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ABSTRACT 

The b r o a d ,  s h a l l o w ,  lower  p a r t  o f  t h e  Chowan River  h a s  s u f f e r e d  from 

damaging b lue -g reen  a l g a l  blooms d u r i n g  summer i n  r e c e n t  y e a r s  a s  a  r e s u l t  o f  

i n c r e a s e d  l o a d i n g  o f  n u t r i e n t s .  b r i n g  t h e  s t u d y  p e r i o d  i n  1980-1981, 

n i t r a t e  and ammonium c o n c e n t r a t i o n s  averaged  5-6 V M  and phosphate  averaged  

1.2 UM. These n u t r i e n t s  were  reduced  t o  lower  c o n c e n t r a t i o n s  d u r i n g  t h e  warm 

s e a s o n s  when a l g a l  growth was r a p i d  and were  more c o n c e n t r a t e d  i n  w i n t e r  and 

e a r l y  s p r i n g  when ammonium and  phosphate  were  i n t r o d u c e d  by  pu l  p - m i l l  

e f f l u e n t .  Uptake o f  ammonium by  s e s  ton v a r i e d  g r e a t l y ;  i t  was f a s t e s t  d u r i n g  

-1 
t h e  b lue -g reen  bloom and t h e  a v e r a g e  a n n u a l  r a t e  was 0 .29 1-IM h  . N i t r a t e  

-1 
u p t a k e  averaged  0.10 U M  h o n l y  a  t h i r d  a s  f a s t  a s  t h e  a n n u a l  ammonium 

u p t a k e  r a t e .  Phosphate  u p t a k e  was predominant ly  b i o t i c ;  t h e  r a t e s  v a r i e d  

-1 
from u n d e t e c t a b l e  t o  6 y M  h , w i t h  h i g h e s t  r a t e s  o c c u r r i n g  a t  downstream 

s t a t i o n s  i n  warm w e a t h e r  when a l g a e  were  abundant .  

Chowan R i v e r  s e d i m e n t s  t ended  t o  b e  s a n d y ,  b u t  l a r g e  amounts o f  o r g a n i c  

carbon were  p r e s e n t  n e a r  swamps, i n  s h a l l o w  w a t e r s  u p s t r e a m ,  and i n  d e e p e r  

w a t e r s  downstream. F l u x e s  o f  ammonium and  phospha te  from t h e  sed iments  t o  

-2 -1 
t h e  w a t e r  were  h i g h l y  v a r i a b l e ,  b u t  ave raged  9 1  and 4 . 1  pmoles  m h  

i n  summer. A1 though n i t r o g e n  and phosphorus a r e  abundant  i n  t h e  s e d i m e n t ,  

t h e  r a t e  o f  exchanges  t o  t h e  o v e r l y i n g  w a t e r  i s  n o t  t h e  b a s i c  c a u s e  o f  t h e  

e u t r o p h i c  c o n d i t i o n  o f  t h e  w a t e r  column. 

A n a l y s i s  o f  t h e  r a t i o s  o f  n i t r o g e n  t o  phosphorus  i n  t h e  w a t e r  a s  

n u t r i e n t s  and a s  s e s t o n ,  and t h e  r a t i o s  a t  which n i t r o g e n  and phosphorus a r e  



t aken  from t h e  w a t e r  by  s e s t o n  s u g g e s t s  t h a t  n i t r o g e n  o r  phosphorus may l i m i t  

a l g a l  growth a t  d i f f e r e n t  t imes and p l a c e s  i n  t h e  r i v e r .  However, t h e  w e i g h t  

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

n u t r i e n t .  E l i m i n a t i o n  o f  t h e  a l g a  1 bloom problem i n  t h e  Qlowan River  w i l l  b e  

accomplished o n l y  by r e d u c i n g  n u t r i e n t  l o a d i n g  from t h e  w a t e r s h e d ,  e s p e c i a l l y  

phosphorus l o a d i n g .  
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Chowan River  Water Q u a l i t y  

The lower  p a r t  o f  t h e  Chowan R i v e r  below Winton, N.C.  i s  a  w i d e ,  

s h a l l o w  body o f  w a t e r .  Weak l u n a r  t i d e s  r e a c h  u p  t h e  r i v e r ,  b u t  wind t i d e s  

a r e  usua l  l y  more i m p o r t a n t ,  w i t h  f l o o d w a t e r s  i n u n d a t i n g  t h e  b o r d e r i n g  swamp 

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

r i v e r ,  r e s u l t i n g  i n  s l o w  f l u s h i n g .  During p e r i o d s  o f  drought  and e x t r e m e l y  

low d i s c h a r g e ,  s a l t w a t e r  from Albemarle Sound moves i n ,  b u t  o r d i n a r i l y  t h e  

w a t e r  i s  f r e s h .  The w a t e r  i s  c o l o r e d  b y  humic m a t e r i a l s  from swamps and 

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

d i s t a n c e .  ~ u r i n g  d i s c h a r g e  o f  was tewate r  from Union Camp p u l p  m i l l s  d u r i n g  

w i n t e r ,  t h e  w a t e r  i s  much d a r k e r ,  more t u r b i d ,  and r i c h e r  i n  ammonium and  

phospha te  t h a n  d u r i n g  t h e  r e s t  o f  t h e  y e a r .  

A major  env i ronmenta l  problem e x i s t s  i n  t h e  Cnowan River .  Noxious 

b  lue-green a l g a l  blooms h a v e  o c c u r r e d  i n  summer i n  r e c e n t  y e a r s .  s t u d i e s  

h a v e  demons t ra ted  i n c r e a s e d  amounts o f  n i t r o g e n  ( N )  and phosphorus (P) , 

e s s e n t i a l  a l g a l  n u t r i e n t s ,  i n  t h e  w a t e r .  The N and P  which s u p p o r t  a l g a l  

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

w a t e r s h e d ,  from p r e c i p i t a t i o n ,  from r e g e n e r a t i o n  i'n t h e  w a t e r  column, and 

from t h e  bo t tom s e d i m e n t s .  

A l g a l  N u t r i t i o n  

The chemica l  forms o f  N most  i m p o r t a n t  a s  n u t r i e n t s  a r e  ammonium 

\ 
(~1:) and n i t r a t e  (NO-); a l t h o u g h  t h e  s o u r c e s  and t h e  p a t t e r n s  o f  

3 

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

(5-6 l . I ~ )  o v e r  t h e  y e a r  ( 1  N = 14  ppb) . H i g h e s t  ammonium c o n c e n t r a t i o n s  



( t o  40 uM) were  found i n  t h e  plume o f  p u l p  m i l l  e f f l u e n t  ha l fway  down t h e  

r i v e r  i n  March 1981; h i g h e s t  n i t r a t e  c o n c e n t r a t i o n s  ( t o  3011M) were  found 

+ most o f  t h e  way down t h e  r i v e r  i n  May. Lowest c o n c e n t r a t i o n s  ( N H  < 5 UM 4  

a n d  NO- < 1 uM) g e n e r a l l y  were  found d u r i n g  t h e  warm s e a s o n s  when 3 

abundant  a l g a l  p o p u l a t i o n s  h a d  s t r i p p e d  t h e s e  n u t r i e n t s  from t h e  w a t e r .  

During blooms, b lue -g reen  a l g a l  f i l a m e n t s  were  v i s i b l e ,  and t h e r e  were  

l a r g e  amounts o f  c h l o r o p h y l l  i n  t h e  w a t e r .  Algae accumula te  N and P d u r i n g  

growth,  and c o n c e n t r a t i o n s  o f  p a r t i c u l a t e - N  i n  t h e  w a t e r  were  d i r e c t l y  

r e l a t e d  t o  amounts o f  c h l o r o p h y l l .  Although amounts o f  p a r t i c u l a t e  P were  

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

p a r t i c u l a t e  P c o n c e n t r a t i o n s  were  a l s o  h i g h  ups t ream i n  February-March 1 9 8 1  

when p u l p - m i l l  e  f f l u e n t  was p r e s e n t .  

4- S e v e r a l  p a t t e r n s  were  s e e n  i n  t h e  r a t e s  a t  which NH4 and NO; were  

t a k e n  u p  by  p lank ton .  ~mmonium u p t a k e  r a t e s  were  h i g h e r  (up  t o  4  pM* h-l) 

d u r i n g  t h e  b lue -g reeen  a l g a l  bloom i n  J u n e  1980 t h a n  d u r i n g  t h e  r e s t  o f  t h e  

y e a r ;  t h e  mean a n n u a l  g r o s s  u p t a k e  r a t e  was 0.29 U M  h-' f o r  t h e  y e a r .  

N i t r a t e  u p t a k e  was o n l y  a b o u t  a  t h i r d  a s  r a p i d  (0.10 u M *  hW1) f o r  t h e  y e a r  

and t h e r e  was l e s s  o f  a  p a t t e r n  r e l a t e d  e i t h e r  t o  s e a s o n  o r  t o  a l g a l  

+ 
abundance.  Presumably,  t h e  NH4 c o n c e n t r a t i o n s  a r e  m a i n t a i n e d  a s  h i g h  a s  

- 
t h o s e  o f  NO3 b y  more r a p i d  r e g e n e r a t i o n  o f  ammonium i n  t h e  w a t e r  column 

o r  from t h e  sed iments .  

The n u t r i e n t  form o f  P (measured a s  f i l t e r a b l e  r e a c t i v e  p h o s p h a t e ,  o r  

FRP) averaged  1.2 l-IM (1 V M  P = 31 p p b ) ,  o n l y  a b o u t  one- ten th  t h e  

+ 
c o n c e n t r a t i o n  o f  n u t r i e n t  forms o f  N ( N H ~  p l u s  NO-) ,  b u t  t h i s  i s  3  

a p p r o x i m a t e l y  t h e  c o r r e c t  r a t i o  i n  which P and N a r e  r e q u i r e d  f o r  a l g a l  

growth.  The h i g h e s t  

was tewate r  plume and  

c o n c e n t r a t  i o n s  ( > l o  UM)  o c c u r r e d  i n  

t h e  l o w e s t  c o n c e n t r a t i o n s  (<0 .3  pM) 

x v i i i  

t h e  February  



downstream i n  summer where  a l g a l  blooms h a d  s t r i p p e d  a v a i l a b l e  P from t h e  

w a t e r .  Although u p t a k e  o f  phosphate  from t h e  w a t e r  by  a b i o t i c  p rocesses  

was m e a s u r a b l e ,  by  f a r  t h e  g r e a t e s t  u p t a k e  was b y  l i v i n g  a l g a e  and 

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

6 p M .  h-l Ra tes  were  h i g h e s t  i n  warm w e a t h e r  a t  downstream s t a t i o n s  when 

a l g a e  were  abundan t  and phosphate  was s c a r c e .  

The d a t a  s u g g e s t  t h a t  e i t h e r  N o r  P might  b e  l i m i t i n g  t o  a l g a l  growth 

a t  d i f f e r e n t  t i m e s  and  p l a c e s .  A v a i l a b l e  N i n  t h e  w a t e r  was o f t e n  s c a r c e  

r e l a t i v e  t o  a v a i l a b l e  P d u r i n g  t h e  summer and  f a l l  b lue -g reen  a l g a l  bloom. 

On t h e  o t h e r  h a n d ,  t h e  p a r t i c u l a t e  N:P r a t i o s  and u p t a k e  r a t e s  s u g g e s t e d  a  

s c a r c i t y  o f  P. ~ u r i n g  t h e  w i n t e r  and  s p r i n g  b o t h  N and  P appeared  t o  b e  

more than  s u f f i c i e n t  and o t h e r  f a c t o r s ,  such  a s  t e m p e r a t u r e  o r  l i g h t ,  

p robab ly  l i m i t e d  a l g a l  growth.  The s w i t c h i n g  between N and P l i m i t a t i o n  

which appeared  i n  f i e l d  samples  h a s  been  shown i n  a l g a l  a s s a y  s t u d i e s .  

Those exper iments  showed t h a t  N and P i n  t h e  w a t e r  were  i n  such r a t i o s  t h a t  

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

a l g a  ( ~ e l e n a s t r u m )  a s  a d d i t i o n  o f  b o t h .  However, when t h e  e x p e r i m n t s  were  

performed u s i n g  n a t u r a l  a l g a e  which i n c l u d e d  N-f ix ing b lue -g reens  , growth 

was more o f t e n  i n c r e a s e d  by  P a d d i t i o n s ;  f u r t h e r m o r e ,  t h e  b lue -g reens  grew 

f a s t e r  t h a n  o t h e r  a l g a e  i n  t h e  assemblage.  Thus, P was t h e  more c r i t i c a l  

growth-1 i m i t i n g  n u t r i e n t  o f  t h e  b  loom-forming s p e c i e s .  

Re lease  o f  N u t r i e n t s  from Sediments 

Sediment s u r v e y  samples  were  t a k e n  from s e v e r a l  s t a t i o n s  o n  each o f  

twenty  t r a n s e c t s  i n  t h e  Chowan River  and i t s  two m a j o r  t r i b u t a r i e s  and 

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

and phosphorus c o n t e n t .  The s h a l l o w - w a t e r  s t a t i o n s  i n  t h e  wide  p a r t  o f  t h e  



r i v e r  downstream from Hol iday  I s l a n d  were  sandy w i t h  r e l a t i v e l y  l i t t l e  

c a r b o n ,  n i t r o g e n ,  o r  phosphorus e x c e p t  where  t h e y  were  a d j a c e n t  t o  swampy 

s h o r e s .  Near t h e  swamps t h e  s u r f a c e  sed iment  was u s u a l l y  dominated by  

f i b r o u s ,  woody d e b r i s .  The d e e p e r w a t e r  sed iments  i n  t h i s  p a r t  o f  t h e  

r i v e r  were  f  ine -g ra ined  and r e a s o n a b l y  carbon-r i c h ,  a l though  n o t  i n  

comparison t o  t h e  swamp-dominated s h a l l o w  s i t e s .  I n  t h e  na r rower  p a r t s  o f  

t h e  r i v e r  a d j a c e n t  t o  and u p s t r e a m  from Hol iday  I s  land t h i s  p a t t e r n  was 

r e v e r s e d .  'ih e  d e e p  w a t e r  s i t e  s  a r e  a p p a r e n t 1  y  c u r r e n  t s w e p  t and  dominated 

by c o a r s e - g r a i n e d  s e d i m e n t s  and t h e  s h a l l o w  s i t e s  n e a r  t h e  banks  a r e  more 

f i n e - g r a i n e d  and ca rbon- r i ch .  Th i s  c a r b o n  enr ichment  i s  d u e  b o t h  t o  t h e  

s e t t l i n g  o f  f i n e  p a r t i c l e  and  i n p u t  o f  woody d e b r i s  from t h e  swamps 

domina t ing  much o f  t h e  s h o r e l i n e  i n  t h i s  p a r t  o f  t h e  r i v e r .  

The a v e r a g e  Chcwan R i v e r  sed iment  had  a  r e l a t i v e l y  h i g h  carbon c o n t e n t  

o f  6.7% (approx imate ly  1 7 %  o r g a n i c  m a t t e r )  and was dominated by  s a n d  s i z e  

p a r t i c l e s  ( 6 6 % ) .  Even t h e  s o f t e s t  muds were dominated b y  s a n d  o n  a  

p e r c e n t a g e b a s i s .  The a v e r a g e  C:N:P r a t i o  was 155:6:1  (by a t o m s ) ;  i t  

showed n o  upstrearrrdownstream t r e n d .  

None o f  t h e  c h a r a c t e r i s t i c s  were  c o r r e l a t e d  w i t h  t h e  w a t e r  d e p t h  from 

which t h e  samples  were  t a k e n .  Ni t rogen  and  c a r b o n  c o n t e n t  were  pos i t i v e 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  ( r  = 0.76) and were  n e g a t i v e l y  c o r r e l a t e d  t o  

b u l k  d e n s i t y  ( r  = -0.82 and -0.70,  r e s p e c t i v e l y ) .  Sand c o n t e n t  was 

n e g a t i v e l y  c o r r e l a t e d  w i t h  n i t r o g e n ,  s i l t ,  and  c l a y  ( r  = -0.75, -0.72, 

-0.80, r e s p e c t i v e l y )  and p o s i t i v e 1  y  c o r r e l a t e d  w i t h  d e n s i t y  ( r  = 0.84)  . 
R a t e s  o f  n i t r o g e n  and  phosphorus e f f l u x  from Chowan R i v e r  s e d i m e n t s  

were  h i g h l y  v a r i a b l e  s p a t i a l l y ;  ammonium and phosphate  were  t h e  p r i n c i p l e  

d i s s o l v e d  forms r e l e a s e d  t o  t h e  w a t e r  column. Disso lved  o r g a n i c  

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



moving i n t o  t h e  sed iments .  The o v e r a l l  a v e r a g e  ammonium f l u x  r a t e  from t h e  

-2 -1 
s e d i m e n t s  i n  J u n e  o f  91  umoles m . h was compared t o  e s t i m a t e s  o f  

t h e  summertime n i t r o g e n  demand b y  phytoplankton t o  a s s e s s  t h e  importance  o f  

sediment  r e g e n e r a t i o n .  The 1980 summer a v e r a g e  n i t r o g e n  demand b a s e d  on 

g r o s s  n i t r o g e n  u p t a k e  r a t e s  ( N H ~  + ~ 0 )  3 a s  w e l l  a s  ca rbon  f i x a t i o n  

r a t e s  (by 1 4 C  t e c h n i q u e ;  p a e r l  ( 1 9 8 2 ) ) i n d i c a t e d  t h a t  ammonium f l u x  from 

sed iments  c o u l d  a c c o u n t  f o r  3-5% o f  t h e  demand. m e n  t h e  h i g h e s t  measured 

- 2 -1 
ammonium f l u x  (350 ymoles . m h r  ) c o u l d  accoun t  f o r  o n l y  10-20% o f  

t h e  g r o s s  n i t r o g e n  demand. Tne a v e r a g e  measured f l u x  o f  phosphate  from t h e  

sed iments  o  f  4 . 1  umoles ' m -2 . h-' would s u p p l y  o n l y  a b w  t 1-2% o f  t h e  

demand based  o n  g r o s s  phosphate  u p t a k e  r a t e s  from t h i s  s t u d y  o r  around 13% 

of  t h e  carbon-based demand ( p a e r l  1 9 8 2 ) .  

The e f f l u x  o f  amnonium and  phosphate  from s e d i m e n t s  a p p a r e n t l y  s u p p l i e s  

a  s m a l l  p o r t i o n  o f  t h e  g r o s s  demand o f  t h e  phy top lank ton .  I f  sed iment  f l u x  

r a t e s ,  however,  a r e  compared t o  n e t  N and P u p t a k e  b y  phy top lank ton ,  

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

phytoplankton needs .  Fur the rmore ,  t h e s e  e  f f l u x  r a t e s  were  compared t o  

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

a v a i l a b l e  v e r y  l a r g e  amounts o f  N and  P from e l sewhere  i n  t h e  wa te r shed .  

The measurements o f  t h e  e f f l u x  r a t e s  a t  a l l  s t a t i o n s  were  made o n l y  once  

d u r i n g  t h e  summer and i t  i s  p o s s i b l e  t h a t  t h e  s e d i m e n t s  a r e  more a c t i v e  a t  

o t h e r  t imes .  The measured e f f l u x  r a t e s  were  s i m i l a r  t o  r a t e s  from o t h e r  

b e n t h i c  sys tems .  Phosphate  e f f l u x  from Chowan s e d i m e n t s  c o u l d  a l s o  b e  

g r e a t l y  i n c r e a s e d  d u r i n g  t h e  p e r i o d s  when t h e  b o t t o m  w a t e r  becomes a n o x i c .  

Ammonium and  phospha te  e f f l u x  from s e d i m e n t s  were a l s o  measured i n  

e a r l y  March 1981 a t  f o u r  o  f  t h e  twe lve  s  t a t i o n s  measured i n  June .  The 

March ammonium f l u x e s  were  g e n e r a l l y  much l e s s  than  t h e  June r a t e s ,  a s  



would b e  e x p e c t e d ,  and i n  o n e  c a s e  ammonium was moving i n t o  t h e  s e d i m e n t s .  

March phosphate  f l u x e s  were  a l s o  much l e s s  t h a n  June and two o f  them showed 

f l u x e s  i n t o  t h e  sed i r ren t s .  These two s t a t i o n s  were  w i t h i n  t h e  p a r t  o f  t h e  

r i v e r  c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  o f  Union Camp was tewate r  w i t h  h i g h  

ambient  p h o s p h a t e  l e v e l s .  Such h  igher-than-normal phospha te  c o n c e n t r a t i o n s  

cou ld  c a u s e  a  s h i f t  i n  t h e  phosphate  a d s o r p t i o n  e q u i l i b r i a  i n  t h e  s u r f a c e  

sed iments  which a r e  p robab ly  m o s t l y  o x i d i z e d  d u r i n g  t h e  w i n t e r .  Under such  

c o n d i t i o n s ,  i r o n  oxyhydroxide s  i n  t h e  s u r f a c e  sed iment  c a n  a d s o r b  

c o n s i d e r a b l e  amounts o f  phospha te  and  l a t e r  r e l e a s e  i t  d u r i n g  t h e  summer 

when t h e  s e d i m e n t s  become reduced .  

It was concluded t h a t  a l t h o u g h  N and  P a r e  abundant i n  Chowan R i v e r  

s e d i m e n t s  and a 1  though b o t h  n u t r i e n t s  move from t h e  s e d i m e n t s  t o  t h e  

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

bloom o f  b lue -g reen  a l g a e  i n  summer. I h e  s o u r c e s  o f  e x c e s s  n u t r i e n t s  i n  

t h e  r i v e r  must  be  i n  t h e  w a t e r s h e d .  

Recomrnenda t ions  

1. S i n c e  b o t h  N and  P a r e  e x c e s s i v e l y  abundan t  i n  Chowan R i v e r  w a t e r ,  a n y  

measure  which s u b s t a n t i a l l y  r e d u c e s  c o n c e n t r a t i o n s  o f  n i t r a t e ,  

ammonium, o r  phospha te  i s  d e s i r a b l e .  Most o f  t h e  n u t r i e n t  l o a d  a p p e a r s  

t o  come from t h e  w a t e r s h e d  r a t h e r  than  from t h e  b o t t o m  s e d i m n t s ;  

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

c o n s i d e r e d .  

2. Because a  l a r g e  p r o p o r t  i o n  o f  t h e  n u i s a n c e  a l g a e  a r e  N-fixing 

b lue -greens  ,con t r o  1 o  f  n i t r a t e  o r  ammnium l o a d s  a  l o n e  may n o t  marked1 y  

r e d u c e  t h i s  problem. Phospha te ,  however,  i s  c r i t i c a l  t o  b lue -g reen  

a l g a l  growth and s u b s t a n t i a l  l o w e r i n g  o f  phosphate  i n p u t s  may b e  



e x p e c t e d  t o  1 i m i t  n u i s a n c e  a l g a l  blooms. 

3 .  Because o f  d i f f e r e n c e s  from year - to -yea r  i n  r a i n f a l l  amounts a n d  

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

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

b i o t a ,  s o i l s ,  and s e d i m e n t s  th roughout  t h e  w a t e r s h e d ,  a  smooth and 

r a p i d  d i s a p p e a r a n c e  o f  t h e  problem c a n n o t  e x p e c t e d .  Con t ro l  mus t b e  

planned a s  a  long-term e f f o r t  i n  o r d e r  t o  o b t a i n  a  ma jor  c o n t i n u i n g  

a l g a l  r e d u c t i o n .  

4 .  There  a r e  s t i l l  i m p o r t a n t  gaps  i n  o u r  u n d e r s t a n d i n g  o f  n u t r i e n t  l o s s e s  

from t h e  lower  Chowan River  sys tem.  Research s h o u l d  b e  u n d e r t a k e n  t o  

e s t a b l i s h  t h e  r e l a t i v e  impor tance  o f  s e v e r a l  r o u t e s  b y  which N and  P 

l e a v e  t h e  lower  Chowan r i v e r  s y s t e m  - a d s o r p t i o n ,  f l o c c u l a t i o n ,  and 

s e d i m e n t a t i o n  t o  t h e  bo t tom and t o  t h e  swamp f o r e s t  f l o o r ;  u p t a k e  b y  

swamp v e g e t a t i o n ;  d e n i t r i f i c a t i o n  i n  b o t t o m  s e d i m e n t s  and swamp s o i l s ;  

and h y d r o l o g i c  e x p o r t  t o  Albemarle  Sound. 





INTRODUCTION 

The Chowan R i v e r  i n  n o r t h e a s t e r n  North C a r o l i n a  i s  a n  i m p o r t a n t  

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

commercial h a r v e s t  o f  a l e w i f e  ( r i v e r  h e r r i n g  and b  lue-back h e r r i n g ) ;  i t  

p r o v i d e s  f i s h i n g  grounds f o r  many s p o r t s  f i she rmen;  i t  i s  u s e d  f o r  b a t h i n g  

and w a t e r  s k i i n g ;  i t  i s  a n  i m p o r t a n t  waterway f o r  b a r g e  t r a f f i c  a s  w e l l  a s  

r e c r e a t i o n a l  b o a t e r s ;  and i t  r e c e i v e s ,  d i l u t e s ,  and  c a r r i e s  away t h e  w a s t e s  

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

U n f o r t u n a t e l y ,  f o r  more t h a n  a  d e c a d e ,  s e v e r e  b lue -g reen  a l g a l  blooms 

h a v e  occur red  i n  summer i n  t h e  r i v e r ' s  midd le  and lower  r e a c h e s .  The 

blooms o f t e n  h a d  e x t e n s i v e  p a t c h e s  o f  s u r f a c e  scums which were  u n s i g h t l y  

and malodorous ,  and t h e  blooms h a d  a n  a d v e r s e  e f f e c t  upon f i s h i n g  and 

b a t h i n g  (Bond, Cook, and m w e l l s  1977) .  I n  r e s p o n s e  t o  q u e s t i o n s  r e g a r d i n g  

w a t e r  q u a l i t y ,  t h i s  and o t h e r  r e s e a r c h  i n v e s t i g a t i o n s  were  i n i t i a t e d ,  aimed 

a t  i d e n t i f y i n g  r e l a t i o n s h i p s  between environmenta 1 f a c t o r s  and a l g a l  growth 

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

The Chowan River 

The Chowan R i v e r  e x t e n d s  80 km from t h e  c o n f l u e n c e  o f  t h e  Blackwater  

and Nottoway R i v e r s  n e a r  t h e  North C a r o l i n a - V i r g i n i a  b o r d e r  t o  i t s  mouth 

n e a r  Edenton,  North C a r o l i n a ,  where i t  e n t e r s  Albemarle Sound (F ig .  1). Its 

2 
d r a i n a g e  b a s i n  c o v e r s  a p p r o x i m a t e l y  12,600 km i n  s o u t h e a s t e r n  V i r g i n i a  

and  n o r t h e a s t e r n  North ~ a r o l i n a  ( S t a n l e y  and Hobbie 1977)  and l a n d  u s e  i s  

p r i m a r i l y  f o r e s t r y  and a g r i c u l t u r a l .  I t s  f low comes from t h e  C o a s t a l  p l a i n  

o f  North C a r o l i n a  and from t h e  Coas ta l  P l a i n  and Piedmont p r o v i n c e s  o f  



V i r g i n i a .  The r i v e r  i n c r e a s e s  i n  w i d t h  a b o u t  10- fo ld  between Winton,  N.c. ,  

and i t s  mouth a t  Albemarle Sound below Edenton,  N.C. , whereas  t h e  r i v e r  

d i s c h a r g e  i n c r e a s e s  o v e r  t h i s  d i s t a n c e  b y  o n l y  a b o u t  10% ( S t a n l e y  and 

Hobbie 1977). Consequent ly ,  t h e  n e t  r i v e r  v e l o c i t y  d e c r e a s e s  d r a s t i c a l l y .  

Albemarle Sound i s  s h e l t e r e d  from t h e  A t l a n t i c  Ocean b y  b a r r i e r  

i s l a n d s ;  l u n a r  t i d e s  i n  t h e  Chowan River  a r e  t h e r e f o r e  s m a l l  (0.1-0.3 m) 

( S t a n l e y  and  Hobbie 1977 ;  D a n i e l  1 9 7 7 ) .  The Chowan R i v e r  i s  e n t i r e l y  

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

e f f e c t ,  however,  on  t h e  lower  r i v e r  where ,  a s  t h e  r i v e r  w i d e n s ,  s u r f a c e  

a r e a  i n c r e a s e s  and f l o w  d e c l i n e s .  Water s u r f a c e  e l e v a t i o n  may v a r y  > 3  m 

due  t o  wind (Amein and G a l l e r  1979) and s o u t h e r l y  winds may r e s u l t  i n  n e t  

u p s t r e a m  f low f o r  s h o r t  p e r i o d s  ( D a n i e l  1977).  

R ive r  d i s c h a r g e  shows t h e  marked s e a s o n a l  p a t t e r n  o f  o t h e r  North  

c a r o l i n a  r i v e r s  w i t h  h i g h e r  d i s c h a r g e s  i n  w i n t e r  ( a v e r a g i n g  a b o u t  420 m 3 .  

-1 
s e c  ) and  lower  d i s c h a r g e s  i n  summer ( o f t e n  below 30 m3 sec-') 

( S t a n l e y  and l-bbbie 197 7 ) .  ?he low a v e r a g e  d i s c h a r g e s  i n  summer 197 5 

r e s u l t e d  i n  f l u s h i n g  t i m e s  g r e a t e r  t h a n  50 d a y s ,  whereas  t h e  a v e r a g e  1975 

d i s c h a r g e  would r e p l a c e  t h e  w a t e r  a b o u t  1 4  t i m e s  p e r  y e a r  ( S t a n l e y  and 

~ o b b  i e  1977) . Because o f  i t s  sha l lowness  ( a b o u t  4.7 m a v e r a g e  d e p t h )  t h e  

bo t tom sed  iment s  may b e  e x p e c t e d  t o  i n f l u e n c e  n u t r i e n t  c o n c e n t r a t i o n s  i n  

t h e  w a t e r  column; t h e  t u r b i d i t y  and c o l o r ,  however,  a b s o r b  t o o  much l i g h t  

t o  p e r m i t  b e n t h i c  a l g a l  o r  macrophyt e growth e x c e p t  a l o n g  t h e  margin  

(Br inson  and Dav is  1 9 7 6 ) .  

Phy top lank ton  growth i s  t h e  major  s o u r c e  o f  pr imary p r o d u c t i v i t y  i n  t h e  

Chowan River .  I n c r e a s i n g  n u t r i e n t  l e v e l s  i n  r e c e n t  y e a r s  h a v e  been 

a t t r i b u t e d  t o  chang ing  a g r i c u l t u r a l  a c t i v i t i e s  and t o  i n d u s t r i a l  w a s t e s ,  

e s p e c i a l l y  from Union Paper Company o n  t h e  Blackwater  R iver  i n  



V i r g i n i a  and from C.F. I n d u s t r i e s ,  a  n i t r o g e n  f e r t i l i z e r  p l a n t ,  o n  t h e  

Chowan River  below Winton. The n u t r i e n t s  h a v e  produced a l g a l  blooms i n  t h e  

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

f i s h i n g  i n d u s t r y .  S c a t t e r e d  f i s h  k i l l s  h a v e  fo l lowed  p e r i o d s  o f  e x t e n s i v e  

a l g a l  blooms (N.c. Department o f  N a t u r a l  Resources  and Community 

Development 1979) .  Win te r  i n p u t s  o f  n i t r o g e n ,  which a r e  then  r e c y c l e d  

d u r i n g  t h e  sumner, were  i m p l i c a t e d  a s  b  loom-causing f a c t o r s  by  S t a n l e y  and 

Hobbie (1977).  Low l e v e l s  o f  n i t r a t e  and ammonia l i m i t e d  a l g a l  growth 

d u r i n g  t h e  summer i n  t h e  lower  Chowan when a l g a e  were  abundant .  Because 

two o f  t h e  t h r e e  p r i n c i p a l  bloom s p e c i e s ,  Anabaena and  Aphanizomenon 

(Witherspoon -- e t  a l .  1979) a r e  c a p a b l e  o f  f i x i n g  a t m o s p h e r i c  n i t r o g e n ,  

phosphorus may become a n  i m p o r t a n t  b l o o m - c o n t r o l l i n g  n u t r i e n t .  Algal  a s s a y  

e x p e r i m n t s  performed o n  Chowan River  w a t e r  b y  Sauer  and  Kuenz le r  (1981) 

i n d i c a t e d  t h a t  phosphorus wa s  l i m i t i n g  t o  t h e  major  bloom-forming g e n e r a  

w h i l e  o t h e r  a l g a e  r e q u i r e d  a d d i t i o n s  o f  b o t h  n i t r o g e n  and phosphorus f o r  

l a r g e  i n c r e a s e s  i n  growth. Although t h e  P - u p t a k e  s t u d y  o f  Ba lducc i  (1982) 

and t h e  N-uptake s t u d y  o f  S t a n l e y  and Hobbie (1977) over lapped  i n  t ime  and 

u s e d  t h e  same sampl ing  s t a t i o n s  , v e r y  d i f f e r e n t  c o n c l u s i o n s  were  reached .  

As a  r e s u l t  o f  t h e s e  d i f f e r e n c e s ,  n u t r i e n t  1 i m i t a t i o n  i n  t h e  Chowan R i v e r  

c o u l d  n o t  b e  f u l l y  e x p l a i n e d .  

N u t r i e n t  L i m i t a t i o n  

N u t r i e n t  a v a i l a b i l i t y  s e t s  t h e  upper  l i m i t  t o  a l g a l  growth when a l l  

o t h e r  c o n d i t i o n s  f o r  growth a r e  o p t i m a l .  According t o  ~ i e b i ~ ' s  Law o f  t h e  

Minimum, t h a t  c o n s t i t u e n t  p r e s e n t  i n  t h e  s m a l l e s t  q u a n t i t y  r e l a t i v e  t o  t h e  

r e q u i r e m e n t s  f o r  growth o  f  organisms w i l l  become t h e  l i m i t i n g  f a c t o r .  

Redf ie  l d  (1958) examined t h e  p r o p o r t  i o n s  o f  phosphorus ,  n i t r o g e n  and c a r b o n  



i n  mar ine  p l a n k t o n  and i n  seawate r  and de te rmined  t h a t  phosphorus and 

n i t r o g e n  were  t h e  c o n s t i t u e n t s  p r e s e n t  i n  l i m i t i n g  q u a n t i t i e s .  Q u a n t i t i e s  

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

r a t i o  o f  a v a i l a b l e  n i t r o g e n  t o  a v a i l a b l e  phosphorus ( N : P )  c l o s e l y  matched 

t h e  N:P r a t i o  i n  t h e  phy top lank ton .  Depar tu res  from t h e  R e d f i e l d  r a t i o  o f  

a v a i l a b l e  n i t r o g e n  t o  a v a i l a b l e  phosphorus (15 N a toms:  1 P a tom) h a v e  been  

used t o  ~ r e d i c  t n i t r o g e n  o r  phosphorus 1 i m i t a t i o n  i n  mar ine  ( ~ e r r y  1976) 

and e s t u a r i n e  environments  re aft e t  a l .  1975; Kuenzler e t  a l ,  1979)  and  t o  -- -- 
e x p l a i n  u p t a k e  k i n e t i c s  and n u t r i e n t  l i m i t a t i o n  i n  c u l t u r e  (Droop 1974;  

Rhee 1978).  I n  c o a s t a l  mar ine  and e s t u a r i n e  sys tems n i t r o g e n  i s  u s u a l l y  

t h e  l i m i t i n g  n u t r i e n t  (Ry ther  and Dunstan 1971; Yentsch e t  a l .  1977) w h i l e  -- 
phosphorus u s u a l 1  y  l i m i t s  growth i n  f r e s h w a t e r  (Atk ins  1925 ; Halmann and 

E l g a v i s h  1975 ;  S c h i n d l e r  1 9 7 7 ) .  The management i m p l i c a t i o n s  o f  c o n t r o l l i n g  

one l i m i t i n g  n u t r i e n t  i n  check ing  n u i s a n c e  growth due t o  e u t r o p h i c a t i o n  

h a v e  been  a  m o t i v a t i n g  f o r c e  beh ind  many s t u d i e s  o f  t h e  phosphorus c y c l e .  

One approach t o  a s s e s s i n g  phosphorus l i m i t a t i o n  i n v o l v e s  c o r ' r e l a t i o n  o f  

n u t r i e n t  c o n c e n t r a t i o n s  w i t h  some index  o f  b i o t i c  growth o r  abundance.  

L imi ta t  i o n  h a s  been  i n f e r r e d  from phosphorus-chlorophyl l  c o r r e l a t i o n s  

( D i l l o n  - e  t - a l .  1974;  R i g l e r  1975 ;  S c h i n d l e r  1977) ;  f i l t e r a b l e  r e a c t i v e  

phosphorus (FRP)  c o n c e n t r a t i o n  i s  of  t e n  l o w e s t  when a l g a e  a r e  most  abundan t  

( e  . g . ,  Kuenz le r  and  Greer  1980) .  A 1  though chemica l  measurements o f  changes  

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

sys tem i s  i n  s t e a d y  s t a t e ,  t h e y  can  b e  m i s l e a d i n g  when u s e d  t o  i n t e r p r e t  

l i m i t a t i o n  b e c a u s e  t h e y  o v e r e s t i m a t e  t h e  phosphate  c o n c e n t r a t i o n s  ( ~ i g l e r  

1973) .  These  e r r o r s  r e s u l t  from t h e  damage o f  d e l i c a t e  a l g a l  c e l l s  d u r i n g  

f i l t r a t i o n  ( ~ u e n z l e r  and Ketchum 1962) and t h e  h y d r o l y s i s  o f  a c i d - l a b i l e  



phosphorus compounds d u r i n g  a c i d i f i c a t i o n  f o r  phospha te  a n a l y s i s  ( R i g l e r  

1968) .  Measurewnt  o f  a v a i l a b l e  phosphorus d o e s  n o t  a c c o u n t  f o r  phosphate  

which phy top lank ton  may o b t a i n  f rom s o l u b l e  u n r e a c t i v e  phosphorus compounds 

u s i n g  phosphatase  enzymes (Kuenz le r  and P e r r a s  1965;  Kuenzler 1970) .  In 

a d d i t i o n ,  measurements o f  ch lo rophy l l -a  and a l g a l  b iomass  g i v e  n o  

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

m e t a b o l i z i n g  ( ~ a u s t  and  C o r r e l l  197 7 ) .  

Phosphorus Uptake K i n e t i c s  

Given t h e  l i m i t a t i o n  o f  chemical  measurement i n  a s s e s s i n g  n u t r i e n t  

c o n t r o l  o f  growth,  many e c o l o g i s t s  h a v e  t u r n e d  t o  measurements o f  P -up take  

k i n e t i c s .  Phosphorus i s  c o n t i n u a l l y  c y c l e d  between d i s s o l v e d  and 

p a r t i c u l a t e  forms i n  a q u a t i c  s  ys tems. R a d i o a c t i v e  phosphorus  (32P)  h a s  

been  u s e d  t o  s t u d y  t h e  f low o f  phosphorus through a  number o f  l a r g e  

o p e r a t i o n a l  compartments:  t h e  e p i l i m n i o n ,  hypol imnion p l u s  sed iments ,  and 

t h e  l i t t o r a l  zone ( ~ t c h i n s o n  and Bowen 1947,  1950; R i g l e r  1956) .  S t u d i e s  

o f  phosphorus c y c l i n g  i n  t h e  e p i l i m n i o n  i n d i c a t e  t h a t  s  t eady  s  t a t e  o  £ t e n  

e x i s t s  w i t h i n  t h i s  c o m p a r t m n t  (Watt and Hayes 1963; Halmann and S t i l l e r  

R a t e  o f  phosphate u p t a k e  b y  s e s t o n ,  de te rmined  f rom t h e  r a t e  o f  

d i s a p p e a r a n c e  o f  3 2 ~ - l a b e l e d  phospha te ,  r e p r e s e n t s  t h e  g r o s s  u p t a k e  r a t e  

o f  t h e  s e s t o n ;  t h e  n e t  u p t a k e  r a t e  a t  s t e a d y  s t a t e  s h o u l d  b e  z e r o .  Because 

i n a c c u r a c i e s  i n  measurements o  f  phospha te  c o n c e n t r a t i o n  a  f f e c t  t h e  

c a l c u l a t i o n  of  u p t a k e  r a t e  ( R i g l e r  1973) , t u r n o v e r  t i m e  i s  c o n s i d e r e d  a  

b e t t e r  measure o f  t h e  n u t r i t i o n a l  s t a t u s  o f  t h e  p lank ton .  Turnover t i m e  i s  

32 
t h e  t i m e  r e q u i r e d  f o r  a n  amount o f  P  e q u i v a l e n t  t o  t h e  e x t e r n a l  

d i s s o l v e d  phosphate  poo 1 t o  b e  t a k e n  u p  b y  t h e  p l a n k t o n .  Turnover t i m e s  o  f  



one minu te  i n  n u t r i e n t - p o o r  f r e s h w a t e r  l a k e s  ( ~ i g l e r  1 9 6 4 ;  Lean 19731, 

s e v e r a l  m i n u t e s  t o  100 h o u r s  i n  c o a s t a l  m a r i n e  w a t e r s   aft e t  a l .  1975) - - 
and Lake K i n n e r e t  ( ~ a l m a n n  and  S t i l l e r  1 9 7 4 ) ,  1 6  t o  4 6  d a y s  i n  t h e  C e n t r a l  

North P a c i f i c ,  and 186-271 d a y s  i n  t h e  C a l i f o r n i a  Cur ren t  ( ~ e r r y  and Eppley 

1981) have  been  r e p o r t e d .  Because t u r n o v e r  t i m e  i s  a  f u n c t i o n  o f  t h e  

c o n c e n t r a t i o n  and  f l u x  o f  phospha te ,  v e r y  l o n g  t u r n o v e r  t i m e s  a r e  due t o  

h i g h  phospha te  c o n c e n t r a t i o n  and low a s s i m i l a t i o n  r a t e  ( ~ e r r y  and Epp ley  

1981) .  A body o f  w a t e r  h a v i n g  a  v e r y  s h o r t  t u r n o v e r  t i m e  may b e  n u t r i e n t  

impover i shed ,  u n u s u a l l y  a c t i v e  b i o l o g i c a l l y ,  o r  b o t h  ( ~ a  lmann and  S t i l l e r  

Rapid g r o s s  phospha te  u p t a k e  r a t e s  o  £ t e n  c o i n c i d e  w i t h  r a p i d  e  f f l u x  o f  

phospha te  from t h e  s e s t o n .  When n e t  u p t a k e  i s  s l o w  and g r o s s  u p t a k e  i s  

r a p i d ,  e f f l u x  may b a l a n c e  b i o l o g i c a l  u p t a k e  th rough  e x c r e t i o n ,  l e a k a g e  and 

o t h e r  l o s s e s  ( ~ a l e w a j k o  and Lean 1978; Kuenzler  e t  a l .  1979).  D i s s o l v e d  -- 
o r g a n i c  phosphorus  compounds ( a l s o  termed f i l t e r a b l e  o r  s o l u b l e  u n r e a c t  i v e  

P) a r e  a l s o  e x c r e t e d  by  phytoplankton (Watt and Hayes 1963 ; Kuenzler  and  

3 2  
P e r r a s  1965 ;  Kuenzler  1 9 7 0 ) .  Fol lowing a d d i t i o n  o f  P- labeled phospha te  

i n  t r a c e r  e x p e r i m e n t s ,  l a b e l e d  s o l u b l e  u n r e a c t i v e  phosphorus ( S U ~ ~ P )  was 

d e t e c t i b l e  i n  t h e  f i l t r a t e  w i t h i n  m i n u t e s  i n  f r e s h w a t e r  ( ~ e a n  1973)  o r  

w i t h i n  h o u r s  i n  e s t u a r i e s  (Pomeroy 1960 ; T a f t  -- e t  a l .  1975;  Kuenzler  -- e t  a l .  

1979) .  

The k i n e t i c s  o f  r a d i o a c t i v e  phosphorus  u p t a k e  i n  e p i l i m e t i c  w a t e r s  

o f t e n  conform t o  t h o s e  p r e d i c t e d  by  a  two-compartmen t exchange model i n  

which 3 2 ~  i n  t h e  f i l t r a t e  d e c r e a s e s  t o  some e q u i l i b r i u m  l e v e l  ( R i g l e r  

1956).  Tnese k i n e t i c s ,  te rmed monophasic u p t a k e ,  can  b e  e x p l a i n e d  by  t h e  

s i m p l e  exchange o f  phospha te  between s o l u b l e  and  p a r t i c u l a t e  compartments.  

However, a  two-compartment model i s  i n a d e q u a t e  i n  e x p l a i n i n g  t h e  d i p h a s i c  

6  



uptake  obse rved  i n  many s  ys tems (Chamberlain 1968,  a s  c i t e d  i n  R i g l e r  

l 9 7 3 ) ,  and models c u r r e n t l y  employed i n c l u d e  t h r e e  o r  more compartments 

( R i g l e r  1968;  Lean and R i g l e r  1 9 7 4 ) .  A four-compartment model h a s  been  

proposed by Lean (1973) which i n c l u d e s  a  s o l u b l e ,  low m o l e c u l a r  weight  

compound (XP)  and a  c o l l o i d a l  phosphorus compartment. I t  i s  b e l i e v e d  t h a t  

t h e  r a p i d  l a b e l i n g  o f  XP, which i s  e x c r e t e d  b y  t h e  p l a n k t o n  and combines 

wi th  c o l l o i d s ,  r e s u l t s  i n  d i p h a s i c  u p t a k e .  Other  e x p l a n a t i o n s  f o r  d i p h a s i c  

u p t a k e  i n c l u d e :  ( 1 )  t h e  p resence  o f  two p a r t i c u l a t e  compartments t a k i n g  u p  

t r a c e r  a t  d i f f e r e n t  r a t e s  ( i . e . ,  l a r g e  v s .  s m a l l  p l a n t s  (Odum e t  a l .  1958) - -- 

o r  b a c t e r i a  z. a l g a e  ( ~ e r m a n  and S t i l l e r  l 9 7 7 ) ) ,  ( 2 )  a r a p i d  exchange o f  

o r t h o p h o s p h a t e  w i t h  t h e  c e l l  membrane fo l lowed  b y  a  s l o w e r  n e t  u p t a k e  r a t e  

r e p r e s e n t i n g  i n c o r p o r a t i o n  i n t o  t h e  i n t r a c e l l u l a r  poo l   aft e  - t - a 1  . 197 5 ) ,  

and ( 3 )  a b i o t i c  a s s o c i a t i o n  o f  phosphate  w i t h  i r o n ,  c a l c i u m ,  humics ,  s i l t ,  

o r  c l a y  (Olsen 1964; Colterman 1973; Kuenzler and Greer  1980).  A 1 1  o f  

t h e s e  mechani'sms most  1 i k e l y  c o n t r i b u t e ,  t o  some d e g r e e ,  t o  phospha te  

u p t a k e  i n  n a t u r a l  w a t e r s .  Tne mechanism w h i c h ' c o n t r o l s  P -up take  k i n e t i c s  

i s  l i k e l y  t o  change w i t h  t i m e  i n  r e s p o n s e  t o  chang ing  n u t r i e n t  l e v e l s ,  

p h y s i c a l  f a c t o r s  and community compos i t ion .  

The Phosphorus Cyc le  i n  t h e  E p i l i m i o n  

S e v e r a l  f a c t o r s  a r e  i n v o l v e d  i n  t h e  movement o f  phosphorus between 

w a t e r  and  s  e s  ton. A t  h i g h  d i s s o l v e d  i n o r g a n i c  phosphorus  (DIP) 

c o n c e n t r a t i o n s  u p t a k e  i s  c o n t r o l l e d  by  p a s s i v e  d i f f u s i o n ,  w h i l e  a t  low 

l e v e l  s  o f  DIP phy top lank ton  and b a c t e r i a  t a k e  u p  phosphorus through a c t i v e  

t r a n s p o r t  ( ~ a l m a n n  and  S t i l l e r  1974) .  'ItJo a b s o r p t i o n  sys tems o r  t r a n s p o r t  

s i t e s  w i t h  d i f f e r e n t  a f f i n i t i e s  f o r  phospha te  h a v e  b e e n  i d e n t i f i e d  i n  some 

phytoplankton s p e c i e s  ( ~ e a n j e a n  e  t a l .  1970 i n  Halmann and S t i l l e r  1974) .  -- 



I f  t h e  d i s s o l v e d  phospha te  c o n c e n t r a t i o n  i s  i n a d e q u a t e  f o r  m a i n t a i n i n g  

t h e  c e l l  phosphorus n e c e s s a r y  f o r  p h o t o s y n t h e s i s  t h e n  t h e  a l g a e  produce t h e  

exoenzyme a l k a l i n e  ( o r  a c i d )  phospha tase  ( ~ u e n z l e r  and  P e r r a s  1965 ;  P e r r y  

1976 ; P e r r y  and Eppley 1981).  This  enzyme c a t a l y z e s  t h e  h y d r o l y s i s  o f  a  

v a r i e t y  o f  phospha te  compounds, t h u s  a l l o w i n g  some u s e  o f  d i s s o l v e d  o r g a n i c  

phosphorus f o r  growth. Because a l k a l i n e  phosphatas  e  i s  a  r e p r e s s i b l e  

enzyme, i f  enough phospha te  b u i l d s  u p  i n  t h e  medium t h e  f o r m a t i o n  o f  

phosphatase  d e c l i n e s  and t h e  d i s s o l v e d  phosphate  a l o n e  i s  u s e d  (Kuenz le r  

and P e r r a s  1 9 6 5 ) .  

I f  e x c e s s  phospha te  i s  p r e s e n t ,  a l g a e  s  t o r e  P  a s  po lyphospha te  th rough  

t h e  p r o c e s s  known a s  " luxury consumption . I1  Azad and Borchard t (1970) 

i d e n t i f i e d  l u x u r y  u p t a k e  phosphorus ( L U P )  a s  phospha te  a b s o r b e d  above t h e  

c o n c e n t r a t i o n  r e q u i r e d  f o r  maxima 1 growth u n d e r  t h e  p r e v a i l i n g  c u l  t u r e  

c o n d i t i o n s  and found t h a t  c e l l s  c o u l d  a s s i m i l a t e  a s  much a s  10% phospha te  

by  d r y  w e i g h t .  P e r r y  (1976) s u g g e s t e d  t h a t  l u x u r y  u p t a k e  may b e  determined 

by t h e   reh history o f  t h e  p l a n k t o n  d u e  t o  a n  i n c r e a s e  i n  t h e  number o f  

u p t a k e  s i t e s  d u r i n g  P s t a r v a t i o n .  

I f  e x t e r n a l  phospha te  becomes low, t h e  po lyphospha tes  may s u p p l y  P  f o r  

a l g a l  growth. P e r r y  (1976) found a  v a r i a t i o n  i n  t h e  minimum and  s t e a d y  

s  t a t e  c e l l u l a r  phosphorus  c o n t e n t  w i t h  t h e  degree  o f  phosphorus  

s t a r v a t i o n .  I n t e r n a l  po lyphospha te  c o n c e n t r a t i o n m a y  p l a y  a r o l e  i n  

r e g u l a t i o n  o  f  growth ( Rhee 1973)  and u p t a k e  (Droop 1 9 7 4 ) .  

When none o f  t h e s e  mechanisms c a n  s u p p l y  s u f f i c i e n t  phosphate  f o r  

growth,  t h e  s y s t e m  w i l l  become phospha te  l i m i t e d .  The e x p o n e n t i a l  growth 

o f  phy top lank ton  i n  c u l t u r e  c e a s e s  when phosphate  c o n c e n t r a t i o n  d e c r e a s e s  

t o  a  c r i t i c a l  low l e v e l  (Rhee 1 9 7 3 ) .  In  P - l i m i t e d  c u l t u r e s  f rom n a t u r a l  

s y s t e m s ,  phosphate  a d d i t i o n s  e l i c i t  r a p i d  growth ( S c h e l s k e  e  -- t a l .  1974 ; 



Halmann and E l g a v i s h  1 9 7 5 ) .  

Environmental  and B i o t i c  C o n t r o l  o  f  Phosphorus Uptake 

F a c t o r s  o t h e r  t h a n  phosphorus d i s t r i b u t i o n  among t h e  v a r i o u s  

p a r t i c u l a t e  and d i s s o l v e d  f r a c t i o n s  a r e  i n v o l v e d  i n  u p t a k e .  Q u a l i t a t i v e  

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

f o r  many sys tems  ( ~ p p l e y  e t  -- a l .  1971; Chisholm and  S t r o s s  1976 ;  Kuenz le r  - e t  

a l .  - 1979; Balducci  1982) .  However, o t h e r  r e s e a r c h e r s  h a v e  r e p o r t e d  no 

e f f e c t  by l i g h t  on P-uptake ( T a f t  -- e t  a l .  1975;  P e r r y  1976 ;  Berman and  

S t i l l e r  1977).  Chisholm and  S t r o s s  (1976) found t h a t  maximum r a t e s  o f  

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

c y c l e .  Some phytoplankton p o p u l a t i o n s  a r e  we1 1 a d a p t e d  t o  low l i g h t  

l e v e l s .  Reshkin and Knauer (1979) found h a l f - s a t u r a t i o n  v a l u e s  ( t h e  l i g h t  

l e v e l  when phosphorus u p t a k e  r a t e  i s  h a 1  f  t h e  maximum r a t e )  a t  13.9% o f  

s u r f a c e  1 i g h t  i n t e n s i t y  i n  c u l t u r e  exper iments .  A c t i v e  u p t a k e  o f  

phosphorus i s  e n e r g y  dependen t  and a  s t i m u l a t i o n  b y ,  b u t  n o t  a  dependence 

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

r e s p i r a t i o n  ( ~ e a l e ~  197 3a) .  

Temperature a l s o  h a s  a n  e f f e c t  upon phosphorus u p t a k e .  A p o s i t i v e  

r e l a t i o n s h i p  between t e m p e r a t u r e  and t h e  P-up take  r a t e  c o e f f i c i e n t  was 

obse rved  i n  ~ a n a d i a n  S h i e l d  l a k e s  (Lev ine  1 9 7 5 ) .  The q u o t i e n t  o f  t h e  

P-up take  r a t e  a t  o n e  t e m p e r a t u r e  d i v i d e d  by  t h e  r a t e  a t  a  t e m p e r a t u r e  10' c 

lower  ( t e rmed  QlO) r a n g e d  from 1.1 t o  3.7 i n  t h e  Chowan R i v e r  where  

P-uptake and t e m p e r a t u r e  were  p o s i t i v e l y  r e l a t e d  ( B a l d u c c i  1982) .  In  t h e  

Pamlico R i v e r  t h e  l o w e s t  Q ' s  o c c u r r e d  i n  t h e  h i g h e s t  t empera tu re  1 0  

r a n g e s ,  s u g g e s t i n g  a n  i n h i b i t i o n  o f  u p t a k e  a t  h i g h  t empera tu re  ( ~ u e n z l e r  e t  - 



Compet i t ion among s p e c i e s  o f  microorganisms f o r  phospha te  may a f f e c t  

t h e i r  r e s p e c t i v e  phosphorus u p t a k e  r a t e s .  c o m p e t i t i v e  advan tage  o f  one 

a l g a l  s p e c i e s  o v e r  a n o t h e r  h a s  been  shown f o r  phy top lank ton  a d a p t e d  t o  

e u t r o p h i c  v e r s u s  o l i g o t r o p h i c  env i ronments   itma man 1976)  and f o r  s p e c i e s  

l i m i t e d  by d i f f e r e n t  n u t r i e n t s  (Tilman 1 9 7 7 ) .  S i z e  c a n  a l s o  a f f e c t  r a t e s  

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

l a r g e r  surface- to-volume r a t i o  ( ~ u h s  e  t a l .  1972 ;  k i e b e l e  e t  a l .  1 9 7 8 ) .  -- -- 
~ a c t e r i a  compete w i t h  a l g a e  f o r  phosphorus ,  a s  demons t ra ted  i n  c u l t u r e  

a n d  i n  open  sys tems .  Phosphate  c o n c e n t r a t i o n  i n  t h e  medium a p p e a r s  t o  

d i c t a t e  c o m p e t i t i v e  a d v a n t a g e ,  w i t h  b a c t e r i a  outcompet ing a t  h i g h  

P - c o n c e n t r a t i o n s  and  a l g a e  dominatiAg u p t a k e  a t  low c o n c e n t r a t i o n s  (Fuhs  e t  - 
a l .  - 1972; Bhee 1972) .  B a c t e r i a  a r e  r e s p o n s i b l e  f o r  most  o f  t h e  P - u p t a k e  i n  

some e s t u a r i e s  ( F a u s t  and  C o r r e l l  1976 ;  T a f t  e  t a l .  1 9 7 6 ) ,  whereas  a l g a e  -- 
dominate  i n  o t h e r s  ( ~ a f t  e t a l .  1975; Kuenzler e t  a l .  1979).  I n  some - - -- 
e s t u a r i n e  sys tems  a  s e a s o n a l  v a r i a t i o n  i n  t h e  r e l a t i v e  impor tance  o f  a l g a e  

and  b a c t e r i a  t o  P-uptake was obse rved  ( F a u s t  and C o r r e l l  1977) .  I n  

f r e s h w a t e r  s ys tems b a c t e r i a  a r e  sometimes t h e  major  o rgan i sms  r e s p o n s i b l e  

f o r  phosphorus u p t a k e ,  a s  shown b y  t r a c e r  s t u d i e s  ( ~ i g l e r  1956; Lean 1973; 

Kuenzler  and Gree r  1980) and by  t h e  examina t ion  o f  a u t o r a d i o g r a p h s  ( ~ a e r l  

and Lean 1976) .  S i z e  f r a c t i o n a t i o n  a s  a  means o f  d i f f e r e n t i a t i n g  between 

a l g a l  and  b a c t e r i a l  P -up take  i s  o f  l i m i t e d  u s e  due  t o  b a c t e r i a l  a t t a c h m e n t  

t o  a l g a e  and o t h e r  p a r t i c l e s   o ones 1972 ; P a e r l  1 9 7 5 ) ,  t h e  p r e s e n c e  o f  

b roken  a l g a l  f r agments  i n  a  " b a c t e r i a l "  f r a c t i o n ,  o r  t h e  p r e s e n c e  o f  l a r g e  

r o d  b a c t e r i a  i n  a  f r a c t i o n  c o n t a i n i n g  m o s t l y  a l g a e  ( ~ a u s t  and C o r r e l l  
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1976) . However, m u l t i p l e  i s o t o p i c  l a b e l i n g  w i t h  PO and  14c 4  

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

i n  d  i f  f e r e n t i a t i n g  a l g a l  
I 

from b a c t e r i a l  phosphorus  u p t a k e   urnis is on 1 9 7 5 ;  I 



Berman and S t i l l e r  1 9 7 7 ) .  There  i s  some e v i d e n c e  from t h i s  t y p e  o f  

exper iment  t h a t  d i f f e r e n t i a  1 f i l t r a t i o n  s e p a r a t e s  b a c t e r i a l  from a l g a l  

biomass i n  some sys tems  (Burn i son  1 9 7 5 ) .  

F i n a l l y ,  a b i o t i c  u p t a k e  o f  phosphorus ,  i m p o r t a n t  when s i l t  and  c l a y  

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

humics , may a l s o  compete w i t h  a l g a l  phosphorus u p t a k e  ( ~ o l t e r m a n  1973) .  

R i g l e r  (1973) n o t e d  t h a t  t h e  p r a c t i c e  o f  p o i s o n i n g  o rgan i sms  t o  de te rmine  

a b i o t i c  u p t a k e  i n  w a t e r  samples  may c a u s e  po i soned  organisms t o  l e a k  

phosphate .  The i n c r e a s e  i n  t h e  s o l u b l e  r e a c t i v e  phosphorus poo l  may r e s u l t  

i n  a n  u n d e r e s t i m a t i o n  o  f  a b i o t i c  phosphate  u p t a k e  ( R i g l e r  1973) .  Tarapchak 

e t  a l .  (1981) conf i rmed t h a t  t h e  u s e  o f  f o r m a l i n  t o  p o i s o n  p l a n k t o n  i n  -- 
phosphorus-poor w a t e r s  l e a d s  t o  s u b s t a n t i a l  l e a k a g e  o f  phosphate  and 

r e s u l t s  i n  a r t i f i c i a l l y  low e s t i m a t e s  o f  a b i o t i c  P-uptake.  

Ni t rogen Uptake K i n e t i c s  

The measurement o f  r a t e s  o f  n i t r o g e n  u p t a k e  b y  phy top lank ton  h a s  a l s o  

been  u s e d  t o  a s s e s s  c o n t r o l  o f  growth by  t h i s  n u t r i e n t .  Tko r e c e n t  r e p o r t s  

r e g a r d i n g  North C a r o l i n a  e s t u a r i e s  a r e  e s p e c i a l l y  r e l e v a n t .  A major  s t u d y  

o f  n i t r o g e n  c y c l i n g  i n  t h e  Chowan River  ( S t a n l e y  and ~ o b b i e  1977)  showed 

s e a s o n a l  v a r i a t i o n s  i n  n i t r a t e  and ammonium c o n c e n t r a t i o n s .  Both o f  t h e s e  

forms o f  d i s s o l v e d  i n o r g a n i c  n i t r o g e n  (DIN) were  abundant  i n  w i n t e r  b u t  

were low d u r i n g  t h e  p e r i o d  May-October when a l g a l  growth was h i g h e s t .  

Ammonium l e v e l s  were  g e n e r a l l y  l o w e r ,  and more c o n s t a n t  t h a n  n i t r a t e  

l e v e l s .  Disso lved  o r g a n i c  N was t h e  most  abundant  form o f  N ;  DON i n c r e a s e d  

downstream, s u g g e s t i n g  a l g a l  p roduc t ion  and r e l e a s e  i n  t h e  lower  r i v e r .  

P a r t i c u l a t e  N l e v e l s  were  g e n e r a l l y  h i g h e r  i n  summer t h a n  i n  w i n t e r ,  b u t  

t h e y  n e v e r  were  low,  pe rhaps  b e c a u s e  o  f  subs  t an  t i a  1 amounts de t r i t a  1 



( S t a n l e y  and ~ o b b i e  1 9 7 7 ) .  Although a  major  b l o a n  d i d  n o t  o c c u r  d u r i n g  

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

d u r i n g  May-October accoun ted  f o r  90% o f  t h e  a n n u a l  p l a n k t o n i c  p r imary  

- 2 p r o d u c t i o n  o f  a p p r o x i m a t e l y  100 g  C a m . They measured u p t a k e  u s i n g  

15 
N-labeled ammonium and n i t r a t e  and found most r a p i d  u p t a k e  i n  summer, 

ammonium b e i n g  p r e f e r r e d  o v e r  n i t r a t e  b y  a  f a c t o r  o f  a b o u t  t h r e e .  They 

concluded t h a t  summertime a l g a l  growth was 1 imi ted  by  low n i t r a t e  and  

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

i n c r e a s e  a l g a l  b  iomass. F i n a l l y ,  S t a n l e y  and  Hobbie c a l c u l a t e d  t h e  amounts 

o f  N e n t e r i n g  and l e a v i n g  t h e  lower  Cbowan R i v e r ;  t h e  i n p u t s  were  3 t imes  

t o o  low t o  s u s t a i n  t h e  measured N u p t a k e  r a t e s ,  s u g g e s t i n g  t h a t  r a p i d  

r e c y c l i n g  o f  N from dead  o r g a n i c  m a t t e r  i n  w a t e r  and s e d i m e n t s  was t a k i n g  

p l a c e .  They d i d  n o t  measure  N- f ixa t ion  a s  a  p o s s i b l e  s o u r c e  o f  a d d i t i o n a l  

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

One o f  t h e  more t h o r o u g h l y  s t u d i e d  e s t u a r i e s  i n  North C a r o l i n a  i s  the 

~ a m l i c o  River  a b o u t  8 0  km s o u t h  o f  t h e  &owan River .  I n  a d d i t i o n  t o  b e i n g  

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

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

D I P ,  p a r t l y  b e c a u s e  o  f e f f l u e n t  from a  phospha te  mine and chemica l  p l a n t ,  

b u t  t h e  maximum c o n c e n t r a t i o n s  o c c u r  i n  t h e  summer ( ~ o b b i e  1970; Kuenzler 

e t a l .  1979) , n o t  d u r i n g  t h e  w i n t e r  a s  i n  t h e  Chowan River .  I n o r g a n i c  W i s  -- 
p r e s e n t  a t  v e r y  low c o n c e n t r a t i o n s  i n  t h e  Pamlico R i v e r ,  e x c e p t  ups t ream 

d u r i n g  t h e  h i g h  d i s c h a r g e s  o f  w i n t e r  ( H a r r i s o n  and  Hobbie 1 9 7 4 ;  Kuenz le r ,  

e t  -- a l .  1 9 7 9 ; ) .  A l g a l  blooms a r e  a  r e g u l a r  o c c u r r e n c e  i n  t h e  ~ a m l i c o  River  

(Hobbie 1971,  1 9 7 4 ;  Kuenz le r  e t  -- a l .  1 9 7 9 ) ,  b u t  t h e y  a r e  t h e  r e s u l t  o f  dense  

p o p u l a t i o n s  o  f  d i n o f l a g e l l a t e s ,  e s p e c i a l 1  y Heterocaps a  t r i q u e t r a  d u r i n g  t h e  

w i n t e r  s e a s o n .  The blooms d i s c o l o r  t h e  w a t e r ,  b u t  c a u s e  n o  d i s c e r n i b l e  



harm t o  t h e  o t h e r  b i o t a ,  a r e  u s u a l l y  u n n o t i c e d ,  and e l i c i t  n o  u n f a v o r a b l e  

r e a c t i o n  from r e s i d e n t s ,  b o a t e r s ,  o r  f i shermen.  Kuenzler e  -- t a 1  . (197 9 )  

a l s o  u s e d  t r a c e r  ammonium and n i t r a t e  t o  measure  u p t a k e  r a t e s  i n  Pamlico 

River  w a t e r .  Here,  t o o ,  ammonium was g e n e r a l l y  more i m p o r t a n t  t h a n  n i t r a t e  

a s  a  n u t r i e n t ,  b e i n g  more c o n c e n t r a t e d  i n  t h e  w a t e r  and more r a p i d l y  t a k e n  

up. ? h i s  s t u d y  sugges ted  t h a t  n i t r o g e n  i s  more l i m i t i n g  t o  phytoplankton 

growth t h a n  i s  phosphorus most o f  t h e  y e a r .  F i n a l l y ,  i n  b o t h  s t u d i e s  i t  

was shown t h a t  h a 1  f s a t u r a t i o n  c o e f f i c i e n t s  f o r  u p t a k e  were  a b o u t  1 p M  and 

t h a t  1 i g h t  s  t i m u l a t e d  n i t r a t e  u p t a k e  t o  a  g r e a t e r  e x t e n t  t h a n  ammonium 

up take .  

Exchanges o f  N u t r i e n t s  Between Water and Sediments 

The s p a t i a l  and t empora l  p a t t e r n s  o f  pr imary p r o d u c t i v i t y  i n  a  body o f  

w a t e r  depend o n  t h e  c y c l i n g  o f  n u t r i e n t s .  Although a q u a t i c  n u t r i e n t  

c y c l e s  h a v e  been  s t u d i e d  a  g r e a t  d e a l ,  t h e  exchanges  o f  p a r t i c u l a t e  and 

d i s s o l v e d  n u t r i e n t s  between s e d i m e n t s  and w a t e r  a r e  p o o r l y  u n d e r s t o o d .  

I W t r i e n t  c y c l e s  i n  s h a l l o w  w a t e r s  a r e  c l o s e l y  t i e d  t o  m i c r o b i a l  

d e g r a d a t i o n  and r e m i n e r a l i z a t i o n  o f  o r g a n i c  m a t t e r  d e p o s i t e d  i n  bo t tom 

sed iments  ( S e k i  e t  a l .  1968; Pomeroy e t  a 1  1972; Rowe e t  a l .  1975; -- - - - - 
Davies 1975;  Nixon e t  a l .  1976, 1 9 7 9 ) .  p o p u l a t i o n s  o f  h e t e r o t r o p h i c  - - 
microorganisms i n  s e d i m e n t s  o x i d i z e  d e p o s i t e d  o r g a n i c  m a t e r i a l  u t i l i z i n g  

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

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

f r e e  e n e r g y  y i e l d  a t  e a c h  s t e p  ( ~ o l d h a b e r  and Kaplan 1 9 7 5 ) .  The dominant 

organisms a r e  u s u a l l y  t h o s e  t h a t  o b t a i n  t h e  most  m e t a b o l i c  e n e r g y  from t h e  

e x i s t i n g  s u b s t r a t e s  a n d  e l e c t r o n  a c c e p t o r s  (Cl aypool  and Kaplan 1 9 7 4 ) .  

Degradat ion o f  o r g a n i c  m a t t e r  r e l e a s e s  i n o r g a n i c  n i t r o g e n  and phosphorus 



i n t o  t h e  i n t e r s t i t i a l  w a t e r  o f  t h e  sed iment  o r  d i r e c t l y  t o  t h e  w a t e r  

column. Disso lved  n i t r o g e n  and phosphorus s p e c i e s  may become c o n c e n t r a t e d  

t h e  i n t e r s t i t i a l  w a t e r ,  from which t h e y  d i f f u s e  i n t o  t h e  w a t e r  column, 

t h e y  may b e  c a r r i e d  t h e r e  b y  a d v e c t i o n  o r  mix ing  p r o c e s s e s .  

The magni tude o f  n u t r i e n t  i n p u t s  from s e d i m e n t s  c a n  b e  compared t o  t h e  

r e q u i r e m e n t s  o f  pr imary p roducers  i n  t h e  o v e r l y i n g  w a t e r  a s  a  measure  o f  

t h e i r  impor tance .  Some e s t i m a t e s ,  b a s e d  o n  i n  s  i t u  measurements o f  -- 
n i t r o g e n  f l u x e s ,  a r e  30-100% o f  t h e  a n n u a l  a l g a l  n i t r o g e n  r e q u i r e m e n t s  

(Davies  1975 ;  Rowe e  t a l .  1975;  B i l l e n  1 9 7 8 ) .  Ben th ic  ammonium -- 
r e g e n e r a t i o n  a c c o u n t e d  f o r  i t s  s e a s o n a l  p a t t e r n  o f  abundance i n  

N a r r a g a n s e t t  Bay w a t e r s ,  b u t  a l l  i n o r g a n i c  forms accoun ted  f o r  o n l y  22% o f  

t h e  a l g a l  r e q u i r e m e n t  (Nixon e  t a 1  . 1976).  Disso lved  o r g a n i c  n i t r o g e n  -- 
f l u x e s  may make u p  more o f  t h e  phy top lank ton  r e q u i r e m e n t  i f  i t  c a n  b e  

t a k e n  u p  by  phytoplankton o r  r e m i n e r a l i z e d  b y  p l a n k t o n i c  b a c t e r i a .  

Phosphorus f l u x e s  measured b y  Nixon e  t a l .  (1976) p rov ided  50% o f  t h e  -- 
a n n u a l  phy top lank ton  r e q u i r e m e n t  i n  N a r r a g a n s e t t  Bay b u t  on1 y  10% i n  La 

J o l l a  Bight   artwi wig 1 9 7 6 ) .  Phosphate  r e l e a s e  b y  t i d a l  c r e e k  s e d i m e n t s  i n  

~ e o r g i a  s u p p o r t e d  ex tended  phytoplankton blooms w h i l e  ambient  

c o n c e n t r a t i o n s  c o u l d  s u p p o r t  them f o r  o n l y  o n e  day  ( ~ o m e r o y  e t  a l .  1965) .  

Sediment-water  exchanges  i n  f r e s h  w a t e r  l a k e s  and r i v e r s  a r e  o f  s i m i l a r  

impor tance .  I n  s  t r a t i f i e d  l a k e s ,  b e n t h i c  r e g e n e r a t i o n  o  f  n u t r i e n t s  i n  t h e  

l i t t o r a l  zone  may b e  i m p o r t a n t ,  b u t  p e l a g i c  r e g i o n s  a r e  i s o l a t e d  from 

b e n t h i c  i n p u t s  u n t i l  o v e r t u r n  when t h e  h y p o l i m n e t i c  w a t e r s  which h a v e  

i n t e r a c t e d  w i t h  t h e  s e d i m e n t s  a r e  c i r c u l a t e d  (Mort imer 1971) .  Tne 

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

c l o s e  c o u p l i n g  o f  exchanges  and p r o d u c t i v i t y  e x c e p t  i n  s l o w  moving r e a c h e s .  



F l u x  r a t e s  o f  n u t r i e n t s  between s e d i m e n t s  and w a t e r  a r e  p a r t l y  

c o n t r o l l e d  by p r o c e s s e s  a t  t h e  i n t e r f a c e  such  a s  n i t r i f i c a t i o n ,  

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

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

s o r p t i o n  r e a c t i o n s .  These a r e  i n t e r d e p e n d e n t  w i t h  t e m p e r a t u r e ,  pH, and 

r e d o x  p o t e n t i a l  (Cbmerman 1970;  Mortimer 1971;  Rosenfeld  1979) .  In 

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

(Berner  1971) a l o n g  w i t h  a d v e c t i v e  t r a n s p o r t  and t u r b u l e n t  mix ing  due  t o  

p h y s i c a l  p r o c e s s e s  o r  b e n t h i c  a n i m a l s  ( N i c h o l s  1974 ;  A l l e r  1978;   art wig 

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

a t  t h e  sedimen t - w a t e r  i n t e r f a c e .  Reminera l i za t  ion  o f  n i t r o g e n  and 

phosphorus from sed imenta ry  o r g a n i c  m a t t e r  may r a i s e  t h e  c o n c e n t r a t i o n s  o f  

t h e s e  e lements  i n  t h e  i n t e r s t i t i a l  w a t e r  2-3  o r d e r s  o f  magni tude h i g h e r  

t h a n  i n  t h e  o v e r l y i n g  w a t e r  ( B e r n e r  1 9 7 4 ) .  D i f f u s i o n a l  f l u x e s  may a l s o  b e  

d r i v e n  by i n t e n s e  decompos i t ion  a t  t h e  i n t e r f a c e ;  f o r  example ,  f o l l o w i n g  

t h e  s p r i n g  d i a t o m  bloom i n  Lake O n t a r i o ,  90% o f  t h e  b i o g e n i c  s i l i c a  i n p u t  

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

( ~ i a g u  1978) . T h i s  example i s  o f  d i r e c t  d i s s o l u t i o n ,  b u t  m i c r o b i a l l y  

media ted decompos i t ion  o f  l a b i l e  o r g a n i c  m a t t e r  c o u l d  y i e l d  a  s i m i l a r  

p a t t  e r n  f o r  o r g a n i c a l l y  bound n  i t r o g e n  and phosphorus.  

m r b u l e n t  mix ing  o f  s u r f a c e  s e d i m e n t s  by  w a t e r  movemnt  may a f f e c t  

f l u x e s  by  i n c r e a s i n g  bo t tom w a t e r  c o n t a c t  w i t h  i n t e r s t i t i a l  w a t e r   artwi wig 

1976) .  Sed h e n  t d i s t u r b a n c e  caused  b y  b u b b l i n g  o f  methane g a s  from a n o x i c  

sed iments  may a l s o  a f f e c t  f l u x  r a t e s ,  a l t h o u g h  Klump and Martens  (1980) 

were  u n a b l e  t o  s e e  s u c h  a n  e f f e c t  i n  Cape Lookout B i g h t ,  North C a r o l i n a .  

There  was ,  however,  g r e a t e r  t r a n s p o r t  o f  ammonium and phospha te  from 

15 



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

i n  t h e  sed iment  s u r f a c e  a r e a  caused  by t h e  e s t a b l i s h m e n t  o f  b u b b l e  tube 

s t r u c  t u r e s .  

Ben th ic  i n v e r t e b r a t e  p o p u l a t i o n s  a f f e c t  n u t r i e n t  exchanges  b y  

i n c r e a s i n g  t h e  s u r f a c e  a r e a  o f  a  sed iment  by  burrowing a c t i v i t i e s ,  by 

1980) .  A m p h i t r i t e  o r n a t a  burrows were  r e s p o n s i b l e  f o r  1-10% o f  

phospha te  and  ammonium f l u x e s  t o  t h e  o v e r l y i n g  w a t e r  i n  Long Is 

sed iments  ( A l l e r  and Yingst  1978).  The b i v a l v e  Yoldia  l i m a t u l a  

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

and i n t e r s t i t i a l  w a t e r  a t  some d e p t h  i n  t h e  sed iment  fo l lowed  b y  e x c r e t i o n  

and d e f e c a t i o n  a t  t h e  s u r f a c e  (Robbins e t  a l .  1978;  Klump and  Martens  -- 
t h  e  

l a n d  Sound 

i n c r e a s e d  

t h e  t r a n s p o r t  o f  d i s s o l v e d  i r o n ,  manganese,  ammonium, and phospha te  f rom 

sed iments  t o  o v e r l y i n g  w a t e r  through i t s  f e e d i n g  a c t i v i t i e s  i n  s e d i m e n t s  

(Al l e r  1978) . Tube b u i l d i n g  by t h e  p o l y c h a e t e  e l  ymanella t o r q u a t a  added  

s u r f a c e  a r e a  f o r  d i f f u s i o n  and t h e r e b y  i n c r e a s e d  t r a n s p o r t  ( A l l e r  1978).  

Nixon -- e t  a l .  (1976,  1 9 7 9 ) ,  however,  made f l u x  m e a s u r e m n t s  o v e r  t h r e e  

t axonomica l ly  d i s t i n c  t commmunit y  t y p e s  i n  Narraganset  t Bay b u t  found n o  

marked d  i f  f e r e n c e s  i n  oxygen,  n i t r o g e n ,  o r  phosphorus f l u x e s ;  t h e y  d i d  n o t  

r e p o r t  any  compar ison w i t h  s e d i m e n t s  l a c k i n g  a  m a c r o i n v e r t e b r a t e  

community. ~ h i r o n o m i d  l a r v a e  may s i g n i f i c a n t l y  i n c r e a s e  p h o s p h a t e  f l u x e s  

t o  o v e r l y i n g  w a t e r  ( Q l l e p  1979; Q a n e l i  1979; Holdren and Armstrong 1980) .  

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

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

metabol ism.  It a l s o  a f f e c t s  t h e  metabo l i sm and  1 i f e  c y c l e s  o f  b e n t h i c  

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

c o n d i t i o n s  i n  s e d i m e n t s  b y  i n c r e a s i n g  m i c r o b i a l  me tabo l i sm and  demand f o r  

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



and adsorbed  phospha te  i s  l i b e r a t e d  (Mortimer 1971; Klump and Martens  

1980).  Temperature-induced s t r a t i f i c a t i o n  i n  e u t r o p h i c  l a k e s  o f t e n  l e a d s  

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

phosphate  from s e d i m e n t s  t o  w a t e r   urns and Ross 1971) .  

Sediment-water n u t r i e n t  exchanges  h a v e  been  s  t u d i e d  b y  s e v e r a l  

methods. Use o f  d i f f u s i o n  models h a s  been  f a i r 1  y  widespread .  A t  t h e i r  

s i m p l e s t ,  and i g n o r i n g  t h e  f l u x  due  t o  b u r i a l ,  t h e s e  h a v e  t h e  g e n e r a l  form 

(Berner  1971) 

-2 -1 
where Js i s  t h e  f l u x  f rom sed iment  t o  w a t e r  (vmole. cms s e c  ) ,  

2  
Ds i s  t h e  b u l k  sed iment  d i f f u s i o n  c o e f f i c i e n t  a t  t h e  i n t e r f a c e  (ems* 

- 1 3 3 s e c  ) ,  d o  i s  t h e  sed i r ren t  p o r o s i t y  (cm water /cm b u l k  we t  s e d i m e n t )  

a t  t h e  i n t e r f a c e ,  and dC/dz i s  t h e  i n t e r s t i t i a l  c o n c e n t r a t i o n  g r a d i e n t  
PW 

-3 a t  t h e  sediment-water  i n t e r f a c e  ( v m o l e -  cm . cm -1 
S 

1. The 
P  w 

s u b s c r i p t  "s" d e n o t e s  b u l k  we t sed iment  and "pw" d e n o t e s  p o r e  w a t e r .  Use 

o f  such  models t h u s  r e q u i r e s  a c c u r a t e  d e t e r m i n a t i o n  o  f p o r o s i t y  and 

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

r e l i a b l e  e s t i m a t e  o f  t h e  b u l k  sed iment  d i f f u s i o n  c o e f f i c i e n t .   his 

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

a c c o u n t  f o r  t h e  t o r t u o s  i t y  o f  t h e  p a t h  a  molecu le  mus t  t a k e  th rough  t h e  

i n t e r s t i c e s  o f  t h e  sed iment .  Tnis r e l a t  i o n s h i p  h a s  been  d e s c r i b e d  

e m p i r i c a l l y  by  t h e  A r c h i e  r e l a t i o n :  Ds = ~ ' 9 ~  (Manheim and Waterman 

1974) where DO i s  t h e  f r e e  s o l u t i o n  m o l e c u l a r  d i f f u s i v i t y .  It c a n  a l s o  

b e  c a l c u l a t e d  d i r e c t 1  y  from d i f f u s i o n  exper iments  (Cbldhaber  e  t a 1  , 197 7 ,  -- 
Krom and  Berner  1980)  o r  b y  u s i n g  e l e c t r i c a l  r e s i s t i v i t y  measurements o f  



sed iments  a s  a n  analogue o f  d i f f u s i o n  ( e . g . ,  McDuff and E l l i s  1979) .  

Flux measurements h a v e  a l s o  been  made o n  sed iment  c o r e s  r e t u r n e d  t o  t h e  

l a b o r a t o r y  ( f o r  example ,  Mortimer 1971,  A l l e r  1978,  Holdren and Armstrong 

1980) .  Such measurements a r e  v e r y  u s e f u l  b e c a u s e  t h e  e f f e c t s  o f  v a r i o u s  

env i ronmenta l  m a n i p u l a t i o n s  ( 1  i g h t  , t e m p e r a t u r e ,  d i s s o l v e d  oxygen) c a n  b e  

obse rved .  A ma jor  problem w i t h  f l u x  measurements made o n  c o r e s  i n  a  

l a b o r a t o r y  and w i t h  c a l c u l a t i n g  f l u x e s  u s i n g  a  d i f f u s i o n  model i s  t h a t  such  

s t u d i e s  g e n e r a l l y  l a c k  proof o f  a c c u r a c y .  Such proof  s h o u l d  come from 

d i r e c t  compar ison w i t h  i n  s i t u  measurements o f  f l u x e s .  In  o r g a n i c - r i c h  -- 
sed iments  o f  Cape Lookout B i g h t ,  North C a r o l i n a ,  i n  s i t u  measurements o f  -- 
ammonium and  phospha te  f l u x e s  were  s i g n i f i c a n t l y  h i g h e r  t h a n  p r e d i c t e d  

f l u x e s  b a s e d  o n  i n t e r s t i t i a l  w a t e r  c o n c e n t r a t i o n  g r a d i e n t s  ( ~ l u m ~  and 

Martens  1980 ;  Martens  and Klump, 1 9 8 0 ) .  T h i s  enhancement was a t t r i b u t e d  t o  

b u b b l e  t u b e s ,  b u t  s i m i l a r  d i s c r e p a n c i e s  c o u l d  b e  produced by  o t h e r  sed iment  

d i s t u r b a n c e s  such  a s  b i o t u r b a t i o n  o r  by  w a t e r  movement. These a u t h o r s  

s u g g e s t e d  t h a t  t h e  mode l l ing  approach  may b e  o f  l i t t l e  u s e  i n  s h a l l o w  w a t e r  

sed iments  s u b j e c t  t o  such  p e r t u r b a t i o n s .  McCaffrey e t  -- a l .  (1980) a l s o  made 

a  comparison o f  c a l c u l a t e d  d i f f u s i o n a l  f l u x e s  and t h o s e  measured i n  s i t u  i n  -- 
N a r r a g a n s e t t  Bay and found t h a t  d i f f u s i o n  accoun ted  f o r  a b o u t  h a l f  o f  t h e  

f l u x ,  and  b i o t u r b a t i o n ,  which was independen t1  y e s t i m a t e d ,  a c c o u n t e d  f o r  

t h e  r e s t .  

O t h e r  i n  s i t u  s t u d i e s  ( ~ a v i e s  1975 ;  Rowe e t  a l .  1975,   artw wig 1 9 7 6 ;  -- -- 
~ i x o n  e t  a l .  1976,  1979)  h a v e  b e e n  done u s i n g  open-bottomed b e n t h i c  -- 
chambers p r e s s e d  i n t o  t h e  sed iment  b y  a  d i v e r .  The w a t e r  c o n t a i n e d  b y  t h e  

chamber was p e r i o d i c a l l y  sampled and a n a l y z e d  f o r  c o n c e n t r a t i o n  changes 

which were  t h e n  c o n v e r t e d  t o  f l u x  r a t e s  u s i n g  t h e  volume o f  w a t e r  and 

sed iment  s u r f a c e  a r e a  w i t h i n  t h e  chamber and t h e  d u r a t i o n  o f  t h e  



i n c u b a t i o n .  The s i z e  and  s h a p e  o f  t h e  chambers v a r i e d  among a u t h o r s ,  b u t  

most  were  c i r c u l a r  o r  r e c t a n g u l a r .  Some chambers were  s t i r r e d  c o n s t a n t l y ,  

b u t  t h e  e f f e c t s  o f  s t i r r i n g  h a v e  n o t  been  w e l l  e s t a b l i s h e d .  I d e a l l y ,  w a t e r  

movement w i t h i n  t h e  chamber s h o u l d  b e  t h e  same a s  movement i n  t h e  

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

p o s s i b l e  e f f e c t  o f  such  a  g r a d i e n t  f o r  oxygen would b e  a  d i m i n i s h e d  s u p p l y  

t o  t h e  sed iment  s u r f a c e  and  t h e  p o s s i b l e  development o f  a n o x i a  which c a n  

c a u s e  d r a m a t i c  i n c r e a s e s  i n  t h e  f l u x  r a t e s  o f  phosphorus  lump and Martens 

1980) .  Davies (1975) found s t i r r i n g  r a t e  t o  h a v e  a  s i g n i f i c a n t  e f f e c t  o n  

0 consumption,  b u t  i t  d i d  n o t  a f f e c t  ammonium f l u x  r a t e s .  2 

In  s i t u  s t u d i e s  o f  sed iment -wa te r  exchanges  i n  s h a l l o w  w a t e r s  h a v e  -- 
become more common r e c e n t l y .  I n  s i t u  measurements a r e  p r e f e r a b l e  on 

sed iments  o f  c o a r s e  o r  v a r i a b l e  c h a r a c t e r  which may b e  d i f f i c u l t  t o  c o r e  

a d e q u a t e l y .  Such measurements p robab ly  h a v e  fewer  e r r o r s  t h a n  d i f f u s i v e  

m o d e l l i n g  f o r  s e v e r a l  r e a s o n s .  They r e q u i r e  n o  assumpt ions  a b o u t  t h e  

n a t u r e  o f  t r a n s p o r t  p r o c e s s e s .  They a c c o u n t  f o r  b i o t u r b a t i o n  e f f e c t s ,  g a s  

b u b b l i n g ,  and e x c r e t i o n  by  b e n t h i c  f auna  a s  w e l l  a s  m i c r o b i a l  a c t i v i t y  a t  

t h e  i n t e r f a c e  which may v a r y  o n  a  t ime  s c a l e  i n a d e q u a t e  t o  a l t e r  

i n t e r s t i t i a l  c o n c e n t r a t i o n  ~ r o f i l e s  . ' h e y  r e q u i r e  n o  c a l c u l a t i o n  o  f 

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

problems a s s o c i a t e d  w i t h  sampl ing  and h a n d l i n g  i n t e r s t i t i a l  w a t e r s  t o  a v o i d  

o x i d a t i o n  a r t i f a c t s .  In  s i t u  measurements r e q u i r e  n o  assumpt ions  a b o u t  -- 
t h e  v a l u e  o f  D . And f i n a l l y ,  even  o n e  measurement w i t h  a  s m a l l  chamber s 

i n t e g r a t e s  much more o f  t h e  a r e a l  v a r i a b i l i t y  i n  f l u x  r a t e s  t h a n  r e s u l t s  

from s e v e r a l  poo led  c o r e s .  On t h e  o t h e r  h a n d ,  t h e  p r imary  d i f f i c u l t i e s  

w i t h  i n  s i t u  s t u d i e s  a r e  t h e  r e q u i r e m e n t s  f o r  d i v i n g  equipment and t r a i n e d  -- 
p e r s o n n e l ,  and t h e  c o n s i d e r a b l e  amount o f  t i m e  s p e n t  i n  and o n  t h e  w a t e r .  



A s t u d y  o f  n i t r o g e n  c y c l i n g  i n  t h e  r i v e r  d u r i n g  1974-1975 ( s t a n l e y  and 

~ b b i e  1977)  i m p l i c a t e d  s e d i m e n t - w a t e r  f l u x e s  a s  a n  i m p o r t a n t  s o u r c e  o f  

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

lower r e a c h e s  o f  t h e  r i v e r .  m r i n g  1975 o n l y  31% o f  t h e  phy top lank ton  

requ i rement  f o r  i n o r g a n i c  n i t r o g e n  came from t h e  wa te r shed ;  t h e  r e s t  

presumably came from p l a n k t o n  e x c r e t i o n ,  r e m i n e r a l i z a t i o n  o  f  d i s s o l v e d  

o r g a n i c  n i t r o g e n ,  and  s e d i m n t  r e g e n e r a t i o n .  

A i m s  o f  Th i s  Study 

T h i s  s t u d y  was conduc ted  t o  o b t a i n  measurements n o t  o n l y  o f  p h y s i c a l  

c o n d i t i o n s  and  n u t r i e n t  c o n c e n t r a t i o n s  i n  t h e  w a t e r  and s e d i m e n t s  o f  t h e  

lower  Chowan R i v e r ,  b u t  a l s o  o f  r a t e s  a t  which n i t r o g e n  and phosphorus  were  

a s s i m i l a t e d  b y  s e s t o n  and  r e l e a s e d  from sed iments .  The r a t e  measurements 

were m o s t l y  made i n  t h e  f i e l d  u n d e r  -- i n  s i t u  c o n d i t i o n s  i n  o r d e r  t o  

u n d e r s t a n d  f u n c t i o n i n g  o  f  t h e  n a t u r a l  sys tem.  From t h e s  e  measurements ,  t h e  

r e l a t i v e  impor tance  o f  N and P a s  f a c t o r s  l i m i t i n g  a l g a l  growth was 

a s s e s s e d .  I n  a d d i t i o n ,  t h e  importance  o f  sed iment  r e g e n e r a t i o n  a s  a  s o u r c e  

o f  N and P was c a l c u l a t e d .  The u l t i m a t e  o b j e c t i v e  was t o  i n c r e a s e  o u r  

u n d e r s t a n d i n g  o f  t h e  Chowan River  i n  o r d e r  t h a t  management schemes t o  

r e d u c e  t h e  a l g a l  bloom problem might  p rocede  i n  a n  e f f i c i e n t  and 

c o s t - e f f e c t i v e  manner which m a i n t a i n s  n o t  o n l y  t h e  economic b a s e  o f  t h e  

wa te r shed  b u t  a l s o  t h e  n a t u r a l  b e a u t y  and f u n c t i o n s  o f  t h e  r i v e r .  

This  r e p o r t  i n c l u d e s  m a t e r i a l  g a t h e r e d  by  two g r a d u a t e  s t u d e n t s  f o r  

t h e i r  m a s t e r ' s  t e c h n i c a l  r e p o r t s ;  D .  A l b e r t  (1980) r e p o r t e d  o n  t h e  

s e d i m n t - w a t e r  exchange and K .  S tone  (1982) r e p o r t e d  on phosphorus  u p t a k e  

by s e s t o n .  



METHODS 

NUTRIENT CONCENTRATIONS AND SESTON UPTAKE RATES 

Sampling and F i e l d  Measurements 

F i e l d  sampl ing  was done approx imate ly  e v e r y  f o u r  weeks a t  seven  

s t a t i o n s  on t h e  Chowan River  between Winton, N .  C.  and Edenhouse, N .  C .  

( F i g .  I ) ,  a  d i s t a n c e  o f  5 4  km, from May 1980 t o  October  1981.  Most 

sampl ing was done between 0900 and  1300 h o u r s  o n  two c o n s e c u t i v e  d a y s  e a c h  

month. Water d e p t h  a t  each s t a t i o n  was measured u s i n g  a  Rau J e f f e r s o n  F i s h  

F l a s h e r .  Weather c o n d i t i o n s  , a i r  temperature ,  and appearance  o f  t h e  w a t e r ,  

i n c l u d i n g  p r e s e n c e  o r  absence  o f  a l g a l  f i l a m e n t s ,  were  r e c o r d e d .  Conduc- 

t i v i t y  and t e m p e r a t u r e  were  m a s u r e d  a t  0 .5  m d e p t h  i n t e r v a l s  w i t h  a  Yellow 

S p r i n g s  Ins t rument  Model 3 3 ~ a l i n i  t y - ~ e m p e r a t u r e - c o n d u c t i v i t y  m e t e r ;  

, - 
s a l i n i t y  was a l s o  measured when i t  was h i g h  enough t o  b e  de te rmined .  

Underwater 1 i g h t  i n t e n s i t y  was measured a t  s e v e r a l  d e p t h s  w i t h  a  submarine  

photometer (Lambda Ins t ruments  Co. Model LI-185) which measures  photosyn- 

t h e t i c a l l y  a c t i v e  r a d i a t i o n  (PAR, 400-700 nm w a v e l e n g t h s ) .  The l i g h t  

e x t i n c t i o n  c o e f f i c i e n t ,  T-, , was c a l c u l a t e d  from: 

where I i s  t h e  l i g h t  i n t e n s i t y  a t  some d e p t h ;  I i s  t h e  l i g h t  
z 0 

i n t e n s i t y  a t  a  d e p t h  j u s t  b e n e a t h  t h e  s u r f a c e ;  and Z i s  d e p t h  (m) . A 

S e c c h i  d i s k  d e p t h  r e a d i n g  was a l s o  made a t  each s t a t i o n .  Chowan R i v e r  

d i s c h a r g e  r a t e s  were  c a l c u l a t e d  by  a  computer model (Dan ie l  111, 1978) .  

Water was c o l l e c t e d  i n  10- o r  20- l i t e r  ca rboys  from a  d e p t h  o f  0.5 m 

a t  each  s t a t i o n  u s i n g  a  Q l z z l e r  hand  pump (Cole-Parmer, Inc .  ) and t h e  
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Figure  1. Map of t h e  Chowan River  and i t s  major t r i b u t a r i e s  
showing l o c a t i o n s  of t h e  sampling s t a t i o n s .  



carboys  were  shaded u n t i l  r e t u r n e d  t o  t h e  Edenton Labora to ry  s e v e r a l  h o u r s  

l a t e r .  Water was a l s o  c o l l e c t e d  from a  d e p t h  j u s t  above t h e  bo t tom a t  

s t a t i o n s  1 ,  4 ,  and  7 .  F i l t r a t i o n s  f o r  n u t r i e n t  a n a l y s e s  were  done o n  t h e  

b o a t ,  e x c e p t  i n  May 1980 and from November 1980 through March 1981,  u s i n g  

a c i d - r i n s e d  Whatman g l a s s  m i c r o f i b r e  f i l t e r s  (GF/C, 4.25 cm). I n  May 1980 

and from November 1980 through March 1981,  b e c a u s e  o f  rough w a t e r  cond i- 

t i o n s ,  f i l t r a t i o n s  and exper iments  were done i n  t h e  Edenton l a b o r a t o r y .  

F i l t r a t e  was c o l l e c t e d  i n  c a r e f u l l y  washed and a c i d - r i n s e d  p o l y e t h y l e n e  

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

Phosphate  Uptake Rates 

1. Gross R a t e s  

Phospha te  u p t a k e  b y  p l a n k t o n  i n  t h e  Chowan River  was measured through 

3  2 t h e  u s e  o f  c a r r i e r - f r e e  P-or thosphospha te  t r a c e r  (New England ~ u c l e a r )  . 
Subsamples o f  r i v e r  w a t e r  (120 m l )  were  t r a n s f e r r e d  from t h e  c a r b o y s  i n t o  

Pyrex  b o t t l e s  which h a d  been washed w i t h  phospha te - f ree  d e t e r g e n t  and 

r i n s e d  w i t h  10% H C 1  and d e i o n i z e d  w a t e r .  Each b o t t l e  was i n o c u l a t e d  w i t h  

- 1 
one  d r o p  o f  20 p l C i * m l  t r a c e r ,  capped,  shaken ,  and p l a c e d  i n  a  d a r k  

i n c u b a t o r  on t h e  b o a t  o r  i n  t h e  l a b o r a t o r y ;  t e m p e r a t u r e  was f l O c  o f  r i v e r  

t empera tu re .  A second  120 m l  sample  o f  r i v e r  w a t e r  from each s t a t i o n  was 

d i s p e n s e d  i n t o  a  c l e a n  g l a s s  b o t t l e  c o n t a i n i n g  3 m l  o f  37% formaldehyde;  

a f t e r  15 minu tes  t h e  same q u a n t i t y  o f  t r a c e r  was added and t h i s  k i l l e d  

sample was a l s o  i n c u b a t e d .  

Ten m i l l i l i t e r  subsamples  were  t a k e n  by  a u t o m a t i c  p i p e t t e  from each  

b o t t l e  a t  a p p r o p r i a t e  t i m e s  i n t e r v a l s  and f i l t e r e d  through 0.45 u m  Gelman 

and 8.0 U m  Nuclepore  f i l t e r s  w i t h  g e n t l e  vacuum (100 mm Hg a c r o s s  t h e  

f i l t e r ) .  n e  d i f f e r e n t  p o r e - s i z e d  f i l t e r s  were  used  t o  s e p a r a t e  l a r g e  




























































































































































































































































