F r a g m e n t a t i o n may 

a l s o be c o n s i d e r e d i m p o r t a n t as a method of d i s p e r s a l f o r 

t h i s s p e c i e s . U s u a l l y the f i l a m e n t s s e p a r a t e a t t h e 
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g e n i c u l a t i o n where i t i s p r e s e n t , but f r a g m e n t a t i o n a l s o 

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

broken . 

I I . The o c c u r r e n c e of t h i s a l g a was w i d e s p r e a d above 

pH 2.5. From the s u r v e y and Brandon P i t h o u s e A c i d Stream 

d a t a , i t was found to be most common and abundant i n summer 

and autumn. Where the s p e c i e s o c c u r r e d , i t tended to be the 

dominant or co-dominant a l g a , o f t e n c o m p l e t e l y c o v e r i n g 

the s t r e a m bed (eg. s i t e 3, r e a c h 4: s i t e 8, r e a c h 3: and 

s i t e 1 2 ) . I t ' s optimum growth pH under l a b o r a t o r y c o n d i t i o n s 

was found to be pH 3.5 - 4.0 and under f i e l d c o n d i t i o n s i t s 

growth was o b v i o u s l y i n h i b i t e d by v a l u e s of l e s s than pH 2.7. 

I I I . The d i s t r i b u t i o n and abundance o f the a l g a was not 

a f f e c t e d to any g r e a t e x t e n t by c u r r e n t v e l o c i t y , b u t i t s 

o c c u r r e n c e i n s t a g n a n t water was r a r e . The t y p e of s u b s t r a t u m 

d i d not appear to be r e s t r i c t i v e , as long as t h e r e was a 

s t a b l e s u b s t r a t u m which would p r e v e n t t h e f i l a m e n t s b e i n g 

washed o u t i n f a s t c u r r e n t s p e e d s . 

I V . As mentioned i n 6.34, t h e l o w e s t pll a t which t h i s 

s p e c i e s was found t o grow e i t h e r i n t h e f i e l d or a r t i f i c i a l 

medium was pH 2.5. I t was t h e r e f o r e assumed t h a t t h i s pH 

v a l u e was near i t ' s l i m i t of growth and t h a t pH may be one 

of the major f a c t o r s c o n t r o l l i n g i t ' s p r e s e n c e and abundance 

i n the a c i d i c e n v i r o n m e n t . 

The a l g a was a l s o c a p a b l e of t o l e r a t i n g q u i t e h i g h 

c o n c e n t r a t i o n s of heavy m e t a l s . The s u r v e y d a t a showed 

t h a t w h i l s t i t grew w e l l i n h i g h l e v e l s of Zn (maximum 
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t o l e r a t e d 67.4 mg 1 ) , i t d i d not grow i n the r e a c h e s 

where h i g h e r l e v e l s o c c u r r e d ( s e e T a b l e s 4 . 9 ) . The a b s e n c e 

of the s p e c i e s a t the h i g h e r l e v e l s may be due t o the 

h a b i t a t b e i n g u n s u i t a b l e , r a t h e r than t h e l e v e l o f Zn 

r e s t r i c t i n g growth. F o r example, a t s i t e 14, the a l g a 

was abundant i n r e a c h 1 a t 67.4 mg 1 ' Zn, b u t a b s e n t i n 

the p o o l h a b i t a t of r e a c h 2 a t 193 mg l ~ l Zn. L a b o r a t o r y 

s t u d i e s on one p o p u l a t i o n of Hormidium r i v u l a r e showed t h a t 

the growth of t h i s p o p u l a t i o n was r e s t r i c t e d t o o n l y 30 mg 1 * 

Zn, but t h a t l e v e l s of l e s s than those above were t o x i c a t 

h i g h pH v a l u e s . I t would t h e r e f o r e appear t h a t both pH 

and heavy m e t a l c o n c e n t r a t i o n have some i n f l u e n c e on the 

growth of t h i s s p e c i e s and t h a t r e s i s t a n c e to heavy m e t a l s 

v a r i e s from one p o p u l a t i o n to a n o t h e r . 

V. A p a r t from t h i s s t u d y t h e r e a p p e a r s to be no o t h e r r e c o r d 

of t h i s s p e c i e s a t low pH. However, s e v e r a l a u t h o r s have 

r e p o r t e d o t h e r s p e c i e s which p o s s i b l y i n c l u d e Hormidium 

r i v u l a r e . F o r example, S h e l l g r e n e_t a_ l . (1967) r e p o r t e d 

Hormidium s p . as the most common s p e c i e s between pH 3.0 and 

3.7. Weaver & Nash (1968) r e c o r d e d a s i m i l a r s p e c i e s 

Hormidium s u b t i l e growing a t pH 3.0 and 3.5. 

7/10 Zygogonium e r i c e t o r u m 

I . Of t h e s p e c i e s r e c o r d e d below pH 3.0, Zygogonium e r i c e t o r u m 

was one of t h o s e which d e m o n s t r a t e d the l e a s t m o r p h o l o g i c a l 

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

the c e l l w a l l t h i c k n e s s , t h i s i n c r e a s e d when growth c o n d i t i o n s 
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were u n f a v o u r a b l e , f o r i n s t a n c e a t growth l i m i t i n g pH. 

Under i n h i b i t o r y pH c o n d i t i o n s , e s t i m a t e d to be around 

pH 2.5 ( s e e T a b l e s 4.7 and 4.9) the c e l l w a l l t h i c k e n i n g 

was o f t e n accompanied by a d e c r e a s e i n c h l o r o p l a s t s i z e . 

Around pH 2.5 the above m o r p h o l o g i c a l changes were f o l l o w e d 

by f u r t h e r d i s t o r t i o n of the c e l l s and e v e n t u a l d e a t h . 

Many of the p o p u l a t i o n s r e c o r d e d were dominated • by 

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

whi c h i s a c h a r a c t e r i s t i c of the s p e c i e s . The o c c u r r e n c e 

of the pigment d i d not seem to be l i n k e d w i t h any c h e m i c a l 

f a c t o r (eg. . Fe ) . However, i t was o b s e r v e d t h a t i n c e l l s 

t h a t were shaded by a mass of o t h e r f i l a m e n t s they d i d not 

c o n t a i n the pigment as f r e q u e n t l y as t h o s e t h a t were i n 

f u l l s u n l i g h t . T h i s o b s e r v a t i o n was p a r t l y s u p p o r t e d by a 

d e c r e a s e i n the depth of c o l o u r of the pigment when the 

f i l a m e n t s were k e p t i n the dark f o r 24 h o u r s . 

I I . The a l g a d i d not appear to have any o b v i o u s s e a s o n a l 

c y c l e and was common and abundant i n both s u r v e y s . Where 

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

i n a s s o c i a t i o n w i t h Hormidium r i v u l a r e and forming a t h i c k 

mat of f i l a m e n t s . 

I I I . I t was m a i n l y found i n the slow f l o w i n g and s t a g n a n t 

s i t e s ( e g . s i t e 1: s i t e 6, r e a c h e s , 1 , 2 ) , but once e s t a b l i s h e d ^ 

i t was c a p a b l e of w i t h s t a n d i n g f a s t e r c u r r e n t s p e e d s . I t 

was o f t e n abundant i n the a c i d s e e p a g e s (eg. s i t e s 1 and 8 ) . 

I V . As a l r e a d y mentioned i n s e c t i o n I , t h e l o w e s t pH a t 

w h i c h the s p e c i e s was found growing was pH- 2.5. However, 
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on o c c a s i o n s , l i v e f i l a m e n t s were r e c o r d e d a t s l i g h t l y 

lower pH v a l u e s , but o b s e r v a t i o n s s u g g e s t e d t h a t the a l g a 

c o u l d not grow p e r m a n e n t l y under t h e s e c o n d i t i o n s , .as 

many of the c e l l s were dead and t h o s e which were a l i v e 

were d i s t o r t e d and i n many c a s e s the c h l o r o p l a s t was 

y e l l o w e d . The a l g a seemed c a p a b l e of t o l e r a t i n g l a r g e 

c o n c e n t r a t i o n s of heavy m e t a l s , i n p a r t i c u l a r Zn , as 

w e l l as h i g h a c i d i t y (eg. s i t e 14, r e a c h 2: s i t e 6, r e a c h 

1 , 2 ) . 

V. the o n l y r e f e r e n c e to t h i s s p e c i e s was made by Weaver 

& Nash (1968) a t pH 3.0 to 3.5. 

7.11 C h a r a c i u m s p . 

I . The morphology of t h i s a l g a was v e r y v a r i a b l e (see F i g . 

7.4B) and i t was not p o s s i b l e to d e s i g n a t e a b i n o m i a l . 

A t tempts to c u l t u r e the a l g a i n o r d e r to produce a more 

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

The c e l l l e n g t h s ranged from 2-6 urn and w i d t h from 2-3 

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

q u a r t e r s of the t o t a l c e l l volume. The c e l l shape v a r i e d 

c o n s i d e r a b l y , from o.void, to a l m o s t s e m i c i r c u l a r . T h e r e 

was no o b v i o u s b a s a l a t t a c h m e n t on most of the e e l I s , a l t h o u g h 

o c c a s i o n a l l y , t h i s was o b s e r v e d (eg. s i t e 1, r e a c h 3 ) . 

I I . The s p e c i e s was more common i n summer tha n w i n t e r , but 

was r a r e l y abundant. 

I I I . The a l g a was most w i d e s p r e a d i n slow f l o w i n g w a t e r s 

and i n a s s o c i a t i o n w i t h moss and f i l a m e n t o u s a l g a l s p e c i e s , but 

i t was a l s o found to c o l o n i s e bedrock i n q u i t e r a p i d c u r r e n t 

s peeds (eg. s i t e 1 2 ) . 
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I V . A l t h o u g h t h e r e was some i n d i c a t i o n t h a t a t the more 

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

the a l g a d i d not seem to be i n f l u e n c e d by any o t h e r 

p a r a m e t e r measured. I t was v e r y r e s i s t a n t to low pH 

( l o w e s t pH a t which growth was r e c o r d e d was pH 1.5) and 

h i g h a c i d i t y , and a l s o to l a r g e c o n c e n t r a t i o n s of heavy 

m e t a l s (eg. s i t e 4, r e a c h 5: s i t e 12, r e a c h e s 2, 3 ) . 

V. 

7/12 L e p o c i n c l l s ovum 

I . T h i s a l g a was not found to v a r y much i n s i z e or 

morphology, when compared w i t h o t h e r s p e c i e s r e c o r d e d h e r e . 

At pH 2.5 the o c c u r r e n c e of 'monster' c e l l s ( s e e 7.2) was 

q u i t e common. 

I I . I t was o n l y r e c o r d e d i n the w i n t e r s u r v e y a t s i x 

r e a c h e s i n t h r e e s i t e s . I t was r e a s o n a b l y abundant i n some 

of t h e s e r e a c h e s (eg. s i t e 6, r e a c h e s 7, 9: s i t e 8, r e a c h 1) 

The s e a s o n a l c y c l e , as i n d i c a t e d by t he s u r v e y s , was not 

found i n Brandon P i t h o u s e A c i d Stream ( s i t e 3, r e a c h 10) a t 

pH 3.2. At t h i s r e a c h the a l g a was r e c o r d e d from J u l y to 

l a t e O c t o b e r , but not d u r i n g the w i n t e r and s p r i n g s e a s o n s . 

I I I . I t was most abundant i n slow f l o w i n g w a t e r s and p o o l s 

(eg. s i t e , r e a c h 1: s i t e 8, r e a c h 1) and d i d not appear 

to be r e s t r i c t e d by the type of s u b s t r a t u m . 

I V . A l t h o u g h t h e r e were o n l y a few r e c o r d i n g s of t h i s 

s p e c i e s , the d a t a s u g g e s t t h a t pH 2.5 may be i t ' s growth 

l i m i t i n g pH. I n Brandon P i t h o u s e A c i d Stream i t was ne v e r 

found growing below pH 3.0, a l t h o u g h the o p p o r t u n i t y to 
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to c o l o n i s e lower pH v a l u e s was a v a i l a b l e . As mentioned 

i n s e c t i o n I I I , c u r r e n t speed a l s o a ppeared to i n f l u e n c e 

i t ' s p r e s e n c e i n a r e a c h . 

V. L e p o c i n c l i s ovum was r e p o r t e d by L a c k e y (1938) as 

growing a t pH 4.5, but was not r e c o r d e d a t lower v a l u e s 

even though t h e y were a v a i l a b l e f o r i n o c u l a t i o n by the 

s p e c i e s . 

7/13 Chlamydomonas s p . 

I . T h i s s p e c i e s was r e c o r d e d s e p a r a t e l y from Chlamydomonas 

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

d i f f e r e n c e . The c e l l demensions were: l e n g t h 2-3.5 p.m and 

b r e a d t h 1.5 - 3.0 urn. The two f l a g e l l a were 2-3 times the 

c e l l l e n g t h and the c e l l s were o v o i d to round, w i t h a p o i n t 

a t the apex, the c h l o r p l a s t was p a r i e t a l w i t h a s t i g m a near t h e 

apex and a s i n g l e p y r e n o i d , which a t times was not v e r y 

o b v i o u s . I t i s p o s s i b l e t h a t t h i s s p e c i e s was a v a r i e t y of 

C. a p p l a n a t a , however, i t was f e l t t h a t i t ' s pH c h a r a c t e r i s t i c s 

and g e n e r a l a p p e a r a n c e were s u f f i c i e n t l y d i f f e r e n t to j u s t i f y 

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

I I . I t was r e c o r d e d a t f i v e r e a c h e s i n two s i t e s and was 

abundant i n two of those r e a c h e s ( s i t e 6, r e a c h e s 7 and 9 ) . 

L i k e the o t h e r chlamydomonad,. the few r e c o r d s c o l l e c t e d 

s u g g e s t e d t h a t i t was more common i n summer than w i n t e r . 

I I I . As w i t h most of the f l a g e l l a t e d s p e c i e s i t was o n l y 

found i n the s l o w e r f l o w i n g s t r e a m s and the p o o l h a b i t a t . 

V. I t was r e c o r d e d a t and above pH 2.7, b u t t h e r e a r e 
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i n s u f f i c i e n t r e c o r d s to make any judgements on i t ' s 

t o l e r a n c e to pH. or o t h e r c h e m i c a l f a c t o r s r e c o r d e d . 

V. 

7/14 S t i c h o c o c c u s b a c i l l a r i s 

I . At pH v a l u e s above 2.0 S t i c h o c o c c u s b a c i l l a r i s had 

u n i f o r m morphology ( F i g . 7 . 4 C 1 ) . Below pH 2.0, both i n 

c u l t u r e ( s e e 6.35) and i n f i e l d s a mples (eg. s i t e 4, r e a c h 7) 

c e l l s were m i s - s h a p e n , v a r y i n g from the normal r o d , to o v o i d , 

' s ' and *u' shaped c e l l s ( s e e F i g . 7 . 4 C 2 ) . The c h l o r o p l a s t 

d i d not appear to be a f f e c t e d i n any way by the low pH, 

a l t h o u g h a t pH 1.5 i n c u l t u r e , the c h l o r o p l a s t was r e d u c e d 

and y e l l o w . A l t h o u g h the growth r a t e was r e d u c e d a t pH 

I . 5 ( s e e 6.35) t h e s e d i s t o r t e d c e l l s seemed c a p a b l e of 

d i v i s i o n and as a l r e a d y mentioned i n 6.31 a t pH 1.75 growth 

was not r e d u c e d s i g n i f i c a n t l y , even though the p o p u l a t i o n 

was dominated by d i s t o r t e d c e l l s . 

I I . As p r e v i o u s l y d e s c r i b e d i n 4.41, i t was not a common 

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

and o n l y one of t h e s e on both s u r v e y s ( s i t e 3, r e a c h 1) . 

I t was never an abundant s p e c i e s ( s e e T a b l e 4.8) a l t h o u g h 

a t s i t e 3, o c c a s i o n a l m a c r o s c o p i c growths were o b s e r v e d . 

I I I . I t was m a i n l y found i n poote and slow f l o w i n g s t r e a m s , 

but s i n g l e c e l l s were found i n a s s o c i a t i o n w i t h o t h e r p l a n t s 

i n f a s t e r c u r r e n t speeds (eg. s i t e 3, r e a c h 1 ) . 

I V . I t was v e r y t o l e r a n t of pH both i n the f i e l d (pH 1.8) 

and i n the l a b o r a t o r y (pH 1.5) and was a l s o r e c o r d e d a t 
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h i g h a c i d i t y v a l u e s (eg. s i t e 4, r e a c h 7 ) . 

V. No r e c o r d s of t h i s s p e c i e s i n t h e a c i d h a b i t a t were 

found i n the l i t e r a t u r e , a l t h o u g h r e f e r e n c e was made to a 

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

a r e p o r t on a c i d p o l l u t i o n by P a t r i c k (1974) . 

7/15 N i t z s c h i a s p . type A 

I . T h i s s p e c i e s v a r i e d c o n s i d e r a b l y i n morphology as 

shown i n F i g . 7.3A, w i t h t h e l e n g t h of t h e f r u s t u l e s 

r a n g i n g from 10-20 um and the w i d t h from 6-7 um, the k e e l 

p o i n t s were between 13 - 16 i n 10 Hm and the s t r i a e were 

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

were s l i g h t l y s e p a r a t e d and t he f r u s t u l e s c a p i t a t e . The 

l a t t e r c h a r a c t e r was v e r y v a r i a b l e . 

I t was not p o s s i b l e to f i n d a d e s c r i p t i o n w h i c h f i t t e d 

t h i s diatom c o m p l e t e l y . The s i z e , t h e number of k e e l p o i n t s 

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

but t h e s e p a r a t e d c e n t r a l k e e l p o i n t s a r e not c h a r a c t e r i s t i c 

of t h i s s p e c i e s . 

Some of the f r u r t u l e s were s i m i l a r to the extreme forms 

of N i t z s c h i a s u b c a p i t e l l a t a , however, o t h e r c h a r a c t e r i s t i c s 

s u c h as k e e l p o i n t s and degree of c a p i t a t i o n do not f i t 

the d e s c r i p t i o n of N. s u b c a p i t e l l a t a . I t i s p o s s i b l e t h a t 

t h i s may be an u n d e s c r i b e d s p e c i e s , or i t may j u s t be a 

v a r i e t y of an e x i s t i n g s p e c i e s , p o s s i b l y of the N. f o n t I C Q l a 

group ( J . C. C a r t e r , ' p e r s . comm. 1 9 7 3 ) . 

I I . Numerous specimens of t h i s s p e c i e s were r e c o r d e d from 

two d i f f e r e n t s i t e s i n s u r v e y A ( s i t e s 1 and 11) b u t were 
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n o t r e c o r d e d a t any o t h e r r e a c h or i n the same r e a c h e s i n 

s u r v e y B. 

I I I . Both s i t e s were c h a r a c t e r i z e d by slow f l o w i n g and 

s t a g n a n t w a t e r , w i t h a s i l t y s u b s t r a t u m . 

I V . N e i t h e r of the s i t e s a t which the a l g a was r e c o r d e d were 

p a r t i c u l a r y r i c h i n heavy m e t a l s and t h e l o w e s t pH v a l u e 

was pH 2.5. 

V. 

7/16 Cryptomonas s p . 

I . B e c a use t h e o c c u r r e n c e and abundance of t h i s s p e c i e s 

were low, i t was not p o s s i b l e to g a i n much i n f o r m a t i o n 

on the morphology of the or g a n i s m . The n e a r e s t d e s c r i p t i o n 

was to t h a t of Cryptomonas e r o s a , b ut b e c a u s e i t was not 

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

were found a t any one tim e , a c c u r a t e i d e n t i f i c a t i o n was not 

p o s s i b l e . 

I I . The a l g a was o n l y r e c o r d e d a t two s i t e s ( s i t e s 3 and 11) 

one i n each of the s u r v e y s . At s i t e 3, Brandon P i t h o u s e 

A c i d Stream, i t o c c u r r e d throughout t h e y e a r b ut never i n 

l a r g e numbers. 

I I I . I t grew i n f l o w i n g and s t a g n a n t w a t e r s , i n the former 

i t tended to be a s s o c i a t e d w i t h mosses. 

I V . 

V. Both Cryptomonas e r o s a and C. o v a t a have been r e c o r d e d 

below pH 3.0 i n the U.S.A. s u r v e y s of L a c k e y (1938) and 

B e n n e t t ( 1 9 6 9 ) . 
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7/17 N i t z s c h i a o v a l i s 

I . Only a few l i v e s pecimens of t h i s s p e c i e s were found 

a t two s i t e s and t h e r e was no i n d i c a t i o n of m o r p h o l o g i c a l 

v a r i a t i o n . I t i s p o s s i b l e t h a t t h i s s p e c i e s may be a v a r i a n t 

of N i t z s c h i a e l l i p t i c a , as N i t z s c h i a o v a l i s i s u s u a l l y found i n 

b r a c k i s h and marine e n v i r o n m e n t s . However, the o v a l shape and 

v e r y f i n e s t r i a t i o n s n o r m a l l y a s c r i b e d to N. o v a l i s were p r e s e n t 

( s e e F i g . 7.3D) and the number of k e e l p o i n t s were a l s o 

c h a r a c t e r i s t i c . N e v e r t h e l e s s the form a l r e a d y d e s c r i b e d f o r 

N. e l l i p t i c a ( s e e 7.6) was s u f f i c i e n t l y d i v e r s e as to 

i n c l u d e t he c h a r a c t e r i s t i c s of N_. o v a l i s . N_. e l l i p t i c a 

was not r e c o r d e d i n the same r e a c h , a t the same time, ( s i t e 6, 

r e a c h 8 ) , but was found i n the s u b s e q u e n t s u r v e y , t h u s p l a c i n g 

f u r t h e r doubt on the i d e n t i f i c a t i o n o f Ni t z s c h i a o v a l i s • 

I I . The diatom was o n l y r e c o r d e d a t two s i t e s ( s i t e 6, r e a c h 8: 

s i t e 11, r e a c h 1) and was not found i n l a r g e numbers. No 

r e c o r d s were made i n the second s u r v e y , t h u s s u g g e s t i n g t h a t 

i t was more common i n the l a t e summer tha n w i n t e r p e r i o d . 

I V . Both r e c o r d s of the diatom were made i n the p o o l h a b i t a t 

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

I V . The l o w e s t pH a t which i t o c c u r r e d was pH 2.5 and t h e r e 

d i d not appear to be any more v a r i a t i o n i n morphology th a n 

a t pH 2.8. The heavy m e t a l c o n c e n t r a t i o n s i n t h e s e w a t e r s 

were low f o r a c i d s t r e a m s , t h e r e f o r e i t ' s r e s i s t a n c e to 

t h e s e m e t a l s i n unknown. 

V. I t does not appear to have been r e c o r d e d by any o t h e r 

a u t h o r a t low pH. 
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7/18 P i n n u l a r i a m i c r o s t a u r o n 

I . T h e m o r p h o l o g y o f t h e few f r u s t u l e s f o u n d o f t h i s 

s p e c i e s was i n k e e p i n g w i t h t h e p r e v i o u s d e s c r i p t i o n s g i v e n 

i n t h e l i t e r a t u r e , a l t h o u g h t h e r e was q u i t e a l a r g e v a r i a t i o n 

i n s i z e a n d t o a l e s s e r e x t e n t o u t l i n e ( s e e F i g . 7 . 2 E ) . 

I I . I t o c c u r r e d a t s i t e 11, r e a c h 2, i n b o t h s u r v e y s . 

O n l y a few s p e c i m e n s w e r e c o l l e c t e d on e a c h o c c a s i o n , b u t 

a l l w e r e a l i v e a t t h e t i m e o f e x a m i n a t i o n . 

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

w i t h a s i l t c l a y s u b s t r a t u m . 

I V . 

V. A l t h o u g h t h i s s p e c i e s was n o t r e p o r t e d i n t h e l i t e r a t u r e 

a s g r o w i n g b e l o w pH 3.0, i t was r e c o r d e d a t h i g h e r a c i d 

pH v a l u e s by H a n c o c k (1973) and B e s c h e t a _ l . (1972) . 

7/19 N i t z s c h i a p a l e a 

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

s p e c i e s a n d t h e r e a p p e a r e d t o be no m o r p h o l o g i c a l v a r i a t i o n 

w i t h i n t h e p o p u l a t i o n s a m p l e d . 

I I . T h e d i a t o m w as o n l y r e c o r d e d a t s i t e 3, r e a c h 4, on b o t h 

s u r v e y s . I t was more a b u n d a n t d u r i n g t h e l a t e summer s u r v e y . 

I I I . T h e a l g a was g r o w i n g i n a s l o w f l o w i n g r e a c h o f t h e 

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

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

o c c u r r i n g . 

I V . T h e l o w e s t pH a t w h i c h i t o c c u r r e d was pH 2.7 a n d t h e 

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

h a b i t a t . 
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V. R e p o r t s o f t h e o c c u r r e n c e o f t h i s d i a t o m a t pH 3.0 

and a b o v e a r e g i v e n by B e n n e t t ( 1 9 6 9 ) , P a t r i c k (1974) a n d 

H a n c o c k (1973) . 

7/20 N a v i c u l a s p . 

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

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

T h e r e d o e s n o t a p p e a r t o be a d e s c r i p t i o n w h i c h t o t a l l y 

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

j u s t i f y a new b i n o m i a l . T h e l e n g t h v a r i e d f r o m 14.5 - 16 Jim 

and t h e w i d t h 4.5 - 6 urn. T h e r e w e r e 26 - 28 s t r i a e i n 

10 lira, w i t h a c i r c u l a r , c l e a r a r e a i n t h e c e n t r a l a r e a 

o f t h e f r u s t u l e ( s e e F i g . 7 . 3 c ) . T h e s t r i a e a t t h e e n d s 

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

t o w a r d s t h e c e n t r e t h e y became i n c r e a s i n g l y s h o r t e r a n d 

b e n t i n t o w a r d s t h e c e n t r e . 

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

d e s c r i b e d was t o N a v l c u l a d e s c u s s i s w h i c h h a s a s i m i l a r 

s i z e r a n g e a n d s t r i a e f o r m a t i o n . H o w e v e r , t h e c e n t r a l 

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

d i f f e r e n t s o a s t o s e p a r a t e them. 

I I . A few f r u s t u l e s o f t h i s d i a t o m w e r e f o u n d i n b o t h 

s u r v e y s a t s i t e 11, r e a c h 1. Some d e a d f r u s t u l e s w e r e a l s o 

r e c o r d e d a t s i t e 9, r e a c h 3. 

I I I . T h e s i t e a t w h i c h t h e l i v e c e l l s w e r e r e c o r d e d was a 

p o o l h a b i t a t . 

I V . I t i s p o s s i b l e t h a t t h e g r o w t h o f t h i s s p e c i e s may be 
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r e s t r i c t e d by low pH, a s i t grew a t pH 2.5 a n d 2.8, b u t 

a l l t h e f r u s t u l e s w e r e d e a d a t pH 2.1, a t s i t e 9. 

V. A l t h o u g h no d e s c r i p t i o n o f s e v e r a l N a v i c u l a s p p . 

a r e g i v e n , L a c k e y (1938) a n d S t e i n b a c k (1966) r e c o r d e d 

s p e c i e s o f N a v i c u l a b e l o w pH 3.0. 

7/21 N i t z s c h i a s p . t y p e B 

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

t h i s N i t z s c h i a s p . a n d i t may p o s s i b l y be a new s p e c i e s 

( s e e F i g . 7 . 3 B ) . 

T h e l e n g t h v a r i e d f r o m 20 - 60 |im a n d t h e w i d t h f r o m 

4 - 6 (J.m; t h e r e w e r e b e t w e e n 13 - 15 k e e l p o i n t s a n d 42 - 45 

s t r i a e i n 10 um . T h e c e n t r a l k e e l p o i n t s w e r e o b v i o u s l y 

s e p a r a t e d , t h u s f o r m i n g a l i n k w i t h t y p e A. T h e s i d e s 

o f t h e f r u s t u l e s w e r e p a r a l l e l , b u t some w e r e e i t h e r s l i g h t l y 

c o n v e x o r c o n c a v e . T h e d e g r e e o f c a p i t a t i o n v a r i e d c o n s i d e r a b l y , 

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

t h e s m a l l e r f o r m . 

I I . T h i s s p e c i e s was o n l y r e c o r d e d a t s i t e 11, i n s u r v e y A, 

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

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

I I I . As m e n t i o n e d a b o v e , t h e d i a t o m was g r o w i n g a t s i t e 11, 

r e a c h 1 w h i c h was a l a r g e p o o l ( s e e T a b l e 3.1) w i t h a s i l t 

a n d c l a y s u b s t r a t u m . B e c a u s e o f i t ' s s i z e i t was a s s u m e d 

t h a t t h e p o o l was l i k e l y t o be p e r m a n e n t a n d t h e r e f o r e p r o v i d e d 

a s t a b l e h a b i t a t . 

I V . 
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7/23 N a v i c u l a n i v a l i s 

I . O n l y a few s p e c i m e n s o f t h i s d i a t o m w e r e o b t a i n e d a n d 

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

I I . T h e d i a t o m was r e c o r d e d o n l y a t s i t e 5, r e a c h 3. 

A l t h o u g h t h e r e w e r e q u i t e a number o f s p e c i m e n s , no c e l l s 

w e r e r e c o r d e d d u r i n g t h e s e c o n d s u r v e y . 

I l l T h e a l g a was g r o w i n g i n a medium c u r r e n t s p e e d (0.27 m 

s e c * ) , on a s u b s t r a t u m o f p r e d o m i n a n t l y s h a l e a n d c l a y . 

I V . 

V. No p r e v i o u s r e c o r d s o f t h e p r e s e n c e o f t h i s s p e c i e s i n 

t h e a c i d e n v i r o n m e n t w e r e f o u n d . 

7/23 U l o t h r i x z o n a t a 

I . No m o r p h o l o g i c a l a n o m a l i e s w e r e e v i d e n t . 

I I . T h e s p e c i e s o n l y o c c u r r e d a t r e a c h 1, s i t e 12, i n t h e 

l a t e w i n t e r s u r v e y . T h e f i l a m e n t s w e r e g r o w i n g w i t h a 

p o p u l a t i o n o f H o r m i d i u m r i v u l a r e . 

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

i n s l o w f l o w i n g w a t e r . 

I V . T h e r e was no e v i d e n c e t h a t t h e g r o w t h was a f f e c t e d by 

pH 3.0 a n d m o d e r a t e l y l a r g e c o n c e n t r a t i o n s o f h e a v y m e t a l s 

( s e e T a b l e 4 . 9 ) . 

V. I t was r e c o r d e d by L a c k e y (1938) i n w a t e r a t pH 2.5 a n d 

a s a r a r e member o f a c i d c r e e k s b e l o w pH 3.0, by B e n n e t t 

(1969) . 

7/24 M i c r o t h a m n i o n s t r i c t i s s i m u m 

I . T h e s p e c i m e n c o l l e c t e d d i d n o t show any m a r k e d m o r p h o l o g i c a l 
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v a r i a t i o n , a l t h o u g h t h e c h l o r o p l a s t s i n many c e l l s w e r e 

y e l l o w . 

I I . I t was o n l y r e c o r d e d a t s i t e 12, r e a c h 1 d u r i n g s u r v e y 

A. O n l y a few f i l a m e n t s w e r e f o u n d g r o w i n g i n a s s o c i a t i o n 

w i t h H o r m i d i u m r i v u l a r e . I t was a l s o f o u n d i n B r a n d o n 

P i t h o u s e A c i d S t r e a m a t pH v a l u e s o f 3.1 a n d a b o v e , b u t 

n e v e r i n t h e more a c i d i c r e a c h e s . 

I I I . I n B r a n d o n P i t h o u s e A c i d S t r e a m i t was r e c o r d e d i n 

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

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

I V . pH v a l u e s o f l e s s t h a n 3.0 a p p e a r t o be d e t r i m e n t a l 

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

a v a l u e a r o u n d pH 3.0 i s t h e g r o w t h l i m i t b u t t h a t t h e a l g a 

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

pH v a l u e s . 

V. T h e r e a r e s e v e r a l r e f e r e n c e s t o t h e g r o w t h o f t h i s a l g a 

i n t h e a c i d i c e n v i r o n m e n t . B e n n e t t (1969) r e c o r d e d i t a s 

r a r e b e l o w pH 3.0, b u t f r e q u e n t a t h i g h e r pH v a l u e s . W e a v e r 

a n d N a s h ( 1 9 6 8 ) , D i n s m o r e (1968) a n d W a r n e r (1968) a l l 

r e c o r d e d i t p r e s e n t a t pH v a l u e s b e t w e e n 3.0 a n d 4.0. 

7/25 D r e p a n o c l a d u s f l u i t a n s ( a d u l t a n d p r o t o n e m a ) 

I . No m o r p h o l o g i c a l v a r i a t i o n s w e r e o b s e r v e d i n e i t h e r 

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

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

on to m o i s t a g a r p l a t e s , c o n t a i n i n g m e d i a . A f t e r s e v e r a l 

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

o f t h e m o s s . 
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I I . T h e a d u l t moss was r e c o r d e d a t s i t e 3 a n d s i t e 11 

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

a t s i t e 3. B o t h f o r m s w e r e a b u n d a n t a n d t e n d e d t o d o m i n a t e 

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

s e v e r a l r e a c h e s down B r a n d o n P i t h o u s e A c i d S t r e a m ( s i t e 3) 

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

t o g e t h e r . T h e p r o t o n e m a i n v a r i a b l y d o m i n a t e d t h e m i d ­

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

o f t h e s t r e a m o u t w a r d t o w a r d s m i d s t r e a m . 

I I I . A t b o t h s i t e s w h e r e t h e moss o c c u r r e d t h e s u b s t r a t u m 

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

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

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

( e g . s i t e 3, r e a c h 2 ) . 

I V . As m e n t i o n e d i n 4.41 a n d 8.32 t h e o c c u r r e n c e o f t h e 

p r o t o n e m a l s t a g e i n s u c h l a r g e q u a n t i t i e s s e e m s t o be common 

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

amount o f p r o t o n e m a l g r o w t h a r e n o t known. R a t h e r t h a n 

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

a r e a c h , i t was d e c i d e d t h a t o b s e r v a t i o n s a n d p o s s i b l e 

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

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

t h e s e comments a l s o a p p l y t o D i c r a n e l l a s p . 

I t i s l i k e l y t h a t pH p l a y s some r o l e i n t h e i n h i b i t i o n 

o f t h e t r a n s i t i o n f r o m p r o t o n e m a t o a d u l t . T h e pH g r o w t h 

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

was f r o m pH 2.6 t o 6.0, w h i l s t t h e p r o t o n e m a o n l y g r e w f r o m 
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pH 2.6 t o 3.2 i n t h e f i e l d . T h i s i m p l i e s t h a t t h e p r o t o n e m a 

was r e s t r i c t e d t o t h e more a c i d i c r e a c h e s . H o w e v e r , a t 

r e a c h e s 1 t o 6 i n B r a n d o n P i t h o u s e A c i d S t r e a m A, b o t h 

f o r m s g r e w a t pH 2.6. A t r e a c h 2 o f t h i s s t r e a m , w h e r e t h e 

c u r r e n t s p e e d s w e r e c o n s t a n t l y f a s t (0.55 ms , t h e p r o t o n e m a 

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

a b s e n t . As m e n t i o n e d i n 3.23, p r i o r t o t h i s s t u d y , t h i s 

a r e a h a d b e e n up t o 0.5 m d e e p i n t h e a d u l t moss ( B . A. 

W h i t t o n p e r s . comm.), b u t t h i s m a t e r i a l was r e m o v e d a f t e r a 

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

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

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

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

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

t h i s t h e o r y was n o t s u b s t a n t i a t e d by r e a c h e s 5 a n d 6, w h e r e 

b o t h f o r m s w e r e r e m o v e d by f l o o d i n g , b u t s u b s e q u e n t l y h a v e 

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

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

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

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

One p o s s i b l e t h e o r y i s t h a t f o r t h e p r o t o n e m a t o 

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

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

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

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

t h e n c a p a b l e o f t o l e r a t i n g l o w pH a s s e e n a t r e a c h 1. T h i s 
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t h e o r y i s p a r t l y s u p p o r t e d by t h e o c c u r r e n c e o f n e w l y 

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

r a r e l y i n t h e w a t e r , w h e r e a s t h e o l d e r m a t e r i a l g r o w s 

s u c c e s s f u l l y i n t h e low pH w a t e r . 

H o w e v e r , i t was f e l t t h a t i t was n o t s o l e l y t h e 

e f f e c t o f low pH, o r t h e h e a v y m e t a l s a s s o c i a t e d w i t h t h e 

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

t h e p r o t o n e m a grew s u c c e s s f u l l y a t pH 6.0 i n l i q u i d c u l t u r e , 

w i t h o u t d e v e l o p i n g a s i n g l e l e a f . I t may be t h a t t h e 

p r o t o n e m a r e q u i r e s a p e r i o d when i t i s e m e r g e n t b e f o r e t h e 

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

I V . No r e c o r d s o f t h i s s p e c i e s w e r e f o u n d i n t h e l i t e r a t u r e 

a t s u c h low pH v a l u e s , a l t h o u g h i t i s c o n s i d e r e d t o be 

a n a c i d l o v i n g s p e c i e s ( W a t s o n , 1 9 6 8 ) . 

7/26 D i c r a n e l l a s p . ( a d u l t and p r o t o n e m a ) 

I . T h e s p e c i e s p r e s e n t a t s i t e 3, r e a c h 4, h a s b e e n 

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

s u r v e y s o f t h e a c i d s t r e a m s w e r e c o n d u c t e d , t h e moss was 

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

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

w e r e D i c r a n e l l a , i t was n o t p o s s i b l e t o d e s i g n a t e t h e 

b i n o m i a l w i t h t h e same d e g r e e o f c e r t a i n t y . T h e r e f o r e , 

w h i l s t i t i s l i k e l y t h a t a l l t h e p o p u l a t i o n s w e r e D i c r a n e l l a 

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

T h e p r o t o n e m a was a g a i n i d e n t i f i e d by c u l t u r i n g on m o i s t a g a r 

p l a t e s u n t i l t h e a d u l t f o r m was p r o d u c e d . 
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I I . T h e p r o t o n e m a was more common an d a b u n d a n t t h a n t h e 

a d u l t f o r m ( s e e T a b l e 4 . 4 ) . H o w e v e r , w h e r e e i t h e r s t a g e 

a p p e a r e d t h e y w e r e u s u a l l y t h e d o m i n a n t s p e c i e s , ( e g . s i t e 1, 

r e a c h 2: s i t e 11, reaches 1, 2: s i t e 14, r e a c h 2) . T h e a d u l t 

was more p r e v a l e n t n e a r t h e e d g e o f t h e s t r e a m a n d was 

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

grew e x t e n s i v e l y on t h e b o t t o m o f p o o l s ( e g . s i t e s 11 and 14) 

o f t e n f o r m i n g a t h i c k m a t . 

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

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

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

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

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

d u r i n g summer low f l o w s ( e g . s i t e 1 6 ) . U n d e r t h e s e c o n d i t i o n s 

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

b o u l d e r s ( e g . s i t e 5, r e a c h 2 ) , w h e r e a s i n t h e p o o l s t h e 

s u b s t r a t a d i d n o t a p p e a r t o be a s i m p o r t a n t . 

I V . T h e r e s u l t s i n d i c a t e t h a t pH i n f l u e n c e s t h e g r o w t h o f 

t h i s o r g a n i s m . T h e l o w e s t pH a t w h i c h e i t h e r f o r m was 

r e c o r d e d was pH 2.6. I n c u l t u r e a n d i n t h e f i e l d , w h e r e 

t h e f i l a m e n t s h a d b e e n e x p o s e d t o l o w e r pH v a l u e s , much o f the 

moss was d e a d . 

As m e n t i o n e d i n s e c t i o n I V o f D r e p a n o c l a d u s f l u i t a n s , 

t h e r e a s o n f o r t h e p r o t o n e m a l d o m i n a n c e i s unknown an d 

many o f t h e comments made t h e r e a l s o a p p l y t o D i c r a n e l l a s p . 

V. No r e c o r d s o f t h e o c c u r r e n c e o f t h i s s p e c i e s i n t h e 
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a c i d i c h a b i t a t w e r e f o u n d i n t h e l i t e r a t u r e . N e g o r o (1944) 

r e p o r t e d t h e b e d o f a n a c i d l a k e ( pH 3.0) i n J a p a n b e i n g 

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

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

7/27 T y p h a l a t i f o l i a 

I . 

I I . L a r g e n u m b e r s o f p l a n t s w e r e r e c o r d e d a t s i t e 11, r e a c h 

1 on b o t h s u r v e y s . Many o f t h e p l a n t s w e r e i n f l o w e r 

d u r i n g s u r v e y A. 

I I I . S i t e 11 c o n s i s t s o f a l a r g e s i l t a n d c l a y b a s e d 

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

t h e y e a r . 

I V . A l t h o u g h t h e p o p u l a t i o n a t s i t e 11 was h e a l t h y a t pH 2.5, 

a n o t h e r p o p u l a t i o n a t s i t e 6, r e a c h e s 1 and 2 was c o m p l e t e l y 

d e a d a t pH 2.7. T h e r e a s o n s f o r t h e d e a t h o f t h e s e c o n d 

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

h e a v y m e t a l , F e , A l a n d a c i d i t y v a l u e s ( s e e T a b l e 4.1) may 

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

t h a t t h e p o p u l a t i o n a t s i t e 11 may h a v e h a d a l o n g e r t i m e 

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

a s i t s e e m s t h a t t h i s s i t e h a s b e e n i n e x i s t e n c e f o r many 

y e a r s , w h e r e a s t h e a c i d pond a t s i t e 6 i s a more r e c e n t 

f o r m e d s i t e . I t i s a l s o n o t known w h e t h e r ;'• « • 

s i t e 6 f l u c t u a t e s t o e v e n l o w e r v a l u e s . 

V. H a r r i s o n (1958) r e p o r t e d t h e o c c u r r e n c e o f t h i s s p e c i e s 

i n S o u t h A f r i c a a n d n o t e d t h a t i t was a b u n d a n t i n a c i d 

w a t e r s b e t w e e n pH 3.7 a n d 5.0. B e l l (1956) a l s o r e c o r d e d 
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g r o w t h s a r o u n d t h e s t r i p m i n e l a k e s a t pH 3 . 0 . 

7/28 J u n c u s e f f u s u s 

I . 

I I . T h i s s p e c i e s was r e c o r d e d g r o w i n g i n t h e a c i d w a t e r 

a t s i t e 3, r e a c h 4. I t was a l s o f o u n d g r o w i n g a t h i g h e r 

pH v a l u e s a t s e v e r a l r e a c h e s down B r a n d o n P i t h o u s e A c i d 

S t r e a m . 

I I I . 

I V . T h e r e was no e v i d e n c e t h a t a pH v a l u e o f 2.7 h a d a n y 

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

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

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

e d g e . 

V. No o t h e r r e c o r d s o f J u n c u s e f f u s u s w e r e f o u n d i n t h e 

l i t e r a t u r e b e l o w pH 3.0. H o w e v e r , H a r r i s o n ( 1 9 5 8 ) d i d 

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

4.0. 

r 
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8. D I S C U S S I O N 

8.1 G e o g r a p h y a n d t o p o g r a p h y o f s i t e s b e l o w pH 3.0 

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

a t a n d b e l o w pH 3.0 showed t h a t t h e y a r e g e o g r a p h i c a l l y 

w i d e s p r e a d t h r o u g h o u t E n g l a n d ( s e e F i g . 3.1). W h i l s t i t i s 

l i k e l y t h a t o t h e r w a t e r s do e x i s t b e l o w pH 3.0, i t was 

c o n s i d e r e d t h a t t h e 13 s i t e s r e c o r d e d c o n s t i t u t e d t h e m a j o r 

p e r m a n e n t s o u r c e s . As p r e v i o u s l y m e n t i o n e d i n 3.1, a l l 

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

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

f o r t h e m a j o r i t y o f t h e low pH s t r e a m s s o f a r s t u d i e d i n t h e 

U.S.A. and C a n a d a ( s e e 1 . 2 1 ) . 

From t h e t o p o g r a p h i c a l d a t a ( T a b l e 3.1) i t was shown 

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

n u m e r o u s c o m p a r e d w i t h t h o s e r e c o r d e d i n t h e U.S.A. ( K i n n e y , 

1 9 6 4 ) . I t i s l i k e l y t h a t t h e l a r g e r p o o l s m e n t i o n e d i n 3.1 

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

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

w h i c h o r i g i n a t e d f r o m s e e p a g e s ( e g . s i t e s 10 a n d 1 3 ) . I t 

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

w o u l d a l s o be l e s s s u s c e p t i b l e t o p e r i o d s o f low r a i n f a l l a n d 

t h e r e f o r e w o u l d p r o v i d e a more s t a b l e h a b i t a t ( e g . s i t e 3 

and 5 ) . B r a l e y (1954) s h o w e d t h a t a c i d s o u r c e s f r o m s p o i l 

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

t h o s e o r i g i n a t i n g f r o m m i n e s h a f t s . Many o f t h e s t r e a m s 

w h i c h h a d pH v a l u e s a r o u n d pH 3.0, a l s o h a d a l a y e r o f 
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f e r r i c h y d r o x i d e p r e c i p i t a t e o v e r l a y i n g t h e ' n a t u r a l ' 

s u b s t r a t u m ( s e e 3 . 2 2 ) . H o w e v e r , a t some s i t e s ( e g . s i t e s 6, 

10 and 13) w h e r e t h e w a t e r was d e e p r e d , due t o l a r g e 

c o n c e n t r a t i o n s o f F e i n s o l u t i o n , some o f t h a t F e h a d 

p r e c i p i t a t e d o u t a t pH v a l u e s b e l o w pH 3.0. T h i s was 

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

o c c u r s a t a s l o w r a t e , a t pH v a l u e s b e t w e e n 2.0 a n d 3.0 

( H a w l e y , 1971) . 

8.2 P h y s i c a l and c h e m i c a l a s p e c t s 

8.21 C h e m i c a l c h a r a c t e r i s t i c s 

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

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

o f a c i d i t y , Mn, A l , h e a v y m e t a l s , SO^-S. an d S i . 

Of t h e h e a v y m e t a l s a n a l y s e d , F e , Z n , Co a n d N i w e r e p r e s e n t 

i n l a r g e c o n c e n t r a t i o n s . I n c o n t r a s t , t h e l e v e l s o f Pb 

w e r e a l w a y s low c o m p a r e d w i t h t h e o t h e r h e a v y m e t a l s . 

H a w l e y (1971) s u g g e s t e d t h a t " t h e l i s t o f p o s s i b l e i o n s 

p r e s e n t i n a c i d m i n e d r a i n a g e w a t e r s was e n d l e s s " . I t was 

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

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

some f e r r i c s a l t s w o u l d a l s o b e p r e s e n t ( L u n d g r e n e_t a _ l . 1971) 

p a r t i c u l a r l y n e a r pH 3.0. 

A l t h o u g h t h e r e w e r e e x a m p l e s o f m o d e r a t e l y h a r d w a t e r s , 

( e g . s i t e 1) t h e a c i d w a t e r s w e r e g e n e r a l l y c o n s i d e r e d t o 

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

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

o f a m o d e r a t e l y e u t r o p h i c e n v i r o n m e n t , a l t h o u g h e x a m p l e s 
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d i d o c c u r w h e r e p h o s p h a t e l e v e l s w e r e low ( e g . s i t e s 3, 8 

a n d 1 1 ) . O t h e r c h a r a c t e r i s t i c s w h i c h a r e n o t c o n f i n e d t o 

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

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

d e n s i t y v a l u e s . 

A p a r t f r o m t h e a c i d i t y d e t e r m i n a t i o n s , no s p e c i f i c a t t e m p t 

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

w a t e r s . I t i s l i k e l y t h a t b e l o w pH 3.0 t h e n o r m a l b u f f e r i n g 

s y s t e m s p r o v i d e d by h y d r o x i d e , c a r b o n a t e , b i c a r b o n a t e a n d 

p h o s p h a t e i o n s w o u l d n o t be o p e r a t i v e . H o w e v e r , t h e f a c t 

t h a t a t t h e same pH v a l u e s , t h e r e was a r a n g e o f a c i d i t y 

v a l u e s , s u g g e s t s t h a t t h e r e was some b u f f e r i n g c a p a c i t y 

p r e s e n t . I t i s l i k e l y t h a t b e s i d e s t h e h y d r o g e n i o n s , a c i d 

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

a n d s i l i c a t e s , w o u l d p r o v i d e some b u f f e r i n g . 

8.22 P h y s i c a l c h a r a c t e r i s t i c s 

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

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

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

a b o v e a v e r a g e w i n t e r t e m p e r a t u r e s a t a few s i t e s ( e g . s i t e 1 a n d 

s i t e 12, r e a c h 2) due t o t i p s b u r n i n g u n d e r g r o u n d , i s a 

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

low pH h a b i t a t . L i k e w i s e , s c o u r i n g due t o r u n - o f f f r o m t h e 

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

8.23 B r a n d o n P i t h o u s e A c i d S t r e a m 

A d d i t i o n a l o b s e r v a t i o n s w h i c h may be o f g e n e r a l 

s i g n i f i c a n c e , w e r e made f r o m t h e s t u d y o f t h e pH g r a d i e n t 
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down B r a n d o n P i t h o u s e A c i d S t r e a m , w h i c h c o u l d n o t h a v e 

b e e n shown f r o m t h e s u r v e y o f w a t e r s b e l o w pH 3.0. I n 

g e n e r a l , t h e r e was a d e c r e a s e i n t h e c o n c e n t r a t i o n o f many 

o f t h e p a r a m e t e r s m e a s u r e d , w i t h a n i n c r e a s e i n pH ( s e e 

5 . 3 1 ) . T h i s d e c r e a s e was m o s t o b v i o u s w i t h t h o s e i o n s 

w h i c h a r e l i k e l y t o be a s s o c i a t e d w i t h t h e p r o d u c t i o n ' o f 

a c i d f r o m t h e o x i d a t i o n o f p y r i t e s , i e . F e , A l , Mn, SO^-S 

a n d S i ( s e e 1.23) . U n l i k e many o f t h e s i t e s s a m p l e d d u r i n g 

t h e s u r v e y s , t h e c h e m i s t r y o f B r a n d o n P i t h o u s e A c i d S t r e a m 

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

by man ( s e e 3 . 5 ) . As m e n t i o n e d i n 1.23, 3.22 a n d c h a p t e r 5 

one o f t h e m o s t o b v i o u s e f f e c t s o f i n c r e a s i n g t h e pH a b o v e 

pH 3.0, i s t h e p r e c i p i t a t i o n o f f e r r i c h y d r o x i d e f r o m s o l u t i o n , 

o n t o t h e b e d o f t h e s t r e a m . T h e e f f e c t was m o s t n o t i c e a b l e 

a t r e a c h e s 8 a n d 13 o f B r a n d o n P i t h o u s e A o i d S t r e a m , w h e r e 

t h e c o n c e n t r a t i o n o f i r o n i n s o l u t i o n was r e d u c e d by o v e r 75%. 

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

t o a much s m a l l e r e x t e n t ( e g . A l a n d S O ^ - S ) . T h i s was b e c a u s e 

pH v a l u e s b e t w e e n 3.0 and 4.0 w e r e s u f f i c i e n t l y low a s t o 

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

c o n c e n t r a t i o n s a t w h i c h t h e y o c c u r r e d . 

8.24 S e a s o n a l v a r i a t i o n s 

C o m p a r i s o n o f t h e l e v e l s o f i o n s i n t h e l a t e summer 

and w i n t e r ( s e e T a b l e 4.2) s h o w e d t h a t t h e r e w e r e more 

h i g h e r v a l u e s i n w i n t e r t h a n i n summer, when f l o w s w e r e 

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

T h e a p p a r e n t s e a s o n a l v a r i a t i o n r e c o r d e d f r o m t h e two s u r v e y s , 
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i s i n c o n t r a s t t o t h e d a t a c o l l e c t e d f o r B r a n d o n P i t h o u s e 

A c i d S t r e a m ( s e e T a b l e 5.1) a n d a l s o t h e f i n d i n g s o f B e n n e t t 

( 1 9 6 9 ) , b o t h o f w h i c h d i d n o t show s e a s o n a l v a r i a t i o n . As 

m e n t i o n e d i n 4.3, t h e d e c r e a s e d l e v e l s o f Na, Mg , C a , Mn 

a n d H + w e r e m o s t l i k e l y due t o d i l u t i o n . T h e c o n c e n t r a t i o n 

o f Mg, C a a n d Mn i o n s s e e m e d t o be a s s o c i a t e d , s i n c e a n a l y s i s 

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

b e t w e e n t h e e l e m e n t s on one o r b o t h s u r v e y s a n d a l s o f o r 

B r a n d o n P i t h o u s e A c i d S t r e a m d a t a ( s e e T a b l e s 4/12, 4/13 a n d 

5.4) . 

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

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

t h e n a t u r a l w a t e r t a b l e i s h i g h e r i n t h e m i n e s a n d t h u s 

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

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

e l e m e n t s i n s o l u t i o n r a t h e r t h a n a d e c r e a s e due t o d i l u t i o n . 

F u r t h e r m o r e , i t i s l i k e l y t h a t l e s s s u l p h u r i c a c i d w o u l d 

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

w o u l d r e d u c e t h e amount o f p y r i t e s , w h i c h was a v a i l a b l e f o r 

o x i d a t i o n by a i r , t o p r o d u c e t h e a c i d ( s e e 1 . 2 2 ) . T h i s 

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

w i n t e r a n d l o w e r v a l u e s i n summer. 

T h e h i g h e r a c i d i t y v a l u e s i n w i n t e r s u g g e s t e d t h a t 

a c i d i t y was i n d e p e n d e n t o f H + c o n c e n t r a t i o n a n d t h a t t h e 

H + o n l y c o n t r i b u t e d some p a r t o f t h e a c i d i t y v a l u e s 

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

s i g n i f i c a n t c o r r e l a t i o n b e t w e e n pH a n d a c i d i t y i n w i n t e r a n d 
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a s i g n i f i c a n t c o r r e l a t i o n i n summer ( s e e 4 . 7 ) . T h e r e was 

a l s o a s t r o n g e r c o r r e l a t i o n between a c i d i t y and a s s o c i a t e d 

i o n s F e , A l and SO^-S, i n w i n t e r t h a n i n summer. 

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

d i l u t i o n w a t e r , must be dependent to some e x t e n t on the. 

s o u r c e of the a c i d w a t e r and w h i l s t t h e system proposed 

above may o c c u r where t h e water t a b l e i s f l u c t u a t i n g , i t 

may not be a p p l i c a b l e to more c o n s t a n t s o u r c e s , such as 

th o s e o r i g i n a t i n g from s p r i n g s . As can be s e e n from t h e 

Brandon P i t h o u s e A c i d Stream s o u r c e ( T a b l e 5 . 1 ) , where t h e 

t o t a l d i s c h a r g e was r e l a t i v e l y s t a b l e t h r o u g h o u t t h e y e a r , 

t h e r e was no marked s e a s o n a l v a r i a t i o n i n t h e c h e m i c a l 

c o m p o s i t i o n of the w a t e r . 

8.25 R e l a t i o n s h i p between c h e m i c a l c o n s t i t u e n t s i n a c i d 

w a t e r 

A l t h o u g h i t wau d i f f i c u l t to d e t e r m i n e whether the 

p a r a m e t e r s measured were independent of each o t h e r , the s t a t i s t i c a l 

a n a l y s i s s u g g e s t e d t h a t some el e m e n t s v/ere a s s o c i a t e d w i t h 

each o t h e r . From both the main s u r v e y s and d a t a c o l l e c t e d 

f o r Brandon P i t h o u s e A c i d Stream, i t was shown t h a t many 

p a r a m e t e r s v a r i e d i n v e r s e l y w i t h pH and d i r e c t l y w i t h a c i d i t y . 

T h e r e a l s o appeared to be an a s s o c i a t i o n between F e , A l 

and SO^-S c o n c e n t r a t i o n s , as t h e s e were s i g n i f i c a n t l y 

c o r r e l a t e d a t 95% l e v e l i n both s u r v e y s and the Brandon 

P i t h o u s e A c i d Stream d a t a . 
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8.2b Comparison w i t h l i t e r a t u r e 

A l t h o u g h t h e r e a r e r e l a t i v e l y few d e t a i l e d a n a l y s e s o f 

water below pH 3.0, n e v e r t h e l e s s the examples i n the l i t e r a t u r e 

a r e s u f f i c i e n t to a l l o w c o m p a r i s o n to be made w i t h the d a t a 

r e c o r d e d i n E n g l a n d . S e v e r a l examples of c h e m i c a l p a r a m e t e r s 

measured by d i f f e r e n t a u t h o r s a r e g i v e n i n T a b l e 8.1. Even 

though the l e v e l s r e p o r t e d by o t h e r a u t h o r s tended to be 

l o w e r , the w a t e r c h e m i s t r y of the s t r e a m s showed s i m i l a r 

c h a r a c t e r i s t i c s to the E n g l i s h s i t e s . I t would appear t h a t 

the g e n e r a l c h a r a c t e r i s t i c s d i s c u s s e d i n 8.21 f o r the r e s u l t s 

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

mine w a t e r s i . e . h i g h l e v e l s of a c i d i t y , Mn, A l , SO^ , S i and 

some heavy m e t a l s . A l l a u t h o r s quoted i n T a b l e 8.1 a g r e e d 

t h a t l e v e l s of Pb a r e low compared w i t h o t h e r heavy m e t a l s 

such as Zn. 

Lower pH v a l u e s than t h o s e r e p o r t e d i n T a b l e 8.1 have 

been r e c o r d e d by o t h e r a u t h o r s , f o r example, F o t t (1956) 

measured w a t e r a t pH 1.0 and s e v e r a l w o r k e r s have r e p o r t e d 

v a l u e s between 0.9 and 1.4 f o r the a c i d i c J a p a n e s e l a k e s 

( S a t a k e and S a i j o , 1974) . The d a t a from the J a p a n e s e volcanic lake 
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have not been i n c l u d e d i n T a b l e 8.1 due to i n s u f f i c i e n t 

i n f o r m a t i o n , however, t h e r e does appear t o be d i f f e r e n c e s 

i n t h e c h e m i s t r y of t h e s e v o l c a n i c l a k e s , compared w i t h the 

a c i d mine w a t e r s . I n p a r t i c u l a r , the l e v e l s of i r o n r e p o r t e d 

by S a t a k e and S a i j o (1974) were low, a l t h o u g h c o n c e n t r a t i o n s , 

of SO^-S were h i g h . P r e s u m a b l y , t h i s i s a r e f l e c t i o n of 

the s o u r c e of the s u l p h u r i c a c i d , w h i c h , i n the v o l c a n i c 

l a k e s , o r i g i n a t e s m a i n l y from s u l p h u r d i o x i d e , r a t h e r t h a n 

from p y r i t e s . 

The c h e m i s t r y of the a c i d w a t e r s i n E n g l a n d d i d not a l w a y s 

c o r r e s p o n d to the c l a s s i f i c a t i o n of a c i d w a t e r a s proposed 

by Lundgren ejt a_l. (1971) and P a r s o n (1964) ( s e e 1 . 3 ) . The 

main d e v i a t i o n from both c l a s s i f i c a t i o n s was f o r the e x p e c t e d 

i r o n and a c i d i t y v a l u e s , a t the c o r r e s p o n d i n g pH v a l u e . 

F o r example, s e v e r a l s i t e s had pH v a l u e s below 3.0, but d i d 

not have a c i d i t y v a l u e s of 1000. 

8.3 P h o t o s y n t h e t i c o r g a n i s m s p r e s e n t i n a c i d w a t e r s 

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

inoculum 

T h e r e was no g e o g r a p h i c a l p a t t e r n f o r the d i s t r i b u t i o n 

of s p e c i e s i n the a c i d s t r e a m s i n E n g l a n d . A l t h o u g h no two 

s t r e a m s were the same, s i m i l a r s p e c i e s c o m p o s i t i o n s were 

r e c o r d e d i n the S.W. E n g l a n d ( s i t e 14) as were found i n the 

n o r t h e r n s i t e s ( e g . s i t e s 1, 2, 3) . 

The w i d e s p r e a d o c c u r r e n c e of most of the s p e c i e s and 

t h e a b i l i t y of some to c o l o n i z e r a p i d l y newly formed a c i d 

w a t e r s ( a s s e e n a t s i t e 10 f o r E u g l e n a m u t a b i l i s see 7.2) , 
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s u g g e s t s t h a t the s p e c i e s a r e w i d e l y d i s t r i b u t e d i n the 

a q u a t i c h a b i t a t i n g e n e r a l , and a r e a v a i l a b l e t o occupy 

a s u i t a b l e h a b i t a t when i t a r i s e s . Both L a c k e y (1939) and 

B e n n e t t (1969) made s i m i l a r o b s e r v a t i o n s , a l t h o u g h B e n n e t t 

s u g g e s t e d t h a t the a c i d s t r e a m organisms were more common 

i n o t h e r h a b i t a t ' s t h a n L a c k e y and o t h e r w o r k e r s had i m p l i e d . 

T h e r e does seem to be some i n d i c a t i o n t h a t the o l d e r , and 

p e r h a p s more s t a b l e h a b i t a t s (eg. s i t e s 3 and 1 1 ) , p o s s e s s e d 

the r i c h e r f l o r a s ( s e e T a b l e 4 . 7 ) , whereas t h e younger a c i d 

s i t e s ( eg. s i t e s 10 and 13) had c o n s i d e r a b l y fewer s p e c i e s 

p r e s e n t . I t i s d i f f i c u l t to d e c i d e whether the l a r g e r f l o r a s 

a r e due to g r e a t e r o p p o r t u n i t y f o r c o l o n i z a t i o n , o v e r a l o n g e r 

p e r i o d of t i m e , or whether the a p p a r e n t s t a b i l i t y of the 

o l d e r s i t e s ( s e e 3.23) p r o v i d e s a h a b i t a t w h i c h has a l l o w e d 

l e s s c o m p e t i t i v e s p e c i e s to become e s t a b l i s h e d , as w e l l as 

the more r e s i s t a n t o n e s . L a c k e y (1939) r e p o r t e d t h a t few 

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

of a new a c i d s i t e had o c c u r r e d . However, he does not i n d i c a t e 

t h e time n e c e s s a r y f o r the s t a b i l i z a t i o n of a community to 

o c c u r . An i n v e s t i g a t i o n i n t o the o c c u r r e n c e of a c i d t o l e r a n t 

s p e c i e s i n the immediate catchment a r e a of an a c i d s t r e a m 

( P o m f r e t, 1973) showed t h a t most s p e c i e s found below pH 3.0 

were a l s o r e p r e s e n t e d a t h i g h pH v a l u e s . I t was a l s o noted 

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

were not p r e s e n t i n such l a r g e numbers. T h i s o b s e r v a t i o n was made 

a l s o by B e n n e t t (1969) and Weaver & Nash ( 1 9 6 8 ) . 
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8.32 F r e q u e n c y of o c c u r r e n c e 

The r e s u l t s of t h e s u r v e y s of s t r e a m s i n England-and 

the low pH r e a c h e s of Brandon P i t h o u s e A c i d S t r e a m , i n d i c a t e 

t h a t t h e extreme a c i d i c e n v i r o n m e n t i s c h a r a c t e r i z e d by 

r e l a t i v e l y few p h o t o s y n t h e t i c o r g a n i s m s . Of t he 28 s p e c i e s 

r e c o r d e d a t and below pH 3.0, i n w a t e r s a s s o c i a t e d w i t h 

m i n i n g , o n l y 8 of t h e s e were r e c o r d e d i n 20% of t h e r e a c h e s and 

5 s p e c i e s i n 10% of a l l r e a c h e s ( s e e T a b l e 4 . 4 ) . E u g l e n a 

m u t a b i l i s , P i n n u l a r i a a c o r i c o l a and G l o e o c h r y s i s t u r f o s a were 

the most w i d e s p r e a d and abundant, w h i l s t N i t z s c h i a s u b c a p i t e l l a t a 

N i t z s c h i a e l l i p t i c a v a r . a l e x a n d r i n a , E u n o t i a e x i g u a and 

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

not v e r y abundant. The f i l a m e n t o u s s p e c i e s Hormidium r i v u l a r e 

and Zygogonium e r i c e t o r u m were i n v a r i a b l y v e r y abundant b u t 

o n l y m o d e r a t e l y w i d e s p r e a d ( s e e T a b l e s 4 . 4 and 4 . 8 ) . The f o r e 

mentioned s p e c i e s not o n l y r e p r e s e n t e d t h e main a l g a l p o p u l a t i o n 

of the lower pH r e a c h e s of Brandon P i t h o u s e A c i d Stream, 

( T a b l e 5 . 6 ) , but a l s o a t t i m e s r e p r e s e n t e d s p e c i e s w h i c h 

o c c u r r e d i n t he l e s s a c i d r e a c h e s of t h a t s t r e a m ( T a b l e 5.6, 

r e a c h e s 7b, 8 to 1 1 ) . 

As mentioned i n 4.41, the protonema of both D i c r a n e l l a s p . 

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

form. The o c c u r r e n c e of t he protonema a p p e a r s t o be more 

common i n the a c i d h a b i t a t then might o t h e r w i s e be e x p e c t e d . 

The r e a s o n s f o r the p r o t o n e m a l dominance a r e not known, b u t i t 

was c o n c l u d e d t h a t pH a l o n e was not r e s p o n s i b l e f o r r e g r e s s i n g 

the t r a n s i t i o n from protonema to a d u l t ( s e e 7/26) . 



282 

8.33 R e l a t i v e abundance 

As mentioned i n 1.51, the o c c u r r e n c e of l a r g e numbers 

of i n d i v i d u a l s of one s p e c i e s i s a c h a r a c t e r i s t i c of h i g h l y 

a c i d i c w a t e r s . The d a t a p r e s e n t e d i n 4.45 and 5.8 a r e i n 

agreement w i t h L a c k e y ( 1 9 3 9 ) , J o s e p h (1953) and B e n n e t t ( 1 9 6 9 ) , 

a l l of whom r e p o r t e d t h a t a l t h o u g h o n l y a l i m i t e d number 

of a l g a e were p r e s e n t i n a c i d s t r e a m s , they were i n v a r i a b l y 

p r e s e n t i n l a r g e numbers. L a c k e y e s t i m a t e d t h a t E u g l e n a 
6 — 2 

mu t a b i l i s was o f t e n i n c o n c e n t r a t i o n s of over 10 c e l l s mm 

On s e v e r a l o c c a s i o n s , e s t i m a t i o n s were made of t h e d e n s i t y 

of E u g l e n a m u t a b i l i s near the s o u r c e of Brandon P i t h o u s e A c i d 

Stream A. These e s t i m a t i o n s showed t h a t a t t i m e s , t h e r e were 

t w i c e the number of c e l l s r e c o r d e d by L a c k e y . 

A l g a l s p e c i e s which were f r e q u e n t l y m a c r o s c o p i c a l l y 

o b v i o u s i n c l u d e d , E u g l e n a m u t a b i l i s , t h e diatom s p e c i e s , 

Hormidium r i v u l a r e and Zygogonium e r i c e t o r u m , a s w e l l a s the 

p r o t o n e m a l s t a g e s of both moss s p e c i e s ( s e e 4.44) . A l t h o u g h 

the methods used f o r d e t e r m i n i n g the abundance of one s p e c i e s 

r e l a t i v e to o t h e r s , were s u s c e p t i b l e to many u s e r e r r o r s ( s e e 

2 . 5 3 ) , the t e c h n i q u e n e v e r t h e l e s s p r o v i d e d more i n f o r m a t i o n 

about a s p e c i e s t h a n would have been g a i n e d by m e r e l y r e c o r d i n g 

p r e s e n c e and a b s e n c e . R e l a t i v e abundance v a l u e s gave some 

i n d i c a t i o n as to whether a s p e c i e s c o u l d j u s t t o l e r a t e c e r t a i n 

c o n d i t i o n s , or whether i t c o u l d t h r i v e i n t h a t e n v i r o n m e n t . 

Both L a c k e y (1939) and B e n n e t t (1969) f o r t h e i r s t u d i e s on 

a l g a e and more r e c e n t l y H e r r i c k and C a i r n s (1971) and D i l l s 

and Rogers (1974) both w o r k i n g w i t h m a c r o i n v e r t e b r a t e s , found 
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t h a t abundance v a l u e s r e v e a l e d c o n s i d e r a b l y more about t h e 

environment t h a n m e r e l y the knowledge of p r e s e n c e or a b s e n c e . 

The p r a c t i c e of adding the maximum abundance v a l u e s , as used 

i n t h i s s t u d y f o r d e t e r m i n i n g the s e a s o n a l c y c l e s ( s e e 5 / 1 0 ) , 

i s t e c h n i c a l l y unsound. However, w h i l s t a c c e p t i n g the 

i n c o r r e c t usage and the f a c t t h a t one does not know the 

i n d i v i d u a l s c o r e s w h i c h gave t h e f i n a l v a l u e f o r each s e a s o n , 

t h e t e c h n i q u e d i d p r o v i d e some i n f o r m a t i o n which would not 

o t h e r w i s e have been o b t a i n e d . 

8.34 Maximum s t a n d i n g crop v a l u e s f o r Brandon P i t h o u s e 

A c i d Stream 

The maximum s t a n d i n g crop v a l u e s r e c o r d e d f o r Brandon 

P i t h o u s e A c i d Stream d e m o n s t r a t e d the d e c r e a s e i n crop w i t h 

an i n c r e a s e i n pH v a l u e ( s e e 5 . 8 1 ) . S e v e r a l of the more 

d r a m a t i c decrease:- c o u l d be a c c o u n t e d f o r by p r e c i p i t a t i o n 

of f e r r i c h y d r o x i d e ( e g. r e a c h 13) and to a l e s s e r e x t e n t 

changes i n topography and flow c h a r a c t e r i s t i c s ( s e e 5 . 8 ) . 

The f l u c t u a t i o n s i n M.S.C. v a l u e s a t t he i n d i v i d u a l 

r e a c h e s were due to some e x t e n t , t o s e a s o n a l v a r i a t i o n i n 

growth r a t e s o f the a l g a e ( s e e 5 / 1 8 ) . P h y s i c a l f a c t o r s s u c h 

as s c o u r i n g by run - o f f and l a r g e changes i n pH r e g i m e , a s 

o c c u r r e d a t r e a c h 8, (see 5.04) were a l s o r e s p o n s i b l e f o r 

some of t h e v a r i a t i o n s i n v a l u e s . As p r e v i o u s l y mentioned/ 

maximum v a l u e s were o b t a i n e d a t r e a c h 1 were due to e x t e n s i v e 

growths of E u g l e n a m u t a b i l l s . The v a r i a t i o n s i n M.S.C. v a l u e 

a t t h i s r e a c h were m a i n l y due to s e a s o n a l v a r i a t i o n i n t h e 

growth of t h i s s p e c i e s ( s e e F i g . 5 / 2 9 a ) , a s t he r e a c h was 
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c h a r a c t e r i s e d by a r e l a t i v e l y s t a b l e c u r r e n t s p e e d s and a 

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

Some of the f l u c t u a t i o n s were most l i k e l y due t o g r a z i n g by 

h e r b i v o r o u s a n i m a l s . Brook (1955) a t t r i b u t e d the s e a s o n a l 

d i s t r i b u t i o n of a l g a e , which c o u l d not be i n v o k e d by a b i o t i c 

f a c t o r s , t o e x t e n s i v e g r a z i n g , whereas Moss (1968) s u g g e s t e d 

t h a t s t a b i l i t y of s u b s t r a t u m on which t h e b e n t h i c a l g a e l i v e d 

was the most i m p o r t a n t f a c t o r r e l a t i n g to a l g a l crop s i z e . 

I t would seem from t h e s e r e s u l t s t h a t t h i s was a l s o p a r t l y 

the c a s e f o r the a c i d i c e n v i r o n m e n t . F u r t h e r d i s c u s s i o n o f 

f a c t o r s i n f l u e n c i n g the a l g a l c r o p s have been i n c l u d e d i n 

8.9. 

8.35 C o mparison w i t h v a l u e s r e c o r d e d f o r o t h e r h a b i t a t s 

A c o m p a r i s o n of the maximum s t a n d i n g c r o p v a l u e s r e c o r d e d 

f o r Brandon P i t h o u s e A c i d Stream, w i t h t h o s e g i v e n by Moss 

(1968) and Marker (1976a) show t h a t the v a l u e s f o r Brandon 

P i t h o u s e A c i d Stream, r e a c h 1, were l a r g e r t h a n t h o s e r e c o r d e d 

e l s e w h e r e . The l a r g e s t v a l u e r e p o r t e d by Moss was 2.35 Jig mm 

f o r e p i p h y t i c a l g a e and Brock & Brock (1966) r e p o r t e d v a l u e s 
- 2 

of 0.8 n g mm f o r non a c i d i c t h e r m a l s p r i n g s . The l a t t e r 
v a l u e i s c o n s i d e r a b l y l e s s t h a n the v a l u e s r e c o r d e d h e r e 

-2 -2 (3.2 *g mm ) . The v a l u e s have been e x p r e s s e d h e r e as ug mm 
-2 

r a t h e r t h a n |u.g m f o r the purpose of c o m p a r i s o n . 

I t i s p o s s i b l e t h a t some of t h e d i f f e r e n c e s between 

v a l u e s mentioned above, a r e due to the u s e of d i f f e r e n t 

h a r v e s t i n g t e c h n i q u e s . Although the method adopted h e r e was 

s u b j e c t to e r r o r , i t was c o n s i d e r e d t h a t the e r r o r was 
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s u f f i c i e n t l y s m a l l as to e n a b l e m e a n i n g f u l c o m p a r i s o n s to 

be made between s i t e s . H a r v e s t i n g of the s t r e a m s s u b s t r a t u m 

was used i n p r e f e r e n c e to the i m p l e m e n t a t i o n of a r t i f i c i a l 

s u b s t r a t a b e c a u s e of the p o s s i b i l i t y of s e l e c t i n g s p e c i f i c 

o r g a n i s m s by the use of the a r t i f i c i a l method. N e v e r t h e l e s s , 

even a l l o w i n g f o r a l a r g e degree of e r r o r , t h e v a l u e s r e c o r d e d 

r e m a i n c o m p a t i b l e w i t h t h e v a l u e s g i v e n by Moss (1968). T h i s 

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

few s p e c i e s , i s l i k e l y to be h i g h compared w i t h o t h e r h a b i t a t s . 

However, t h e work of S t i c k n e y and Cam p b e l l (1972) d i d not 

s u p p o r t t h e r e s u l t s r e c o r d e d h e r e , they e s t i m a t e d t h e r a t e of 
of accrual 

production^ Aufwuchs on g l a s s s l i d e s i n s t r i p - m i n e l a k e s and 

found t h a t t h e r a t e was s i g n i f i c a n t l y g r e a t e r i n a l k a l i n e 

t h a n i n t h e a c i d w a t e r s 

8.36 S e a s o n a l v a r i a t i o n 

The d a t a both from Brandon P i t h o u s e A c i d Stream and t h e 

two g e n e r a l s u r v e y s ^ i n d i c a t e d t h a t the f l o r a of a c i d s t r e a m s 

i s r e l a t i v e l y s t a b l e t h r o u g h o u t the y e a r . As mentioned i n 4.42 

o n l y two s p e c i e s were r e c o r d e d i n l a t e w i n t e r w h i c h were not 

r e c o r d e d i n l a t e summer and the c o n v e r s e was found f o r f o u r 

o t h e r s p e c i e s . A p a r t from L e p o c i n c l l s ovum, a l l t h e o t h e r 

f i v e s p e c i e s mentioned above were r e c o r d e d o n l y on one o c c a s i o n 

The d a t a from Brandon P i t h o u s e A c i d Stream, where s a m p l e s 

were t a k e n throughout the y e a r ( s e e 5.8 and 5/10) i n d i c a t e d 

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

were a l m o s t e n t i r e l y due to s e a s o n a l v a r i a t i o n and p h y s i c a l 
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f a c t o r s such as s c o u r i n g , r a t h e r than the i n t r o d u c t i o n of 

d i f f e r e n t s p e c i e s . L a c k e y (1939) found s t a b l e p o p u l a t i o n s 

i n the s t r e a m s he s t u d i e d , d u r i n g summer and w i n t e r , whereas 

B e n n e t t (1969) r e p o r t e d t h a t t h e r e were q u i t e l a r g e d i f f e r e n c e s 

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

s t u d y s u p p o r t L a c k e y ' s f i n d i n g s r a t h e r than t h o s e r e p o r t e d 

by B e n n e t t . 

8.37 Comparison w i t h a v a i l a b l e l i t e r a t u r e 

A l t h o u g h some c o m p a r i s o n s w i t h the a v a i l a b l e l i t e r a t u r e 

have been made f o r i n d i v i d u a l s p e c i e s i n c h a p t e r 7, an 

o v e r a l l c o m p a r i s o n w i t h the d a t a from the U.S.A. has been 

i n c l u d e d i n t h i s s e c t i o n . As the e x a c t pH v a l u e s f o r the 

s p e c i e s r e c o r d e d i n B e n n e t t ' s (1969) a c c o u n t were not g i v e n , 

the o c c u r r e n c e s l i s t e d f o r B e n n e t t ( T a b l e 7.2) a r e a s s e s s e d 

on abundance i n ' a c i d c r e e k s ' , of which s i x out of e i g h t were 

below pH 3.0. S e v e r a l o t h e r a u t h o r s from t h e U.S.A. have 

been o m i t t e d b e c a u s e of the l a c k of d a t a i.foc pll v a l u e s f o r 

the s p e c i e s . Data from Japan and South A f r i c a have a l s o been 

o m i t t e d f o r the same r e a s o n s , however^ where r e l e v a n t , i n d i v i d u a l 

v a l u e s have been i n c l u d e d i n the t e x t . 

Of the 40 s p e c i e s l i s t e d i n T a b l e 8.2 as growing below 

pH 3.0, o n l y f o u r were common to both E n g l a n d and the U.S.A. 

These i n c l u d e E u g l e n a m u t a b i l i s , L e p o c i n c l i s ovum, E u n o t i a 

e x i g u a and U l o t h r i x z o n a t a . Two of these,, L e p o c i n c l i s ovum 

and U l o t h r i x z o n a t a were n o t . v e r y w i d e s p r e a d below pH 3.0 

i n E n g l a n d . 
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Tuble 8.2 

Coiiip.iii.-n-i U C - I I I M ! 'ivi-los . 1 ! 01 b low pH .Ml In U.S.A. j'.i:^! Englnpil. L , L : u - I . 
(I93t;j; S, Muiiibin'k (l'lu'O; W, Waii i -r (]'><>S); I I , Hcnnclt (l%9) 

U.S .A. Kni-'umt 
Sixvics L S W B 1973-71 

C'lihiniyiloiiioniis appluntiia v:ir. jcitlophilu + 
Chlumyilommuii ylobosn H-
Clilamyi/iiiihiiKis spp. + + -1- -1-
C ryploinoiiiis I'ro.w -I-
(7. iu'«hi + 
CrypioHHwm sp. (not iibovc) -I-
Chroiiiiilinn oralis + + 
Chiii m ium sp. H-
Chhrpgonium elongaium + 
De.smitliitin si1". + 
Etighmi iniiltibilis -\- + + -|- -| 
Euglena sp. + 
EwiKliii exiguu + + + -I-
Frustulia ihomboulcs + 
Glococlnysii 1111 fasti + 
lloniiiiliiim rivulare -I-
Li'povinclis IIVIIIII -|- -|-

Mierpllmnmii>n slriclissimum + 
Mtmgcotia !.p. + + 
Nsvwulti spp. -I- + -h 
A'', iiualix + 
Nit:.\chin mbcnpitclLun + 
N.clliptira v:ir. tilexcmilrimi + 
A', /xj/.vi H-
N . ovii/'v -I-
S'ilrscbia spp. (not above) + 
Ochromivuts sp. + 
Pcniiim jcnnci i + 
Pluii-ulhtinmitm sp. -I-
Pimmlariii (nviicola -|-
/*. brmmii + 
7'. mkrostaiiron -1-
Z1. tcriniliiui -|-
Sikiwcamu bacillaris + 
Syncilra nimpcns -V 
Vhthrix zonula + + 
t/. siiblilis -v 
U. tenerrima + + 
Ulollirix sp. + 
Zygogoiiium ericctoniin -I-
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As mentioned i n 1.62 t h e r e were d i s c r e p a n c i e s between 

the d i f f e r e n t A merican s t u d i e s , as to which s p e c i e s were 

the most r e s i s t a n t and w i d e s p r e a d . E u g l e n a m u t a b i l i s , 

E u n o t i a e x i g u a and v a r i o u s s p e c i e s of P i n n u l a r i a were common 

to a l l s u r v e y s and the diatoms have a l s o been r e p o r t e d i n 

South A f r i c a by H a r r i s o n (1958) and Hancock ( 1 9 7 3 ) , and i n 

Japan by Ueno (1958) . S p e c i e s of U l o t h r i x and Chlamydomonas 

were a l s o r e c o r d e d by most w o r k e r s s t u d y i n g a l g a e i n a c i d 

s t r e a m s . S p e c i e s t h a t were found to be w i d e s p r e a d i n 

E n g l a n d , but were not r e p o r t e d p r e s e n t below pH 3.0 i n 

the U.S.A. were: N i t z s c h i a spp. , P i n n u l a r i a a c o r i c o l a , 

Hormidium r i v u l a r e , G l o e o c h r y s i s t u r f o s a , Zygogonium e r i c e t o r u m . 

R e c o r d s of P i n n u l a r i a a c o r i c o l a have been made i n South A f r i c a 

(Hancock, 197 3) and Zygogonium e r i c e t o r u m has been r e p o r t e d 

above pH 3.0 i n the U.S.A. (Weaver & Nash, 1 9 6 8 ) . A l t h o u g h 

s p e c i e s of Hormidium have been r e p o r t e d above pH 3.0 (Weaver 

& Nash, 1968) no r e c o r d s of Hormidium r i v u l a r e were found 

i n the l i t e r a t u r e f o r low pH ( s e e 7 / 1 0 ) . 

I t i s l i k e l y t h a t b e c a u s e of the l a r g e m o r p h o l o g i c a l 

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

s p e c i e s l i s t e d as d i f f e r e n t i n T a b l e 8.2 a r e , i n f a c t , t h e 

same s p e c i e s . F o r i n s t a n c e , t h e Chlamydomonas, U l o t h r i x and 

P i n n u l a r i a s p e c i e s may w e l l be t he same s p e c i e s i n some 

c a s e s . I t i s i n t e r e s t i n g t h a t L a c k e y (1939) was the o n l y 

a u t h o r to r e p o r t t h e p r e s e n c e of protonema, when i n E n g l a n d 

i t was both w i d e s p r e a d and abundant. 
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The a b s e n c e of Cyanophyta from the s t r e a m s i n E n g l a n d 

a g r e e s w i t h p r e v i o u s o b s e r v a t i o n s by Brock (1973) and o t h e r 

a u t h o r s ( s e e 1 . 6 2 ) . I n Brandon P i t h o u s e A c i d S t r e a m , 

O s c i l l a t o r i a pseudogeminata was r e c o r d e d a t pH 5.8 but was 

not r e c o r d e d when the pH v a l u e d e c r e a s e d below pH 5.0. I n 

c o n t r a s t to o t h e r s t u d i e s , B e n n e t t (1969) r e p o r t s t h e 

p r e s e n c e of Phormidium r e t z i i and O s c i l l a t o r i a a g a r d h i i i n 

a c i d c r e e k s . Because he does not quote pH v a l u e s f o r the 

s p e c i e s i t i s i m p o s s i b l e to d e t e r m i n e whether t h e y were 

p r e s e n t below pH 4.0. 

As p r e v i o u s l y mentioned i n 1.62, a c o m p a r i s o n of the 

t o t a l number of s p e c i e s r e c o r d e d i n the a c i d h a b i t a t s shows 

t h a t B e n n e t t ' s r e s u l t s d i f f e r from t h o s e of o t h e r w o r k e r s . 

He r e c o r d e d 107 g e n e r a between pH 2.6 and 4.1 a t 8 s t a t i o n s , 

whereas L a c k e y (1938) r e p o r t e d o n l y 18 from 63 s t a t i o n s ; 

Weaver and Nash (1968) reported 2 0 s p e c i e s from 6 s t a t i o n s on one 

s t r e a m , and 23 a l g a l s p e c i e s were r e c o r d e d from 54 d i f f e r e n t 

10 m r e a c h e s , a t 15 s i t e s i n the E n g l i s h a c i d s t r e a m s . 

T h e s e a p p a r e n t d i f f e r e n c e s i n the s i z e and c o m p o s i t i o n 

of t h e f l o r a s s u g g e s t t h a t , a p a r t from a few s p e c i e s w h i c h 

a r e l i k e l y t o be found i n a c i d s t r e a m s anywhere i n t h e 

w o r l d ( E u g l e n a mu t a b i l i s and Eur. o t i a e x i g u a ) , t h e m a j o r i t y 

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

h a b i t a t s b e s i d e s t h e a c i d e n v i r o n m e n t . I n a d d i t i o n t o t he 

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

i t i s p r o b a b l e t h a t the f l o r a s a r e a r e f l e c t i o n of t h e 

amount, the s t a b i l i t y and t he age of the a c i d i c w a t e r p r e s e n t 
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i n any g i v e n a r e a . I n a r e a s where a r e a s o n a b l y l a r g e 

p r o p o r t i o n of the s u r f a c e w a t e r i s of low pH, i t i s l i k e l y 

t h a t b e c a u s e a g r e a t e r number of or g a n i s m s w i l l have been 

s u b j e c t e d to t h e a c i d c o n d i t i o n s , a g r e a t e r number of 

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

The o c c u r r e n c e of E u g l e n a m u t a b i l i s and E u n o t i a e x i g u a 

i n most r e p o r t s on a c i d w a t e r s , i m p l i e s t h a t t h e y have a 

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

c o l o n i z e a c i d s i t e s where t h e y o c c u r . I n c o n t r a s t , t h e 

a p p a r e n t a b s e n c e s i n the U.S.A. and e l s e w h e r e of P i n n u l a r i a 

a c o r i c o l a and Hormidium r i v u l a r e , two s p e c i e s w h i c h were 

e s p e c i a l l y common i n E n g l a n d , s u g g e s t t h a t t h e i r d i s t r i b u t i o n 

i s g e o g r a p h i c a l l y r e s t r i c t e d . U n t i l more i s known of the 

d i s t r i b u t i o n of t h e s e s p e c i e s i n non a c i d i c h a b i t a t s , i t 

w i l l be d i f f i c u l t to d e t e r m i n e , w i t h any c e r t a i n t y , t h e 

r e l a t i v e i m p o r t a n c e of t he i n d i g e n o u s p o p u l a t i o n when 

c o n s i d e r i n g t h e f o r m a t i o n of the f l o r a of a c i d i c w a t e r s . 

8.4 F a c t o r s a f f e c t i n g d i s t r i b u t i o n of p h o t o s y n t h e t i c s p e c i e s 

The complete a b s e n c e of a taxonomic group, i e . t h e 

Cyanophyta, from w a t e r s below pH 3.0 c a t e g o r i z e s i t as an 

extreme e n v i r o n m e n t ( B r o c k , 1 9 6 9 ) . W h i l s t a l l t h e s p e c i e s 

r e p r e s e n t e d below pH 3.0 must be c o n s i d e r e d r e s i s t a n t to 

l a r g e c o n c e n t r a t i o n s of hydrogen i o n s and i n most c a s e s 

h i g h l e v e l s of heavy m e t a l s , ( s e e 4.51) i t i s not c l e a r 

which f a c t o r s have a c o n t r o l l i n g i n f l u e n c e on t h e o c c u r r e n c e 

and abundance of the a l g a e . F u r t h e r m o r e , i t i s c l e a r from 

the r e s u l t s t h a t some s p e c i e s a r e more t o l e r a n t to a c i d i c 
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mine w a t e r s t h a n o t h e r s ( T a b l e s 4/10 and 5.6) 

8.41 R e l a t i o n s h i p between the number of s p e c i e s and 

pH i n the f i e l d 

The pH of the w a t e r i s commonly used as t h e c r i t e r i o n 

f o r i n d i c a t i n g the t o l e r a n c e of s p e c i e s to the a c i d i c h a b i t a t 

and has l o n g been r e c o g n i z e d as a f a c t o r w h i c h may l i m i t 

t h e i r d i s t r i b u t i o n ( B e n n e t t , 1969) . W h i t f o r d (1959) s u g g e s t e d 

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

t h e type of f l o r a , i t i s s t i l l the b e s t and most r e a d i l y 

a v a i l a b l e method f o r i n d i c a t i n g an e c o t y p e . One of t h e 

problems a s s o c i a t e d w i t h the extreme a c i d e n v i r o n m e n t , i s 

t h a t pH i n f l u e n c e s d i r e c t l y the c o n c e n t r a t i o n of the i o n s 

i n s o l u t i o n through i n c r e a s e d s o l u b i l i t y and t h e r e f o r e , as 

a l r e a d y d i s c u s s e d , i t i s d i f f i c u l t to d i s s o c i a t e the e f f e c t 

of one i o n from a n o t h e r . 

The r e s u l t s showed t h a t , i n g e n e r a l , the number of 

s p e c i e s i n c r e a s e d w i t h an i n c r e a s e i n pH and t h a t f o r many 

of the s p e c i e s r e c o r d e d , t h e r e was a pH growth l i m i t above 

pH 2.5. ( s e e 4.51, 5.6 and c h a p t e r 7 ) . However, s t a t i s t i c a l 

a n a l y s i s of the d a t a f o r the two s u r v e y s and Brandon P i t h o u s e 

A c i d Stream were not i n agreement. F o r i n s t a n c e , t h e r e was 

no s i g n i f i c a n t c o r r e l a t i o n a t the 95% c o n f i d e n c e l i m i t 

between s p e c i e s and pH i n the l a t e w i n t e r s u r v e y ( T a b l e 4 / 1 3 ) , 

whereas t h e r e was a s i g n i f i c a n t c o r r e l a t i o n a t t h e same 

l e v e l i n summer ( T a b l e 4/12) and o v e r the pH r a n g e 2.6 to 

8.0 down Brandon P i t h o u s e A c i d Stream ( T a b l e 5 . 4 ) . As 

p r e v i o u s l y mentioned, t h e r e was a l s o a s i g n i f i c a n t c o r r e l a t i o n 
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(p = 0 . 0 0 1 ) b e t w e e n pH a n d t h e maximum s t a n d i n g c r o p 

( T a b l e 5 . 9 ) . T h e d i s c r e p a n c y b e t w e e n t h e r e s u l t s s u g g e s t s 

t h a t b e l o w pH 3 . 0 , f a c t o r s o t h e r t h a n pH a r e i n f l u e n c i n g 

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

r a n g e i n B r a n d o n P i t h o u s e A c i d S t r e a m , pH was t h e m a i n 

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

A s m e n t i o n e d i n 5 . 7 5 t h e d a t a c o l l e c t e d f o r B r a n d o n 

P i t h o u s e A c i d S t r e a m w e r e s u f f i c i e n t t o a l l o w m e a n i n g f u l 

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

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

c o r r e l a t i o n a n a l y s i s f o r B r a n d o n P i t h o u s e A c i d S t r e a m a n d 

o u t o f t h e t w e n t y f o u r p a r a m e t e r s t e s t e d , pH was f o u n d 

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

( T a b l e 5 . 8 ) . I t i s p o s s i b l e t h a t t h e a d d i t i o n a l s i t e s , 

b e l o w pH 3 . 0 , w o u l d h e l p t o e l u c i d a t e t h e d i s c r e p a n c y 

b e t w e e n t h e r e s u l t s f o r t h e two g e n e r a l s u r v e y s . 

8 . 4 2 pH a s a g r o w t h l i m i t i n g f a c t o r 

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

pH a l o n e d o e s l i m i t g r o w t h o f a l g a e . F o r i n s t a n c e , a l t h o u g h 

o n l y 15 o u t o f 9 5 r e a c h e s h a d pH v a l u e s o f l e s s t h a n 2 . 5 , 

( s e e 4 . 5 2 ) , s p e c i e s w h i c h w e r e w i d e s p r e a d b u t w e r e n e v e r 

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

E u n o t i a e x i g u a , H o r m i d i u m r i v u l a r e a n d Z y g o g o n i u m e r i c e t o r u m . 

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

s t r e a m s w h e r e t h e o r g a n i s m was a b s e n t a t l o w e r pH v a l u e s 

b u t was r e c o r d e d i n a d j a c e n t r e a c h e s a t h i g h e r pH v a l u e s . 
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T h e e x p e r i m e n t a l d a t a f o r t h e f i v e s p e c i e s o f a l g a e 

( s e e 6 . 3 1 ) s h o w e d t h a t a l l s p e c i e s h a d a n optimum g r o w t h 

pH r a n g e and a pH g r o w t h l i m i t . A c o m p a r i s o n o f t h e s e 

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

s i m i l a r i t y ( T a b l e 6 . 3 ) , t h u s s u g g e s t i n g t h a t e v e n t h o u g h 

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

p a r a m e t e r was pH. 

8 . 4 3 C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e p e r t a i n i n g 

t o pH 

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

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

c o n s i d e r e d a few p a r a m e t e r s a n d f o u n d pH t o be t h e m a i n 

f a c t o r i n f l u e n c i n g g r o w t h . S t e i n b a c k ( 1 9 6 6 ) r e p o r t e d a 

s i g n i f i c a n t c o r r e l a t i o n b e t w e e n pH a n d t h e number o f a l g a l 

s p e c i e s a n d L a c k e y ( 1 9 3 9 ) , B e n n e t t ( 1 9 6 9 ) a n d S t i c k n e y & 

C a m p b e l l ( 1 9 7 2 ) f o u n d t h a t s p e c i e s number i n c r e a s e d w i t h 

an i n c r e a s e i n pH. D i l l s & R o g e r s ( 1 9 7 4 ) a p p l i e d s t a t i s t i c a l 

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

m a c r o i n v e r t e b r a t e s , g r o w i n g w i t h i n t h e r a n g e pH 2 . 8 t o 6 . 2 

H + c o n c e n t r a t i o n was h i g h l y c o r r e l a t e d w i t h s p e c i e s n u m b e r . 

S u c h c o r r e l a t i o n s , h o w e v e r , do n o t n e c e s s a r i l y i m p l y a 

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

a r e l a t i o n s h i p . 

8 . 4 4 E f f e c t o f a c i d i t y on d i s t r i b u t i o n a n d g r o w t h o f 

s p e c i e s 

B e n n e t t ( 1 9 6 9 ) r e p o r t e d t h a t a l t h o u g h pH w a s a good 

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

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

t o t h e number o f s p e c i e s . As m e n t i o n e d p r e v i o u s l y i n t h e 

d i s c u s s i o n , a c i d i t y a n d pH a r e n o t n e c e s s a r i l y r e l a t e d b e c a u s e 

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

s u p p o r t , t o some e x t e n t , B e n n e t t ' s f i n d i n g s , i n t h a t 

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

B r a n d o n P i t h o u s e A c i d S t r e a m s h o w e d a s i g n i f i c a n t n e g a t i v e 

c o r r e l a t i o n b e t w e e n a c i d i t y a n d s p e c i e s n u m ber, a t t h e 95% 

c o n f i d e n c e l i m i t . H o w e v e r , no s u c h c o r r e l a t i o n was r e c o r d e d 

b e t w e e n t h e two p a r a m e t e r s f o r t h e summer s u r v e y s and n e i t h e r 

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

A c i d S t r e a m d a t a show a c i d i t y t o be c l o s e l y r e l a t e d t o 

s p e c i e s number ( T a b l e 5 . 6 ) . 

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

t h e m a i n i n f l u e n c e on g r o w t h o f t h e a l g a e . F o r e x a m p l e , 

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

was no o b v i o u s a c i d i t y v a l u e a b o v e w h i c h s p e c i e s w e r e 

r e s t r i c t e d , a s was a p p a r e n t a t pH 2 . 5 . I f a c i d i t y was t h e 

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

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

a n d e x p e r i m e n t a l r e s u l t s , a s m e n t i o n e d i n 8 . 5 2 . F u r t h e r m o r e , 

t h e a c i d i t y v a l u e s a t pH 2 . 5 i n t h e medium w h i c h was 

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

t h o s e r e c o r d e d a t pH 2 . 5 i n t h e f i e l d ( e g . i n f i e l d 

maximum v a l u e a t pH 2 . 6 was 2 0 0 0 0 mg 1 * CaCO^ , w h e r e a s 

i n t h e medium t h e v a l u e was a p p r o x i m a t e l y 1 0 0 0 mg 1 * CaCO ) . 
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I t w o u l d a p p e a r , t h e r e f o r e , f r o m t h e s e r e s u l t s , t h a t 

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

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

8 . 4 5 E f f e c t o f h e a v y m e t a l s on d i s t r i b u t i o n o f s p e c i e s 

O t h e r c h e m i c a l f a c t o r s l i k e l y t o a f f e c t g r o w t h w e r e 

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

w a t e r . W h i l s t a l l t h e h e a v y m e t a l s , e x c e p t p e r h a p s Pb, 

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

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

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

e n v i r o n m e n t ( s e e T a b l e s 4 / 1 2 , 4 / 1 3 ) . T h e d a t a f r o m t h e 

e x p e r i m e n t s c a r r i e d o u t on a p o p u l a t i o n o f H o r m i d i u m r i v u l a r e 

a n d E u g l e n a m u t a b i l i s w i t h Z n , show t h a t t h e g r o w t h o f b o t h 

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

pH v a l u e s ( s e e 6 . 4 ) . H o w e v e r , t h e t o x i c i t y o f t h e m e t a l was 

f o u n d t o v a r y w i t h t h e pH. 

8 . 4 6 R e l a t i o n s h i p b e t w e e n pH , C a a n d Zn t o x i c i t y 

T h e t o x i c i t y o f Zn i n c r e a s e d w i t h a n i n c r e a s e i n pH 

a n d b o t h o r g a n i s m s t e s t e d w e r e m o s t r e s i s t a n t t o Zn a t t h e i r 

o ptimum g r o w t h pH r a n g e s ( s e e 6 . 3 1 , 6 . 4 1 a n d 6 . 4 2 ) . S i m i l a r 

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

a p o p u l a t i o n o f H o r m i d i u m r i v u l a r e ( 6 = 4 3 ) = 

As m e n t i o n e d i n 6 . 6 1 a n d 6 . 6 3 , e x p e r i m e n t s a l s o 

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

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

t o l e r a n c e t o pH was n o t i m p r o v e d by t h e a d d i t i o n o f t h i s 

e l e m e n t . As t h e t o x i c i t y o f Zn was a n t a g o n i z e d by C a a n d 
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pH, i t w o u l d seem u n l i k e l y t h a t Zn c o n c e n t r a t i o n c o n t r o l l e d 

t h e g r o w t h o f t h e a l g a e a t low pH. W h e t h e r o t h e r h e a v y m e t a l s 

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

Zn i s n o t known. T h e e x p e r i m e n t w i t h Cu s u g g e s t s t h a t pH 

may a f f e c t t h e t o x i c i t y o f o t h e r h e a v y m e t a l s i n much t h e 

same way. 

W h i l s t t h e . h e a v y m e t a l s may n o t e x e r t o v e r a l l c o n t r o l 

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

H. r i v u l a r e s u g g e s t t h a t w h e r e a s p e c i e s i s n e a r 

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

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

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

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

l e a d t o t h e d e a t h o f t h e w h o l e p o p u l a t i o n . T h i s was e v i d e n t 

a t pH 2 . 5 a n d 2 . 7 5 f o r c o n c e n t r a t i o n s o f Zn b e t w e e n 5 a n d 10 

mg 1 * ( F i g . 6 . 4 ) . C o n v e r s e l y , a t g r o w t h l i m i t i n g c o n c e n t r a t i o n s 

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

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

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

8 . 4 7 C o m p a r i s o n w i t h a v a i l a b l e l i t e r a t u r e p e r t a i n i n g 

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

O t h e r w o r k e r s i n t h i s f i e l d h a v e n o t a t t e m p t e d t o 

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

g r o w i n g i n a c i d m i n e w a t e r s . As m e n t i o n e d i n 1 . 7 2 , D r o o p 

( 1 9 7 4 ) s u g g e s t e d i n t h e a b s e n c e o f e x p e r i m e n t a l d a t a , t h a t 

i n t o l e r a n c e shown by many a l g a e t o low pH was due t o t h e 

h i g h l e v e l o f h e a v y m e t a l s . B o s c h , e t a l . ( 1 9 7 2 ) f o u n d f r o m 
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f i e l d s t u d i e s on d i a t o m s i n a c i d i c a n d non a c i d i c , Zn 

a n d Cu p o l l u t e d w a t e r s , t h a t a c i d t o l e r a n t s p e c i e s w e r e 

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

t o l e r a n t t o h e a v y m e t a l s w e r e n o t t o l e r a n t t o low pH. From 

t h e i r o b s e r v a t i o n s t h e y s u g g e s t e d t h a t pH was p r o b a b l y t h e 

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

m e t a l s w e r e s e l e c t i v e t o some e x t e n t a t low pH a n d more 

m a r k e d l y s o w h e r e e x t r e m e a c i d i t y was a b s e n t . T h e d a t a 

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

a n d t h e p o p u l a t i o n s o f H_. f l a c c i d u m a n d H_. s c o p u l i n u m { F i g . 

6 . 7 a n d T a b l e 6 . 6 ) s u p p o r t e d t h e o b s e r v a t i o n s made by B e s c h 

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

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

n o t grow b e l o w pH 4 . 0 , w h e r e a s p o p u l a t i o n s o f H_. r l v u l a r e w e r e 

t o l e r a n t o f low pH a n d i n some c a s e s l a r g e c o n c e n t r a t i o n s 

o f Zn ( s e e 6 . 5 1 ) . 

8 . 4 8 R e q u i r e m e n t s o f H o r m i d i u m r i v u l a r e a n d E u g l e n a 

m u t a b i l i s f o r l e v e l s o f A l a n d Zn 

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

o f A l on H o r m i d i u m r i v u l a r e ( 6 . 6 2 ) a n d Zn on E u g l e n a m u t a b i 1 i s 

( 6 . 4 2 ) d e m o n s t r a t e t h a t b o t h o r g a n i s m s h a d a r e q u i r e m e n t f o r 

low l e v e l s o f t h e s e e l e m e n t s . As m e n t i o n e d i n 1 . 7 1 a s i m i l a r 

r e s p o n s e t o A l c o n c e n t r a t i o n was shown by F o y & G e r l o f f ( 1 9 7 2 ) 

f o r a s t r a i n o f C h l o r e l l a p y r e n o i d o s a . T h i s s t r a i n g r e w i n 

48 mg 1 * A l a t pH 4 . 6 a n d g a v e a p o s i t i v e g r o w t h r e s p o n s e 

t o c o n c e n t r a t i o n s b e t w e e n 1 . 5 a n d 12 mg 1 * A l . S i m i l a r 

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

H o r m i d i u m r i v u l a r e . 
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8 . 4 9 E f f e c t o f n u t r i e n t l e v e l s on t h e number o f s p e c i e s 

A p a r t f r o m a f e w PO^-P v a l u e s , t h e o n l y i o n w h i c h w a s 

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

m i g h t s e r i o u s l y h i n d e r p l a n t g r o w t h was K, w h i c h on o n e 

o c c a s i o n was a s low a s 0 . 0 5 mg 1 * ( s e e 4 . 1 5 ) . 

T h e s t e p w i s e r e g r e s s i o n a n a l y s i s on B r a n d o n P i t h o u s e 

A c i d S t r e a m d a t a , i n d i c a t e d t h a t n i t r a t e a n d p h o s p h a t e 

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

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

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

i n 2 . 7 2 t h e a d d i t i o n o f NH^-N t o t h e medium i m p r o v e d t h e 

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

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

t h a t NH^-N was v e r y r e l e v a n t i n d e t e r m i n i n g t h e number o f 

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

and number o f s p e c i e s i n t h e summer s u r v e y . I t may be t h a t 

some o r g a n i s m s u t i l i s e NH^-N i n p r e f e r e n c e t o NO^-N a n d t h a t 

i n t h e f i e l d t h e r e was s u f f i c i e n t NH^-N (mean 2 . 2 0 mg 1 * 

NH^-N) t o a l l o w a good g r o w t h r a t e , w i t h o u t u s i n g NO^-N. 

8 . 5 E f f e c t s o f some e l e m e n t s on t h e g r o w t h o f H o r m i d i u m 

r i v u l a r e 

8 . 5 1 R e q u i r e m e n t s 

I t w as shown t h a t H o r m i d i u m r i v u l a r e h a d a r e q u i r e m e n t 

f o r l o w l e v e l s o f C a , Mg, A l a n d PO -P a t pH v a l u e s b e t w e e n 
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2 . 5 a n d 6 . 0 ; ( 6 . 6 ) . As l e v e l s r e c o r d e d i n t h e f i e l d f o r 

t h e s e e l e m e n t s , r a r e l y f e l l a s low a s t h o s e i n 6 . 6 , i t 

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

any g r e a t e x t e n t . 

T h e v a r i o u s r e q u i r e m e n t s f o r C a , Mg a n d PO^-P by a l g a e , 

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

s p e c i e s ( G e r l o f f & F i s h b e c k , 1 9 6 9 ; H u t n e r ejb a l ^ . , 1 9 5 0 ) . 

H o w e v e r , i t w o u l d a p p e a r t h a t t h e l e v e l s r e q u i r e d i n t h e low 

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

M a c i a s . ( 1 9 6 5 ) r e p o r t e d t h a t t h e r e q u i r e m e n t f o r C h l a m y d o m o n a s 

mundana f o r Na, C a , Mn, a n d F e w e r e g r e a t e r a t low pH. T h e 

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

b u t i t i s p o s s i b l e t h a t a t low pH t h e e l e m e n t s may a l t e r 

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

o r g a n i s m s . 

8 . 5 2 E f f e c t s o f l a r g e c o n c e n t r a t i o n s o f C a , Mg, A l 

W i t h t h e p o s s i b l e e x c e p t i o n o f PO^-P, a l l e l e m e n t s 

t e s t e d a n t a g o n i z e d g r o w t h a t t h e h i g h e s t c o n c e n t r a t i o n 

e x a m i n e d . . T h e r e a s o n s f o r t h e o b s e r v e d d e c r e a s e i n g r o w t h 

r a t e a r e n o t u n d e r s t o o d , b u t i t i s p o s s i b l e t h a t t h e i o n s 

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

a n d t h a t t h e s e o t h e r e l e m e n t s may become l i m i t i n g a t t h e 

o ptimum pH g r o w t h r a n g e . H o w e v e r , l e v e l s a s h i g h a s t h o s e 

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

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

t h e mean C a l e v e l r e c o r d e d f o r H o r m i d i u m r i v u l a r e was 2 8 7 

mg 1 * a v a l u e h i g h e r t h a n t h e l e v e l w h i c h a n t a g o n i s e d g r o w t h 

i n t h e l a b o r a t o r y . 
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8 . 6 E f f e c t o f F e a n d p h y s i c a l p a r a m e t e r s on t h e d i s t r i b u t i o n 

o f s p e c i e s 

8 . 6 1 F e 

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

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

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

t h e e f f e c t o f pH ( H y n e s , 1 9 7 0 ) . H o w e v e r , t h e m a i n e f f e c t 

t h e F e h a s on t h e e n v i r o n m e n t i s due t o t h e p r e c i p i t a t i o n o f 

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

l a t t e r h a s b e e n r e p o r t e d f o r some p l a n t s ( O b o r n , 1 9 6 0 ) . T h e 

a d d i t i o n o f F e t o t h e c u l t u r e medium d i d n o t c a u s e a r e d u c t i o n 

i n g r o w t h r a t e a t low pH ( s e e 6 . 3 2 ) . 

As m e n t i o n e d i n c h a p t e r 5 , t h e c o n t i n u o u s p r e c i p i t a t i o n 

o f i r o n , a s s e e n a t r e a c h e s 8 a n d 13 o f B r a n d o n P i t h o u s e 

A c i d S t r e a m , r e s u l t e d i n a d e c r e a s e i n t h e number o f s p e c i e s 

( 5 . 6 4 ) a n d t h e s t a n d i n g c r o p o f a l g a e ( 5 . 8 6 ) . T h e r e a s o n s 

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

be d ue t o a r e d u c t i o n i n l i g h t r e a c h i n g t h e b e d o f t h e 

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

o f w h i c h w e r e m o s t o b v i o u s a t r e a c h 1 3 . Where t h e i r o n 

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

r n >̂ /—• Q +- \i r-> 4- V* « 3 *~ i • ^~ T »-i 4«*« 4- *-» ^ v~ r-* v \ i . f ^1 f* r-« 1 - i /-» \* 4- 1 . * 

g r e a t e r t h a n t h e d e c r e a s e i n number o f s p e c i e s , w h e r e a s t h e 

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

o f F e a n d A l c o m p l e x e s , c a u s e d a m a r k e d r e d u c t i o n 

i n b o t h number o f s p e c i e s a n d s t a n d i n g c r o p , ( s e e F i g . 5 / 2 8 , 

r e a c h 1 3 ) . 
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8 . 6 2 E x p e r i m e n t a l d a t a p e r t a i n i n g t o F e 

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

s p e c i e s o f a l g a e ( s e e 6 . 3 2 ) i n t h e p r e s e n c e o f a s m a l l 

amount o f f e r r i c h y d r o x i d e , i s n o t c l e a r . A n a l y s i s o f 

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

h a d p r e c i p i t a t e d a b o v e pH 3 . 0 ( s e e T a b l e 6 . 2 ) , s h o w e d t h a t 

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

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

( 1 9 7 4 ) . B a s e d on C a s s i n 1 s r e s u l t s i t was a s s u m e d t h a t 

1 . 4 0 mg 1 * F e w o u l d n o t l i m i t g r o w t h o f t h e t e s t a l g a e 

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

some e s s e n t i a l t r a c e e l e m e n t was r e d u c e d i n t h e medium. T h e 

p o s s i b i l i t y t h a t a t t h e h i g h e r pH v a l u e s , t h e l e v e l s o f 

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

may h a v e become t o x i c , i s v e r y u n l i k e l y . T h e same p o p u l a t i o n 

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

d i s c u s s i o n , was shown t o t o l e r a t e much h i g h e r c o n c e n t r a t i o n s 

o f Zn a n d Cu a t pH v a l u e s a b o v e 3 . 0 , t h a n w e r e p r e s e n t i n 
i 

t h e m e d i a a f t e r p r e c i p i t a t i o n ( s e e T a b l e 6 . 2 ) . I t i s p o s s i b l e 

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

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

p a r t i c u l a r l y i n v i e w o f t h e maximum r e s i s t a n c e shown by t h e 

t e s t o r g a n i s m t o Zn a n d C u , b e t w e e n pH 3 . 0 - 4 . 0 . T h e a mount 

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

a b o v e pH 3 . 0 ( 1 1 . 7 mg 1 * F e ) , was i n s u f f i c i e n t t o h a v e 

c a u s e d a s i g n i f i c a n t r e d u c t i o n i n g r o w t h r a t e due t o t h e 

r e d u c e d l i g h t p e n e t r a t i o n . 
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8 . 6 3 T h e i n f l u e n c e o f t e m p e r a t u r e on g r o w t h 

T h e r e was no i n d i c a t i o n f r o m t h e e x p e r i m e n t a l r e s u l t s 

t h a t t e m p e r a t u r e was a m a j o r i n f l u e n c e on p r e s e n c e o f a 

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

t h e f i e l d , i t i s l i k e l y t h a t t h e g r o w t h r a t e was a f f e c t e d 

( s e e 6 . 7 ) on a s e a s o n a l b a s i s . T h e s e r e s u l t s a l s o d e m o n s t r a t e 

t h a t f o r t h e s e s p e c i e s t h e r e i s no t h e r m o p h i l i c r e s i s t a n c e , 

a s d e m o n s t r a t e d by some s p e c i e s i n t h e t h e r m a l a c i d s t r e a m s . 

8 . 6 4 E f f e c t o f o t h e r p h y s i c a l f a c t o r s on d i s t r i b u t i o n a n d 

a b u n d a n c e 

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

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

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

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

o f t h e a l g a e . 

T h e maximum s t a n d i n g c r o p r e s u l t s ( s e e 5 . 8 2 ) s e r v e t o 

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

an a c i d s t r e a m . A l t h o u g h i t i s l i k e l y t h a t t h e s e f a c t o r s 

may, o n t h e i r own, be r e s p o n s i b l e f o r t h e p r e s e n c e o r a b s e n c e 

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

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

5 p c C X 6 3 • 

As m e n t i o n e d b r i e f l y i n 8 . 3 4 t h e e f f e c t o f a n u n s t a b l e 

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

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

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

S t r e a m , r e a c h 1 , a n d o t h e r d o w n s t r e a m r e a c h e s . As r e f e r r e d 
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t o i n 5 . 8 2 , t h e f i r s t 10 m o f B r a n d o n P i t h o u s e A c i d S t r e a m 

w e r e n o t s u b j e c t e d t o i n t e r m i t t e n t h i g h f l o w s due t o run<-off 

C o n s e q u e n t l y , t h e d e n s i t y o f a l g a l m a t e r i a l was a l l o w e d t o 

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

E v e n t h o u g h t h e s u b s t r a t u m i n B r a n d o n P i t h o u s e A c i d S t r e a m 

was r e l a t i v e l y s t a b l e , c o m p a r e d w i t h some a c i d s t r e a m s , t h e 

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

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

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

s u b s t r a t u m i s p r o b a b l y more i m p o r t a n t t h a n i t s c o m p o s i t i o n 

( s e e 3 . 2 2 ) . 

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

s e l e c t s p e c i e s . F o r i n s t a n c e , a s m e n t i o n e d i n 7 . 9 a n d 7 / 1 3 

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

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

l o w e s t c u r r e n t s p e e d s ( s e e T a b l e 4 . 9 ) . H o w e v e r , C h l a m y d o m o n a s 

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

l a r g e r o r g a n i s m s s u c h a s t h e m o s s e s . Moore & C l a r k s o n ( 1 9 6 7 ) 

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

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

t h a n pH 3 . 0 ) a n d c o n c l u d e d t h a t s u b s t r a t e s t a b i l i t y a n d 

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

d i s t r i b u t i o n o f p l a n t s . 

8 . 6 5 H a b i t a t t y p e 

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

s p e c i e s have b e e n d e a l t w i t h i n c h a p t e r 7 , f u r t h e r g e n e r a l 

o b s e r v a t i o n s a r e c o n s i d e r e d h e r e . . T h e o b s e r v a t i o n s d i s c u s s e d 
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i n 8 . 6 4 s u g g e s t t h a t h a b i t a t t y p e i s i m p o r t a n t f o r a few 

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

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

c u r r e n t s p e e d s . 

T h e d a t a p r e s e n t e d i n 4 . 4 3 d o e s n o t i n d i c a t e t h a t 

h a b i t a t was v e r y i m p o r t a n t f o r f r e q u e n t l y o c c u r r i n g s p e c i e s ? 

h o w e v e r , a c o m p a r i s o n o f t h e a b u n d a n c e v a l u e s ( s e e T a b l e 4 . 7 ) 

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

i n a p a r t i c u l a r h a b i t a t , t h e y a r e more a b u n d a n t i n a n o t h e r . 

F o r e x a m p l e , C h l a m y d o m o n a s a p p l a n a t a v a r . a c i d o p h i l a w a s 

p r e s e n t i n f a s t e r c u r r e n t s p e e d s , b u t was more w i d e s p r e a d 

a n d more a b u n d a n t i n t h e p o o l h a b i t a t ( s e e T a b l e 4 . 7 ) . I n 

c o n t r a s t , H o r m i d i u m r i v u l a r e t e n d e d t o be m o s t a b u n d a n t i n 

t h e s t r e a m h a b i t a t . T h e m o t i l e s t a g e o f G l o e o c h r y s i s t u r f o s a 

a n d t h e f l o w e r i n g p l a n t s , was r e c o r d e d more f r e q u e n t l y i n t h e 

p o o l h a b i t a t . 

8 . 6 6 P r e d a t o r s a n d i n t e r s p e c i f i c c o m p e t i t i o n 

H e r b i v o r o u s p r e d a t o r s a r e known t o r e d u c e t h e s t a n d i n g 

c r o p o f a l g a e i n u n p o l l u t e d s t r e a m s ( M o s s , 1 9 6 8 ) , t h e r e f o r e , 

b e c a u s e a c i d t o l e r a n t a n i m a l s h a v e b e e n r e c o r d e d ( 1 . 5 ) , i t 

i s l i k e l y t h a t t h e s e o r g a n i s m s w i l l h a v e some e f f e c t on t h e 

s t a n d i n g c r o p o f a l g a e i n t h e s e a c i d s t r e a m s . A l t h o u g h no 

q u a n t i t a t i v e o r q u a l a t i v e s a m p l e s w e r e t a k e n o f t h e a n i m a l 

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

i n s a m p l e s t a k e n f r o m B r a n d o n P i t h o u s e A c i d S t r e a m . I t 

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

w e r e g r a z i n g on a l g a e a n d a t c e r t a i n t i m e s o f t h e y e a r ( u s u a l l y 
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s p r i n g - s u m m e r ) t h e y w e r e i n s u f f i c i e n t n u m b e r s a s t o r e d u c e 

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

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

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

I t i s l i k e l y t h a t a d a p t a t i o n t o e x t r e m e l o w pH e n v i r o n m e n t s 

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

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

pH. T h e r e was some i n d i c a t i o n t h a t E u g l e n a m u t a b i l i s 

d i s p l a y e d a r e d u c t i o n i n i t ' s c o m p e t i t i v e a b i l i t y a t pH 

v a l u e s a b o v e 3 . 0 . F o r e x a m p l e , a l t h o u g h r e a c h 1 a n d r e a c h 1 0 , 

B r a n d o n P i t h o u s e A c i d S t r e a m , s u p p o r t e d a l m o s t t h e same 

number o f s p e c i e s ( s e e T a b l e 5 . 6 ) , r e a c h 1 (pH 2 . 6 ) w a s d o m i n a t e d 

t h r o u g h o u t t h e y e a r by E u g l e n a m u t a b i l i s , w h e r e a s i t was n e v e r 

a b u n d a n t a t r e a c h 10 (pH 3 . 2 ) . As e x p e r i m e n t a l r e s u l t s 

( F i g . 6 . 3 ) d i d n o t i n d i c a t e t h a t g r o w t h was r e d u c e d a t pH 3 . 0 , 

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

was d u e t o a r e d u c t i o n i n i t ' s a b i l i t y t o c o m p e t e w i t h o t h e r 

s p e c i e s ( e g . H o r m i d i u m r i v u l a r e ) a t pH v a l u e s g r e a t e r t h a n 

3 . 0 . T h i s s u g g e s t i o n was s u p p o r t e d by L a c k e y ( 1 9 3 9 ) who 

f o u n d t h e a l g a t o be i n f r e q u e n t a n d r a r e l y a b u n d a n t i n t h e 

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

8 . 6 7 Resume o f f a c t o r s i n f l u e n c i n g t h e g r o w t h o f 

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

I t i s c l e a r f r o m t h e r e s u l t s t h a t many f a c t o r s , b o t h 

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

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

t h e d a t a do s u g g e s t t h a t o f t h e s e f a c t o r s , pH h a s t h e m a j o r 
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i n f l u e n c e on t h e p r e s e n c e of a s p e c i e s i n a p a r t i c u l a r 

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

w i t h i n f l u e n c i n g t h e abundance of an o r g a n i s m once i t 

i s e s t a b l i s h e d a t a p a r t i c u l a r pH v a l u e . I t i s l i k e l y 

t h a t a c i d i t y and heavy m e t a l s may a c t s y n e r g i s t i c a l l y w i t h 

pH, i n p r o v i d i n g a d d i t i o n a l s t r e s s so as to r e s t r i c t t h e 

growth of a s p e c i e s a t s i t e s where pH a l o n e would n o t . 

8.7 O r d i n a t i o n of s p e c i e s on the b a s i s of pH t o l e r a n c e 

I f pH i s c o n s i d e r e d to be the main f a c t o r c o n t r o l l i n g 

the d i s t r i b u t i o n of s p e c i e s i n a c i d i c w a t e r s , t h e n i t i s 

p o s s i b l e to o r d i n a t e t h o s e s p e c i e s w h i c h were r e c o r d e d i n 

the two s u r v e y s and a l s o t h o s e w h i c h o c c u r r e d i n Brandon 

P i t h o u s e A c i d S t r e a m , on the b a s i s of t h e i r t o l e r a n c e to 

pH. The r e s u l t s g i v e n i n T a b l e 5.7 d i v i d e the s p e c i e s r e c o r d e d 

i n Brandon P i t h o u s e A c i d Stream s y s t e m i n t o f o u r groups 

(s e e 5 . 7 ) . As can be s e e n , t h e r e was v e r y l i t t l e o v e r l a p 

between the Groups I and I I I on t h e b a s i s of o c c u r r e n c e 

over t h e pH range examined. 

I t i s p o s s i b l e t h a t t h e s p e c i e s i n Group I I and I I I 

a r e t o l e r a n t to a s p e c t s of a c i d mine d r a i n a g e o t h e r t h a n 

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

of m o d e r a t e l y l a r g e c o n c e n t r a t i o n s of heavy m e t a l s and 

o t h e r i o n s p r e s e n t i n the mine w a t e r s , i s s e l e c t i v e i n 

t h e i r f a v o u r . 

T a b l e 8.3 i n c l u d e s t h e l i s t o f s p e c i e s r e c o r d e d below 

pH 3.0 and shows the l o w e s t pH v a l u e s a t w h i c h the o r g a n i s m was 
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Photosynthetic organisms i n order of tolerance to pH (where possible laboratory 
r e s u l t s have been included). 

species lowest pH recorded 
i n f i e l d 

lowest pH recorded 
i n laboratory 

Euglena mutabilis 1.5 
Pinnularia acoricola 1.5 
Characium sp. 1.5-
Gloeochrysis turfosa 1.8 
Chlamvdomonaa applanata 

var. acidophila 1 .8 
Stichococcus b a c i l l a r i s 1.8 
Nitzschia subcapitellata 2.5 
Nitzschia e l l i p s e s 

var. alexandrina 2.5 
Eunotia exigua 2.5 
Hormidium ri v u l a r e 2.5 
Zygogonium ericetorum 2.5 
Dioanella sp.(protonema) 2.5 
Lepocinclis ovum 2.5 
Nitzschia sp, typeA 2.5 
Nitzschia o v a l i s 2.5 
Pinnularia microstauron 2.5 
Navicula sp. 2.5 
Nitzschia sp. type B 2.5 
Typha l a t i f o l i a 2.5 
Dicranella sp. 2.5 
Drepanocladus f l u i t a n s 2.6 
Cryptomonas sp. 2.6 
Drepanocladus f l u i t a n s 

(protonema) 2.6 
Chlamydomonas sp. 2.7 
Nitzschia palea 2.7 
Juneus effusus 2.7 
Micothamnion strictissimum 2.9 
Navicula n i v a l i s 3.0 
Ulothrix zonata 3.0 

1.3 

1.5 

1.3 
1.5 

2.5 
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r e c o r d e d , both i n t he f i e l d and, where a p p l i c a b l e , i n t h e 

l a b o r a t o r y . As mentioned e a r l i e r i t i s e v i d e n t from t h e s e 

d a t a t h a t t h e m a j o r i t y (23 o u t of 27) of t h e s p e c i e s were 

not r e c o r d e d below pH 2.5. Hormidlum r i v u l a r e i s an example 

of one of the more commonly o c c u r r i n g s p e c i e s w h i c h was not 

r e c o r d e d below pH 2.5, e i t h e r i n the f i e l d o r under l a b o r a t o r y 

c o n d i t i o n s . A l t h o u g h more d a t a a r e n e c e s s a r y to v e r i f y t h i s 

o b s e r v a t i o n , the l a c k of r e c o r d s f o r t h e s e s p e c i e s below 

pH 2.5, i n t h i s s t u d y s u g g e s t s t h a t t h e r e may be a " c u t o f f " 

p o i n t a t pH 2.5, below which many s p e c i e s w i l l not grow. The 

c l a s s i f i c a t i o n s y stem commonly used f o r s e p a r a t i n g s p e c i e s 

i n t o d i f f e r e n t c a t e g o r i e s , depending on t h e i r pH t o l e r a n c e , 

was proposed by H u s t e d t ( 1 9 3 9 ) . T h i s c l a s s i f i c a t i o n i n c l u d e s 

a l l the s p e c i e s i n T a b l e 8.3 and many of t h o s e i n T a b l e 5.6 

Group I I , a s a c i d o b i o a t i c s p e c i e s ( i e . t h o s e s p e c i e s w h i c h o c c u r 

a t pH v a l u e s below 7 w i t h an optimum d i s t r i b u t i o n a t pH 5.5 

or l e s s ) . The d i s t r i b u t i o n of a l g a e shown i n t h i s s t u d y 

s u g g e s t s t h a t H u s t e d t ' s s y s t e m c o u l d be extended to s e p a r a t e 

the extreme a c i d o b i o n t i c s p e c i e s w h i c h a r e c a p a b l e of growth 

below pH 2.5, from t h o s e w h i c h a r e r e s t r i c t e d to v a l u e s 

above pH 2.5. 

8.8 Morphology 

M o r p h o l o g i c a l v a r i a t i o n s were d i s p l a y e d by many of the 

s p e c i e s r e c o r d e d , both under f i e l d and l a b o r a t o r y c o n d i t i o n s . 

F o r t h e f i v e s p e c i e s u s e d i n e x p e r i m e n t s ( s e e 6.35, 6.41 

and 6 . 4 2 ) , the g r e a t e s t d e g r e e of m o r p h o l o g i c a l v a r i a t i o n s 

were o b s e r v e d n e a r t h e growth l i m i t i n g pH v a l u e s . S i m i l a r 
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v a r i a t i o n was not o b s e r v e d a t t he h i g h e r pH v a l u e s , where 

i n a l l c a s e s , t h e growth r a t e was a l s o r e d u c e d . As mentioned 

i n 6.35 i n the c a s e of S t i c h o c o c c u s b a c i l l a r i s , o b v i o u s 

m o r p h o l o g i c a l d i f f e r e n c e s were not a s s o c i a t e d w i t h a marked 

r e d u c t i o n i n growth r a t e , e x c e p t a t the a c t u a l pH l i m i t ( s e e 

7 . 1 5 ) . S i m i l a r l y , m o r p h o l o g i c a l d i f f e r e n c e s were r e c o r d e d f o r 

E u n o t i a e x i g u a and P i n n u l a r i a a c o r i c o l a i n t h e f i e l d , a t 

pH v a l u e s which d i d not appear to r e s t r i c t t h e growth r a t e 

of t h e a l g a e , a l t h o u g h i n the c a s e of E u n o t i a e x i g u a t h e de g r e e 

of m a l f o r m a t i o n of t he f r u s t u l e s was g r e a t e r a t lower pH 

v a l u e s ( s e e 7 . 8 ) . 

S i m i l a r d i f f e r e n c e s i n morphology were o b s e r v e d f o r 

Hormidium r i v u l a r e and to a much l e s s e r degree f o r E u g l e n a 

m u t a b i l i s , i n the p r e s e n c e of growth l i m i t i n g c o n c e n t r a t i o n s 

o f Zn and Cu ( s e e 6 . 4 ) . I t i s not known whether s i m i l a r 

d i f f e r e n c e s were c a u s e d by l a r g e c o n c e n t r a t i o n s of heavy 

m e t a l s i n the f i e l d . As mentioned on s e v e r a l o c c a s i o n s i n 

Ghap t e r 7, t h e s e m o r p h o l o g i c a l v a r i a t i o n s c a u s e d taxonomic 

p r o b l e m s . I t i s p o s s i b l e t h a t one s p e c i e s of N a v i c u l a and 

two s p e c i e s of N i t z s c h i a were r e c o r d e d h e r e t h a t have not been 

p r e v i o u s l y d e s c r i b e d ( s e e 7/16, 7/17, 7 ^ 1 9 ) . However, i n vie w 

of the marked d i f f e r e n c e s i n form r e c o r d e d f o r some s p e c i e s , i t 

i s p o s s i b l e t h a t t h e s e specimens were m e r e l y v a r i a n t s of known 

s p e c i e s w h i c h d i s p l a y e d a d i f f e r e n t morphology i n the extreme 

a c i d i c e n v i r o n m e n t ( J . R . C a r t e r , p e r s . comm.). I f such v a r i a t i o n s 

a r e c h a r a c t e r i s t i c of s p e c i e s i n t h e extreme a c i d i c h a b i t a t , 

t h e n i t i s l i k e l y t h a t e r r o r s may have o c c u r r e d i n i d e n t i f i c a t i o n 
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and t h a t t h e d i f f e r e n c e s i n the s p e c i e s l i s t s g i v e n i n T a b l e 

8.2 may be a r t i f i c i a l l y l a r g e . Without d e t a i l e d d e s c r i p t i o n s 

of s p e c i e s i t w i l l be a l m o s t i m p o s s i b l e to r e s o l v e t h i s 

p roblem. 

The p r o c e s s of c e l l m a l f o r m a t i o n has not been s t u d i e d 

to the a u t h o r ' s knowledge! presumably the hydrogen and 

heavy m e t a l i o n s a f f e c t some p a r t of p r o t e i n s y n t h e s i s . The 

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

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

d i v i s i o n and i f m a i n t a i n e d i n growth l i m i t i n g c o n d i t i o n s , the 

p o p u l a t i o n becomes dominated by the malformed c e l l s . On 

o c c a s i o n s when p o p u l a t i o n s of Hormidium r i v u l a r e and S t i c h o c o c c u s 

b a c i l l a r i s w h i c h were dominated by malformed c e l l s , were 

t r a n s f e r r e d to media a t t h e i r o p t i m a l growth pH, the number 

of malformed c e l l s d e c r e a s e d and e v e n t u a l l y d i s a p p e a r e d , 

showing t h a t the m o r p h o l o g i c a l changes were not a permanent 

f e a t u r e of t h a t p o p u l a t i o n . However, whether t h e y would do so 

a f t e r a l o n g e r p e r i o d of time i s not known. 

8.9 A d a p t a t i o n and p o s s i b l e mechanisms i n v o l v e d i n a c i d 

t o l e r a n c e i n p l a n t s 

I t has a l r e a d y been mentioned i n 1.73 t h a t l i t t l e 

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

mechanisms n e c e s s a r y f o r an o r g a n i s m to s u r v i v e i n a c i d mine 

w a t e r s . The l a r g e d i f f e r e n c 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 

r e c o r d e d f o r a c i d s t r e a m s throughout the w o r l d , s u g g e s t t h a t 

t h e r e a r e many s p e c i e s w h i c h have the n e c e s s a r y s p e c i a l i s a t i o n 

to s u r v i v e i n t h i s e n v i r o n m e n t . H o w e v e r , . i t i s n o t known 
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whether t h i s a b i l i t y i s i n h e r e n t , or i s due to p h y s i o l o g i c a l 

a d a p t a t i o n o v e r a p e r i o d of t i m e . The r e s u l t s of both t h e 

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

p r e - a d a p t e d to the a c i d i c e n v i r o n m e n t , but t h a t some p h y s i o l o g i c a ] 

a d a p t a t i o n a l s o t a k e s p l a c e . 

The pH growth c u r v e s of the f i v e s p e c i e s i s o l a t e d from 

Brandon P i t h o u s e A c i d Stream ( s e e T a b l e 6 . 4 ) , showed t h a t w i t h 

the e x c e p t i o n of Hormidium r i v u l a r e , a l l s p e c i e s grew a t 

lower pH v a l u e s t h a n t h o s e from w h i c h they were i s o l a t e d , w i t h 

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

anywhere i n E n g l a n d ( s e e 6 . 3 4 ) . L i k e w i s e , the p o p u l a t i o n of 

Hormidium r i v u l a r e and E u g l e n a mutabi1 i s showed t h a t they were 

a b l e to w i t h s t a n d c o n s i d e r a b l y g r e a t e r l e v e l s of Zn and 

Cu i n the l a b o r a t o r y than the f i e l d . F u r t h e r e v i d e n c e i s 

g i v e n by the f a c t t h a t p r o l o n g e d growth a t pH 6.0 d i d not 

a f f e c t t h e pH r e s i s t a n c e of Hormidium r i v u l a r e ( s e e 6.33) . 

T h e r e does appear to be d i f f e r e n c e s i n t o l e r a n c e which 

may be due to p h y s i o l o g i c a l a d a p t a t i o n . F o r example, the 

v a r i a t i o n i n the pH t o l e r a n c e w i t h i n the range pH 2.5-6.0 f o r 

d i f f e r e n t p o p u l a t i o n s of H. r i v u l a r e ( s e e F i g . 6.7) . 

A l s o , t h e d i f f e r e n c e i n t o l e r a n c e to Zn c o n c e n t r a t i o n , as 

i l l u s t r a t e d by a c o m p a r i s o n of the maximum l e v e l s t o l e r a t e d 

by one p o p u l a t i o n i s o l a t e d from Brandon P i t h o u s e A c i d Stream 

(max. 30 mg 1 * Zn) as compared w i t h a f i e l d p o p u l a t i o n a t 

s i t e 14 where i t was growing a b u n d a n t l y a t 67.4 mg 1 * Zn. 

I n one e x p e r i m e n t a p o p u l a t i o n of . H-. r i v u l a r e was 

exposed to pH 2.5 f o r s e v e r a l months, however, t h i s d i d not 
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improve the growth r a t e a t t h a t pH v a l u e , nor d i d i t i n c r e a s e 

t o l e r a n c e t o pH v a l u e s below 2.5. T h i s would s u g g e s t t h a t 

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

o v e r a much l o n g e r time p e r i o d , or o n l y i n c r e a s e s t o l e r a n c e 

w i t h i n the bounds of the g e n e t i c a b i l i t y of t h e s p e c i e s . 

As mentioned i n 6.5 the d a t a s u g g e s t e d t h a t i n the non 

a c i d i c e n v i r o n m e n t , a d a p t a t i o n t o . Zn i n c r e a s e d t h e t o l e r a n c e 

of p o p u l a t i o n s of H. r i v u l a r e to low pH and t h a t pH 

t o l e r a n c e i n c r e a s e d w i t h a g r e a t e r r e s i s t a n c e t o Zn • T h i s 

i m p l i e s t h a t p a r t of the mechanism of t o l e r a n c e i n H_. r i v u l a r e 

i s common to both p r o c e s s e s . The e f f e c t of i n c r e a s i n g l e v e l s 

of Ca and Mg on the t o x i c i t y o f Zn has been shown to improve 

the t o l e r a n c e of Hormidium spp. to Zn (P. J . Say & B. A. 

W h i t t o n , i n p r e s s ) . However, s i m i l a r i n c r e a s e s i n t h e s e 

and o t h e r e l e m e n t s ( s e e 6.6) i n t h e medium a t the low pH v a l u e s , 

d i d not c a u s e a s i g n i f i c a n t i n c r e a s e i n growth of H_. r i v u l a r e , 

w hereas Ca d i d m a r kedly r e d u c e the t o x i c i t y of Zn a t s i m i l a r 

pH v a l u e s . T h i s i n d i c a t e s t h a t the mechanisms of pH and Zn 

t o l e r a n c e a r e not i d e n t i c a l . I t seems l i k e l y t h a t the 

mechanisms i n v o l v e d i n r e d u c i n g t h e t o x i c i t y of Zn by 

i n c r e a s e d l e v e l s of Ca i s the same i n both a c i d i c and non 

a c i d i c e n v i r o n m e n t s . The mechanisms i n v o l v e d i n pH and heavy 

m e t a l r e s i s t a n c e a r e not known f o r the extreme a c i d i c h a b i t a t . 

As mentioned above, the r e s u l t s s u g g e s t t h a t an a c t i v e 

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

to s u g g e s t t h a t i n b a c t e r i a H + i s e x c l u d e d by an energy 

dependent s y s t e m (Manning & Cook, 1 9 7 2 ) . I f s u c h a s y s t e m 
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does o p e r a t e , t h e n i t i s l i k e l y t h a t t h e enzymes i n v o l v e d a r e 

s p e c i a l i z e d and have a low pH optimum. 

I t seems u n l i k e l y t h a t t h e pH of the c y t o p l a s m a l t e r s 

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

d e n a t u r e to form p h a e o p h y t i n . C h l o r o p h y l l a_ a n a l y s e s ( 5 . 8 ) 

d i d not i n d i c a t e t h a t s u c h changes were t a k i n g p l a c e ; i t 

can t h e r e f o r e be assumed t h a t e i t h e r p l a s t i d s a r e p r o t e c t e d 
+ 

by a s p e c i a l i s e d a c i d t o l e r a n t membrane, or t h a t H a r e 

e x c l u d e d from the c y t o p l a s m . As mentioned i n 1.73 a p a s s i v e 

c a t i o n exchange s y s t e m has been found to o p e r a t e i n Sphagnum 

(Clymo, 1963) . The r a t e of exchange of i o n s was found to 

be p r o p o r t i o n a l to the u n e s t e r f i e d p o l y u r o n i c a c i d s i n the 

c e l l w a l l . I t i s not known whether a l g a e a l s o have t h e s e 

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

p o s s i b l e t h a t an e x c e s s of n e g a t i v e l y c h a r g e d i o n s on t h e 

c e l l w a l l c o u l d produce an e f f e c t i v e e x t e r n a l b a r r i e r , by 
+ 

f o r m i n g a l a y e r of H around t h e c e l l . 

I t i s p o s s i b l e t h a t both a c t i v e and p a s s i v e s y s t e m s 

a c t s i m u l t a n e o u s l y , w i t h the p a s s i v e s y s t e m e x c l u d i n g t h e 

m a j o r i t y of i o n s and t he a c t i v e mechanism removing any e x c e s s 

H + t h a t c r o s s the c e l l w a l l . The p o s s e s s i o n o f e i t h e r one 

or both s y s t e m s may a c c o u n t f o r the d i f f e r e n c e s i n t o l e r a n c e 

shown by the s p e c i e s growing a t low pH. 

The o b s e r v e d i n c r e a s e i n t o l e r a n c e to heavy m e t a l s , w i t h 

a d e c r e a s e i n pH, may be due t o changes i n the i o n i c s t a t e 

of t h e m e t a l r a t h e r than the t r i g g e r i n g of a m e t a b o l i c p r o c e s s . 

At low pH, i t i s p o s s i b l e t h a t i o n s form u n u s u a l l i g a n d s , 
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w h i c h , b e c a u s e of t h e i r s i z e , a r e u n a b l e to p e n e t r a t e t h e 

c e l l w a l l . A l t e r n a t i v e l y , t h e low pH c o n d i t i o n s may i n c r e a s e 

the a v a i l a b i l i t y o f i o n s which a r e r e q u i r e d i n t h e mechanism 

r e s p o n s i b l e f o r heavy m e t a l t o l e r a n c e . I n e i t h e r c a s e , 

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

s u g g e s t t h a t heavy m e t a l a c c u m u l a t i o n i n t h e low pH e n v i r o n m e n t 

i s c o n s i d e r a b l y r e d u c e d ( E . J . H. L l o y d , p e r s . comm.) 
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Summary 

An a c c o u n t i s g i v e n of the w a t e r c h e m i s t r y and photo-

s y n t h e t i c f l o r a of w a t e r s from 14 s i t e s i n E n g l a n d w i t h a 

pH of 3.0 and below. I n a d d i t i o n one s t r e a m (Brandon P i t h o u s e 

A c i d S t r e a m , S i t e 3) w i t h a pH g r a d i e n t between pH 2.6 and 

>7.0 was s t u d i e d i n d e t a i l . The e f f e c t of pH on the growth 

o f f i v e s p e c i e s o f a l g a e was examined i n the l a b o r a t o r y 

t o g e t h e r w i t h the e f f e c t of pH on the t o x i c i t y of Zn and Cu 

to Hormidium r i v u l a r e and E u g l e n a m u t a b i l i s . As w e l l as 

h a v i n g a low pH the c h e m i s t r y of the a c i d w a t e r was c h a r a c t e r i z e d 

by h i g h l e v e l s of a c i d i t y , F e / A l , Mn, Zn, Co, N i , SO^-S and 

S i . L e v e l s o f PO^-P and combined i n o r g a n i c N were m o d e r a t e l y 

h i g h , w h i l s t the l e v e l of Pb was r e l a t i v e l y low. The c o n c e n t r a ­

t i o n s o f many o f the i o n s r e c o r d e d were g r e a t e r than t h o s e 

r e p o r t e d i n the l i t e r a t u r e . Most o f the c a t i o n s mentioned 

above were s i g n i f i c a n t l y p o s i t i v e l y c o r r e l a t e d a t the 95% 

c o n f i d e n c e l e v e l w i t h pH and n e g a t i v e l y c o r r e l a t e d w i t h 

a c i d i t y . However, pH and a c i d i t y were not a l w a y s s i g n i f i c a n t l y 

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

A l t h o u g h the l e v e l s of the p a r a m e t e r s measured a t the s o u r c e 

of Brandon P i t h o u s e A c i d Stream were r e l a t i v e l y s t a b l e , t h e 

d a t a c o l l e c t e d from the s u r v e y s i n l a t e summer and l a t e w i n t e r 

showed t h a t a t o t h e r s i t e s t h e r e was s e a s o n a l v a r i a t i o n . Many 

of the v a l u e s were g r e a t e r i n the w i n t e r than summer p e r i o d , 

even though d i l u t i o n was g r e a t e r i n a l l s t r e a m s d u r i n g t h e 

w i n t e r . I t i s p r o b a b l e t h a t the h i g h e r c o n c e n t r a t i o n s were 
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due to an i n c r e a s e i n the w a t e r l e v e l w h i c h was i n c o n t a c t 

w i t h the m i n e r a l bea.nr^ s u b s t r a t a i n the m i n e s . 

The t o t a l f l o r a of the w a t e r below pH 3.0 c o n s i s t e d of 

twenty f o u r a l g a e , two mosses and two f l o w e r i n g p l a n t s . Of 

t h e s e E u q l e n a m u t a b i l i s , was the most w i d e s p r e a d and abundant 

s p e c i e s . P i n n u l a r i a a c o r i c o l a , G l o e o c h r y s i s t u r f o s a , N i t z s c h i a 

s u b c a p i t e 1 1 a t a , Ni t z s c h i a e l l i p t i c a v a r . a l e x a n d r i n a , 

E u n o t i a e x i g u a , Chlamydomonas a p p l a n a t a v a r . a c i d o p h i l a and 

Hormidium r i v u l a r e were a l s o commonly o c c u r r i n g and sometimes 

abundant. 

A l t h o u g h the f l o r a was r e s t r i c t e d t o a few s p e c i e s , 

i n d i v i d u a l o r g a n i s m s were o f t e n i n v e r y l a r g e numbers and 

p r o d u c e d m a c r o s c o p i c a l l y o b v i o u s growth. Maximum s t a n d i n g 

c r o p v a l u e s f o r Brandon P i t h o u s e A c i d S t r e a m were as l a r g e 

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

dominated by a few s p e c i e s . T h e r e appeared to be l i t t l e 

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

t h e r e were t e m p o r a l changes i n the abundance of d i f f e r e n t 

s p e c i e s . T h i s was r e f l e c t e d to some e x t e n t i n the s e a s o n a l 

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

A l t h o u g h t h e r e d i d not appear t o be any g e o g r a p h i c a l 

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

l i s t s f o r d i f f e r e n t s i t e s around the w o r l d s u g g e s t t h a t t h e 

s p e c i e s a r e g e o g r a p h i c a l ^ d i s t r i b u t e d and t h a t a p a r t from a 

few s p e c i e s (eg. E u q l e n a m u t a b i l i s and E u n o t i a e x i q u a ) t h e 

f l o r a of the a c i d s t r e a m s r e f l e c t s to some e x t e n t the 

i n d i g e n o u s non a c i d i c p o p u l a t i o n . 
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Of the p a r a m e t e r s measured pH seemed to have the g r e a t e s t 

i n f l u e n c e on the p r e s e n c e and a b s e n c e o f s p e c i e s . The number 

of s p e c i e s a t a r e a c h was s i g n i f i c a n t l y c o r r e l a t e d a t the 

99% and 95% s i g n i f i c a n c e l e v e l f o r the Brandon P i t h o u s e A c i d 

Stream and the l a t e summer s u r v e y . T h e r e was q u i t e good 

agreement between the f i e l d and l a b o r a t o r y d e t e r m i n e d pH 

l i m i t s f o r growth. Many s p e c i e s were not r e c o r d e d below pH 

2.5 i n f i e l d and Hormidium r i v u l a r e was r e s t r i c t e d to pH 

v a l u e s above 2.5 i n the f i e l d and l a b o r a t o r y . The a b s e n c e 

of B l u e - g r e e n a l g a e from the low pH e n v i r o n m e n t s u p p o r t s the 

f i n d i n g s o f o t h e r a u t h o r s . I t i s a l s o worth n o t i n g t h a t the 

p r o t o n e m a l s t a g e of the two moss s p e c i e s was c o n s i d e r a b l y more 

w i d e s p r e a d t h a n the a d u l t s t a g e s . I t i s s u g g e s t e d t h a t 

t h o s e s p e c i e s which grow below pH 2.5 s h o u l d be c l a s s e d 

s e p a r a t e l y a s extreme a c i d o b i o t i c s p e c i e s . 

A n a l y s i s of f i e l d d a t a d i d not i n d i c a t e t h a t heavy m e t a l s 

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

i n a s t r e a m . However, l a b o r a t o r y s t u d i e s showed t h a t h i g h 

l e v e l s of Zn and Cu were t o x i c to p o p u l a t i o n s o f _H. r i v u l a r e 

and E u q l e n a m u t a b i l i s i s o l a t e d from Brandon P i t h o u s e A c i d 

S t r eam. The t o x i c i t y o f Zn and Cu i n c r e a s e d m a r k e d l y w i t h an 

i n c r e a s e i n pl-l and both o r g a n i s m s were most r e s i s t a n t a t 

t h e i r optimum growth pH r a n g e . Cu was shown to be l e s s t o x i c 

to H. r i v u l a r e than Zn a t pH 3.5 b u t more t o x i c t h a n Zn a t 

pH 6.0. Ca was shown to a n t a g o n i s e the t o x i c i t y o f Zn o v e r 

a range o f pH v a l u e s , i t s p r e s e n c e d i d not e f f e c t the t o l e r a n c e 

of the o r g a n i s m to pH. I n v i e w of the d e c r e a s e i n t o x i c i t y 
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of Zn and Cu w i t h low pH i t i s p r o b a b l e t h a t t h e s e e l e m e n t s 

a r e most l i k e l y to r e s t r i c t a s p e c i e s when i t i s growing n e a r 

i t s pH growth l i m i t . 

W h i l s t i t i s l i k e l y t h a t pH and p o s s i b l y the s y n e r g i s t i c 

e f f e c t of heavy m e t a l s , a c i d i t y and hydrogen i o n c o n c e n t r a t i o n , 

l i m i t the p r e s e n c e of s p e c i e s i n the low pH environment/ t h e 

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

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

a r e i m p o r t a n t i n c o n t r o l l i n g the s t a n d i n g c r o p of s p e c i e s i n 

a c i d s t r e a m s . 

Marked m o r p h o l o g i c a l v a r i a t i o n s were o b s e r v e d i n o r g a n i s m s 

growing n e a r the pH growth l i m i t . These were a l s o n o t ed i n 

the l a b o r a t o r y i n growth l i m i t i n g c o n c e n t r a t i o n s of Zn. 

E u n o t i a e x i q u a , P i n n u l a r i a a c o r i c o l a , Hormidium r i v u l a r e and 

S t i c h o c o c c u s b a c i 1 l a r i s d e m o n s t r a t e d t h e g r e a t e s t v a r i a b i l i t y 

i n morphology. 

A l t h o u g h c o n s i d e r a b l y more work i s n e c e s s a r y the r e s u l t s 

s u g g e s t t h a t some s p e c i e s a r e p r e - a d a p t e d t o a c i d h a b i t a t s 

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

p e r i o d of t i m e . The mechanisms f o r pH t o l e r a n c e a r e n o t 

u n d e r s t o o d . However, the r e s u l t s s u g g e s t t h a t an a c t i v e 

mechanism may be p a r t i a l l y i n v o l v e d i n pH and heavy m e t a l 

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