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ABSTRACT 

A f i e l d  s tudy of phys ica l  condi t ions ,  n u t r i e n t  concent ra t ions ,  and 
phytoplankton abundance i n  t h e  Pamlico River e s tua ry  was conducted i n  con- 
junc t ion  wi th  l abo ra to ry  measurements of r a t e s  of photosynthesis  and uptake 
of n i t r a t e ,  amonium, and phosphate under ambient and experimental condi- 
t i o n s .  The e s tua ry  is shallow, t u r b i d ,  and well-oxygenated, wi th  s a l i n i t i e s  
mostly i n  t h e  range 2-15%* Dinof l age l l a t e s  dominate t h e  phytoplankton, 
e s p e c i a l l y  during win ter  blooms of Heterocapsa t r i q u e t r a .  F i l t e r a b l e  re- 
a c t i v e  phosphorus (mostly orthophosphate) concent ra t ions  were r e l a t i v e l y  
high i n  t h e  e s tua ry ,  e s p e c i a l l y  i n  t h e  middle reaches during summer. 
Ammonium and n i t r a t e  concent ra t ions ,  however, were r e l a t i v e l y  low; n i t r a t e  
was only above 1 1.1g-at 1'1 during win te r  per iods  of heavy f reshwater  in-  
pu ts .  Most of t h e  pa r t i cu l a t e -P  and par t icu la te -N appeared t o  be phyto- 
plankton. 

Phytoplankton p roduc t iv i ty  ranged from 1-4 pg-at C *  1 - l*h - l  dur ing  most 
of t he  year ,  bu t  exceeded 16 pg-at ~ * l - l * h ~ l  during win ter  blooms and i n  
September 1976 when c e l l  counts  were r e l a t i v e l y  low. Phytoplankton seemed 
t o  account f o r  most of P-uptake i n  t h e  e s tua ry ,  wi th  r a t e s  being very h igh  
during a l g a l  blooms. Abio t ic  P exchange and b a c t e r i a l  uptake were l e s s  im- 
por tan t .  Only a  po r t ion  of t h e  gross  P uptake a s  measured wi th  3 2 ~  i s  n e t  
uptake because of high e f f l u x  r a t e s ,  e s p e c i a l l y  when gross  uptake i s  rap id .  
Uptake of ammonia and n i t r a t e  by plankton was a l s o  h igh  dur ing  phytoplank- 
ton blooms. Over t h e  year ,  82% of d isso lved  inorganic  N taken up was 
ammonia; t h i s  r e s u l t e d  from higher  ammonia concent ra t ions ,  from a 
"preference" f o r  ammonia, from i n h i b i t i o n  of n i t r a t e  uptake by ammonia, and 
from a smal le r  l i g h t  e f f e c t  upon ammonia uptake. 

Es tuar ine  waters  exh ib i t ed  a  g r e a t  excess  of P r e l a t i v e  t o  t h e  N re- 
quirements of phytoplankton except a t  upstream s t a t i o n s  i n  w in te r ,  The 
phytoplankton probably had s u f f i c i e n t  phosphate f o r  growth a t  all times, 
but  inorganic  N was usua l ly  not  s u f f i c i e n t .  The annual i npu t  of d i sso lved  
inorganic  N from t h e  watershed and from Pamlico Sound t o  t h e  e s t u a r y  de- 
l i v e r e d  only about 5% of t h e  annual needs of t h e  phytoplankton; N r ecyc l ing  
wi th in  t h e  e s tua ry  must have suppl ied most of t h e  remainder. Most of t h e  
inorganic  P en te r ing  t h e  e s tua ry  may be a t t r i b u t e d  t o  e f f l u e n t  from phos- 
phate  mining and chemical processing.  A pre l iminary  model of phosphorus 
cyc l ing  i n  t h e  e s t u a r i n e  water  column was cons t ruc ted  desc r ib ing  t h e  major 
f e a t u r e s  . 

Comparison of our  r e s u l t s  wi th  those  of e a r l i e r  s t u d i e s  of  t h e  Pamlico 
River sugges ts  t h a t  t h e  n i t rogen  concent ra t ions  and t h e  spec i e s  composition 
of t h e  phytoplankton i n  t h e  e s tua ry  have not  changed s u b s t a n t i a l l y ,  a l -  
though t h e  t o t a l  amount of phytoplankton i n  t h e  cool  seasons may have in -  
creased and annual phytoplankton p roduc t iv i ty  has  reached l e v e l s  h igher  
than previous ly  repor ted .  An important management goal  f o r  t h i s  e s tua ry  
i s  avoidance of increased  n i t rogen  loading.  
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

An i n t e n s i v e  s t u d y  of p h y s i c a l  c o n d i t i o n s ,  phytoplankton d i s t r i b u t i o n s ,  
and n u t r i e n t  abundance and k i n e t i c s  was conducted i n  t h e  Pamlico River  
d u r i n g  t h e  p e r i o d  October 1975 - J u l y  1977. Samples were t a k e n  a t  s i x  
s t a t i o n s  ex tend ing  48km down t h e  e s t u a r y  over  a p e r i o d  of n e a r l y  2 y e a r s ;  
p o r t i o n s  were used f o r  chemical  a n a l y s e s  and f o r  phytoplankton assessment  
and o t h e r  p o r t i o n s  f o r  t r a c e r  s t u d i e s  of C ,  N ,  and P up take  by phytoplankton 
and o t h e r  suspended matter under v a r i o u s  exper imenta l  m a n i p u l a t i o n s  as w e l l  
a s  under ambient c o n d i t i o n s .  

The Pamlico River  is  an  e s t u a r y  r e c e i v i n g  most of i t s  f r e s h w a t e r  i n p u t  
from t h e  Tar River ;  r i v e r  i n p u t  was h i g h e s t  i n  w i n t e r ,  r e s u l t i n g  i n  low 
s a l i n i t i e s  (<2&) upst ream d u r i n g  t h e  c o o l  seasons .  S a l t  water i n p u t  from 
Pamlico Sound main ta ined  s a l i n i t i e s  between and 1 0  and 15%, most of t h e  
y e a r  downstream. High v a l u e s  of l i g n t  e x t i n c t i o n  d u r i n g  w i n t e r  were a t t r i -  
b u t a b l e  p a r t l y  t o  phytoplankton and ; , a r t l y  t o  r i v e r  borne s i l t .  Disso lved  
oxygen was always n e a r  s a t u r a t i o n  i n  s u r f a c e  w a t e r s ,  b u t  sometimes dropped 
t o  15% of s a t u r a t i o n  o r  l e s s  i n  bottom w a t e r s  i n  summer. 

The phytoplankton of t h e  e s t u a r y  was dominated by d i n o f l a g e l l a t e s  f o r  
most of t h e  y e a r  a t  a l l  s t a t i o n s .  The phytoplankton was l e a s t  abundant 
downstream ( S t a t i o n  6 ) ,  o f t e n  c o n s t i t u t i n g  less t h a n  5  pg* l ' l  o f  c h l o r o -  
phyl l -a .  A t  t h e  middle  and upst ream s t a t i o n s ,  however, c h l o r o p h y l l  l e v e l s  
sometiGes exceeded 100 pg*l-l d u r i n g  t h e  w i n t e r  bloom of Heterocapsa - tri- 
q u e t r a .  The s p e c i e s  composi t ion of t h e  phytoplankton seems n o t  t o  have 
changed s i n c e  1966-1968, b u t  t h e r e  i s  some ev idence  of i n c r e a s e d  abundance,  
based on c h l o r o p h y l l  c o n c e n t r a t i o n s  s i n c e  1971-1973. 

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 s  i n  Pamlico River  
were u s u a l l y  below 2 pg-at P-1-I a t  a l l  s t a t i o n s  from December-April. FRP 
c o n c e n t r a t i o n s  were  h i g h e s t  ( 6 pg-at  p.1-l) i n  t h e  midd le  of t h e  e s t u a r y  
d u r i n g  summer, presumably because  o f  accumulat ion d u r i n g  t h e  low-flow, low 
a l g a l - d e n s i t y  p e r i o d  of t h e  y e a r .  An u l t r a f i l t r a t i o n  p rocedure  t o  remove 
c o l l o i d a l  p a r t i c l e s  showed t h a t  c o l l o i d a l  P  c o n s t i t u t e d  on ly  abou t  9% of 
t h e  FRP, s u g g e s t i n g  t h a t  most of t h e  FRP was d i s s o l v e d  o r thophospha te .  The 
f i l t e r a b l e  u n r e a c t i v e  P(FUP) was about  63% d i a l y z a b l e  and 37% c o l l o i d a l .  
P a r t i c u l a t e - P  appeared t o  b e  l a r g e l y  phytoplankton;  t h e  c o r r e l a t i o n  w i t h  
c h l o r o p h y l l  abundance was h i g h  ( r  = . 87) .  The a n a l y t i c a l l y  determined 
p a r t i c u l a t e  i n o r g a n i c  P averaged on ly  17% of t h e  a n n u a l  mean c o n c e n t r a t i o n  
of t o t a l  p a r t i c u l a t e  P. Hot-water e x t r a c t i o n  and a c i d  d i g e s t i o n  p rocedures  
sugges ted  t h a t  t h e  p a r t i c u l a t e  o r g a n i c  P (most ly  a l g a l  P) was comprised of 
e s s e n t i a l  P ,  s u r p l u s  o r g a n i c  P,  and s u r p l u s  i n o r g a n i c  P which v a r i e d  i n  
t h e i r  p r o p o r t i o n s  throughout  t h e  annual  c y c l e .  

The tu rnover  t i m e s  of FRP i n  t h e  e s t u a r y ,  e s t i m a t e d  from t h e  r a t e  of 
g r o s s  up take  of 3 2 ~  by phytoplankton,  g e n e r a l l y  exceeded 50 h .  Turnover 
t imes  g r e a t e r  t h a n  200 h  o c c a s i o n a l l y  were measured i n  t h e  l a s t  h a l f  of 
t h e  y e a r .  They were much s h o r t e r ,  o f t e n  less t h a n  5  h ,  d u r i n g  t h e  w i n t e r  
Heterocapsa  bloom; t h e  minimum t u r n o v e r  t ime  measured was 8  minutes .  The 
s p a t i a l  and s e a s o n a l  p a t t e r n  of up take  of FRP by phytoplankton was t h e  
i n v e r s e  of t h e  p a t t e r n  of FRP t u r n o v e r ,  t h e  h i g h e s t  up take  r a t e s  g e n e r a l l y  
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appear ing  d u r i n g  t h e  w i n t e r  bloom a t  t h e  upper  and middle  s t a t i o n s  where 
tu rnover  t'mes were s h o r t e s t .  Gross up take  r a t e s  ranged from < . 0 1  t o  3 .6  
pg-at P-l- '*h-l ,  a l though  n e t  up take  was much l e s s ,  e s p e c i a l l y  a t  t h e  
h i g h e r  r a t e s .  Uptake r a t e s  p e r  u n i t  c h l o r o p h y l l  were mos t ly  i n  t h e  r a n g e  
2-10 pg-at  p*hml*mg ~ h l - l .  Phytoplankton t u r n o v e r  t imes  c a l c u l a t e d  from 
g r o s s  up take  r a t e s  were mos t ly  between 20 and 60 h  i n  t h e  e s t u a r y .  Mea- 
surement of 3 2 ~  up take  r a t e s  i n  samples incuba ted  a t  10C above o r  below 
ambient t empera tu re  g e n e r a l l y  r e s u l t  i n  Q10 v a l u e s  between 1 . 4  and 2 .6 ,  t h e  
r a t e  be ing  h i g h e r  a t  e l e v a t e d  t empera tu re .  The h i g h e s t  up take  r a t e s  i n  t h e  
e s t u a r y ,  however, were found d u r i n g  t h e  w i n t e r  bloom i n d i c a t i n g  a d a p t a t i o n  
o r  s u c c e s s i o n a l  changes which ove'rrode t h e  s h o r t  term t e m p e r a t u r e  e f f e c t  
seen  i n  l a b o r a t o r y  exper iments .  Darkening of s u r f a c e  samples reduced 
t h e  P up take  r a t e  by an  average  of 20%; i l l u m i n a t i o n  of normal ly  d a r k  bot-  
tom samples ,  however, i n c r e a s e d  t h e  up take  r a t e  an  a v e r a g e  of 61%. 

D i f f e r e n t i a l  f i l t r a t i o n  of s u r f a c e  and bottom samples i n  March 1977 
showed t h a t  p a r t i c l e s  l a r g e r  t h a n  8  ym i n v a r i a b l y  accounted f o r  most of t h e  
phosphorus up take .  A n t i b i o t i c  exper iments  sugges ted  t h a t  a l g a l  u p t a k e  was 
g e n e r a l l y  more impor tan t  t h a n  b a c t e r i a l  up take  i n  t h e  l a r g e s t  s i z e - f r a c t i o n  
(>8 ym), whereas b a c t e r i a l  up take  was more impor tan t  i n  t h e  s m a l l e r  f r a c t i o n .  
Inc rementa l  a d d i t i o n s  of phosphate  r e s u l t e d  i n  i n c r e a s e d  u p t a k e  rates, b u t  
maximum r a t e s  (Vmax) were o n l y  2-3 t imes  t h e  r a t e s  a t  ambient phosphate  
c o n c e n t r a t i o n s .  H a l f - s a t u r a t i o n  phosphate  c o n c e n t r a t i o n s  (Ks) ranged m o s t l y  
from 0.32 t o  3 . 0  pg-at  pal -1 ,  g e n e r a l l y  b e i n g  s i m i l a r  t o  t h e  ambient FRP 
c o n c e n t r a t  i o n s .  

A n a l y t i c a l  f r a c t i o n a t i o n s  of p a r t i c u l a t e  matter f o l l o w i n g  3 2 ~  u p t a k e  
i n d i c a t e d  t h a t  t h e  t r a c e r  went f i r s t  t o  t h e  i n o r g a n i c  s u r p l u s  P p o o l ,  t h e n  
t o  t h e  e s s e n t i a l  P  p o o l ,  and f i n a l l y  i n t o  t h e  o r g a n i c  s u r p l u s  p o o l ,  Even 
when P t u r n o v e r  w i t h i n  t h e  a l g a e  was rapTd, o n l y  a  s m a l l  p r o p o r t i o n  ( < l % / h )  
of t h e  l a b e l  was r e l e a s e d  t o  t h e  medium a s  F U ~ ~ P .  A l k a l i n e  phosphomonoesterase 
a c t i v i t y  i n  t h e  e s t u a r y  was mos t ly  a s s o c i a t e d  w i t h  p a r t i c l e s .  Highes t  enzyme 
a c t i v i t i e s  occur red  d u r i n g  t h e  w i n t e r  d i n o f l a g e l l a t e  bloom; l o w e s t  v a l u e s  
were t y p i c a l l y  found a t  t h e  downstream s t a t i o n .  

S e v e r a l  l i n e s  of ev idence  i n d i c a t e d  t h a t  a l g a e  i n  t h e  Pamlico R i v e r  
were  n o t  phosphorus d e f i c i e n t  even when FRP was low i n  t h e  w a t e r .  Phospho- 
monoesterase  a c t i v i t y  per  u n i t  a l g a l  weight  n e v e r  approached t h e  levels 
i n d i c a t i v e  of P-def ic iency  recorded  i n  a l g a l  c u l t u r e s .  On most o c c a s i o n s  
t h e  amount of surplus-P e x t r a c t e d  w i t h  h o t  w a t e r  w a s  above t h e  low l e v e l s  
t y p i c a l  of P - d e f i c i e n t  a l g a e  b u t  n o t  abundant enough t o  d e p r e s s  P  up take .  
The P up take  r a t e s  were g e n e r a l l y  l e s s  t h a n  0.02 yg-at  P-mg d r y  wt-1-h-1, 
w e l l  below v a l u e s  r e p o r t e d  f o r  P - d e f i c i e n t  a l g a e .  F i n a l l y ,  Ks v a l u e s  n e a r  
t h e  ambient FRP l e v e l s  sugges t  t h a t  phosphate  was n o t  l i m i t i n g  t o  t h e  
phytoplankton.  

Pamlico River  phytoplankton was abundant when i n s o l a t i o n ,  t e m p e r a t u r e s  
and FRP l e v e l s  were low. The low c o n c e n t r a t i o n s  of FRP may b e  a t t r i b u t a b l e  
t o  h i g h  up take  r a t e s  a t  a  t i m e  when P r e g e n e r a t i o n  from sed iments  i s  reduced 
by t h e  low tempera tu res .  The r a t e s  of P  up take  i n  t h e  Pamlico River  were  
n o t  s u b s t a n t i a l l y  d i f f e r e n t  from t h o s e  of some o t h e r  e s t u a r i e s ,  b u t  t h e  
maximum i n  w i n t e r  i s  n o t  common i n  o t h e r  e s t u a r i e s .  
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I n o r g a n i c  n i t r o g e n  c o n c e n t r a t i o n s  were g e n e r a l l y  low i n  t h e  Pamlico 
River ,  but  showed s e a s o n a l  and s p a t i . a l  p a t t e r n s .  N i t r a t e  l e v e l s  sometimes 
exceeded 25 pg-at  N01- '  upstream i n  w i n t e r ,  but  u s u a l l y  were below 1 pg-at  
N-1-1 throughout  t h e  r i v e r  most of t h e  y e a r .  N i t r i t e  was v e r y  s c a r c e ,  usu- 
a l l y  be ing  below 0 . 1  vg-at  N-1-1 and r e a c h i n g  a  maximum of o n l y  0.6 vg-at 
N-1-1. Ammonia c o n c e n t r a t i o n s  were h i g h e r  and more uniform t h a n  t h o s e  of 
n i t r a t e ;  ammonia a l s o  reached  i t s  h i g h e s t  l e v e l s  a t  upst ream s t a t i o n s  i n  
w i n t e r .  Dissolved o r g a n i c  N (DON) was more abundant t h a n  t h e  sum of a l l  
i n o r g a n i c  forms of N most of t h e  t i m e ;  DON l e v e l s  t y p i c a l l y  were  i n  t h e  
range  of 15-35 pg-at  ~*1- I .  P a r t i c u l a t e  N was more abundant upst ream t h a n  
downstream and was e s p e c i a l l y  impor tan t  d u r i n g  t h e  w i n t e r  phy top lank ton  
blooms. 

Uptake of i n o r g a n i c  N by phytoplankton a l s o  showed d i s t i n c t i v e  p a t -  
t e r n s .  N i t r a t e  up take  r a t e s  ranged from l e s s  t h a n  0.03 t o  more t h a n  0 . 3  
pg-at N*1-11.1-1, w i t h  lowes t  r a t e s  downriver i n  w i n t e r  and h i g h  r a t e s  u s u a l l y  
accompanying a l g a l  blooms. Ammonia up take  was s l o w e s t  i n  w i n t e r ,  excep t  
i n  blooms, and f a s t e s t  i n  summer and f a l l .  Ammonia up take  r a t e s  were 
almost always h i g h e r  t h a n  n i t r a t e  u p t a k e  r a t e s .  Temperature a f f e c t e d  t h e  
up take  r a t e s  of b o t h  n i t r a t e  and ammonia, w i t h  mean Q10  v a l u e s  o f  1 .62 and 
1 .39,  r e s p e c t i v e l y .  L i g h t  s t i m u l a t e d  t h e  up take  of b o t h  n i t r a t e  and ammo- 
nium, b u t  e s p e c i a l l y  t h e  former .  Uptake rates were a l s o  i n c r e a s e d  when 
a d d i t i o n a l  n i t r a t e  o r  ammonia was added t o  samples of r i v e r  w a t e r .  Half -  
s a t u r a t i o n  c o n s t a n t s  (Ks) f o r  n i t r a t e  and ammonia u s u a l l y  ranged from 0 .5  
t o  1 . 5  vg-at  N*l - - l .  The r e l a t i o n s h i p s  between n i t r a t e  and ammonium con- 
c e n t r a t i o n s  and t h e i r  r e s p e c t i v e  Ks v a l u e s  sugges t  t h a t  n i t r a t e  c o n c e n t r a t i o n  
u s u a l l y  l i m i t e d  i t s  up take  r a t e  whereas ammonium c o n c e n t r a t i o n s  d i d  n o t  
l i m i t  t h e  ammonium up take  rate. N i t r a t e  up take  was markedly i n h i b i t e d  by 
ammonium c o n c e n t r a t i o n  i n  t h e  w a t e r ,  b u t  ammonium up take  was n o t  a f f e c t e d  by 
n i t r a t e  c o n c e n t r a t i o n s .  

Laboratory  d a t a  on t h e  e f f e c t s  of l i g h t  i n t e n s i t y  on n i t r a t e  and ammonium 
up take  r a t e s  were used w i t h  f i e l d  measurements o f  l i g h t  e x t i n c t i o n  t o  c a l -  
c u l a t e  d e p t h - i n t e g r a t e d  n i t r o g e n  u p t a k e  r a t e s .  These were f u r t h e r  i n t e g r a t e d  
t o  o b t a i n  monthly and y e a r l y  up take  r a t e s  a t  each r i v e r  s e c t i o n  and f o r  t h e  
e n t i r e  e s t u a r y .  The annua l  average  d i s s o l v e d  i n o r g a n i c  N (DIN) u p t a k e  r a t e  
was 99 g  N0m-2yr-1, of which about  82% was ammonia up take .  T h r e e - f o u r t h s  of  
t h e  annua l  i n p u t  of n i t r o g e n  t o  t h e  e s t u a r y  by r i v e r  f low (3810 t ~ m n e s  ~ * ~ r - l )  
occur red  d u r i n g  t h e  p e r i o d  of h i g h e s t  r i v e r  f low,  December-March. DON and 
p a r t i c u l a t e  N accounted f o r  about  492 and 38%, r e s p e c t i v e l y ,  of t o t a l  N i n f l u x ;  
n i t r a t e  sccounted f o r  about  8% and ammonium f o r  abou t  5.4%. Although most 
of t h e  N i n p u t  occur red  i n  w i n t e r ,  mast up take  occur red  i n  summer, The e n t i r e  
annua l  DEN i n f l u x  from t h e  watershed accounted f o r  o n l y  2% of t h e  a n n u a l  
needs  of t h e  phytoplankton.  Ni t rogen was t r a n s p o r t e d  i n t o  t h e  e s c u a r y  by 
a d v e c t i o n  and d i s p e r s i o n  from Pamlico Sound i n  somewhat g r e a t e r  q u a n t i t i e s  
t h a n  were d e l i v e r e d  from t h e  watershed,  b u t  t h e  t o t a l  i n p u t s  must s t i l l  b e  
f a r  below t h e  annua l  a l g a l  r e q u i r e m e n t , t h u s  n i t r o g e n  r e c y c l i n g  w i t h i n  t h e  
e s t u a r y  seems t o  b e  a  major f a c t o r  de te rmin ing  n u t r i e n t  a v a i l a b i l i t y  and 
t h e r e f o r e  phytoplankton p r o d u c t i v i t y ,  e s p e c i a l l y  i n  t h e  surnmer,but a l s o  d u r i n g  
much of t h e  r e s t  of t h e  y e a r .  

The l a b o r a t o r y  measurements of r a t e s  of up take  of C and P  were a l s o  
i n t e g r a t e d  t o  o b t a i n  a n n u a l  e s t i m a t e s  of C and P u p t a k e  f o r  t h e  e n t i r e  



e s t u a r y ;  t h e s e  were t h e n  compared t o  t h e  i n p u t  r a t e s  from t h e  watershed and 
from Pamlico Sound. Most of t h e  D I C  appears  t o  e n t e r  t h e  Pamlico River  
w i t h  t h e  s a l t i e r  w a t e r  from Pamlico Sound; t h e  annua l  i n p u t  from b o t h  
s o u r c e s  (135,000 tonnes )  was s l i g h t l y  more t h a n  n e c e s s a r y  f o r  t h e  annua l  
primary p r o d u c t i v i t y  of t h e  e s t u a r y .  Although i n p u t s  of o r g a n i c  C (DOC and 
PP) t o  Pamlico River  from t h e  watershed and from Pamlico Sound were  l a r g e  
(lO4,OOO tonnes*  y r - l ) ,  t h e y  were l e s s  t h a n  t h e  carbon f i x e d  a n n u a l l y  by 
phytoplankton p r o d u c t i v i t y  (130,600 tonnes*  yr'l) . I n p u t s  of phosphorus t o  
t h e  Pamlico River  from a  l a r g e  phosphate  mine and chemical  p l a n t  (Texasgu l f ,  
I n c .  ) (based on 1976-77 d a t a )  of about  843 t o n n e s a y r - l  g r e a t l y  exceeded 
t h e  e s t i m a t e d  1976-77 i n p u t s  from t h e  watershed (84 t ~ n n e s * ~ r ' l )  and from 
Pamlico Sound (184 t o n n e s o y r - 1 ) .  The t o t a l  P  i n p u t s  were  much below t h e  
annual  g r o s s  P  requirement  of t h e  phytoplankton,  implying r a p i d  r e c y c l i n g  
w i t h i n  t h e  e s t u a r i n e  system. 

The r e l a t i v e  amounts of N and P  a v a i l a b l e  a s  n u t r i e n t s  i n  s o l u t i o n  were 
examined i n  terms of t h e  N:P r a t i o s  (NO + N H 4 / f i l t e r a b l e  r e a c t i v e  P ) .  There 3  
was a  g r e a t  e x c e s s  of P  r e l a t i v e  t o  N r equ i rements  of t h e  phy top lank ton  
excep t  a t  t h e  upstream s t a t i o n s  i n  w i n t e r .  The e f f l u e n t  from T e x a s g u l f ,  
Inc.,may account  f o r  most of t h e  abundant i n o r g a n i c  P  i n  t h e  middle  of t h e  
e s t u a r y .  I n  s p i t e  of low n u t r i e n t  N:P r a t i o s ,  t h e  a l g a l  N:P r a t i o s  were  
>10 f o r  most of t h e  y e a r  and >20 f o r  n e a r l y  h a l f  of t h e  y e a r .  I s o t o p e  
t r a c e r  measurements of N and P  u p t a k e  by phytoplankton gave a  mean annua l  
N:P g r o s s  up take  r a t i o  of 11:1, b u t  t h e  up take  r a t i o  v a r i e d  w i d e l y  from 
below 0 . 5 : l  t o  above 5 0 : l .  Because of a  l a r g e  amount of P  e f f l u x  from t h e  
phytoplankton d u r i n g  r a p i d  up take  ( a s  measured by 3 2 ~ ) ,  n e t  P  u p t a k e  rates 
a r e  much l e s s  t h a n  t h e  g r o s s  up take  r a t e s .  There  was no c o r r e l a t i o n  between 
t h e  N:P n u t r i e n t  r a t i o s  and t h e  N:P g r o s s  up take  r a t i o s .  The N and P  demands 
which phytoplankton e x e r t  upon t h e  n u t r i e n t  r e s e r v e s  of t h e  e s t u a r y  w i l l  
d i s t o r t  t h e  N:P n u t r i e n t  r a t i o  i f  i t  is  n o t  i n i t i a l l y  c l o s e  t o  t h e  1 5 : l  
r a t i o  n e c e s s a r y  f o r  a l g a l  growth. 

Simple l i n e a r  r e g r e s s i o n  a n a l y s i s  g e n e r a l l y  showed s t r o n g  c o r r e l a t i o n s  
between v a r i o u s  measures of a l g a l  abundance and n u t r i e n t  u p t a k e  r a t e s ,  
e s p e c i a l l y  c h l o r o p h y l l  c o n c e n t r a t i o n ,  a l g a l  s u r p l u s  P ,  p a r t i c u l a t e  N con- 
c e n t r a t i o n ,  p h o t o s y n t h e t i c  r a t e ,  and P-uptake r a t e .  Alga l  abundance and 
n u t r i e n t  up take  r a t e s  were weakly c o r r e l a t e d  w i t h  p h y s i c a l  f a c t o r s  ( t empera tu re  
and s a l i n i t y )  o r  w i t h  i n o r g a n i c  n u t r i e n t s  ( n i t r a t e ,  n i t r i t e ,  ammonium, and 
phosphate) .  M u l t i p l e  r e g r e s s i o n  a n a l y s i s  showed a  s t r o n g  r e l a t i o n s h i p  between 
c h l o r o p h y l l  c o n c e n t r a t i o n  (dependent v a r i a b l e )  i n  t h e  r i v e r  on a n  a n n u a l  b a s i s  
(R2=.78) and i n  w i n t e r  a l o n e  (R2=.91) and t h e  amounts of p a r t i c u l a t e  n i t r o g e n .  
I n  summer, a l g a l  s u r p l u s  P  and t h e  C- f ixa t ion  r a t e  t o g e t h e r  were s t r o n g l y  
r e l a t e d  t o  t h e  amounts of c h l o r o p h y l l  ( R ~ = .  75) .  M u l t i p l e  r e g r e s s i o n  a l s o  
showed r e l a t i o n s h i p s  between t h e  d e  endent  v a r i a b l e  P-uptake r a t e  and (1) 
p a r t i c u l a t e  N on an annua l  b a s i s  (R5=. 51) , (2) a l g a l  s u r p l u s  P  i n  summer 
(R2=, 44) ,  and (3) t h e  C-f i x a t i o n  r a t e  i n  w i n t e r  (R2=. 95) .  The c o n c e n t r a t i o n s  
of i n o r g a n i c  N and P  never  proved t o  be  impor tan t  v a r i a b l e s  i n  t h e s e  r e g r e s -  
s i o n s ,  s u g g e s t i n g  t h a t  a t t e m p t s  t o  model phytoplankton abundance and growth 
k i n e t i c s  i n  t h e  Pamlico River  cannot  be  based on n u t r i e n t  l e v e l s  a l o n e .  
R e s u l t s  of t h i s  s t u d y  sugges t  t h a t  a c c u r a t e  p r e d i c t i v e  modeling of phyto- 
p lank ton  abundance and growth i n  t h e  Pamlico River  w i l l  b e  d i f f i c u l t  because  



of t h e  l a r g e  number of f a c t o r s  which seem t o  have p o t e n t i a l  f o r  c o n t r o l l i n g  
a l g a l  p o p u l a t i o n s .  

On t h e  b a s i s  of our i n v e s t i g a t i o n  we make t h e  f o l l o w i n g  recommendations: 

1. The S t a t e  of North C a r o l i n a  shou ld  remain committed t o  m a i n t a i n i n g  w a t e r  
q u a l i t y  i n  t h e  Pamlico R i v e r .  S e r i o u s  d e g r a d a t i o n  of w a t e r  q u a l i t y  i n  t h i s  
l a r g e  and impor tan t  e s t u a r y  would be  v e r y  u n f o r t u n a t e  and might prove c o s t l y  
t o  r e v e r s e .  

2 .  Based on o u r  ev idence ,  which g e n e r a l l y  conf i rms  e a r l i e r  r e s e a r c h ,  i n o r -  
g a n i c  n i t r o g e n  i s  t h e  most l i m i t i n g  n u t r i e n t  d u r i n g  summer and a p p e a r s  t o  
t r i g g e r  t h e  w i n t e r  d i n o f l a g e l l a t e  blooms. Accordingly ,  i t  is  recommended 
t h a t  e f f o r t s  b e  made t o  r e s t r i c t  a d d i t i o n a l  i n p u t s  of n i t r o g e n o u s  m a t e r i a l s  
t o  t h e  e s t u a r y ,  whether from m u n i c i p a l i t i e s ,  i n d u s t r y ,  a g r i c u l t u r e ,  o r  
d i s t u r b a n c e s  t o  t h e  e s t u a r i n e  s e d i m e n t s , i n  o r d e r  t h a t  t h e s e  blooms remain 
below noxious  l e v e l s  and n o t  p e r s i s t  la ter  i n t o  t h e  y e a r .  

3 .  Given t h e  ve ry  g e n t l e  c i r c u l a t i o n  p a t t e r n  of t h e  Pamlico River  e s t u a r y ,  
o b s t r u c t i o n s  t o  w a t e r  f lows  i n  t h e  e s t u a r y  o r  r e d u c t i o n s  i n  f r e s h w a t e r  
i n p u t s  should  be  avoided.  S t a g n a t i o n  of c i r c u l a t i o n  would l i k e l y  pe rmi t  
h i g h e r  n u t r i e n t  c o n c e n t r a t i o n s  and phytoplankton p o p u l a t i o n s  t o  accumulate .  

4 .  S e v e r a l  a d d i t i o n a l  r e s e a r c h  s t u d i e s  seem a p p r o p r i a t e :  

a .  A commitment should  b e  made f o r  f u t u r e  e c o l o g i c a l  s t u d i e s  of 
phytoplankton abundance and n u t r i t i o n a l  s t a t u s .  Any t r e n d  toward 
h i g h e r  phytoplankton d e n s i t i e s  should  be  confirmed, pe rhaps  by 
a  two-year s t u d y  every  5-10 y e a r s .  Measurements of t h e  r e l a t i v e  
abundance of i n o r g a n i c  n i t r o g e n  s. i n o r g a n i c  phosphorus a s  
n u t r i e n t  s o u r c e s  should be  examined a t  t h e  same t ime.  

b.  There is need f o r  a thorough s t u d y  of zooplankton s p e c i e s  
composit ion,abundance,  f e e d i n g  r a t e s ,  and n u t r i e n t  r e g e n e r a t i o n  
r a t e s .  I n  p a r t i c u l a r ,  t h e  s t u d y  shou ld  a d d r e s s  t h e  q u e s t i o n  of 
zooplankton c o n t r o l  of phytoplankton abundance by g r a z i n g  and 
t h e  q u e s t i o n  of zooplankton c o n t r o l  of phytoplankton growth 
through e x c r e t i o n  of m i n e r a l  n u t r i e n t s ,  e s p e c i a l l y  ammonium. 

c. There i s  a c r i t i c a l  need f o r  measurement of rates of  n u t r i e n t  
r e g e n e r a t i o n  from e s t u a r i n e  sediments .  I n  t h i s  r e l a t i v e l y  
sha l low r i v e r ,  t h e  l a r g e  expanses  of s o f t  sediments  are l i k e l y  
t o  be  a  major r e g i o n  of n u t r i e n t  r e g e n e r a t i o n .  I n  p a r t i c u l a r ,  
t h e  r e g e n e r a t i o n  of ammonium may supp ly  t h e  l a r g e  demand by 
phytoplankton i n  summer. T h i s  s t u d y  p l u s  t h e  s t u d y  o f  zoo- 
p lank ton  n u t r i e n t  r e g e n e r a t i o n  would make t h e  Pamlico River  
one of t h e  b e s t  unders tood e s t u a r i e s  i n  t h e  Uni ted S t a t e s .  It 
would t h e n  be p o s s i b l e  t o  c o n s t r u c t  much more complete  models 
of phosphorus and n i t r o g e n  c y c l i n g  and would p r o v i d e  a more 
f i r m  b a s i s  upon which t o  develop management p l a n s  f o r  t h e  
e s t u a r y .  

x x i  



d. I n  t e rms  of f u t u r e  r e s e a r c h  and management of e s t u a r i e s  l i k e  
t h e  Pamlico River ,  i t  is  i m p e r a t i v e  t h a t  more e f f o r t  be  made t o  
unders tand f u l l y  t h e  f a c t o r s  which c o n t r o l  t h e  r a t e s  of n i t r o g e n  
r e c y c l i n g  i n  t h e s e  sys tems,  s i n c e  it i s  c l e a r l y  r e c y c l i n g  r a t h e r  
than  t r i b u t a r y  i n f l o w  t h a t  de te rmines  t h e  supp ly  r a t e  of D I N ,  a t  
l e a s t  i n  t h e  s h o r t  term. F o r t u n a t e l y ,  most of t h e  i n p u t  of new 
n i t r o g e n  from t h e  watershed o c c u r s  i n  t h e  w i n t e r  when o t h e r  
growth f a c t o r s  l i k e  t empera tu re  and l i g h t  a r e  l e a s t  f a v o r a b l e .  
Much a t t e n t i o n  is  c u r r e n t l y  focused on improving l a n d  u s e  s o  a s  
t o  minimize t h e s e  i n p u t s ;  t h i s  i n p u t  c o n t r o l  w i l l  be  of some b e n e f i t  
i n  terms of p r e v e n t i n g  n u i s a n c e  a l g a l  blooms i n  t h e  Pamlico River  
and o t h e r  t i d e w a t e r  r i v e r s .  However, t h e  r e c y c l i n g  mechanisms, 
which may t u r n  o u t  t o  b e  v e r y  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  
c o n t r o l ,  c e r t a i n l y  d e s e r v e  more a t t e n t i o n .  

x x i i  



INTRODUCTION 

General 

It has long been recognized t h a t  temperate,  normal., Coastal  P l a i n  
e s t u a r i e s  tend t o  be f e r t i l e  and product ive.  Nu t r i en t s  a r e  provided from 
t h e  watershed, from p o l l u t i o n ,  and from t h e  s e a  (Ketchum 1967). Circula-  
t i o n  p a t t e r n s  along wi th  a c t i v e  phytoplankton growth tend t o  accumulate 
n u t r i e n t s  i n  t h e  e s tua ry .  High p roduc t iv i ty  is  considered d e s i r a b l e  when 
it  u l t ima te ly  r e s u l t s  i n  abundant seafood h a r v e s t s ,  bu t  eu t roph ica t ion  o f t e n  
l eads  t o  reduced usefu lness  of an e s tua ry  (Ryther 1954, Barlow, e t  a l .  
1963). Both n i t rogen  and phosphorus a r e  o f t e n  abundant, bu t  i n  t h e  South- 
e a s t  the  N:P r a t i o  is  usua l ly  low r e l a t i v e  t o  t h e  amounts needed by phyto- 
plankton. Pomeroy, -- e t  a l .  (1972) found no evidence t h a t  P was eve r  l i m i t i n g  
t o  p roduc t iv i ty  of e s t u a r i e s  of t h e  southeas te rn  United S t a t e s .  

Our understanding of n u t r i e n t  cyc l ing  i n  e s t u a r i n e  ecosystems i s  incom- 
p l e t e .  F i e ld  s t u d i e s  have provided a cons iderable  fund of knowledge of t h e  
seasonal  and s p a t i a l  d i s t r i b u t i o n s  of n u t r i e n t s  der ived  by chemical anal-  
yses  of water samples. Laboratory experiments have produced d a t a  on t h e  
phys io logica l  requirements of e s t u a r i n e  organisms f o r  n i t rogen ,  phosphorus, 
and a few o t h e r  n u t r i e n t s ,  and t h e  beginnings of knowledge regarding t h e  
chemical, phys ica l ,  and b i o t i c  f a c t o r s  which determine r a t e s  of n u t r i e n t  up- 
t ake  and r e l ease .  Major gaps e x i s t ,  however, between these  f i e l d  measure- 
ments oE n u t r i e n t  d i s t r i b u t i o n s  and t h e  labora tory  measurements of n u t r i e n t  
cyc l ing  i n  n a t u r a l  waters  a s  inf luenced by i n  s i t u  environmental condi t ions .  
This s tudy has attempted t o  br idge  t h e  gap by examining t h e  r a t e s  a t  which 
inorganic  carbon, n i t r a t e ,  ammonium, and phosphate were taken up by t h e  
plankton of t h e  Pamlico River throughout t h e  annual cyc le .  Furthermore, t h e  
uptake r a t e s  were measured not only under t h e  n a t u r a l  ambient condi t ions  
present  i n  t he  es tuary  a t  t h e  time, but a l s o  under a s e r i e s  of environmental 
modif icat ions such a s  h igher  o r  lower temperatures ,  a s e r i e s  of l i g h t  in ten-  
s i t i e s ,  o r  e leva ted  n u t r i e n t  concent ra t ions .  F i n a l l y ,  t h e  uptake r a t e s  have 
been intercompared and i n t e g r a t e d  i n  an e f f o r t  t o  answer ques t ions  regarding 
poss ib l e  n u t r i e n t  l i m i t a t i o n  of phytoplankton growth, t h e  p o s s i b i l i t y  of 
noxious a l g a l  growths i f  a d d i t i o n a l  n u t r i e n t s  e n t e r  t h e  e s tua ry ,  and t h e  
r o l e  of t he  plankton i n  t h e  o v e r a l l  budgets of n i t rogen  and phosphorus i n  
t he  es tuary .  

The Paml.ico River;  Geography and Hydrography 

The Pamlico River has been t h e  sub jec t  of a l a r g e  amount of f i e l d  re-  
search  keginning i n  1966 when North Carol ina S t a t e  Univers i ty  e s t ab l i shed  a 
research labora tory  t h e r e  wi th  suppo:ct from Texas Gulf Su l fu r  Corp. (now 
Texasgulf,  I n c . ) ,  Water Resources Research I n s t i t u t e ,  and o t h e r  funding 
agencies .  A v a r i e t y  of s t u d i e s  of hydrography, water  chemistry,  and estua-  
r i n e  ecology have been completed, most of them bear ing  upon t h e  ques t ion  of 
t he  t roph ic  s t a t u s  of t h e  e s tua ry  i n  r e l a t i o n  t o  n u t r i e n t s  i n  e f f l u e n t s  from 
Texasgulf.  The Pamlico River w a s  s e l e c t e d  a s  t h e  s i t e  of our  i n v e s t i g a t i o n s  
Lecause of t h e  l a r g e  amount of eco log ica l  r e sea rch  which had been conducted 



t h e r e  and because  it i s  a  l a r g e  and impor tan t  body of w a t e r  c u r r e n t l y  be ing  
s u b j e c t e d  t o  developmental  p r e s s u r e s  which might degrade  w a t e r  q u a l i t y .  

The Pamlico River  i s  an o l igoha l ine -mesoha l ine  e s t u a r y  s t r e t c h i n g  from 
t h e  mouth of t h e  Tar  River  i n  Washington, N. C . ,  eas tward  abou t  60 km (38 
m i l e s )  t o  Pamlico Sound (Hobbie, e t  a l .  1972) .  It i n c r e a s e s  i n  wid th  down- 
stream from about  1 km below Washington t o  7  km a t  i t s  mouth; i t  i s  mos t ly  
deeper  t h a n  2 m a t  mean low w a t e r  (MLW) w i t h  maximum d e p t h s  exceeding 7 m 
a t  t h e  mouth (U.S.C. & G.S. Char t s  No. 537 and 1231) .  Hobbie (1974) esti- 
mated i ts  average  dep th  t o  be about  11 f e e t  (3.4 m). Geograph ica l  informa- 
t i o n  about t h e  Pamlico River  d r a i n a g e  b a s i n  i s  r e p o r t e d  by Hobbie, e t  al .  -- 
(1972). Pamlico Sound r e c e i v e s  t h e  f l o w  of t h e  Pamlico R i v e r ,  b u t  it a l s o  
p rov ides  t h e  salt  w a t e r  which c r e a t e s  t h e  e s t u a r i n e  c o n d i t i o n s .  Pamlico 
Sound i s  t h e  l a r g e s t  embayment behind b a r r i e r  i s l a n d s  a long  t h e  A t l a n t i c  
Coast of t h e  Uni ted S t a t e s .  

Except f o r  a  p r e l i m i n a r y  s t u d y  by Horton,  e t  a l .  (1967) ,  t h e r e  have -- 
been no i n v e s t i g a t i o n s  of t h e  f l u s h i n g  rate of t h e  Pamlico River .  The 
f r e s h w a t e r  i n f l o w s  from t h e  Tar  R i v e r ,  Conetoe Creek,  and Durham Creek are 
gauged by t h e  U.S. G e o l o g i c a l  Survey,  and t h e  s e a s o n a l  p a t t e r n s  have been 
p r e s e n t e d  by Hobbie (1970b, 1974).  These t r i b u t a r f e s  account  f o r  abou t  52% 
of t h e  f r e s h w a t e r  i n p u t  i n t o  t h e  e s t u a r y  (Hobbie l 9 7 4 ) ,  b u t  s i g n i f i c a n t  
e r r o r s  may e x i s t  i n  e s t i m a t e s  o f  t h e  p a t t e r n  of t o t a l  f r e s h w a t e r  i n p u t  
because  of weak c o r r e l a t i o n  between gauged and ungauged s t reams .  Although 
r a i n f a l l  on t h e  watershed t e n d s  t o  be evenly  d i s t r i b u t e d  th roughout   he y e a r  
(Sumsion 1970) ,  peak s t ream f lows  u s u a l l y  occur  d u r i n g  t h e  c o o l  s e a s o n  
(December through May) and low f lows  d u r i n g  t h e  warm season  when evapo t rans -  
p i r a t i o n  i s  high.  Excep t iona l  f lows  may occur  i n  any month, b u t  e s p e c i a l l y  
dur ing  l a t e  summer and f a l l  as a r e s u l t  of t r o p i c a l  s torms.  

The t i d a l  ampl i tude  i n  t h e  Pamlico River  appears  n o t  t o  have been  mea- 
su red .  The mean t i d a l  r anges  a t . t h e  i n l e t s  t o  Pamlico Sound are about  0.6 
m y  b u t  the b a r r i e r  i s l a n d s  (Outer  Banks) r e s t r i c t  t h e  t i d a l  f low;  Roe lofs  
and Bumpus (1953) c a l c u l a t e d  t h a t  t h e  p-er iodic  (es t ronomica l )  t i d a l  r a n g e  
would be o n l y  abou t  5  cm. Wind t i d e s  a r e  more impor tan t .  Day-to-day 
v a r i a t i o n s  of 50 cm i n  w a t e r  d e p t h  a r e  f r e q u e n t l y  n o t i c e d  a t  p i e r s  and b o a t  
l a n d i n g s ,  bu t  t h e  r e l a t i o n s h i p s  t o  wind d i r e c t i o n  and v e l o c i t y  have n o t  been 
e s t a b l i s h e d .  Wind d r i v e n  t u r b u l e n c e  is  sometimes s u f f i c i e n t  t o  d e s t r o y  
the rmal  and s a l i n i t y  s t r a t i f i c a t i o n s  and t o  r e p l e n i s h  oxygen i n  t h e  bottom 
w a t e r s  (Davis,  e t  a l .  1978) .  

The major  a s p e c t  of t h e  s a l i n i t y  p a t t e r n  of Pamlico River  i s  t h e  g ra -  
d i e n t  from low l e v e l s  upst ream t o  high l e v e l s  a t  t h e  mouth (Hobbie 1970b, 
Hobbie, e t  a l .  1972). The w a t e r  j u s t  below Washington i s  u s u a l l y  f r e s h  o r  -- 
n e a r l y  f r e s h  whereas  it o f t e n  h a s  a s a l i n i t y  o f  15%, o r  more when i t  e n t e r s  
Pamlico Sound. Heavy runoff  from t h e  watershed o r  w e s t e r l y  winds f o r c e  
f r e s h e r  w a t e r s  f u r t h e r  down t h e  e s t u a r y ,  whereas d r y  weather  and easterlies 
cause  h i g h e r  s a l i n i t i e s .  For example, heavy r a i n f a l l  i n  October - November 
1971 r e s u l t e d  i n  displacement  of t h e  2%0 i s o h a l i n e  two- th i rds  of t h e  way 
down t h e  e s t u a r y  (Hobbie 1974).  A secondary s p a t i a l  p a t t e r n  imposed upon 



t h i s  i s  t h e  v e r t i c a l  g r a d i e n t ;  t h i s  i s  h i g h l y  v a r i a b l e ,  w i t h  t h e  d i f f e r e n c e  
sometimes exceeding 6%, between t h e  s u r f a c e  and t h e  bottom w a t e r s  i n  l a t e  
summer a t  t h e  lower end of t h e  e s t u a r y  (Hobbie 1970b).  The t h i r d  p a t t e r n  i s  
a  tendency f o r  h i g h e r  s a l i n i t i e s  on t h e  n o r t h  s h o r e  of t h e  e s t u a r y  t h a n  on 
t h e  s o u t h  shore  r e s u l t i n g  from t h e  C o r i o l i s  e f f e c t ;  t h i s  p a t t e r n ,  however, 
i s  o f t e n  i n d i s t i n c t  o r  a b s e n t  (Hobbie 1970b; Hobbie, e t  a l . ,  1972).  

Although t h e  pr imary s a l i n i t y  p a t t e r n s  a r e  s p a t i a l ,  t h e  major  tempera- 
t u r e  p a t t e r n s  a r e  s e a s o n a l .  Lowest t empera tu res  (< 5 C) occur  i n  January  o r  
February and h i g h e s t  t empera tu res  i n  J u l y  o r  August (> 25 C) (Hobbie 1974) .  
V e r t i c a l  t empera tu re  s t r a t i f i c a t i o n  o f t e n  e x i s t s ,  b u t  i s  u s u a l l y  n o t  g r e a t ,  
n o r  i s  t h e r e  much tempera tu re  v a r i a t i o n  a l o n g  t h e  l e n g t h  of t h e  e s t u a r y ,  al-  
though t h e  wa te r  e n t e r i n g  t h e  e s t u a r y  from Pamlico Sound t e n d s  t o  be warmer 
i n  t h e  f a l l  and c o o l e r  i n  t h e  s p r i n g  t h a n  w a t e r  i n  t h e  Pamlico River. 

Phytoplankton Abundance 

A major s t u d y  of phytoplankton of t h e  Pamlico R i v e r  (Hobbie 1971) 
showed t h a t  d i n o f l a g e l l a t e s  c o n s t i t u t e  t h e  most impor tan t  a l g a l  c l a s s  i n  
terms oE biomass. Maximum abundance occur red  i n  t h e  midd le  and upper 
reaches  of t h e  e s t u a r y  dur ing  January through March when Heterocapsa  ( = 
P e r i d i n 1 3  t r i q u e t r a  a t t a i n e d  bloom p r o p o r t i o n s ;  t h e r e  was a l a te  summer 
peak a h 0  dominated by d i n o f l a g e l l a t e s .  The p e r i o d s  of maximum i i l g a l  
numbers , however, were somewhat o u t  of phase  w i t h  p e r i o d s  of maximum 
biomass;  v e r y  s m a l l  coccoid  blue-greens ,  small d ia toms ,  and s e v e r a l  t y p e s  
of s m a l l  f l a g e l l a t e s  were o f t e n  v e r y  numerous b u t  because  of t h e i r  s m a l l  

s i z e s  d i d  n o t  c o n t r i b u t e  much t o  t h e  phytoplankton biomass (Hobbie 1971).  As 
o f t e n  occurs  i n  e s t u a r i e s ,  both  t h e  abundance and t h e  s p e c i e s  composi t ion 
f r e q u e n t l y  v a r i e d  markedly from s t a t i o n  t o  s t a t i o n  and from week t o  week. 
The abundance of phytoplankton i n d i c a t e d  t o  Hobbie (1971) t h a t  t h e  e s t u a r y  
w a s  h i g h l y  e u t r o p h i c ;  t h e  v a r i e t y  of s p e c i e s  d u r i n g  most of t h e  y e a r .  how- 
e v e r ,  i s  an i n d i c a t i o n  of h e a l t h y  growing c o n d i t i o n s .  The s e a s o n a l  spa- 
t i a l  d i s t r i b u t i o n s  of p h y t o f l a g e l l a t e s  which dominated Gales Creek, a much 
s m a l l e r  and more n u t r i e n t  l i m i t e d  e s t u a r y  i n  North C a r o l i n a ,  showed a 
number of s i m i l a r i t i e s  t o  t h o s e  of t h e  Pamlico River  (Campbell 1973).  Gales 
Creek was dominated by d i n o f l a g e l l a t e  s p e c i e s ,  most of which a l s o  dominate 
t h e  Pamlico River ;  Heterocapsa ,  f o r  example, was abundant i n  w i n t e r  and 
s p r i n g ,  but  was n o t  observed a t  d e n s i t i e s  e q u a l  t o  t h o s e  of Pamlico River .  
A s t u d y  of t h e  lower Cape Fear  River  e s t u a r y  (Carpen te r  1971) showed a  
domination by d ia toms ,  mos t ly  Skeletonema cos ta tum and A s t e r i o n e l l a  j a p o n i c a  
w i t h  g r e a t e s t  numbers i n  June  a t  t h e m o u t h  of t h e  e s t u a r y .  

Primary P r o d u c t i v i t y  

There have been many s t u d i e s  of phy top lank ton  p r o d u c t i v i t y  a long  t h e  
A t l a n t i c  Seaboard (Smayda 1973) ,  bu t  few of them i n  North Caro l ina .  The 
system of sha l low sounds and e s t u a r i e s  between Bogue Sound and Pamlico Sound, 
N. C. ,  were s t u d i e d  f i r s t  by W i l l i a m s  (1966). H e  used t h e  l i g h t - d a r k  b o t t l e  
t echn ique  and found t h e  mean annua l  ? t o s s  p r o d u c t i v i t y  t o  be  about  100 g 

C *yr-l. Thayer (1971) used t h e  C-technique t o  measure p r o d u c t i v i t y  



-2 -1 of t h e  same a r e a  and r e p o r t e d  a mean annua l  p r o d u c t i v i t y  of 67 g C a m  * y r  . 
Both found t h a t  p r o d u c t i v i t y  dur ing  t h e  w a r m  p e r i o d  (May-September) was 
about t h r e e  t i m e s  h i g h e r  t h a n  d u r i n g  t h e  c o o l  p a r t  of t h e  y e a r .  Experimen- 
t a l  s t u d i e s  (Thayer 1974) demonstra ted t h a t  n i t r o g e n  most o f t e n  was t h e  
n u t r i e n t  which l i m i t e d  phytoplankton p r o d u c t i v i t y ,  a l t h o u g h  phosphorus some- 
times was l i m i t i n g .  A more i n t e n s i v e  s t u d y  a t  one s t a t i o n  i n  t h e  Beaufor t  
Channel, N.  C . ,  gave somewhat h i g h e r  p r o d u c t i v i t i e s ,  i n  p a r t  because  of i t s  
g r e a t e r  water column d e p t h  (Will iams and Murdoch 1966).  T h e i r  d e m o n s t r a t i o n  
of t h e  p o s i t i v e  r e l a t i o n s h i p  between tempera tu re  and t h e  r a t e  of photosyn- 
t h e s i s  p e r  u n i t  c h l o r o p h y l l  h e l p s  t o  e x p l a i n  t h e  h i g h e r  summertime produc- 
t i v i t i e s .  D i l l o n  (1971) found t h e  annua l  p r o d u c t i v i t y  of phy top lank ton  i n  
Bogue Sound, N. C.  , was about  73 g ~ * m - ~ * ~ r - l ,  a rate probab ly  n o t  d i f f e r e n t  
from t h o s e  r e p o r t e d  by Will iams (1966) o r  Thayer (1971).  However, t h e  
b e n t h i c  macrophytes i n  t h i s  v e r y  sha l low sound (mean d e p t h  a t  MLW = 0.75 m) 
( D i l l o n  1971) f i x e d  s e v e r a l  t i m e s  t h i s  amount of carbon a n n u a l l y .  Copeland 
and Hobbie (1972) r e p o r t e d  annua l  mean 1 4 ~  p r o d u c t i v i t i e s  a t  6 s t a t i o n s  i n  

-2 -1 middle and lower reaches  of t h e  Pamlico River  t o  be 40-80 g C - m  * y r  
dur ing  1966-1967. Ten y e a r s  l a t e r  a n o t h e r  set of measurements by Davis ,  
e t  a l .  (1978) provided an  e s t i m a t e d  annua l  mean p r o d u c t i v i t y  f o r  t h e  e n t i r e  -- -1 e s t u a r y  of 200 g ~ * m - ~ * ~ r  . 
Phosphorus and Ni t rogen  

The c o n c e n t r a t i o n s  of i n o r g a n i c  phosphorus and n i t r o g e n  have been 
measured f r e q u e n t l y  a t  a l a r g e  number of s t a t i o n s  i n  t h e  Pamlico R i v e r  s i n c e  
1967. Disso lved  phosphate  w a s  u s u a l l y  abundant ,  e s p e c i a l l y  i n  t h e  middle  
s e c t i o n  of t h e  e s t u a r y  and w a s  cons idered  n o t  t o  be  l i m i t i n g  t o  phytoplank-  
t o n  growth (Hobbie 1970a; Hobbie, -- e t  a l .  1972; Hobbie 1974) .  A p o r t i o n  of 
t h i s  phosphorus was a t t r i b u t e d  t o  e f f l u e n t  from a l a r g e  phosphate  mine and 
chemical  p l a n t  (Texasgulf ,  Inc . )  b u t  much of t h e  phosphorus i n  t h e  r i v e r  
a p p a r e n t l y  came from v a r i o u s  t r i b u t a r i e s  (Hobbie, e t  a l .  1972) .  I n o r g a n i c  -- 
n i t r o g e n  was less abundant r e l a t i v e  t o  phosphorus.  Ammonium w a s  modera te ly  
h i g h  a t  a l l  s t a t i o n s  throughout  t h e  y e a r ;  n i t r a t e  was v e r y  low d u r i n g  t h e  
summer, bu t  o c c a s i o n a l l y  reached h i g h  c o n c e n t r a t i o n s  ups t ream d u r i n g  p e r i o d s  
of heavy runoff  i n  w i n t e r  (Hobbie, e t  a l .  1972; Hobbie 1974; H a r r i s o n  and 
Hobbie 1974).  Ni t rogen  has  been sugges ted  as t h e  major  f a c t o r  l i m i t i n g  
phytoplankton p r o d u c t i o n  i n  t h e  e s t u a r y  (Har r i son  and Hobbie 1974) .  The 
abundance and c y c l i n g  of phosphorus i n  t h e  Pamlico River  is  of p a r t i c u l a r  
importance because  of mining of phosphate  o r e  and i t s  convers ion  t o  phos- 
p h o r i c  a c i d  and f e r t i l i z e r s  c l o s e  t o  t h e  c e n t e r  of t h e  e s t u a r y .  

The s e a s o n a l  d i s t r i b u t i o n  of phosphorus abundance i n  Mid-Atlant ic  
e s t u a r i e s  f r e q u e n t l y  e x h i b i t s  a summer maximum. T a f t  and T a y l o r  (1976) 
n o t e d  t h i s  phenomenon i n  reviewing l i t e r a t u r e  on Upper Chesapeake Bay; 
Delaware Bay; South River ,  Md.; N a r r a g a n s e t t  Bay; R a r i t a n  Bay; York R i v e r ,  
Va.; and Pamlico River .  A summer maximum a l s o  occurs  i n  Chincoteague Bay, 
Md. (Boynton 1974) and t h e  Neuse River ,  N. C. (Hobbie and Smith 1975).  T h i s  
summer phosphorus peak i s ,  however, n o t  u n i v e r s a l .  The o l i g o h a l i n e  
Albemarle Sound u s u a l l y  e x h i b i t e d  maximal r e a c t i v e  phospha te  c o n c e n t r a t i o n s  
about  halfway down i t s  l e n g t h  between December and February (Bowden and 



Hobbie 1977).  The s m a l l  e s t u a r i e s  and sounds n e a r  Morehead C i t y ,  N.  C . ,  
showed month-to-month v a r i a t i o n s  i n  P c o n c e n t r a t i o n  b u t  s e a s o n a l  p a t t e r n s  
were  n o t  d i s t i n c t  (Thayer 1971; Campbell 1973).  The t o t a l - P  l e v e l s  i n  
s e v e r a l  Georgia e s t u a r i e s  showed a tendency toward maxima i n  summer and f a l l ;  
Pomeroy, -- e t  a l .  (1972) a t t r i b u t e d  t h i s  t o  low r a i n f a l l  and runoff  d u r i n g  
t h a t  p e r i o d .  

Radioisotope t echn ique  i s  a powerful  t o o l  f o r  de te rmin ing  t h e  r e l a t i o n -  
s h i p s  between a l g a e a n d  n u t r i e n t s  i n  n a t u r a l  w a t e r s .  The a d d i t i o n  of 
c a r r i e r - f r e e  r a d i o a c t i v e  phosphate  does n o t  change t h e  phosphorus concen t ra -  
t i o n  i n  t h e  wa te r  and t h u s  does n o t  a l ter  t h e  n a t u r a l  dynamic e q u i l i b r i u m  
e x i s t i n g  between t h e  p lank ton  and n u t r i e n t  P i n  e s t u a r i n e  w a t e r .  T h i s  
t r a c e r  has  been used i n  n a t u r a l  f r e s h w a t e r  l a k e s  and r i v e r s  i n  North America 
(Cof f in ,  -- e t  a l .  1949; Hutchinson and Bowen 1950; Hayes, e t  a l .  1952; R i g l e r  
1956, 1964; Hayes and P h i l l i p s  1958; Halmann and S t i l l e r  1974; Koenings 
1977) ,  and i n  Europe ( P e t e r s  1975).  K i n e t i c  work has  a l s o  been done i n  
marine systems ( H a r r i s  1957; Psmeroy 1963; Watt and Hayes 1963; P e r r y  1976; 
and Har r i son ,  -- et  a l .  1977) .  However, s t u d i e s  of ambient phospha te  u p t a k e  
rates us ing  3 2 ~  i n  c o a s t a l  e s t u a r i n e  sys tems i s  l i m i t e d  and of r e c e n t  o r i g i n  
( T a f t ,  -- e t  a l .  1975; C o r r e l l ,  -- e t  a l .  1975; Faus t  and C o r r e l l  1976) .  I n  add i -  
t i o n ,  t h e s e  l a t t e r  s t u d i e s  have been conf ined  t o  t h e  Chesapeake Bay e s t u a r y .  
Thus, t h e  need f o r  a d d i t i o n a l  in-depth  s t u d i e s  of t h e  n u t r i e n t  k i . n e t i c s  of 
e s t u a r i e s  i s  apparen t .  

The r a t e  of up take  o f  phosphate  by phytoplankton has  been shown t o  be 
ve ry  r a p i d  i n  many a q u a t i c  sys tems.  Turnover times ( t h e  t ime n e c e s s a r y  f o r  
t h e  phosphorus i n  a g iven  phase  t o  be r e p l a c e d )  r a n g e  from < I min. 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  ( R i g l e r  1964, Lean 1973) ,  from 34-155 h o u r s  
f o r  phosphorus s u f f i c i e n t  c o a s t a l  mar ine  w a t e r s  (Pomeroy 1963) ,  and from 
30-56 hours  f o r  Doboy Sound (Pomeroy 1960) .  The u p t a k e  r a t e  c o n s t a n t  of 
phosphorus ( t u r n o v e r  time-') h a s  been sugges ted  t o  be  more i n d i c a t i v e  of t h e  
n u t r i e n t  s t a t u s  of t h e  p lank ton  (e.g. ,  phosphorus l i m i t a t i o n )  t h a n  i s  t h e  
d e t e r m i n a t i o n  of t h e  c o n c e n t r a t i o n  of d i s s o l v e d  phosphate  (Pomeroy 1960, 
Healy 1973). 

S ince  t h e  f l u x  of phosphate  i n t o  a l g a l  c e l l s  i s  a l s o  a f f e c t e d  by 
p h y s i c a l  pa ramete rs  i n  t h e  e s t u a r y ,  t h e  e f f e c t s  of t e m p e r a t u r e  and l i g h t  on 
t h e  s e a s o n a l  f l u x  of phosphate  were determined.  I n  a d d i t i o n ,  o t h e r  impor- 
t a n t  i n d i c a t o r s  of phosphorus l i m i t a t i o n  of a l g a l  c e l l s  were s t u d i e d  i n  
d e t a i l :  (1) t h e  a c t i v i t y  of t h e  enzyme phosphomonoesterase (PMase) 
(Kuenzler and P e r r a s  1965, Kuenzler 1970, Rhee 1973) ,  (2) t h e  amount of su r -  
p l u s  i n o r g a n i c  phosphate  ( F i t z g e r a l d  and Nelson 1966, Rhee 1973) ,  (3)  a l t e r -  
ed  c e l l u l a r  P composi t ion (Healy 1973) ,  and (4)  changing C:P r a t i o s  (Pe te r -  
son ,  e t  a l .  1974) .  

B a c t e r i a  have a l s o  been shown t o  b e  p o t e n t i a l  major  u s e r s  o f  i n o r g a n i c  
P i n  e s t u a r i e s  (Faus t  and C o r r e l l  1976) ,  i n  sea w a t e r  ( ~ a r r i s  1957),  and i n  
f r e s h w a t e r  (Lean 1973, R i g l e r  1956) .  Thus, i t  was n e c e s s a r y  t o  q u a n t i f y  t h e  
amount of P c y c l i n g  due t o  a l g a l  and t o  b a c t e r i a l  c e l l s  b e f o r e  n u t r i e n t  
l i m i t a t i o n  t o  a l g a l  c e l l s  cou ld  be determined.  



The pathways of n i t r o g e n  c y c l i n g  i n  a q u a t i c  systems a r e  much b e t t e r  
unders tood t h a n  t h e  r a t e s  and c o n t r o l s  of t h e s e  r e a c t i o n s .  Numerous f i e l d  
s t u d i e s  have p rov ided  i n f o r m a t i o n  about  t h e  s e a s o n a l  and s p a t i a l  d i s t r i b u -  
t i o n  of n i t r o g e n ,  b u t  t h e r e  a r e  r e l a t i v e l y  few s t u d i e s  of t h e  k i n e t i c s  of 
n i t r o g e n  c y c l i n g  i n  n a t u r a l  waters. The h a n d f u l  of such s t u d i e s ,  mos t ly  i n  
deep l a k e s  and in t h e  oceans ,  have shown t h a t  t h e  l a r g e  s e a s o n a l  changes  i n  
up take  of i n o r g a n i c  n i t r o g e n  c o r r e l a t e  w i t h  changes i n  a l g a l  abundance,  t h a t  
ammonia is  taken  up i n  p r e f e r e n c e  t o  n i t r a t e  and i s  r e c y c l e d  r a p i d l y  d u r i n g  
t imes  of phytoplankton p r o d u c t i v i t y ,  t h a t  t h e r e  a r e  d i e 1  changes  i n  u p t a k e  
of i n o r g a n i c  n i t r o g e n  by phytoplankton,  and t h a t  under  some c o n d i t i o n s  l a r g e  
q u a n t i t i e s  of r e g e n e r a t e d  ammonia are r e l e a s e d  by sediments  i n t o  t h e  over- 
l y i n g  wate r .  However, o t h e r  s t u d i e s  have shown t h a t  i n  some c a s e s  regener -  
a t i o n  of ammonia by zooplankton i s  an  impor tan t  s o u r c e  of t h i s  n u t r i e n t .  I n  
f a c t ,  t h e  r a t e  of r e g e n e r a t i o n ,  r e g a r d l e s s  of t h e  s o u r c e ,  may c o n t r o l  t h e  
r a t e  of p h o t o s y n t h e s i s  i n  some s i t u a t i o n s .  Very l i t t l e  i s  known about  
n i t r o g e n  c y c l i n g  i n  r i v e r s  and e s t u a r i e s .  The assumption h a s  been t h a t  
s i n c e  n i t r o g e n  import  i n t o  t h e s e  systems i s  h igh ,  i n t e r n a l  c y c l i n g  i s  unim- 
p o r t a n t .  An important  o b j e c t i v e  of t h i s  s t u d y  was t o  t e s t  t h i s  assumption 
f o r  a  s e c t i o n  of t h e  Pamlico Es tuary  i n  e a s t e r n  North  C a r o l i n a .  

I n  t h e  p a s t ,  n u t r i e n t  budge t s  have f r e q u e n t l y  been used as a s i m p l e  
way of s t u d y i n g  r e l a t i o n s  between n i t r o g e n  and p r o d u c t i v i t y .  Most of t h e s e  
a r e  f o r  l a k e s  (e .g . ,  Keeney (1972) f o r  Lake Mendota; Edmondson (1961) f o r  
Lake Washington; Ser ruya  (1975) f o r  Lake K i n n e r e t ,  I s r a e l ;  L ikens  (1975) f o r  
Cayuga Lake; and d e  March (1975) f o r  Char Lake).  Net impor t s  of i n o r g a n i c  
n i t r o g e n  t o  marsh systems have been computed by comparisons o f  n i t r a t e  
l e v e l s  i n  f l o o d  and ebb t i d a l  w a t e r s  i n  Delaware (Aurand and Daiber  1973) 
and by c a l c u l a t i o n s  of annua l  n u t r i e n t  f l u x e s  based on monthly concen t ra -  
t i o n s  and water t r a n s p o r t s  i n  marsh c r e e k s  i n  V i r g i n i a  (Axelrad e t  a l .  1976) .  -- 
Most of t h e s e  n u t r i e n t  budge t s  a r e  o f  t h e  " input-output"  t y p e  and conse- 
q u e n t l y  t h e y  p r o v i d e  l i t t l e  i n s i g h t  on t h e  i n t e r n a l  c y c l i n g  of n i t r o g e n .  
Yet,  as c a l c u l a t e d  from comparison of i n p u t s  w i t h  p r o d u c t i o n ,  t h e  n i t r o g e n  
t h a t  e n t e r s  c o a s t a l  r i v e r s  ( S t a n l e y  and Hobbie 1977) and sa l t -marsh  eco- 
systems (Windom, e t  a l .  1975) must r e c y c l e  a  number of t i m e s  p e r  y e a r .  

When 1513 became a v a i l a b l e ,  t h e  a c t u a l  rates of u p t a k e  and r e c y c l i n g  of 
i n o r g a n i c  and o r g a n i c  n i t r o g e n  could  be  measured i n  shor t - term i n c u b a t i o n s .  
The f i r s t  a q u a t i c  s t u d y  by Dugdale and Dugdale (1965) showed t h a t  ammonia 
w a s  p r e f e r r e d  over  n i t r a t e  and t h a t  a l g a e  r a t h e r  t h a n  b a c t e r i a  were respon- 
s i b l e  f o r  most of t h e  uptake.  They a l s o  found a r a p i d  c y c l i n g  of ammonia 
( t u r n o v e r  t imes  a s  low a s  one day) i n  t h e  ep i l imnion .  These f i n d i n g s  have 
been confirmed by s e v e r a l  s t u d i e s  i n  l a k e s  (Alexander 1970, Toe tz ,  e t  a l .  -- 
1973) ,  i n  a  c o a s t a l  r i v e r  ( S t a n l e y  and Hobbie 1977) ,  i n  e s t u a r i e s  (McCarthy, 
e t  a l .  1977) ,  and i n  t h e  oceans (McCarthy and Eppley 1972; Conway 1977; -- 
Eppley,  e t  al .  1973) .  

One key p r o c e s s  i n  n i t r o g e n  c y c l i n g  a p p e a r s  t o  be  t h e  r e g e n e r a t i o n  of 
ammonia. Th is  can be e s t i m a t e d  from measurements of t h e  r a t e  of change of 
ammonia c o n c e n t r a t i o n  i n  samples incuba ted  w i t h  w a t e r  and sediments  (Hartwig 
1974; Hale  1975) o r  w i t h  w a t e r  a l o n e  (Har r i son  1974).  These a r e  measure- 



ments of n e t  f l u x  a s  t he  organisms i n  t h e  sample a r e  cont inuously t ak ing  up 
some of the regenerated n i t rogen .  Another technique (Alexander 1970) i s  t o  
incubate  the  sample wi th  1 5 ~ - ~ ~ 3  and measure t h e  d i l u t i o n  of t h e  l a b e l  wi th  
unlabe l led  ammonia; t h i s  measures t h e  t r u e  regenera t ion  r a t e .  In  o t h e r  
s t u d i e s  t he  amount of ammonia t h a t  must have been regenerated has been ca l -  
cu l a t ed  from measurements of a l g a l  photosynthesis  r a t e s ,  n u t r i e n t  concentra- 
t i o n s ,  and an assumed C:N r a t i o  (e.g., Hobbie, gt&. 1975). Another in -  
d i r e c t  technique, which we used i n  t h i s  s tudy,  involves  a  comparison of t h e  
measured ammonia a s s i m i l a t i o n  r a t e s  of plankton wi th  t h e  r a t e s  of ammonia 
input  (by runoff )  i n t o  t h e  system. I n  systems i s o l a t e d  from t h e  sediments 
(e.g., t h e  epi l imnion of a  l ake ,  an open ocean) t h e  regenera t ion  of ammonia 
from zooplankton may c o n t r o l  t h e  photosynthe t ic  r a t e  (Eppley, e t  a l .  1973; 
Smith and Whitledge 1977). I n  shallow systems t h e  ammonia regenerated from 
sediments may con t r ibu te  a l a r g e  f r a c t i o n  of t h e  ammonia p re sen t  (Hartwig 
1974; Hale 1975). 

A three-step procedure was used t o  e s t ima te  t h e  amount of r ecyc l ing  of 
n i t rogen  i n  t h e  Pamlico River. F i r s t ,  a s s i m i l a t i o n  r a t e s  of ammonia and 
n i t r a t e  by t h e  plankton were measured every two-to-four weeks. These shor t -  
term measurements were i n t e g r a t e d  over t ime and space us ing  information 
about r e l a t i o n s h i p s  between uptake and l i g h t  i n t e n s i t y ,  temperature,  and 
inorganic  n i t rogen  concent ra t ion  der ived  from a s e r i e s  of f a c t o r i a l  experi-  
ments. Secondly, t h e  inf lows of n i t r a t e ,  ammonia, and organic  n i t rogen  f o r  
one year  were ca l cu la t ed .  F i n a l l y ,  t h e  amount of recyc l ing  was es t imated  
from t h e  d i f f e r ences  between t h e  a s s i m i l a t i o n  and inf low r a t e s .  

Object ives  of the  Study 

This i n v e s t i g a t i o n  sought t o  desc r ibe  t h e  phys i ca l  cond i t i ons ,  t h e  
n u t r i e n t  concent ra t ions ,  and t h e  phytoplankton abundance a t  s i x  s t a t i o n s  
down t h e  Pamlico River es tuary  throughout a t  l e a s t  a  one year  per iod.  It 
a l s o  endeavored t o  measure the  r a t e s  a t  which t h e  phytoplankton were removing 
n i t r a t e ,  ammonium, phosphate, and inorganic  carbon under ambient condi t ions .  
Addit ional  experiments were c a r r i e d  out  t o  measure these  uptake r a t e s  a t  
o the r  temperatures ,  va r ious  l i g h t  i n t e n s i t i e s ,  increased  n u t r i e n t  concen- 
t r a t i o n s ,  and o t h e r  manipulations i n  an e f f o r t  t o  understand t h e  f a c t o r s  
c o n t r o l l i n g  t h e  uptake r a t e s .  D r .  D. W. S tan ley  took major r e s p o n s i b i l i t y  
f o r  t h e  p roduc t iv i ty  and N-cycling s t u d i e s  and D r .  J. P. Koenings f o r  t h e  P- 
cycl ing work. Comparisons were made of t h e  r a t e s  of N and P uptake r e l a t i v e  
t o  t h e  amounts of n u t r i e n t  present  i n  t h e  water and r e l a t i v e  t o  t h e  a l g a l  
requirements.  F i n a l l y ,  prel iminary process  models were cons t ruc ted  i n  o rde r  
t o  desc r ibe  phytoplankton n u t r i e n t  s t a t u s  and t h e  bas i c  f e a t u r e s  of P 
cyc l ing  i n  t h e  estuary, and t h e  inpu t s  of N ,  P, and C from t h e  watershed, 
from Pamlico Sound, and from Texasgulf,  Inc . ,  were compared t o  annual n u t r i e n t  
requirements by t h e  phytoplankton. This  r e p o r t  inc ludes  most of t h e  r e s u l t s  
of t h e  s tudy wi th  an emphasis on a n a l y s i s  of t h e  func t ioning  of t h e  e s t u a r i n e  
phytoplankton system a s  an a i d  t o  resource  management. 





METHODS 

Sampling and F i e l d  Measurements 

Hydrographic d a t a  and wate r  samples were c o l l e c t e d  p e r i o d i c a l l y  from 
October 1975 t o  J u l y  1977 a t  s i x  s t a t i o n s  a long a 48 km s t r e t c h  of t h e  
Pamlico River  between Blounts  Bay and Pamlico Sound (Fig .  1, Table  1 ) .  Most 
of t h e  samples were t a k e n  between 0700 and 1100 l o c a l  t ime.  Sampling 
f requency i s  shown on F ig .  8 below. A Beckman RS5-3 i n d u c t i o n  s a l i n o m e t e r  
w a s  used t o  measure s a l i n i t y  and t empera tu re  a t  0.5 m dep th  i n t e r v a l s  from 
s u r f a c e  t o  bottom. Underwater l i g h t  i n t e n s i t y  was a l s o  measured a t  0 .5  m 
dep th  i n t e r v a l s  w i t h  a submarine quantum meter  (Lambda I n s t r u m e n t s  Co. 
Model LI-185) which measures on ly  p h o t o s y n t h e t i c a l l y  a v a i l a b l e  r a d i a t i o n  
(PAR; 400-700 nm wavelengths) .  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 ,  q ,  was 
c a l c u l a t e d  from 

where IZ and I. = l i g h t  i n t e n s i t i e s  a t  some dep th ,  Z(m), and j u s t  benea th  
t h e  s u r f a c e .  R e p l i c a t e  d i s s o l v e d  oxygen samples were c o l l e c t e d  from two 
d e p t h s ,  0.5 m below t h e  s u r f a c e  and 0.5 m above t h e  bottom, i n  a n  APHA-type 
oxygen sampler  and were f i x e d  by t h e  a d d i t i o n  of manganous s u l f a t e  and 
a l k a l i n e  i o d i d e  f o r  Winkler a n a l y s e s  (American P u b l i c  H e a l t h  A s s o c i a t i o n  
1975).  S e v e r a l  p o l y e t h y l e n e  carboys  were f i l l e d  w i t h  w a t e r  from t h e s e  same 
two d e p t h s  by means of a Guzzler  R Pump (Cole-Parmer Ins t rument  Co.) f i t t e d  
w i t h  a p l a s t i c  hose  covered a t  t h e  i n t a k e  end w i t h  153 um mesh ny lon  n e t t i n g  
t o  exclude zooplankton.  

Within  two hours  of c o l l e c t i o n  t h e  samples were r e t u r n e d  t o  t h e  Pamlico 
E s t u a r i n e  Laboratory  of E a s t  C a r o l i n a  U n i v e r s i t y  where P, N, and C assimi- 
l a t i o n  exper iments  were conducted and where sub-samples were prepared  f o r  
v a r i o u s  a n a l y s e s .  Cleaned po lye thy lene  b o t t l e s  were f i l l e d  w i t h  f i l t e r e d  
(Whatman GF/C 47 mm d i a .  g l a s s  f i b e r  f i l t e r s )  o r  u n f i l t e r e d  w a t e r  from each 
s t a t i o n  and depth;  t h e s e  samples were immediately f r o z e n  on d r y  i c e  and k e p t  
f r o z e n  u n t i l  ana lyzed  f o r  n u t r i e n t s .  The f i l t e r s  were d r i e d  under  lamps f o r  
p a r t i c u l a t e  N a n a l y s e s  u s i n g  a Coleman Model 29 Ni t rogen  Analyzer .  Other  
samples of water were passed  through g l a s s  f i b e r  f i l t e r s  f o r  c h l o r o p h y l l ,  
p a r t i c u l a t e  o r g a n i c  C ,  and p a r t i c u l a t e  P a n a l y s e s ;  t h e s e  f i l t e r s  were f r o z e n  
u n t i l  a n a l y s i s .  F i n a l l y ,  100-ml samples of e s t u a r i n e  w a t e r  were p r e s e r v e d  
w i t h  Lugol ' s  s o l u t i o n  f o r  phytoplankton coun ts .  Chlorophyl l -a  was measured 
by t h e  method of Lorenzen (1967).  P a r t i c u l a t e  o r g a n i c  ca rbon  was determined 
by a c i d  dichromate  o x i d a t i o n  of m a t t e r  r e t a i n e d  by Whatman GF/C  f i l t e r s  
( S t r i c k l a n d  and Parsons  1972) .  Disso lved  o r g a n i c  carbon was measured i n  t h e  
f i l t r a t e  a f t e r  p e r s u l f a t e  o x i d a t i o n  of carbon and f l u s h i n g  of t h e  CO th rough  
a Beckman Model 215A i n f r a r e d  a b s o r p t i o n  g a s  a n a l y z e r  ( S t r i c k l a n d  an2  Par- 
sons  1972).  

Phytoplankton Abundance 

Samples f o r  phytoplankton coun ts  were o b t a i n e d  from t h e  same ca rboys  of 





Table  1. Locat ion,  depth,  and c ro s s - s ec t i ona l  area of Pamlico River  S t a t i o n s .  

Mean Depth 
S t a t i o n  River  km Coord ina tes  (m) 

1 0 ~ 7 6 ~ 5 7 ' 3 4 "  - ~ 3 5 ~ 2 7 ' 4 0 "  2.3 

2 9 W76"52'30n - ~ 3 5 ~ 2 6 ' 3 0 "  2.7 

3 1 6  W76"48'3OW - N35O25'15" 3.3 

4 2 6 W76"43'3OU - ~ 3 5 ~ 2 3 ' 3 0 "  3.6 

5 3 8 ~ 7 6 ~ 3 7 ' 0 0 "  - N35"21145" 4.0 

6 4 8 ~ 7 6 ~ 2 6 ' 0 0 "  - ~ 3 5 ~ 1 9 ' 1 5 "  3.4 

X-sect ional  Area 
(103 ,*) 

9.4 

10.3 

15.5 

22.3 

25.8 

33 .O 



e s t u a r i n e  w a t e r  from which wate r  f o r  n u t r i e n t  a n a l y s e s  and k i n e t i c  measure- 
ments were t a k e n ,  and were p r e s e r v e d  w i t h  Lugols s o l u t i o n  (0.5 m1/100 m l  
sample) ,  Resources p e r m i t t e d  coun t ing  a l g a e  a t  on ly  3  s t a t i o n s  and 8 d a t e s ;  
on ly  s u r f a c e  samples were counted.  The drop-sedimentat ion method (American 
P u b l i c  Hea l th  A s s o c i a t i o n  1965) was used f o r  enumeration.  The sample w a s  
thoroughly shaken,  1 0  m l  was t r a n s f e r r e d  t o  a c o n i c a l  c e n t r i f u g e  t u b e  and 
c e n t r i f u g e d  a t  h igh  speed f o r  1 0  minu tes ,  a l l  bu t  about  0 .5  m l  of t h e  
c e n t r i f u g a t e  w a s  decan ted  o f f ,  and t h e  sedimented c e l l s  were resuspended i n  
t h i s  remaining c e n t r i f u g a t e  by r e p e a t e d l y  drawing i t  up i n t o  a P a s t e u r  p i p e t .  
The number of d rops  of suspens ion  was recorded ,  one o r  two d r o p s  were  p l a c e d  
on a microscope s l i d e  and covered w i t h  a 22 x  22 rnm cover  s l i p ,  and t h e  
phytoplankton were counted at  450X a long  s e v e r a l  t r a n s e c t s  u n t i l  a t  l e a s t  40, 
u s u a l l y  more t h a n  65, i n d i v i d u a l s  of t h e  most abundant s p e c i e s  had been 
counted.  Emphasis was p laced  on i d e n t i f i c a t i o n  and s a t i s f a c t o r y  enumerat ion 
of s p e c i e s  which would c o n t r i b u t e  most t o  a l g a l  biomass r a t h e r  t h a n  t o  t h e  
ve ry  s m a l l  o r  r a r e  s p e c i e s .  The r e p o r t  by Campbell (1973) was most u s e f u l  
f o r  i d e n t i f i c a t i o n  of f l a g e l l a t e s ;  o t h e r  impor tan t  taxonomic r e f e r e n c e s  f o r  
t h i s  s t u d y  were Hendy (1964), Cocke (1967), Hulbur t  (1957),  and Whit ford  and 
Schumacher (1969). Although t h e  dominant s p e c i e s  were u s u a l l y  i d e n t i f i e d  
wi th  c e r t a i n t y ,  i t  w a s  n o t  p o s s i b l e  t o  i d e n t i f y  many of t h e  less common 
s p e c i e s ,  e s p e c i a l l y  t h e  s m a l l  forms less t h a n  about  5  pm d iamete r .  These 
s m a l l  d ia toms ,  b lue-greens ,  g r e e n s ,  and s e v e r a l  k i n d s  of f l a g e l l a t e s  were 
o f t e n  t a l l i e d  t o g e t h e r ;  i n  on ly  a  few c a s e s  were they s o  abundant t h a t  t h e i r  
t o t a l  c e l l  volumes exceeded t h a t  of t h e  l a r g e r ,  i d e n t i f i a b l e  s p e c i e s .  The 
phytoplankton c e l l  volumes were e s t i m a t e d  from dimensions  of c e l l s  measured 
d u r i n g  t h e  i d e n t i f i c a t i o n  and count ing phases ,  o r  were t aken  f rom Campbell 
(1973).  

T r a c e r  Uptake Experiments 

32 14c, 15?J, and P i n c u b a t i o n s  were c a r r i e d  o u t  s i m u l t a n e o u s l y  i n  a  s e t  
of f o u r  t empera tu re -con t ro l l ed  wate r  b a t h s  p laced  indoors  a t  t h e  Pamlico 
E s t u a r i n e  Laboratory .  Usua l ly  two o r  t h r e e  t empera tu res  were used  f o r  each  
exper iment ,  and t h e s e  were changed th roughout  t h e  y e a r  as t h e  ambient 
e s t u a r i n e  t empera tu re  r o s e  and f e l l .  The w a t e r  b a t h s  were lighgted from 
above by a bank of 40-watt Gro-Lux f l u o r e s c e n t  l i g h t s  which produced a l i g h t  
i n t e n s i t y  of 95 m i c r o e i n s t e i n s  *m2 0sec-l (PAR) a t  t h e  d e p t h  of sample incuba- 
t i o n ;  t h i s  i n t e n s i t  w i l l  be termed 100%. It was about  6% of f u l l  s u n l i g h t  
a s  measured w i t h  t h  t: same l i g h t  mete r .  Four reduced l i g h t  l e v e l s  (55%, 33%, 
12%, and 5% of f u l l  l a b o r a t o r y  i l l u m i n a t i o n )  were produced by wrapping 
sample b o t t l e s  w i t h  l a y e r s  of g ray  F i b e r g l a s s  s c r e e n i n g  which t r a n s m i t s  
e q u a l l y  a l l  wavelengths  i n  t h e  range  400 t o  700 nm. Dark b o t t l e s  were 
e i t h e r  wrapped i n  aluminum f o i l  o r  p l a c e d  i n  l i g h t - t i g h t  metal boxes.  Incu- 
b a t i o n s  were u s u a l l y  begun w i t h i n  2 hours  a f t e r  c o l l e c t i o n  o f  t h e  samples  
and u s u a l l y  l a s t e d  2 t o  12 hours .  

Primary P r o d u c t i v i t y  

1 4  Phytoplankton p h o t o s y n t h e s i s  was e s t i m a t e d  by t h e  carbon- t e c h n i q u e  
of Steemann-Nielsen (1952). Samples of e s t u a r i n e  w a t e r  were i n c u b a t e d  i n  



1 4  
125-ml g lass - s toppered  b o t t l e d  w i t h  1 m l  of a s o l u t i o n  of N a H  CO3. A f t e r  
i n c u b a t i o n  t h e  phytoplankton w a s  k i l l e d  w i t h  Lugol ' s  1 2 - K I  (sodium a c e t a t e )  
s o l u t i o n  (Vollenweider 1974) and f i l t e r e d  o n t o  0.45 pm membrane f i l t e r s  
( M i l l i p o r e  HA). The f i l t e r s  were d r i e d  and s t o r e d  u n t i l  t h e i r  r a d i o a c t i v i t y  
could  be  determined w i t h  a Packard Tri-Carb Model 3320 l i q u i d  s c i n t i l l a t i o n  
coun te r  o r  a  Nuclear Chicago end-window counte r .  

Carbonate a l k a l i n i t y  was measured by t i t r a t i n g  a  50-ml water sample 
w i t h  0.02 N H C 1  t o  an  endpoint  pH of 5.4,  where t h e  Saurebindungsvermogen 
(SBV) i n d i c a t o r  undergoes a d i s t i n c t  c o l o r  change from g r e e n  t o  c l e a r  g r a y  
t o  r e d  (Kar lgren 1962) .  During t h e  t i t r a t i o n  n i t r o g e n  g a s  w a s  bubbled 
through t h e  sample i n  a s i n t e r e d  g l a s s  f u n n e l  t o  h o l d  t h e  C02 t e n s i o n  low 
an$ f o r c e  t h e  e q u i l i b r i u m  toward ca rbon  d i o x i d e .  Carbonate  a l k a l i n i t y  (meq* 
1' ) was c a l c u l a t e d  as fo l lows :  

s b  
where H C 1  e q u a l s  t h e  m l  of a c i d  used t o  t i t r a t e  t h e  sample, HC1 e q u a l s  t h e  
m l  of a c i d  t o  t i t ra te  a b lank  of 50 m l  of d i s t i l l e d  wa te r ;  N is  t h e  normal i -  
t y  of t h e  a c i d  used ,  and v  e q u a l s  t h e  volume (ml) of sample t i t r a t e d .  
Dissolved i n o r g a n i c  carbon (DIC; mg c.1-l)  a v a i l a b l e  f o r  p h o t o s y n t h e s i s  was 
t h e n  c a l c u l a t e d  as: 

Values f o r  F,  a  f a c t o r  t h a t  v a r i e s  w i t h  pH and s a l i n i t y ,  were c a l c u l a t e d  
from Harvey (1957) and Vol lenweider  (1974). I n  t h o s e  c a s e s  where pH w a s  n o t  
measured, F w a s  assumed t o  be 1.00; t h i s  approximat ion w a s  probably  w i t h i n  
f 10% i n  most c a s e s .  

-1 -1 
F i n a l l y ,  p h o t o s y n t h e s i s  r a t e s  (mg C - 1  oh ) were c a l c u l a t e d  a s  

f o l l o w s  : 

P h o t o s y n t h e s i s  = 
(14~,ssj,-) (1.06) (- 

(14~add.)  (h) 
1 4  

w e r e  C a s s h .  i s  t h e  c o r r e c t e d  c o u n t s  p e r  minute  (cpm) on t h e  f i l t e r ,  1-8 Cadd, i s  cpm of i s o t o p e  added t o  t h e  b o t t l e  , and h  i s  t h e  1eng;th of t h e  
i n c u b a t i o n  p e r i o d  i n  hours .  The f a c t o r  1.06 c o r r e c t s  f o r  d i s c r i m i n a t i o n  
a g a i n s t  t h e  h e a v i e r  carbon-14 i s o t o p  2,  

N i t r a t e  and Ammonium Uptake 

The 1 5 ~  t r a c e r  t echn ique  f o r  measuring u p t a k e  of n i t r a t e  and anxnonia i n  
samples of e s t u a r i n e  water w a s  similar t o  t h a t  u s  d  by Du d a l e  and Goering 15 (1967). F i r s t ,  a known amount of 1 5 ~ - l a b e l e d  N a  NO3 o r  f5NH4C1 was added 
t o  t h e  water i n  1-liter g l a s s - s t o p  e r e d  b o t t l e s .  The amount of l a b e l e d  
compound added normal l  was 1 5  pg e5N ( 1  pg-at N 1 - I )  a s  ammonia o r  n i t r a t e .  
A f t e r  i n c u b a t i o n ,  t h e  315N samples were k i l l e d  w i t h  Lugol ' s  a c e t i c  a c i d  s o l u -  
t i o n  and f i l t e r e d  o n t o  Whatman GF/C g l a s s - f i b e r  f i l t e r s  which were t h e n  
d r i e d  and s t o r e d  i n  g l a s s i n e  envelopes .  L a t e r ,  p a r t i c u l a t e  n i t r o g e n  on t h e  



f i l t e r s  was conver ted  t o  N2 by Dumas combustion u s i n  a  Coleman Model 29 
Ni t rogen Analyzer (Barsda te  and Dugdale 1965).  The e5N:14N r a t i o  of t h e  N2 
w a s  determined w i t h  a  mass s p e c t r o m e t e r ,  t h e  r a t i o  w a s  conver ted  t o  atom p e r  
c e n t  1 5 N ,  and t h e  enrichment o v e r  t h e  normal atom p e r  c e n t  1 5 N  (0.37) of t h e  
o r g a n i c  m a t e r i a l  was c a l c u l a t e d .  The r a t e  of n i t r o g e n  up take  (mg ~ - l ' ~ . h ' ~ )  
was c a l c u l a t e d  a s :  

N up take  r a t e  = 
(PN) (Af 

(h) ' (Ai) Y 

where PN i s  t o t a l  amount of p a r t i c u l a t e  n i t r o g e n  on t h e  f i l t e r  (determined 
a s  d e s c r i b e d  above) ,  Ai i s  t h e  atcam p e r  c e n t  e x c e s s  1 5 ~  of t h e  ammonia o r  
n i t r a t e  f r a c t i o n  i n  t h e  sample j u s t  a f t e r  t h e  i s o t o p e  was added, Af i s  t h e  
atom p e r  c e n t  e x c e s s  1 5 N  i n  t h e  p a r t i c u l a t e  n i t r o g e n  on t h e  f i l t e r  a t  t h e  
end of t h e  exper iment ,  and h  is  t h e  d u r a t i o n  of t h e  i n c u b a t i o n  p e r i o d  i n  
hours .  

The e f f e c t  of n i t r a t e  o r  ammonia on t h e  up take  r a t e  of t h e  o t h e r  w a s  
measured exper imenta l ly .  Ni t ra te -up take  was measured i n  a  series of sub- 
samples of e s t u a r i n e  w a t e r  t o  which v a r i o u s  amounts of ammonium had been 
added, and ammonium up take  was measured i n  a n o t h e r  set i n  which v a r i o u s  
amounts of n i t r a t e  had been added. 

Phosphate Uptake 

The r a t e  of phosphate  u p t a k e  by p lank ton  i n  t h e  Pamlico River  was mea- 
s u r e d  through t h e  u s e  of c a r r i e r - f r e e  3 2 ~ - o r t h o p h o s p h a t e  t r a c e r  ( 3 2 ~ ) .  The 
t r a c e r  was mixed w i t h  250 m l  of e s t u a r y  w a t e r  which had been brought  t o  
t empera tu re  i n  t h e  i n c u b a t o r .  A f t e r  p e r i o d s  of about  2 ,  5 ,  1 0 ,  20, e t c .  

m i n u t e s ,  1 0  m l  samples were removed and f i l t e r e d  w i t h  g e n t l e  vacuum th rough  
25 mm diameter  0.45 urn M i l l i p o r e  f i l t e r s .  When up take  w a s  s low,  sampl ing 
con t inued  f o r  about  12 h. The f i l t e r s  and f i l t r a t e  were p l a c e d  i n t o  l i q u i d  
s c i n t i l l a t i o n  v i a l s ,  10 m l  of  d i s t i l l e d  water were added t o  t h e  f i l t e r ,  and 
t h e  r a d i o a c t i v i t y  was counted by e e r e n k o v  r a d i a t i o n  (Haberer 1965) on a 
Packard Tr i -ca rb  Model 3320 l i q u i d  s c i n t i l l a t i o n  coun te r .  An e x p e r i m e n t a l l y  
determined c o r r e c t i o n  w a s  a p p l i e d  f o r  t h e  a c t i v i t y  (0.89 + .11% of f i l t r a t e  
a c t i v i t y )  of t h e  m o i s t u r e  r e t a i n e d  and phosphate  adsorbed by t h e  u n r i n s e d  
f i l t e r  . 

Phosphate i s  removed from s o l u t i o n  e i t h e r  e x p o n e n t i a l l y  o r  l i n e a r l y  
depending on t h e  l i g h t ,  t empera tu re ,  biomass,  and n u t r i e n t  l e v e l  o f  t h e  
sample. I n  de te rmin ing  t h e  rate of movement of s t a b l e  o r  n o n - r a d i o a c t i v e  
phosphorus two assumptions  were made: (1)  t h a t  uniform mixing of t r a c e r  
w i t h  non- rad ioac t ive  phosphate  t a k e s  p l a c e ,  w i t h  t h e  t r a c e r  moving a t  t h e  
same r a t e  a s  i t s  s t a b l e  c o u n t e r p a r t ,  and ( 2 )  a s t e a d y  s t a t e  e x i s t s  between 
t h e  p a r t i c u l a t e  and s o l u b l e  phases .  

The r a t e  c o n s t a n t ,  k ,  f o r  phosphate  up take  was o b t a i n e d  by: 
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where A, = i n i t i a l  a c t i v i t y  of f i l t e r a b l e  P; At = a c t i v i t y  of f i l t e r a b l e  
3 2 ~  a t  a  l a t e r  t ime,  and t = elapsed time. The r a t e  cons tan t ,  k, has t h e  
u n i t s  of r ec ip roca l  time (e.g., min-l) . When uptake r a t e s  were h igh  and k 
decreased markedly wi th  t ime, only t h e  i n i t i a l  samples were used. Linear  
regress ions  of I n  A aga ins t  time were used t o  o b t a i n  k. 

The r a t e  constant  (k) i s  a  r e l a t i v e  number which i n d i c a t e s  t h e  f r a c t i o n  
of t h e  inorganic P pool  being t r a n s f e r r e d  t o  p a r t i c u l a t e  mat te r  (mostly 
phytoplankton; some b a c t e r i a l  uptake; some c l ay  adsorp t ion ,  e t c . )  pe r  u n i t  
time. Phosphate turnover  time ( l / k )  is  t h e  time requi red  f o r  t h e  inorganic  
phosphate i n  the  water  t o  be replaced by an equiva len t  amount of phosphate. 
The r a t e  of phosphate uptake (v) (e.g. ,  pg-at  mi) was c a l c u l a t e d  
by mult iplying t h e  r a t e  cons tan t  by t h e  concent ra t ion  of f i l t e r a b l e  r e a c t i v e  
P (FRP) i n  the  water :  

v  = k*  (FRP) 

The assumption t h a t  FRP i s  equiva len t  t o  d isso lved  orthophosphate i s  d i s -  
cussed l a t e r .  This r a t e  and t h e  concent ra t ion  of a l g a l  P i n  t h e  water per- 
mi t ted  es t imat ion  of t h e  turnover  t ime of P i n  a l g a l  form: 

Turnover Time (min) = a l g a l  P/v (8 

The e f f e c t  of temperature o n  phosphorus uptake was e s t a b l i s h e d  i n  
add i t i ona l  experiments where samples of e s t u a r i n e  water  were he ld  a t  temper- 
a t u r e s  about 10 C above and below ambient e s tua ry  temperature a t  100% l i g h t .  
Af te r  temperature e q u i l i b r a t i o n  (10-15 min) was reached, 3 2 ~  was added t o  
warmed o r  cooled samples and the  uptake r a t e s  were ca l cu la t ed  a s  f o r  t h e  
ambient temperature experiments. To t e s t  whether t h e  s h i f t  i n  tem e r a t u r e  
was de t r imen ta l  t o  t he  plankton, experiments were performed us ing  E4C. 
Estuar ine  water  temperature was r a i s e d  o r  decreased about 10 C f o r  1 hour, 
then re turned  t o  ambient temperature and incubated wi th  l a b e l l e d  HCO;. The 
1 4 ~  uptake by t h e  experimental samples was then compared t o  t h a t  of samples 
incubated a t  t h e  ambient temperature which had no t  experienced a  temperature 
per turba t ion .  I f  t he  photosynthet ic  r a t e  remained t h e  same, we assumed t h a t  
t he  temperature change d id  not  damage t h e  plankton. 

The e f f e c t s  of l i g h t  and darkness ,  of increased  n u t r i e n t  l e v e l s ,  and of 
b a c t e r i a l  uptake were examined i n  a d d i t i o n a l  experiments.  Samples of 
e s tua ry  water  l a b e l l e d  wi th  3 2 ~  were incubated e i t h e r  a t  a  f u l l  l abo ra to ry  
l i g h t  i n t e n s i t y  o r  i n  t h e  dark. To determine t h e  e f f e c t  of p o s s i b l e  n u t r i e n t  
l i m i t a t i o n  of t he  uptake r a t e  of P by plankton, samples of e s tua ry  water  
were enriched with s e v e r a l  concent ra t ions  of ammonium and phosphate j u s t  
p r i o r  t o  t h e  a d d i t i o n  of 3 2 ~  t r a c e r .  The uptake r a t e s  were then  determined 
i n  t h e  same manner a s  t h e  100% l i g h t ,  ambient temperature samples. K ine t i c  
parameters of phosphate uptake a s  a  func t ion  of phosphate concent ra t ion  were 
determined from t h e  Michaelis-Menten equat ion:  

v . S 
max v = K + S  
s 



where v  is  t h e  measured up take  rate, Vmax i s  t h e  maximum uptake  r a t e  when 
phosphate  c o n c e n t r a t i o n s  a r e  h i g h  enough t h a t  t h e y  " s a t u r a t e "  t h e  u p t a k e  
mechanism, S i s  t h e  s u b s t r a t e  (phosphate) c o n c e n t r a t i o n ,  and K i s  t h e  phos- 
p h a t e  c o n c e n t r a t i o n  where v  = one-half of Vmax. K i s  o f t e n  t%rmed t h e  
h a l f - s a t u r a t i o n  c o e f f i c i e n t .  

S 

The importance of b a c t e r i a l  up take  r e l a t i v e  t o  phy top lank ton  u p t a k e  was 
i n v e s t i g a t e d  on samples from n e a r  t h e  s u r f a c e  o r  t h e  bottom by d i f f e r e n t i a l  
f i l t r a t i o n  ahd by i n c u  a t i o n  w i t h  a n t i b i o t i c s .  Subsamples of e s t u a r y  w a t e r  
incuba ted  w i t h  e i t h e r  92P o r  14c were f i l t e r e d  th rough  8 pm M i l l i p o r e  mem- 
b ranes  w i t h  t h e  f i l t r a t e  immediately be ing  passed  through a  0.45 u m  membrane 
t o  determine t o t a l  a c t i v i t y  a s  a  check on t h e  s e p a r a t i o n  e f f i c i e n c y .  F i n a l -  
l y  some e s t u a r i n e  wa te r  r e c e i v e d  a  0.5 t o  1.0 hour p r e i n c u b a t i o n  p e r i ~ f  w i t h  - 1 
a n t i b i o t i c s  ( p e n i c i l l i n  G a t  50 pg* 1 and s t rep tomycin  a t  100 p g ~ m l  ) a f t e r  
which i t  was l a b e l l e d  w i t h  3 2 ~  o r  "C and t r e a t e d  a s  t h e  c o n t r o l  samples  t o  
determine t h e  r a t e  of 3 2 ~  and 14c up take  a f t e r  b a c t e r i a l  i n h i b i t i o n .  The 
amount of r e d u c t i o n  of 14c u p t a k e  by a n t i b i o t i c  t r e a t m e n t  was used  t o  i n d i -  
c a t e  t h e  e x t e n t  t o  which v i a b i l i t y  o r  metabolism of t h e  phy top lank ton  was 
reduced ,  Percen tage  of t o t a l  3 2 ~  u p t a k e  a t t r i b u t a b l e  t o  a l g a e  o r  t o  b a c t e r i a  
i n  s u r f a c e  o r  bottom w a t e r s  i n  each s i z e  c l a s s  (> 8 o r  < 8 um) w a s  d e t e r -  
mined from t h e  e f f e c t  of a n t i b i o t i c  t r e a t m e n t .  B a c t e r i a l  u p t a k e  (Z) was 
c a l c u l a t e d  by s u b t r a c t i n g  t h e  P  up take  r a t e  i n  t h e  a n t i b i o t i c - t r e a t e d  
samples from t h e  u p t a k e  i n  t h e  c o n t r o l  sample f o r  each  s i z e  c l a s s .  

Poisons  were added t o  250 m l  of e s t u a r y  w a t e r  t o  de te rmine  a b i o t i c  
removal of 3 2 ~ ,  P r e i n c u b a t i o n  w i t h  t h e  p o i s o n  took p l a c e  a t  1002 li h t  and 
ambient w a t e r  t empera tu res  f o r  1 hour p r i o r  t o  t h e  a d d i t i o n  of t h e  3qP 
t r a c e r ,  a f t e r  which up take  was fo l lowed  e x a c t l y  a s  f o r  t h e  nonpoisoned 
samples.  The po i sons  and f i n a l  c o n c e n t r a t i o n s  were: sodium a z i d e  (0 .04%),  
formaldehyde (0.74%), chloroform ( s a t u r a t e d )  , g l u t a r a l d e h y d e  (0 .5%) ,  Lugol '  s 
s o l u t i o n  (0.036% 1 2 ) ,  mercur ic  c h l o r i d e  (0.2 mg), and m e r t h i o l a t e  (0.04%) 
were used i n  t e s t  comparisons.  K i l l e d  exper iments  th roughout  t h e  s t u d y  were 
r u n  u s i n g  e i t h e r  formaldehyde o r  g l u t a r a l d e h y d e ;  up take  r a t e s  of k i l l e d  
samples were s u b t r a c t e d  from u n k i l l e d  samples t o  e s t i m a t e  b i o l o g i c a l  phos- 
p h a t e  removal. 

3  2  
3  2  

F i l t e r a b l e  u n r e a c t i v e  3 2 ~  (FU P) was counted on w a t e r  from which t h e  
FR P  had been e x t r a c t e d .  F R ~ ~ P  e x t r a c t i o n  was performed on 1 0  m l  of sample 
t o  which was added i n  o r d e r  5.0 m l  of i s o b u t a n o l ,  1 .0  m l  of a 0.5% ammonium 
molybdate s o l u t i o n  and 0.5 m l  of 4  N HC1.  The sample was shaken f o r  30 
seconds ,  and t h e n  l e t  s t a n d  f o r  1 - 2 m i n .  f o r  t h e  phases  t o  s e p a r a t e .  The 
e x t r a c t i o n  e f f i c i e n c y  w a s  99.8% under  a v a r i e t y  o f  s a l t  and i n o r g a n i c  P 
c o n c e n t r a t i o n s .  The a c t i v i t y  of t h e  remaining F U ~ ~ P  was c o r r e c t e d  f o r  t h i s  
i n e f f i c i e n c y  a s  w e l l  a s  f o r  quenching which o c c u r r e d  d u r i n g  coun t ing  by 
A 
Cerenkov r a d i a t i o n .  

I n t e g r a t e d  N u t r i e n t  Uptake Ra tes  

To f a c i l i t a t e  comparisons between n u t r i e n t  i n f l o w  and n u t r i e n t  a s s i m i -  
l a t i o n  i n  t h e  e s t u a r y  we e x t r a p o l a t e d  t h e  h o u r l y  up take  r a t e s  f rom t h e  
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i n c u b a t o r  measurement ( a t  95 p-e ins te insem * s e c  l i g h t  i n t e n s i t y )  t o  
d e p t h - i n t e g r a t e d  d a i l y ,  monthly,  and annua l  r a t e s .  The p rocedure  was f i r s t  
t o  compute t h e  average  d a i l y  up take  of carbon,  n i t r o g e n  and phos- 
phorus p e r  m2 of r i v e r  s u r f a c e  between each two c o n s e c u t i v e  sampling d a t e s  
a s  d e s c r i b e d  below. Then w e  i n t e r p o l a t e d  between t h e s e  e s t i m a t e s  t o  o b t a i n  
t h e  r a t e s  cor responding  t o  t h e  i n t e r v e n i n g  days .  The n e x t  s t e p  was t o  sum, 
f o r  each s t a t i o n ,  a l l  t h e  d a i l y  rates t o  g i v e  e s t i m a t e s  of monthly and 
a n n u a l  uptake p e r  m2 of r i v e r  s u r f a c e .  F i n a l l y ,  w e  m u l t i p l i e d  t h e s e  a r e a l  
rates by t h e  r i v e r  s u r f a c e  a r e a  f o r  e s t i m a t e s  of t o t a l  ca rbon ,  n i t r o g e n ,  
and phosphorus up take  i n  t h e  e s t u a r y  ( tonnes  yr-l) .  

The d e p t h - i n t e g r a t e d  d a i l y  e s t i m a t e s  f o r  ca rbon  and n i t r o g e n  were com- 
puted by a  numer ica l  i n t e g r a t i o n  t echn ique  similar t o  t h a t  of Fee (1973).  
B r i e f l y ,  t h e  t e c h n i q u e  was t o  combine i n  an  i n t e r p o l a t i o n  scheme measured 
r e l a t i o n s h i p s  f o r  up take  r a t e  E. l i g h t ,  l i g h t  v s .  w a t e r  dep th ,  and l i g h t  
y s .  t ime of day. The f i r s t  s t e p  w a s  t o  d i v i d e  z e  w a t e r  column i n t o  0.2 m 
t h i c k  l a y e r s  and t o  d i v i d e  t h e  day i n t o  one-hour i n t e r v a l s .  Then, f o r  each  
t ime i n t e r v a l ,  t h e  l i g h t  i n t e n s i t y  (IZ) at mid-depth of each  segment was 
c a l c u l a t e d  by t h e  f o l l o w i n g  e q u a t i o n :  

where I i s  t h e  average  s u r f a c e  l i g h t  i n t e n s i t y  f o r  t h a t  hour ,  n i s  t h e  
v e r t i c a ?  e x t i n c t i o n  c o e f f i c i e n t  i n  t h e  e s t u a r y  (F ig .  6 ) ,  and Z i s  t h e  w a t e r  
mid-depth (m). S u r f a c e  l i g h t  i n t e n s i t i e s  (I,) were  computed from t o t a l  
d a i l y  r a d i a t i o n  v a l u e s  ( i n  l a n g l e y s )  f o r  Cape H a t t e r a s ,  North C a r o l i n a  
( d a t a  provided by N a t i o n a l  C l i m a t i c  Cen te r ,  U.  S .  Department of C:ommerce). 
Next, p h o t o s y n t h e s i s  and n i t r o g e n  up take  r a t e s  cor responding  t o  each d e p t h  
were o b t a i n e d  from l i g h t  i n t e n s i t y  v_~. r a t e  c u r v e s  (e .g . ,  F ig .  31) .  
F i n a l l y ,  t h e  sum of t h e s e  r a t e s  f o r  each v e r t i c a l  segment e q u a l l e d  t h e  
h o u r l y  a r e a l  r a t e  (mg m-2 * h'l). The p rocedure  w a s  r e p e a t e d  f o r  each  
hour of t h e  day, and t h e  h o u r l y  i n t e g r a l s  were summed t o  g i v e  t h e  d a i l y  
rates p e r  u n i t  a r e a .  S ince  darkness  had l i t t l e  e f f e c t  on phosphorus u p t a k e ,  
no c o r r e c t i o n  was made f o r  l i g h t  i n t e n s i t y  i n  computing t h e  dep th- in te -  
g r a t e d  d a i l y  u p t a k e  of phosphorus.  I n s t e a d ,  t h e  i n c u b a t o r  rates f o r  su r -  
f a c e  s a n p l e s  a d j u s t e d  t o  ambient r i v e r  t e m p e r a t u r e ,  were e x t r a p o l a t e d  
d i r e c t l y  t o  up take  p e r  m2, D e t a i l s  of t h e  i n t e g r a t i o n  schemes may b e  ob- 
t a i n e d  from t h e  a u t h o r s .  

N u t r i e n t  Analyses 

The Limnology Labora to ry  of t h e  Department of Environmental  Sc iences  
and Engineer ing performed a n a l y s e s  f o r  f i l t e r a b l e  r e a c t i v e - P  (FRP), t o t a l  
f i l t e r a b l e - P ,  t o t a l  P, n i t r i t e ,  n i t r a t e ,  ammonium, and f i l t e r a b l e  K j e l d a h l  
N ,  P a r t i c u l a t e  P w a s  c a l c u l a t e d  as ( t o t a l  P I - ( t o t a l  f i l t e r a b l e  P ) ,  and 
f i l t e r a b l e  u n r e a c t i v e  P (FUP) as ( t o t a l  f i l t e r a b l e  P ) - ( f i l t e r a b l e  r e a c t i v e  
P ) .  Disso lved  o r g a n i c  N (DON) was o b t a i n e d  by d i f f e r e n c e  between f i l t e r -  
a b l e  K j e l d a h l  N and ammonium. Time l a p s e  between sampling and a n a l y s i s  
u s u a l l y  w a s  two weeks o r  l e s s .  A l l  a n a l y t i c a l  p rocedures  were automated 
u s i n g  Technicon Autoanalyzer  equipment and EPA approved methods a s  sum- 
marized i n  Tab le  2. P r e c i s i o n  was c o n t r o l l e d  i n  t h e s e  a n a l y s e s  by runn ing  



Table 2. Methods used f o r  n i t rogen  and phosphorus and mean (t standard 
e r r o r )  recovery of n u t r i e n t  sp ikes  added t o  Pamlico River water.  

Nut r ien t  

Ammonia 

N i t r i t e  

N i t r a t e  

Tot a 1  K j  e l d a h l  
Nitrogen 

F i l t e r a b l e  React ive P 

T o t a l  F i l t e r a b l e  P 

T o t a l  P 

Method 

Automated Colorimetr ic  
Method, Phenolate 

Automated Colorimetr ic  

Automated Cadmium 
Reduction 

Automated Phenolate 
Method 

Automated Ascorbic Acid 
Reduction 

Persulf  a t e  Digest ion;  
Automated Ascorbic 
Acid Reduction 

Pe r su l f a t e  Digest ion;  
Automated Ascorbic Acid 
Reduc t ion  

Reference 

*EPA, p. 168 

EPA, p. 215 

EPA, p. 207 

EPA, p. 182 

EPA, p. 256 

EPA, p. 256 

EPA, p. 256 

Percent  Recovery 
(mean + S.E.) 

*Environmental P ro t ec t ion  Agency, 1974. 



a l l  samples i n  d u p l i c a t e ,  Accuracy w a s  checked i n  two ways. Where a v a i l -  
a b l e ,  EPA c o n t r o l s  were ana lyzed  w i t h  every run.  Also approximately  10% of 
r o u t i n e  a n a l y s i s  t i m e  was spend de te rmin ing  recovery  of known inc rements  o f  
s t a n d a r d s  ( s p i k e s )  t o  samples.  Average r e c o v e r i e s  of t h e s e  s p i k e s  was good 
excep t  f o r  K j e l d a h l  N (Table 2 ) ;  v a l u e s  f o r  DON r e p o r t e d  h e r e  have been 
c o r r e c t e d  by m u l t i p l y i n g  K j e l d a h l  N by 2.19 (excep t  i n  Appendix 1 where un- 
c o r r e c t e d  t o t a l  K j e l d a h l  N and DON are g i v e n ) .  S tandards  were r o u t i n e l y  
r u n  a t  t h e  beg inn ing  and end of each  sample run.  

S t a b l e  p a r t i c u l a t e  P ,  d e f i n e d  as phosphorus r e t a i n e d  on washed 47 mm 
Whatman GF/C g l a s s  f i b e r  f i l t e r s  a f t e r  g e n t l e  f i l t r a t i o n ,  was s p l i t  i n t o  
f o u r  f r a c t i o n s  (F ig .  2 ) .  Depending on phytoplankton abundance, 250-500 m l  of 
e s t u a r i n e  wa te r  w a s  f i l t e r e d ;  samples and b lanks  were done i n  t r i p l i c a t e .  
The f i l t r a t e  w a s  f r o z e n  f o r  a n a l y s e s  of s t a b l e  f i l t e r a b l e  P  ( s e e  below). 
Hot-water e x t r a c t a b l e  P ( F i t z g e r a l d  and Nelson 1966) w a s  o b t a i n e d  by p l a c i n g  
t h e  f i l t e r  i n t o  a  c u l t u r e  t u b e ,  adding 1 0  m l  of d e i o n i z e d  w a t e r ,  and h e a t i n g  
t h e  t u b e  i n  a  b o i l i n g  w a t e r b a t h  f o r  1 h r .  The e x t r a c t  was f i l t e r e d  i n t o  a 
s m a l l  po lye thy lene  b o t t l e  and f r o z e n  f o r  l a t e r  d e t e r m i n a t i o n  of s u r p l u s  
i n o r g a n i c  P  and ,  a f t e r  p e r s u l f a t e  d i g e s t i o n ,  t o t a l  s u r p l u s  P; t h e  amount of 
s u r p l u s  organic-P w a s  c a l c u l a t e d  by d i f f e r e n c e  (Fig .  2 ) .  The f i l t e r s  were 
a l s o  f r o z e n  f o r  l a t e r  d e t e r m i n a t i o n  of p a r t i c u l a t e  inorganic-P and p a r t i c u -  
l a t e  e s s e n t i a l  P. P a r t i c u l a t e  inorganic-P (probably  mos t ly  adsorbed P, and 
Fe, A l ,  o r  Ca s a l t s )  (Olsen and Dean 1965) w a s  e x t r a c t e d  from t h e  thawed 
f i l t e r s  by shaking f o r  1 min. w i t h  5  m l  of 0.03 N NH4F i n  0,025 iI H C 1  and 
re-f i l t e r i n g  (Fig .  2 ) .  The e x t r a c t  was analyzed-f o r  i n o r g a n i c  P. The ex- 
t r a c t e d  f i l t e r  was d i g e s t e d  w i t h  p e r s u l f a t e  and analyzed f o r  p a r t i c u l a t e  
e s s e n t i a l  P  (complex P compounds) (Fig. 2 ) .  I n o r g a n i c  P  was analyzed by t h e  
procedure  o f  Murphy and R i l e y  (1962) and o r g a n i c  P  by t h e  p rocedure  of Men- 
z e l  and Corwin (1965). The sum of t h e s e  4  f r a c t i o n s  u s u a l l y  agreed  w e l l  
w i t h  t h e  p a r t i c u l a t e - P  determined by d i f f e r e n c e  between t o t a l  P  and t o t a l  
f i l t e r a b l e - P  ( C o r r e l a t i o n  C o e f f i c i e n t  r = .go) .  The sum of s u r p l u s  inorgan-  
i c  P, s u r p l u s  o r g a n i c  P, and e s s e n t i a l  P  w i l l  be c a l l e d  " a l g a l  P" a l t h o u g h  
some of i t  was c o n t r i b u t e d  by microzooplankton,  b a c t e r i a  and d e t r i t u s  ( s e e  
R e s u l t s )  . 

S t a b l e  f i l t e r a b l e - P  was f r a c t i o n a t e d  i n t o  d i a l y z a b l e  and c o l l o i d a l  
phases  by u l t r a f i l t r a t i o n  (F ig .  2 ) .  Whatman GF/c f i l t r a t e  w a s  drawn by 
vacuum through a  membrane ( P e l l i c o n  It Type PTDC, M i l l i p o r e  Corp.) suppor ted  
by an  Immersible Molecular  S e p a r a t o r  ( M i l l i p o r e  Corp.) .  Membranes were 
s t o r e d  i n  25% e t h a n o l  t o  p r e v e n t  b a c t e r i a l  growth,  r i n s e d  w i t h  d i s t i l l e d  
w a t e r ,  and t e s t e d  f o r  membrane i n t e g r i t y  p r i o r  t o  use .  The membranes have 
a nominal molecu la r  weight  l i m i t  of 1.0,000 and t h u s  s e p a r a t e d  d i s s o l v e d  
s m a l l  molecu les  from l a r g e  molecu les  and c o l l o i d s .  The d i a l y z a t e  from t h e  
molecu la r  s e p a r a t o r  was s t o r e d  f r o z e n  and i t s  r e a c t i v e  and t o t a l  P c o n t e n t  
was determined u s i n g  t h e  Autoanalyzer  as d e s c r i b e d  above. Four f i l t e r a b l e -  
P  f r a c t i o n s  were t h u s  d i s t i n g u i s h e d :  (1 )  d i a l y z a b l e  r e a c t i v e  P  (DiRP) which 
had passed through t h e  molecu la r  sepz . ra to r ,  (2 )  d i a l y z a b l e  u n r e a c t i v e  P  
(DiUp), t h e  d i f f e r e n c e  between DiRP s.nd d i a l y z a b l e  t o t a l  P, (3) c ~ l l o i d a l  
r e a c t i v e  P (CoRP), t h e  d i f f e r e n c e  between G F / C  g l a s s  f i b e r  f i l t e r a b l e  
r e a c t i v e  P (FRP) and DiRP, and (4) c o l l o i d a l  u n r e a c t i v e  P  (COUP), t h e  d i f -  
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f e r e n c e  between GF/C g l a s s  f i b e r  f i l t e r a b l e  u n r e a c t i v e  P  (FUP) and DiUP 
(F ig .  2) . 

The a c t i v i t y  of t h e  enzyme a l k a l i n e  phosphomonesterase (PMase) i n  
Pamlico River water w a s  e s t i m a t e d  from t h e  r a t e  of h y d r o l y s i s  of p -n i t ro -  
phenyl  phosphate  (PNPP) t o  p -n i t rophenol  (PNP) (Kuenzler and ~ef l ra ;  1965) .  
F i l t e r e d  (Whatman G F / C )  o r  Y n f i l t e r e d  wate r  samples (300 ml)  r e c e i v e d  50 m l  
T r i s  b u f f e r  (pH 9.1) ,  2  m l  CHC13, and 1 0  m l  of PNPP (0.5 g/125 m l  d i s t i l l e d  
wa te r )  and were then  incuba ted  a long w i t h  d i s t i l l e d  w a t e r  b l a n k s  i n  dark- 
n e s s  a t  20 C. Subsamples were p e r i o d i c a l l y  removed and t h e  a b s o r p t i o n  a t  
420 nm was measured i n  a  Klett-Summerson calorimeter. The t ime c o u r s e  of 
a b s o r p t i o n  w a s  u s u a l l y  l i n e a r  and t h e  amount of enzyme a c t i v i t y  was ca lcu-  
l a t e d  from t h e  s l o p e .  The d i f f e r e n c e  i n  a c t i v i t y  of f i l t e r e d  and u n f i l t e r e d  
samples comprised t h e  p a r t i c u l a t e  o r  s e s t o n i c  a c t i v i t y .  The h a l f - s a t u r a t i o n  
c o n s t a n t  (s) of t h e  enzyme was e s t i m a t e d  by v a r y i n g  t h e  amount of s u b s t r a t e  
(PNPP) t o  l e v e l s  below s a t u r a t i o n .  





P h y s i c a l  F a c t o r s  

The n e t  f low of  t h e  Pamlico River  a t  S t a t i o n  1, c a l c u l a t e d  p r i m a r i l y  on  
t h e  b a s i s  of t h e  d i s c h a r g e  of t h e  Tar  River ,  w a s  s u b s t a n t i a l l y  h i g h e r  d u r i n g  
t h e  c o o l  seasons  (December - A p r i l )  t h a n  d u r i n g  t h e  rest of t h e  y e a r  (F ig .  
3 ) .  Both t h e  peak f lows  and t h e  b a s e  f lows  were h i g h e r  d u r i n g  t h e  c o o l  
seasons ,  a  phenomenon a t t r i b u t a b l e  t o  lower e v a p o t r a n s p i r a t i o n  and g r e a t e r  
runoff  of p r e c i p i t a t i o n  a t  t h a t  time. Short-term peaks  of r i v e r  f low a l s o  
occur red  dur ing  June ,  September, and October ,  i n c r e a s i n g  t h e  f low by a  
f a c t o r  of about  5  w i t h i n  a few days .  

The Pamlico River  showed a c o n s i s t e n t  p a t t e r n  of lowes t  s u r f a c e  s a l i n i -  
t ies  upst ream a t  S t a t i o n  1 (Fig.  4 ) .  Superimposed on t h i s  p a t t e r n ,  however, 
were t h e  temporal  v a r i a t i o n s  a t t r i b u t a b l e  t o  changing amounts of f r e s h w a t e r  
f low.  The lowest  s a l i n i t i e s  a t  each s t a t i o n  u s u a l l y  occur red  d u r i n g  January  
through May of each  y e a r ,  e s s e n t i a l l y  d u r i n g  p e r i o d  of h i g h e s t  f low (Fig .  
3)  o r  lagged i t  by about  one month. Each of t h e  l a r g e  f l o w  peaks  i n  1977, 
January ,  March, and May-June r e s u l t e d  i n  a r e d u c t i o n  i n  s u r f a c e  s a l i n i t y  
upst ream (Fig.  4) .  S u r f a c e  s a l i n i t i e s  exceeded 15%, even a t  downstream 
s t a t i o n s  o n l y  d u r i n g  September - November 1976 and May and J u l y  1977 a t  t h e  
end of p e r i o d s  of reduced flow. The s a l i n i t y  o f  t h e  bottom waters (not  
shown) was o f t e n  g r e a t e r  t h a n  t h a t  a t  t h e  s u r f a c e  by a few p a r t s  p e r  
thousand, bu t  t h e  s p a t i a l  and s e a s o n a l  p a t t e r n s  were s i m i l a r  a t  b o t h  d e p t h s .  
The l a r g e s t  d i f f e r e n c e s  between s u r f a c e  and bottom (6-lo%,) o c c u r r e d  d u r i n g  
December and January  when f r e s h e r  w a t e r s  from t h e  T a r  River  f l o o d s  over rode  
t h e  s a l t i e r  water a t  t h e  upst ream s t a t i o n s  of t h e  Pamlico River .  

The t empera tu re  regime i n  t h e  upper  0.5 rn l a y e r  i n  t h e  Pamlico River  
e x h i b i t e d  a r e g u l a r  annua l  c y c l e  w i t h  l i t t l e  v a r i a t i o n  between s t a t i o n s  a t  
any one t i m e  (F ig .  5) .  The lowes t  t e m p e r a t u r e  ( 1  C )  was found a t  S t a t i o n s  
1 and 2 i n  January  1977 d u r i n g  an u n u s u a l l y  c o l d  p e r i o d  t h a t  f r o z e  t h e  s u r -  
f a c e .  The h i g h e s t  t empera tu re  measured i n  1976 was 28 C i n  J u l y  a t  a l l  
s t a t i o n s  whereas i n  1977 t h e  J u l y  peak was 32 C a t  S t a t i o n s  5 and 6. Bottom 
tempera tu res  (not  shown) were g e n e r a l l y  lower b u t  u s u a l l y  were w i t h i n  2 C of 
s u r f a c e  t empera tu res .  

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 s  i n  s u r f a c e  w a t e r s  were l a r g e  i n  
the .Paml ico  River .  They were s i g n i f i c a n t l y  g r e a t e r  upst ream t h a n  
downstream (Fig .  6 ) ;  t h e  upstream-downstream g r a d i e n t  was least d u r i n g  t h e  
warm p a r t  of t h e  y e a r  and g r e a t e s t  d u r i n g  w i n t e r  and s p r i n g .  S t a t i o n  6 
never  reached t h e  t u r b i d i t y  l e v e l s  which caused t h e  h i g h  e x t i n c t i o n  c o e f f i -  
c e n t s  a t  S t a t i o n s  1 and 2. P a r t  of t h i s  v a r i a b i l i t y  is  a t t r i b u t a b l e  t o  
v a r i a t i o n  i n  phytoplankton c o n c e n t r a t i o n s ,  bu t  t h e  poor  c o r r e l a t i o n  w i t h  
c h l o r o p h y l l  c o n c e n t r a t i o n s  i n d i c a t e s  t h a t  s i l t  brought  down by t h e  Tar  R i v e r  
d u r i n g  p e r i o d s  of h i g h  f low i s  o f t e n  impor tan t  upstream. The g e n e r a l  cor-  
respondence between t h e  i s o p l e t h s  f o r  l i g h t  e x t i n c t i o n  and t h e  s u r f a c e  
i s o h a l i n e s  (Fig.  4)  s u p p o r t s  t h i s  s u g g e s t i o n .  
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Fig. 5. Temperature distribution in surface waters of the Pamlico River. 
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Fig. 6. Distribution of the extinction coefficient in the Pamlico River. 

Fig. 7. Distribution of oxygen concentration (as percentage of saturation) 
in bottom waters of the Pamlico River. 



Measurements of d i s s o l v e d  oxygen (D.O.) were made from A p r i l  1976 
through J u l y  1977. The D.O. c o n c e n t r a t i o n s  o f  t h e  s u r f a c e  w a t e r  ( n o t  shown) 
were a lmost  always between 80 and 120 p e r c e n t  of s a t u r a t i o n ,  excep t  t h a t  
they were between 120 and 150% i n  mid-December 1976. High c h l o r o p h y l l  a 
l e v e l s  a t  S t a t i o n  1 i n  December (Fig .  8 ,  below) sugges t  phy top lank ton  pro- 
d u c t i o n  a s  an  oxygen source ,  bu t  no f a c t o r  obv ious ly  a c c o u n t s  f o r  t h e  h i g h  
D.O. l e v e l s  a t  t h e  o t h e r  s t a t i o n s  and o t h e r  t i m e s .  The amount of oxygen i n  
t h e  bottom wate r  exceeded 100 p e r c e n t  of s a t u r a t i o n  d u r i n g  December 1976 
a l s o  ( F i g .  7 ) ,  b u t  i t  dropped t o  15% a t  S t a t i o n  4 B  (bottom) i n  J u l y  1976 and 
t o  4 and 8% of s a t u r a t i o n  a t  S t a t i o n s  2B and 3 B  r e s p e c t i v e l y  i n  J u l y  1977. 
Davis ,  e t  a l .  (1978) d i s c u s s e d  numerous i n s t a n c e s  of deoxygenat ion of bottom 
wate r s  i n  t h e  Pamlico River  dur ing  1975-1977. 

Chlorophyl l  D i s t r i b u t i o n  

The d i s t r i b u t i o n s  of i n o r g a n i c  n u t r i e n t s  and t h e  v a r i a t i o n s  i n  u p t a k e  
r a t e s  are l i n k e d  t o  t h e  s e a s o n a l  and s p a t i a l  p a t t e r n s  of t h e  phy top lank ton .  
The amount of ch lo rophyl l -a  (Chl-a), an  index  o f  t h e  abundance and m e t a b o l i c  
a c t i v i t y  of t h e  phytoplankton,  v a r i e d  markedly i n  t h e  e s t u a r y  (Fig .  8 ) .  The 
g r i d  of d o t s  on F i g .  8 shows t h e  sampling p a t t e r n  upon which t h e  i s o p l e t h s  
a r e  l a i d .  The Chl-a c o n c e n t r a t i o n s  i n  t h e  s u r f a c e  w a t e r  were m o s t l y  low 
(< 10 ~ ~ 0 l - l )  downstream a t  S t a t i o n  6  (Fig.  8 ) ,  r ang ing  from 2 ug*l - '  i n  
February 1977 t o  1 5  ~ ~ - 1 - l  i n  October 1975. C o n c e n t r a t i o n s  below 1 0  pg.1 - 1 

a l s o  occur red  over  much of t h e  y e a r  i n  t h e  middle  r e a c h e s  of t h e  e s t u a r y ,  
b u t  they  exceeded 100 pg.1-l  a t  S t a t i o n  4 i n  November 1975 and i n  March 1977 
(Fig .  8 ) .  Leve l s  above 100 p g * l - '  were found a t  S t a t i o n  1 i n  October  1975, 
December 1976, and February-March 1977. The abundant Chl-a a t  S t a t i o n  1 i n  
February and a t  S t a t i o n  4 i n  March 1977 i s  a t t r i b u t a b l e  t o  t h e  a n n u a l  w i n t e r  
d i n o f l a g e l l a t e  bloom dominated by H e t e r o c a l s a  t r i q u e t r a  which developed a t  
S t a t i o n  1 and w a s  washed downstream by f l o o d i n g  o f  t h e  Tar  R i v e r ,  

Phytoplankton Abundance 

C e l l  c o u n t s  r e v e a l e d  marked changes i n  t o t a l  phy top lank ton  volumes 
dur ing  t h e  y e a r  a t  e a c h  s t a t i o n  (Table 3 ) .  The l a r g e s t  r ange  and q u ' c k e s t  
change occur red  a t  S t a t i o n  1 where t h e  volume dropped from 46 rnm3*1-' on 20 
Feb. 1977 t o  0.2 mm3-1-1 on 12 March as a r e s u l t  of heavy r a i n s  and 
consequent h i g h  flow of t h e  Tar  River .  Smal le r ,  b u t  n e v e r t h e l e s s  subs tan-  
t i a l ,  changes a l s o  occur red  between sampling d a t e s  a t  o t h e r  s t a t i o n s .  Phyto- 
p lank ton  volumes were  f r e q u e n t l y  h i g h e r  a t  S t a t i o n  1 t h a n  a t  S t a t i o n  4  and 
6,  bu t  t h e  v a r i a b i l i t y  a t  each s t a t i o n  makes i t  u n l i k e l y  t h a t  t h i s  d i f f e r -  
ence can be suppor ted  by t h e s e  c e l l  coun ts .  

D i n o f l a g e l l a t e s  (Dinophyceae) dominated t h e  phytoplankton volume a t  
S t a t i o n s  1 and 4 most of t h e  y e a r  (Fig .  9 ) ;  t h e y  were approx imate ly  e q u a l  
i n  volume t o  t h e  diatoms ( B a c i l l a r i o p h y c e a e )  a t  S t a t i o n  6. Samples 
o c c a s i o n a l l y  showed s u b s t a n t i a l  Chlorophyceae and Cryptophyceae a t  S t a t i o n  
1, Cyanophyceae at  S t a t i o n  4, and Cryptophyceae a t  S t a t i o n  6 .  The "Other" 
c a t e g o r y  (F ig .  9)  i n c l u d e s  s m a l l  p e r c e n t a g e s  o f  t h e  above c l a s s e s  p l u s  
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Table  3 .  Seasonal  v a r i a t i o n  i n  t o t a l  phytoplankton volumes (mm3- 1 ) 

at  f h ree  s t a t  i ons  i n  t h e  Pamlico River .  

DATE - 

26 Sept  76 

14 Nov 76 

9  J a n  77 

20 Feb 77 

12 Mar 77 

3 Apr 77 

15 May 77 

10  J u l y  77 

STATION STATION 
1 4 

2.4 3 2 

6.7 2 .1  

14  11 

4 6 1 .0  

0.2 3 9 

0.9 1 .2  

5.9 2.5 

7.6 1 .6  

STATION 
6 

Fig.  8. Chlorophyl l  d i s t r i b u t i o n  i n  s u r f a c e  waters of  t h e  Pamlico River .  
Ac tua l  sampling d a t e s  a r e  i n d i c a t e d  by t h e  g r i d  of do t s .  



Bacillariophyceae 1-:I Cryl~tophyceae Dinoohvceae . .  . , I I 

~ h l o r o ~ h i c e a e  1 Cyanophyceae Q t  h e r  

Fig. 9 .  Seasonal changes i n  r e l a t i v e  abundance of t h e  dominant a l g a l  
c l a s s e s  a t  t h r e e  s t a t i o n s  i n  t h e  Pamlico River.  Sur face  samples 
only.  



occas iona l  members of t h e  Euglenophyceae, Chrysophyceae, Prasinophyceae, and 
Haptophyceae, and a v a r i e t y  of smal l  forms from s e v e r a l  a l g a l  c l a s s e s .  It 
i s  of i n t e r e s t  t h a t  t h e  l a r g e r  spec i e s  of d i n o f l a g e l l a t e s  and diatoms were 
abundant enough t h a t  they outranked t h e  more abundant small  forms i n  t o t a l  
volume. 

D ino f l age l l a t e s  dominated during t h e  phytoplankton peaks a t  S t a t i o n  1 
(Table 3,  Fig. 9 ) ,  but t h e  s p e c i e s  va r i ed .  The assemblage was dominated 
i n  November by Prorocentrum minimum, i n  January by Gyrodinium resp lendens ,  
i n  February by Heterocapsa t r i q u e t r a  and Katodinium rotundatum, and i n  J u l y  
by 2. resplendens aga in  [Note: c e l l s  i d e n t i f i e d  a s  Gyrodinium resp lendens  
may have been, o r  included,  g. aureolum; Kimball and Wood (1965) suggest  
t h a t  t he se  two names may be synonymous (Campbell 197311. S imi l a r ly ,  t h e  do- 
minant d i n o f l a g e l l a t e  spec i e s  v a r i e d  a t  S t a t i o n  4 ,  going from Polykr ikos  h a r t -  
mafini i n  September, to 'G.  resplendens i n  January,  t o  Heterocapsa t r i q u e t r a  
P 

i n  March. It is  l i k e l y t h a t  t h e  K t e r o c a p s a  were i n  large h a r t  dashed down 
from t h e  bloom a t  S t a t i o n  1 i n  ~ e b r n a r y .  The dominants a C  S t a t i o n  6 were an  
u n i d e n t i f i e d  c e n t r i c  diatom and m o d i n i u m  n e l s o n i  i n  November, Melos i ra  sp.  
and Skeletonema costatum i n  January, Heterocapsa t r i q u e t r a  i n  Apr i l ,  and 
Polykrikos hartmanni i n  J u l y ,  

Examination of t he se  samples during ce l l  counts  i nd i ca t ed  t h a t  a l g a l  
c e l l s  were by f a r  t h e  most important c o n s t i t u e n t  of p a r t i c u l a t e  ma t t e r .  
Microzooplankton (mostly colorl .ess f l a g e l l a t e s )  were o f t e n  abundant bu t  d i d  
not  c o n t r i b u t e  much biomass because of t h e i r  smal l  s i z e s .  Amorphous 
d e t r i t u s  p a r t i c l e s  and b a c t e r i a  t oge the r  may have been of s i m i l a r  importance. 
Large zooplankton were excluded from t h e  samples by t h e  i n t a k e  s c r een  on 
t h e  pump hose. On a few occasions,  such a s  a t  S t a t i o n  1 on 12 March and 
S t a t i o n  4 on 15 May 1977, s i l t  was very  abundant,  appearing t o  comprise 
about 90% t h e  p a r t i c u l a t e  mat te r .  These microscopica l  observa t ions  were t h e  
major b a s i s  f o r  a s s e r t i n g  t h a t  phytoplankton u s u a l l y  made up most of t h e  
biomass and t h a t  "algal-P" could be used h e r e  i n s t e a d  of "seston-PI1. Davis, 
et a l .  (1978) showed good c o r r e l a t i o n s  between phytoplankton biomass i n  t h e  -- 
Parnlico River and POC ( r  = .78),  ch lorophyl l  ( r  = .93) ,  p a r t i c u l a t e  N ( r  = 
.78) ,  and p a r t i c u l a t e  p ( r  = .62). Our own c o r r e l a t i o n s  between ch lo rophy l l  
and p a r t i c u l a t e  P ,  p a r t i c u l a t e  N ,  and p a r t i c u l a t e  C a l s o  tended t o  confirm 
t h i s  s tand  ( see  below). 

Organic Carbon D i s t r i b u t i o n s  

Organic carbon was determined dur ing  t h e  l a s t  year  of t h e  study. Par- 
t i c u l a t e  organic  carbon i n  s u r f a c e  waters  (Fig.  10) showed e s s e n t i a l l y  t h e  
same seasona l  and s p a t i a l  p a t t e r n s  a s  d i d  ch lo rophy l l  (Fig.  8). For 
example, t he  Heterocapsa bloom a t  S t a t i o n  1 i n  February and a t  S t a t i o n  4 i n  
March 3.977 r e s u l t e d  i n  POC levels of 6.5 and 6.7 mg ~*1-', r e s p e c t i v e l y .  
The lowest  POC concent ra t ion  was 0.5 mg c.1"' i n  November a t  S t a t i o n  5. The 
mean POC concen t r a t i ons  tended t o  be g r e a t e r  upstream than downstream, bu t  
t h e  d i f f e r e n c e s  were n o t  s i g n i f i c a n t ,  nor  was t h e r e  a s i g n i f i c a n t  d i f f e r e n c e  
between t h e  w in t e r  and summer concen t r a t i on  nor  between s u r f a c e  and bottom 
concent ra t ion  (not shown). The g r e a t  r educ t ions  i n  POC a t  S t a t i o n  1 i n  



Fig.  10.  P a r t i c u l a t e  o r g a n i c  carbon d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  o f  t h e  
Pamlico River.  

DISSOLVED ORGANIC CARBON (mg4 -') 
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Fig.  11. Dissolved o r g a n i c  carbon d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  o f  t h e  
Pamlico River .  



January  and March 1977 (F ig .  10)  d u r i n g  o r  f o l l o w i n g  heavy f lows  of t h e  Tar  
River i m p l i e s  t h a t  t h e  a l loch thonous  component w a s  smal l .  The mean a n n u a l  
POC c o n c e n t r a t i o n  a t  a l l  s t a t i o n s  was 1.9 mg C *  I-'. Disso lved  o r g a n i c  
carbon (Fig .  11)  averaged 6 .1  mg I-', t h r e e - t  imes h i g h e r  c o n c e n t r a t  i o n  t h a n  
POC. There were no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between s t a t i o n s  
o r  seasons  because  of l a r g e  v a r i a n c e s .  Leve l s  of o r g a n i c  ca rbon  i n  t h e  
Pamlico River  t h e  p r e v i o u s  y e a r  (Aug 1975 - J u l y  1976) (Davis,  -- et a l .  1978) 
were e s s e n t i a l l y  t h e  same as d u r i n g  our  s tudy ;  t h e y  r e p o r t e d  mean POC t o  be  
1 .6  mg C-1-I and DOC t o  be 6.2 mg C-1-l. 

P h o t o s y n t h e t i c  Ra tes  

The p h o t o s y n t h e t i c  r a  e  i n  s u r f a c e  w a t e r s ,  measured a t  ambient tempera- 
t u r e  and 95 e ins te ins-m- '*sec- l  u s i n g  t h e  14c t e c h n i q u e ,  v a r i e d  g r e a t l y  
i n  t h e  Pamlico River  (F ig .  1 2 ) .  There  was a  g e n e r a l  t r e n d  down t h e  e t u a r y  f i n  t h e  average  rates; t h e  average  a t  S t a t i o n  1 w a s  6.0 pg-at C-1-'oh- , 
whereas a t  S t a t i o n  6  i t  was on ly  2.5 pg-at C *  l-'*h-'. However, because  of 
t h e  l a r g e  v a r i a n c e s ,  t h e  mean r a t e s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  among 
s t a t i o n s ,  n o r  do t h e y  appear  d i f f e r e n t  from r a t e s  measured by Davis ,  -- e t  a l .  
(1978). The mean p h o t o s y n t h e t i c  r a t  of a l l  s t a t i o n s  d u r i n g  t h e  w a r m  
seasons  (May-October; 5.8 ug-at C*l-'*h-') w a s  s i g n i f i c a n t l y  h i g h e r  (P a 
.01) t h a n  dur ing  t h e  rest of t h e  y e a r  (3.5 pg a t  ~ * l - ' * h - l ) .  T h i s  is  t h e  
same s e a s o n a l  p a t t e r n  found by Will iams (19d6),  Thayer (1974),  and Sanders  
and Kuenzler (1979) i n  shal low sounds and e s t u a r i e s  n e a r  Morehead C i t y ,  
North Caro l ina .  Rates  exceeding 1 6  ug-at ~ * l " l . h ' l  were found i n  September 
and i n  February-March; t h e  lowes t  rates (< 1 pg-at c.1-l.h") were found 
o n l y  i n  November-January. Because t h e  l i g h t  i n t e n s i t y  o f  o u r  i n c u b a t o r s  
was below s a t u r a t i o n  f o r  most samples,  t h e  maximum a t t a i n a b l e  p h o t o s y n t h e t i c  
rates were u s u a l l y  somewhat h i g h e r  t h a n  our  measured rates. Est imated i n  - 
s i t u  primary p r o d u c t i v i t y  on an  areal and an  a n n u a l  b a s i s  i s  d i s c u s s e d  - 
below. 

Phosphorus D i s t r i b u t i o n s  

The d i s t r i b u t i o n  of t o t a l  phosphorus showed major s e a s o n a l  changes and 
a  tendency f o r  h i g h e r  c o n c e n t r a t i o n s  a t  t h e  upst ream t h a n  t h e  downstream 
s t a t i o n s  (Fig .  1 3 ) .  S i n c e  t h e r e  w e r e  on ly  minor d i f f e r e n c e s  i n  t h e  p a t t e r n s  
between t h e  s u r f a c e  and t h e  bottom w a t e r s ,  on ly  s u r f a c e  c o n c e n t r a t i o n s  a r e  
shown. (See Appendix I f o r  a l l  n u t r i e n t  c o n c e n t r a t i o n s ,  s u r f a c e  and bottom) 
Phosphorus l e v e l s  > 8 ug-at  pel-' occur red  a t  S t a t i o n s  3  and 4  from J u l y  
u n t i l  October 1976. By June  i n  1977 S t a t i o n s  1-4 a g a i n  showed t o t a l  P  
c o n c e n t r a t i o n s  > 12 ug-at pel-'. These h i g h  c o n c e n t r a t i o n s  of phosphorus 
( ~ i ~ .  13)  occur red  d u r i n g  t h e  low-flow p e r i o d  of t h e  y e a r  when s a l i n i t i e s  
were h i g h  (Fig .  3 ,  4) i n d i c a t i n g  t h a t  low f l u s h i n g  rates were p e r m i t t i n g  
phosphorus t o  accumulate  i n  t h e  middle  and upper  r e a c h e s  of t h e  e s t u a r y .  

The major c o n s t i t u e n t s  making up t o t a l - P ,  however, were markedly o u t  of 
phase w i t h  each o t h e r  a s  i n d i c a t e d  by t h e  c o n c e n t r a t i o n s  of f i l t e r a b l e  reac.- 
t ive -P  (FRP) and p a r t i c u l a t e - P  (PP). FRP was t h e  l a r g e r  of t h e s e  two p o o l s  
and i t s  p a t t e r n  of abundance was similar t o  t h a t  of t o t a l - P  (Fig .  1 4 ) ,  w i t h  
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Fig. 1 2 .  D i s t r i b u t i o n  of  photosynthet ic  r a t e  (14Guptake)  i n  s u r f a c e  waters  
of Pan l i c s  River water incubated a t  ambient e s t u a r y  temperature 
2nd l i g h t  i n t e n s i t y  of 95 I!-einsteins m-2 sec-l .  



Fig. 13. To ta l  phosphorus d i s t r i b u t i o n  i n  s u r f a c e  waters  of t h e  Pamlico 
River.  

Fig.  1 4 .  F i l t e r a b l e  r e a c t i v e  phosphorus d i s t r i b u t i o n  i n  s u r f a c e  waters  of 
t h e  Pamlico River .  



peaks d u r i n g  t h e  warm months i n  t h e  middle  of t l l c k  e s t u a r y .  Concen t ra t ions  
< I pg-at Pal-' occur red  a t  most s t a t i o n s  d u r i n g  .January-Marc11 i n  b o t h  yc:;irs; 
heavy r u n o f f ,  low s a l i n i t i e s ,  and abundant phytoplankton c h a r a c t e r i z e d  t h i s  
p e r i o d  of t h e  y e a r .  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 g e n e r a l l y  h i g h e s t  
dur ing  January-March (F ig .  1 5 ) ,  t h e  p e r i o d  of peak phytoplankton p o p u l a t i o n s  
a s  i n d i c a t e d  by c h l o r o p h y l l  and p a r t i c u l a t e  o r g a n i c  C (F ig .  8,  10)  and 
p a r t i c u l a t e  n i t r o g e n  ( s e e  below). Th is  is evidence t h a t  most of t h e  PI' Wac; 

a l g a l ,  Highest  p a r t i c u l a t e - P  l e v e l s  (> 6 pg-at P - 1 - l )  g e n e r a l l y  occur red  
i n  t h e  upper and middle r e g i o n s  of t h e  e s t u a r y ;  l e v e l s  below 0.5 ilg-at p o l - '  
were found on ly  a t  t h e  two downstream s t a t i o n s .  F i l t e r a b l e  unreac t ive -P  
(FUP) w a s  g e n e r a l l y  t h e  l e a s t  abundant yo01 i n  t h e  e s t u a r y  w i t h  concen t ra -  
t i o n s  mos t ly  between 0.2-1.0 ug-at pe l -  (F ig .  1 6 ) .  I ts d i s t r i b u t i o n  pa t -  
t e r n s  a r e  complex and t h e  r e l a t i o n s h i p s  t o  e s t u a r i n e  f l u s h i n g  o r  t o  produc- 
t i v i t y  a r e  n o t  c l e a r .  

S t a b l e  P a r t i c u l a t e  P  F r a c t i o n a t i o n  

P a r t i c u l a t e - P  i n  t h e  e s t u a r y  w a s  a n a l y t i c a l l y  s e p a r a t e d  i n t o  f o u r  
f r a c t i o n s .  The f i r s t ,  p a r t i c u l a t e  inorganic-P,  i s  probably  mos t ly  ca lc ium,  
aluminum, and i r o n  phosphates  o r  P  adsorbed o n t o  c l a y  p a r t i c l e s .  The o t h e r  
t h r e e ,  e s s e n t i a l - P ,  i n o r g a n i c  surplus-P,  and o r g a n i c  su rp lus -P ,  a r e  assumed 
l a r g e l y  t o  comprise t h e  s t r u c t u r a l ,  m e t a b o l i c ,  and s t o r a g e  compartments of 
phy top lank ton ,  microzooplankton,  b a c t e r i a ,  d e t r i t u s ,  and o t h e r  components 
of t h e  s e s t o n .  

Year ly  averages  of p a r t i c u l a t e  inorganic-P decreased  more t h a n  4-fold 
from 0.37 UJ-at pel-' a t  S t a t i o n  1 t o  0.076 pg-at pel-' a t  S t a t i o n  6 (Table  
4 ) .  Th i s  f r a c t i o n  decreased  from 21% of  t o t a l  p a r t i c u l a t e - P  a t  S t a t i o n  1 
t o  18%, 19%, 16%, 14%, and 11% a t  S t a t i o n s  2-6, r e s p e c t i v e l y .  The p a r t i c u -  
l a t e  inorganic-P f r a c t i o n  w a s  t h e  smallest of t h e  f o u r  p a r t i c u l a t e  P 
f r a c t i o n s  when averaged over  t h e  y e a r  (Table  4 ) .  The amount of p a r t i c u l a t e  
inorganic-P i n  any one sample, however, ranged f rom 7% t o  40% of t o t a l  
p a r t i c u l a t e - P ,  a p p a r e n t l y  depending t o  a  l a r g e  e x t e n t  on t h e  f low of river 
water  i n t o  t h e  e s t u a r y .  P a r t i c u l a t e  inorganic-P v a r i e d  wide ly  a t  each 
s t a t i o n  through t h e  y e a r ,  e s p e a i a l l y  a t  S t a t i o n  1 (Fig.  1 7 ) .  During t h e  
low p e r i o d  of July-August 1976, S t a t i o n  6 exper ienced  low c o n c e n t r a t i o n s  
w h i l e  S t a t i o n  1 had peak c o n c e n t r a t i o n s .  However, d u r i n g  t h e  h i g h  f l o w  
p e r i o d  (Jan-Apri l  1977) v a l u e s  of p a r t i c u l a t e  inorganic-P i n c r e a s e d  a t  Sta-  
t i o n  4  w h i l e  t h e y  decreased  a t  S t a t i o n  1 t o  become approx imate ly  e q u a l  t o  
l e v e l s  a t  S t a t i o n  4. Values of p a r t i c u l a t e  inorganic-P remained f a i r l y  
c o n s t a n t  a t  t h e  two lower s t a t i o n s  (5 and 6), a p p a r e n t l y  r i s i n g  o n l y  d u r i n g  
p e r i o d s  of h i g h  t u r b u l e n c e  when sediment w a s  resuspended i n t o  t h e  water 
column. 

The s u r p l u s  inorganic-P,  s u r p l u s  organic-P,  and e s s e n t i a l - P  f r a c t i o n s  
(de f ined  h e r e  a s  a l g a l  P) were examined i n  r e l a t i o n  t o  t h r e e  s t a g e s  of 
phytoplankton growth.  The f i r s t  was t h e  pre-bloom s t a g e  (July-Dec)when 
Chl-a v a l u e s  5 25 ~ g - l - ~ ,  t h e  second was t h e  Heterocapsa  bloom s age  (Jan- 
March) when Chl-a i n c r e a s e d  t o  l e v e l s  o f t e n  exceeding 100 pg.l-', and t h e  
t h i r d  w a s  t h e  post-bloom p e r i o d  (Apr-June) wheh Chl-a v a l u e s  were u s u a l l y  



Fig .  15.  P a r t i c u l a t e  phosphorus d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  of t h e  
Pamlico River.  

S u r f a c e  F U P  (us-atoms Pmliter") - 

Fig.  16.  F i l t e r a b l e  u n r e a c t i v e  phosphorus d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  
of t h e  Pamlico River .  



Table  4 .  Annual mean c o n c e n t r a t i o n s  and s t a n d a r d  e r r o r s  
(up-at pal-') of f o u r  p a r t i c u l a t e  P components i n  
s u r f a c e  wa te r  at s i x  s t a t i o n s  i n  Pamlico River .  

S t a t i o n  P a r t i c u l a t e  
Inorgan ic  

E s s e n t i a l  
P 

Surp lus  
Inorgan ic  P 

S u r p l u s  
Organic  P 

I I I I I I I I I I I 

STATION 
e-0 I PARTICULATE 
0-04 INORGANIC P 

I I I 1 I I I I I u- 
J A S O N D J F M A M J J  

1976 1977 

Fig .  17.  Seasonal  p a t t e r n  of p a r t i c u l a t e  i n o r g a n i c  phosphorus concen t ra -  
t i o n s  i n  s u r f a c e  waters a t  S t a t i o n s  1, 4 ,  and 6 of  t h e  Pamlico 
River .  



-1 
much below 50 p g - 1  . During t h e s e  s t a g e s  t h e  t h r e e  p o o l s  of phosphorus 
changed i n  importance.  During pre-bloom c o n d i t i o n s  e s s e n t i a l  P  > o r g a n i c  
surplus-P > i n o r g a n i c  surplus-P (Fig .  1 8 ) .  However, d u r i n g  t h e  p e r i o d  of t h e  

a l g a l  bloom a t  S t a t i o n s  1-5, a  change occur red  such  t h a t  o r g a n i c  s u r p l u s  P 
> i n o r g a n i c  surplus-P > e s s e n t i a l  P. T h i s  i s  i n t e r p r e t e d  t o  mean t h a t  t h e  
a l g a e  were p u t t i n g  more of t h e  absorbed phosphorus i n t o  h i g h  energy phos- 
p h a t e  e s t e r s  and l a b i l e  po lyphospha tes ,  and a lower p r o p o r t i o n  i n t o  s t r u c -  
t u r a l - P .  During t h e  post-bloom p e r i o d  i n o r g a n i c  su rp lus -P  > o r g a n i c  s u r p l u s -  
P  > e s s e n t i a l  P  (Fig .  1 8 ) .  During t h i s  p e r i o d  more of t h e  absorbed P w a s  
a p p a r e n t l y  going i n t o  r e - e s t a b l i s h i n g  a d e p l e t e d  r e s e r v o i r  of po lyphospha tes .  
The r a t i o s  of p a r t i c u l a t e  P  t o  Chl-5 a l s o  v a r i e d .  During pre-bloom c o n d i t i o n s  
t h i s  r a t i o  by weight was > 2 ,  w h i l e  d u r i n g  t h e  bloom p e r i o d  it f e l l  t o  < 1 
and a g a i n  r o s e  t o  2 2 d u r i n g  t h e  post-bloom p e r i o d .  

F i l t e r a b l e - P  F r a c t i o n a t i o n  

F i l t r a t i o n  of Pamlico River  water fo l lowed  by u l t r a f i l t r a t i o n  and chem- 
i c a l  a n a l y s e s  f o r  reac t ive -P  and t o t a l - P  provided d a t a  on t h e  r e l a t i v e  amounts 
of c o l l o i d a l  and d i a l y z a b l e  phosphorus which were p r e s e n t  i n  r e a c t i v e  and 
o r g a n i c  forms d u r i n g  a  six-month p e r i o d .  Of t h e s e  f o u r  f i l t e r a b l e  f r a c t i o n s ,  
d i a l y z a b l e  reac t ive -P  (DiW) was always t h e  l a r g e s t  excep t  a t  S t a t i o n s  1 and 
2  on 1 3  March (Table 5 ) .  The DiRP tended t o  comprise a smaller p e r c e n t a g e  of 
t o t a l  f i l t e r a b l e  P (TFP) a t  t h e  upstream s t a t i o n s  (averag ing  52% a t  S t a t i o n s  
1 and 2 ) ,  a l a r g e r  pe rcen tage  a t  t h e  middle  s t a t i o n s  (71% a t  S t a t i o n s  3  and 
4 ) ,  and i n t e r m e d i a t e  p e r c e n t a g e s  a t  t h e  downstream s t a t i o n s  (62% a t  S t a t i o n s  
5  and 6 ) .  C o l l o i d a l  r eac t ive -P  (CoRP) was t h e  s m a l l e s t  f i l t e r a b l e  f r a c t i o n .  
I n  29 of t h e  4 1  samples i t  was 5% of TFP. During t h e  p e r i o d  March-June, 
however, s e v e r a l  samples showed > 10% CoRP, e s p e c i a l l y  on 12-13 March and 
t h o s e  from S t a t i o n  1 a f t e r  25 A p r i l .  The average p e r c e n t a g e  CoKP a t  S t a t i o n s  
1 and 2 (13%) was more t h a n  t w i c e  t h e  average  a t  middle  and downstream sta- 
t i o n s  (Table  5 ) ,  but  t h e  v a r i a n c e s  are l a r g e  and t h e  d i f f e r e n c e s  may n o t  be  
r e a l .  Dia lyzab le  unreac t ive -P  (DiUP) averaged  21% of TFP ( range  = 2-40%); no 
upstream-downstream d i f f e r e n c e s  were e v i d e n t .  F i n a l l y ,  c o l l o i d a l  u n r e a c t i v e -  
P  (CoUP) comprised t h e  second s m a l l e s t  f r a c t i o n  of TFP (Z = 14%; r a n g e  = 0- 
31%). Each of t h e  two d i a l y z a b l e  f rac : t ions  exceeded, on t h e  average ,  i t s  
c o l l o i d a l  c o u n t e r p a r t .  On t h e  o t h e r  hand, a l t h o u g h  mean DiRP exceeded mean 
DiUP, mean COW was less t h a n  mean CoUP. Note t h a t  p e r c e n t a g e  t o t a l s  o f t e n  
d i f f e r e d  from 100% because  of a n a l y t i c a l  e r r o r .  

FRP Turnover Times and Uptake Ra tes  

The t u r n o v e r  t i m e s  of f i l t e r a b l e  r e a c t i v e  phosphate  (FRP) i n  t h e  e s t u a r y ,  
e s t i m a t e d  from t h e  up take  of l a b e l l e d  phosphate  ( 3 2 ~ ) ,  were l o n g  d u r i n g  most 
of t h e  y e a r ,  g e n e r a l l y  exceeding 50 h  (F ig ,  1 9 ) .  Turnover t i m e s  exceeding 
200 h  were n o t  uncommon i n  t h e  e s t u a r y  d u r i n g  t h e  pre-bloom c o n d i t i o n s  of 
28 J u l y  through 12 Dec 1976. During t h e  bloom of Heterocapsa  f rom 1 2  Dec 
1976 t o  2 A p r i l  1977, t u r n o v e r  t i m e s  dec reased  t o  much s h o r t e r  t imes .  Th is  
was e s p e c i a l l y  pronounced a t  t h e  upst ream s t a t i o n s  where t u r n o v e r  t imes  
of 0.31 h  (19 min) and 0.13 h  (8 min) were found. A f t e r  t h e  bloom p e r i o d  
t u r n o v e r  t i m e s  i n c r e a s e d  t o  50-100 h  but  remained less t h a n  t h e  pre-bloom 
t u r n o v e r  t i m e s  (Fig .  1 3 ) .  I n  g e n e r a l ,  FRP t u r n o v e r  t i m e s  were s h o r t e r  
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Table  5. Concen t ra t ions  of t o t a l  f i l t e r a b l e  phosphorus and i ts  f r a c t i o n s ,  d i a l y z a b l e  r e a c t i v e  P  ( D i m ) ,  c o l l o i d a l  
r e a c t i v e  P  (Cow) ,  d i a l y z a b l e  unreac t ive  P  (DiUP), and c o l l o i d a l  u n r e a c t i v e  P  (CoUP). 

T o t a l  - -  -. 

Date S t a t i o n  F i l t e r a b l e  P 
(m) - (ug-at- 1-1) 

9  Jan.  

8  Jan.  

30 Jan.  

9  Feb. 

20 Feb. 

1 3  Mar. 

12 Mar. 

3  Apr. 

2  Apr. 

25 Apr. 

DiUP - (a 
20 
I 3  

1 8  
8  

1 3  

7  

3  8  
3  8  
33 
19  
23 
33 

8  
12 
2  7 

25 
2  5  
2  8  

12 
9 

1 9  

20 
3 1  
2  1 

24 
3  2  
3  5  

CoUP Date S t a t i o n  - 
(W) (1977) - 
23 24 Apr. 4 
1 5  5  

6 
9 
2  1 6  May 1 

2 
9  3  

19  15  May 4 
5  

6  6  
1 3  
17 6  June 1 

0  2  
2  3  
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5  
6  

A l l  S t a t i o n s  
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S.E. = 

S t a t i o n s  3 ,  4  
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- 
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T o t a l  
F i l t e r a b l e  P DiRP C o ~ p  
(ug-at . 1-1) (%) -T- (4 

CoUP - 
(X) 

1 
10 
23 

0  
1 
7  

2  
- 
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17 
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5  
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5  
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12.5 
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Fig.  19 .  F i l t e r a b l e  r e a c t i v e  phosphorus t u r n o v e r  times (h) i n  s u r f a c e  
w a t e r s  o f  t h e  Pamlico River .  



(<50 h) i n  t h e  upper end of t h e  e s t u a r y  w h i l e  t h e  lower h a l f  of t h e  e s t u a r y  
had l o n g e r  t u m o v e r  t imes  (100-200 h ) .  

Turnover times were r o u t i n e l y  o b t a i n e d  from l a b o r a t o r y  i n c u b a t e d  samples 
of 250 m l  of e s t u a r y  wate r .  When samples of 125 m l ,  500 m l  and 1000 m l  were 
compared, however, t h e  up take  rates were e q u i v a l e n t .  I n  a d d i t i o n ,  when 
samples incuba ted  i n  t h e  l a b o r a t o r y  were compared t o  samples incuba ted  j u s t  
under t h e  s u r f a c e  a t  t h e  end of a dock,  t h e  tu rnover  t i m e s  were a g a i n  equi-  
v a l e n t .  Th i s  s u g g e s t s  t h e  P-uptake v a l u e s  ob ta ined  th rough  l a b o r a t o r y  
exper iments  were n o t  s e n s i t i v e  t o  t h e  exper imenta l  volumes used n o r  t o  con- 
d i t i o n s :  p a r t i c u l a r  t o  t h e  i n c u b a t o r .  

Uptake r a t e s  of phosphate  a t  100% l i g h t  and ambient e s t u a r y  tempera- 
t u r e s  v a r i e d  w i t h  season  and from one end of t h e  e s t u a r y  t o  t h e  o t h e r  (Fig .  
20).  The lowest  up take  r a t e s  (2 0.01 yg-at Pml-'oh-') o c c u r r e d  a lmos t  
e n t i r e l y  downstream a t  S t a t i o n s  5 and 6. R a t e s  < 0.02 pg-at P * l - l * h - l  were 
found a t  t h e  upper  end of t h e  e s t u a r y  a t  S t a t i o n s  1 and 2 o n l y  o n  1 5  Nov 
1976. The h i g h e s t  r a t e s  occur red  d u r i n g  t h e  c o l d  t empera tu res  of t h e  w i n t e r  
bloom on 20 Feb 1976 a t  S t a t i o n s  3 and 5 (0.9 and 0.6 pg-at P * l - l * h - l ,  
r e s p e c t i v e 1  ) and a t  S t a t i o n  1 on 19 Feb and 2 March 1977 (2.0 and 3.6 pg- P at  P 1-'oh- , r e s p e c t i v e l y ) .  Although t h e  peak  u p t a k e  r a t e s  found were  
h i g h e r  i n  1977 t h a n  i n  1976, r a t e s  above 0 .1  pg-at P * l - l * h - l  extended o v e r  
a lmost  t h e  e n t i r e  l e n g t h  of t h e  e s t u a r y  i n  1976 (Fig .  20).  

Algal-P Turnover Times 

Phytoplankton-P t u r n o v e r  t i m e s ,  c a l c u l a t e d  f o r  t h e  p e r i o d  J u l y  1976- 
J u l y  1977 when p a r t i c u l a t e - P  was analyzed f o r  e s s e n t i a l - P ,  s u r p l u s  o rgan ic -  
P, and s u r p l u s  inorganic-P,  were mos t ly  between 20 and 60 h i n  t h e  Pamlico 
River (3ig .  21) .  Longer t u r n o v e r  t i m e s  occur red  on 17 Oct. 1976 a t  S t a t i o n  
2 (78 h) and on 19 Feb. 1977 a t  S t a t i o n  5 (70 h) .  Turnover t i m e s  less t h a n  
1 0  h were o n l y  found a t  S t a t i o n s  1 and 2 i n  w i n t e r ;  t h e  minima were found 
a t  % t a t i o n  1 on  8 J a n .  (2  h )  and on 1 9  Feb . (1 .2  h )  . 
E f f e c t s  o f  Temperature,  L i g h t ,  A n t i b i o t i c s ,  and Phosphate  

Concen t ra t ion  on P-Uptake Ra tes  

The r a t e  of 14-carbon up take  was n o t  a f f e c t e d  by t h e  downward s h i f t  
i n  t empera tu re  a t  S t a t i o n  I S ,  b u t  was reduced about  20% by i n c r e a s e d  t e m -  
p e r a t u r e  a t  b o t h  s t a t i o n s  and by reduced t empera tu re  a t  S t a t i o n  4 s  (Table  
6 ) .  Thus, i t  was assumed t h a t  t h e  3 2 ~  r e s u l t s  d i d  n o t  r e s u l t  from g r o s s l y  
i n j u r e d  o r  t empera tu re  shocked plankton.  The q u o t i e n t  of t h e  P u p t a k e  r a t e  
a t  one t empera tu re  d i v i d e d  by t h e  r a t e  a t  a t empera tu re  1 0  C lower  ( termed 
QlO) shows t h e  e f f e c t  of t empera tu re .  The qlO's f o r  3 2 ~  uptake  were  h i g h e s t  
a t  t h e  lower r i v e r  t empera tu res  (Table  7 ) ,  r ang ing  from 2.46 a t  t h e  t e m p e r a t u r e  
range of 3-10 C ,  t o  1.38 a t  t h e  t empera tu re  range  of 21-31 C. When t h e  Q10 
v a l u e s  of P-uptake were c a l c u l a t e d  from t h r e e  t empera tu res  (e .g . ,  3 C ,  1 0  C ,  
and 20 C ) ,  t h e  Q 1 0  v a l u e  was g r e a t e r  i n  t h e  1 0  C r ange  c l o s e s t  t o  t h e  
ambient r i v e r  t empera tu re .  F o r  example, on 1 9  Feb 1977 when t h e  r i v e r  
t empera tu re  w a s  3.5 C ,  t h e  mean Q10 from 3-10 C a t  6 s t a t i o n s  was 2.46 w h i l e  



Table  6 .  Uptake of 1 4 C  by phy top lank ton  i n  t h e  Pamlico 
E s t u a r y  a f t e r  1 hour  t e m p e r a t u r e  s h i f t s  
(10 & 30) compared t o  ambient e s t u a r y  
t e m p e r a t u r e  (20 C ) .  Each t e m p e r a t u r e  
m a n i p u l a t i o n  w a s  performed i n  t r i p l i c a t e .  

Temp. A c t i v i t y  (cpm) 
Date X + 1 S.D. - S t a t i o n  (C) 

26 A p r i l  1977 1 S 3 0 7700 + 460 
1s 
1 S 2 0 9600 + 520 

25 A p r i l  1977 4 S 3 0 1500 + 90 

4 S 2 0 1800 -1: 50 

Fig .  21. A l g a l  phosphorus t u r n o v e r  times (h )  i n  s u r f a c e  w a t e r s  of  t h e  
Pamlico River .  



Table  7. Q10 v a l u e s  f o r  3 2 ~  uptake r a t e s  i n  t h e  Pamlico Es tuary  1976-1977. *. = v a l u e s  c o r r e c t e d  t o  a 
1 0  C t empera tu re  change. 

S t a t i o n  
Aug 15-16 Sep t  5-6 Dec 12-13 J a n  8-9 Feb 19-20" Feb 19-20 

1976 1976 1976 1977 1977 1977 

Expt l .  Temp. (C) 15-25 15-25 10-20 10-20 3-10 - - 10-20 

A p r i l  2-3 A p r i l  2-3" A p r i l  24-25 A p r i l  24-25 May 14-15 June  5-6" 
1977 1977 1977 1977 1977 1977 

Expt l .  Temp. (C) 15-25 7-15 20-30 10-20 21-31 20-28 - 
1.4 2.0 1.6 2.1 1 .5  1.8 

Expt l .   temp.(^) 15-25 - 7-15 20-30 10-20 22-31 21-28 

1.7 2.4 1 .2  2.2 1 .7  1.7 



t h e  910 from 10-20 C a t  5  s t a t i o n s  was on ly  1.46. The lower Q ~ ~ ' s  i n  t h e  
h i g h e s t  t empera tu re  ranges  s u g g e s t s  t h a t  e l e v a t e d  exper imenta l  t empera tu res  
may i n h i b i t  t h e  phosphate  up take  mechanism. 

Phosphate was removed from t h e  water by s e s t o n  i n  b o t h  s u r f a c e  and 
bottom s t r a t a  of t h e  e s t u a r y  d u r i n g  c o l d  o r  warm seasons  when samples were 
incuba ted  a t  t h e i r  normal l i g h t  c o n d i t i o n s  (Table  8 ,  9 ) .  L i g h t  w a s  n o t  a  
requirement  f o r  phosphate  up take .  I n  many i n s t a n c e s  (Dec. 76, S t a t i o n s  4,  
5 ,  and 6; May 77, S t a t i o n s  5  and 6) t h e  a b s o l u t e  up take  r a t e  was g r e a t e r  a t  
t h e  bottom, i n  s p i t e  of lower FRP c o n c e n t r a t i o n s  a t  t h e  bottom, because  of 
more abundant deep phytoplankton ( a s  i n d i c a t e d  by c h l o r o p h y l l  measurements) .  

The r a t e  of FRP up take  g e n e r a l l y  decreased  when s u r f a c e  samples,  
normal ly  i n  t h e  l i g h t ,  were p l a c e d  i n  t h e  d a r k  (Tables  9 ,  1 0 ) .  Dark v a l u e s  
ranged from 33% t o  126% of t h o s e  of t h e  l i g h t  sample. Only two v a l u e s  over  
100% were o b t a i n e d ,  w i t h  t h e  remaining 15 d a r k  samples averag ing  8 0  + 4% of 
t h e i r  r e s p e c t i v e  l i g h t  samples.  When bottom samples ,  normal ly  i n  n e a r  
d a r k n e s s ,  were exposed t o  l i g h t ,  t h e  r a t e s  of FRP u p t a k e  i n c r e a s e d  (Table  
9) from 114% t o  206% of t h e  cor responding  d a r k  v a l u e s  and averaged 1 6 1  + 
9%. Thus, w h i l e  t h e  s u r f a c e  samples incuba ted  i n  t h e  d a r k  decreased  t h e i r  
up take  r a t e  by an  average  of 20%, bottom samples i n  t h e  l i g h t  i n c r e a s e d  
t h e i r  up take  r a t e  by an average  of 61%. 

L i g h t ,  t h e r e f o r e ,  g e n e r a l l y  s t i m u l a t e d  t h e  u p t a k e  r a t e  of phosphate  
by t h e  p lank ton  b u t  up take  w a s  n o t  e n t i r e l y  dependent on l i g h t .  There was 
a  t r e n d  f o r  samples low i n  phosphate  t be a f f e c t e d  more by darkening t h e  - P samples.  Samples below 1.5 pg-at P e l  had a  mean d e c r e a s e  i n  u p t a k e  r a t e  
of 50% w h i l e  t h o s e  g r e a t e r  t h a n  o r  e q u a l  t o  1.6 pg-at pel-' dec reased  o n l y  
12% (Table 1 0 ) .  Th i s  w a s  i l l u s t r a t e d  i n  d e t a i l  on 5-6 June  1977, when 
S t a t i o n  1 showed a non- l inear  p o s i t i v e  up take  r a t e  w i t h  i n c r e a s i n g  l i g h t ,  
w h i l e  S t a t i o n s  4  and 6  showed l i t t l e  o r  no e f f e c t  (Table  1 1 ) .  

Both a l g a e  and b a c t e r i a  a r e  impor tan t  i n  c y c l i n g  of phosphorus i n  
n a t u r a l  wa te r s .  S ince  a l g a l  c e l l s  are g e n e r a l l y  l a r g e r  t h a n  b a c t e r i a l  
c e l l s ,  s i z e  s e p a r a t i o n  by d i f f e r e n t i a l  f i l t r a t i o n ,  u s i n g  8  ym and 0.45 pm 
M i l l i p o r e  f i l t e r s ,  was one t echn ique  used t o  a s c e r t a i n  t h e  r e l a t i v e  impor- 
t a n c e  of each t y p e  of organism t o  i n o r g a n i c  phosphorus c y c l i n g .  However, 
b a c t e r i a  a t t a c h e d  t o  a l g a e  o r  t o  d e t r i t a l  p a r t i c l e s  may a l s o  be t r apped  on 
t h e  c o a r s e r  f i l t e r .  The a n t i b i o t i c s  p e n i c i l l i n  G and s t rep tomycin ,  t h e r e -  
f o r e ,  were used a s  a second t e c h n i q u e  t o  d i s c r i m i n a t e  between t h e  P-uptake 
a c t i v i t y  of b a c t e r i a  and of a l g a e  i n  e i t h e r  s i z e  f r a c t i o n .  The a d d i t i o n  of 
t h e  a n t i b i o t i c s  caused s l i g h t  changes i n  t h e  chemis t ry  of t h e  w a t e r  samples.  
I n  p a r t i c u l a r ,  t h e  ammonium v a l u e s  i n c r e a s e d  by 9  pg-at N-1-I and phosphate  
v a l u e s  by 0.65 pg-at P e l - l .  

A n t i b i o t i c s  had l i t t l e  e f f e c t  on t h e  u p t a k e  of 14c by e i t h e r  s i z e  
f r a c t i o n  of p l a n k t o n  i n  s u r f a c e  o r  bottom samples (Table  1 2 ) .  Values of 
1 4 ~  con ta ined  i n  t h e  l a r g e r  (> 8 pm) s i z e  f r a c t i o n  were from 99% of t h e  
t o t a l  a c t i v i t y  a t  S t a t i o n  4 s  t o  70% of t h e  a c t i v i t y  a t  S t a t i o n  6s (Table  
1 2 ) .  The low 14c a c t i v i t y  i n  t h e  l a r g e r  s i z e  f r a c t i o n  a t  S t a t i o n  6s  



Table  8. F i l t e r a b l e  r e a c t i v e  P (FRP) up take  r a t e s  a t  t h e  s u r f a c e  and 
bottom of t h e  Pamlico River  a t  ambient t empera ture ,  l i g h t  and 
FRP concen t r a t i ons .  Temperatures w e r e  20 C i n  December and 
21-22 C i n  May. 

S t a t i o n  

12-13 Dec 76 

1 S 
1B 

15-16 May 77 

1 S 
1B 

Ligh t  

100% 
0 % 

100% 
0 % 

100% 
0% 

100% 
0% 

100% 
0% 

100% 
0 % 

100% 
0 % 

100% 
0% 

100% 
0% 

100% 
0% 

100% 
0 % 

100% 
0 % 

FRP 
(pg-at 1-11 

1.32 
2.00 

1.94 
2.10 

1.84 
1.97 

2.35 
1.97 

2.42 
1.32 

2.00 
1.06 

0.90 
1 .00 

1.42 
1.68 

1 .81  
1 .81 

4.68 
2.58 

2.26 
2.23 

0.90 
0.81 

P up take  r a t e  
(pg-at 1-I 011-1) 



Table  9. F i l t e r a b l e  r e a c t i v e  P (FRP) concen t ra t ions  and P uptake r a t e s  i n  l i g h t  and dark- 
n e s s  i n  s u r f a c e  and bottom samples from t h e p a m l i c o  River.  A l l  measurements 
made a t  25 C. 

Date - 
6 Sept 76 

5 Sept  76 

6 Sept 76 

5 Sept  76 

27 Sept 76 

26 Sept 76 

27 Sept 76 

26 Sept 76 

S t a t i o n  

1s 
1s 
2 s 
2 s 
3s  
3 s  

4 S 
4 S 
5s  
5s  
6 s  
6s  

1 B  
1 B  
2B 
2B 
3B 
3B 

4B 
4B 
5B 
5B 
6B 
6B 

IS  
1s 
2s 
2 S 
3 S 
3 s 

4 s  
4 s 
5 s 
5 S 
6s  
6 S 

1 B  
1 B  
2B 
2B 
3B 
3B 

4B 
4 B 
5B 
5B 
6B 
6B 

FRP 
(ug-at 1-11 

2.84 
2.84 
4.00 
4.00 
6.68 
6.68 

7.19 
7.19 
5.00 
5.00 
2.19 
2.19 

3.74 
3.74 
5.00 
5.00 
7.87 
7.87 

7.23 
7.23 
5.00 
5.00 
2.23 
2.23 

2.84 
2.84 
4.13 
4.13 
4.84 
4.84 

5.65 
5.65 
4.11 
4.11 
2.90 
2.90 

3.55 
3.55 
7.10 
7.10 
5.32 
5.32 

6.61 
6.61 
2.86 
2.86 
2.26 
2.26 

Light  
(% Ambient1 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

P Uptake Rat 
(ug-at . l - l -h-  

0.052 
0.043 
0.042 
0.037 
0.036 
0.034 

0.036 
0.026 
0.037 
0.031 
0.017 
0.014 

Dark 3 2 ~  L igh t  3 2 ~  
Uptake Rate  Uptake Rate  

(% of l i g h t )  (X of da rk )  



Table 10. 

Date - 
2 Mar 77 

6 June 77 

5 June 77 

Phosphorus uptake r a t e  by sur face  s e s t o n  as a func t ion  of l i g h t  i n t e n s i t y  and d i f f e r i n g  FRP 
concen t ra t ions  i n  t h e  Pamlico River. 

S t a t i o n  

1s 
1s 

1s 
1s 

3 S 
3s  

4 S 
4 S 

6s 
6s 

Temp. 

.All 
1 0  
1 0  

2 0 
2 0 

2 0 
2 0 

21 
21' 

2 1 
21 

Light 
(% Ambient) 

100 
0 

100 
0 

100 
0 

100 
0 

100 
0 

P 
FRP 

Dark 3 2 ~  
uptake r a t e  uptake r a t e  

(pg-at -1-1) (pg-at 1-1 .h-1) (% of l i g h t )  

.b 
03 

Table 11. The e f f e c t  of inc reas ing  l i g h t  on t h e  uptake of 3 2 ~  (b-l) by t h e  s e s t o n  i n  t h e  Pamlico Estuary. Temp. = 21 C. 

Date - S t a t i o n  

6 June 77 1s 

5 June 77 

6 June 77 

Light 
(% Ambient) 

0 
12 
33 
55 

100 

Par t .  32p 
(% of t o t a l  3 2 ~ )  

0.043 
0.068 
0.091 
0.114 
0.125 



Table  12. E f f e c t s  of a n t i b i o t i c s  and ÿ article s i z e  on t h e  up take  of 14c 
and 3 2 ~  by Pamlico River  s e s t o n  a t  f o u r  s t a t i o n s ,  s u r f a c e  and 
bottom, 12-13 March 7 7 .  "A" i n d i c a t e s  a n t i b i o t i c  t rea tment .  

S i z e  14, 
S t a t i o n  F r a c t i o n  

& T r e a t m e n t  (pm) cmp 

- -- - - L 

% of % of Uptake 
t o t a l  up take  % a l g a l  % bac t .  a c t i v i t y  

92 
8  

9  2 
8  

91 
9  

91  
9  

98 
2  

98 
2  

98 
2  

9  9  
1 

99 
1 

99 
1 

98 
2 

98 
2  

7 0  
30 
6 8 
32 

7 7 
23 
78 
22 



i n d i c a t e d  a  l a r g e r  pe rcen tage  of s m a l l  a l g a e  a t  t h i s  s t a t i o n .  

I n  c o n t r a s t ,  t h e  a n t i b i o t i c  t r e a t m e n t  had a  major e f f e c t  on t h e  3 2 ~  
f r a c t i o n a t i o n  (Table  1 2 ) .  For example, a t  S t a t i o n  IS ,  comparison of k  
v a l u e s  of t h e  l a r g e  s i z e  f r a c t i o n  (>  8  pm) t o  t h e  t o t a l  k  of b o t h  f r a c t i o n s  
(.090/ .117) shows t h a t  77% of t h e  3 2 ~  up take  (Column 6) i s  a t t r i b u t a b l e  t o  
t h e  l a r g e r  p a r t i c l e s .  Within  t h e  l a r g e  s i z e  f r a c t i o n ,  comparison of t h e  
up take  r a t e  a f t e r  a n t i b i o t i c  t r e a t m e n t  t o  t h e  c o n t r o l  r a t e  ( .069/.090) i n -  
d i c a t e s  t h a t  77% of t h e  u p t a k e  (Column 7) h a s  n o t  been a f f e c t e d  by t h e  
t r ea tment  and is t h e r e f o r e  a t t r i b u t e d  t o  a l g a l  up take ;  t h e  d i f f e r e n c e  (23%) 
(Column 8)  i s  a t t r i b u t e d  t o  b a c t e r i a l  up take  a s s o c i a t e d  w i t h  l a r g e  p a r t i -  
c l e s .  A t  S t a t i o n  1 B  t h e  l a r g e  s i z e  f r a c t i o n  a l s o  accounted f o r  most of t h e  
uptake and was mos t ly  a l g a l  i n  n a t u r e .  However, i n  t h e  s m a l l e r  s i z e  
f r a c t i o n  (< 8  pm) a t  S t a t i o n  1, none of t h e  3 2 ~  u p t a k e  by s u r f a c e  samples 
and on ly  17% of t h e  bottom up take  remained a f t e r  t r e a t m e n t  w i t h  a n t i b i o t i c s .  
Thus, a  major  p o r t i o n  of t h e  3 2 ~  up take  i n  t h e  smal l  s i z e  f r a c t i o n  a p p e a r s  
t o  r e s u l t  from b a c t e r i a l  a c t i o n .  

Although t h e  r a t e s  and p e r c e n t a g e s  d i f f e r e d ,  t h e  same p a t t e r n s  s e e n  a t  
S t a t i o n  1s and 1 B  were p r e s e n t  a t  t h e  o t h e r  s t a t i o n s  excep t  t h a t  S t a t i o n  4B 
showed g r e a t e r  presumed a l g a l  t h a n  b a c t e r i a l  u p t a k e  i n  t h e  s m a l l  s i z e  f r a c -  
t i o n ,  and S t a t i o n s  6s  and 6B showed more k a c t e r i a l  t h a n  a l g a l  u p t a k e  i n  t h e  
l a r g e  s i z e  f r a c t i o n .  Thus, most of t h e  C and 3 2 ~  c t i v i t y  w a s  c o n f i n e d  
t o  t h e  l a r g e r  s i z e  f r a c t i o n .  However, whereas t h e  l B C  a c t i v i t y  w a s  n o t  
a f f e c t e d  by t h e  a n t i b i o t i c s ,  t h e  3 2 ~  up take  decreased  i n  b o t h  s i z e  f r a c t i o n s  
excep t  f o r  t h e  l a r g e r  s i z e  f r a c t i o n  a t  S t a t i o n  4.  B a c t e r i a l  up take  of 3 2 ~  
ranged from 0% t o  58% of t h e  t o t a l  i n  t h e  l a r g e r  s i z e  f r a c t i o n ,  and from 
43% t o  100% of t h e  t o t a l  i n  t h e  s m a l l e r  s i z e  f r a c t i o n .  

B a c t e r i a l  up take  of 3 2 ~  by b o t h  t h e  l a r g e  and s m a l l  f r a c t i o n s  i n  s u r -  
f a c e  w a t e r s  was c a l c u l a t e d  a s :  

B a c t e r i a l  up take  (%) = 
(% bact>,q) (k>8) + (%bac t<8)  ( k < ~ )  

(k,g) + (11) 

B a c t e r i a l  u p t a k e  ranged from 13% of t h e  t o t a l  ( a l g a l  p l u s  b a c t e r i a l )  a t  
S t a t i o n  4 s  t o  62% a t  S t a t i o n  6S, w i t h  S t a t i o n s  1 and 3 a v e r a g i n g  40%. Along 
t h e  bottom of t h e  e s t u a r y ,  b a c t e r i a l  u p t a k e  of i n o r g a n i c  P  ranged from 3% 
a t  S t a t i o n  4B t o  62% a t  S t a t i o n  6B w i t h  S t a t i o n s  1 and 3  w i t h  t o t a l s  of 38% 
and 46%, r e s p e c t i v e l y .  Thus it appears  t h a t  b a c t e r i a l  u p t a k e  was s i g n i f i -  
c a n t  i n  t h e  e s t u a r y  i n  March, b u t  u s u a l l y  was n o t  dominant. Uptake of 3 2 ~  
by a l g a l  c e l l s  from t h e  darkened bottom s t r a t a  was n o t  g r e a t l y  d i f f e r e n t  
from a l g a l  u p t a k e  i n  l i g h t e d  s u r f a c e  s t r a t e ,  n o r  was b a c t e r i a l  u p t a k e  
v e r t i c a l l y  s t r a t i f i e d .  The l a r g e s t  change i n  pe rcen tage  of a l g a l  u p t a k e  
o c c u r r e d  w i t h  h o r i z o n t a l  d i s t a n c e  down t h e  e s t u a r y .  

When inc rements  of phosphate  ( u s u a l l y  i n  t h e  range of 0.97-6.45 pg-a t -  
1-I )  were added t o  n a t u r a l  w a t e r ,  t h e  up take  r a t e  i n c r e a s e d  w i t h  phosphate  
c o n c e n t r a t i o n .  The maximum r a t e s  (V ) c a l c u l a t e d  from t h e  Lineweaver- 
Burke f o r m u l a t i o n  of t h e  Michaelis-&$?en e q u a t i o n  ( s e e  Methods) were 
approximately  2-3 t imes  t h e  r a t e s  of ambient phosphate  c o n c e n t r a t i o n  (Table  
13) .  The c o n c e n t r a t i o n  a t  which one-half t h e  maximum r a t e  of P  u p t a k e  



Table 13. Phosphate uptake r a t e s  (k = uptake r a t e  constant ;  v = uptake r a t e )  i n  the  Pamlico River, and 
k i n e t i c  parameters (Vmax = maximum uptake ve loc i ty ;  Ks = hal f -sa tura t ion  concentrat ion)  
determined by varying phosphate concentrat ions.  

Ambient Conditions 17 

Date 
k FRP-l 

Y v max K s  
S t a t  ion  (pg-at 1 ) (mi*-') (pg-at -I-'. h-I) (I.lg-at 1-1 ah-1) (pg-at. 1-11 

15 Nov. 1976 IS 

14 Nov. 1976 4 S 
6s 

30 Jan. 1977 4s 

2 March 1977 1 S 

Cn 25 Apr i l  1977 1 S 

24 Apr i l  1977 4s 

10 July 1977 1 S 
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occurred (K,) v a r i e d  from 0.32 t o  18.5 p g - a t e l  . Exclus ive  of t h e  h i g h  
v a l u e  on 1 0  J u l y  1977, t h e  Ks v a l u e  averaged 1.65 pg-a t -1 - l ,  abou t  t h e  same 
a s  t h e  mean FRP f o r  t h e s e  d a t e s .  I n  g e n e r a l ,  t h e  lower t h e  FRP concen t ra -  
t i o n s ,  t h e  lower t h e  Ks and t h e  h i g h e r  t h e  v e l o c i t y  of phosphate  u p t a k e  ( v ) .  
There fore ,  a s  t h e  c e l l s  became l e s s  phosphorus d e f i c i e n t  as more FRP became 
a v a i l a b l e ,  t h e  Ks v a l u e  inc reased .  T h i s  demons t ra tes  t h a t  t h e  h a l f  
s a t u r a t i o n  c o e f f i c i e n t  f o r  phosphorus u p t a k e  by n a t u r a l  phy top lank ton  popu- 
l a t i o n s  is  n o t  a c o n s t a n t  b u t  a  v a r i a b l e  depending on t h e  p r e - h i s t o r y  of t h e  
a l g a e  and e x i s t i n g  environmental  c o n d i t i o n s .  

R e l a t i v e  Ra tes  of L a b e l l i n g  of P a r t i c u l a t e - P  F r a c t i o n s  

Phosphorus t a k e n  up from t h e  medium i s  i n c o r p o r a t e d  i n t o  s e v e r a l  meta- 
b o l i c  pools .  The rate of 3 2 ~  u p t a k e  and i t s  subsequent  l o c a t i o n  w i t h i n  
d i f f e r e n t  c e l l u l a r  p o o l s  y i e l d  v a l u a b l e  i n f o r m a t i o n  about  t h e  n u t r i t i o n a l  
s t a t u s  of t h e  a l g a e .  To e s t a b l i s h  t h e  n a t u r e  of t h i s  l i n k a g e  i n  t h e  Pamlico 
River ,  we incuba ted  samples of s u r f a c e  e s t u a r i n e  w a t e r  a t  t h r e e  e x p e r i m e n t a l  
tem e r a t u r e s ,  3  C (ambient) ,  1 0  C, artd 20 C and fo l lowed  n o t  o n l y  t h e  rate 
of j2P up take ,  b u t  a l s o  i t s  d i s t r i b u t i o n  w i t h i n  v a r i o u s  a l g a l  m e t a b o l i c  p o o l s  
(Tables  14 ,  1 5  and 1 6 ) .  At h i g h e r  t empera tu res ,  3 2 ~  was removed Erom so lu-  
t i o n  a t  i n c r e a s i n g  rates; Q10 v a l u e s  were from 1.25 t o  2.17, averag ing  1 .46 
( s e e  a l s o  Tab le  7 ) .  For example, a t  S t a t i o n  1s a t  3  C ,  9.55 pg-at pel-' 
c y c l e d  th rough  2.44 pg-at 1-1 of a l g a l  P  each hour (Table  14A and B ) ;  
a lga l -P  t h u s  t u r n e d  o v e r  16 t i m e s  p e r  hour.  However, a t  20 C ,  1 7 . 5  pg-at 
p.1-l  c y c l e d  through t h e  same amount of a l g a l  P  (Table 14A and B)  ; a l g a l - P  
t u r n e d  o v e r  7  t i m e s  and FRP 29 t imes  p e r  hour.  At t h e s e  up take  rates, ap- 
p a r e n t  t r a c e r  e q u i l i b r i u m  (when f i l t r a t e  3 2 ~  s topped d e c l i n i n g )  was es tab-  
l i s h e d  a t  b o t h  t empera tu res .  However, a t  S t a t i o n s  2s  and 3 s  (Tables  1 5  and 
16)  t h e  up take  r a t e s  were lower and t h u s  apparen t  t r a c e r  e q u i l i b r i u m  w a s  
e s t a b l i s h e d  on ly  a t  20 C f o r  S t a t i o n  2  d u r i n g  t h e  t i m e  p e r i o d  of t h e s e  
exper iments .  

A t  S t a t i o n  IS ,  n u t r i e n t  P  and a l g a l  P  had been rep lgqed  many t i m e s  o v e r  
by t h e  end of an hour .  At apparen t  t r a c e r  e q u i l i b r i u m ,  P had n o t  e q u i l i -  
b r a t e d  w i t h  f i l t e r a b l e  P,  e s p e c i a l l y  t h e  FUP f r a c t i o n  (Table  14B). F U ~ * P  
e q u a l l e d  1.7% and 0.5% of t h e  added t r a c e r  a t  20 C and 3  C r e s p e c t i v e l y  
(demons t ra t ing  i n c r e a s e d  F U ~ ~ P  l o s s  from c e l l s  a t  h i g h e r  m e t a b o l i c  P  c y c l i n g  
r a t e s ) ,  w h i l e  F U ~ ~ P  r e p r e s e n t e d  18% of s t a b l e  P. Thus, FUP was n o t  a s  
m e t a b o l i c a l l y  a c t i v e  a s  t h e  Par t -P and FRP p o o l s  o r  could  on ly  become l a b e l e d  
a f t e r  t h e  p a r t i c u l a t e - P  r e s e r v o i r  reached a h igh  s p e c i f i c  a c t i v i t y  (Kuenzler 
1970).  At S t a t i o n  2 s  a t  20 C ,  on ly  1.1% of t h e  t r a c e r  was i n  t h e  F U ~ ~ P  
f r a c t i o n  w h i l e  F U ~ ~ P  r e p r e s e n t e d  29% of s t a b l e  P (Table 15B). Again t h e  
t r a c e r  had n o t  e q u i l i b r a t e d  i n  t h e  FUP f r a c t i o n .  A l g a l  P  dominated t h e  d i s -  
d i s t r i b u t i o n  of s t a b l e  P (66% of t o t a l  P) a t  S t a t i o n  1s whereas l a b e l e d  a l g a l  
P  r e p r e s e n t e d  85.3 and 77.5% of  t h e  t o t a l  3 2 ~  added at  20 C and 3 C, r e spec-  
t i v e l y  S t a t i o n  2 s  showed t h e  same t r e n d .  

A l g a l  P  was a n a l y t i c a l l y  s e p a r a t e d  i n t o  t h r e e  metabo l ic  p o o l s ,  i n o r g a n i c  
s u r p l u s  P ,  o r g a n i c  s u r p l u s  P ,  and e s s e n t i a l  P ( s e e  Fig .  2 ) .  The t r a c e r  and 
s t a b l e  P t a k e n  up by t h e  c e l l  went most ly  t o  t h e  i n o r g a n i c  surplus-P and t o  



3 2 
T a b l e  14.  Comparison of s t a b l e  ( 3 1 ~ )  phosphorus f r a c t i o n s  w i t h  l a b e l e d  ( P) 

phosphorus f r a c t i o n s  a t  a p p a r e n t  t r a c e r  e q u i l i b r i u m  on 20 February  
1977 a t  S t a t i o n  1s on t h e  Pamlico River .  The exper iments  l a s t e d  
4.5-4.8 h r s .  

A. Uptake Ra tes  

Alga l  
Uptake r a t e  absorbed P - 1 

Temp (C) k (min ) (pg-at 1-I *h- l )  (pa-at  1-1) 

B. D i s t r i b u t i o n s  of  P Wi th in  Major Poo l s  

A l g a l  P - FRP - FUP T o t a l  P 

32 
3 C P (cpm) 

C. D i s t r i b u t i o n s  of P Wi th in  Alga l  P o o l s  

I n o r g a n i c  Organic  E s s e n t i a l  A l g a l  
S u r p l u s  P S u r p l u s  P P P 

* A t  a p p a r e n t  t r a c e r  e q u i l i b r i u m  
**Ambient c o n c e n t r a t i o n s ;  a l l  e x p e r i m e n t a l  t e m p e r a t u r e s .  



3 1 Table  15.  Comparison of s t a b l e  ( P) phosphorus f r a c t i o n s  w i t h  l a b e l e d  
( 3 2 ~ )  phosphorus f r a c t i o n s  a t  t r a c e r  e q u i l i b r i u m  (20 C) and 
b e f o r e  t r a c e r  e q u i l i b r i u m  (3 C) a t  S t a t i o n  2S on 20 February 
1977 i n  t h e  Pamlico Es tuary .  The exper iments  l a s t e d  4.6-4.9 
h r s .  

A. Uptake Ra tes  

A l g a l  
Uptake r a t e  

Temp (C) 
Absorbed P & (vg-at * l - l * h - l )  (vg-at *I-') 

B. D i s t : r i b u t i o n  of P Within  Major Pools  

A l g a l  P FRP - - FUP T o t a l  P 
? n 

-- 
J L 

20 CI P (cpm) 61 7 00 
% 8 0% 

**31 
p (vg-at 01-1) 0.74 

% 41% 

C. D i s t r i b u t i o n  of P Within  Alga l  Poo ls  

I n o r g a n i c  Organic E s s e n t i a l  A l g a l  
Surp lus  P Surp lus  P P P 

20 c 3 2 ~  (cpm) 25800 9140 26800 61700,k 
% 42% 15% 43% 

32 3 C P (cpm) 
% 

*At a p p a r e n t  t r a c e r  e q u i l i b r i u m  
**Ambient c o n c e n t r a t i o n s ;  a l l  exper imenta l  t empera tu res  



Table  16.  Comparison of s t a b l e  ( 3 1 ~ )  phosphorus f r a c t i o n s  w i t h  l a b e l e d  
( 3 2 ~ )  phosphorus f r a c t i o n s  d u r i n g  t r a c e r  up take  b e f o r e  t r a c e r  
e q u i l i b r i u m  a t  S t a t i o n  3 s  on  20 February 1977 i n  t h e  Pamlico 
River .  The exper iments  l a s t e d  4.7-4.9 h r s .  

Uptake Rates 

Alga l  

D i s t r i b u t i o n  of P Within  Major Poo ls  

A l g a l  P - FRP - FUP T o t a l  P 

3 2 
3 C P (cpm) 

D i s t r i b u t i o n  of P Within  A l g a l  Poo ls  

I n o r g a n i c  Organic E s s e n t i a l  A l g a l  
Surp lus  P Surp lus  P P P 

*Ambient c o n c e n t r a t i o n s  ; a l l  exper imenta l  t empera tu res .  



t he  e s s e n t i a l  P pools (Tables 14C, 15C, and 16C). A t  S t a t i o n  3 a t  3  C ,  76% 
of t h e  t r a c e r  en tered  t h e  inorganic  surp lus  P pool,  whereas 34% of t h e  s t a b l e  
P was i n  t h i s  pool (Table 16C). A t  20 C ,  t h e  amount of t r a c e r  i n  t h i s  pool  
was only 40% of t o t a l  3 2 ~  a t  t he  end of t h e  experiment, while  t h e  remaining 
two pools increased  i n  a c t i v i t y  r e l a t i v e  t o  t h e  3 C experiment. A t  3  C ,  t h e  
h ighes t  s p e c i f i c  a c t i v i t y  was a t t a i n e d  by t h e  inorganic su rp lus  P (8 x 106 
cpm * &-at-'). However, a t  20 C wi th  t h e  c e l l s  approaching t r a c e r  e q u i l i -  
brium, t h e  h ighes t  s p e c i f i c  a c t i v i t y  occurred i n  t he  e s s e n t i a l  P pool  (22 x 
l o 6  cpm pg-at-1). This movement of 3 2 ~  from one metabol ic  pool  t o  another  
a t  S t a t i o n  4s i n  January i s  shown i n  F igure  22. This  same t r end  is  seen a t  
S t a t i o n  2S, i . e . ,  a s  t he  c e l l s  t ake  up more P, t h e  s p e c i f i c  a c t i v i t y  changed 
from a maximum i n  su rp lus  inorganic P a t  3  C t o  e s s e n t i a l  P a t  20 C (Table 
15C). However, a t  S t a t i o n  1s where apparent  t r a c e r  equi l ibr ium had been 
e s t ab l i shed  a t  both 3 C and 30 C ,  t h e  h ighes t  s p e c i f i c  a c t i v i t y  was a l r eady  
found i n  t h e  e s s e n t i a l  P pool.  (Table 14C). Thus, a s  t h e  metabol ic  r a t e  
increased ,  and a s  more P was absorbed, t h e  P f i r s t  a s s imi l a t ed  i n t o  su rp lus  
inorganic  P was quickly t r a n s f e r r e d  t o  t h e  e s s e n t i a l  P and organic  su rp lus  P 
f r a c t i o n s .  I n  add i t i on ,  a s  t h e  uptake r a t e  of P increased,  t h e  product ion 
of F U ~ ~ P  increased.  That is ,  a s  t h e  P was t r a n s f e r r e d  from inorganic  su rp lus  
P t o  t he  e s s e n t i a l  P pool,  FU32~ exc re t ion  apparent ly  increased .  

Even a t  apparent  t r a c e r  equi l ibr ium, however, 3 2 ~  was not  d i s t r i b u t e d  
i n  propor t ion  t o  i t s  s t a b l e  P counterpar t s .  This  occurred not  only i n  terms 
of t h e  P d i s t r i b u t i o n  i n  t h e  water,  bu t  a l s o  i n  terms of 3 2 ~  d i s t r i b u t i o n  
wi th in  the  a l g a l  c e l l s  (Tables 14, 15 and 16) .  Thus, pool  s i z e s  of s t a b l e  P 
g i v e  l i t t l e  i n d i c a t i o n  of t h e i r  metabol ic  importance. Measurement of s t a b l e  
P d i s t r i b u t i o n s  a lone  can lead  t o  erroneous conclusions a s  t o  t h e i r  a c t u a l  
importance i n  P cyc l ing  r eac t ions .  

Plankton Product ion of F i l t e r a b l e  Unreactive P 

The product ion of F U ~ ~ P  was determined a t  t h e  end of k i n e t i c  experiments 
on a l l  da t e s  sampled. F U ~ ~ P  w a s  no t  d e t e c t a b l e  i n  t h e s e  experiments except 
from l a t e  January 1977 through A p r i l  1977, and r eac  ed a  peak during March 
1977 when i t  accounted f o r  nea r ly  6% of t h e  t o t a l  311P i n  t h e  system. On a l l  
o the r  d a t e s  F U ~ ~ P  ranged from < 1% t o  nea r ly  3% of t o t a l  3 2 ~  (Tables 14, 15,  
and 16,  and Fig. 22).  When F U ~ ~ P  was de t ec t ab le ,  t h e  uptake r a t e  of phos- 
phorus was high,  implying t h a t  t h e  t r a c e r  w a s  quickly incorpora ted  i n t o  a l g a l  
metabol ic  pools and then  leaked o r  excre ted  back i n t o  t h e  water a s  F U ~ ~ P .  
During k i n e t i c  experiments where t h e  uptake r a t e  was slower,  t h e  metabol ic  
a 1  a1 pools were no t  s u f f i c i e n t l y  l a b e l l e d  during t h e  experiments and thus  S mT 2P d id  not  become de t ec t ab le .  The propor t ion  of FLJ32p never  approached 
t h e  pro o r t i o n  of FLJ31p. Whereas a l g a l  product ion of F U ~ ~ P  was d e t e c t a b l e ,  

3  4 the  FU P i n  the  water  d id  not  a t t a i n  equi l ibr ium with t h e  t r a c e r  dur ing  
these  experiments.  
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Fig. 22. Changes in the radioactivity of 3 metabolic pools of plankton 
during labelling with 32P. 
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Fig. 23. Nitrate distribution in surface waters of the Pamlico River. 



Alka l ine  Phosphomonoesterase A c t i v i t y  

The a c t i v i t y  of t h e  enzyme a l k a l i n e  phosphomonoesterase (PMase) changed 
over t h e  yea r  and w i th  d i s t a n c e  down t h e  e s t u a r y .  Highest  enzyme a c t i v i t i e s  
(700-1200 n  moles P N P P * ~ - ~ * ~ - ~ )  were recorded dur ing  t h e  bloom pe r iod  (2-12 
March 77) a t  S t a t i o n s  1, 3  and 4. Lower enzyme a c t i v i t i e s  (150-200 n  moles 
P N P P = ~ - ~ * ~ - ~ )  were found j u s t  a f t e r  t h e  c o l l a p s e  o r  washout of t h e  phyto- 
plankton bloom downstream (Table  1 7 ) .  The lowest  v a l u e s  i n  t h e  e s t u a r y  were 
found a t  S t a t i o n  6 (< 300 n  moles P N P P * ~ - ~ * ~ - ~ ,  except  on 5 June ) .  I n  
g e n e r a l ,  t h e  PMase a c t i v i t i e s  pe r  l i t e r  decreased  downstream toward t h e  
sound. This  p a t t e r n  changed w i th  t h e  movement of t h e  bloom downstream i n  t h e  
win te r - spr ing  of 1977. During t h i s  pe r iod  h i g h e s t  enzyme a c t i v i t i e s  were 
found f i r s t  a t  S t a t i o n  1 (19 Feb 1977),  w i th  subsequent peak r ead ings  a t  t h e  
lower s t a t i o n s .  On 12 March 77, peak a c t i v i t y  w a s  a t  S t a t i o n  4 ,  on 5  June  
1977 peak a c t i v i t y  occur red  a t  S t a t i o n s  4 and 6 ,  and on 1 0  J u l y  1977 t h e  
h i g h e s t  PMase a c t i v i t y  was found a t  S t a t i o n  6. 

P a r t i c u l a t e  enzyme a c t i v i t y  w a s  u s u a l l y  g r e a t e r  t h a n  f i l t e r a b l e  a c t i v i t y  
( r a t i o  % 3 : l ) ;  on 23 A p r i l  1977 a t  t h e  upstream s t a t i o n s  (1-3) t h e  r a t i o s  
equa l l ed  6 : l  t o  8 : l  (Table  17 ) .  However, j u s t  a f t e r  movement of t h e  bloom 
downstream, upstream s t a t i o n s  had r a t i o s  of 0.6 t o  0 .9: l .  The h a l f  s a t u r a -  
t i o n  c o e f f i c i e n t  (G) f o r  t h e  a l k a l i n e  PMase i n  t h e  Pamlico Es tuary  equa l l ed  
54 pg-at P * l - l .  S ince  F U ~ ~ P  concen t r a t i ons  r a r e l y  exceeded 1 pg-at 
t h e  u se  of t h i s  s u b s t r a t e  by t h e  a l g a l  c e l l s  appears  t o  be  ve ry  i n e f f i c i e n t .  
Th is  is  e s p e c i a l l y  s o  s i n c e  one- th i rd  of FUP i s  c o l l o i d a l  and probably even 
less a v a i l a b l e  t o  a l g a l  PMase t han  is  DiUP (Table 5 ) .  

Ni t rogen D i s t r i b u t i o n s  

The n i t r o g e n  concen t r a t i on  d a t a  shown h e r e  a r e  f o r  "surface"  samples 
(0.5 meter dep th)  c o l l e c t e d  a t  t h e  s i x  sampling s t a t i o n s .  Data f o r  "bottom" 
samples (0.5 meters above bottom) a r e  n o t  shown because t hey  were u s u a l l y  
s i m i  ar t o  t h e  s u r f a c e  da t a .  Concen t ra t ions  a r e  g e n e r a l l y  expressed  a s  -yt u 
N . 1 - I ;  t o  conver t  t h e s e  t o  pg N * l ' l ,  m u l t i p l y  by 14. To conver t  t o  u g - 1  of 
NHq, NO2,  o r  N03, m u l t i p l y  t h e  pg-at N . 1 - I  v a l u e s  by 18 ,  46, o r  62, respec-  
t i v e l y .  The t a b u l a t e d  d a t a  from which t h e  i s o p l e t h  p l o t s  were c o n s t r u c t e d  
a r e  inc luded  i n  Appendix I. 

During t h i s  s tudy  n i t r a t e  l e v e l s  i n  t h e  Pamlico were above 1 pg-at ~-1- l  
only a t  t h e  upstream s t a t i o n s  and t h e r e  on ly  i n  win te r t ime;  n i t r a t e  was below 
t h e  l i m i t  of d e t e c t i o n  (0.7 pg-at N.1-I) most of t h e  t i m e .  I n  November 1975 
t h e  concen t r a t i ons  r a n  ed from about 15 pg-at ~-1- l  a t  S t a t i o n s  1 and 2  t o  
less than  1 pg-at N-1- '  a t  S t a t i o n s  5  and 6  downstream (Fig.  23). The up- - 1 
r i v e r  n i t r a t e  t hen  began t o  i n c r e a s e ,  reach ing  a peak of ove r  25 pg-at N o 1  
by January-February 1976, bu t  i n  t h e  lower h a l f  of t h e  e s t u a r y  t h e r e  w a s  no 
i nc r ea se .  Below S t a t i o n  4 t h e  n i t r a t e  f e l l  t o  less than  0.7 pg-at N .1 - I  and 
remained t h e r e  through t h e  r e s t  of t h e  s t udy  per iod .  Meanwhile, t h e  u p r i v e r  
n i t r a t e  l e v e l s  began t o  d e c l i n e  i n  March and A p r i l  1976 s o  t h a t  by summer t h e y  
were a t  o r  below 1 pg-at N . 1 - l  a t  a l l  t h e  sampling s t a t i o n s .  Th i s  l a s t e d  



Table 17. The d i s t r i b u t i o n  of a l k a l i n e  phosphomonoesterase (PMase) a c t i v i t y  i n  moles PNPP hydrolyzed per  hour) 
i n  t h e  Pamlico River.  

Date S t a t i o n  - 
26 Sept  76 

17 Oct 76 

14 Nov 76 

12 Dec 76 

2  March 77 

T o t a l  PMase 
(per  l i t e r )  

330 
320 
24 5  
189 
13 6  
84 

141  
110 

93 
64 

102 
25 

126 
9  5  
66 
9  7  

143 
108 

343 
2  14 
195 
104 

79 
68 

134 

47 0  
316 
192 
3  6  
44 
34 

1,239 
1,005 

P a r t i c u l a t e  PMase 
(per l i t e r )  (per mg d r y  wt.1 Date - S t a t i o n  

12 March 77 

2  A p r i l  77 

23 A p r i l  77 

1 5  May 77 

5  June 77 

1 0  J u l y  77 

T o t a l  PMase 
(per l i t e r )  

37 6  
37 6  
7  52 
842 
17 9 
272 

140 
137 
14 9  
483 
459 
220 

177 
195 
203 
159 
115 
151  

240 
206 
18  9  
153 
124 

9  6  

381 
247 
217 
730 
3  18  
558 

242 
227 
192 
143 
24 2  
261 

P a r t i c u l a t e  PMase 
(pe r  l i t e r )  (per mg d r y  wt.) 



u n t i l  November when t h e  u p r i v e r  l e v e l s  a g a i n  began t o  rise. A s  i n  t h e  pre-  
v i o u s  w i n t e r ,  t h e  peak c o n c e n t r a t i o n  occur red  a t  S t a t i o n  1 i n  March. However, 
t h e  1977 peak was somewhat lower t h a n  t h a t  of 1976 F i n a l l y ,  by May 1977 a l l  
s t a t i o n s  were a g a i n  showing less t h a n  1 pg-at ~ - l - ~  a s  n i t r a t e  (Fig .  23) .  

N i t r i t e  was by f a r  t h e  l e a s t  abundant form of n i t r o g e n  measured. I t s  
c o n c e n t r a t i o n s  ranged from u n d e t e c t a b i e  ( l e s s  t h a n  0.07 pg-at N.1-I) t o  
around 0.6 pg-at N . 1 - I  (Fig .  24).  U p r i v e r ,  a t  S t a t i o n s  1 and 2,  l e v e l s  above 
0.4 pg-at N . 1 - I  were reached on ly  b r i e f l y  d u r i n g  t h e  1975-1976 w i n t e r  and i n  
January  and March 1977. Downriver, excep t  f o r  s h o r t  i n t e r v a l s  i n  t h e  f a l l  of 
1976 and March 1977, t h e  n i t r i t e  l e v e l s  were below t h e  limits of d e t e c t i o n  
throughout t h e  s t u d y  per iod .  Thus, n i t r i t e  c o n c e n t r a t i o n s  e x h i b i t e d  a sea- 
s o n a l  p a t t e r n  v e r y  s i m i l a r  t o  t h a t  f o r  n i t r a t e  even though t h e  d i f f e r e n c e  i n  
c o n c e n t r a t i o n s  of n i t r a t e  and n i t r i t e  were sometimes more t h a n  100-fold  (Fig .  
23, 24) .  

Genera l ly  more ammonia t h a n  n i t r a t e  was p r e s e n t  a t  t h e  downriver s t a t i o n s  
throughout  t h e  y e a r .  Below S t a t i o n  3  d u r i n g  1976 ammonia f l u c t u a t e d  between 
1 and 4  pg-at ~ - 1 - l ~  but  fol lowed no obvious  s e a s o n a l  p a t t e r n  (Fig .  25).  
However, i n  e a r l y  1977 ammonia decreased  t o  l e s s  t h a n  1 pg-at N . 1 - I  a t  a l l  
s t a t i o n s  and, excep t  f o r  a  b r i e f  i n t e r v a l  i n  February,  s t a y e d  below 1 pg-at 
N e 1 - l  a t  S t a t i o n s  5  and 6  f o r  t h e  rest of t h e  s p r i n g  and e a r l y  summer. 
Ammonia, l i k e  n i t r a t e ,  was most c o n c e n t r a t e d  u p r i v e r  d u r i n g  wintertime. For  
example, a t  S t a t i o n  1 peak ammonia c o n c e n t r a t i o n s  were measured i n  January  
1976 (> 1 5  pg-at N*lmi) and i n  February-March 1977 (> 1 5  pg-at N * : L - ~ ) .  At 
S t a t i o n s  2  and 3 ammonia maxima occur red  a t  t h e s e  same t i m e s ,  b u t  t h e  peaks  
were somewhat lower t h a n  a t  S t a t i o n  1. ~ l t h o u ~ h '  t h e  w i n t e r  peak ammonia 
l e v e l s  were lower t h a n  t h o s e  f o r  n i t r a t e ,  t h e  summer ammonia 1eve:Ls were  1-4 
pg-at N g  1-I h i g h e r  t h a n  t h o s e  f o r  n i t r a t e  (F ig .  23 and 25) a t  least  d u r i n g  
1976. 

Dissolved o r g a n i c  n i t r o g e n  (DON) l e v e l s  were u s u a l l y  abou t  t h e  same a t  
a l l  s t a t i o n s  on any g iven  sampling d a t e .  Thus, most of t h e  i s o p l e t h s  on  F i g .  
26 ex tend  from t o p  t o  bottom of t h e  p l o t .  Two e x c e p t i o n s  t o  t h i s  p a t t e r n  
occu red :  one i n  March-April 1977 when c o n c e n t r a t i o n s  r o s e  t o  o v e r  50 pg-at - f 
N o 1  a t  S t a t i o n  3 ,  and t h e  second i n  J u l y  1977 when t h e  60 pg-at ~01-I l e v e l  
was exceeded a t  S t a t i o n s  1 and 6. Otherwise ,  t y p i c a l  DON c o n c e n t r a t i o n s  were 
i n  t h e  20-40 ug-at ~01- l  range (Fig.  26).  It a p p e a r s  t h a t  l e v e l s  were some- 
what h i g h e r  i n  t h e  s p r i n g  and e a r l y  summer o f  1977 (40 t o  60 pg-at N-1-') 
t h a n  d u r i n g  t h e  same p e r i o d  i n  t h e  p receed ing  y e a r  (20 t o  40 pg-at N-l-'), 
b u t  s i n c e  no samples were taken  between A p r i l  and J u l y  1976, t h i s  a p p a r e n t  
d i f f e r e n c e  may n o t  be r e a l .  

P a r t i c u l a t e  n i t r o g e n  (PN) l e v e l s  were h i g h e s t  upst ream d u r i n g  most of 
t h e  y e a r ,  b u t  s e v e r a l  l a r g e  peaks i n  t h e  middle  of t h e  r i v e r  t ended  t o  cor-  
r e l a t e  w i t h  l a t e - w i n t e r  a l g a l  blooms. A t  S t a t i o n  1, a l l  bu t  one sample 
con ta ined  a t  l e a s t  20 pg-at N . 1 - I  a s  PN, whereas o n l y  about  one-half  of t h o s e  
from S t a t i o n  6  con ta ined  ev n  1 0  pg-at N-1-I PN. Up r i v e r ,  peak concen t ra -  
t i o n s  of o v e r  40 pg-at NW1- '  were  measured i n  October  1975, December 1976, 
and January  1977 (Fig .  27). The midd le - r ive r  s t a t i o n s  showed t h e  most sea-  



Fig .  2 4 ,  Nitrite d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  o f  t h e  Pamlico River. 

Fig .  25. Ammonium d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  o f  t h e  Pamlico River .  
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Fig.  26. Disso lved  o r g a n i c  n i t r o g e n  d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  o f  t h e  
Pamlico River.  
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Fig.  27. P a r t i c u l a t e  n i t r o g e n  d i s t r i b u t i o n  i n  s u r f a c e  w a t e r s  of t h e  
Pamlico River .  



s o n a l  v a r i a b i l i t y  i n  PN. For example, at  S t a t i o n  4  t h e  c o n c e n t r a t i o n  r o s e  t o  
over  40 ug-at N . 1 - I  t w i c e  i n  t h e  1975-1976 w i n t e r ,  and a g a i n  i n  March 1977, 
b u t  a t  o t h e r  t i m e s  v a r i e d  g e n e r a l l y  from 10-30 pg-at N . 1 - I  w i t h  no obvious  
s e a s o n a l  p a t t e r n .  The March 1977 peak d e f i n i t e l y  w a s  c o r r e l a t e d  w i t h  a n  
a l g a l  bloom i n  t h e  r i v e r ,  which was observed f i r s t  a t  S t a t i o n  1 i n  e a r l y  
February (Fig .  27) .  

N i t r a t e  and Ammonia Uptake Rates; Ambient Condi t ions  

I s o p l e t h  p l o t s  d e p i c t i n g  s e a s o n a l  p a t t e r n s  of n i t r a t e  and ammonia u p t a k e  
a t  t h e  s i x  r i v e r  s t a t i o n s  were developed from t h e  i n c u b a t o r  up take  d a t a .  A l l  
of t h e  r a t e s  used i n  t h e s e  p l o t s  were measured a t  t h e  same l i g h t  i n t e n s i t y ,  
95 p - e i n s t e i n s  *m'-2*sec-1 ( a t  100% i n c u b a t o r  l i g h t  i n t e n s i t y ) .  These d a t a  are 
n o t  d a i l y  averages ,  b u t  can be cons idered  a s  r e p r e s e n t a t i v e  of dayt ime u p t a k e  
n e a r  t h e  s u r f a c e ,  s i n c e  excep t  on t h e  d a r k e s t  w i n t e r  day, nbontime s u r f a c e  
l i g h t  i n t e n s i t y  probably  exceeds t h e  i n c u b a t o r  l i g h t  i n t e n s i t y .  These d a t a  
can a l s o  be cons idered  a s  r e p r e s e n t a t i v e  of l i g h t - s a t u r a t e d  u p t a k e ,  s i n c e  
i n t e n s i t i e s  of 50-100 p-einsteins*m-2 sec - I  were u s u a l l y  s u f f i c i e n t  t o  
s a t u r a t e  up take  i n  t h e  exper imenta l  measurements ( s e e  below).  The d a t a  are 
from measurements a t  ambient r i v e r  t empera tu res  o r  were e s t i m a t e d  by i n t e r p o -  
l a t i n g  between measurements a t  two i n c u b a t o r  t e m p e r a t u r e s ,  one h i g h e r  and one 
lower t h a n  ambient.  

N i t r a t e  up take  rates ranged from less t h a n  0.03 t o  over  0.3 pg-a t*~ .1- '*  
h-I between October 1975 and J u l y  1977 (Fig.  28).  The lowest  rates were a t  
t h e  downriver s t a t i o n s  d u r i n g  w i n t e r .  Upr iver ,  t h e  w i n t e r  rates were  around 
0.03-0.07 pg-at N * l - l * h - l ,  During summertime, n i t r a t e  up take  was h i g h e r  
(.03-.14 pg-at*N=l-l.h'l) and t h e r e  was n o t  much d i f f e r e n c e  i n  t h e  rates a t  
d i f f e r e n t  s t a t i o n s .  Peaks of n i t r a t e  u p t a k e  o c c u r r e d  i n  October  1975 a t  
S t a t i o n  3  and i n  February and March of b o t h  1976 and 1977 a t  S t a t i o n  4. These 
s p r i n g  peaks exceeded 0.29 p g - a t * ~ * l - l * h ' l  and t h e y  corresponded w i t h  t h e  
a l g a l  bloom t h a t  r e g u l a r l y  o c c u r s  i n  t h e  middle  p o r t i o n  of t h i s  e s t u a r y  i n  
January ,  February,  and March (Hobbie 1974).  

Apraonia up take  was a l s o  s lowes t  d u r i n g  t h e  w i n t e r .  For example, i n  
December 1975 and January  1976 t h e  rates were less t h a n  0.07 pg-at*~=l ' l*h ' l  
a t  S t a t i o n s  5 and 6  (Fig.  29)L1 Me nwhi le ,  u p r i v e r  rates a t  S t a t i o n  1-3 were B between .14 and .71 ug-at N o 1  *he . During t h e  1977 s p r i n g  bloom t h e r e  was 
a  peak i n  ammonia u t i l i z a t i o n  a t  S t a t i o n  4. However, t h i s  s p r i n g  ammonia 
peak i s  l e s s  obvious t h a n  t h e  s p r i n g  n i t r a t e  up take  peak because  even g r e a t e r  
ammonia up take  occur red  i n  t h e  l a t e  summer and f a l l .  For example, i n  1976 
t h e  h i g h e s t  r a t e s  were a t  t h e  lower e s t u a r y  s t a t i o n s  d u r i n g  September. 
Throughout most of t h e  summer, i n  f a c t ,  ammonia up take  was e q u a l  t o  o r  
g r e a t e r  t h a n  t h e  r a t e s  d u r i n g  t h e  s p r i n g  bloom. S i m i l a r l y ,  t h e  1975 d a t a  
i n d i c a t e  h i g h  up take  i n  t h e  e a r l y  f a l l ,  e s p e c i a l l y  a t  t h e  midd le  e s t u a r y  
s t a t i o n s .  

I n  summary, bo th  n i t r a t e  and ammonia u p t a k e  rates were lowes t  downriver 
dur ing  w i n t e r .  Nitrate up take  peaked d u r i n g  t h e  s p r i n g  blooms w h i l e  ammonia 
up take  was h i g h e s t  i n  summer and f a l l  (Fig.  28, 29) .  Ammonia rates were 



Fig. 28,, N i t r a t e  uptake r a t e s  i n  s u r f a c e  wa te r s  o f  t h e  Pamlico Ekiver. 

Fig.  29. Ammonia uptake r a t e s  i n  s u r f a c e  wate rs  of t h e  Pamlico River .  
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almost always h ighe r  t han  n i t r a t e  rates, so  t h a t  t h e  p l o t  of C ammonia + 
n i t r a t e  up take  (Fig.  30) i s  very  similar t o  a p l o t  of ammonia up take  a lone .  

N i t r a t e  and Ammonia Uptake Rates; Temperature, L igh t  and-Concent ra t ion  E f f e c t s .  

N i t r a t e  and ammonia uptake r a t e s  f o r  t h e  Pamlico p lank ton  i nc r ea sed  w i th  
i n c r e a s i n g  tempera ture ,  a t  l e a s t  i n  t h e  range 10-30 C. Th is  was demonstrated 
on s e v e r a l  occas ions  when w e  compared up take  rates measured i n  samples in-  
cubated s imul taneous ly  a t  two d i f f e r e n t  t empera tures :  1 0  and 20 C,  15  and 
25 C ,  o r  20 and 30 C (Table  18 ) .  The q u o t i e n t  of  t h e  rates a t  t h e  h ighe r  
temperature  d iv ided  by t h e  r a t e  a t  t h e  lower t empera ture  ( t h e  QlO) averaged 
1.39 f o r  ammonia and 1.62 f o r  n i t r a t e .  The d i f f e r e n c e  i n  t h e s e  means w a s  
no t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  however, i n  l i g h t  of t h e  g r e a t  v a r i a t i o n  from 
one experiment t o  ano ther .  For comparison, t h e  Q10 v a l u e s  were a l s o  grouped 
according t o  temperature  range.  The mean Q10 f o r  t h e  10-20 C range  w a s  1.63,  
bu t  f o r  t h e  20-30 C range  i t  w a s  1.33 (Table 18 ) .  Th is  d i f f e r e n c e  i n d i c a t e s  
t h a t  t h e  e f f e c t  of t empera ture  on n i t r a t e  and ammonia a s s i m i l a t i o n  
i s  no t  l i n e a r ,  and t h a t  t h e  e f f e c t  i s  g r e a t e s t  a t  t h e  lower t empera tures .  
The Q10 v a lue s  f o r  n i t r a t e  and ammonium were q u i t e  similar t o  t h e  Q10 v a l u e s  
f o r  phosphate over  similar tempera ture  ranges  (Table  7 ) .  There  must be  some 
temperature  o r  range of t empera tures  a t  which t h e  up take  rates would be 
maximum. Our Q10 d a t a  do no t  r e v e a l  what t h i s  "optimum" tempera ture  i s ,  b u t  
t h e  d a t a  i n d i c a t e  t h a t  it  is  g r e a t e r  t h a n  25 C. 

Given t h e s e  Q10 v a l u e s  and t h e  observed s e a s o n a l  v a r i a t i o n  i n  water 
temperature ,  we can estimate how much e f f e c t  t empera ture  a l o n e  cou ld  have on 
t h e  s ea sona l  p a t t e r n  of n i t r o g e n  up take  i n  t h e  r i v e r .  For  example, wa t e r  
temperatures  i n  t h e  r i v e r  range from around 5 C t o  30 C du r ing  a t y p i c a l  yea r  
(Fig.  5 ) .  Combining t h i s  v a r i a t i o n  w i t h  our  measured ~ 1 0 ' s  produces  a n  
e s t i m a t e  t h a t  summer r a t e s  should be about  t h r e e  times t h e  w i n t e r  rates, 
assuming t h a t  no o t h e r  f a c t o r s  were involved  i n  i n f l u e n c i n g  t h e  r a t e s .  Of 
cou r se  f a c t o r s  such a s  l i g h t  i n t e n s i t y  and n i t r o g e n  c o n c e n t r a t i o n  a l s o  i n f l u -  
ence t h e  uptake r a t e s ,  and they  vary  by much more t han  a f a c t o r  of t h r e e  
between w i n t e r  and summer. Never the less ,  t empera ture  seems t o  p l a y  a s i g n i -  
f i c a n t ,  a l though  modest, r o l e  i n  determining t h e  s e a s o n a l  p a t t e r n  of n i t r o g e n  
a s s i m i l a t i o n  i n  t h e  Pamlico. 

N i t r a t e  and ammonia up take  by t h e  Pamlico phytoplankton responded 
p o s i t i v e l y  t o  i n c r e a s i n g  l i g h t  i n t e n s i t y  up t o  a maximum, " s a t u r a t i n g "  i n t en -  
s i t y .  Th is  was demonstrated i n  a number of exper iments  dur ing  t h e  course  of 
t h e  yea r  by s imul taneous ly  incuba t ing  subsamples of r i v e r  water a t  f i v e  o r  
s i x  d i f f e r e n t  l i g h t  i n t e n s i t i e s  ranging from darkness  t o  95 p-einsteinsom-2. 
sec'l ( a s  PAR). 

Dark up take  w a s  always l e s s  than  up take  i n  t h e  l i g h t ,  bu t  d a r k  up take  
w a s  never  z e r o  (Fig .  31) .  The maximum, l i g h t - s a t u r a t e d  rate of up take  v a r i e d  
from one experiment t o  ano the r  because of d i f f e r e n t  a l g a l  biomasses,  d i f f e r e n t  
i ncuba t i on  tempera tures ,  and d i f f e r e n t  n u t r i e n t  concen t r a t i ons .  Never the less ,  
t h e  shapes  of a l l  t h e  curves  i n  Fig. 3 1  a r e  similar, i n d i c a t i n g  t h a t  t h e  
l i g h t  e f f e c t  i s  most pronounced a t  ve ry  low l i g h t  i n t e n s i t i e s .  For example, 





Table  18. Q10 va lues  f o r  ammonia and n i t r a t e  up take  by Pamlico River  phytoplankton. 
Superscr ip t s  bes ide  Q10 v a l u e s  r e f e r  t o  sampling s t a t i o n  numbers. 

Temp . 
Range (C) - Date 

Q l 0  
( N i t r a t e )  

Mean 2 s.d. 1.39 2 0;26 1.62 2 0.43 

Mean + s.d, 



Fig. 

---- 

PAR ( JI e i n s t e i n s d  sec-' ) 
a = r apr. ,1976 (25') c = 5 sep., 1976 (25') f = 2 mar., a77( io0)  
b =25 jul. ,1976 (25") d =12 dec., 1976 (20') g = 24 apr . ,1977 (20') 

e =30 jan., 1977 (20") 
31. E f f e c t  of  l i g h t  i n t e n s i t y  (Pho tosyn the t i ca l l y  Avai lab le  Radia t ion)  

on ammonia and n i t r a t e  uptake r a t e s  i n  s u r f a c e  waters  o f  t h e  
Pamlico River. 



t h e  ammonia uptake r a t e s  increased most r ap id ly  between 0 and 10 - e i n s t e i n s -  
m-2 sec-1 and changed very l i t t l e  beyond 20 v e i n s t e i n s  em-2 sec-Y (about 1% 
of the  noon-time su r f ace  PAR i n t e n s i t y  i n  summer). For n i t r a t e  uptake,  l i g h t  
s a t u r a t i o n  seemed t o  occur a t  somewhat higher  i n t e n s i t i e s ,  s i n c e  i n  fou r  of 
t h e  seven experiments, t h e  uptake a t  95 u-e ins te in~*rn '~*sec- l  was consider- 
ably higher  than a t  t h e  next lower i n t e n s i t y .  The n i t r a t e  d a t a  a l s o  suggest 
t h a t  the  s a t u r a t i n g  l i g h t  i n t e n s i t y  f o r  uptake depended i n  p a r t  on tempera- 
t u r e .  S p e c i f i c a l l y ,  s a t u r a t i o n  was reached a t  a lower l i g h t  i n t e n s i t y  on 
2 March 1977 (Fig. 31, Experiment f )  than  i n  most of t h e  o t h e r  experiments;  
t h i s  experiment was run a t  10 6 ,  whereas t h e  o t h e r s  were run a t  20 C o r  25 C. 

A s t r i k i n g  d i f f e r e n c e  e x i s t s  between t h e  n i t r a t e  and ammonia uptake 
r a t e s  i n  the  dark r e l a t i v e  t o  uptake a t  s a t u r a t i n g  l i g h t  i n t e n s i t i e s  (Fig. 
31). Dark n i t r a t e  uptake was usua l ly  much l e s s  than  t h e  maximum r a t e ,  but  
t h e r e  was l i t t l e  d i f f e r e n c e  between dark  and l i g h t  uptake r a t e s  f o r  ammonia. 
In  order  t o  quant i fy  t h e s e  d i f f e r ences ,  we ca l cu la t ed  r a t i o s  of dark  uptake: 
uptake a t  95 y-einsteins-m-2osec-1 (h ighes t  l i g h t  i n t e n s i t y  used) .  These 
r a t i o s ,  expressed a s  decimal f r a c t i o n s ,  a r e  t abu la t ed  (Table 19)  f o r  a l l  
experiments i n  which both l i g h t  and dark  samples were incubated. Some of t h e  
v a r i a t i o n  i n  t hese  f r a c t i o n s  probably de r ives  from t h e  f a c t  t h a t  t h e  maximum, 
l i g h t  s a t u r a t e d  uptake r a t e  may be higher  o r  lower than  t h e  r a t e  a t  95 p- 
einsteinsom-2.sec-1, as noted above. Nevertheless ,  t h e  o v e r a l l  mean f o r  t h e  
dark ammonia uptake was 76% of t h e  l i g h t  uptake, while  t h e  dark  n i t r a t e  up- 
take averaged only 31% of t h e  l i g h t  uptake. These d i f f e r e n c e s  do not  
neces sa r i l y  mean t h a t  more ammonia than  n i t r a t e  was taken up i n  darkness ,  
although t h i s  was usua l ly  t h e  case ,  because l i g h t  ammonia uptake was usua l ly  
g r e a t e r  than l i g h t  n i t r a t e  uptake ( see  below). 

The e f f e c t  of n u t r i e n t  concent ra t ion  upon uptake r a t e s  was determined 
by adding va r ious  amounts of 15N-labeled n i t r a t e  o r  ammonia t o  a s e r i e s  of 
otherwise i d e n t i c a l  samples which were then  incubated and analyzed f o r  n i -  
t rogen uptake. Usually,  t h e  enrichment s e r i e s  cons i s t ed  of add i t i ons  of 0.2, 
0.5, 1, 2, and 3 pg-at ~01-l (as  n i t r a t e  o r  ammonia). When t h e  ambient con- 
cen t r a t ions  of n i t r a t e  o r  ammonia were high, t h e  enrichment had no e f f e c t  on 
uptake. Usually,  however, t h e  ambient l e v e l s  were below n u t r i e n t  s a t u r a t i o n  
so  t h a t  enrichment r e s u l t e d  i n  increased  uptake r a t e s .  For example, i n  
experiments i n  January and May, 1977 (Fig. 32) both n i t r a t e  and ammonia up- 
take were s t imula ted  by enrichment. I n  t h e s e  a s  we l l  a s  o the r  experiments 

1 of t h i s  type ,  t h e  g r e a t e s t  s t imu la t ion  occurred between 0 and 2 pg-at N.1' ; 
concent ra t ions  g r e a t e r  than  3 ug-at N . 1 - I  appeared t o  be nea r ly  s a t u r a t i n g .  

These curves a r e  t y p i c a l  f o r  t h e  r e l a t i o n s h i p  between n i t rogen  concen- 
t r a t i o n s  and uptake r a t e  by a lgae  (e.g., MacIssac and Dugdale 1972) and can 
be descr ibed by t h e  Michaelis-Menten expression ( see  Equation 9) .  The terms 
of t h e  equat ion,  which desc r ibes  a r ec t angu la r  hyperbola a r e :  V = v e l o c i t y  
of uptake of ammonia o r  n i t r a t e  (pg-at N-1'l.h-I); Vmax = maximum v e l o c i t y  
of uptake; S = concent ra t ion  of t h e  n u t r i e n t  (yg-at Nol-1);  Ks = t h e  con- 
c e n t r a t i o n  of t he  n u t r i e n t  a t  which V = 112 V. 



Table  19. Dark up take  of ammonia (A) and n i t r a t e  (N) as a f r a c t i o n  of u p t a k e  i n  

Date - 
04/04/76 
07/25/76 
08/15/76 
09/05/76 
09/26/76 
10/17/76 
11/14/76 
12/12/76 
01/08/77 

4 
0 

01/30/77 
02/09/77 
02/19/77 
03/12/77 
04/02/77 
04/24/77 
05/15/77 
06/06/ 77 
07/10/77 

l i g h t  (95 p e i n s t e i n s  *m'2*sec-1) 

S t a t  i o n  

Temp. (C) 

1 5  
2 5 
25 
2 5 
25 
25 
2 0 
20 
20 
20 
20 
20 
1 0  
15 
2 0 
2 0 
2 0 
3 0 

Mean : 

O v e r a l l  Means - Ammonia: .76 
Nitrate: .31 
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Fig. 32. Effect  of nutr ient  concentration on ammonia and n i t r a t e  uptake 
r a t e s  i n  surface waters of t he  Pamlico River. 

2 4 6 8 10 
NITRATE CONCENTRATION (Irg-atoms i 4 i t e f 1  ) 

Fig. 33. Effect  of ammonia concentration on n i t r a t e  uptake r a t e  and n i t r a t e  
concentration on ammonia uptake ra te .  The experiments were per- 
formed with surface waters from Stat ion 1 on 27 Sept. 76 a t  25 C 
and 100% l i gh t .  



Estimates  of Ks f o r  n i t r a t e  and ammonia uptake ranged from 0.5 t o  1.5 
pg-at N-1-l f o r  most of t he  26 enrichment experiments (Table 20).  These Ks 
es t imated were obta ined  from graphs of t h e  d a t a  (c f .  F ig .  32) by f i r s t  
es t imat ing  Vmax, and then  reading off  t h e  graph t h e  concent ra t ion  t h a t  cor-  
responded t o  1 /2  Vmax. This procedure could not  be used f o r  experiments when 
t h e  ambient NO3 o r  NH4 concent ra t ions  were so  high t h a t  enrichment produced 
no s t imu la t ion .  I n  t hese  cases ,  Ks was assumed t o  be ha l f  t h e  lowest  concen- 
t r a t i o n .  The average ammonia Ks was 1.13 pg-at N *  1-l and t h e  average n i t r a t e  
Ks was 0.85 pg-at ~01-l  (Table 20),  bu t  t h e  d i f f e r e n c e  was not  s t a t i s t i c a l l y  
s i g n i f i c a n t .  I n  add i t i on ,  t h e r e  was no obvious c o r r e l a t i o n  between t h e  Ks 
es t imates  and r i v e r  s t a t i o n  o r  t ime of year .  

Nitrate-Ammonium I n t e r a c t i o n s  

Experiments in which t h e  n i t r a t e  o r  ammonium concent ra t ions  of e s t u a r i n e  
water  were increased  demonstrated t h e  i n h i b i t o r y  e f f e c t  of ammonia on n i t r a t e  
uptake r a t e .  N i t r a t e  concent ra t ion  had no d e t e c t a b l e  e f f e c t  on ammonia 
uptake f a t e  (Fig. 33B), whereas even a s l i g h t  i nc rease  (ambient p lus  0.2 pg- 
at N-1- ) i n  ammonia s i g n i f i c a n t l y  reduced n i t r a t e  upt  ke  (Fig. 33A). A t  
ammonia concent ra t ions  g r e a t e r  than about 3  pg-at N.1-', n i t r a t e  uptake was 
almost t o t a l l y  supressed.  This experiment w a s  repea ted  s e v e r a l  t i m e s  dur ing  
t h e  year  with e s s e n t i a l l y  t h e  same r e s u l t s  (da t a  no t  presented)  i n  t h o s e  
samples with low ambient ammonia concent ra t ions .  There w a s  no s i g n i f i c a n t  
n i t r a t e  suppression fol lowing increased  ammonia l e v e l s  i n  samples where 
ambient ammonia concent ra t ions  were high. The ammonium-nitrate i n t e r a c t i o n  
was very  r ap id ;  uptake r a t e  incubat ions  were begun immediately a f t e r  t h e  
ammonia and n i t r a t e  add i t i ons  and were terminated a f t e r  only 2-4 hours.  



Table  20. 

Date  - 
10/19/75 

11/09/75 

12/15/75 

04/04/76 

03/04/76 

07/26/76 

08/16/76 

08/15/76 

08/15/76 

09/05/76 

09/06/76 

09/26/76 

11/15/76 

12/13/76 

12/12/76 

01/09/77 

01/08/77 

01/08/77 

01/30/77 

02/09/77 

02/20/77 

03/02/77 

03/13/77 

04/02/77 

05/16/77 

05/15/77 

-1 
Es t imates  of h a l f - s a t u r a t i o n  c o n c e n t r a t i o n s  (K i n  pg-at N . 1  

S 
h r - l )  and maximum up t a k e  v e l o c i t y  (Vma, i n  pg-at N 1-l* h r - l )  f o r  
up take  o f  n i t r a t e  and ammonium by Pamlico p lank ton  samples.  The 
symbol < i n d i c a t e s  p robab le  upper  l i m i t s  f o r  Ks e s t i m a t e d  f o r  
c a s e s  where enrichment produced no i n c r e a s e  i n  u p t a k e  r a t e .  

S t a t i o n  

4 

4 

2 

1 

4 

3 

1 

4 

6 

1 

4 

4 

1 

3 

4 

1 

4 

6 

4 

4 

1 

1 

4 

4 

1 

4 

Ammonia 
& V/Vmu 

Nitrate 





DISCUSSION 

Phytoplankton Spec ies  Composition and Abundance 

S e v e r a l  p o t e n t i a l  s o u r c e s  of e r r o r  e x i s t  i n  de te rmin ing  phytoplankton 
abundance by t h e  method used here .  I n  t h e  f i r s t  p l a c e  phytoplankton are 
patchy i n  t h e i r  s p a t i a l  and temporal  d i s t r i b u t i o n s ,  and samples t a k e n  a t  
widely  spaced s t a t i o n s  weeks a p a r t  r e f l e c t  t h i s  p a t c h i n e s s .  Even o v e r  
r e l a t i v e l y  s h o r t  d i s t a n c e s ,  mixing i s  n o t  s u f f i c i e n t  t o  d e s t r o y  p a t c h e s  of 
phytoplankton.  For example, on 2  A p r i l  1977 samples were c o l l e c t e d  a t  12 
s u b s t a t i o n s  about  230 m a p a r t  on a l i n e  between S t a t i o n s  3  and 4 ( ~ i g ,  1 ) .  
The most abundant s p e c i e s ,  C c l o t e l l a  cf  l o m e r a t a  showed minimal and Y---r ae+' maximal d e n s i t i e s  (14 and 112 x  10 c e l l s  1" , r e s p e c t i v e l y )  a t  a d j a c e n t  
s u b s t a t i o n s .  Minimal and maximal d e n s i t i e s  of He te rocapsa  t r i q u e t r a  (2.2 and 
59 x  104 c e l l s * l ' l ,  r e s p e c t i v e l y )  o c c u r r e d  a t  s u b s t a t i o n s  460 m a p a r t .  The 
v a r i a n c e  exceeded t h e  mean c e l l  count  f o r  a l l  12 s u b s t a t i o n s  i n  t h e  s i x  most 
impor tan t  s p e c i e s ;  i t  was more t h a n  t w i c e  t h e  mean i n  h a l f  of t h e  s p e c i e s ,  
i n d i c a t i n g  patchy,  o v e r d i s p e r s e d  s p a c i n g  of t h e s e  s p e c i e s  (Cass ie  1971) .  The 
d a t a  of Hobbie (1971) a l s o  g i v e s  s t r o n g  ev idence  of l a r g e  d i f f e r e n c e s  i n  
s p e c i e s  abundance from p l a c e  t o  p l a c e  i n  t h e  Pamlico River .  Fur thermore,  
t h e r e  a r e  ve ry  l a r g e  d i f f e r e n c e s  i n  c e l l  volume between t h e  smallest s p e c i e s  
(Merismopedia, <5  p3) and t h e  l a r g e s t  (Po lykr ikos  , 160,000 ~ 3 )  counted i n  
t h e s e  samples from t h e  Pamlico River .  Counts may be b i a s e d  by t h e  f a c t  t h a t  
i n d i v i d u a l s  of a v e r y  l a r g e  s p e c i e s  may o r  may n o t  be s e e n  i n  s t r i c t  propor- 
t i o n  t o  t h e i r  abundance. There i s  a l s o  a s u b s t a n t i a l  d i f f e r e n c e  i n  volume 
between t h e  s m a l l e s t  and t h e  l a r g e s t  i n d i v i d u a l s  of many s p e c i e s .  I n  dia toms,  
p a r t i c u l a r l y ,  t h e  l a r g e s t  c e l l s  may be  an  o r d e r  of magnitude o r  more l a r g e r  
t h a n  t h e  s m a l l e s t  c e l l s  of t h e  same s p e c i e s .  F i n a l l y ,  t o t a l  c e l l  volume i s  
n o t  e q u i v a l e n t  between members of d i f f e r e n t  a l g a l  c l a s s e s ;  d ia toms,  f o r  
example, have l a r g e  v a c u o l e s  and t h e i r  plasma volume h a s  been sugges ted  as 
more s a t i s f a c t o r y  t h a n  t o t a l  c e l l  volume as an  e s t i m a t e  of s t a n d i n g  c rop  
abundance (Smayda 1965).  These v a r i o u s  e r r o r s  are d i f f i c u l t  t o  e v a l u a t e  and 
c o r r e c t i o n s  have n o t  been a t t empted  h e r e .  The r e a d e r ,  however, i s  c a u t i o n e d  
t o  avo id  judgments based on r e l a t i v e l y  small d i f f e r e n c e s  f rom t i m e  t o  t i m e  
o r  p l a c e  t o  p l a c e .  N e v e r t h e l e s s ,  t h e  c o r r e l a t i o n  between c e l l  volumes (Table  
3) and ch lo rophyl l -a  c o n c e n t r a t i o n s  (Fig .  8)  was h igh  ( r  = O.84), somewhat 
lower t h a n  r e p o r t e d  by Davis ,  e t  a l .  (1978) f o r  independent  samples c o l l e c t e d  
d u r i n g  t h e  same p e r i o d .  

There a p p e a r s ,  however, t o  have been l i t t l e  o r  no change i n  t h e  dominant 
s p e c i e s  of phytoplankton i n  t h e  Pamlico River  s i n c e  t h e  1966-1968 p e r i o d  
s t u d i e d  by Hobbie (1971). During t h e  warm p e r i o d  of t h e  y e a r  t h e  l a r g e  dino- 
f l a g e l l a t e s  P o l y k r i k o s  har tmanni ,  Gyrodinium r e s p l e n d e n s ,  and Gymnodinium 
n e l s o n f ,  g e n e r a l l y  c o n t r i b u t e d  most of t h e  phy top lank ton  volume i n  b o t h  
s t u d i e s  (Table  3 ,  21) .  The c ryp tophyte ,  Chroomonas amphioxiea was a l s o  an  
important  c o n t r i b u t o r  t o  a l g a l  biomass i n  bo th  s t u d i e s .  S i m i l a r l y  t h e  same 
s p e c i e s ,  Heterocapsa  t r i q u e t r a ,  g. r e s p l e n d e n s ,  Katodinium rotundatum, Pro- 
rocentrum minimum, and Gyrodinium e s t u a r a l e ,  s t i l l  c o n s t i t u t e d  t h e  c o o l  
season  dominants i n  our  s t u d y  a  decade l a t e r  t h a n  t h a t  of Hobbie (Table  21).  



Table  21. The dominant phytoplankton s p e c i e s  i n  terms of t o t a l  c e l l  volume 
d u r i n g  1976-77 ( t h i s  r e p o r t )  compared t o  t h e  dominants d u r i n g  
1966-68 (Hobbie 1971). S p e c i e s  are ranked i n  o r d e r  of t o t a l  c e l l  
volume i n  our  c o l l e c t i o n s .  

Spec ies  

Warm P e r i o d  (May-October) 

P o l y k r i k o s  har tmanni  Zimmermann 

Gryodinium resplendens* Hulbur t  

Gryodinium aureolum* Hulbur t  

Gymnodinium n e l s o n i  Mar t in  

Glenodinium fo l i aceum S t e i n  

Per id in ium a c i c u l i f e r u m  Lemrnermann 

(=yclote,Ila spp.  

C h r o o m c ~  amphioxiea (Conrad) Butcher  

Cool Peri.od (November-April) 

Heterocapsa  t r i q u e t r a  (Ehrenberg) S t e i n  

Gyrodinium resp lendens*  Hulbur t  

Gyrodinium aureolum* Hulbur t  

Katodinium rotundatum (Lohrnann) F o t t  
- 

Prorocentrum minimum ( P a v i l l a r d )  S c h i l l e r  

Gyrodinium e s t u a r a l e  Hulbur t  

Skeletonema costa tum ( G r e v i l l e )  Cleve 

*These 2 s p e c i e s  a r e  d i f f i c u l t  t o  d i s t i n g u i s h  

This  r e p o r t  Hobbie (1971) 



Small  d ia toms such a s  C y c l o t e l l a  sp .  and Skeletonema costa tum (warm and c o o l  
p e r i o d s ,  r e s p e c t i v e l y )  made s u b s t a n t i a l  c o n t r i b u t i o n s  a t  c e r t a i n  t i m e s  be- 
cause  of t h e i r  abundance bu t  never  bulked a s  l a r g e  as t h e  d i n o f l a g e l l a t e s .  
The diatoms and many o t h e r  small c r y p t o p h y t e s ,  ch rysophytes ,  g r e e n s ,  p ras ino-  
phy tes ,  and b luegreens  may o f t e n  be more impor tan t  i n  terms of e n e r g e t i c s  
and e l e m e n t a l  c y c l i n g  t h a n  t h e  d i n o f l a g e l l a t e s  because  of t h e i r  h i g h  poten- 
t i a l  growth rates and t h e i r  r a p i d  consumption by zooplankton.  U n f o r t u n a t e l y  
t h e  small number of samples counted i n  t h e  p r e s e n t  s t u d y  and t h e  d i f f i c u l t y  
i n  i d e n t i f y i n g  small p r e s e r v e d  a l g a l  c e l l s  makes i t  imposs ib le  t o  s u g g e s t  
whether t h e r e  have been changes over  t h e  p a s t  decade i n  t h e  composi t ion of 
t h e  s m a l l e r  o r  t h e  rarer forms. It i s  impor tan t  t o  know, however, t h a t  t h e  
dominants a r e  s t i l l  t h e  same as i n  1966-1968 (Table  21).  

The d i s t r i b u t i o n s  of p l a n k t o n i c  a l g a e  i n  t h e  Pamlico River  were d e p i c t e d  
i n  terms of t h e  c h l o r o p h y l l - 5  d i s t r i b u t i o n s  (Fig.  8 ) .  Upstream s t a t i o n s  had 
s i g n i f i c a n t l y  h i g h e r  c h l o r o p h y l l  l e v e l s  t h a n  downstream s t a t i o n s .  Because 
of l a r g e  v a r i a n c e s ,  however, t h e  mean ch lo rophyl l -a  v a l u e s  a t  each s t a t i o n ,  
and t h e  mean a t  a l l  s t a t i o n s ,  d u r i n g  t h e  c o o l  season  ( ~ o v e m b e r - ~ ~ r i l )  were 
n o t  s t a t i s t i c a l l y  h i g h e r  t h a n  d u r i n g  t h e  w a r m  season  (Table  22).  The mean 
c h l o r o p h y l l  c o n c e n t r a t i o n  i n  bottom samples d u r i n g  t h e  c o o l  seasons  (22 vg* 
1-I)  w a s  n o t  d i f f e r e n t  from t h e  s u r f a c e  mean v a l u e  (25 pg*l-1) (Table  22). 
At any p a r t i c u l a r  s t a t i o n  and d a t e ,  however, t h e y  o f t e n  d i f f e r e d  widely .  For  
example, a t  S t a t i o n  4  on 14 Dec. 75, s u r f a c e  Chl-a was 21  p g e l ' l  w h i l e  t h e  
bottom c o n c e n t r a t i o n  w a s  o n l y  4  pg* l" l .  During t h e  1 9  Feb. 77 bloom, how- 
ever, t h e  s u r f a c e  w a t e r s  a t  S t a t i o n s  l, 2, 3 ,  and 4 con ta ined  o n l y  27-50% as 
much Chl-a as t h e  bottom waters. The mean Chl-a l e v e l  i n  bottom w a t e r s  
d u r i n g  t h e  w a r m  s e a s o n s  (11  p g * l - l )  was s i g n i f i c a n t l y  less (P < .05) t h a n  t h e  
mean bottom c o n c e n t r a t i o n  d u r i n g  t h e  c o o l  seasons  (22 p g . l - l ) ,  bu t  n o t  d i f -  
f e r e n t  from t h e  mean s u r f a c e  c o n c e n t r a t i o n  (18 p g * l - l )  d u r i n g  t h e  warm sea- 
son (Table  22).  Chlorophyl l  d a t a  t a k e n  from Hobbie (1974) a t  s t a t i o n s  
n e a r e s t  t o  our  6  s t a t i o n s  showed l i t t l e  s p a t i a l  d i f f e r e n c e  d u r i n g  t h e  warm 
p a r t  of t h e  y e a r  (Table  22).  During t h e  c o o l  season ,  Hobbie found phyto- 
p lank ton  l e a s t  abundant a t  S t a t i o n s  1-3 and 4-6 (cor responding  t o  o u r  S t a t i o n s  
1 and 2)  whereas we found abundant phytoplankton t h e n  (Table  22) .  F u r t h e r -  
more, t h e r e  were s i g n i f i c a n t  i n c r e a s e s  i n  c h l o r o p h y l l  l e v e l s  f rom 1971-73 t o  
1975-77 a t  S t a t i o n s  1, 2,  3 ,  and 6 (and f o r  t h e  mean of a l l  s t a t i o n s )  d u r i n g  
t h e  c o o l  seasons .  The two s t u d i e s  were  n o t  conducted w i t h  i d e n t i c a l  s t a t i o n  
l o c a t i o n s ,  w i t h  t h e  same sampling f requency ,  o r  w i t h  t h e  same pigment analy-  
s is ,  bu t  it appears  l i k e l y  t h a t  phytoplankton abundance was h i g h e r  d u r i n g  t h e  
l a t t e r  s tudy .  Comparison of p r e s e n t  l e v e l s  o f  pr imary p r o d u c t i v i t y  t o  t h o s e  
of 1966-67 a l s o  s u g g e s t s  s i g n i f i c a n t  i n c r e a s e s  (Davis, et  a l .  1978; t h i s  
s t u d y )  . 
R e l a t i o n s h i p s  of P a r t i c u l a t e  C ,  N ,  and P  t o  Chlorophyl l  

The c o n c e n t r a t i o n s  of p a r t i c u l a t e  C ,  p a r t i c u l a t e  N, and a l g a l  P ( s u r p l u s  
o r g a n i c  P  + s u r p l u s  i n o r g a n i c  P + e s s e n t i a l  P) were compared t o  c h l o r o p h y l l -  
a  c o n c e n t r a t i o n s  by l i n e a r  r e g r e s s i o n  a n a l y s i s .  The c o r r e l a t i o n  c o e f f i c i e n t s  - 
(r) f o r  p a r t i c u l a t e  C and p a r t i c u l a t e  N were bo th  0.90 (Table  23) i n d i c a t i n g  





Table  23. Regress ion  e q u a t i o n s  f o r  p a r t i c u l a t e  C ,  p a r t i c u l a t e  N, and 
a l g a l  P v s  ch lo rophyl l -a ,  and r a t i o s  f o r  s l o p e s  and Y- 
i n t e r c e p t s .  Element c o n c e n t r a t i o n s  i n  pg-at e l - ' ;  c h l o r o p h y l l  
c o n c e n t r a t i o n s  i n  p g *  l'l. Data from J u l y  1976-July 1977. 

Equat ion 

P a r t i c u l a t e  C = 3.97 Chl + 93.7 

P a r t i c u l a t e  N = 0.657 Chl + 10.7 

P a r t i c u l a t e  P  ( S t a t i o n  1 )  = 0.0076 Chl + 1.18 
( S t a t i o n  2) = 0.012 Chl + 1.04 
( S t a t i o n  3 )  = 0.031 Chl + 0.58 
( S t a t i o n  4)  = 11.039 Chl + 0.49 
( S t a t i o n  5 )  = 11.033 Chl + 0.48 
( S t a t i o n  6) = 0.045 Chl + 0.31 

( A l l  S t a t i o n s )  = 0.022 Chl + 0.71 

R a t i o s  (by atoms; a l l  s t a t i o n s )  

1. from s l o p e s .  C:N:P = 180:30:1 

2. from i n t e r c e p t s .  C:N:P = 132:15:1 

3. of means C:N:P = 113:16:1 



t h a t  most of t h e i r  v a r i a b i l i t y  r e s u l t e d  from changes i n  abundance of phyto- 
plankton. If one assumes (with caut ion)  t h a t  (1) d e t r i t a l ,  microzooplankton, 
and b a c t e r i a l  concent ra t ions  a r e  r e l a t i v e l y  cons tan t  and t h e r e f o r e  indepen- 
dant of pigmented p l a n t  populat ion d e n s i t i e s ,  and (2) t h a t  t h e  C o r  N conten t  
of a l g a e  maintain a  nea r ly  cons tan t  r e l a t i o n s h i p  t o  ch lo rophy l l  con ten t ,  then  
t h e  Y-intercepts ,  93.7 and 10.7 Pg-at.1, r ep re sen t  t h e  approximate annual 
mean concent ra t ions  of d e t r i t a l  and microhetero t rophic  C and N, r e s p e c t i v e l y ,  
i n  t h e  Pamlico River. These va lues  a r e  60% and 49% of t h e  annual  mean con- 
c e n t r a t i o n s  of p a r t i c u l a t e  C and p a r t i c u l a t e  N,  r e spec t ive ly .  The r e l a t i o n -  
sh ip  between p a r t i c u l a t e  P  and ch lorophyl l  d i f f e r e d  from s t a t i o n  t o  s t a t i o n  
(Table 23) i n  terms of t h e  s lopes ,  t h e  Y-intercepts ,  and t h e  c o r r e l a t i o n  
c o e f f i c i e n t s .  The s lopes  increased  from 0,0076 t o  0.045 from S t a t i o n  1 t o  
S t a t i o n  6, demonstrating a  s t rong  tendancy f o r  more p a r t i c u l a t e  P pe r  u n i t  
ch lorophyl l  downstream. This  agrees  w i th  o the r  ana lyses  which i n d i c a t e  a  
switch from P- l imi ta t ion  t o  N-l imitat ion down t h e  r i v e r .  The decreas ing  Y- 
i n t e r c e p t s  downstream r e f l e c t  t h e  much lower mean annual  q u a n t i t i e s  of t o t a l  
plankton a t  t h e  downstream s t a t i o n s .  Using t h e  same assumption given above, 
t h e  mean q a n t i t i e s  of d e t r i t a l  and microhe e ro t roph ic  P  ranged from 1.18 
Dg-at a t  S t a t i o n  1 t o  0.31 ug-at Pol-' at S t a t i o n  6, o r  from 84% t o  
40% of t o t a l  p a r t i c u l a t e  organic  P  a t  S t a t i o n s  2  and 4, r e s p e c t i v e l y ,  t h e  
limits of t he  range. Visual  examination of t h e  plankton suggested,  however, 
t h a t  most of t h e  volume throughout t h e  year  w a s  phytoplankton r a t h e r  t han  
d e t r i t u s ,  microzooplankton, o r  b a c t e r i a .  The high c o r r e l a t i o n  c o e f f i c i e n t s  
i n  Table 23 [P < 0.01 f o r  a l l  except  pa r t i cu l a t e -P  a t  S t a t i o n  1 (P <.05) and 
S t a t i o n  2 (n.s . ) l  a l s o  suggest t h a t  most of t h e  p a r t i c u l a t e  C,  N,  and P was 
a l g a l .  The assumptions made above are c e r t a i n l y  open t o  ques t ion  and, un- 
f o r t u n a t e l y ,  t h e  accuracy of t he  p r e d i c t i o n s  of detrital-zooplankton-bacter- 
i a l  biomass from reg res s ion  a n a l y s i s  is a l s o  uncer ta in .  The r a t i o s  of C;N:P 
obtained from t h e  s lopes  of t h e  r eg re s s ions  (Table 23) compared t o  t h e  Red- 
f i e l d  r a t i o  i n d i c a t e  a  def ic iency  of P  whereas t h e  r a t i o s  obta ined  from t h e  
i n t e r c e p t s  a r e  very c lose  t o  those  of oceanic  plankton (106:16:1; Redf ie ld ,  
1934). The r a t i o s  of the  mean C ,  N, and P  va lues  (Table 23) were almost 
exac t ly  t h e  Redfield r a t i o ,  and t h e  r a t i o  of annual mean PN (22 pg-at-l ' l)  
t o  mean chlorophyll-a (16 pg-1") i s  very c l o s e  t o  u n i t y  a s  proposed by 
S t r i ck l and  (1965). 

S p a t i a l  and Seasonal P a t t e r n  of P  D i s t r i b u t i o n  

The p a t t e r n s  of d i s t r i b u t i o n  of t o t a l  phosphorus during 1975-77 i n  t h e  
Pamlico River a r e  gene ra l ly  s i m i l a r  t o  those  repor ted  during e a r l i e r  yea r s  
(1969-1973), wi th  t h e  h ighes t  l e v e l s  occurr ing  about half-way down t h e  
e s tua ry  during summer (Fig. 13) (Hobbie, -- et a l .  1972, Hobbie 1974). E a r l i e r  
sampling p a t t e r n s  included s t a t i o n s  c l o s e r  t o  t h e  Texasgulf s i t e  than  d id  ou r s ,  
and those d a t a  f r equen t ly  showed h igh  to ta l -P  and react ive-P concen t r a t ions  
along t h e  south shore  which probably came from t h a t  i n d u s t r i a l  p l a n t .  Very 
high concent ra t ions  c o l l e c t e d  c l o s e  t o  t h e  s i t e  of t h i s  i n d u s t r y  probably 
account f o r  t h e i r  higher  to ta l -P  averages i n  t h e  middle s e c t i o n  of t h e  
e s tua ry  than  our peak va lues .  The d i s t r i b u t i o n  of FRP was a l s o  s i m i l a r  t o  
t h a t  i n  p r i o r  yea r s ,  with an even more d i s t i n c t  p a t t e r n  of h igh  FRP during 
summer i n  t h e  middle of t h e  e s tua ry  (Fig. 14)  (Hobbie, e t  a l .  1972, Hobbie -- 
1974). E a r l i e r  s t u d i e s  d id  not  inc lude  ana lyses  f o r  pa r t i cu l a t e -P .  It i s  



c l e a r  from our  d a t a  t h a t  t h e  d i s t r i b u t i o n  of p a r t i c u l a t e - P  i s  u s u a l l y  o u t  of 
phase  w i t h  t h a t  of FRP. S u r f a c e  p a r t i c u l a t e - P  c l e a r l y  i s  a t t r i b u t a b l e  mos t ly  
t o  phytoplankton,  be ing  h i g h e s t  d u r i n g  t h e  w i n t e r  blooms i n  t h e  upper  and 
middle  s e c t i o n s  o f  t h e  e s t u a r y  (Fig .  1 5 ) .  The p o s i t i v e  r e l a t i o n s h i p s  w i t h  
c h l o r o p h y l l  (F ig .  8)  a l g a l - P  c o n c e n t r a t i o n s  (Fig.  1 8 ) ,  c e l l  c o u n t s ,  p a r t i c u -  
la te-N (Fig.  27) ,  and p r o d u c t i v i t y  (Fig .  12) conf i rm t h i s  r e l a t i o n s h i p .  
S t a t i s t i c a l  examinat ion of t h e s e  r e l a t i o n s h i p s  i s  g i v e n  below. The p a r t i c u -  
l a t e - P  i n  bottom samples was sometimes l a r g e l y  phy top lank ton ;  f o r  example, 
on Feb 77 c e l l  coun ts  showed more d i n o f l a g e l l a t e s  a t  t h e  bottom a t  S t a t i o n  1 
t h a n  a t  t h e  s u r f a c e .  However, o b s e r v a t i o n s  u s i n g  SCUBA r e v e a l e d  t h a t  a 
f l o c c u l e n t  l a y e r  about  0.5 m t h i c k  sometimes e x i s t e d  a long  t h e  bottom of t h e  
e s t u a r y  n e a r  I n d i a n  I s l a n d .  Th is  m a t e r i a l  may account  f o r  some of t h e  p a r t i -  
cu la te -P  i n  samples of t h e  bottom wate r .  

T o t a l  phosphorus c o n c e n t r a t i o n s  i n  t h e  Pamlico River  d u r i n g  t h i s  s t u d y  
p e r i o d  ranged from < 2 t o  > 12 pg-at p e l - l ,  Hobbie (1974) i n  a n  e a r l i e r  
s t u d y  of t h e  Pamlico River  found t h a t  t o t a l  P  ranged from 2 t o  85 pg-at ~-1- l  
b u t  was u s u a l l y  below 1 0  pg-at P-1-l. Hobbie and Smith (1975) found t h a t  
t o t a l  P  i n  t h e  Neuse River  ranged from 1 t o  20 pg-at pel-' b u t  u s u a l l y  was 
less t h a n  5.5 pg-at p e l - l ,  Faus t  and C o r r e l l  1976) found t o t a l  P  i n  t h e  - f Rhode River  ranged from 1.6 t o  7.74 pg-at P .1  , I n  a d d i t i o n ,  T a f t ,  Tay lor  
and McCarthy (1975) found a s l i g h t  summer peak i n  t o t a l  P  i n  t h e  Chesapeake 
Bay w i t h  t o t a l  P  rang ing  from 0.31 t o  1.75 pg-at p e l - l .  A l l  t h e  above 
systems had a peak of phosphorus i n  t h e  summer w i t h  lower v a l u e s  r e p o r t e d  
f o r  t h e  w i n t e r  p e r i o d .  However, Bowden and Hobbie (1977) found t h a t  t o t a l  P 
ranged from 0.27 t o  12 pg-at P O  1-1 u s u a l l y  <3.5 pg-at P  *l i n  Albemarle 
Sound, b u t  t h a t  t o t a l  P  peaked i n  t h e  w i n t e r  p e r i o d .  

Leve l s  of FRP were h i g h e r  i n  t h e  w i n t e r  p e r i o d s  i n  Albemarle Sound, and 
were lower i n  t h e  spring-summer when a l g a l  numbers i n c r e a s e d .  The same t r e n d  
was no ted  f o r  Chesapeake Bay. However, i n  t h e  Rhode R i v e r ,  FRP concen t ra -  
t i o n s  were h i g h  d u r i n g  t h e  summer w h i l e  t h e  s e s t o n  biomass decreased  from a 
h i g h  d u r i n g  s p r i n g .  S i m i l a r l y ,  t h e  Pamlico and Neuse R i v e r s  had h i g h e s t  FRP 
c o n c e n t r a t i o n s  and lowes t  amounts of s t a n d i n g  c rop  phy top lank ton  d u r i n g  t h e  
summer. The Pamlico and Neuse R i v e r s  (and t o  a l i m i t e d  ex tend  t h e  Rhode 
River )  undergo w i n t e r  blooms of a l g a e  whereas t h e  Chesapeake Bay and Albemarle 
Sound have p lank ton  maxima d u r i n g  t h e  summer. Thus p l a n k t o n  maxima i n  a l l  
sys tems i s  matched by a low i n  FRP, a l t h o u g h  t h e  t i m i n g  of t h e  p l a n k t o n  
maxima a r e  much d i f f e r e n t .  

P a r t i c u l a t e  Phosphorus F r a c t i o n s  i n  Water and P l a n k t o n  

P a r t i c u l a t e  i n o r g a n i c  P r e p r e s e n t e d  a minor f r a c t i o n  of p a r t i c u l a t e  P  
over  t h e  l e n g t h  of t h e  e s t u a r y  (Table  4 ) .  Highes t  c o n c e n t r a t i o n s  occur red  a t  
t h e  upper end of t h e  e s t u a r y  i n  September-October and i n  J u l y  1977 (F ig .  1 7 ) .  
The middle  reaches  showed peaks  i n  J a n u a r y ,  March, and June  1977. L e a s t  
v a r i a t i o n  occur red  a t  t h e  lower end of t h e  e s t u a r y .  Some of t h i s  material is  
probably  watershed sed iments ;  f o r  example, t h e  September peak a t  S t a t i o n  1 
(Fig .  17) occur red  when Tar  River  f low w a s  r e l a t i v e l y  h i g h  and s a l i n i t i e s  
low. However, much of i t  may be  a s s o c i a t e d  w i t h  bot tom sed iments  resuspended 



by windstorms, sh ipping ,  o r  t rawl ing ,  producing e r r a t i c  changes i n  concen- 
t r a t i o n .  L i t t l e  of t h i s  m a t e r i a l  reaches t h e  en t r ance  t o  Pamlico Sound, 
i n d i c a t i n g  t h a t  removal of t h i s  f r a c t i o n  from t h e  water  column t akes  p l a c e  
before  t h i s  po in t .  There i s  no evidence t h a t  Texasgulf Corp. i s  a  s i g n i f i -  
can t  source  of p a r t i c u l a t e  inorganic  P, 

The metabol ic  P  f r a c t i o n s  i n  t h e  plankton v a r i e d  i n  importance during 
t h e  year  (Fig.  18) .  From August-December 1976 dur ing  t h e  pre-bloom pe r iod ,  
t he  e s s e n t i a l  P  f r a c t i o n  s l i g h t l y  dominated t h e  metabol ic  f r a c t i o n s ,  w i t h  or- 
gan ic  su rp lus  P  t h e  next  h ighes t  f r a c t i o n  followed by inorganic  s u r p l u s  P. 
Inorganic  and organic  su rp lus  P  made up 60-70% and e s s e n t i a l  P  made up t h e  
rest. During t h e  summer-fall per iod a  s u b s t a n t i a l  amount of phosphorus was 
bound i n  complex organic  compounds wh i l e  t h e  more me tabo l i ca l l y  a c t i v e  pools  
were i n  somewhat lower concent ra t ions .  During t h i s  per iod ,  FRP concentra- 
t i o n s  were h igh ,  a l g a l  P  l e v e l s  and uptake r a t e s  low, and t h e  a l g a l  P:Chl-a 
r a t i o s  were > 2 : l  averaging c l o s e  t o  3 o r  4 : l  by weight.  

During t h e  bloom of Heterocapsa (Feb.-Mar. 1977),  t h e  concen t r a t i on  of 
FRP decreased t o  less than  t h a t  of t h e  a l g a l  P  f r a c t i o n  f o r  t h e  f i r s t  time. 
Uptake r a t e s  were high and t h e  turnover  t i m e  f o r  a l g a l  P became g r e a t e r  t h a n  
t h a t  of t h e  n u t r i e n t  P  pool. Metabolic P  pools  changed i n  s i z e ;  s u r p l u s  P 
compounds i n  t h e  plankton increased  t o  80-90% of a l g a l  P  wh i l e  e s s e n t i a l  P 
f e l l  t o  around 10-20% of a l g a l  P  (Fig.  18) .  Most of t h e  absorbed P  dur ing  
t h i s  very r ap id  uptake per iod was used t o  b u i l d  s t o r e s  of o rganic  and ino r -  
gan i c  su rp lus  phosphorus whi le  e s s e n t i a l  P  decreased i n  importance. However, 
even though a l g a l  P  increased ,  t h e  a l g a l  P:Chl-a r a t i o  (not shown) decreased 
t o  < 1:l. More abundant ch lorophyl l  r e l a t i v e  t o  P  may imply an  improved 
s t a t e  of N n u t r i t i o n .  

Af t e r  t h e  bloom per iod  (April-June 1977), FRP l e v e l s  aga in  exceeded 
those  of a l g a l  P, and t h e  a l g a l  P  decreased u n t i l  t h e  a l g a l  P:Chl-a r a t i o  
increased  aga in  t o  > 2 : 1  (not shown). The e s s e n t i a l  P  pool  i nc reased  wh i l e  
t h e  organic  and inorganic  su rp lus  P  f r a c t i o n s  decreased (Fig.  18) .  However, 
i no rgan ic  su rp lus  P  was maintained a s  a  P  r e s e r v o i r  and t h i s  f r ac t . i on  domin- 
a t e d  a l g a l  P. 

Thus a t  t h e  peak of t h e  a l g a l  bloom, t h e  increased  phosphate uptake 
r a t e ,  t h e  shr inkage of t h e  s u r p l u s  P  pool  pe r  c e l l ,  t h e  decrease  i n  FRP, t h e  
decrease  i n  a l g a l  P:Chl-a r a t i o ,  and t h e  f a c t  t h a t  a l g a l  P  tu rnover  time 
exceeded t h a t  of FRP, suggested an approach t o  P  stress. However, t h e  d a t a  
i n d i c a t e  t h a t  a c t u a l  P  l i m i t a t i o n  was approached only  on March 2,  1977 a t  
t h e  upper end of t h e  e s tua ry .  During most of t h e  s tudy  per iod ,  over  t h e  
e n t i r e  l eng th  of t h e  e s tua ry ,  P d e f i c i e n t  cond i t i ons  appear  t o  be  of s h o r t  
du ra t i on  confined t o  t h e  peak of t h e  a l g a l  bloom a t  t h e  upper reaches  of t h e  
e s tua ry .  

B io log ica l  and Environmental Controls  of Phosphorus Uptake 

There were wide v a r i a t i o n s  i n  r a t e  of P  uptake no t  only p e r  u n i t  of 
water volume, but  t o  a lesser e x t e n t ,  per  u n i t  a l g a l  biomass. For example, 



t h e  uptake r a t e s  p e r  m a s s  of  ch lo rophyl l -a  were mos t ly  i n  t h e  r a n  e 2-10 - 1 
ug-at p*h-l.mg ~ h l - I  (F ig .  34) ,  b u t  r a t e s  of 26 and 30 pg-at P*h-Hgmg Chl  
were measured on 9 J a n .  and 12 Mar. 1977, r e s p e c t i v e l y ,  a t  S t a t i o n  1 and 
r a t e s  < 2 yg-at ~ . h " l * m ~  ~ h l - 1  were found a t  t h e  downstream s t a t i o n s  d u r i n g  
Dec. 1976-Mar. 1977. High up take  rates p e r  u n i t  c h l o r o p h y l l  occur red  d u r i n g  
t h e  h e i g h t  of t h e  Heterocapsa  bloom a t  S t a t i o n  1 i n  J a n .  and Feb.,  b u t  were 
a l s o  p r e s e n t  t h e r e  i n  March a f t e r  t h e  bloom had been washed downstream. The 
bloom a t  S t a t i o n  4  on 12 March, however, had one of t h e  lowes t  r a t e s ,  0.85 
~ g - a t  p*h-l.mg ~ h l - 1 ,  i n d i c a t i n g  t h a t  t h e  p h y s i o l o g i c a l  c o n d i t i o n  and nu- 
t r i e n t  needs  were much d i f f e r e n t  from t h o s e  a month e a r l i e r  a t  S t a t i o n  1. 
I n  s p i t e  of t h i s  v a r i a b i l i t y ,  t h e  c o r r e l a t i o n  between c h l o r o p h y l l  concentra-  
t i o n  and P u p t a k e  r a t e  w a s  f a i r l y  h i g h  ( r  = .70) .  Uptake rates of P by 
c u l t u r e s  of Phaeodactylum t r i c o r n u t u m  p e r  u n i t  of c h l o r o p h y l l  ranged from 
10-27 vg-at ~ - h ' l * r n ~  ~ h l - I  (Kuenzler and Ketchum 1962) ,  above t h e  average  
r a t e ,  h u t  below t h e  h i g h e s t  r a t e ,  i n  t h e  Pamlico R i v e r .  

I n  t h i s  s t u d y  two approaches  were used t o  d e t e r m i n e  t h e  p o t e n t i a l  i m -  
p o r t a n c e  of b a c t e r i a l  up take  of i n o r g a n i c  phosphate  compared t o  a l g a l  up take .  
F i r s t ,  t h e  a n t i b i o t i c s  s t rep tomycin  s u l f a t e  and p e n i c i l l i n  G were used a s  
sugges ted  by Spencer (1952).  With 50 u n i t s  rnl-I of p e n i c i l l i n  G 
and 100 u n i t s  m l - I  of s t r e p t o m y c i n  s u l f a t e ,  b a c t e r i a l  a c c i v i t y  i n  s e a  w a t e r  
was reduced f o r  a t  least 7  days  wi thou t  a f f e c t i n g  a l g a l  c u l t u r e s .  Spencer 
concluded (by d i r e c t  coun ts )  t h a t  t h e  r a t i o  of b a c t e r i a  t o  dia toms was 
decreased  tremendously by t h i s  t r e a t m e n t .  R i g l e r  (1961) found t h a t  b o t h  
a n t i b i o t i c s  were e f f e c t i v e  i n  reduc ing  b a c t e r i a l  a c t i v i t y  i n  zoop lank ton  
e x c r e t i m  exper iments ,  and Hargrave and Geen (1968) used t h e  same a n t i b i o t i c s  
t o  i n h i b i t  b a c t e r i a l  a c t i v i t y  i n  £ l a  e l l a t e d  phy top lank ton  and zooplankton 
s t u d i e s  w i t h o u t  af f  e c t i n g  up take  of f4C by t h e  phytoplankton.  F i n a l l y ,  
Kaushik (1975) used t h e s e  a n t i b i o t i c s  t o  e f f e c t i v e l y  reduce  b a c t e r i a l  a c t i v i t y  
i n  r i v e r  w a t e r  and Koenings (1977) o b t a i n e d  t h e  same r e s u l t s  i n  i n  s i t u  
exper iments  i n  l a k e  w a t e r .  

I n  a d d i t i o n  t o  t h e  u s e  of a n t i b i o t i c s ,  s i z e  s e p a r a t i o n  of t h e  s e s t o n  
u s i n g  8 ym and 0.45 ym f i l t e r s  f u r t h e r  c h a r a c t e r i z e d  t h e  b i o l o g i c a l  n a t u r e  
of 3 2 ~  uptake.  Both methods were n e c e s s a r y  s i n c e  b a c t e r i a  may be  found tena-  
c i o u s l y  a t t a c h e d  t o  dia toms and may p e n e t r a t e  t h e  g e l a t i n o u s  s h e a t h s  of b lue-  
g r e e n  a l g a e  (Spencer 1952).  Such s i z e  s e p a r a t i o n  of t h e  s e s t o n  was used i n  
an  e a r l y  s t u d y  by R i g l e r  (1956) who concluded t h a t  b a c t e r i a  were r e s p o n s i b l e  
f o r  up t o  75% of t h e  u p t a k e  of 3 2 ~  i n  a f r e s h w a t e r  n u t r i e n t - p o o r  l a k e .  How- 
e v e r ,  t h e  r e l a t i v e  c o n t r i b u t i o n  of a l g a e  and b a c t e r i a  t o  phospha te  u p t a k e  
p robab ly  v a r i e s  wide ly  i n  n a t u r a l  w a t e r s .  Absence of s t a n d a r i z e d  p rocedures  
a l s o  makes comparisons between s t u d i e s  d i f f i c u l t .  T a f t ,  e t  a l .  (1975) as -  -- 
sumed t h a t  t h e  up take  of phosphorus i n  Chesapeake Bay was e n t i r e l y  a l g a l .  
Th i s  w a s  l a r g e l y  confirmed by t r a c e r  s t u d i e s  which showed t h a t  t h e  0.8-5 pm 
s i z e  f r a c t i o n  dominated t h e  up take  of P b o t h  from or thophospha te  and from 
glucose-6-phosphate ( T a f t ,  e t  a l .  1977).  H a r r i s o n ,  e t  a l .  (1977) found t h a t  
approximately  50% of t h e  u p t a k e  o f  phospha te  was due t o  t h e  l a r g e r  s e s t o n  
(> 1 ym f r a c t i o n s )  and t h a t  t h i s  f r a c t i o n  cou ld  be  c o n s i d e r e d  e n t i r e l y  a l g a l .  
F a u s t  and C o r r e l l  (1976) found t h a t  most of t h e  phosphorus up take  i n  t h e  
Rhode River  was by b a c t e r i a  which dominated t h e  s m a l l e r  s i z e  f r a c t i o n  (< 5 pm). 





I n  t h e  Pamlico River  bo th  s i z e  s e p a r a t i o n  and a n t i b i o t i c s  were used t o  
a s s e s s  b a c t e r i a l  and a l g a l  c y c l i n g  of 3 2 ~  (Table  12) .  L i k e  H a r r i s o n ,  e t  a l .  
(1977),  w e  found t h e  up take  of phosphorus i n  t h e  Pamlico River was from 97 
t o  38% a l g a l .  However, t h e  up take  of 3 2 ~  by t h e  l a r g e r  s i z e  f r a c t i o n  (> 8 
pm) was from 0 t o  57% b a c t e r i a l  showing t h a t  u p t a k e  by t h e  l a r g e r  s i z e  
f r a c t i o n  cannot  be  cons idered  s o l e l y  a l g a l  i n  t h e  Pamlico River .  B a c t e r i a  a r e  
o f t e n  found c l o s e l y  a s s o c i a t e d  w i t h  o r  a t t a c h e d  t o  s i l t  o r  o r g a n i c  p a r t i c l e s  
i n  t h e  wa te r  (Goulder 1977, P a e r l  1975, Jannasch and P r i t c h a r d  1972) a l t h o u g h  
i n  some w a t e r s  t h e  m a j o r i t y  of b a c t e r i a  are f r e e  r a t h e r  t h a n  a t t a c h e d  
(Goulder 1977, Wiebe and Pomeroy 1972).  The b a c t e r i a  a s s o c i a t e d  w i t h  p a r t i -  
c l e s  would be  caught  on t h e  c o a r s e  f i l t e r  w i t h  a l g a e  and d e t r i t u s .  Even 
b a c t e r i a  f r e e  i n  t h e  w a t e r  may be  t r a p p e d  i n s i d e  membrane f i l t e r s  (Hobbie, 
e t  a l .  1977).  Po lycarbona te  Nuclepore f i l t e r s  w i t h  8 ym p o r e s  r e t a i n e d  f a r  -- 
l e s s  r a d i o a c t i v i t y  t h a n  M i l l i p o r e  f i l t e r s  of t h e  same nominal p o r o s i t y  when 
l a b e l e d  f r e s h w a t e r  samples were f i l t e r e d  (Kuenzler and Greer ,  unpubl i shed) .  
Whereas phosphorus up take  by t h e  smaller f r a c t i o n  i n  t h e  Pamlico River  was 
predominantly b a c t e r i a l  (43-loo%, averag ing  n e a r l y  80%),  t h e  c o n t r i b u t i o n  of 
t h i s  s i z e  f r a c t i o n  t o  t h e  t o t a l  u p t a k e  of 3 2 ~  was s m a l l ,  a v e r a g i n g  o n l y  14%. 

Experiments u s i n g  14C-labeled b i c a r b o n a t e  i n d i c a t e d  t h a t  t h e  a n t i b i o t i c s  
d i d  n o t  i n j u r e  t h e  phytoplankton and r e d u c t i o n  of 3 2 ~  u p t a k e  was t h e r e f o r e  
assumed t o  r e s u l t  from i n h i b i t i o n  of b a c t e r i a l  u p t a k e  a lone .  O v e r a l l ,  bac- 
t e r i a l  up take  of 3 2 ~  accounted f o r  3% t o  62%, a v e r a g i n g  n e a r l y  40% of t h e  
t o t a l  up take  of 3 2 ~  i n  t h e  Pamlico River  (Table  1 2 ) .  Thus, a s  found f o r  
o t h e r  sys tems,  t h e  b a c t e r i a l  up take  of 3 2 ~  w a s  i m p o r t a n t ,  a l t h o u g h  n o t  domin- 
a n t , a t  b o t h  t h e  s u r f a c e  and bottom of t h e  Pamlico R i v e r  and can  e f f e c t i v e l y  
compete G i t h  phytoplankton f o r  some of t h e  phosphate .  

An i n c r e a s e  i n  t empera tu re  always caused more r a p i d  P up take .  
Q10 

v a l u e s  ranged from 1 .3  t o  2.7 (Table  7)..  Ba lducc i  (unpubl.  ms.) r e p o r t e d  
s i m i l a r  Q10 v a l u e s  f o r  t h e  Chowan River  of from 1.10 t o  3.72 a v e r a g i n g  1.92.  
Although t h e  Q 1 0  v a l u e s  f o r  P up take  a r e  c o n s i s t e n t  and r e v e a l  t h e  s h o r t -  
term e f f e c t  of t empera tu re ,  t h e y  are d i f f i c u l t  t o  i n t e r p r e t  o v e r  l o n g e r  t i m e  
spans .  S p e c i f i c a l l y ,  t h e  f a c t  t h a t  t h e  h i g h e s t  P u p t a k e  rates t o o k  p l a c e  
d u r i n g  t h e  c o l d e s t  t ime  of y e a r  i m p l i e s  t h a t  p h y s i o l o g i c a l  a d a p t a t i o n ,  s h i f t s  
i n  s p e c i e s  composi t ion,  o r  o t h e r  env i ronmenta l  f a c t o r s  a r e  more i m p o r t a n t  i n  
de te rmin ing  t h e  up take  r a t e  d u r i n g  d i f f e r e n t  seasons  t h a n  i s  t h e  change i n  
w a t e r  t empera tu re .  The e f f e c t  of i l l u m i n a t i o n  upon P u p t a k e  by a l g a e  v a r i e s .  
Kuenzler and Ketchum (1962) found t h a t  Phaeodactylum t r i c o r n u t u m  can t a k e  up 
P r a p i d l y  i n  da rkness .  I n  t h e  Chowan R i v e r  l i g h t  g e n e r a l l y  had l i t t l e  e f f e c t  
on t h e  up take  of P by t h e  p l a n k t o n  (Ba lducc i ,  unpubl.  ms.) ,  b u t  H a r r i s o n  et 
a l .  (1977) found a s t i m u l a t i n g  e f f e c t  of l i g h t  on P u p t a k e  by c o a s t a l  mar ine  - 
plankton.  The d a t a  of Faus t  and C o r r e l l  (1976) showed u p t a k e  rates i n  t h e  
l i g h t  were h i g h e r  t h a n  d a r k  up take  d u r i n g  t h e  summer a t  h i g h e r  t e m p e r a t u r e s  
and a t  h i g h e r  l e v e l s  of FRP, I n  t h e  w i n t e r  p e r i o d  when tempera tu res  were 
low, FRP was low, and t h e  d i f f e r e n c e s  i n  l i g h t  and d a r k  u p t a k e  r a t e s  were 
s m a l l .  L i g h t  s t i m u l a t e d  t h e  up take  r a t e  i n  bottom samples of Pamlico River  
wa te r  by a f a c t o r  of about  2 whereas da rken ing  of s u r f a c e  samples d e c r e a s e d  



t h e  uptake r a t e  only s l i g h t l y  (Table 9 ) .  A t  t imes t h e  a s s i m i l a t i o n  of 3 2 ~  i n  
darkness by bottom samples was g r e a t e r  than  t h e  a s s i m i l a t i o n  of 3 2 ~  i n  t h e  
l i g h t  by su r f ace  samples (Table 8 ) .  I n  a l l  cases  where t h i s  occurred t h e  
ambient l e v e l  of FRP was lower i n  t h e  bottom samples. Thus, a s  was found i n  
the  Pamlico River and a s  noted by Healy (1973), t h e  uptake of i no rgan ic  P by 
a lgae  appears t o  be s t imula ted  by l i g h t  bu t  i s  not  dependent on i t .  The 
na tu re  of t h e  s t imu la t ion  i s  complex, however, and may be r e l a t e d  t o  a l g a l  
biomass, FRP l e v e l s ,  and temperature.  

Increas ing  t h e  P concent ra t ions  i n  short-term experiments has  been 
found t o  produce a hyperbol ic  i n k e a s e  i n  t h e  rate of 3 2 ~  uptake (Hanton 
1969; Fuhs, -- e t  a l .  1972; Per ry  1976). Per ry  (1976) found a 4-fold i n c r e a s e  
i n  P uptake upon add i t i on  of P t o  phosphate-poor marine waters .  Halmann and 
S t i l l e r  (1974) showed a 18-fold inc rease  i n  P uptake r a t e  upon a d d i t i o n  of P 
t o  phosphorus-deficient Lake Kinneret plankton,  and Rhee (1973) a l s o  found P 
add i t i ons  t o  be s t imu la t ing  t o  3 2 ~  uptake by c u l t u r e s  of Scenedesmus. 

I n  t h e  Pamlico River ,  t h e  a d d i t i o n  of P gene ra l ly  produced l e s s  than  a 
2-fold inc rease  i n  3 2 ~  uptake, averaging only about 76% inc rease .  Such shor t -  
term add i t i ons  of P t o  Pamlico plankton may have s t imula ted  P uptake only 
s l i g h t l y  because (1) t h e  a l g a l  c e l l s  d id  not  have t h e  enzyme systems t o  res -  
pond quick ly  t o  t h e  added n u t r i e n t ,  o r  (2) t h i s  n u t r i e n t  w a s  no t  l i m i t i n g  a t  
t h e  time of i t s  add i t i on .  

T a f t  e t  a l .  (1975) found t h e  ha l f  s a t u r a t i o n  c o e f f i c i e n t  (K ) f o r  -- 
Chesapeake Bay plankton t o  be from 0.09 t o  1.72 pg-at pol'', a n d S ~ a l d u c c i  
(unpubl. ms.) found Ks values of 0.022 t o  0.049 pg-at P e l - 1  f o r  t h e  Chowan 
River ,  I n  t he  Pamlico River,  Ks ranged from 0.32 t o  18 pg-at p - l - l ,  wi th  a 
mean of 1.65 y g-at pel-' (exc lus ive  of 10 J u l y ) ,  and increased  as t h e  con- 
c e n t r a t i o n  of FRP increased  (Table 13) thereby maintaining an e f f i c i e n t  r a t e  
of phosphate uptake. A l abora tory  s tudy of phosphate uptake by Heterocapsa 
t r i q u e t r a  which had been i s o l a t e d  from t h e  Pamlico River gave Ks va lues  of 
2.4 - 4.3 ug-at P 9 1'' ( r eca l cu la t ed  from d a t a  of Hanton 1969). These va lues  
were wi th in  a f a c t o r  of two of t h e  va lues  which we found f o r  n a t u r a l  phyto- 
plankton (Table 13) between November and A p r i l  when Heterocapsa was an 
important component of t h e  assemblage. Hanton (l969) a l s o  showed t h a t  t h e  
Ks of P-starved Coccolithus huxleyi  incubated f o r  two da s a f t e r  reaching 
s t a t i o n a r y  phase decreased from 0.93 t o  0.094 pg-at P-1-I ,  sugges t ing  t h a t  
Ks f o r  phosphate decreased a s  t h e  c e l l s  became inc reas ing ly  P-def ic ien t .  
The Ks f o r  n i t r a t e  uptake by Scenedesmus sp. a l s o  decreased a s  t h e  c e l l s  
became more n i t rogen  d e f i c i e n t  (Rhee 1978). Thus, t h e  va lue  of K, depends 
'on t h e  pre-h is tory  of t h e  a lgae  and i s  not  a cons tan t  e i t h e r  f o r  one spec ies -  
o r  f o r  one system. 

I n  summary, t h e  s t imu la t ing  e f f e c t  of a 10 C change i n  temperature,  
l i g h t  l e v e l  i nc reases ,  and n u t r i e n t  add i t i ons  produced l e s s  than  a 1-fold 
inc rease  i n  P uptake r a t e s  over those  found a t  ambient temperature,  l i g h t  
l e v e l s  o r  n u t r i e n t  concent ra t ions  i n  t h e  Pamlico River.  



I n d i c a t o r s  of Phytoplankton Phosphorus S t a t u s  

Seve ra l  i n d i c a t o r s  of t h e  phosphorus s t a t u s  of p l ank ton i c  a l g a e  i n  t h e  
Parnlico River  were s t u d i e d :  (1) t h e  amount of a l k a l i n e  phosphomonoesterase 
(PMase), (2) t h e  amount of a l g a l  s u r p l u s  i no rgan i c  P ,  (3) t h e  r a t e  of phos- 
phorus up take ,  ( 4 )  t h e  ha l f  s a t u r a t i o n  c o e f f i c i e n t  (K,) of phosphate  up take  
and (5) t h e  r a t i o  of C:N:P i n  t h e  p lank ton  and i n  t h e  water a s  w e l l  a s  t h e  
C:N:P r a t i o s  f o r  t h e  up take  of t h e s e  n u t r i e n t s .  

The enzyme PMase has  been found t o  be de r ep re s sed  under  P l i m i t e d  
cond i t i ons  (Kuenzler and P e r r a s  1965, F i t z g e r a l d  and Nelson 1966, Kuenzler 
1970, Rhee 1972) .  Th i s  enzyme p o t e n t i a l l y  a l lows  t h e  phosphate  i n  o rgan i c  
compounds o u t s i d e  t h e  c e l l  t o  be  used as an  a l t e r n a t e  sou rce  of phosphorus. 
During 2-12 March 1977, p a r t i c u l a t e  enz me a c t i v i t y  reached maximum v a l u e s  
of 550-1000 n moles PNP r e l e a s e d - 1 - l - h - l  (Table  17 ) .  Values of PMase a c t i v i -  
t y  a l s o  were h igh  a t  S t a t i o n s  4 and 5  on 2  A p r i l  1977, b u t  t h i s  probably 
r e p r e s e n t s  t h e  downstream movement o f  a l g a a  caused by h igh  r a i n f s l l  du r i ng  
March 1977. PMase l e v e l s  i n  March a r e  4  t o  10  t i m e s  t h e  average  a c t i v i t y  
found f a r  t h e  e n t i r e  s t udy  ( exc lu s ive  of March), e q u a l l i n g  130 n moles of PNP 
r e l e a s e c ~ * l - ~ * h ' l .  However, t h e  amount of  enzyme a c t i v i t y  pe r  mg of d ry  
weight c~f  a l g a e  [de te rmined  by assum.ing a n  average  o r g a n i c  carbon con t en t  of 
53% on zn a sh - f r ee  d ry  weight  b a s i s  (Wetzel 1975) ,  and a 5% a sh  con t en t  of 
a l g a e  (Vollenweider 1969)l averaged 52 n  moles of P re leased-mg-lah- l  dur ing  
March, whereas t h e  average  v a l u e  f o r  t h e  e n t i r e  s t udy  equa l l ed  4 1  n  moles of 
P r e l e a s e d  =rng'l*h'l. 

F i t z g e r a l d  and Nelson (1966) found t h a t  P  d e f i c i e n t  cond i t i ons  i nc r ea sed  
PMase a c t i v i t y  p e r  mg d ry  weight over  t h a t  of P s u f f i c i e n t  cond i t i ons  by an 
average of 18  f o l d .  I n  a d d i t i o n ,  v a l u e s  of PMase a c t i v i t y  f o r  P -de f i c i en t  
a l g a e  ranged from 2,400 t o  28,000 n moles of P re leased*mg- l*h" l ,  averag ing  
11,000. On t h e  o t h e r  hand P s u f f i c i e n t  a l g a e  had enzyme l e v e l s  from 75 t o  
1 ,800  n moles of P re leased*mg-l .h- l  averag ing  620. I n  t h e  Pamlico, enzyme 
l e v e l s  never  exceeded 1 1 n moles of P released*mg'l-h'l,  and averaged 41  n  
moles of P releasedomg h .  Thus, t h e  enzyme l e v e l s  found i n  t h e  Pamlico 
even a t  t h e  h e i g h t  of t h e  Heterocapsa sp .  bloom du r ing  March never  approached 
t h e  l e v e l s  i n d i c a t i v e  of P d e f i c i e n t  cond i t i ons  ( F i t z g e r a l d  and Nelson 1966, 
Healy 1973).  Add i t i ona l l y ,  s i n c e  t h e  & v a l u e  f o r  t h i s  enzyme was 54 pM, 
whereas t h e  p o t e n t i a l  s u b s t r a t e  c o n c e n t r a t i o n  i n  t h e  r i v e r  w a s  probably below 
1 pM (Fig .  1 6 ) ,  t h e  enzyme w a s  probably n o t  e f f i c i e n t  a t  hydro lyz ing  P from 
o rgan i c  s u b s t r a t e s  i n  t h i s  e s t u a r y .  I ts  r o l e  may be  i n  hydrolyzing FUP 
leaked  from a l g a l  c e l l s .  During leakage  FUP i s  concen t r a t ed  nea r  t h e  c e l l  
membrane, a s  is PMase. It is  a t  t h e  c e l l  membrane-water i n t e r f a c e  t h a t  sub- 
s t r a t e  concen t r a t i ons  may be  h igh  enough t o  a l l ow  t h e  enzyme t o  o p e r a t e  a t  
p h y s i o l o g i c a l l y  important  r a t e s  (Koenings 1977) .  

The presence  of s u b s t a n t i a l  amounts of s u r p l u s  phosphorus (polyphos- 
pha t e s )  i n  phytoplankton i n d i c a t e s  t h a t  P  i s  no t  l i m i t i n g  t h e i r  growth ( F i t z -  
g e r a l d  and Nelson 1966, Rhee 1972, Healy 1973).  When i no rgan i c  s u r p l u s  P 
l e v e l s  exceeded 40% of phosphorus e x t r a c t a b l e  i n  ho t  water, P was found n o t  
t o  l i m i t  a l g a l  growth. However, when s u r p l u s  P equa l l ed  approximately  10% 



o r  l e s s  of w a t e r  e x t r a c t a b l e  P, a l g a e  c o u l d  b e  cons idered  P l i m i t e d .  I n  t h e  
Pamlico River ,  s u r p l u s  i n o r g a n i c  P exceeded 38% of  e x t r a c t a b l e  P on  66 o u t  
of 74 samples o v e r  a y e a r l y  sampling p e r i o d  (Fig .  18) .  On one o c c a s i o n  (27 
Sep t .  1976 a t  S t a t i o n  4) i n o r g a n i c  s u r p l u s  P f e l l  t o  29% of  w a t e r  e x t r a c t a b l e  
P.  On a l l  o t h e r  d a t e s ,  t h e  amount of i n o r g a n i c  s u r p l u s  P exceeded 30%, and 
was a t  t i m e s  80% of ho t -wate r -ex t rac tab le  P. Thus we f e e l  t h a t  FRP l e v e l s  
i n  t h e  r i v e r  were more t h a n  s u f f i c i e n t  t o  supply t h e  m e t a b o l i c  requ i rements  
of t h e  p l a n k t o n ,  and were i n  f a c t ,  h i g h  enough f o r  t h e  a l g a e  t o  s t o r e  e x c e s s  
phosphate a s  s u r p l u s  P throughout  a lmost  a l l  of  t h e  y e a r .  

The r a t e  of P  up take  may a l s o  i n d i c a t e  t h e  phosphorus s t a t u s  of t h e  
phytoplankton.  The P up take  r a t e  has  been shown (Kuenzler and Ketchum 1962, 
Hanton 1969, Fuhs e t  a l .  1972, Rhee 1973) t o  v a r y  when t h e  c o n c e n t r a t i o n  of -- 
phosphate  i s  manipula ted;  t h e  a d d i t i o n  of phosphate  c a u s e s  a l g a e  t o  i n c r e a s e  
t h e i r  up take  r a t e .  On t h e  o t h e r  hand, a l g a e  which have grown d e f i c i e n t  i n  P 
have h i g h e r  r a t e s  of P  up take  t h a n  P - s u f f i c i e n t  c e l l s  (Healy 1973) .  Cells 
d e f i c i e n t  i n  P may markedly i n c r e a s e  t h e i r  u p t a k e  rates when phospha te  i s  
added t o  t h e  w a t e r .  I n  t h e  Pamlico,  t h e  rate of P  u p t a k e  u s u a l l y  i n c r e a s e d  
upon t h e  a d d i t i o n  of P  i n d i c a t i n g  t h a t  t h e  up take  mechanism f o r  P  was below 
s a t u r a t i o n  on t h e  d a t e s  sampled (Table  1 3 ) .  However, r a t e s  of P  u p t a k e  a l s o  
i n c r e a s e d  a s  ambient FRP c o n c e n t r a t i o n s  f e l l  i n  t h e  r i v e r .  R a t e s  were  gen- 
e r a l l y  l e s s  t h a n  0.02 pmoles*mg d r y  ~ t . ' ~ . h ' ~ ,  w e l l  below r a t e s  found f o r  
P - d e f i c i e n t  a l g a e  (0.34 t o  1 .3  umoles *mg d r y  w t  . - l .h-l)  (Healy 1973) .  P  
up take  rates i n  t h e  Pamlico River  d i d  n o t  approach t h o s e  f o r  n u t r i e n t  d e f i -  
c i e n t  c o n d i t i o n s  excep t  f o r  2  March 1977 a t  S t a t i o n  1 (0.2 pmoles mg d r y  - 
w t .  h )  , and were  n o t  s u b s t z n t i a l l y  d i f f e r e n t  from o t h e r  e a s t e r n  e s t u a r i e s .  
( T a f t ,  e t  a l .  1975; Faus t  and C o r r e l l  1976; Balducci ,  unpubl.  ms.). 

The u p t a k e  rate  of P i n  a l g a l  c u l t u r e s  was depressed  when a l g a l  s u r p l u s  
i n o r g a n i c  P was abundant (Rhee 1972).  I n  t h e  Pamlico,  however, we found t h a t  
t h e  P up take  (ambient t empera tu re  and n u t r i e n t  c o n c e n t r a t i o n s )  w a s  p o s i t i v e l y  
c o r r e l a t e d  w i t h  s u r p l u s  P ( r  = 0.65),  and t h e  Vmax v a l u e s  f o r  P u p t a k e  were  
h i g h l y  c o r r e l a t e d  w i t h  s u r p l u s  P ( r  = 0.98) .  Thus, s u r p l u s  P c o n c e n t r a t i o n s  
appear  t o  be above t h e  l e v e l  i n d i c a t i v e  of n u t r i e n t  d e f i c i e n t  c o n d i t i o n s  y e t  
below t h a t  a t  which t h e  s u r p l u s  P beg ins  t o  d e p r e s s  P  up take .  I n  a l l  o u r  
t r a c e r  s t u d i e s  (e .g . ,  Table  1 4 ,  Fig .  2 2 ) ,  3 2 ~  was t a k e n  up by t h e  a l g a e  and 
i n c o r p o r a t e d  a t  t h e  h i g h e s t  s p e c i f i c  a c t i v i t y  f i r s t  i n t o  t h e  s u r p l u s  i n o r -  
g a n i c  P f r a c t i o n .  Th is  a c t i v e  s u r p l u s  P poo1,which a p p a r e n t l y  s t o r e d  some 
of t h e  3 2 ~  t a k e n  up,  t h e n  t r a n s f e r r e d  a p o r t i o n  t o  o t h e r  m e t a b o l i c a l l y  i m -  
p o r t a n t  poo l s .  However, s i n c e  o r g a n i c  s u r p l u s  P was n o t  l a b e l e d  t o  t h e  e x t e n t  
of o t h e r  m e t a b o l i c  p o o l s ,  t h e  c e l l s  were a p p a r e n t l y  P s u f f i c i e n t ;  t h e  a l g a e  
appeared t o  be i n  a  h e a l t h y  p h y s i o l o g i c a l  s t a t e  and were c a p a b l e  o f  main ta in -  
ing  t h a t  s t a t e  under t h e  v a r i e t y  of env i ronmenta l  c o n d i t i o n s  found i n  t h e  
e s t u a r y .  

F i n a l l y ,  h a l f  s a t u r a t i o n  c o e f f i c i e n t s  of phospha te  u p t a k e  (Ks) and 
maximum v e l o c i t i e s  of P u p t a k e  (vmaX) have been used a s  i n d i c a t o r s  of a l g a l  
n u t r i e n t  s t a t u s .  A s  FRP l e v e l s  decreased ,  K v a l u e s  tended t o  d e c r e a s e  and 

S 

'max v a l u e s  t ended  t o  i n c r e a s e  (Brown e t  a l .  1978, Fuhs e t  al . :E972).  I n  -- 



Lake Kinnere t ,  Ks v a l u e s  g r e a t e r  t han  FRP concen t r a t i ons  i n d i c a t e d  P d e f i c i e n t  
cond i t i ons ;  Halmann and S t i l l e r  (1974) found Ks v a l u e s  g r e a t e r  t han  FRP by a 
f a c t o r  of 2 t o  18,  averag ing  a 5-fold  d i f f e r e n c e .  T a f t  -- et  a l .  (1975) a l s o  
found Ks va lue s  t o  be  g r e a t e r  t han  FRP va lue s  by a f a c t o r  of 10. These 
au tho r s  concluded t h a t  w i th  such Ks v a l u e s ,  t h e  p lank ton  could n o t  e f f e c t i v e -  
l y  u t i l i z e  e x i s t i n g  FRP concen t r a t i ons .  Halmann and S t i l l e r  (1974) suggested 
t h a t  t h i s  r e p r e s e n t s  P l i m i t a t i o n  whereas T a f t  e t  a l .  (1975) s t a t e d  t h a t  
perhaps s u r p l u s  P was being used t o  keep t h e  p lank ton  P s u f f i c i e n t .  I n  t h e  
Pamlico River  (Table 1 3 ) ,  a s  FRP va lue s  decreased ,  Vmax v a l u e s  a l s o  tended 
t o  r i s e  and a l g a l  up take  of P i nc r ea sed .  A t  t h e  same t i m e ,  Ks v a l u e s  f e l l  
t o  l e v e l s  very  c l o s e  t o  t h e  FRP l e v e l s  i n  t h e  wa t e r  column. Our r e s u l t s  
sugges t  t h a t  t h e  p lank ton  i n  t h e  Pamlico River  may r e a c t  t o  changes i n  FRP 
by vary ing  t h e  up take  r a t e  by s e l e c t i v e  enzyme produc t ion  o r  by sw i t ch ing  
from one mechanism of P up take  t o  ano ther .  By doing t h i s ,  t h e  Ks v a l u e  re -  
mained c l o s e  t o  t h e  s u b s t r a t e  concen t r a t i on ,  the reby  a l lowing t h e  phyto- 
plankton t o  respond r a p i d l y  t o  any changes i n  metabo l ic  requ i rements  f o r  P 
and t o  ma in t a in  adequate  up take  r a t e s  dur ing  p e r i o d s  of va ry ing  FRP concen- 
t r a t i o n s .  

Thus t h e  Pamlico River  system prov ides  more t han  enough n u t r i e n t  P  f o r  
phytoplankton growth most of t h e  t ime along i t s  e n t i r e  l eng th .  On t h e  o t h e r  
hand, t h e  plankton d i d  no t  respond t o  very  h igh  c o n c e n t r a t i o n s  of FRP by 
forming dense blooms, appa ren t l y  because of o t h e r  l i m i t a t i o n s .  Th i s  sugges t s  
t h a t  a d d i t i o n a l  P  i npu t  from phosphate  mining o p e r a t i o n s  would probably n o t  
adverse ly  i n c r e a s e  p lank ton  d e n s i t i e s  i n  t h e  e s t u a r y .  

Accuracy of Phosphate Uptake Measurements 

FRP tu rnove r  t i m e  w a s  c a l c u l a t e d  from changes i n  r a d i o a c t i v i t y  ove r  
t i m e  and i s  f r e e  of e r r o r s  a s s o c i a t e d  w i t h  chemical  ana ly se s .  Unl ike  t h e s e  
tu rnover  t i m e s ,  however, c a l c u l a t i o n  of t h e  up take  r a t e  of FRP r e q u i r e s  t h a t  
bo th  t h e  r a t e  of removal of 3 2 ~  and t h e  c o n c e n t r a t i o n  of s t a b l e  FRP be  
a c c u r a t e l y  measured. The accuracy of FRP ana ly se s  has  been ques t ioned  
( ~ i g l e r  1968);  w e  measured t h e  amount of c o l l o i d a l  r e a c t i v e  phosphate  (CoRP) 
t o  e s t i m a t e  t h e  q u a n t i t y  of FRP t h a t  w a s  no t  i n  t r u e  s o l u t i o n  and t hus  no t  
equ iva l en t  t o  t h e  added t r a c e r  i n  terms of a v a i l a b i l i t y  t o  t h e  p lank ton .  On 
t h e  d a t e s  sampled, g e n e r a l l y  < l o %  of t h e  r e a c t i v e  phosphate  w a s  c o l l o i d a l  
(Table 5 ) .  Only a f t e r  a pe r i od  of heavy runoff  i n  March 1977 d i d  CoRP exceed 
16% of t o t a l  f i l t e r a b l e  P; l e v e l s  > 40% were t hen  found a t  u p r i v e r  s t a t i o n s .  
The mean amount of CoRP was 5.9% of f i l t e r a b l e  P, and 8.7% of FRP. Most of 
t h e  t ime t h e  a n a l y t i c a l l y  measured FRP w a s  probably > 90% DiRP and t h e r e f o r e  
was assumed t o  be  d i s s o l v e d  or thophosphate ,  t h e  same chemical  form a s  t h e  
r a d i o t r a c e r .  The chemical  overes t imate  of a l g a l - a v a i l a b l e  phosphate  would 
t hen  ove re s t ima t e  g r o s s  P up take  r a t e s ,  bu t  u s u a l l y  by l e s s  t h a n  10%. 

The assumption t h a t  t h e  amount of s t a b l e  FRP remained c o n s t a n t  dur ing  
t h e  exper imenta l  i ncuba t i on  w i th  3 2 ~  w a s  t e s t e d  ove r  a wide range of FRP con- 
c e n t r a t i o n s  du r ing  Apri l -June 1977 (Table  24) .  Net up t ake  (measured chem- 
i c a l l y )  was l e s s  than  30% of g r o s s  up take  (measured by t r a c e r )  excep t  when 
g ro s s  up take  w a s  low i n  May 1977. High n e t  up t ake  r a t e s  would r e s u l t  i n  a 



Table  24. N e t  uptake of ambient FRP and g ross  uptake of 3 2 ~  i n  Pamlico River  water ,  April-June 1977. 

Net Uptalce Gross U t a k e  
Temp FRP A FRP P E f f l u x  Net Uptake 

Date - S t a t i o n  _(OC_1 a t  1 )  (pg-at .I-I .h-1) J 
35P 

un-at.1-l.h-') - a t 1 )  (% of c r o s s )  

3 A p r i l  77 1s 7 1.42 0.009 0.038 0.029 24 

2 A p r i l  77 4 s  7 1.35 0.015 0.051 0 .036 2 9 

24 A p r i l  77 3 s  1 0  1.23 OA05 0.019 0 8 1 5  2 6  

1 6  May 77 1s 20 0.68 0'. 017 0.039 0.022 4 4 

15 May 77 4 S 20 4.84 0.011 0.034 0 .023 3 2 

6 June  77 1s 20 0.81 0.024 0.112 0.088 2 1 

5 June 77 4 S 21 10.90 0.011 0.088 0 .077 12 

Fig. 35. Rate of phosphate e f f l u x  i n  r e l a t i o n  t o  g ros s  phosphate uptake 
r a t e .  So l id  c i r c l e s  and r eg re s s ion ,  Pamlico River .  Open c i r c l e s ,  
d a t a  from Nalewaj ko and Lean (1978) . 



f u r t h e r  o v e r e s t i m a t e  of t h e  g r o s s  up take  r a t e s  t o  t h e  e x t e n t  t h a t  t h e  concen- 
t r a t i o n  of FRP i n  t h e  medium went below t h e  a n a l y t i c a l  q u a n t i t y  used f o r  t h e  
c a l c u l a t i o n .  The e r r o r  w a s  probably  less t h a n  30% most of t h e  t i m e  ( s e e  
below),  a l t h o u g h  d a t a  a r e  n o t  a v a i l a b l e  t o  v e r i f y  t h i s ,  n o r  t o  make cor rec -  
t i o n s ,  f o r  t h e  e n t i r e  s t u d y  p e r i o d ,  The d i f f e r e n c e  between g r o s s  and n e t  
up take  r a t e s  (P e f f l u x )  i s  a t t r i b u t a b l e  t o  excretion, leakage ,  and o t h e r  
l o s s e s  of phosphate  from phytoplankton,  microzooplankton,  and b a c t e r i a  back 
t o  t h e  water. The d a t a  i n  Tab le  18 ,  a l though  of l i m i t e d  e x t e n t ,  show a  
s t r o n g  c o r r e l a t i o n  ( r =  ,99) between g r o s s  u p t a k e  r a t e  and phosphate  e f f l u x  
(Fig.  35) .  The l e a s t  s q u a r e s  equa t ion :  

? = 0 . 8 6 ~  - 0.036 
*A 

whereY = phosphate  e f f l u x  and X = g r o s s  P  up take  r a t e ,  s u g g e s t s  t h a t  l e a k a g e s  
and e x c r e t i o n  r e l e a s e  a  l a r g e r  amount of FRP back t o  t h e  w a t e r  d u r i n g  p e r i o d s  
of h i g h  b i o l o g i c a l  up take  t h a n  a t  o t h e r  t i m e s .  The rate of  P  e f f l u x  i n  3  
s p e c i e s  of c u l t u r e d  a l g a e  a l s o  i n c r e a s e d  w i t h  g r o s s  P up take ,  r ang ing  from 
10% of g r o s s  up take  when up take  was slow t o  94% when up take  was r a p i d  
(Nalewakjo and Lean 1978) .  T h e i r  d a t a  (open c i r c l e s ,  Fig .  35) s u g g e s t  some- 
what h i g h e r  e f f l u x  a t  low up take  r a t e s  t h a n  o u r s  b u t  t h e  s l o p e  of t h e  r e l a -  
t i o n s h i p  is  probably  n o t  d i f f e r e n t .  N e t  up take  rate p r e d i c t e d  from t h i s  
e q u a t i o n  becomes a  v e r y  low p r o p o r t i o n  of t h e  g r o s s  u p t a k e  rate d u r i n g  p e r i o d s  
of a c t i v e  uptake.  It i s  p r e d i c t e d  t o  be  less t h a n l 5 %  of t h e  g r o s s  up take  rate 
when t h e  g r o s s  r a t e  exceeds  0.5 yg-at ~ * l ' l * h - l .  Th i s  r a p i d  e f f l u x  h e l p s  t o  
e x p l a i n  t h e  e x t r a o r d i n a r y  g r o s s  up take  rates and t h e  s h o r t  a l g a l - P  t u r n o v e r  
t i m e s  dur ing  t h e  w i n t e r  d i n o f l a g e l l a t e  blooms ( F i g . 2 0 ,  21) ; n e t  u p t a k e  rate 
was probably  much less t h a n  g r o s s .  The a c t u a l  e r r o r  i n t r o d u c e d  i n t o  t h e  g r o s s  
P  u p t a k e  r a t e  because  of changes i n  FRP c o n c e n t r a t i o n  d u r i n g  t h e  exper iment  
a r e  t h e r e f o r e  probably  less t h a n  10% a t  a l l  t imes .  During t h e  bloom p e r i o d s  
when g r o s s  up take  r a t e s  were h i g h ,  n o t  o n l y  was n e t  u p t a k e  a small p r o p o r t i o n  
of g r o s s ,  b u t  a l s o  t h e  exper iments  were q u i c k l y  completed and l i t t l e  d e c l i n e  
i n  FRE' i n  t h e  w a t e r  could  t a k e  p l a c e .  During non-bloom p e r i o d s ,  when g r o s s  
r a t e s  were low, exper iments  were run  f o r  l o n g e r  p e r i o d s  t o  g e t  s i g n i f i c a n t  
32P changes;  however, a l t h o u g h  n e t  u p t a k e  w a s  a l a r g e r  p r o p o r t i o n  of g r o s s ,  
t h e  a b s o l u t e  n e t  change was s m a l l  compared t o  t h e  much h i g h e r  FRP concen t ra -  
t i o n s .  The two e r r o r s ,  t h e n ,  t end  t o  compensate each  o t h e r  and t h e  g r o s s  
rates a r e  probably  c o r r e c t  w i t h i n  10%. 

Non-biological  up take  of 3 2 ~  i n  t h e  e s t u a r y  was determined i n  samples 
k i l l e d  w i t h  m e t a b o l i c  po i sons ,  and by e x t r a p o l a t i o n  of n o n k i l l e d  3 2 ~  u p t a k e  
curves  t o  z e r o  t ime.  The up take  i n  k i l l e d  samples averaged <2.5% of t h e  
t r a c e r  added, w i t h  b i o l o g i c a l  up take  i n  n o n k i l l e d  samples exceeding non-bio- 
l o g i c a l  up take  a f t e r  t h e  f i r s t  sampling p e r i o d .  A f t e r  t h i s  t i m e  (< 30 min) ,  
t h e  l i v i n g  samples con t inued  t o  remove 3 2 ~  from s o l u t i o n  whereas t h e  k i l l e d  
samples d i d  n o t .  The Y-intercept  of t h e  r e g r e s s i o n  l i n e  used t o  c a l c u l a t e  
t h e  r a t e  of 3 2 ~  up take  i n  l i v i n g  samples averaged % 1% of t h e  t o t a l  a c t i v i t y .  
T h i s  e s t i m a t e  of non-b io log ica l  u p t a k e  compared f a v o r a b l y  t o  t h e  <2.5% non- 
b i o l o g i c a l  up take  d e r i v e d  by d i r e c t  measurement on samples poisoned w i t h  a 
v a r i e t y  o f  metabo l ic  i n h i b i t o r s  and po i sons .  The non-b io log ica l  u p t a k e  n e v e r  
exceeded 10% of b i o l o g i c a l  up take  throughout  t h e  s tudy .  Ba lducc i  (unpubl.  
ms.) found non-b io log ica l  up take  t o  be  l e s s  t h a n  6% of  t h e  t o t a l  3 2 ~  added t o  



Chowan River samples. 

We determined d i r e c t l y  t h a t  a b i o t i c  complexing d id  not  a f f e c t  t h e  t r a c e r  
k i n e t i c s  t o  a  s i g n i f i c a n t  ex t en t ,  and t h a t  inorganic  3 2 ~  was being cycled a s  
F R ~ ~ P  by performing t h r e e  experiments. I n  t h e  f i r s t ,  we added t r a c e r  P t o  
f i l t e r e d  (Whatman GF/C) water from t h e  su r f ace  a t  S t a t i o n  3 (3s) .  I n  t h e  
second experiment we added t r a c e r  P t o  u n f i l t e r e d  3s  water.  A t  t h e  end of 
12 h we f i l t e r e d  each t o  recover t h e  f i l t e r a b l e  t r a c e r  from both experiments 
and added i t  t o  s e p a r a t e  samples of u n f i l t e r e d  4S water.  I n  t h e  t h i r d  exper- 
iment, we added s tock  3 2 ~  t o  u n f i l t e r e d  4s water  d i l u t e d  t o  t h e  same e x t e n t  
with unlabe l led ,  f i l t e r e d  3S water.  In  t h e  l a s t  experiment using s tock  
3 2 ~ ,  t h e  r a t e  cons tan t  (k) equal led 0.0046 h-I,  while  i n  Experiment 1, k = 
0.0044 h-1 ( c o e f f i c i e n t  of v a r i a t i o n  equals  3.1%) ; and i n  Experiment 2,  k  = 
0.0042 h-I ( c o e f f i c i e n t  of v a r i a t i o n  equals  6.4%). These va lues  a r e  w i t h i n  
t h e  gene ra l  range of v a r i a t i o n  obtained from o t h e r  r e p l i c a t e d  k i n e t i c - e x p e r i -  
ments. Therefore a b i o t i c  complexing appeared unimportant. 

F i l t e r  r e t e n t i o n  of p a r t i c u l a t e  3 2 ~  was t e s t e d  t o  determine i f  f i l t r a t i o n  
a r t i f a c t s  a f f e c t e d  t h e  uptake r a t e s .  Four f i l t e r s  were t e s t e d  (Table 25).  
Mi l l ipore  f i l t e r s  of 0.22 pm and 0.45 pm pore s i z e  gene ra l ly  gave t h e  h ighes t  
and most nea r ly  constan: uptake r a t e s  a f t e r  c o r r e c t i o n  f o r  d i f f e r e n t i a l  
counting e f f i c i e n c y  by Cerenkov r ad ia t ion .  The uptake r a t e s  f o r  Whatman GF/C, 
and Nuclepore 0.45 p f i l t e r s  were c o n s i s t e n t l y  somewhat lower i n d i c a t i n g  t h a t  
some p a r t i c l e s  might have passed through t h e s e  f i l t e r s .  

F ina l ly ,  we determined t h e  a n a l y t i c a l  v a r i a t i o n  i n  t h e  measurement of 
phosphorus uptake r a t e s  a t  a l l  S t a t i o n s  i n  October 1976. I n  t h e s e  experiments 
two sepa ra t e  f l a s k s  were used, each f i l l e d  wi th  a  r e p r e s e n t a t i v e  sample of 
es tuary  water from each s t a t i o n .  The c o e f f i c i e n t  of v a r i a t i o n  v a r i e d  from 
0.97 t o  8.87% with an average of 3.84% (Table 26). 

Rela t ionships  Between Phosphate Uptake and Phosphate 
Concentrations i n  t h e  River 

The seasonal  and s p a t i a l  d i s t r i b u t i o n  of p a r t i c u l a t e  P (mostly a l g a l  P) 
showed a high p o s i t i v e  c o r r e l a t i o n  ( r  = .87) wi th  t h e  amount of ch lorophyl l -  
a  i n  t h e  es tuary  (Figs.  8, 15) .  However, t h e  amount of Chl-a was inve r se ly  
r e l a t e d  ( r = -.22) t o  t h e  amount of n u t r i e n t  P (FRP) i n  t h e  water  column. 
For example, during Feb,-March 1977, Chl-a va lues  were h igh  (> 100 pg Chl-a* 
1-I) and FRP concent ra t ions  were low (0.5-1.0  at 1- l )  . During July-  
August 1976, Chl-a va lues  were low (10 pg ~hl-awl- ') ,  and FRP va lues  were a t  
t h e i r  maximum (> 6 pg-at*l-') (Figs.  8 ,  14) .  Thus t h e  phytoplankton were 
abundant during win te r  when FRP and temperature (1-3 C) were low, but  were 
l e s s  abundant a t  h igher  temperatures (25-30 C), i n s o l a t i o n  r a t e s ,  and FRP 
l e v e l s .  The a v a i l a b i l i t y  during t h e  win te r  of inorganic n i t rogen  from t h e  
Tar River apparent ly permit ted a l g a l  blooms upstream, whereas during t h e  
summer t h e  s c a r c i t y  of n i t rogen  d id  not  permit s u b s t a n t i a l  a l g a l  accumulations.  
Rapid recyc l ing  of N ,  however, must be invoked (see  below) t o  exp la in  t h e  
f a c t  t h a t  p r o d u c t i v i t i e s  a r e  a s  high during summer a s  during win ter .  



f u r t h e r  o v e r e s t i m a t e  of t h e  g r o s s  upcake rates t o  t h e  e x t e n t  t h a t  t h e  concen- 
t r a t i o n  of FRP i n  t h e  medium went below t h e  a n a l y t i c a l  q u a n t i t y  used f o r  t h e  
c a l c u l a t i o n .  The e r r o r  w a s  probably  less t h a n  30% most of t h e  t i m e  ( s e e  
below),  a l though  d a t a  a r e  n o t  a v a i l a b l e  t o  v e r i f y  t h i s ,  n o r  t o  make cor rec -  
t i o n s ,  f o r  t h e  e n t i r e  s t u d y  p e r i o d .  The d i f f e r e n c e  between g r o s s  and n e t  
up take  r a t e s  (P e f f l u x )  i s  a t t r i b u t a b l e  t o  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  of phosphate  from phytoplankton,  microzooplank&on, and b a c t e r i a  back 
t o  t h e  wa te r .  The d a t a  i n  Tab le  1 8 ,  a l though  of l i m i t e d  e x t e n t ,  show a 
s t r o n g  c o r r e l a t i o n  ( r =  .99) between g r o s s  up take  rate and phosphate  e f f l u x  
(F ig ,  35) .  The l e a s t  s q u a r e s  equa t ion :  

? = 0 . 8 6 ~  - 0.C06 
<A 

whereY = phosphate  e f f l u x  and X = g r o s s  P u p t a k e  r a t e ,  s u g g e s t s  t h a t  l e a k a g e s  
and e x c r e t i o n  r e l e a s e  a l a r g e r  amount of PRP back t o  t h e  water d u r i n g  p e r i o d s  
of h i g h  b i o l o g i c a l  up take  t h a n  a t  o t h e r  t imes .  The r a t e  o f  P  e f f l u x  i n  3  
s p e c i e s  of c u l t u r e d  a l g a e  a l s o  i n c r e a s e d  w i t h  g r o s s  P up take ,  r a n g i n g  from 
10% of  g r o s s  up take  when up take  was slow t o  94% when up take  w a s  r a p i d  
(Nalewakjo and Lean 1978) ,  T h e i r  d a t a  (open c i r c l e s ,  Fig .  35) sugges t  some- 
what h i g h e r  e f f l u x  a t  low up take  rates t h a n  o u r s  b u t  t h e  s l o p e  of t h e  r e l a -  
t i o n s h i p  i s  probably  n o t  d i f f e r e n t .  Net u p t a k e  r a t e  p r e d i c t e d  from t h i s  
e q u a t i o n  becomes a  v e r y  low p r o p o r t i o n  of t h e  g r o s s  u p t a k e  r a t e  d u r i n g  p e r i o d s  
of a c t i v e  uptake.  It is  p r e d i c t e d  t o  be less t h a n l 5 %  of t h e  g r o s s  up take  r a t e  
when t h e  g r o s s  r a t e  exceeds  0.5 ug-at P*l ' l*h- l .  Th i s  r a p i d  e f f l u x  h e l p s  t o  
e x p l a i n  t h e  e x t r a o r d i n a r y  g r o s s  up take  r a t e s  and t h e  s h o r t  a lga l -P  t u r n o v e r  
times dur ing t h e  w i n t e r  d i n o f l a g e l l a t e  blooms (Fig .  20, 21) ; n e t  u p t a k e  r a t e  
was probably  much l e s s  t h a n  g r o s s ,  The a c t u a l  e r r o r  i n t r o d u c e d  i n t o  t h e  g r o s s  
P u p t a k e  r a t e  because  of changes i n  FRP c o n c e n t r a t i o n  d u r i n g  t h e  exper iment  
a r e  t h e r e f o r e  probably  l e s s  t h a n  10% a t  a l l  t i m e s .  During t h e  bloom p e r i o d s  
when g r o s s  uptake r a t e s  were h i g h ,  n o t  on ly  was n e t  u p t a k e  a  small p r o p o r t i o n  
of g r o s s ,  b u t  a l s o  t h e  exper iments  were q u i c k l y  completed and l i t t l e  d e c l i n e  
i n  FRP i n  t h e  w a t e r  could  t a k e  p l a c e .  During non-bloom p e r i o d s ,  when g r o s s  
r a t e s  were low, exper iments  were r u n  f o r  l o n g e r  p e r i o d s  t o  g e t  s i g n i f i c a n t  
3 2 ~  changes;  however, a l t h o u g h  n e t  up take  was a  l a r g e r  p r o p o r t i o n  of g r o s s ,  
t h e  a b s o l u t e  n e t  change was s m a l l  compared t o  t h e  much h i g h e r  FRP concen t ra -  
t i o n s .  The two e r r o r s ,  then ,  t end  t o  compensate each  o t h e r  and t h e  g r o s s  
rates are probably  c o r r e c t  w i t h i n  10%. 

Non-biological  up take  of 3 2 ~  i n  t h e  e s t u a r y  w a s  determined i n  samples 
k i l l e d  w i t h  metabo l ic  p o i s o n s ,  and by e x t r a p o l a t i o n  of n o n k i l l e d  3 2 ~  u p t a k e  
c u r v e s  t o  z e r o  time. The up take  i n  k i l l e d  samples averaged < 2 . 5 %  of t h e  
t r a c e r  added, w i t h  b i o l o g i c a l  u p t a k e  i n  n o n k i l l e d  samples exceeding non-bio- 
l o g i c a l  u p t a k e  a f t e r  t h e  f i r s t  sampling per iod .  A f t e r  t h i s  t i m e  (< 30 min) ,  
t h e  l i v i n g  samples con t inued  t o  remove 3 2 ~  from s o l u t i o n  whereas t h e  k i l l e d  
samples d i d  n o t .  The Y- in te rcep t  of t h e  r e g r e s s i o n  l i n e  used t o  c a l c u l a t e  
t h e  r a t e  of 3 2 ~  u p t a k e  i n  l i v i n g  samples averaged % 1% of t h e  t o t a l  a c t i v i t y .  
Th i s  estimate of non-b io log ica l  u p t a k e  compared f a v o r a b l y  t o  t h e  <2.5% non- 
b i o l o g i c a l  up take  d e r i v e d  by d i r e c t  measurement on samples poisoned w i t h  a 
v a r i e t y  of m e t a b o l i c  i n h i b i t o r s  and po i sons .  The non-b io log ica l  u p t a k e  never  
exceeded 10% of b i o l o g i c a l  up take  throughout  t h e  s t u d y .  Ba lducc i  (unpubl. 
ms.) found non-b io log ica l  up take  t o  be less t h a n  6% of t h e  t o t a l  3 2 ~  added t o  



Chowan River samples. 

We determined d i r e c t l y  t h a t  a b i o t i c  complexing d i d  not  a f f e c t  t h e  t r a c e r  
k i n e t i c s  t o  a  s i g n i f i c a n t  e x t e n t ,  and t h a t  inorganic  3 2 ~  w a s  being cycled a s  
~ ~ 3 l - p  by performing t h r e e  experiments. I n  t h e  f i r s t ,  we added t r a c e r  P  t o  
f i l t e r e d  (Whatman GF/C) water from t h e  su r f ace  a t  S t a t i o n  3  (3s) .  I n  t h e  
second experiment we added t r a c e r  P  t o  u n f i l t e r e d  3s  water .  A t  t h e  end of 
12 h  we f i l t e r e d  each t o  recover t h e  f i l t e r a b l e  t r a c e r  from both experiments 
and added i t  t o  s e p a r a t e  samples of u n f i l t e r e d  4s  water.  I n  t h e  t h i r d  exper- 
iment, we added s tock  3 2 ~  t o  u n f i l t e r e d  4s water  d i l u t e d  t o  t h e  same e x t e n t  
with un labe l l ed ,  f i l t e r e d  3s water. I n  t h e  l a s t  experiment using s tock  
32P, t h e  rate cons tan t  (k) equal led 0.0046 h-I, while  i n  Experiment 1, k = 
0.0044 h'l ( c o e f f i c i e n t  of v a r i a t i o n  equals  3.1%); and i n  Experiment 2, k  = 
0.0042 h-I ( c o e f f i c i e n t  of v a r i a t i o n  equals  6.4%). These va lues  a r e  w i t h i n  
t h e  gene ra l  range of v a r i a t i o n  obtained from o t h e r  r e p l i c a t e d  k i n e t i c - e x p e r i -  
ments. Therefore a b i o t i c  complexing appeared unimportant. 

F i l t e r  r e t e n t i o n  of p a r t i c u l a t e  3 2 ~  was t e s t e d  t o  determine i f  f i l t r a t i o n  
a r t i f a c t s  a f f e c t e d  t h e  uptake r a t e s .  Four f i l t e r s  were t e s t e d  (Table 25).  
Mi l l i po re  f i l t e r s  of 0.22 pm and 0.45 pm pore s i z e  gene ra l ly  gave t h e  h ighes t  
and most nea r ly  constan! uptake r a t e s  a f t e r  c o r r e c t i o n  f o r  d i f f e r e n t i a l  
counting e f f i c i e n c y  by Cerenkov r ad ia t ion .  The uptake r a t e s  f o r  Whatman GF/C, 
and Nuclepore 0.45 p f i l t e r s  were c o n s i s t e n t l y  somewhat lower i n d i c a t i n g  t h a t  
some p a r t i c l e s  might have passed through t h e s e  f i l t e r s .  

F ina l ly ,  w e  determined t h e  a n a l y t i c a l  v a r i a t i o n  i n  t h e  measurement of 
phosphorus uptake r a t e s  a t  a l l  S t a t i o n s  i n  October 1976. I n  t h e s e  experiments 
two sepa ra t e  f l a s k s  were used, each f i l l e d  wi th  a  r e p r e s e n t a t i v e  sample of 
es tuary  water from each s t a t i o n .  The c o e f f i c i e n t  of v a r i a t i o n  v a r i e d  from 
0.97 t o  8.87% wi th  an average of 3.84% (Table 26). 

Rela t ionships  Between Phosphate Uptake and Phosphate 
Concentrations i n  t h e  River 

The seasonal  and s p a t i a l  d i s t r i b u t i o n  of p a r t i c u l a t e  P  (mostly a l g a l  P) 
showed a  high p o s i t i v e  c o r r e l a t i o n  ( r  = .87) wi th  t h e  amount of chlorophyll-  
a  i n  t he  es tuary  (Figs.  8 ,  15) .  However, t h e  amount of Chl-a was i n v e r s e l y  
r e l a t e d  ( r = -.22) t o  t h e  amount of n u t r i e n t  P  (FRP) i n  t h e  water  column. 
For example, during Feb.-March 1977, Chl-a va lues  were h igh  (> 100 pg ChL-a* 
1-I) and FRP concent r a t i o n s  were low (0.5-1.0 pg-at 9 1- l )  . During July-  
August 1976, Chl-a va lues  were low (10 pg ~ h l - a - 1 - I ) ,  and FRP va lues  were a t  
t h e i r  maximum (> 6 Ug-at*l-') (Figs.  8, 14) .  Thus t h e  phytoplankton were 
abundant during win te r  when FRP and temperature (1-3 C) were low, but  were 
l e s s  abundant a t  h igher  temperatures (25-30 C ) ,  i n s o l a t i o n  r a t e s ,  and FRP 
l e v e l s .  The a v a i l a b i l i t y  during t h e  win te r  of inorganic n i t rogen  from t h e  
Tar River apparent ly permit ted a l g a l  blooms upstream, whereas during t h e  
summer the  s c a r c i t y  of n i t rogen  d id  not  permit  s u b s t a n t i a l  a l g a l  accumulations.  
Rapid recyc l ing  of N,  however, must be invoked (see below) t o  e x p l a i n  t h e  
f a c t  t h a t  p r o d u c t i v i t i e s  a r e  a s  high during summer a s  during win te r .  



Table 25. 

Date - 
1 5  May 77 

14 May 77 

Comparison of uptake r a t e s  of f i l t e r a b l e  r e a c t i v e  P (FRP) i n  t h e  Pamlico River  
us ing Whatman GF/C (GFC), M i l l i p o r e  0.45 pm ( ~ 4 5 ) ,  M i l l i p o r e  0.22 um ( ~ 2 2 )  ;and 
Nuclepore 0.45 pm (N45) nominal pore s i z e  membranes. 

FRP Turnover Corrected 
FRP Uptake Rate  Time Turnover 

S t a t i o n  F i l t e r  (ug-at * 1- l )  (yg-at -1-1 oh-') (h) Time* (h) 

4 s  GFC 4.68 0.058 8 1 74 
4s M4 5 4.68 0.063 75 69 
4s  M22 4.68 0.066 7 1 69 
45 N4 5 4.68 0.062 7 6 76 

*Corrected f o r  d i f f e r e n t i a l  counting e f f i c i e n c y  of eerenkov r a d i a t i o n .  

Table 26. The a n a l y t i c a l  v a r i a t i o n  i n  r a t e  cons tan t s  f o r  P uptake i n  r e p l i c a t e d  
experiments on 17-18 October 1976 i n  t h e  Pamlico River.  

FRP -1 k C o e f f i c i e n t  of 
S t a t i o n  Experiment (pg-at.1 ) (min-I) ~ a r i a t  i o n  (%) 



During t h e  w i n t e r  pe r i od  of h igh  Chl-a v a l u e s ,  t h e  up take  r a t e  of phos- 
phorus w a s  g r e a t e s t  a t  t h e  upper end of t h e  e s t u a r y ,  w i th  FRP tu rnove r  t i m e s  
of less than  1 h.  The low tempera tures  probably reduced t h e  rate of P regen- 
e r a t i o n  from t h e  sediments ,  a l lowing t h e  r a p i d  f l u x  of phosphate  i n t o  a l g a l  
c e l l s  t o  reduce t h e  concen t r a t i on  of FRP. However, when Chl-a v a l u e s  were 
low (Aug.-Sept. 1976) ,  FRP tu rnover  t imes  i nc r ea sed  t o  200-300 h ,  even though 
p r o d u c t i v i t i e s  were r e l a t i v e l y  h igh .  During t h e  summer pe r i od ,  r i v e r  f low 
w a s  reduced and t h e  r e s idence  t i m e  of water i n  t h e  e s t u a r y  was i n c r e a s e d ,  
r e gene ra t i on  of P from t h e  sediments probably i nc r ea sed ,  P  up take  w a s  less, 
and P t h e r e f o r e  accumulated i n  t h e  e s t u a r y .  

During t h e  p e r i o d s  of low FRP concen t r a t i ons ,  h igh  up take  rates of P, 
and s h o r t  t u rnove r  t i m e  of FRP, t h e  a l g a l  P  t u rnove r  t i m e s  decreased  t o  < 2 
hours .  I n  c o n t r a s t ,  when FRP concen t r a t i ons  were high,  and up take  rates slow, 
t h e  a l g a l  P  t u rnove r  t i m e s  i nc r ea sed  t o  > 6 h (Fig .  14,  20, 21). High Chl-a 
va lue s  were c o r r e l a t e d  w i th  low FRP concen t r a t i ons ,  h igh  r a t e s  of  P up t ake ,  
and s h o r t e r  tu rnover  t imes f o r  bo th  a l g a l  P  and FRP. The n u t r i e n t  P  t u rnove r  
t i m e s  were longer  t han  a l g a l  P  t u rnove r  t imes except  du r ing  t h e  w i n t e r  pe r i od  
a t  t h e  upper end of t h e  es tuary.  ..Thus, n u t r i e n t  P  l e v e l s  were h igh  enough 
t o  supply t h e  needs of t h e  plankton community. 

I n  t h e  Pamlico River ,  P  up take  r a t e s  were g e n e r a l l y  from 0.01 t o  0.05 
pg-at 1'l.h-1, w i th  h ighe r  r a t e s  (0.10 t o  3.7 pg-at-1-1.h-l) du r ing  t h e  w i n t e r  
s p r i n g  pe r i od  a t  t h e  upstream s t a t i o n s .  Ba lducc i  (unpubl. ms.) however, 
found maximum uptake r a t e s  f o r  phosphorus (0.525 eg-at ~ * l - l * h - ~ )  i n  t h e  Chowan 
River  i n  t h e  summer pe r i od  w i t h  minimum v a l u e s  (0.001 pg-at ~ * l - l * h - l )  d u r i n g  
t h e  w in t e r .  T a f t ,  -- e t  a l .  (1975) found t h e  same t r e n d ,  i .e. ,  h igh  rates du r ing  
t h e  summer and low up take  rates dur ing  t h e  w i n t e r  (0.610 vs .  < .001 pg-at P. 
1-1.h-l, r e s p e c t i v e l y ) .  Faus t  and C o r r e l l  (1976) a l s o  f o K d  h i g h e r  r a t e s  of 
uptake f o r  t h e  summer (1.35 t o  16.0 pg-at p.1-l.h-l) compared t o  w i n t e r  (0.019 
pg-at P-1'l.h-1) i n  t h e  Rhode River .  The range  of phosphorus up t ake  by 
c o a s t a l  marine p lank ton  r epo r t ed  by Har r i son  -- e t  a l .  (1977), however, was on ly  
0.00178 t o  0.00547 pg-at ~ * l - l * h - l .  Thus, t h e  rates of P up take  i n  t h e  
Pamlico River  a r e  n o t  s u b s t a n t i a l l y  d i f f e r e n t  from o t h e r  e s t u a r i e s  except  
t h a t  t h e  maximum r a t e  of up take  occur red  du r ing  t h e  w i n t e r  pe r i od  du r ing  t h e  
annual bloom of t h e  d i n o f l a g e l l a t e  Heterocapsa.  

Carbon Ass imi l a t i on  Ra t i o s  

Ass imi l a t i on  r a t i o s  ( a l s o  c a l l e d  a s s i m i l a t i o n  numbers o r  e f f i c i e n c i e s )  
were c a l c u l a t e d  from t h e  14c pho to syn the t i c  rates d iv ided  by t h e  ch lorophyl l -a  ' 

va lue s .  The h i g h e s t  r a t i o s  (> 10  mg Cwmg ~ h l - l * h ' l )  were found a t  and below 
S t a t i o n  2  i n  September 1976 and a t  S t a t i o n s  5  and 6  i n  June 1977 (Fig.  36) .  
Ass imi l a t i on  r a t i o s  g e n e r a l l y  tended t o  be lower du r ing  t h e  c o o l  seasons  t h a n  
t h e  w a r m  seasons ;  on ly  i n  l a t e  Februar 1977 wh i l e  Heterocapsa w a s  abundant 
d i d  e f f i c i e n c i e s  exceed 6  mg Comg Chl-'*h-l dur ing  w in t e r .  S i m i l a r  i n c r e a s e s  
i n  a s s i m i l a t i o n  r a t i o  w i t h  t empera ture  have been r epo r t ed  by W i l l i a m s  and 
Murdoch (1966) f o r  shal low bays i n  North Ca ro l i na ,  by Yentsch,  e t  a l .  (1974) -- 
f o r  Gulf of Maine, and by Durbin,  e t  a l .  (1975) f o r  Nar raganse t t  Bay. Both -- 
Williams and Murdoch (1966) and Durbin, e t  a l .  (1975) found t h a t  t h e i r  d a t a  -- 





f i t  the  equation: 

l og  (mg C*mg ~h1'l.h") = 0.035T + 0.14, 

demonstrating an exponent ial  r e l a t i o n s h i p .  Increased p roduc t iv i ty  pe r  u n i t  
ch lorophyl l  a t  high temperatures is  an important cons idera t ion  i f  ch lorophyl l  
concent ra t ions  is t o  be used a s  a  s tandard  of n a t u r a l  water q u a l i t y .  Our 
r e s u l t s  do not  support t h e  suggest ion of Curl  and Small (1965) t h a t  low a s s i -  
mi l a t ion  r a t i o s  i n d i c a t e  n u t r i e n t  def ic iency ,  because summer was t h e  per iod  
when inorganic  n i t rogen  was e s p e c i a l l y  s ca rce  i n  t h e  Pamlico River  (Hobbie 
1974, Harrison and Hobbie 1974; Fig. 23, 24, 25). The high p r o d u c t i v i t i e s  
and a s s i m i l a t i o n  r a t i o s  during summer when a l g a l  abundance was r e l a t i v e l y  
low implies  t h a t  t h e  a lgae  were being r ap id ly  grazed. This sugges t ion  i s  
cons i s t en t  with t h e  f ind ings  of Pe t e r s  (1968) t h a t  Pamlico River  zooplankton, 
and e s p e c i a l l y  t h e  calanoid copepod Acar t ia  tonsa,  was f a r  more abundant 
during warm than  coo l  seasons. Enhancement of primary p roduc t iv i ty  by herb i -  
vore grazing has been documented i n  l abo ra to ry  microcosms (Cooper 1973); i t  
presumably happens a l s o  i n  n a t u r a l  systems. Thus t h e  abundant phytoplankton 
exh ib i t i ng  low product ion per  u n i t  p l an t  biomass during t h e  win te r  blooms 
may be a t  l e a s t  p a r t i a l l y  a t t r i b u t a b l e  t o  low grazing r a t e s .  

Nitrate-Ammonia I n t e r a c t i o n  

N i t r a t e  uptake by phytoplankton was inf luenced not only by n i t r a t e  con- 
c e n t r a t i o n ,  but  a l s o  by ammonia concent ra t ion .  This  was demonstrated by 
experimental manipulation of n i t r a t e  and ammonium concent ra t ions  (Fig. 33).  
This  phenomenon can a l s o  be i l l u s t r a t e d  by comparing u t i l i z a t i o n  r e l a t i v e  t o  
a v a i l a b i l i t y  of n i t rogen  n u t r i e n t s  by means of a  r e l a t i v e  preference  index 
(RPI) (McCarthy e t  a l .  1977). This index i s  used t o  a s s e s s  t h e  degree t o  -- 
which a  p a r t i c u l a r  form (e.g., n i t r a t e  o r  ammonia) i s  s e l e c t e d ,  and i s  t h e  
r a t i o  of the  f r a c t i o n  of C ( n i t r a t e  + ammonia) u t i l i z e d  a s  a  simple form of 
n i t rogen  t o  t h e  f r a c t i o n  of C ( n i t r a t e  + ammonia) concent ra t ion  of t h e  same 
form. For example, t h e  RPI f o r  n i t r a t e  is :  

- - NO? uptake NO? concent ra t ion  
R P 1 ~ ~ 3  C (NOg + NH4) uptake C (NO + NH ) concent ra t ion  / 3 4- 

An RPI va lue  of one f o r  a  p a r t i c u l a r  n i t rogen  n u t r i e n t  i n d i c a t e s  t h a t  u t i l i -  
z a t i o n  is d i r e c t l y  propor t iona l  t o  a v a i l a b i l i t y ,  an  RPI l e s s  than  one i n d i -  
c a t e s  s e l e c t i o n  aga ins t  and a  RPI g r e a t e r  than  one i n d i c a t e s  s e l e c t i o n  f o r  
e i t h e r  n i t r a t e  o r  ammonium. 

RPI values f o r  n i t r a t e  and ammonia were p l o t t e d  (log-log) a s  a f u n c t i o n  
of C ( n i t r a t e  + ammonia) concent ra t ion  (Fig. 37) showing d a t a  f o r  a l l  s t a -  
t i o n s  and a l l  sampling da t e s  during t h e  s tudy.  Uptake r a t e s  a r e  f o r  ambient 
temperatures and 100 per  cent  l i g h t  i n t e n s i t y  (95 Y einsteinsam'2 sec'l) i n  t h e  
incubat ion tank. Over 90 percent  of t h e  ca l cu la t ed  n i t r a t e  RPI va lues  a r e  
l e s s  than  one, i n d i c a t i n g  a  s t rong  d i sc r imina t ion  aga ins t  NO3 by t h e  plank- 
ton. The negat ive  c o r r e l a t i o n  between t h e  RPI va lues  f o r  n i t r a t e  and C 
( n i t r a t e  + ammonia) suggests  t h a t  n i t r a t e  i s  more l i k e l y  t o  be u t i l i z e d  a s  
ammonia becomes r e l a t i v e l y  l e s s  ava i l ab l e .  





The p r e f e r e n c e  f o r  ammonia i s  shown c l e a r l y  by t h e  h i g h  ammonia RPI 
v a l u e s ,  a l l  b u t  f o u r  of which a r e  g r e a t e r  t h a n  one (Fig .  37) .  The ammonia 
RPI 's  a r e  h i g h e s t  a t  h i g h  C ( n i t r a t e  + ammonia) c o n c e n t r a t i o n s  ,because 
e i t h e r  (1)  ammonium c o n c e n t r a t i o n  i s  h i g h ,  suppress ing  n i t r a t e  up take ,  o r  
(2 )  n i t r a t e  c o n c e n t r a t i o n  i s  h igh  the reby  reduc ing  t h e  r e l a t i v e  c o n c e n t r a t i o n  
of ammonium. 1n ' :e i ther  c a s e  t h e  e f f e c t  i s  t h e  same: The ammonia RPI  i s  
i n c r e a s e d .  F i n a l l y ,  t h e  n e g a t i v e  c o r r e l a t i o n  between t h e  n i t r a t e  RPI 
and ambient ammonium c o n c e n t r a t i o n  ( ~ i g .  38) s u g g e s t s  t h a t  n i t r a t e  u t i l i z a t i o n  
is  a s  much a  f u n c t i o n  of ambient ammonium l e v e l s  as i t  i s  of ambient n i t r a t e  
l e v e l s .  Ammonium l e v e l s  above about  1 pg-at N-1-I suppressed  n i t r a t e  up take .  

Nitrogen-to-Phosphorus R a t i o s  

The r e l a t i v e  amounts of N and P i n  n a t u r a l  w a t e r s  and i n  p l a n k t o n  may 
be  used as an i n d e x  of p o s s i b l e  n u t r i e n t  l i m i t a t i o n .  R e d f i e l d  (1934) sugges t -  
ed t h a t  t h e  N:P r a t i o  by atoms of mar ine  p l a n k t o n  i s  about  1 6 : l .  N u t r i e n t s  
i n  t h e  environment,  t h e n ,  a r e  drawn upon t o  supply phytoplankton w i t h  N and P 
i n  about  t h i s  r a t i o  and marked i n i t i a l  d i f f e r e n c e s  i n  t h e  r a t i o  d u r i n g  p e r i o d s  
of r a p i d  a l g a l  growth may r e s u l t  i n  one e lement  being reduced t o  low o r  
l i m i t i n g  c o n c e n t r a t i o n s  whi le  t h e  o t h e r  i s  s t i l l  abundant.  N u t r i e n t  N:P 
r a t i o s  were c a l c u l a t e d  a s  (No3 +- NO2 + NHq /FRP and phy top lank ton  N:P r a t i o s  1 as P ~ N / a l g a l  P  ( c o n c e n t r a t i o n s  i n  ug-at e l '  ) . 

N u t r i e n t  N:P r a t i o s  > 1 0  were found a t  S t a t i o n s  1 and 2  (once a t  S t a t i o n  
3) and t h e n  on ly  d u r i n g  t h e  months October-March, when l a r g e  amounts of NH4 
and NO3 came down t h e  Tar  River  (Fig .  39).  The r a t i o  was < 3 f o r  most o f  t h e  
y e a r  a t  S t a t i o n s  3-6, and u s u a l l y  w a s  < 1 d u r i n g  Apri l -October ;  i t  was 
e s p e c i a l l y  low i n  t h e  middle  of t h e  e s t u a r y  i n  t h e  v i c i n i t y  of Texasgu l f ,  
presumably because  o f  l o c a l  P  i n p u t s .  Th i s  demons t ra tes  a g r e a t  e x c e s s  of P  
r e l a t i v e  t o  N r equ i rements  of t h e  phytoplankton and s u g g e s t s  t h a t  P  o n l y  
ve ry  r a r e l y  is  a l i m i t i n g  n u t r i e n t ,  and t h e n  on ly  a t  S t a t i o n  1, o r  pe rhaps  
S t a t i o n  2 ,  The N:P r a t i o  e q u a l l e d  o r  exceeded t h e  R e d f i e l d  r a t i o  of 1 6 : l  
only  7  t i m e s  o u t  of 103 samples.  The annua l  mean r a t i o  a t  S t a t i o n  1 was 6.1: 
1. It was 0 .94 : l  t o  3 .7 : l  a t  S t a t i o n s  2-6; t h e  a n n u a l  mean r a t i o  f o r  t h e  
e s t u a r y  was on ly  2 .7: l .  

Alga l  N:P r a t i o s  v a r i e d  o v e r  a  s m a l l e r  range t h a n  d i d  t h e  n u t r i e n t  r a t i o s  
(Fig.  40) .  I n  s p i t e  of low N:P r a t i o s  i n  t h e  w a t e r ,  t h e  a l g a e  showed N:P 
> 1 0  f o r  most of t h e  year  and > 20 f o r  n e a r l y  h a l f  of t h e  y e a r .  There  was no 
c o n s i s t e n t  p a t t e r n  between r a t i o s  a t  upst ream E. downstream s t a t i o n s .  Sta- 
t i o n  1 had t h e  h i g h e s t  mean N:P r a t i o  (23 : l )  and S t a t i o n  2  t h e  l o w e s t  (17 : l ) ;  
t h e  mean r a t i o  f o r  a l l  s t a t i o n s  w a s  21 : l .  R a t i o s  changed r a p i d l y  w i t h  t i m e ,  
however, w i t h  a 5-fold  r e d u c t i o n  i n  t h e  r a t i o  a t  S t a t i o n  2 between 1 9  Feb. 
and 12 Mar. 1977. The N:P r a t i o  was h i g h  d u r i n g  t h e  d i n o f l a g e l l a t e  bloom a t  
S t a t i o n s  1-3 i n  February and March 1977 when t h e r e  was abundant N i n  w a t e r ,  
These N:P r a t i o s  exceeding t h e  "Redf ie ld - ra t io"  of 1 6 : l  imply t h a t  t h e  phyto- 
p lank ton  were n o t  n i t r o g e n  d e f i c i e n t  d u r i n g  most of t h e  y e a r  i n  s p i t e  of 
d e f i c i e n c i e s  of N i n  t h e  wa te r .  Fur thermore,  t h e  a l g a e  d i d  n o t  accumulate  
e x c e s s i v e  s t o r e s  of surplus-P a s  might be expected i n  w a t e r s  r i c h  i n  a v a i l a b l e  
phosphorus ( F i t z g e r a l d  and Nelson 1966).  



Fig. 39. Distribution of the nutrient N:P concentration ratio [(NO; + NOT 
+ N@)/FRP] in surface waters of the Pamllco River. 

Fig. 40. Distribution of the algal N:P ratio (particulate organic N/algal 
P) in surface waters of the Pamlico River. 




































































































































