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I . IimiODUCTION 

P u l p m i l l i n g , ope ra t ions have been c a r r i e d out i n B r i t i s h Coliombia 

s i n c e about 1911* i n v o l v i n g cont inuous waste d i scharges t o aqua t i c 

r e c e i v i n g environments . E f f l u e n t d i scharges modify the sed imenta t ion 

r a t e i n the v i c i n i t y - a f l o c c u l a t i o n r e a c t i o n r e s u l t i n g i n 

s i g n i f i c a n t l y i n c r e a s e d d e p o s i t i o n occurs w i t h d i scharges to marine 

waters ( P o c k l i n g t o n and MacGregor, 1975; S t a n l e y e t a l , 1978) , 

R e c e i v i n g b a s i n shape and a rea w i t h c h a r a c t e r i s t i c s o f water volume 

replacement , t u rbu lence and cu r r en t a c t i v i t y (hydrodynamics) n o r m a l l y 

govern sed imenta t ion i n a water body. I n t e r a c t i n g w i t h e f f l u e n t 

volumes these i n f l u e n c e s determine the d i l u t i o n and d i s p e r s a l o f 

e f f l u e n t s i n the b e n t h i c h a b i t a t . Oxygen a v a i l a b i l i t y ( c o n c e n t r a t i o n ) 

i s a l s o no rma l ly governed by b a s i n hydrodynamics. E f f l u e n t and 

sediment oxygen demands are s a t i s f i e d a c c o r d i n g to c h a r a c t e r i s t i c s o f 

oxygen supply i n s p e c i f i c r e c e i v i n g b a s i n s . 

Sediment accumula t ion i s i n c r e a s e d o v e r a l l i n most r e c e i v i n g b a s i n s 

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

components a c c o r d i n g to s p e c i f i c g r a v i t y can be determined w i t h 

d i s t a n c e from the p o i n t o f d i scha rge by p h y s i c a l sediment a n a l y s i s . 

Thus the more dense and s t a b l e complex wood by-produc t s are l o c a l i z e d 

i n the v i c i n i t y o f the d i s c h a r g e , w h i l e l i g h t e r and more l a b i l e 

m a t e r i a l s are accumulated i n the deepest p a r t s o f r e c e i v i n g b a s i n s . 

I n h i b i t i o n o f sediment communities i s observed i n response to e f f l u e n t 

d i scha rge and g e n e r a l l y corresponds w i t h the g r a d i e n t o f p h y s i c a l 

d i s t r i b u t i o n . 

Complex organisms such as bo t tom-feed ing f i s h and macro inver t eb ra te s 

are commonly i n h i b i t e d and may be e l i m i n a t e d from r e c e i v i n g b a s i n s 

due to oxygen and n u t r i e n t requirements i n i n t e r a c t i o n w i t h a l t e r e d 

a c t i v i t y o f sediment m i c r o b i a l p o p u l a t i o n s . P r o g r e s s i v e dominat ion 
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by the m i c r o b i a l community r e s u l t s from macro inve r t eb ra t e i n h i b i t i o n 

and tends to m a i n t a i n c o n d i t i o n s p r e v e n t i n g r e - e s t ab l i shmen t o f 

these p o p u l a t i o n s . ( S t a n l e y e t a l , 1978; Van de r W a l , 1976) . 

D i r e c t o b s e r v a t i o n o f these impacted b e n t h i c h a b i t a t s by SCUBA d i v e r s 

i n Nova S c o t i a ( P o c k l i n g t o n and MacGregor, 1975)> u s i n g submers ib le 

c r a f t i n B r i t i s h Columbia (Environment P r o t e c t i o n S e r v i c e , s i n c e 1975)* 

and w i t h r e m o t e - c o n t r o l l e d t e l e v i s i o n i n S c o t l a n d ( S t a n l e y e t a l , 1978) 

has demonstrated the common r e a c t i o n o f wh i t e ( c o l o u r l e s s ) sediment 

sur face mat o r v e i l f o r m a t i o n . Expe r imen ta l s t u d i e s have shown these 

mats t o be c r e a t e d by i n t e n s i v e a c t i v i t y o f the b a c t e r i a l genus 

B e g g i a t o a . which p a r t i c i p a t e s d i r e c t l y i n c e l l u l o s e decompos i t ion 

(Vance e t a l , 1979) w h i l e v e i l s i n o v e r l y i n g waters are formed by 

genus ; Thiovulum (Jj^rgensen and Eevsbech, 1985) . B o t h genera d e r i v e 

energy from o x i d a t i o n o f hydrogen s u l f i d e ( j ^ rgensen , 1982) and t h e i r 

a c t i v i t i e s a t the sediment sur face i n d i c a t e severe i n h i b i t i o n o f 

decomposi t ion a c t i v i t i e s performed by the normal m i c r o b i a l community. 

T h i s paper w i l l r ev iew our unders tand ing of sediment m i c r o b i a l 

communities i n n a t u r a l c o n d i t i o n s and d e t a i l the changes and t rends which 

appear i n response to pu lp e f f l u e n t d i s c h a r g e s . 
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I I . SEDIMEiNT MICROBIOLOGY IM NATURAL CONDITIONS 

A . GENERAL CONSIIiEIHATIONS 

Opposing g r a d i e n t s o f a e r o b i c and anaerobic c o n d i t i o n s are 

g e n e r a l l y observed i n n a t u r a l l y forming sediments . B a c t e r i a l 

and o the r m i c r o b i a l p o p u l a t i o n s tend to s t r a t i f y and concent ra te 

i n these zones i n r e l a t i o n to n u t r i t i o n a l requirements and 

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

three f u n c t i o n a l groups are o f p r imary importance i n r e spec t to 

numbers and to consequences o f t h e i r a c t i v i t i e s . These i n c l u d e 

the a e r o b i c he te ro t rophs - most dense i n the s u r f i c i a l 

oxygenated sediments , the anaerobic h e t e r o t r o p h p o p u l a t i o n -

u s u a l l y concen t ra ted i n deeper, permanently anaerobic sediments 

and s u l f i d e o x i d i z e r s , which popula te the i n t e r f a c e zone between 

these c o n d i t i o n s . Together these groups s t r i v e to e x p l o i t o rgan ic 

m a t e r i a l s and energy resources ( e l e c t r o n accep to r compo\inds -

oxygen, n i t r a t e , s u l f a t e and carbonate) before they are c a r r i e d 

away to o the r areas o r compressed to a depth i n the anaerobic 

zone where chemica l r e a c t i o n s dominate b i o l o g i c a l a c t i v i t y . 

B e n t h i c b i o l o g i c a l a c t i v i t y a l t e r s chemica l parameters to such an 

ex ten t t ha t r e d u c t i o n - o x i d a t i o n p o t e n t i a l , a measureable i ndex o f 

chemica l r e a c t i o n i n t e n s i t y , e x h i b i t s a d i s c o n t i n u i t y i n the 

sur face r e g i o n . The redox p o t e n t i a l d i s c o n t i n u i t y r epresen t s a 

zone i n which b i o l o g i c a l ( p r i m a r i l y b a c t e r i a l ) a c t i v i t y m o d i f i e s 

chemica l concen t r a t i ons and c rea tes pH, oxygen and s u l f i d e minima 

o f c o n c e n t r a t i o n s . The importance o f macroorganism a c t i v i t i e s 

i n s u r f i c i a l sediments i n enhancing exposure t o oxygen has 

been no ted as c o n t r o l l i n g the p o s i t i o n o f the redox p o t e n t i a l 

d i s c o n t i n u i t y ( R P D ) (Pearson and Rosenberg, 1976; S t a n l e y , e t a l , 

1978) , V e r t i c a l m i g r a t i o n o f t h i s zone a f f e c t s and r e f l e c t s the 
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i n t e n s i t y o f m i c r o b i a l a c t i v i t y , and has been d i s c u s s e d i n 

p h y s i c a l terms: 

" Increase o f p r o t e c t i o n ( e . g . , by embayment) reduces 

(sediment) p e r m e a b i l i t y and b r i n g s the RPD c l o s e r 

t o the s i i r f ace over a l ong - t e rm range . Seasonal 

changes are due to temperature c y c l e s s i n c e h i g h e r 

temperature causes h i g h e r p o s i t i o n o f the RPD, w h i l e 

m i x i n g by w i n t e r storms lowers the RPD l e v e l , whereas 

a t the same time i n p u t o f o rgan ic mat te r causes i t 

to r i s e a g a i n . " 

(Penehel and R i e d l , . 197©) 

The f i r s t th ree i n f l u e n c e s a f f e c t the whole environment and 

hence the whole m i c r o b i a l community by mod i fy ing oxygen and 

s u l f i d e c o n c e n t r a t i o n s . Upward m i g r a t i o n o f the RPD due to 

o rgan ic mat ter i n p u t i s the r e s u l t o f b a c t e r i a l a c t i v i t y as 

i t mod i f i e s concen t r a t i ons o f oxygen and s u l f i d e . 

C l i m a t i c i n f l u e n c e s such as temperature and t u rbu l ence are 

common to a l l a q u a t i c systems. Seasonal changes i n a v a i l a b i l i t y 

o f i n o r g a n i c e l e c t r o n donor compounds, however, v a r y among 

a q u a t i c systems. Freshwater systems can r e g u l a r l y e x h i b i t 

i n h i b i t i o n o f the b a c t e r i a l e x p l o i t a t i o n o f o rgan ic resources 

due to l i m i t e d supply o f oxygen, n i t r a t e and s u l f a t e , 

E s t u a r i n e b a s i n s do not i n gene ra l exper ience l i m i t e d oxygen 

supply but they do e x h i b i t n i t r a t e l i m i t a t i o n . S u l f a t e l i m i t a t i o n 

i n e s t u a r i e s on a seasona l b a s i s i s e x h i b i t e d as a g r a d i e n t 

c o r r e l a t e d w i t h the degree o f f reshwater i n f l u e n c e . (Parkes 

e t a l , 1979) . Mar ine systems can e x h i b i t seasona l n i t r a t e 

l i m i t a t i o n , but h i g h concen t r a t i ons o f s u l f a t e i n sea water do 

not v a r y s i g n i f i c a n t l y (Fenche l and R i e d l , 1970) , Thus, o rgan ic 

resources can be decomposed through s u l f a t e r e d u c t i o n i f oxygen 

l i m i t a t i o n occ i i r s through water column s t r a t i f i c a t i o n ( S t a n l e y , 

e t a l , 1978) . 
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The b e n t h i c environments we are d i s c u s s i n g are s p e c i f i c a l l y -

r e l a t e d t o deep b a s i n s o f aqua t i c systems. D i s c o u n t i n g l i g h t 

p e n e t r a t i o n i n the m a j o r i t y o f cases to a l l o w f o r a u t o t r o p h i c 

carbon f i x a t i o n , a l l sediment m i c r o b i a l p o p u l a t i o n s can e x h i b i t 

carbon (o rgan ic m a t e r i a l ) i n h i b i t i o n on a seasona l b a s i s . 

N i t r o g e n and phosphorus compoimds are the o t h e r major 

l i m i t i n g n u t r i e n t s due to i n t e n s i v e c o m p e t i t i o n f o r a v a i l a b l e 

s u p p l i e s , 

As a l l c o a s t a l and c o n t i n e n t a l aqua t i c systems are sub jec t to 

v a r i a b l e supply o f l a b i l e ( r e a c t i v e o r degradable) o rgan ic 

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

the redox p o t e n t i a l d i s c o n t i n u i t y a re most o f t en l i m i t e d by 

t h i s i n f l u e n c e , 

B . BACTERIAL FDHCTION GROUPS 

1, A e r o b i c Hete ro t rophs 

These organisms decompose o rgan ic compounds f o r food and 

r e q u i r e the presence o f oxygen to m a i n t a i n e f f i c i e n t 

metabol ism. The m a j o r i t y d e r i v e energy f o r t h e i r a c t i v i t y 

from oxygen o r n i t r a t e r e d u c t i o n , though some types can 

d e r i v e bo th food and energy from decomposi t ion a l o n e . 

Thus seasona l i n h i b i t i o n due t o l i m i t e d supply o f oxygen 

and o rgan ic m a t e r i a l can s t r o n g l y a f f e c t these p o p u l a t i o n s , 

e s p e c i a l l y as r e g e n e r a t i o n o f n i t r a t e from the ammonia some 

groups produce enforces c o m p e t i t i o n f o r a v a i l a b l e oxygen 

w i t h o t h e r groups which use i t d i r e c t l y , i n c l u d i n g 

macroorganisms. Low n i t r a t e concen t r a t i ons i n a l l aqua t i c 

systems tend to m a i n t a i n a s t r o n g seasona l i n f l u e n c e on 

n i t r a t e -dependen t b a c t e r i a , ( S t a n l e y , et a l , 1978) , 
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The z o n a l c o n c e n t r a t i o n o f a e rob i c he te ro t rophs w i t h 

r e spec t t o redox p o t e n t i a l occurs i n the range o f p o s i t i v e 

v a l u e s , as a p o t e n t i a l o f 0 s p e c i f i c a l l y c o r r e l a t e s w i t h 

disappearance o f oxygen. Depths i n the range o f 0-2 

cen t imet res commonly support the h i g h e s t d e n s i t i e s o f 

these organisms i n most aqua t i c systems. Seasonal oxygen 

l i m i t a t i o n may i n h i b i t a l l a c t i v i t y i n the sediments by 

these groups i n s p e c i f i c b a s i n s . 

A e r o b i c he te ro t rophs r a p i d l y e x p l o i t any aggrega t ion of 

l a b i l e o rgan ic m a t e r i a l s which reaches the sediment su r face 

i n c o n d i t i o n s f a v o u r i n g t h e i r a c t i v i t y ( F e n c h e l , 1980) , 

T h e i r importance l i e s i n t h e i r p r imary s t a b i l i z a t i o n o f 

sed iment ing m a t e r i a l t o m a i n t a i n a v a i l a b i l i t y , p robab ly by 

p r o d u c t i o n o f muci lage (Vance, e t a l , 1979) i and t h e i r 

p r o d u c t i o n o f l a b i l e low m o l e c u l a r weight o rgan ic compounds. 

These by-produc t s lower the sediment pH as they d i f f u s e 

downwards under water p ressure and acc-umulate by a b s o r p t i o n 

t o i n o r g a n i c m a t e r i a l s composing the sediment m a t r i x ( S t a n l e y , 

e t a l , 1978) . 

2 . Anaerob ic Hetero t rophs 

Fermenta t ive decomposi t ion o f o rgan ic m a t e r i a l i s predominant 

i n deeper sediments o f a l l aqua t i c systems; t h i s i s c a r r i e d 

out m a i n l y by b a c t e r i a l p o p u l a t i o n s which do not r e q u i r e 

oxygen o r n i t r a t e d i r e c t l y t o m a i n t a i n e f f i c i e n t metabol ism. 

The p r o d u c t i o n o f hydrogen s u l f i d e by o rgan ic s u l f u r and s u l f a t e 

reducer ( i . e . s u l f i d e producer) p o p u l a t i o n s i s 

p a r t i c u l a r l y impor tant i n d e c r e a s i n g oxygen concen t r a t i ons 

below the sediment s u r f a c e , hence mod i fy ing the p h y s i c a l 

c o n d i t i o n s ( i . e . redox p o t e n t i a l ) which a f f e c t the e n t i r e 

b i o l o g i c a l community. I n t e r a c t i n g w i t h the p h y s i c o - c h e m i c a l 
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dynamics which govern o rgan ic mat te r and s u l f a t e s u p p l y , 

s u l f i d e producers are concen t ra ted where the redox p o t e n t i a l 

ranges between +100 and -250 m i l l i v o l t s ( J^ rgensen , 1982), 

I n n a t u r a l c o n d i t i o n s , t h i s zone i s commonly l i m i t e d to 

depths i n the sediment g r e a t e r than 1 cen t imet re (Gunnarsson 

and Ronnow, 1982) , The lower l i m i t o f s u l f i d e producer 

a c t i v i t y r e f l e c t s the i n c r e a s i n g importance o f methane 

producer a c t i v i t y , which groups r ep resen t the s lowes t 

b i o l o g i c a l decomposi t ion p r o c e s s . 

A l though a p o p u l a t i o n o f methane-producing b a c t e r i a i s always 

present and a c t i v e i n sediments , t h e i r c o m p e t i t i v e i n t e r a c t i o n s 

w i t h s u l f i d e producers have been s t r e s s e d (Gunnarsson and 

Ronnow, 1982) and methane producers cannot grow i n c o n d i t i o n s 

where redox p o t e n t i a l exceeds -200 m i l l i v o l t s (Cappenberg, 

1975) . Thus the a c t i v i t y o f methane p roducer s , which has 

been shown to be s i g n i f i c a n t i n some n a t u r a l sur face sediments 

( s i i r f i c i a l 0-5 cen t ime t r e s , Gunnarsson and Ronnow, 1982) , i s 

dependent upon the a c t i v i t i e s o f sulfur-compound reducer 

b a c t e r i a and the maintenance o f anaerobic c o n d i t i o n s . 

The anaerobic he te ro t rophs s l o w l y and e f f i c i e n t l y degrade 

o rgan ic m a t e r i a l over which newer d e p o s i t s o f sediment have 

b u i l t up . S u l f a t e - r e d u c i n g b a c t e r i a are o f p r imary 

s i g n i f i c a n t i n marine waters due to the r i c h supply o f s u l f a t e s 

i n t h i s environment, w h i l e i n f r e s h waters the s u l f a t e 

r e s e r v o i r may be d e p l e t e d . Organic s u l f u r compound r e d u c t i o n 

a long w i t h methane p r o d u c t i o n then become dominant i n f l u e n c e s 

i n the maintenance o f anaerobic c o n d i t i o n s . U t i l i z a t i o n o f 

the low m o l e c u l a r weight by-produc t s o f a e rob i c he te ro t rophs 

i s favoured by a l l anaerobic b a c t e r i a . I n n a t u r a l c o n d i t i o n s , 

the s u l f a t e reducers b e n e f i t f i r s t from these resources due t h e i r 

t o l e r a n c e o f l e s s r e d u c i n g c o n d i t i o n s near the sediment s u r f a c e . 

T h e i r i n t e n s i v e a c t i v i t y , however, i nc r ea se s the zone o f 
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anaerobic c o n d i t i o n s and favours c o m p e t i t i o n w i t h the 

methane p roduce r s . 

Anaerobic b a c t e r i a c a r r y i n g out s u l f i d e and methane 

p r o d u c t i o n are r e s p o n s i b l e f o r secondary s t a b i l i z a t i o n o f 

the sediments and slow but complete decomposi t ion o f l a b i l e 

o rgan ic m a t e r i a l s . The p r o d u c t i o n o f s u l f i d e promotes 

maintenance o f the anaerobic zone and t r a n s f e r s energy back 

to ae rob ic h a b i t a t s , ( j j^rgensen, 1982) . 

3 . S u l f i d e - Q x i d i z i n g Hetero t rophs 

The genera Begg ia toa and Thiovulum are p a r t i c u l a r l y 

impor tant to sediment communities i n t h e i r r o l e as s u l f i d e 

o x i d i z e r s , f o r which they have adapted to e f f i c i e n t 

a c t i v i t y a t the o x y g e n - s u l f i d e i n t e r f a c e ( redox p o t e n t i a l 

d i s c o n t i n u i t y ) . They r e q u i r e bo th oxygen and s u l f i d e and 

e x p l o i t maxiy o rgan ic carbon sources , of which ace ta te i s 

f avoured , though use o f carbon d i o x i d e has been suggested 

( j^ rgensen , 1982) . Begg ia toa i s s i g n i f i c a n t f o r i t s d i r e c t 

involvement i n c e l l u l o s e decompos i t ion . The s u l f i d e 

o x i d i z e r s p r e f e r a s l i g h t l y nega t ive redox p o t e n t i a l and 

are thus a s s o c i a t e d v e r y c l o s e l y w i t h the redox p o t e n t i a l 

d i s c o n t i n u i t y , co r re spond ing to equa l c o n c e n t r a t i o n s o f 

oxygen and s u l f i d e . They are g e n e r a l l y concen t ra ted i n 

the upper cen t imet res o f the sediments . Mat and v e i l 

f o rma t ion a t the sediment su r face occurs o n l y when 

p e n e t r a t i o n ( d i f f u s i o n ) o f oxygen i n t o the sediments i s 

i n h i b i t e d by low a v a i l a b i l i t y , which can occur as a r e s u l t 

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

d i r e c t l y . 

S u l f i d e o x i d i z e r s produce S \ i l f u r ( S ° ) which i s e i t h e r 

exc re t ed o r s t o r e d as granules (Jji^rgensen, 1982) . They 
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a l s o produce low m o l e c u l a r weight o rgan ic compotinds, most 

o f which compose the muci lag inous m a t r i x i n which they l i v e . 

The p r imary f u n c t i o n o f t h i s m a t r i x i s t o e s t a b l i s h boundary 

l a y e r s between the opposing c o n c e n t r a t i o n s o f oxygen and 

s u l f i d e , a l l o w i n g accura te p o s i t i o n i n g o f the organisms a t 

the narrow i n t e r f a c e between these compounds and s t a b i l i z i n g 

the i n t e r f a c e i t s e l f and thus p r e v e n t i n g the spontaneous 

r e a c t i o n o f s u l f i d e o x i d a t i o n . (J)!$rgensen, 1982; Jorgensen 

and Revsbech, 1985) . A secondary f u n c t i o n , c o n s e r v a t i o n and 

c o n c e n t r a t i o n o f degrada t ive enzymes, has been p o s t u l a t e d as 

f a v o u r i n g e f f i c i e n t e x p l o i t a t i o n o f o rgan ic m a t e r i a l s . 

(Vance, e t a l , 1979) . 

S u l f i d e o x i d i z e r s c o n t r i b u t e to secondary s t a b i l i z a t i o n o f 

sedimented m a t e r i a l s and the r a p i d decomposi t ion o f o rgan ic 

m a t e r i a l . They b e n e f i t d i r e c t l y from the l a c k o f c o m p e t i t i o n 

i n the anaerobic zone f o r s u l f i d e as an energy source 

(jj i irgensen, 1982) w h i l e t h e i r a c t i v i t y i n c o n t r o l l i n g oxygen 

and s u l f i d e concen t r a t i ons around them i s s i g n i f i c a n t i n 

m a i n t a i n i n g the s t a b i l i t y o f a e r o b i c - a n a e r o b i c z o n a t i o n . 

C . COMPETITIVE MICROBIAL POPULATIONS 

1. G r a z i n g Organisms 

A complex g r a z e r community o f animals o f s i n g l e - c e l l e d 

(protozoan) and more complex animals compete t o e x p l o i t 

the b a c t e r i a l community as food . C o m p e t i t i o n has been 

demonstrated i n the areas o f p h y s i c a l a d a p t a t i o n o r 

s p e c i a l i z a t i o n . O p p o r t u n i s t i c f e ed ing and r e s t i n g c e l l 

f o rma t ion by o x y g e n - r e q u i r i n g organisms c o n t r a s t w i t h 

f a c u l t a t i v e o r o b l i g a t e anaerobic p o p u l a t i o n s which migra te 

t o e x p l o i t f avourab le c o n d i t i o n s . Protozoans which 

e x c l u s i v e l y e x p l o i t s u l f u r b a c t e r i a l concen t r a t i ons have 

been d e s c r i b e d ( F e n c h e l , 1969) . 
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R e d o x - r e l a t e d d i s t r i b u t i o n has been d e s c r i b e d f o r many 

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

( F e n c h e l , 1969) but v e r y l i t t l e i s knovna o f n a t u r a l b e n t h i c 

p o p u l a t i o n s . The adap t ive t o l e r a n c e s o f g r a z e r popu l a t i ons 

appear to encompass the f u l l range o f redox p o t e n t i a l s 

f avourab le t o b a c t e r i a l metabol ism (Fenche l and R i e d l , 1970) . 

Grazers are l i k e l y to be concen t ra ted i n a s s o c i a t i o n w i t h 

dense b a c t e r i a l p o p u l a t i o n s throughout the sediment column. 

" P r o d u c t i o n o f o rgan ic carbon by chemosynthesis 

s t a r t s w i t h i n the u s u a l l y apho t i c RPD (redox 

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

chemoautotrophic b a c t e r i a , and most p robab ly 

c o n s t i t u t e s the major energy source f o r P r o t o z o a 

and most o f the h i ^ e r ( an imal ) f o r m s , . . , which 

a l l have a pronounced maximum of biomass i n the 

v i c i n i t y o f the RPD l a y e r , " 

( F e n c h e l and R i e d l , 1970) 

G r a z e r popu l a t i ons form a complex community i n r e l a t i o n to 

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

sediments , and t h e i r pa t t e rn s o f d i s t r i b u t i o n l a r g e l y , but 

not e x c l u s i v e l y , correspond to p a t t e r n s o f p h y s i c o - c h e m i c a l 

g r a d i e n t s , (Fenche l and R i e d l , 1970) . The b a c t e r i a l 

a c t i v i t i e s i n sediments are o f p r imary s i g n i f i c a n c e f o r 

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

and g r a z e r p o p u l a t i o n s o f micro-organisms need not be 

i n v o l v e d i n d i r e c t m o d i f i c a t i o n o f oxygen a v a i l a b i l i t y . 

Thus the e f f e c t s o f n a t u r a l g r a z e r communities i n c l u d e the 

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

i n c r e a s e d s t a b i l i z a t i o n o f sedimented m a t e r i a l s and the 

p h y s i c o - c h e m i c a l c o n d i t i o n s f a v o u r i n g g raze r s themselves . 

I t can be i n f e r r e d tha t g r a z e r a c t i v i t i e s i n n a t u r a l 

sediments c o n t r i b u t e s i g n i f i c a n t l y to maintenance o f h i g h 

r a t e s of o rgan ic decompos i t ion . 
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2 . D i r e c t Compet i to r Organisms 

W h i l e b e n t h i c p o p u l a t i o n s t u d i e s o f n a t u r a l sediments have 

been few i n number and l i m i t e d to s h a l l o w water h a b i t a t s 

( e . g . F e n c h e l , 19^9) , d i s t i n c t i o n o f deep-bas in b e n t h i c 

communities has been a t t r i b u t e d t o p h y s i c a l i n f l u e n c e s as 

i n d i c a t e d by p o s i t i o n o f the redox p o t e n t i a l d i s c o n t i n u i t y . 

I n sha l low waters the p o s i t i o n and sharpness o f the EPD i s 

p r e d i c t a b l e on the b a s i s o f sediment compos i t ion and 

hydrodynamic energy i npu t s (Fehche l and R i e d l , 1970) . 

The redox g r a d i e n t occupies a broad depth range due t o 

p e n e t r a t i o n of oxygen and sediment s c o u r i n g i n the i n t e r t i d a l 

zone. A s i g n i f i c a n t decrease i n v e r t i c a l s c a l e f o r p o s i t i o n 

o f the RPD i n the b e n t h i c sediments o c c u r s , f o r example, i n 

marine systems; " . . . the RPD r i s e s toward the sediment 

s i i r face as one approaches deeper o r more s h e l t e r e d sea 

bo t toms ." (Fenche l and R i e d l , 1970) . 

P h o t o t r o p h i c popu la t i ons are s i g n i f i c a n t components o f the 

sediment community i n any aqua t i c system where l i g h t 

pene t ra tes to the sediment s u r f a c e , w i t h green and pu rp le 

b a c t e r i a making a s t r o n g c o n t r i b u t i o n to the e x p l o i t a t i o n o f 

a l l t r o p h i c n i c h e s (Fenche l and R i e d l , 1970) . Genera o f 

Cyanophytes (b lue -g reen a l g a e ) , many pro tozoan p h y l a , f ung i 

and metazoans ( C a t e n u l i d and Gnathos tomal id worms) have 

been d e s c r i b e d which are p r i m a r i l y h e t e r o t r o p h i c and are 

t o l e r a n t or de s i rous o f c o n d i t i o n s i n deep water sediments . 

These organisms have p a r t i c u l a r l y adapted to compete d i r e c t l y 

w i t h h e t e r o t r o p h i c b a c t e r i a f o r l a b i l e o rganic food resources 

i n apho t i c h a b i t a t s and organisms dependent on the r educ ing 

c o n d i t i o n s o f the " s u l f i d e zone" have been d e s c r i b e d , though 

f a r most metazoan spec ie s the importance o f d i s s o l v e d versus 

p a r t i c u l a t e o rgan ic food requirements i s s t i l l an open q u e s t i o n . 

(Fenche l and R i e d l , 1970) . 
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Many organisms which compete d i r e c t l y w i t h b a c t e r i a f o r 

organic resources i n the sediment w i l l be l i m i t e d i n deep 

b a s i n sediments by oxygen t o l e r a n c e , and v e r t i c a l m i g r a t i o n 

o f autot rophs and f a c u l t a t i v e he te ro t rophs i nc r ea se s 

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

most s i g n i f i c a n t a t the sediment-water i n t e r f a c e , so tha t 

w h i l e a e rob i c h e t e r o t r o p h i c b a c t e r i a exper ience the 

p r imary e f f e c t s o f c o m p e t i t i o n , • a number o f secondary 

consequences f o r the anaerobic p o p u l a t i o n w i l l a l s o r e s u l t . 

Th i s p a t t e m of l i m i t a t i o n o r b a c t e r i a l dominance i n sediment 

decomposi t ion processes i s cons ide red important f o r the 

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

l e v e l s i n any aqua t i c system (Pearson and Rosenberg, 1976) . 

The o v e r a l l e f f e c t o f m i c r o b i a l c o m p e t i t i o n r e s u l t s from the 

c o n t r i b u t i o n to s t a b i l i z a t i o n o f the sediment sur face and 

p r o d u c t i o n o f low molecu l a r weight compounds. Bo th 

a c t i v i t i e s favour the enrichment o f anaerobic popu l a t i ons 

and c o n t r i b u t e to sho r t - t e rm upward m i g r a t i o n o f the redox 

p o t e n t i a l d i s c o n t i n u i t y (Fenche l and R i e d l , 1970) . 
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I I I . RECEIVING EaryiROMMEMT MICROBIOLOGY 

A . BACTERIAL FDNCTIONAL GROUPS 

1. A e r o b i c Hete ro t rophs 

The o x y g e n - r e q u i r i n g h e t e r o t r o p h i c b a c t e r i a may exper ience 

d i r e c t i n h i b i t i o n i n response to the oxygen demand of p u l p 

m i l l e f f l u e n t s d i scha rged to b e n t h i c r e c e i v i n g environments . 

Oxygen a v a i l a b i l i t y may be l i m i t e d a l r e a d y i n bottom waters 

o f any system due to h i s t o r i c a l ajid seasona l i n f l u e n c e s , so 

tha t v e r t i c a l and h o r i z o n t a l d i s t r i b u t i o n of the n a t u r a l 

ae rob ic f e rmen ta t ive decomposers w i l l be m o d i f i e d . A 

decrease i n the v e r t i c a l range and the c a p a c i t y f o r e f f i c i e n t 

decomposi t ion o f o rgan ic resources occurs i n response to 

combined water column oxygen l o s s and sediment oxygen demand. 

Predominance o f i n o r g a n i c oxygen demand o f the sediments has 

been a t t r i b u t e d to s u l f i d e s torage i n me ta l s u l f i d e compounds 

i n bo th l a k e s (Wang, 1976) and e s t u a r i e s ( P o o l e , et a l , 1977) . 

N i t r a t e , the a l t e r n a t i v e e l e c t r o n accep to r compound f o r 

a e rob i c h e t e r o t r o p h s , may be i n c r e a s e d i n c o n c e n t r a t i o n i n 

the sur face sediments i n response to pu lp e f f l u e n t d i s c h a r g e . 

D i s p e r s a l o f e f f l u e n t s i s accompanied by s i g n i f i c a n t l y 

i n c r e a s e d sed imen ta t ion r a t e s , a phenomenon p a r t i c u l a r l y 

no tab le i n marine r e c e i v i n g systems. ( C a r t e r and MacGregor, 

1981; S t a n l e y , e t a l , 1978; Wald ichuk, 1962) . N i t r a t e s can 

be adsorbed t o sed iment ing m a t e r i a l s o r t r a n s p o r t e d i n 

s o l u t i o n by a d v e c t i v e cu r r en t s a s s o c i a t e d w i t h sed iment ing 

m a t e r i a l s . The b e n e f i t s of i n c r e a s e d n i t r a t e a v a i l a b i l i t y 

are countered , however, by i n c r e a s e d c o n c e n t r a t i o n o f the 

r e d u c t i o n product ammonia which through d i f f u s i o n i n t o the 

water column w i l l i nc r ea se oxygen demand and i n h i b i t the 

ae rob i c m i c r o b i a l p o p u l a t i o n i n g e n e r a l . ( S t a n l e y , et a l , 

1978) . 
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Shor t - t e rm i n c r e a s e i n ae rob i c h e t e r o t r o p h a c t i v i t y through 

i n c r e a s e d n i t r a t e supply a l s o r e s u l t s i n i n h i b i t i o n over 

the l o n g term i n s t a b l e c o n d i t i o n s . Inc reased a e r o b i c 

decompos i t ion o f o rgan ic m a t e r i a l s w i l l produce more low 

m o l e c u l a r weight compounds as resources f o r anaerobic 

p o p u l a t i o n s . Increased s u l f i d e accumula t ion may r e s u l t 

w i t h consequent ly i n c r e a s e d s t r e s s on oxygen p e n e t r a t i o n o f 

the sediments . Organic m a t e r i a l decompos i t ion by ae rob i c 

b a c t e r i a o f the oxygenated s i i r face sediments i s thus 

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

which may be d i r e c t l y i n f l u e n c e d by e f f l u e n t d i s c h a r g e . 

The compos i t ion o f pu lp e f f l u e n t d i scharges i n c l u d e s 

components f avourab le and unfavourable to n a t u r a l ae rob ic 

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

m o l e c u l a r weight compounds ( e . g . f r ee sugars) are 

d e s i r a b l e r e s o u r c e s . Compe t i t i on f o r these m a t e r i a l s ensures 

t h e i r r a p i d and e f f i c i e n t e x p l o i t a t i o n i n f avourab le 

c o n d i t i o n s . Presence o f e f f i c i e n t degrader " g u i l d s " o r 

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

f reshwater sediments ( M a l l o r y and S a y l e r , 1985)» w h i l e 

decreased taxonomic. d i v e r s i t y and predominance o f s p e c i a l i z e d 

p o p u l a t i o n s i n marine systems has been c h a r a c t e r i z e d as the 

response to envi ronmenta l s t r e s s . (Hauxhurs t , e t a l , I 9 8 I ) . 

L i m i t a t i o n o f the range o f h e t e r o t r o p h a c t i v i t y i n n a t u r a l 

l a k e sediments to depths o f one m i l l i m e t r e has been determined 

by au torad iography (Hayes, et a l , 1958) and c e l l u l o s e 

decomposi t ion i n marine waters was found to proceed a t 

s i g n i f i c a n t r a t e s i n o n l y the top cen t imet re o f sediments 

(Vance, e t a l , 1982) . 

L a r g e r , more complex o rgan ic compounds and i n o r g a n i c m a t e r i a l s 

are impor tant components o f e f f l u e n t l o a d i n g f o r t h e i r 
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i n h i b i t o r y i n f l u e n c e on the ae rob i c h e t e r o t r o p h i c 

b a c t e r i a . L i g n i n and r e l a t e d compounds form a major 

component o f d i scha rges which i s s i g n i f i c a n t p r i m a r i l y i n 

c o n t r i b u t i n g to i n c r e a s e d sed imen ta t ion , as these 

humic compounds are known to be r e s i s t a n t t o m i c r o b i a l 

decomposi t ion i n a l l environments and the p u l p i n g process 

i nc reases t h e i r s t a b i l i t y (Tabak, I 9 8 5 ) . D a r i n g 

sed imen ta t ion , complex and i n o r g a n i c compounds may absorb 

n u t r i e n t s from the water column as w e l l as l a b i l e o rgan ic 

e f f l u e n t components, which r e s u l t s i n more r a p i d b u r i a l o f 

the sediment s u r f a c e . T h i s w i l l l i m i t oxygen p e n e t r a t i o n 

and favour s u l f i d e accumula t ion , bo th f a c t o r s known to 

i n h i b i t a e r o b i c h e t e r o t r o p h i c metabol i sm. Inc reased 

n u t r i e n t supply may thus be a s s o c i a t e d w i t h c o n d i t i o n s 

unfavourab le to ae rob i c b a c t e r i a l e x p l o i t a t i o n , r e s u l t i n g 

i n an o v e r a l l decrease i n the r a t e o f e f f l u e n t decompos i t ion . 

Seasonal l i m i t a t i o n o f oxygen and n u t r i e n t supply and 

t empe ra tu r e - r e l a t ed i n h i b i t i o n w i l l g e n e r a l l y i nc r ea se the 

s i g n i f i c a n c e o f e f f l u e n t s t r e s s on ae rob i c b a c t e r i a i n a l l 

a q u a t i c systems. 

2 . Anaerobic Hete ro t rophs 

The anaerobic b a c t e r i a l community o f any aqua t i c r e c e i v i n g 

b a s i n w i l l b e n e f i t d i r e c t l y from the p o t e n t i a l oxygen demand 

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

p e n e t r a t i o n o f the sediments and decreased a c t i v i t y o f 

a e rob i c he te ro t rophs w i l l n a t u r a l l y favour i n c r e a s e d v e r t i c a l 

range of the anaerobic zone and the a s s o c i a t e d h e t e r o t r o p h i c 

p o p u l a t i o n s . S u l f u r c y c l e b a c t e r i a have e x h i b i t e d p o p u l a t i o n 

enrichment i n response to pu lp e f f l u e n t d i scharge to Lake S u p e r i o r 

(Rokosh, e t a l , 1976) . Anaerobic c e l l u l o s e decomposi t ion 
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predominates i n the Lower Pox R i v e r o f Tennessee ( S p r i n g e r 

and A t a l l a , 1974) . The i n t e r a c t i o n s o f s u l f a t e r e d u c i n g 

p o p u l a t i o n s , sediment s u l f i d e c o n c e n t r a t i o n and anaerobic 

c e l l u l o l y t i c b a c t e r i a govern the r a t e o f c e l l u l o s e waste 

decomposi t ion i n the R i v e r Don e s t u a r y . (Pa rkes , et a l , 

1979) . The o v e r a l l r a t e o f c e l l u l o s e degrada t ion i n a 

w e l l - f l u s h e d marine r e c e i v i n g b a s i n ( i . e . h i g h oxygen 

a v a i l a b i l i t y ) was shown to be dominated by a e r o b i c 

he t e ro t roph a c t i v i t y (Vance, et a l , 1982) but numbers o f 

c e l l u l o s e degraders were c o r r e l a t e d w i t h bo th numbers of 

anaerobic s u l f a t e reducer b a c t e r i a and s u l f i d e c o n c e n t r a t i o n 

i n the sediments ( S t a n l e y , e t a l , 1978) . The l a t t e r 

marine i n v e s t i g a t i o n found t rends i n change o f a l l 

b a c t e r i o l o g i c a l parameters to correspond w i t h p u l p e f f l u e n t 

d i scharge v a r i a t i o n s . 

The d i r e c t b e n e f i t of p u l p e f f l u e n t d i scharge to the anaerobic 

h e t e r o t r o p h i c community r e l a t e s to the phenomenon o f i n c r e a s e d 

sed imen ta t i on . Simple o rgan ic compounds comprise an 

impor tant component of e f f l u e n t s , p a r t i c u l a r l y i f b i o l o g i c a l 

t reatment i s p r a c t i c e d . Treatment o f pu lp m i l l e f f l u e n t s 

i s g e n e r a l l y p r a c t i c e d f o r d i scharges to f r e s h water i n 

B r i t i s h Columbia (Leach , et a l , 1976) . Due to the r a p i d 

t r a n s p o r t p roces s , much o f t h i s resource w i l l be c a r r i e d to 

the sediments , o f t en supplemented w i t h absorbed o r e n t r a i n e d 

resources from the water column. 

E x p l o i t a t i o n o f i n c r e a s e d o rgan ic resources by anaerobic 

b a c t e r i a can be s t r o n g l y l i m i t e d due t o seasona l supply o f 

the e l e c t r o n accep to r s u l f a t e , and has been demonstrated f o r 

pu lp d i scha rges to e s t u a r i e s (Pa rkes , e t a l , 1979) and f o r 

o ther types o f o rgan ic enrichments i n marine waters 

(Gunnarsson and Ronnow, 1982) . S u l f a t e , however, i s a 

normal component o f p u l p m i l l e f f l u e n t s and s u l f a t e loads 
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d i r e c t l y d i scha rged may be supplemented by a d s o r p t i o n 

d u r i n g the sed imen ta t ion p r o c e s s . The g e n e r a l s t i m u l a t i o n 

o f anaerobic b a c t e r i a and s u l f a t e reducers i n p a r t i c u l a r 

by p u l p m i l l d i scharges has been noted f o r a l l f r e s h water 

r e c e i v i n g environments ( W e t z e l , 1975) . The consequent 

i n c r e a s e i n anaerobic s u l f u r b a c t e r i a d e n s i t y was demonstrated 

a t d i s t ances as g r ea t as n i n e t e e n k i l o m e t r e s from a p u l p 

e f f l u e n t d i scharge to Lake S u p e r i o r (Rokosh, et a l , 1977) . 

F u r t h e r enhancement o f resources f o r anaerobic he te ro t rophs 

and s u l f u r c y c l e b a c t e r i a i n p a r t i c u l a r i s a secondary 

i n f l u e n c e o f e f f l u e n t s on the sediment community. C e l l u l o s e 

degrada t ion i n c o n d i t i o n s f a v o u r i n g a c t i v i t y o f s u r f i c i a l 

a e rob i c h e t e r o t r o p h p o p u l a t i o n s p rov ides low molecu l a r weight 

compounds ( e . g . l a c t a t e and ace t a t e ) demonstrated to s t i m u l a t e 

s u l f a t e reducer a c t i v i t y i n a marine r e c e i v i n g b a s i n 

( S t a n l e y , et a l , 1978) and sha l low e s t u a r i e s ( P o o l e , e t a l , 

1977) . 

D i r e c t t o x i c i t y o f the e f f l u e n t m a t e r i a l s may a f f e c t sediment 

b a c t e r i a , as p o s t u l a t e d by Hofs t en and Edberg (1972) and 

supported by comments r e g a r d i n g d i f f i c u l t i e s w i t h b i o l o g i c a l 

t reatment o f t o x i c p u l p e f f l u e n t components (Walden and 

Howard, 1981) . Decomposi t ion o f C h l o r o p h e n o l i c compounds was 

demonstrated to occur i n sediments a t low temperatures 

( 0 - 4 ° C ) , s t i m u l a t i n g ae rob i c more than anaerobic 

h e t e r o t r o p h i c b a c t e r i a a t 0°C. (Baker , et a l , 1976) . I n the 

temperature range 0 - 2 0 ° C . , many t o x i c p h e n o l i c compounds 

appear to degrade spontaneously a t r a t e s f a s t e r than b a c t e r i a l 

decompos i t ion ( i b i d , 1976) , w h i l e the common r e s i n a c i d 

Dehydroabie ta te ( D H A ) e x h i b i t s a sediment h a l f - l i f e o f twenty 

one yea r s (Brownlee , e t a l , 1976) . 



18. 

Whi l e d i r e c t i n h i b i t i o n o f the b a c t e r i a l community by t o x i c 

components o f pu lp e f f l u e n t s has not been demonstrated, 

these compounds c o n t r i b u t e to the a l t e r a t i o n o f p h y s i c a l 

and chemica l dynamics through i n c r e a s e d r a t e o f b u r i a l o f 

the sediment s u r f a c e . 

"The b i o d e g r a d a b i l i t y o f the o rgan ic m a t e r i a l e n t e r i n g 

the sediment and the oxygen regime o f the o v e r l y i n g 

water w i l l de termine , to a l a r g e ex t en t , the b i o l o g i c a l l y 

impor tant p h y s i c a l and chemica l c h a r a c t e r i s t i c s o f the 

sediment . . . . The o rgan ic molecules possess 

f u n c t i o n a l r e a c t i v e s i t e s which a l l o w them to form 

meta l complexes and che l a t e s and these f u r t h e r 

c o - o r d i n a t e w i t h the i n o r g a n i c anions i n seawater such 

as phosphate which can then be r e v e r s i b l y a t t ached and 

detached under the r i g h t redox c o n d i t i o n s . T h i s 

process i s p a r t i c u l a r l y important i n r e l a t i o n to 

phosphate r e g e n e r a t i o n , axxd the i n c r e a s e d phosphate 

l e v e l i n the water o v e r l y i n g h i g h l y reduced sediments 

i n Su l lom Voe (a marine b a s i n i n Sco t l and) i s an example 

o f t h i s p r o c e s s . 

The i n o r g a n i c m a t r i x o f the sediment w i l l a l s o ac t as 

an i o n exchange column a l l o w i n g the exchange o f heavy 

meta l s o r o rgan ic molecu les bo th w i t h i n the sediments 

and across the sediment /water i n t e r f a c e . . . " 

( S t a n l e y , e t a l , 1978) 

Inc reased sediment fo rma t ion as a r e s u l t o f p u l p e f f l u e n t 

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

energy t r a n s f e r and me tabo l i c by-produc t compounds. W h i l e 

t h i s i n f l u e n c e w i l l decrease i n s i g n i f i c a n c e w i t h i n c r e a s i n g 

d i s t a n c e from the d i scharge i n r e l a t i o n to b a s i n h y d r o ­

dynamics, o ther f a c t o r s con t inue to favour i n c r e a s e d 

' ' - ^ .densi ty o f anaerobic h e t e r o t r o p h s . 
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Anerob ic dominance i n sediment m i c r o b i a l communities has 

been demonstrated f o r a l l a q u a t i c b a s i n s r e c e i v i n g pu lp m i l l 

e f f l u e n t s . Even d e s i r a b l e m a t e r i a l s such as c e l l u l o s e may-

accumulate f o r s i x months i n t u r b u l e n t r i v e r s l i m i t e d on ly by 

s c o u r i n g o f the r i v e r bed a t h i g h f l ow v e l o c i t i e s (Sp r inge r and 

A t a l l a , 1974) . L i m i t a t i o n o f c e l l u l o s e decomposi t ion through 

the i n f l u e n c e o f the in terdependent f a c t o r s o f temperature and 

s u l f i d e c o n c e n t r a t i o n has been model led f o r e s t u a r i e s by 

P o o l e , e t a l , (1977) and r i v e r s ( S p r i n g e r and A t a l l a , 1974) 

and demonstrated i n m o d e l l i n g experiments f o r a marine 

r e c e i v i n g b a s i n (Pearson , I98O) . 

S u l f i d e accTomulation has been determined as l i m i t i n g to the 

e n t i r e sediment community i n c l u d i n g s u l f i d e - p r o d u c i n g b a c t e r i a 

d e s p i t e -un l imi ted oxygen a v a i l a b i l i t y i n r i v e r s ( S p r i n g e r and 

A t a l l a , 1974) and e s t u a r i e s (Pa rkes , e t a l , 1979) . I n bo th 

s t u d i e s temperature was fooind to be the pr imary i n f l u e n c e on 

a c t i v i t y o f the sediment community. S u l f i d e s t r e s s o f sediment 

b a c t e r i a i s r e l i e v e d i n warming p e r i o d s even i n s e v e r e l y 

p o l l u t e d e s t u a r i e s (Pa rkes , e t a l , 1979; Poole^ e t a l , 1977)» 

but the spontaneous i nc r ea se i n oxygen demand w i t h i n the 

water column can m a i n t a i n the i n h i b i t i o n o f a e r o b i c c e l l u l o s e 

decomposi t ion ( P o o l e , e t a l , 1977) and consequent ly l i m i t the 

enhancement o f resources f o r the anerob ic p o p u l a t i o n s i n 

c o n d i t i o n s which o therwise favour t h e i r a c t i v i t y . T roph ic 

i n t e r a c t i o n s such as s u l f i d e o x i d a t i o n (energy exchange) and 

g r a z i n g by "he rb ivo re s " (decrease i n p o p u l a t i o n d e n s i t y ) have 

been demonstrated to r e l i e v e s u l f i d e s t r e s s i n a marine r e c e i v i n g 

b a s i n (Pearson , 1980; S t a n l e y , e t a l , 1978) . 

S u l f i d e - o x i d i z i n g Hetero t rophs 

The requirement f o r oxygen and l i m i t a t i o n by extremes o f 

r e d u c t i o n - o x i d a t i o n p o t e n t i a l favours a l i m i t e d range of 

v e r t i c a l d i s t a n c e f o r e f f i c i e n t a c t i v i t y by s u l f i d e - o x i d i z i n g 

b a c t e r i a (Jj^rgensen and Revsbech, 1983) . 
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"The s u l f u r b a c t e r i a l i v i n g a t the O2-H2S i n t e r f a c e 

must t he re fo re always compete w i t h the a u t o c a t a l y t i c 

o x i d a t i o n o f s u l f i d e . Bo th B e g g i a t o a and Thiovulum 

spec ie s have adapted to t h i s requirement by growing 

as sheets a t the t r a n s i t i o n between oxygen and s u l f i d e . 

Begg ia toa c e l l s , which are f i l amentous and g l i d i n g 

organisms, form t h i n mats over s o l i d subs t r a t e s from 

which H2S i s r e l e a s e d . Thiovulum c e l l s , which are ve ry 

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

form f r a g i l e v e i l s f l o a t i n g i n the water , on ly l o o s e l y 

a t t ached to the u n d e r l y i n g s u b s t r a t e . These t y p i c a l 

growth forms demonstrate a h i g h l y developed chemotact ic 

behav iour o f the b a c t e r i a , which enables them to ad jus t 

r a p i d l y to the u n s t a b l e chemica l g r a d i e n t s . . . . The 

fo rma t ion o f Thiovul i im v e i l s serves the same purpose 

as the fo rma t ion o f B e g g i a t o a mats . . . The v e i l s are 

s u f f i c i e n t l y r i g i d t o w i t h s t a n d slow movements of the 

water , and they enable an expansion o f the anoxic zone 

i n t o the o v e r l y i n g wate r . I n t h i s way, Thiovulum v e i l s 

can outcompete the sediment-bound Begg ia toa f i l a m e n t s , 

which have sometimes been observed to g l i d e upon the top 

s i d e of Thiovulum v e i l s . " 

( j^ rgensen and Eevsbech, I985) 

Expe r imen ta l s t u d i e s of pu lp e f f l u e n t l o a d i n g i n a marine 

r e c e i v i n g b a s i n demonstrated Begg ia toa sur face mat fo rma t ion 

under c o n d i t i o n s o f " exces s ive c e l l u l o s e f i b r e d e p o s i t i o n " . 

( S t a n l e y , e t a l , 1978) . Mat and v e i l f o rma t ion a t any depth 

i n the sediraeats i n v o l v e s the c r e a t i o n o f a boundaiy l a y e r 

s e p a r a t i n g oxygenated and s u l f i d e zones o f the h a b i t a t . 

The organisms b e n e f i t d i r e c t l y from the s t a b i l i z a t i o n of 

oxygen and s u l f i d e supply f o r t h e i r me tabo l i c energy 

requi rements , and the e n t i r e m i c r o b i a l comm\anity b e n e f i t s i n 
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consequence. S i g n i f i c a n t oxygen demand i n o v e r l y i n g 

waters due t o s u l f i d e r e l e a s e from pu lp waste accumulat ions 

has been noted by Hofs t en and Edberg (1972) , P o o l e , et a l , 

(1977) and Pa rkes , e t a l , (1979) . The ex t remely e f f i c i e n t 

o x i d a t i o n o f s u l f i d e i n mats o r v e i l s w i l l min imize t h i s 

s t r e s s ajid r e s u l t i n the maintenance o f f avourab le c o n d i t i o n s 

f o r the s u l f i d e o x i d i z e r s . 

A e r o b i c he t e ro t rophs w i l l b e n e f i t by s u l f i d e o x i d i z e r 

a c t i v i t y i n s e v e r a l ways. C o n t r o l o f oxygen a v a i l a b i l i t y 

w i l l f o s t e r t h e i r con t inued a c t i v i t y i n r a p i d decompos i t ion 

o f complex o rgan ic m a t e r i a l s . The p o t e n t i a l f o r pH and 

redox l i m i t a t i o n due to accumula t ion o f t h e i r reduced low 

m o l e c u l a r weight by-produc t s i s decreased by the e x p l o i t a t i o n 

of these m a t e r i a l s by the s u l f i d e o x i d i z e r s . 

S u l f i d e o x i d i z e r s can thus b e n e f i t from v e r t i c a l m i g r a t i o n o f 

the redox p o t e n t i a l d i s c o n t i n u i t y i n response to pu lp 

e f f l u e n t d i s c h a r g e . T h e i r dense p o p u l a t i o n s c rea t e a s t r o n g 

decrease i n pH i n the v i c i n i t y (j(^rgensen and Eevsbech, 1983) 

which a s s i s t s i n the maintenance of h i g h s u l f i d e 

c o n c e n t r a t i o n f o r t h e i r e x p l o i t a t i o n . S u l f i d e e x p l o i t a t i o n 

i n mats o r v e i l s w i l l f o s t e r i t s d i f f u s i o n from deeper 

sediment s t r a t a , r e s u l t i n g i n l e s s i n h i b i t i o n o f the 

anaerobic s u l f i d e p roduce r s . However, s u l f i d e producer 

a c t i v i t y i s l i m i t e d by the e x p l o i t a t i o n o f the aerobe 

by-produc t s by the s u l f i d e o x i d i z e r s and by decreased 

s u l f a t e d i f f u s i o n i n t o the anaerobic zone due t o the 

presence o f the mat or v e i l boundaiy . 

L i m i t a t i o n s on the a c t i v i t y o f s u l f i d e o x i d i z e r s g e n e r a l l y 

occur through p h y s i c a l i n f l u e n c e s such as r e c e i v i n g b a s i n 

hydrodynamics and temperature v a r i a t i o n . Expe r imen ta l 

m o d e l l i n g o f marine sediment response to p u l p e f f l u e n t 
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d i scha rge determined water f low r a t e and hence oxygen supply 

to be more s i g n i f i c a m t than h i ^ c e l l u l o s e l o a d i n g i n 

f a v o u r i n g s u l f i d e accumula t ion and lowered redox p o t e n t i a l 

(Pearson , I98O) . I n c o n t r a s t , seasonal temperature 

v a r i a t i o n s determine a c t i v i t y o f the sediment b a c t e r i a l 

community i n e s t u a r i e s , w i t h w i n t e r temperature minima 

govern ing a l l h e t e r o t r o p h i c a c t i v i t y and s p r i n g warmii^g 

s t i m u l a t i n g s u l f i d e r e l e a s e and thus aerobe i n h i b i t i o n and low 

oxygen a v a i l a b i l i t y . 

R e c e i v i n g b a s i n hydrodynamics g e n e r a l l y govern the d i s p e r s a l 

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

s u l f i d e o x i d i z e r s as w e l l as o b l i g a t e aerobes can occur i n 

p r o x i m i t y t o an e f f l u e n t d i scharge as a r e s u l t o f the r a p i d 

sed imen ta t ion o f the components o f h i g h s p e c i f i c g r a v i t y , 

as they tend to exe r t a l a r g e oxygen demand and r e q u i r e l o n g 

and complex processes o f decompos i t ion . I n these areas the 

p r imary e x p l o i t a t i o n o f v a l u a b l e e f f l u e n t components i s 

c a r r i e d out by anaerobes i n c l u d i n g s u l f i d e p roduce r s . Mat 

fo rma t ion by Begg ia toa w i l l t he r e fo re be r e s t r i c t e d to 

s u r f i c i a l sediment s t r a t a where oxygen a v a i l a b i l i t y i s 

ma in t a ined . 

As h i g h s u l f i d e c o n c e n t r a t i o n g e n e r a l l y accompanies t h i s 

p a t t e r n c l o s e t o a d i scha rge source , the impor tant a c t i v i t i e s 

o f aerobes may be v e r y much i n h i b i t e d . Mat fo rma t ion then 

c o n t r i b u t e s t o the v i t a l f u n c t i o n o f sediment p r imary 

s t a b i l i z a t i o n . Such c o n d i t i o n s , i n v o l v i n g r a p i d b u r i a l o f 

the sediment sur face on a cont inuous b a s i s , do not f avour 

the e f f i c i e n t metabol ism o f Begg ia toa thoiigh t h e i r m o t i l i t y 

favours con t inued e x p l o i t a t i o n o f the s u l f i d e energy r e sou rce . 

Thiovulum spec ies w i t h t h e i r f r a g i l e waterborne v e i l s w i l l not 

be favoured e i t h e r , e s p e c i a l l y i n marine b a s i n s vdaere " b o i l i n g " 

o f e f f l u e n t s , due to low s p e c i f i c g r a v i t y w i t h r e spec t to the 

deep wate r s , occurs f o l l o w i n g r e l e a s e from the d i f f u s e r . 
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Thus, i n g e n e r a l , s low anerob ic decomposi t ion o f p u l p e f f l u e n t 

m a t e r i a l s predominates i n p r o x i m i t y to the p o i n t of d i s c h a r g e . 

These processes can be i n h i b i t e d by s u l f i d e accumula t ion due 

t o the i n c r e a s e d s torage c a p a c i t y o f the sediments , w h i l e 

r e l i e f o f s u l f i d e s t r e s s by Begg ia toa a c t i v i t y i s i n h i b i t e d 

due to the a s s o c i a t e d oxygen demand and presence and a c t i v i t y 

o f Thiovulum o f i n c i d e n t a l occurrence i n t h i s p h y s i c a l l y 

u n s t a b l e h a b i t a t . 

L i m i t a t i o n o f s u l f i d e o x i d i z e r s to the sediment-water i n t e r f a c e 

i s not l i m i t e d to the v i c i n i t y o f the source o f e f f l u e n t s . 

Transpor t p rocesses i n a r e c e i v i n g b a s i n f avour c o n c e n t r a t i o n 

o f low m o l e c u l a r weight e f f l u e n t components ( i n c l u d i n g 

c e l l u l o s e ) i n the deepest areas o f the b a s i n , though e x c e s s i v e 

d i scharge can a p p a r e n t l y d i s t u r b t h i s p a t t e r n : 

"Observa t ions made i n the f i e l d u s i n g underwater TV i n 

1971 showed ex t ens ive areas o f mat fo rma t ion over a l a r g e 

p a r t o f the deep b a s i n o f Loch E i l (marine) f o l l o w i n g 

u n u s u a l l y l a r g e i n p u t s o f p u l p f i b r e . " 

( S t a n l e y , e t a l , 1978) 

Beep b a s i n areas w i t h low cu r r en t f lows w i l l favour the 

e f f i c i e n t a c t i v i t y o f bo th Begg ia toa and Thiovulum w i t h 

Thiovulum favoured when hydrodynamic energy i s too low to 

f o s t e r oxygen p e n e t r a t i o n o f the sediment sur face o r 

s a t i s f a c t i o n o f e f f l u e n t oxygen demand. V/here oxygen 

a v a i l a b i l i t y i s ma in t a ined w i t h i n the sediments , the 

fo rma t ion o f a Begg ia toa mat favours ae rob i c a c t i v i t y above 

i t ( i . e . c o l o n i z a t i o n o f newly sedimented m a t e r i a l s ) and 

anaerobic a c t i v i t y below, as w e l l as c o n t r i b u t i n g d i r e c t l y 

to c e l l u l o s e decompos i t ion . The most recen t i n v e s t i g a t i o n 

o f the w e l l - f l u s h e d ( h i g h hydrodynamic energy) marine 

r e c e i v i n g b a s i n Loch E i l , w h i l e n o t i n g the l i m i t a t i o n o f 

measurable c e l l u l o s e decomposi t ion to the s u r f i c i a l 

cen t imet re of the sediments , concludes tha t the b a c t e r i a l 

community achieves r e l a t i v e l y complete e x p l o i t a t i o n o f 
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d e s i r a b l e resources such as c e l l u l o s e d i s cha rged to the 

b a s i n over the l o n g term. (Vance, e t a l , 1982) . 

Where Begg ia toa i s i n h i b i t e d from a c t i v i t y w i t h i n o r atop 

the sediments due to low oxygen a v a i l a b i l i t y , c e l l u l o s e 

and o the r v a l u a b l e pu lp e f f l u e n t components are degraded o n l y 

by slow anaerobic p roces se s . Such a c t i v i t y can be favoured 

through v e i l f o rma t ion by Thiovulum. Sedimenta t ion and 

cu r r en t tu rbu lence can d i s r u p t these f r a g i l e boundar i e s , 

but such p e r t u r b a t i o n s are r a r e i n s tagnant b a s i n s f a v o u r i n g 

v e i l f o r m a t i o n . R e l i e f o f s u l f i d e s t r e s s by Thiovulum 

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

c o n d i t i o n s and does not favour a e r o b i c a c t i v i t y i n the 

sediments , b u t , as p r e v i o u s l y no ted , the s u l f i d e producers 

w i l l u s u a l l y be l i m i t e d i n t h e i r c a p a c i t y to renew the h i g h 

s u l f i d e concen t r a t ions by o ther i n f l u e n c e s . W h i l e Thiovul i im 

v e i l fo rma t ion can be a t r a n s i e n t phenomenon, i t may r e l i e v e 

s u l f i d e s t r e s s on anaerobic c e l l u l o s e degrader p o p u l a t i o n s 

and o the r anaerobic a c t i v i t i e s , and thus c o n t r i b u t e to the 

maintenance of processes which min imize o rgan ic m a t e r i a l 

accumula t ion over the long- t e rm i n p u l p m i l l d i scha rge 

r e c e i v i n g environments . 

COMPETITIVE MICROBIAL POPULATIONS 

1. G r a z i n g Organisms 

C o n d i t i o n s which favour e f f l u e n t decompos i t ion by sediment 

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

m i c r o b i a l p o p u l a t i o n s which e x p l o i t the b a c t e r i a as a food 

r e sou rce . I n c o n t r a s t to n a t u r a l c o n d i t i o n s f a v o u r i n g the 

maintenance o f complex communities o f macro inver tebra tes 

and o t h e r an imals which compete to e x p l o i t b a c t e r i a l 

g r a z e r p o p u l a t i o n s , p u l p e f f l u e n t d i scha rges tend to 
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i n h i b i t complex organisms and s t r e s s community d i v e r s i t y 

and d e n s i t y towards a few o p p o r t u n i s t spec i e s t o l e r a n t o f 

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

of the sediment h a b i t a t . Such changes take p l a c e even 

beneath an oxygenated water column, but aj:e accentuated 

by s t a g n a t i o n (Pearson , 1980) . Loss o f bur rowing 

organisms i n p a r t i c u l a r can be c o r r e l a t e d w i t h e f f l u e n t -

s t i m u l a t e d expansion o f the anaerobic zone and s u l f i d e 

accumula t ion ( S t a n l e y , e t a l , 1978) , which r e i n f o r c e s t h i s 

t r e n d and decreases the a v a i l a b i l i t y o f oxygen below the 

sur face sediment s t r a t a which would be n o r m a l l y i n c r e a s e d 

by macro-organism a c t i v i t i e s . Decreased a c t i v i t y by a e r o b i c 

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

g r a z e r a c t i v i t y and p o p u l a t i o n d e n s i t y i n response to s u l f i d e 

accumula t ion c o r r e l a t e s w i t h the decrease o f t h i s food 

resource i n e f f l u e n t - s t r e s s e d marine sediments (Pearson , 

1980) . 

Rap id e x p l o i t a t i o n o f o rgan ic m a t e r i a l s by ae rob i c b a c t e r i a 

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

o p p o r t u n i s t h a b i t and l i m i t e d a d a p t a b i l i t y . Rap id b u i l d - u p 

o f c i l i a t e p ro tozoan p o p u l a t i o n s and maintenance o f h i g h 

p o p u l a t i o n d e n s i t i e s were observed i n expe r imen ta l marine 

s t u d i e s where h i g h water f low main ta ined oxygen a v a i l a b i l i t y 

a t the sediment sur face d e s p i t e h i g h c e l l u l o s e l o a d i n g 

(Pearson , I98O) . V/hi le the l a g p e r i o d o f g r a z e r p o p u l a t i o n 

i nc r ea se occurs over a p e r i o d o f s e v e r a l days , the bloom o f 

c i l i a t e s r a p i d l y reduce b a c t e r i a l d e n s i t y ( F e n c h e l , I98O) 

and l i m i t the accumula t ion o f a e rob i c h e t e r o t r o p h byproduc t s , 

thus l i m i t i n g the resource which s t i m u l a t e s anaerobic 

he te ro t rophs and l i m i t i n g r a p i d consumption o f a v a i l a b l e 

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

d e n s i t y a t l e v e l s which do not c o n t r i b u t e to con t inued 

expansion o f anaerobic c o n d i t i o n s i s a r e s u l t o f a e rob i c 

m i c r o b i a l g r a z e r a c t i v i t y . T h i s i s r e f l e c t e d i n main ta ined 

d i v e r s i t y and e f f i c i e n c y o f the b a c t e r i a l popu l a t i ons and a 

h i g h r a t e o f c e l l u l o s e decompos i t ion . T h i s p a t t e m 

c o r r e l a t e s w i t h the o b s e r v a t i o n t ha t f i b r e s are degraded 

more r a p i d l y i n sediments w i t h h i g h f i b r e accumulat ions than 

i n areas c o n t a i n i n g i n c i d e n t a l amounts o f f i b r e (Pearson, 

1981) . 

F i e l d s t u d i e s o f marine sediments r e c e i v i n g pu lp m i l l e f f l u e n t s 

support the s i m i l a r i t y between deep - and sha l low - water g r a z e r 

communities (Wyatt and Pearson , 1982) . A h i ^ p r o p o r t i o n o f 

c i l i a t e s p e c i e s , i d e n t i f i e d from s h a l l o w s u l f i d e - c o n t a i n i n g 

environments by Fenche l (1969) , and h i g h p o p u l a t i o n d e n s i t i e s 

o f these organisms were cons ide red a consequence o f i n c r e a s e d 

o rgan ic i n p u t . I n c o n t r a s t t o sha l low h a b i t a t s where 

metazoan spec ies dominate g r a z e r communities i n the f l o c c u l e n t 

sur face s t ra tum c i l i a t e p o p u l a t i o n s were observed to dominate 

t h i s zone i n deep b a s i n sediments . 

" . . . i n g e n e r a l , d i v e r s i t y i n c r e a s e d w i t h i n c r e a s i n g 

o rgan ic enr ichment , i . e . , the r eve r se o f the t rends 

observed i n the response o f metazoan p o p u l a t i o n s to 

enr ichment . " 
(Wyatt and Pearson , 1982) 

Anaerob ic g r a z e r p o p u l a t i o n s w i l l b e n e f i t from the r e s u l t s o f 

a e r o b i c g r a z e r a c t i v i t y i n l i m i t i n g the expansion o f the 

anaerobic zone and the a s s o c i a t e d p o t e n t i a l f o r s u l f i d e 

s t r e s s . The maintenance o f h i g h a e r o b i c h e t e r o t r o p h d i v e r s i t y 
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under f avourab le c o n d i t i o n s p r o v i d e s the g r ea t e s t v a r i e t y 

o f degraded o rgan ic m a t e r i a l s f o r anaerobic h e t e r o t r o p h 

e x p l o i t a t i o n , and by e x t e n s i o n the g r e a t e s t v a r i e t y o f food 

organisms f o r anaerobic g r a z e r s . 

Adap t ive t o l e r a n c e s of anaerobic g raze r s are l i t t l e known. 

Whi l e many spec ies appear t o l e r a n t o f h i g h s u l f i d e and 

methane c o n c e n t r a t i o n s , ammonia has been demonstrated as t o x i c 

f o r most c i l i a t e spec i e s s t u d i e d (Fenche l and R i e d l , 1970) . 

Ammonia was found to be l e s s t o x i c a t low pH v a l u e s , and a 

marked r e g i o n o f low pH i s a s s o c i a t e d w i t h the redox 

d i s c o n t i n u i t y (RPD) ( F e n c h e l , I 9 6 9 ) . T h i s r e s u l t s from 

s u l f i d e o x i d i z e r a c t i v i t y and i s p a r t i c u l a r l y no t ab l e ac ross 

v e i l o r mat boundar ies ( jprgensen and Revsbech, I 9 8 5 ) . 

I n the anaerobic zone u n d e r l y i n g the RPD, ammonia 

c o n c e n t r a t i o n i nc r ea se s r a p i d l y ( F e n c h e l , I 9 6 9 ) , which 

suggests t ha t anaerobic g raze r s may be l i m i t e d i n v e r t i c a l 

range of d i s t r i b u t i o n by t h i s f a c t o r (Fenche l and R i e d l , 

1970) . 

Mat o r v e i l f o rma t ion by s u l f i d e o x i d i z e r s a t o r near the 

sediment sur face w i l l l i m i t anaerobic g r a z i n g organisms to 

a c t i v i t y i n the v i c i n i t y as the pH minimum r e g i o n and the 

RPD are compressed. I n h i b i t i o n o f g raze r s on t h i s b a s i s 

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

and c o n t r o l of s u l f i d e producer p o p u l a t i o n s , r e s u l t i n g i n 

decreased r a t e o f e f f l u e n t decomposi t ion and g r e a t e r 

p o t e n t i a l f o r s u l f i d e s t r e s s . E l i m i n a t i o n o f anaerobic 

g r a z e r organisms c o u l d be a n t i c i p a t e d i n unfavourab le 

c o n d i t i o n s c r ea t ed by anaerobic b a c t e r i a l dominance o f 

sediment chemis t ry , f o r example, 

t o the water column ( S t a n l e y , e t a l , 1978) when bottom water 

a n o x i a favours p o s i t i o n i n g o f the RPD above the sediment 

s u r f a c e . 



28. 

2 . D i r e c t Compet i tor Organisms 

Under c o n d i t i o n s o f r a p i d b u r i a l o f the sediment sur face 

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

i s a d i s t i n c t advantage. Most d i r e c t compet i to r s w i t h 

b a c t e r i a f o r o rgan ic resot i rces are adapted to t h i s l i f e s t y l e 

due to the n a t u r a l v a r i a b i l i t y of r e sou rce s . Ascomycetes 

and some f i i n g i , however, have been observed to be i n h i b i t e d 

i n marine p u l p e f f l u e n t r e c e i v i n g b a s i n s , and t h i s was 

STiggested as r e s u l t i n g from r a p i d b u r i a l as a c o n t i n u i n g 

s t r e s s (Churchland and McLaren, 1972) . 

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

p a r t i c u l a r l y cont inuous oxygen s u p p l y , d i r e c t compet i to r s 

c o n t r i b u t e to the maintenance o f h i g h r a t e s o f e f f l u e n t 

decomposi t ion i n bo th a e r o b i c and anaerobic zones. 

P h o t o s y n t h e t i c organisms aj?e g e n e r a l l y i n h i b i t e d but h i g h 

d i v e r s i t y and d e n s i t y of h e t e r o t r o p h i c b l u e - g r e e n a lgae has 

been d e s c r i b e d f o r a p h o t i c sediments where the redox 

p o t e n t i a l d i s c o n t i n u i t y approaches the sediment-water 

i n t e r f a c e (Penchel and R i e d l , 1970) . 

Anaerob ic p o p u l a t i o n s o f d i r e c t compe t i to r s f o r b a c t e r i a l 

r e sources such as low m o l e c u l a r weight o rgan ic compounds 

w i l l g e n e r a l l y be favoured by p u l p e f f l u e n t d i scha rge 

though they are l i k e l y t o be l i m i t e d i n v e r t i c a l range o f 

d i s t r i b u t i o n by ammonia c o n c e n t r a t i o n as noted f o r g r aze r 

p o p u l a t i o n s (Fenche l and R i e d l , 1980) . S t r o n g l y developed 

l a y e r i n g o f anaerobic metazoan p o p u l a t i o n s i n s h a l l o w water 

s u l f i d e zones ( F e n c h e l , 1969; Fenche l and R i e d l , 1970) may be 

d i s t u r b e d by expans ion o f the anaerobic zone and s u l f i d e 

accumula t ion i n unfavourable c o n d i t i o n s . I n h i b i t i o n o f 

these p o p u l a t i o n s i n r e c e i v i n g b a s i n sediments r e l e a s e s 
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the anaerobic h e t e r o t r o p h i c b a c t e r i a from subs t r a t e 

c o m p e t i t i o n , thus f a v o u r i n g s u l f i d e accumula t ion and 

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

I n r e c e i v i n g environments where pu lp e f f l u e n t d i scharges 

r e s u l t i n Tonfavourable c o n d i t i o n s f o r d i v e r s e b a c t e r i a l 

z o n a t i o n and a c t i v i t y , s t r e s s t o microorganisms which 

compete d i r e c t l y w i t h anaerobic b a c t e r i a f o r these resources 

can be expected . I n h i b i t i o n o f these p o p u l a t i o n s w i l l l i k e l y 

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

p a r t i c u l a r l y s low e f f l u e n t decompos i t ion and probable 

accumula t ion o f o rgan ic m a t e r i a l f o r v e r y l o n g p e r i o d s . 
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I V . SUMMARY 

C o - o r d i n a t i o n o f the i n f o r m a t i o n a v a i l a b l e from s t u d i e s o f n a t u r a l 

sediment community dynamics w i t h r e s u l t s o f i n v e s t i g a t i o n s o f sediment 

m i c r o b i a l communities i n pu lp m i l l e f f l u e n t r e c e i v i n g environments 

i n d i c a t e s t h a t , i n g e n e r a l : 

• Anaerob ic degrada t ion o f e f f l u e n t o rgan ic components has been 

r e c o g n i z e d as a l ong - t e rm process i n r e l a t i o n to r a p i d 

accumula t ion o f these m a t e r i a l s . 

• S u r f i c i a l oxygenated sediment s t r a t a support h i g h e r d i v e r s i t y 

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

wa te r s . 

• Maintenance o f oxygen a v a i l a b i l i t y a t the sediment-water i n t e r f a c e 

i s d e s i r a b l e f o r the sediment community and promotes v i t a l p r imary 

degrada t ion and sediment s t a b i l i z a t i o n p r o c e s s . 

• F a c u l t a t i v e and o b l i g a t e ae rob i c c e l l u l o s e - d e g r a d i n g b a c t e r i a 

are p resen t i n sur face sediments under n a t u r a l c o n d i t i o n s . These 

p o p u l a t i o n s w i l l r a p i d l y p r o l i f e r a t e to e x p l o i t supplements of 

c e l l u l o s e and r e l a t e d compounds* Rap id degrada t ion can be 

main ta ined i n favourab le c o n d i t i o n s , and can be main ta ined 

d e s p i t e deve lop ing oxygen l i m i t a t i o n i n the h a b i t a t . 

• I n t e r a c t i o n s w i t h o the r m i c r o b i a l f l o r a and fauna and macrofauna 

are s i g n i f i c a n t i n m a i n t a i n i n g maximal b a c t e r i a l a c t i v i t y and 

hence maximal e f f l u e n t decompos i t ion i n f avourab le c o n d i t i o n s . 

Mic ro fauna i nc r ea se i n p o p u l a t i o n d e n s i t y and d i v e r s i t y i n 

response to b a c t e r i a l enrichment and i t s consequences, w h i l e 

macrofauna are i n h i b i t e d by p h y s i c a l and chemica l a l t e r a t i o n s 

o f the h a b i t a t i n response to pu lp e f f l u e n t l o a d i n g i n a l l 

a q u a t i c systems. 
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P u l p e f f l u e n t d i scharges pe r tu rb bo th the sediment h a b i t a t and 

the m i c r o b i a l community d i r e c t l y . The community w i l l respond 

to counte rac t the s t r e s s e s imposed by these i n p u t s , bu t l a g 

p e r i o d s are common and adap t ive t o l e r a n c e s and responses can be 

overwhelmed. 

B a c t e r i a l spec ies of the Cytophagales group as w e l l as v a r i o u s 

Pseudomonads a re cons ide red v i t a l i n t h e i r c o n t r i b u t i o n to h i g h 

r a t e s o f c e l l u l o s e deg rada t ion . ' T h e i r a c t i v i t i e s are favoured i n 

a e r o b i c c o n d i t i o n s . Vlhen these forms are i n h i b i t e d , the r e l a t e d 

genus Begg ia toa i s favoured i n sur face sediments , Begg ia toa i s 

an o p p o r t u n i s t s p e c i e s , and mod i f i e s the h a b i t a t by mat fo rma t ion 

to m a i n t a i n i t s p r e f e r r e d p h y s i c o - c h e m i c a l c o n d i t i o n s . 

Sediments deeper than approx imate ly f o u r cen t ime t res a re 

predominant ly anaerobic i n n a t u r a l c o n d i t i o n s . The o b l i g a t e l y 

anaerobic b a c t e r i a which reduce s u l f u r compounds ( p a r t i c u l a r l y 

the s u l f a t e - r e d u c i n g genus D e s u l f o v i b r i o i n e s t u a r i e s and marine 

waters ) a c t i v e l y m a i n t a i n the s t a b i l i t y o f anaerobic c o n d i t i o n s 

i n i n t e r a c t i o n w i t h s p e c i a l i z e d g r a z e r and compe t i to r p o p u l a t i o n s . 

A p a r t i c u l a r though p o o r l y unders tood p o p u l a t i o n o f anaerob ic 

c e l l u l o l y t i c b a c t e r i a c a r r y out slow but complete decomposi t ion 

o f accumulated c e l l u l o s e i n s t a b l e c o n d i t i o n s i n a l l a q u a t i c 

h a b i t a t s . A c t i v i t y o f these p o p u l a t i o n s can govern the 

decompos i t ion r a t e o f p u l p m i l l e f f l u e n t s i n f r e shwate r , e s t u a r i n e 

and marine r e c e i v i n g b a s i n s under c o n d i t i o n s unfavourable to 

a e r o b i c b a c t e r i a l a c t i v i t y i n s u r f i c i a l sediments . 

D e t o x i f i c a t i o n o f i n c a p a c i t a t e d sediments i s c a r r i e d out by 

s u l f i d e - o x i d i z i n g b a c t e r i a o f genera Thiovulum, which forms 

v e i l s , and B e g g i a t o a , p r e v i o u s l y noted f o r c e l l u l o l y s i s , which 

forms boundary mats a t the sediment s u r f a c e . Whi l e Begg ia toa i s 
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l i m i t e d f o r e f f i c i e n t a c t i v i t y to the sediments , Thiovul-um 

v e i l s can form i n the o v e r l y i n g water . 

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

i n t e r a c t i o n s con t inue and favour our b e t t e r i n t e r p r e t a t i o n o f changes 

observed i n response to pu lp m i l l e f f l u e n t d i s c h a r g e . The 

s i g n i f i c a n c e and va lue f o r m o n i t o r i n g s t r a t e g i e s o f phenomena such as 

redox p o t e n t i a l d i s c o n t i n u i t y m i g r a t i o n and i t s measurement, sur face 

mat fo rma t ion by Begg ia toa and a l t e r a t i o n s i n the p o p u l a t i o n balance 

o f the v a r i o u s b a c t e r i a l f u n c t i o n a l groups i s much b e t t e r unders tood 

due t o recen t s t u d i e s . Long-term m o n i t o r i n g i s r e q u i r e d i n order to 

eva lua te the s i g n i f i c a n c e o f observed t rends i n m c r o b i a l community 

response to p u l p e f f l u e n t d i scha rges f o r the o v e r a l l t r o p h i c web 

dynamics i n r e c e i v i n g b a s i n s and adjacent r eg ions o f a l l aqua t i c 

environments . 
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