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AB S TRACT 

B o  Everet t  ~ o r d a n  Lake i s  a new flood-control r e se rvo i r  

capable of providing o the r  s e m i c e s  i f  i t  does not become 

hypereutrophic. Runoff from the clay s o i l s  of the  Piedmont 

causes i t s  water t o  be turb id  with suspended clays:  e f f l u e n t s  

from c i t i e s  i n  i t s  watershed provide abundant p lan t  nut r ien ts .  

A year  of f i e l d  da ta  was co l lec ted  approximately monthly a t  

th ree  major s t a t ions :  S t a t i o n  5 was i n  the r e l a t i v e l y  shallow NE 

end of the  lake most influenced by New Hope River water, S ta t ion  

1 0  was near the middle and was l e a s t  a f f ec ted  by river 

discharges,  and S ta t ion  30 was i n  the  NW end of the  lake  which 

was dominated by heavy flows of turb id  and nu t r i en t - r i ch  Haw 

River water, 

Algal abundance, a s  indicated by concentrat ions of 

chlorophyll-a and p a r t i c u l a t e  N,  was highest  i n  summer, the  

period of highest  primary product ivi ty ,  Nutrient concentrat ions 

were lowest a t  t h a t  time, of ten  below de tec tab le  l eve l s ,  

Nutrient concentrations tended t o  be highest  a t  S ta t ions  5 and 

3 0 ,  

Concentrations of t o t a l  P (TP)  were high, averaging 1 2 1  

g o  Highest TP l e v e l s  occurred i n  winter  when r i v e r s  

del ivered l a r g e  amounts of p a r t i c u l a t e  P (PP)  and f i l t e r a b l e  

r eac t ive  P ( F R P ) ,  Although FRP concentrations exceeded 120 pg/l  

on three dates a t  S ta t ion  30 ,  the  mean lake concentrat ion was 

only 22  ug/ l  because of deplet ion of FRP i n  surface waters by 

phytoplankton during summer, 

FRP turnover times were long during the cool months a t  a l l  

s t a t i o n s ,  but  decreased t o  <1 h i n  the New Hope River arm i n  

summer when FRP l e v e l s  were l o w  and a lga l  biomass and a c t i v i t y  

were high, The small s i z e  f r a c t i o n  (0.45-8.0 p) of suspended 

matter,  including algae,  bac te r i a ,  and suspended clay-sized 

sediments, dominated b i o t i c  uptake of FRP (mean = 87.6%) 

throughout the year a t  a l l  s t a t ions .  A t  S t a t ion  1 0 ,  procaryot ic  

organisms appeared responsible f o r  most summertime uptake, 

iii 



Abiotic uptake o f t e n  dominated the  uptake a t  S t a t i o n  5 and 30 

during win t e r  when the  water  was tu rb id  wi th  suspended 

sediments. Suspended sediments c a r r i e d  by the  Haw River dur ing 

s p a t e s  can remove l a r g e  amounts of FRP from s o l u t i o n  and, a s  

they s e t t l e  i n  t h e  lake,  t r anspor t  not  only PP bu t  a l s o  FRP from 

the  water  t o  t h e  b o t t m .  Algae grown with  suspended sediments 

a s  t h e i r  only source of P were a b l e  t o  u t i l i z e  a small amount 

(mean = 11.3%) of t he  sediment-bound P o  

Total  N i n  l ake  water  was measured a s  d i sso lved  n i t r i t e ,  

n i t r a t e  ( N O 3 ) ,  ammonium ( N H 4 ) ,  organic  N ( D O N ) ,  and p a r t i c u l a t e  

N ( P N ) .  N i t r i t e  occurred a t  low concentra t ions ,  averaging only 

6.7 pg / l .  NO3 and NH4,  t h e  most important n u t r i e n t  forms, were 

presen t  i n  h ighes t  concentra t ions  a t  t h e  upstream s t a t i o n s  i n  

t h e  cool seasons but  genera l ly  decreased t o  undetectable  

concent ra t ions  i n  sur face  waters  dur ing June t o  August. N03 
concent ra t ion  averaged 203 pg ~ / 1 ,  about e i g h t  times higher  than 

NH4. DON concent ra t ions  remained more near ly  cons tan t  from 

s t a t i o n  t o  s t a t i o n  throughout t h e  year ,  ranging from 206 - 684 

pg/1. P a r t i c u l a t e  N averaged 342 pg N / 1 .  I t  tended t o  be 

higher during t h e  a l g a l  growing season, g iving a s t rong  p o s i t i v e  

c o r r e l a t i o n  wi th  chlorophyl l  concentra t ion,  bu t  t h e  s p a t i a l  

p a t t e r n  was not  d i s t i n c t .  

The r a t e s  of uptake of NO3 and NH4 by phytoplankton were 

h ighes t  i n  summer. There w a s  l i t t l e  spatial variabil i ty on a 

annual bas i s .  Although NO3 concent ra t ions  were higher  than NH 4 

l e v e l s ,  phytoplankton took up NH4 more rap id ly ;  NH4 was t h e  

major N source f o r  growth. Turnover times f o r  NO3 and NH4 i n  

t h e  water were usual ly  days o r  weeks i n  win te r  bu t  hours dur ing 

t h e  warm months. 

Algal assay experiments i nd i ca t ed  t h a t  n e i t h e r  N nor P a lone 

genera l ly  c o n t r o l l e d  phytoplankton growth. The normal 

u t i l i z a t i o n  of these  n u t r i e n t s  caused t h e i r  concent ra t ions  t o  

decrease  together .  
2 

Gross primary produc t iv i ty  was mostly <1 g C/m d dur ing 

December t o  April .  ~ u r i n g  summer most s t a t i o n s  had r a t e s  > 2  g 
2 2 C/m d and S t a t i o n  30 exceeded 3 g C/m d dur ing June - August. 

~ l t h o u g h  gross  p r o d u c t i v i t i e s  i n  the  euphotic zone were 



r e l a t i v e l y  high i n  Jordan Lake, the  net  product ivi  t i e s ,  obtained 

by subt rac t ing  r e s p i r a t i o n  w e r  the e n t i r e  water column. were 

general ly  low. Of  possible  f a c t o r s  con t ro l l ing  primary 

product ivi ty ,  temperature showed the  s t ronges t  s t a t i s t i c a l  

re la t ionship .  Correlat ions with nu t r i en t  concentrations were 

negative, ind ica t ing  t h a t  a lga l  growth was con t ro l l ing  nu t r i en t  

concentrations r a t h e r  than the reverse. A 1  though the lake 

should be c l a s s i f i e d  a s  eutrophic,  i t  has not y e t  showed s igns  

of ser ious  b l  ue-green a1 gal bl ooms . 
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CONCLUSIONS AND RECOMMENDATIONS 

Bo Everet t  ~ o r d a n  Lake i s  a  new impoundment constructed f o r  

f lood control  but  capable of serving several  o ther  purposes i f  

water qua l i ty  does not become degraded by eutrophication.  I t s  

Piedmont watershed suppl ies  abundant suspended sediments, 

causing the  lake water t o  be turbid with suspended clays.  

Sewage and o ther  discharges from upstream c i t i e s  provide l a rge  

q u a n t i t i e s  of p l an t  nu t r i en t s .  I ts  water comes from two 

important r i v e r s ,  complicating the  hydrology, chemistry, and 

biology of the lake. This study aimed t o  advance the 

understanding of i t s  n u t r i e n t  s t a t u s  and product ivi ty  by 

including measurements of ni t rogen and phosphorus uptake r a t e s  

i n  r e l a t i o n  t o  a lga l  abundance and primary product ivi ty .  

Perhaps the most s t r i k i n g  s e t  of pa t t e rns  i n  Jordan Lake a r e  

the  seasonal pa t t e rns ,  suggesting t h a t  changing l i g h t  and 

temperature may be the major con t ro l l ing  f a c t o r s ,  Greater 

i n s o l a t i o n  i n  summer p rwided  more heat  a s  well  a s  more l i g h t  

f o r  a lga l  photosynthesis than i n  winter. Surface water 

temperature var ied  from 4 t o  2 9  C i n  response t o  the  annual 

changes i n  inso la t ion  and a i r  temperature, Temperature has 

d i r e c t  e f f e c t s  on a l g a l  metabolism and growth and na tura l  

phytoplankton typical  l y  show higher r a t e s  of primary 

product ivi ty  i n  summer, a s  occurred i n  Jordan Lake. The water 

w a s  well  mixed v e r t i c a l l y  during the cool seasons, Surf ace 

warming i n  summer r e su l t ed  i n  some densi ty  s t r a t i f i c a t i o n ,  

reducing turbulent  mixing and permit t ing phytoplankton t o  remain 

i n  the euphotic zone, 

Algal abundance, a s  indicated by concentrat ions of 

chlorophyll-a and p a r t i c u l a t e  N, was highest  i n  summer, the  

period of highest  primary product ivi ty  . A 1  though a lga l  

abundance was poorly co r re l a t ed  with temperature, gross  

product ivi ty  showed a  s t rong co r re l a t ion .  I n  s p i t e  of low 

nu t r i en t  concentrations,  the  r a t e s  of uptake of FRP, n i t r a t e ,  

and ammonium were s t rongly co r re l a t ed  with temperature, 

apparently a  necessary condi t ion f o r  rapid summertime growth of 

phytoplankton, 

x i i i  



~ l t h o u g h  ra ins to rms  may produce h igh r i v e r  d i s cha rges  of 

t u r b i d  wa t e r s  i n t o  t h e  l a k e  i n  any season,  they tend t o  be more 

f r equen t  i n  win te r .  A t  t h a t  time, 99% of i n c i d e n t  l i g h t  may be  

absorbed i n  t h e  upper meter  of l ake  water .  Summer temperatures  

dec rease  wa te r  v i s c o s i t y ,  r e s u l t i n g  i n  more r a p i d  s e t t l i n g  of 

ses ton .  ~ i g h t  e x t i n c t i o n  i n  t h e  water ,  however, d i d  n o t  shaw a 

c l e a r  seasonal  p a t t e r n  and t h e r e  was no c o r r e l a t i o n  w i th  

temperature,  presumably because of t h e  con£ ounding ef f  e c t s  of 

r i v e r  d i scharge  and a l g a l  biomass. The euphot ic  zone was 

g e n e r a l l y  1.5-3 m deep dur ing  most of t h e  growing season,  

pe rmi t t i ng  pho tosyn thes i s  throughout  a  deeper  zone than  i n  

w i n t e r  and c o n t r i b u t i n g  t o  t h e  inc reased  p r o d u c t i v i t y  p e r  u n i t  

a r ea .  Suspended sediments  brought  i n  by t h e  r i v e r s  a l s o  tend t o  

reduce concen t r a t i ons  of FRP i n  t h e  l a k e  by adsorbing 

s u b s t a n t i a l  amounts and ca r ry ing  i t  t o  t h e  bottom when they 

set t le .  

Thermal s t r a t i f i c a t i o n  has  ano ther  impor tant  e f f e c t  upon 

phytoplankton growth i n  t h e  epi l imnion.  I t  probably w a s  t h e  

major f a c t o r  p reven t ing  n u t r i e n t s  regenerated.  on t h e  bottom o r  

i n  t h e  hypolimnion from r e t u r n i n g  t o  s u r f a c e  wa te r s .  Nu t r i en t  

concen t r a t i ons  i n  t h e  ep i l imnion  were lowest  i n  summer, o f t e n  

be ing  unde tec tab le .  

The s p a t i a l  and temporal d i s t r i b u t i o n s  of n u t r i e n t s  bea r  

upon t h e  growth and abundance of phytoplankton. There w a s  a 

c l e a r  s p a t i a l  p a t t e r n  of h igher  n u t r i e n t  concen t r a t i ons  a t  

S t a t i o n s  5 and 30;  c o r r e l a t i o n  w i th  r i v e r  d i scharge  may 

p a r t i a l l y  e x p l a i n  FRP concentra t i -on ,  b u t  no t  n i t r a t e  and 

ammonium concen t ra t ions .  The we1 1 - e s t ab l  i shed  Michaelis-Menten 

r e l a t i o n s h i p  between n u t r i e n t  concen t r a t i on  and n u t r i e n t  uptake 

might sugges t  t h a t  uptake r a t e s  and phytoplankton growth would 

be  p o s i t i v e l y  c o r r e l a t e d  w i t h  concen t ra t ions .  F i r s t  o rde r  

k i n e t i c s  probably do hold f o r  a  p a r t  of t he  yea r  when 

concen t r a t i ons  a r e  r e l a t i v e l y  low, b u t  f o r  t he  l a k e  a s  a  whole 

t h e  c o r r e l a t i o n  w i th  n u t r i e n t  concen t r a t i ons  was nega t ive  f o r  

uptake of FRP, NO3, and NH4 a s  we l l  a s  f o r  p roduc t i v i t y .  The 

growth of t h e  phytoplankton c o n t r o l l e d  t h e  q u a n t i t i e s  of 

n u t r i e n t s  i n  t h e  euphot ic  zone r a t h e r  than t h e  concen t r a t i ons  of 

x i v  



nu t r i en t s  control  l i n g  the  algae. Nutrient concentrations were 

c l e a r l y  depleted by a lga l  growth i n  surf ace waters; co r re l a t ions  

with turnover times were a l l  strong. 

Turnover times of FRP were long during the  cool months a t  

a l l  s t a t ions .  In  summer, however, when FRP l e v e l s  were low and 

a l g a l  biomass and a c t i v i t y  were high, turnover times decreased 

t o  <1 h i n  the  New Hope River arm. The a b i l i t y  of the 

phytoplankton t o  maintain high r a t e s  of n u t r i e n t  uptake and 

product ivi ty  when nu t r i en t s  a r e  a t  low concentrations implies a 

very high r a t e  of regeneration i n  the euphotic zone. 

The small s i z e  f r a c t i o n  (0.45-8.0 pm) of suspended matter  

dominated b i o t i c  uptake of FRP (mean = 87.6%) throughout the 

year a t  a l l  s t a t ions .  A t  S t a t ion  1 0 ,  procaryot ic  organisms 

appeared responsible f o r  most summertime uptake. Only during 

the  winter months when the water was turb id  with suspended 

sediments did a b i o t i c  uptake dominate t o t a l  FRP uptake. 

Experiments i n  which algae were grown with suspended sediments 

a s  t h e i r  only source of P suggested t h a t  they could u t i l i z e  only 

a small amount of the sediment-bound P. 

Kinet ics  of N n u t r i t i o n  by phytoplankton i s  complicated by 

the  f a c t  t h a t  both n i t r a t e  and ammonium may be used. Their 

sources, t h e i r  chemical proper t ies ,  and t h e i r  uptake 

c h a r a c t e r i s t i c s  a r e  d i f f e ren t .  Although on the average NO was 3 
about 8 times more abundant than NH there  was s t rong s e l e c t i o n  4' 
f o r  NH and the l a t t e r  was the more important source of N. A s  

4 
w a s  the  case w i t h  FRP, the uptake r a t e s  of NO and NH4 i n  summer 3 
were usually very rapid and t h e i r  turnover times were therefore  

short .  The a b i l i t y  of the phytoplankton t o  maintain high 

product ivi ty  r a t e s  i n  s p i t e  of low NO and NH4 concentrations 
3 

implies a rapid,  but  unmeasured, regeneration r a t e ,  a s  was 

suggested a l s o  f o r  FRP. This rapid regeneration capabi l i ty ,  

with nu t r i en t s  being cycled repeatedly,  might r e s u l t  i n  non- 

l i n e a r  e f f e c t s  on b i o t i c  a c t i v i t y  with changes i n  nu t r i en t  load; 

t h i s  e f f e c t  has not been studied. Pa r t i cu la t e  N, because of i t s  

co r re l a t ions  with chlorophyll ,  n u t r i e n t  uptake r a t e s ,  and 

product ivi ty ,  appeared t o  be a useful index t o  phytoplankton 



abundance. Jordan Lake suppor t s  a l a r g e  phytoplankton s t and ing  

c rop  which can reduce ammonium, n i t r a t e ,  and phosphate t o  ve ry  

low l e v e l s  when g ro s s  primary p r o d u c t i v i t y  i s  high dur ing  t h e  

w a r m  months, There was seldom c l e a r  evidence t h a t  one n u t r i e n t  

o r  t h e  o t h e r  was s eve re ly  l i m i t i n g  growth i n  t h e  whole l ake ,  

a1  though t h e r e  was evidence of occas iona l  N l i m i t a t i o n  i n  t h e  

Haw ~ i v e r  a r m  and occas iona l  P l i m i t a t i o n  a t  t h e  o t h e r  s t a t i o n s ,  

Gross primary p r o d u c t i v i t y  was h igher  i n  summer than i n  

w in t e r ;  temperature  showed a s t r ong  p o s i t i v e  c o r r e l a t i o n ,  

C o r r e l a t i o n s  w i th  n u t r i e n t  concen t r a t i ons  were nega t ive ,  

i n d i c a t i n g  t h a t  a l g a l  growth was c o n t r o l l i n g  n u t r i e n t  

concen t r a t i ons  r a t h e r  than n u t r i e n t s  c o n t r o l l i n g  a lgae .  

Although r e s p i r a t o r y  r a t e s  p e r  u n i t  volume w e r e  lower than 

pho to syn the t i c  rates, t h e  g r e a t e r  e x t e n t  of t h e  apho t i c  zone 

r e l a t i v e  t o  t h e  euphot ic  zone r e s u l t e d  i n  a n  approximate n e t  

ba lance  be  tween p roduc t ion  and consumption of o rgan ic  matter, 

Jordan Lake i s  eu t roph i c  by p r e s e n t  s t andards ,  b u t  blue-green 

blooms have no t  developed and t h e r e  have been no complain ts  

about  water qua l  i t y ,  

Based on t h e  p r e sen t  s tudy t h e  fo l lowing recommendations may 

be made: 

1. Jordan Lake should be used f o r  a s  wide a v a r i e t y  of 

purposes and t o  t h e  maximum e x t e n t  p o s s i b l e  compatible w i th  i t s  

primary function a s  a flood-control reservoir, Our results show 

t h a t  t h e  l a k e  i s  eu t roph ic ,  b u t  i t s  p r e s e n t  phytoplankton s t a t u s  

should  impose few r e s t r i c t i o n s  on o t h e r  uses  of t h e  l a k e  water ,  

~ t s  va lue  as a r e c r e a t i o n a l  f i s h e r y  l ake ,  p r ima r i l y  based on 

phytoplankton p r o d u c t i v i t y ,  should be maintained.  Rapid 

development i n  t h e  reg ion  may be expected t o  e x e r t  con t inu ing  

p r e s s u r e  f o r  use of Jordan Lake f o r  municipal water  supply,  

2 ,  For Jordan Lake t o  remain a mul t ipurpose  r e s e r v o i r ,  t h e  

wa te r  q u a l i t y  must no t  be allowed t o  dec l i ne ,  S p e c i f i c a l l y ,  

n u t r i e n t  concen t r a t i ons  and a l g a l  d e n s i t i e s  must be monitored i n  

o rde r  t o  d e t e c t  downward t r ends  i n  qua l  i t y .  Appearance of 

s u r f a c e  blooms of blue-green a l g a e  i n  summer should be regarded 

a s  a c l e a r  warning of d e t e r i o r a t i o n ,  ~ x t e n s i v e  o r  l ong - l a s t i ng  
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anoxia i n  t he  hypolimnion should a l s o  warn of excess ively  
eutrophic  condi t ions  and p o t e n t i a l  f o r  f i s h  k i l l s ,  

3 .  Our study showed high t o t a l  N and t o t a l  P concent ra t ions  

i n  l ake  water  during most of t he  year.  The concentra t ions  of 

inorganic  N and P remaining i n  s o l u t i o n  during t h e  a l g a l  growing 

season, however, usua l ly  became q u i t e  low. Accordingly, any 

management dec i s ions  which reduce the  i npu t s  of n i t rogen  and 

phosphorus t o  the  l ake  any time of year  a r e  des i r ab l e ,  The most 

e f f e c t i v e  times f o r  n u t r i e n t  input  con t ro l s ,  however, would be 

e a r l y  sp r ing  through summer, before  and during t h e  per iod of 

maximum a l g a l  abundance, Because many of t he  l e a s t  d e s i r a b l e  

spec i e s  a r e  n i t r o g e n 4  ixing cyanobacteria (=blue-green a lgae )  

which t h r i v e  i n  P-rich waters,  con t ro l  of P i npu t s  w i l l  probably 

be more e f f e c t i v e  than con t ro l s  of N inputs ,  This suggests  t h a t  

p a r t i c u l a r  a t t e n t i o n  be given t o  t h e  Haw River arm of t he  l ake  

where N:P  r a t i o s  tend t o  be low, e s p e c i a l l y  i f  low runoff during 

summer and t h e  r e su l  t i n g  longer  res idence time c r e a t e s  

condi t ions  otherwise favorable  f o r  a1 gal  blooms, Conditions 

t h a t  may f o s t e r  blue-green blooms a r e  not  f u l l y  understood i n  

Piedmont l akes ,  bu t  reduct ion of P loading would genera l ly  be 

considered prudent, 

4 .  Contingency p lans  should be prepared, and updated 

p e r i o d i c a l l y ,  so  t h a t  a c t i o n  can be taken i f  evidence of 

worsening condi t ions  appears,  The p lans  should consider  the  

e n t i r e  watershed, t ak ing  i n t o  account not only po in t  sources,  

such  as sewage treatment p lan t s ,  bu t  a l s o  non-point sources such 

a s  a g r i c u l t u r a l  f i e l d s ,  l i ve s tock  operat ions ,  and urban runoff , 

The ino rd ina t e  r a t e  of populat ion growth i n  the  watersheds, 

e s p e c i a l l y  i n  t he  New Hope River basin ,  w i l l  r equ i r e  g r e a t  

e f f o r t  by the  Division of Environmental Management t o  cope with 

ever  increas ing  n u t r i e n t  loads.  In  the  absence of breakthroughs 

i n  wastewater treatment technology, we can expect continuing 

inc reases  i n  n u t r i e n t  removal c o s t s  a s  populat ion increases ,  

5 .  Research i s  needed on the  e f f ec t iveness  of t he  r i p a r i a n  

and swamp f o r e s t s  i n  the  New Hope River f lood  p l a i n  f o r  n u t r i e n t  

and sediment removal. They cannot be expected t o  s t r i p  ou t  and 
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thereby con t ro l  a l l  n u t r i e n t  and sediment loads ,  bu t  a c t i o n s  

which would decrease t h e i r  p a r t i a l  e f f e c t i v e n e s s  should be 

avoided, The func t ion ing  of the  green t ree  r e s e r v o i r s  cu r r en t ly  

being constructed i s  p a r t i c u l a r l y  worthy of study,  They a r e  t o  

be f looded during t h e  win te r  when the  r i v e r  i s  usua l ly  tu rb id ;  

they thus  may remove some suspended sediment a s  wel l  a s  

n u t r i e n t s ,  al though the  magnitude of such removals i s  y e t  t o  be 

measured, Addit ional  study of t h e  e f f ec t iveness  of set-backs of 

new developments away from streams should a l s o  be undertaken, 

6 ,  Because c l ays  appear t o  be car ry ing  phosphate t o  t he  

bottom of t h e  lake,  research seems appropr ia te  t o  determine the  

capac i ty  of bottom sediments f o r  long-term storage of P, Anoxia 

i n  bottom sediments and bottom waters  can r e l ea se  some phosphate 

t h a t  is  bound t o  i ron.  I f  l a rge  amounts of phosphate s to red  i n  

t h e  sediments a r e  re leased  during bottom water anoxia and then 

mixed i n t o  t he  e p i l  imni.on, n u t r i e n t  condi t ions  may permit  

development of noxious blue-green a l g a l  blooms. 
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NUTRIENT CYCLING AND PRODUCTIVITY OF A NORTH CAROLINA 

PIEDMONT RESERVOIR 

INTRODUCTION 

Dams constructed on streams and r i v e r s  have created 

r e se rvo i r s  which now comprise most of the  lakes  i n  the  Piedmont 

Province of North Carolina. These reservoi rs  have been 

constructed f o r  f lood cont ro l ,  f o r  municipal water supply, f o r  

hydroelectr ic  power, f o r  water t o  cool e l e c t r i c a l  power p lan ts ,  

or  f o r  a combination of purposes, The reservoi rs  a l s o  a r e  used 

f o r  recrea t iona l  swimming, boating, and f ishing,  Good water 

q u a l i t y  i s  necessary f o r  a reservoi r  t o  provide many of these 

serv ices ,  Weiss and Kuenzler ( 1 9 7 6 )  suggested t h a t  water 

qua1 i t y  of most lakes  i n  North Carolina i s  reasonably good 

although many a r e  turbid and some a r e  eutrophic,  It i s  

important t h a t  water q u a l i t y  improvements be made where possible  

and economically f eas ib le ,  and t h a t  continuing e f f o r t s  be made 

t o  prevent f u r t h e r  degradation, T h i s  i s  a continuing challenge 

t o  water-quali ty management personnel i n  view of pressures  t o  

increase urbanization,  indus t r i a l i za t ion ,  ag r i cu l  t u r a l  

i n t e n s i t y ,  recrea t ion  and tourism, and t o t a l  population densi ty  

i n  the s t a t e .  

Eutrophication i s  a term f o r  the process of water qua l i ty  

deterioration which occurs when sur face  waters become enriched 

with plant  nu t r i en t s ,  espec ia l ly  ni t rogen (N) and phosphorus ( P )  

t o  the extent  t h a t  they support undesirably la rge  a lga l  growths, 

The enrichment may come from point  sources such a s  sewage 

treatment p lan t s  o r  i n d u s t r i a l  e f f luen t s ,  o r  from non-point 

sources such a s  a g r i c u l t u r a l  runoff. The symptoms of t en  include 

increased phytoplankton abundances, s h i f t s  i n  the  species  

composition, la rge  swings i n  dissolved oxygen concentrations i n  

surface waters, low dissolved oxygen concentrations i n  the 

hypolimnion i n  summer, surface scums of algae,  f i s h  k i l l s ,  and 

fou l  odors, 



Water qua1 i t y  assessment and t r o p h i c  s t a t u s  have u sua l l y  

been based on phys ica l  and chemical c h a r a c t e r i s t i c s  of t h e  w a t e r  

a long  w i t h  de te rmina t ions  of t h e  k inds  and abundances of 

phytoplankton (Weiss and Kuenzler 1976; Car lson 1977; Div i s ion  

of ~ n v i r o n m e n t a l  Management (DEM) 1 9  82 )  . Another approach has  

been experimental  examination of water  by a l g a l  a ssay  t o  

determine  whether one o r  ano ther  of t h e  n u t r i e n t  elements  i s  i n  

s h o r t  supply,  These measurements are s t i l l  e s s e n t i a l ,  b u t  

measurements of f unc t i ona l  p rocesses  i n  l ake s ,  such a s  

p r o d u c t i v i t y  and n u t r i e n t  cyc l ing ,  a r e  necessary t o  improve our 

unders tanding of water  q u a l i t y  and t o  permit  g r e a t e r  success  i n  

management of r e s e r v o i r s ,  e s p e c i a l l y  mu1 t i -purpose  r e s e r v o i r s ,  

Growth of phytoplankton r e q u i r e s  t h a t  s eve r a l  environmental 

f a c t o r s  be w i t h i n  c e r t a i n  ranges ;  many of t he se  f a c t o r s  have 

been s t u d i e d  i n  t h e  l abo ra to ry  and i n  t h e  f i e l d ,  The major 

f a c t o r s  c o n t r o l l i n g  phytoplankton growth i n  n a t u r e  a r e  u sua l l y  

temperature,  l i g h t ,  o r  one of a f e w  n u t r i e n t  elements ,  Higher 

temperatures  gene ra l l y  permit  p lank ton ic  a l g a e  t o  grow more 

r a p i d l y  (Eppley 197 2 )  . The summer v e r t i c a l  temperature  g r a d i e n t  

c r e a t e s  thermal and d e n s i t y  s t r a t i f  i c a  t i o n  which reduces  

v e r t i c a l  mixing (Wetzel 1975) . Phytoplankton i n  t h e  epi l imni  on 

ach ieve  h ighe r  average i l l u m i n a t i o n  f o r  growth, b u t  n u t r i e n t  

f l u x e s  from t h e  hypolimnion a r e  r e s t r i c t e d ,  Light  i n t e n s i  t y  and 

duration vary seasonally, b u t  the l i g h t  available for 

photosyn the i s  depends a l s o  on t he  t ransparency of t h e  water ,  

Colored o r  t u r b i d  wa t e r s  permit  l i g h t  t o  p e n e t r a t e  only a s h o r t  

d i s t a n c e ,  thereby r e s t r i c t i n g  p roduc t ion  t o  only a shal low 

s u r f a c e  l a y e r ,  Of t h e  many n u t r i e n t s  which a r e  e s s e n t i a l  f o r  

a l g a l  growth and which a r e  sometimes i n  s h o r t  supply,  phosphorus 

and n i t r o g e n  are t he  most f r equen t l y  l i m i t i n g ,  Temperature, 

l i g h t ,  and n u t r i e n t s  must theref  o r e  be inc luded a s  independant  

v a r i a b l e s  i n  any s tudy of n a t u r a l  wa te r s  which aims t o  

understand phytoplankton dynamics. 



Water ~ u a l i t y  and Phytoplankton i n  North Carolina Lakes 

Several s tud ies  i n  North Carolina have r e l a t e d  environmental 

f a c t o r s  t o  phytoplankton n u t r i t i o n  and growth. The repor t  on 
water q u a l i t y  i n  North Carolina lakes  by Weiss and Kuenzler 

(197 6 )  examined more than 2 0  physical ,  chemical, and b io logica l  

c h a r a c t e r i s t i c s  of 6 9  lakes,  reservoirs .  subsegments of 

r e se rvo i r s  and r i v e r  segments. That study a l s o  developed sca le s  

of t rophic  s t a t u s  from 01 igotrophic t o  hypereutrophic based on 

t o t a l  phosphorus concentration. conductivity,  and Secchi depth. 

Most Piedmont lakes  and impoundments were oligo-mesotrophic t o  

alpha-eutrophic. The N. C. Division of Environmental Management 

(DEM 1982) has more recent ly  developed a t rophic  s t a t e  index and 

lake  c l a s s i f i c a t i o n  scheme. Weiss (1976) conducted 345 a lga l  

assay experiments i n  surface waters from many p a r t s  of North 

Carolina t o  determine nu t r i en t  l i m i t a t i o n s  i n  lakes.  r i v e r s ,  and 

impoundments. An in tens ive  one-year study of a Piedmont 

water-supply impoundment (Kuenzler and Greer 1 9  80) showed t h a t  

phytoplankton i s  not the only agent removing phosphorus from the 

water; f o r  most of the  year  "bacter ia l1 '  uptake and uptake by 

suspended sediments was very important, A l a rge  amount of 

exce l len t  limnological research i n  North Carolina i s  being 

conducted by power companies such a s  Duke Power and Carolina 

Power and Light, but  most of the  r e s u l t s  do not become published 

i n  the open l i t e r a t u r e .  One example of the q u a l i t y  of such work 

i s  the report by ~ o d r i q u e z  (1985)  on nutrient dynamics of Lake 

Norman, an oligo-mesotrophic reservoi r .  I t  i s  hoped t h a t  more 

of the unpubl ished 1 imnological research w i l l  become pub1 ished. 

~ n t e n s i v e  s tud ies  have been made of phytoplankton n u t r i t i o n  

and growth i n  the Chowan River, N. C, , t he  sluggish,  t i d a l ,  lower 

end of which frequently produces unacceptable blue-green a lga l  

scums. Several repor ts  (Stanley and Hobbie 1977; Sauer and 

Kuenzler 1981; ~ a l d u c c i  1982; Kuenzler e t  a l .  1982; Paerl 1982) -- 
have demonstrated t h a t  e i t h e r  N o r  P may a t  times l i m i t  a lga l  

growth, but  t h a t  species composition and a l g a l  abundance of ten  

a r e  control led by other  f a c t o r s  such a s  l i g h t ,  temperature, 



s a l i n i t y ,  o r  humic substances .  T h e  s tudy by Sauer and Kuenzler 

(1981) showed t h a t  when N and P are s imul taneously  i n  s h o r t  

supply,  l a r g e  i n c r e a s e s  of one o r  t he  o t h e r  gave only a  s l i g h t  

i n c r e a s e  i n  a l g a l  growth, Furthermore, t h e  s tudy showed t h a t  

n a t i v e  s p e c i e s  from t h e  r i v e r  o f t e n  gave a  response d i f f e r e n t  

from t h a t  of t h e  laboratory-grown a1 g a l  assay spec i e s ;  

s p e c i f i c a l l y ,  N - f i x i n g  blue-greens responded more t o  P 
2 

a d d i t i o n s  than  d i d  t h e  t e s t  a l g a  Selenastrwn capricornuturn, 

I n  s p i t e  of t h e i r  va lue  f o r  r esource  management dec i s ion-  

making, w e  found no o t h e r  s t u d i e s  of phytoplankton n u t r i e n t  

l i m i t a t i o n ,  of n u t r i e n t  uptake,  o r  of phys ica l  and n u t r i e n t -  

k i n e t i c  c o n t r o l s  of a l g a l  growth i n  any Piedmont l a k e s  of t h e  

Southeas t ,  The r e s u l t s  of t h i s  s tudy t h e r e f o r e  extend t h e  s tudy 

by Kuenzler and Greer  (1980) of phosphorus cyc l i ng  and a l s o  add 

t h e  dimensions of n i t r ogen  cyc l ing ,  n u t r i e n t  1 i m i t a t i o n ,  and 

primary p r o d u c t i v i t y  and r e s p i r a t i o n  of t h e  s e s ton ,  

Nu t r i en t  Cycling i n  Lakes 

Eu t roph i ca t i on  i n c r e a s i n g l y  s t r e s s e s  t h e  a b i l i t y  of s u r f a c e  

wa t e r s  t o  main ta in  adequate w a t e r  q u a l i t y ,  Anthropogenic i n p u t s  

o f t e n  c o n t a i n  N and P i n  q u a n t i t i e s  and r a t i o s  t h a t  no t  only  

s t i m u l a t e  p roduc t ion  bu t  a l s o  upse t  normal ba lances  and thereby 

a£ fec t species composition. Phosphorus, genera l  l y  considered t o  

be  l i m i t i n g  t o  a l g a l  growth i n  f reshwate r  systems, may no t  be s o  

when n u t r i e n t  i n p u t s  have a low N t o  P r a t i o ,  The Redf i e l d  

r a t i o  ( ~ e d f i e l d  1958) p r e d i c t s  N : P  atom r a t i o s  g r e a t e r  than 16 

can  produce P l i m i t a t i o n  whi le  r a t i o s  less than 1 6  can produce N 

l i m i t a t i o n ,  cond i t i ons  of N l i m i t a t i o n  can promote t h e  

dominance of blue-green a l g a e  (Reynolds 1984) which can  form 

nuisance  s u r f a c e  scums, 

Phosphorus i s  a l s o  a n  impor tant  f a c t o r  i n  f reshwate r  systems 

(Sch ind le r  1977) because i t  i s  p r e sen t  i n  r e l a t i v e l y  smal l  

amounts compared t o  o t h e r  p l a n t  n u t r i e n t s .  I n  some reg ions  i t  

usua l l y  l i m i t s  t h e  sys tem's  primary p r o d u c t i v i t y  (Wetzel 1983) .  

Increased load ings  of P i n t o  l a k e s  and r i v e r s  o f t e n  a c c e l e r a t e s  



the  natural  successional processes, prematurely c rea t ing  

eutrophic condi t ions and associated poor water q u a l i t y ,  

understanding of both N and P dynamics i n  surface waters i s  

important i n  order  t o  develop e f f e c t i v e  s t r a t e g i e s  f o r  water 

qua1 i ty management, 

Phosphorus Cycling i n  Lake Water 

Most models of phosphorus-microorganism (phytoplankton, 

bac te r i a ,  zooplankton) in t e rac t ions  confine themselves t o  

e p i l  imnetic waters, where s teady-state  condi t ions a r e  assumed t o  

e x i s t ,  a t  l e a s t  f o r  shor t  time periods,  Although s teady-s ta te  

condi t ions are  r a re ly  found, the  s teady-state  assumption does 

not g rea t ly  hinder i n t e r p r e t a t i o n  (Rigler  197 3 )  because P 

cycl ing within the  epilimnion i s  usually rapid r e l a t i v e  t o  i t s  

movement through the  e p i l  imni on, 

Rigler  (1956 ) proposed a simple two-compartment model of 

epi l imnet ic  phosphorus cycling,  involving exchange be tween 

soluble  and p a r t i c u l a t e  phosphorus. Uptake k i n e t i c s  which were 

of t en  inconsis  t e n t  with the two-compartment model suggested a 

four-compartment model cons is t ing  of (1) p a r t i c u l a t e  P, ( 2 )  

orthophosphate, ( 3 )  a low molecular weight organic P compound 

(XP)  , and ( 4 )  a high molecular weight co l lo ida l  P compound (Lean 

1973)-  Lean proposed t h a t  the majority of the  exchange occurs 

d i r e c t l y  be tween p a r t i c u l a t e  P and orthophosphate, but  t h a t  an 

excreted compound termed XP rap id ly  complexes with the l a rge  

co l lo ida l  P compound, re leas ing  small amounts of orthophosphate, 

~ u r i n g  periods of phosphate deficiency phytoplankton and 

bac te r i a  can develop phosphatase enzymes t h a t  allow f o r  the 

u t i l i z a t i o n  of dissolved organic phosphorus compounds which a r e  

analogous t o  the X P  f r a c t i o n  (Kuenzler and Perras 1965; Paerl 

and Downes 197 8)  . 
Physiological adaptions of microoryanisms t o  l o w  ambient P 

concentrations add complexity t o  the cycle,  Many phytoplankton 

species  can take up P i n  excess of t h e i r  metabolic needs and 

s t o r e  i t  within the c e l l  a s  polyphosphate (Perry 1976) , Low P 



concentrat ions i n  the water may lead t o  assumptions of P 

l i m i t a t i o n  when, i n  r e a l i t y ,  the algae may have s u f f i c i e n t  

i n t e r n a l  s t o r e s  of polyphosphate f o r  s i g n i f i c a n t  addi t iona l  

growth. Lean e t  a l .  (1983) suggested t h a t  phytoplankton from 

Lake Erie  had enough s tored  polyphosphates t o  sus t a in  them f o r  

a t  l e a s t  one month despi te  ambient nu t r i en t  concentrations t h a t  

c l e a r l y  indicated P l imi t a t ion .  

Fract ionat ion of b i o t i c  P uptake i n  freshwater lakes  

general ly  ind ica te s  t h a t  the b a c t e r i a l  f r ac t ion ,  which may a l s o  

include nannoplankton i f  separat ion of b i o t i c  uptake i s  done by 

s i z e  f r ac t iona t ion  (Lean 1984) , dominates uptake (Rigler  1956 ; 

Berman and S t i l l e r  1977; Kuenzler and Greer 1980; Currie and 

Kalff 1984a),  Laboratory work by Rhee (1972) and Currie and 

Kalf f (1984b) supported b a c t e r i a l  supe r io r i ty  i n  competition f o r  

P, but  Fuhs -- e t  a l .  (1972) found evidence indica t ing  

phytoplankton should outcompete bac te r i a  a t  concentrations 

typ ica l ly  found i n  nature,  Field s tud ies  by Faust and Correll 

(1976),  Kuenzler and Greer (1980) and Lean (1984) found 

b a c t e r i a l  domination of uptake f o r  most of the year,  a1 though 

during periods of high a lga l  biomass the  r e l a t i v e  f r a c t i o n  of 

a lga l  uptake s i g n i f i c a n t l y  increased. 

Zooplankton excret ion can be an important route  of P 

regeneration,  especial  l y  when ambient phosphate concentrations 

a r e  low (Lehman 1 9 8 0 ;  Rigler 1 9 7 3 ) .  Rigler ( 1 9 7 3 )  estimated 

t h a t  d i r e c t  P r e l ease  from ul t raplankton was equal t o  

zooplankton excretion.  

Nutrient dynamics i n  lake waters cannot be understood simply 

by measuring concentrations.  Periods of maximum b i o t i c  a c t i v i t y  

of ten  correspond with periods of l o w  P concentrations t h a t  

should, i f  recycling i s  ignored, l i m i t  further bio logica l  

a c t i v i t y ,  However, t he  continuation of b i o t i c  a c t i v i t y  during 

these periods emphasizes the importance of measuring n u t r i e n t  

f l u x  through the  system. In te rp re ta t ions  of s t a t i c  measurements 

a r e  a l s o  hindered by the use of operat ional ly  defined P 

f r a c t i o n s  t h a t  of ten  do not accurately r e f l e c t  the  forms of P 

t h a t  a r e  being cycled (Kuenzler and Ketchum 1 9 6 2 ;  Rigler  1 9 6 6 ) .  



Consequently, s t u d i e s  emphasizing f l u x  rates and pathways of 

phosphorus, i n  a d d i t i o n  t o  measurements of concen t r a t i ons ,  have 

evolved (Hutchinson and Bowen 1947 ; R i g l e r  1956) . 
Rates  of P uptake a r e  most of t e n  measured f  ram t h e  rate of 

d isappearance  of r a d i o a c t i v e  phosphate ( 3 2 ~ )  added t o  water  

samples i n  amounts smal l  enough not  t o  a f f e c t  t h e  assumption of 

s t e a d y - s t a t e  ( ~ i g l e r  1956) .   his technique measures g r o s s  r a t e s  

of phosphorus uptake. N e t  uptake should be z e r o  i f  s t e ady - s t a t e  

cond i t i ons  e x i s t ,  

The r a t e  of P uptake by micro-organisms i s  a f f e c t e d  by many 

f a c t o r s  inc lud ing :  n u t r i t i o n a l  s t a t u s  (Fuhs 1969; Rhee 1972) ; 

presence  o r  absence of l i g h t  (Chisolm and S t r o s s  1976; Kuenzler 

e t  a l .  1979) and l i g h t  i n t e n s i t y  (Nalewajko e t  a l .  1981) ;  pH -- 
(Healey 1973) ;  c e l l  s i z e  (Fuhs -- et al .  1972) ; temperature  

(Kuenzler -- e t  a l .  1979) ; d iu rna l  c y c l e  (Richey e t  a l .  1975; 

Cu r r i e  and Kalff 1984b);  and phosphate concen t r a t i on  (Fuhs 

a l .  1972; Halmann and S t i l l e r  1974; Kuenzler e t  a l .  1979) .  - 
Nalewajko and Lean (1980) p r w i d e d  a n  ex t ens ive  review of 

f a c t o r s  a f f e c t i n g  P uptake k i n e t i c s  and a l g a l  growth. 

D i s t i n c t  seasonal  c y c l e s  of P uptake have o f t e n  been 

observed. During t h e  w in t e r  when a l g a l  and b a c t e r i a l  biomass 

and metabol ic  a c t i v i t y  decrease  and P concen t r a t i ons  i nc r ea se ,  

uptake r a t e s  are u sua l l y  low (Halmann and S t i l l e r  1974; Faust  

and C o r r e l l  1976; Kuenzler and Greer 1980) . I n  t h e  summer when 

phytoplankton a r e  abundant and P concen t r a t i ons  a r e  low, r a p i d  

turnover rates are found i n  m o s t  lakes, appa ren t l y  r e g a r d l e s s  

of t r oph i c  s t a t e  ( R i g l e r  1973) , Algal blooms i n  summer (Faus t  

and C o r r e l l  1976) o r  w in t e r  (Kuenzler e t  a l .  1979) have been 

shown t o  i n c r e a s e  uptake rates g r e a t l y .  

Suspended sediments  c a r r i e d  i n t o  l a k e s  may be  impor tant  t o  

t h e  P c y c l e  (Hutchinson 1941; Kuenzler and Greer  1980; Jones  and 

Redf ie ld  1984; Cuker 19861, e s p e c i a l l y  when t h e  sediments  a r e  

f i n e  c l a y s  which have h igh P b ind ing  c a p a c i t i e s  and long  

r e t e n t i o n  t imes i n  t h e  water  column (Golterman 1973; Syers  e t  a1  -- 
197 3 )  . piedmont r i v e r s  and l a k e s  a r e  subj  e c t  t o  l a r g e  i n £  l uxes  

of s i l t  and c l ay  from the  surrounding watersheds  dur ing  



rainstorms. The s o i l s  of these watersheds cons is t  primarily of 

f i n e  c lays  (Daniels -- e t  a l .  1984) which s e t t l e  very slowly 

( W i l l i a m s  e t  a l .  1980) . However, the shortage of da ta  on 

b io logica l  and chemical e f f e c t s  of the  addi t ion  of sediment t o  

lakes  and r i v e r s  has hindered water resource management (Ongley 

e t  a l .  1982).  -- 
The P desorption/adsorption capacity of suspended sediments, 

he rea f t e r  r e fe r red  t o  simply a s  sorp t ion  capaci ty ,  a f f e c t s  the  

phosphorus cycle  (Syers g.  197 3 )  . Several s tud ies  have 

shown the importance of sorp t ion  reac t ions  between P and bottom 

sediments (Olsen 1 9 6 4 ,  Pomeroy -- e t  a l .  1965, Harter 1968, Meyer 

1979, Klotz 1985) and o thers  the  importance of suspended 

sediment-phosphorus exchange reac t ions  i n  r i v e r s  (Taylor and 

Kunishi 197 1; Green e t  a1 . 197 8) , i n  lakes  (Kuenzler and Greer 

1980),  and i n  e s t u a r i e s  ( C a r r i t t  and Goodgal 1954).  

While most s tudies  have found t h a t  the sediments a c t  a s  a 

s ink f o r  phosphate (Syers e t  a l .  1973) , t he  complexity of the  

sorp t ion  reac t ion  combined with the la rge  v a r i a b i l i t y  found 

wi th in  and between aquat ic  systems makes genera l iza t ions  

concerning the  sediment' s r o l e  d i f f i c u l t .  The sorp t ion  

mechanism is  a funct ion primarily of the so lu t ion  phosphate 

concentration and the  pH (Chen e t  a l .  197 3a) , but ion ic  

s t rength ,  substances competing f o r  the same reac t ive  s i t e s ,  

temperature, organic matter,  r e t en t ion  time, and p a r t i c l e  s i z e  

a r e  a l s o  involved (Beek and vanRiemsdi j  k 1 9  82 ) . 
The f a c t o r s  con t ro l l ing  the  chemical reac t ions  of phosphate 

ions  with clay mineral surfaces  are not well understood, 

espec ia l ly  with na tu ra l ly  occurring c lays  (Beek and vanRiemsdij k 

1982) . Reactions a r e  c l e a r l y  associated with the presence of 

aluminum hydroxides and i r o n  oxides near the clay surface (Chen 

e t  a l .  1973a: Edzwald e t  a l .  1976) ,  and a r e  not necessar i ly  -- 
based upon simple exchanges of the phosphate ion f o r  the 

hydroxide ion bound t o  the aluminum and i r o n  complexes of the  

clay surf ace, as has of ten been suggested (Go1 terman 197 3 )  . 
Phosphate adsorption isotherms, which r e l a t e  the amount of 

phosphate adsorbed per gram dry matter t o  the concentration of 



phosphate i n  the water (Olsen 1 9 6 4 )  a r e  of ten constructed t o  

evaluate  the sorp t ion  mechanisms. These have shown the  uptake 

of phosphate by c lay  t o  be biphasic,  cons is t ing  of a rapid 

i n i t i a l  adsorption of the phosphate onto r eac t ive  sites of the 

clay followed by a much slower phase which may involve the  

formation of new s o l i d  phases ( C a r r i t t  and Goodgal 1954; Pomeray 

e t  a l .  1965; Chen et a. 1973b; ~ d z w a l d  e t  a l .  1976). The -- -- 
i n i t i a l  adsorption s t e p  is  usually complete within 1 2  hours 

(Edzwald et a l .  1976; Huang e t  a l .  1976; Green 3. 1978) and 

i s  readi ly  desorbable ( C a r r i t t  and Goodgal 1954; Ryden and Syers 

l977) ,  The slower s t e p  can extend t o  w e r  6 0  days and i s  not 

e a s i l y  reversed s ince  i t  involves the  formation of a s o l i d  phase 

(Chen -- e t  a l .  1973b). 

Quant i f icat ion of the  amount of P bound t o  suspended 

sediments t h a t  i s  ava i l ab le  f o r  a lga l  u t i l i z a t i o n  may help 

explain the  r o l e  of these sediments i n  the  P cycle  of lakes.  

Estimates of the r e l a t i v e  a v a i l a b i l i t y  of P associated with 

these sediments a s  they enter  a water body a r e  very important i f  

w e  wish t o  determine the most cos t  e f f e c t i v e  control  s t r a t e g i e s  

f o r  regulat ing P inputs  (Sonzogni e t  a l .  1982).  For example, an 

extensive study on P-management s t r a t e g i e s  for the Great Lakes 

(PLUARG 197 8 )  , which receive high loadings of sediment-bound P, 

examined the b ioava i l ab i l  i ty of var ious sources of inputs.  

While d i f fuse  t r i b u t a r y  inputs  contr ibuted up t o  53% of the 

t o t a l  P enter ing the  lake,  they were r e l a t i v e l y  unavailable 

( <4O%) ,  his a££ ected the decis ion t h a t  the m o s t  cost-effective 

management s t ra tegy  would be removal of municipal point  source 

P, The sediment en ter ing  the lakes  from eroding b l u f f s  

surrounding the lake was found t o  be e s s e n t i a l l y  unavailable and 

considered unimportant f o r  phosphorus management ( W i l l i a m s  - e t  

a l .  1980)-  - 
Estimates of the  b i o a v a i l a b i l i  ty of sediment-bound P, 

he rea f t e r  r e fe r red  t o  as a lga l  ava i lab le  P (AAP) , a r e  a l s o  

necessary t o  improve empirical input/output models, These 

models attempt t o  predic t  a lga l  biomass based on, among o ther  

f ac to r s ,  t o t a l  P loadings, (Vollenweider 1968; Dillon and Rigler  



1974).  Nicholls  and Di l lon  (1978) c la im t h a t  the  assumption 

behind t h e  use of t o t a l  P i s  t h a t  i t  i s  a l l  p o t e n t i a l l y  

a v a i l a b l e  f o r  a l g a l  u t i l i z a t i o n .  The l imi t ed  success  of these  

models i s  poss ib ly  r e l a t e d  t o  a rough r e l a t i o n s h i p  between t o t a l  

P and AAP (Sonzogni -- e t  a l .  1982) . Increased incorpora t ion  of 

b i o a v a i l a b i l i t y  va lues  i n t o  these  models, a s  was done by 

Schaffner and Oglesby (1978) ,  should decrease some of t h e  

uncer ta in ty  a s soc i a t ed  wi th  t h e i r  p red ic t ions .  

Laboratory experiments a t tempting t o  quan t i fy  t h e  amount of 

sediment P a v a i l a b l e  t o  a lgae  have pr imar i ly  used modi f ica t ions  

of s tandard a l g a l  bioassay methods. Bas ica l ly ,  a lgae  a r e  grown 

wi th  sediments a s  t he  s o l e  P source while a l l  o the r  condi t ions  

a f f e c t i n g  growth a r e  kept a t  optimum. Consequently, t h e  

b i o a v a i l a b i l i t y  values  obtained a r e  usua l ly  considered t o  

r ep re sen t  t he  maximum b i o a v a i l a b i l i t y  ob ta inab le  under 

l abora tory  condi t ions  (Lee -- e t  a1 . 1980) . 
The a v a i l a b i l i t y  of P t o  a lgae  under na tura l  condi t ions  i s  a 

func t ion  of many f a c t o r s  including:  t h e  forms and amounts of P 

i n  t he  p a r t i c u l a t e  f r a c t i o n ,  t h e  res idence time of t h e  p a r t i c l e  

i n  t he  lake  water ,  t h e  abundance, spec ies  composition, and 

n u t r i e n t  s t a t u s  of t he  a l g a l  population,  t he  so l -u t  i on phosphate 

concentra t ion,  and o the r  f a c t o r s  c o n t r o l l i n g  pa r t i cu l a t e -P  

s o l u b i l i t y ,  such a s  pH and Eh (Armstrong &. 1979) . Other 

f a c t o r s  such as sediment resuspension (Williams e t  a l .  1980) and 

r e t e n t i o n  time i n  t he  phot ic  and/or mixing zone may a l s o  be 

important.  

Measurements of AAP have shown v a r i a t i o n  be tween and wi th in  

va r ious  sources,  p a r t i a l l y  due t o  the  number of f a c t o r s  

a f f  e c t i n g  t h e  a v a i l a b i l i t y  bu t  a l s o  because of t he  var ious  

methods used (Lee e t  a l .  1980) . Estimates of AAP have v a r i e d  

from 0 t o  55% with  an est imated mean AAP of 2 5  t o  30% (Golterman 

e t  a l .  1969; F i t zge ra ld  1970; Chiou and Boyd 1974; Golterman -- 
1977; Cowen and Lee 1980; ~ i l l i a m s  -- e t  a l .  1980; Klapwijk e t  a l .  

1982) .  

Inorganic sediment P c o n s i s t s  of an  a p a t i t e  f r a c t i o n  and/or 

a non-apati te  inorganic  P ( N A I P )  f r a c t i o n ,  mainly composed of 



phosphate adsorbed onto oxides of aluminum and i ron ,  but  i t  a l s o  

may include ac tua l  i r o n  and aluminum minerals and non-apatite 

calcium phosphate (Sonzogni -- e t  a1 , 1982) , Correlat ions between 

these f r a c t i o n s  and the  amount of AAP determined by bioassay 

have recent ly  been made based on modifications of ex t rac t ion  

techniques developed by Chang and Jackson (1956) t o  r e l a t e  the 

ex t rac ted  P f r a c t i o n  t o  the amount of p l an t  growth, The a p a t i t e  

f r a c t i o n  has of ten  been e s s e n t i a l l y  unavailable due t o  i t s  low 

s o l u b i l i t y  ( w i l l i a m s  -- e t  a l ,  1980) ,  although some s tud ies  

ind ica te  small amounts may be ava i l ab le  (Premazzi and Zanon 

1984).  I n  some experiments, an ex t rac t ion  using NaOH, which 

removes the majority of N A I P ,  predicted the  AAP accurately,  

suggesting ready a v a i l a b i l i t y  of the N A I P  ( W i l l i a m s  -- e t  a l ,  1980; 

Young and DePinto 1982). However, Klapwijk e t  a l .  (1982) found 

t h a t  the NaOH ex t rac t ion  severely overestimated (2-lox) the AAP, 

whereas Dorich e t  a l .  (1982) found the  NaOH f r a c t i o n  comprised 

only 36 percent of the AAP, 

Nitrogen Cycling i n  Lake Water 

Dugdale and Goering (1967) were among the  f i rs t  t o  use 1 5 ~  

s t a b l e  isotope t r a c e r  techniques t o  study N ass imilat ion.  They 

f e l t  ni t rogen possessed advantages over phosphorus or  carbon i n  

providing a  fundamental measure of primary product ivi ty .  Both P 

and C are involved i n  c e l l u l a r  energet ic  processes, This 

involvement produces %ca t t e r l '  i n  the  r e l a t ionsh ip  between the 

uptake of these elements and phytoplankton product ivi ty  

measurements. Study of nitrogen, primarily a  s t r u c t u r a l  

component of the c e l l ,  should avoid some of t h i s  in te r ference ,  

Consequently, Dugdale and Goering proposed a primary production 

model based on a  s implif ied N cycle. In  t h i s  model, newly 

ava i l ab le  N en te r s  the system as n i t r a t e ,  Phytoplankton 

ass imi la t ion  of n i t r a t e  is  therefore  assoc ia ted  with "new 

productionn which, coupled with the r a t e  of export of organic 

mat ter  from the system, determines the s i z e  of the phytoplankton 

standing crop. Ni t r a t e  taken up by a lgae must be reduced t o  



ammonium before i t  can be incorporated i n t o  organic molecules. 

This reduction i s  mediated by the enzymes n i t r a t e -  and n i t r i t e -  

reductase and requi res  an energy expenditure by the c e l l  

(Falkowski 1983) . 
Ammonium is  made ava i l ab le  a s  a n u t r i e n t  t o  the  

phytoplankton by regeneration from organic matter,  by 

zooplankton excret ion,  b a c t e r i a l  remineralization,  o r  leakage 

from the  phytoplankton c e l l s  themselves (Brezonik 197 2 )  , 

Primary production associated with ammonium ass imi la t ion  i s  

theref o re  termed "regenerated production. I' Ammonium is  

ene rge t i ca l ly  favored a s  the  N source f o r  phytoplankton because 

i t  does not requi re  reduction p r io r  t o  u t i l i z a t i o n  by algae a s  

does n i t r a t e .  The phytoplankton preference f o r  ammonium is so  

s t rong t h a t  w e n  when n i t r a t e  concentrations a r e  many times 

higher, ammonium ass imi la t ion  s t i l l  remains high (McCarthy 

a l .  1977; Kuenzler, e t  a l .  1979; Kiefer and Atkinson, 1984 ) . - 
Since Dugdale and Goering's work many s tud ies  have shown 

regenerated N t o  be primarily responsible f o r  maintenance of 

high r a t e s  of primary production and l a rge  standing crops i n  

coas ta l  and es tua r ine  waters (Harrison 197 8;  McCarthy and 

Goldman 1979; Paasche and Kris t iansen 1982) , There have been 

comparatively f e w  s tud ies  of regenerated N i n  lake systems 

(Alexander 1970; ~ r e z o n i k  1972; Toetz and Cole 1980; Axler et 
a1 . 1981) , These works a l l  i nd ica te  t h a t  ammonium ass imi la t ion  - 
i s  very important and may even control  primary production, 

espec ia l ly  during a lga l  blooms (Toetz and Cole 1980) . ~ i a o  and 

Lean (197 8) estimated t h a t  zooplankton excret ion could account 

f o r  21% and remineral izat ion 6 3 %  of phytoplankton demand i n  ~ a k e  

Ontario. m l e r  e t  a l .  (1981) reported 56% t o  1 9 0 %  of the  da i ly  

phytoplankton N demand could be supplied by ammonium 

regeneration processes i n  N - l i m i  ted Cast le  Lake. 

S t a t i c  measurements of nu t r i en t  concentrations o r  biomass 

l e v e l s  do not allow est imates  of phytoplankton product ivi ty  

r a t e s ,  Ambient dissolved inorganic N concentrations can be very 

lau when a dynamic balance e x i s t s  between ammonium removal and 

regeneration. In  t h i s  quasi-steady s t a t e ,  N turnover times can 



be very rap id ,  Toetz and Cole (1980) found p a r t i c u l a t e  N 

turnover times were of t en  l e s s  than a day while ammonium 

turnover times w e r e  l e s s  than 10 hours i n  a Minnesota l ake ,  

Recently i t  has been r e a l i z e d  t h a t  N uptake k i n e t i c s  a r e  

much more complicated than proposed by the  models of Dugdale and 

Goering (1967).  Nitrogen uptake measurements a r e  a func t ion  of 

incubat ion time during t h e  t r a c e r  study, physiologic  condi t ion  

of the  c e l l ,  l i g h t  l e v e l s ,  and temperature a s  wel l  a s  N 

concentra t ions ,  G l ibe r t  -- e t  a l .  (1982) a l s o  repor ted  t h a t  N 

uptake r a t e s  based on ammonium pool l o s s e s  d i f f e r e d  from r a t e s  

based on PN accumulations, This d i f f e r ence  was due t o  a l ack  of 

1 5 ~  mass balance between the  two f r a c t i o n s  (Laws 1984) and 

suggests  t h a t  unknown processes may play an important  r o l e  i n  

t h e  n u t r i e n t  cycle.  One of t he  l a r g e s t  problems i n  c a l c u l a t i n g  

N-uptake r a t e s  accu ra t e ly  is  the  i n a b i l i t y  t o  measure very l o w  

concentra t ions  of N accura te ly ,  Goldman and G l i b e r t  (1983) 

provide a comprehensive review of t he  k i n e t i c s  of n i t rogen  

uptake, 

Nutr ient  Control of Phytoplankton Growth 

The use of t he  a l g a l  assay technique t o  determine poss ib l e  

n u t r i e n t  con t ro l  of phytoplankton produc t iv i ty  has been r ecen t ly  

reviewed (Sauer and Kuenzler 1981) .  S tud ies  of a l a r g e  number 

of l akes  have usua l ly  shown t h a t  e i t h e r  N o r  P i s  t h e  element i n  

s h o r t e s t  supply a t  any one t i m e ,  The most extensive study of 

l a k e s  and r i v e r s  i n  North Carolina i s  probably t h a t  of Weiss 

(1976) . H e  r e l a t e d  the  r e s u l t s  of h i s  assays  t o  the  chemically 

measured concent ra t ions  of N and P, and t o  the  N / P  r a t i o s ,  P- 

l im i t ed  wate rs  had N / P  r a t i o s  of > 1 6  (by weight ) ,  N-limited 

waters  had r a t i o s  of 5-7, and N- and P-limited wate rs  had r a t i o s  

of 9-11 ( ~ e i s s  1976) -  H e  judged t h a t  an inc rease  i n  a l g a l  

abundance of >5 ,1  mg dry w t , / l  af t e r  a d d i t i o n  of a n u t r i e n t  

demonstrated a s i g n i f i c a n t  response t o  t h a t  nu t r i en t .  On t h i s  

b a s i s ,  h i s  da t a  obtained from experiments i n  which the  water  was 

p r e t r e a t e d  by f i l t r a t i o n  show t h a t  11 s t a t i o n s  on 9 Piedmont 



impoundments w i th in  1 2 5  km of Jordan Lake were a l l  P l i m i t e d  

r a t h e r  than N l imi ted .  Furthermore, assays  i nd i ca t ed  t h a t  

about 40% of sur face  waters  i n  North Carolina were P-limited, 

20% were N-limited, and 40% were both P- and N-limited. 

No r e p o r t s  have been seen which a t t r i b u t e  a l g a l  n u t r i e n t  

l i m i t a t i o n  i n  North Carolina waters  t o  an element o the r  than N 

o r  P. 

Primary Produc t iv i ty  

primary produc t iv i ty  of l akes  i s  t h e  r a t e  a t  which p l an t s ,  

mostly a lgae  i n  moderate t o  deep lakes ,  grow photosynthe t ica l ly ,  

f i x i n g  t h e  energy of sun l igh t  i n t o  organic mat te r  f o r  growth. 

 his f i x a t i o n  of carbon f o r  metabolism of t h e  p l a n t s  and f o r  

t r a n s f e r  t o  o the r  t rophic  l e v e l s  (zooplankton, f i s h e s ,  benthos, 

decomposers) i s  necessary f o r  normal system functioning.  Many 

f a c t o r s  can a f f e c t  primary producti .vi ty,  bu t  l i g h t ,  temperature, 

n u t r i e n t  a v a i l a b i l i t y ,  and grazing seem t o  be the  major c o n t r o l s  

(Kremer and Nixon 1978; Wetzel 1983)  . Although a l g a l  abundance 

a f f e c t s  i n  t h e  r a t e  of primary production, t h e r e  a r e  many 

in s t ances  i n  which an a l g a l  populat ion with  a  high r a t e  i s  kept  

a t  l o w  dens i ty  by grazing,  o r  a l t e r n a t i v e l y  a  l a r g e  biomass of 

slow-growing a l g a e  accumulates because the  spec ies  is  

unpal a tab1 e. 

A l a r g e  number of measurements of primary p roduc t iv i ty  i n  

l akes  a l l  w e r  the  world has shown very g r e a t  d i f f e r ences  from 

t h e  most o l i go t roph ic  t o  the  most eutrophic.  An at tempt  t o  

eva lua te  f a c t o r s  c o n t r o l l i n g  these  r a t e s  was made by Brylinsky 

and Mann (1973) us ing da t a  co l l ec t ed  dur ing the  In t e rna t iona l  

Biological  Program. ~ u l t i p l e  regress ion  a n a l y s i s  of the  I B P  

da t a  suggested t h a t  v a r i a b l e s  r e l a t e d  t o  s o l a r  energy input  were 

more important than v a r i a b l e s  r e l a t e d  t o  nu t r i en t s .  An 

ex tens ion  of t h i s  study using add i t i ona l  d a t a  on n u t r i e n t  

inputs ,  however, showed a  s t rong  r e l a t i o n s h i p  between P 

a v a i l a b i l i t y  and produc t iv i ty  i n  those l a k e s  where N was not  

l i m i t i n g  (Schindler  197 8)  . 



Measurements of primary produc t iv i ty  i n  North Carol ina  l akes  

by Weiss and Kuenzler (1976) c o n s t i t u t e  an  ex tens ive  s e t  of da t a  

on Piedmont l akes  of North Carolina,  The nine l akes  w i th in  125 

km of Jordan Lake (Belews, Hyco, Burlington, Univers i ty ,  Michie, 

High Rock, Tucker Town, Badin, and T i l l e r y )  i n  June-August 

showed p r o d u c t i v i t i e s  ranging from 3-188 mg c / m 3  h. T h i s  wide 

range prevents des igna t ion  of any narrow range of p r o d u c t i v i t i e s  

a s  t yp i ca l  r a t e s  f o r  t he  Piedmont region,  

A i m  

The aim of t h i s  research was t o  ga in  i n s i g h t  i n t o  t h e  

environmental f a c t o r s  and n u t r i e n t  cycl ing which cont ro l  

abundance and produc t iv i ty  of phytoplankton i n  B ,  Eve re t t  Jordan 

Lake (hereaf t e r  c a l l e d  Jordan Lake) , The focus  was on Jordan 

Lake because the  r e s e r v o i r  has been r ecen t ly  constructed and t h e  

changes during t h e  f i r s t  few yea r s  a r e  of bo th  bas i c  and app l i ed  

i n t e r e s t ,  t h e r e  have been cont rovers ies  regarding t h e  water  

q u a l i t y  of t h i s  r e se rvo i r ,  and t h e  lake  has  become important f o r  

r e c r e a t i o n  and may i n  t he  f u t u r e  be used f o r  municipal water  

supply. Because of high concent ra t ions  of a l g a l  n u t r i e n t s  i n  

t r i b u t a r i e s  t o  t he  lake,  i t  was pred ic ted  even before  

cons t ruc t ion  t h a t  t he  lake  would become eu t rophic ,  It  i s  now 

important t o  follow the  changes i n  water  q u a l i t y  and i n  

phytoplankton abundance, p roduc t iv i ty  , and n u t r i e n t  cyc l ing  

dur ing t h i s  f i r s t  decade a s  t h e  lake  matures and a s  water  

q u a l i t y  of t he  i n f l u e n t  r i v e r s  changes, I t  i s  a l s o  of p r a c t i c a l  

value  t o  ob ta in  da ta  on lake  metabolism i n  order  t o  v e r i f y  

p red ic t i ons  made f o r  t h i s  l ake  and t o  improve our a b i l i t y  t o  

make more accura te  models i n  the  f u t u r e ,  

The Research S i t e ,  

B, Evere t t  Jordan Lake, i n  Orange and Chatham Counties south 

of Chapel H i l l ,  N,C,  , was constructed by t h e  U.S, Army Corps of 

Engineers by damming the  Haw River j u s t  below the  confluence 



with the  New Hope River (Fig. 1 ) .  The lake  i s  much longer  than 

wide; t h e  water which extends up i n t o  severa l  important 

t r i b u t a r i e s ,  e s p e c i a l l y  on t h e  New Hope River arm, i nc reases  t h e  

sur face  a r ea  and the  leng th  of shorel ine .  The narrow v a l l e y  

between the  dam and S t a t i o n  2 0  and t h e  br idge causeways 

c o n s t r i c t  t h e  c ross -sec t iona l  a rea ,  and theref  o re  mixing, a t  

severa l  p laces ,  Most of t he  flow i n t o  Jordan Lake i s  provided 

by the  Haw River and the  New Hope River. The U. S .  Geological 

Survey has stream gauging s t a t i o n s  on t h e  Haw River and on t h r e e  

streams (Morgan Creek, New Hope Creek, and Northeast  Creek) 

which empty i n t o  the  upper end of the  New Hope River arm of t he  

lake.  Discharge measured a t  these  s t a t i o n s  va r i ed  more than two 

orders  of magnitude i n  each r i v e r  system (F ig  2 ) ,  r e s u l t i n g  i n  

pu lse  i npu t s  not  only of water  bu t  a l s o  of n u t r i e n t s  and 

suspended sediments, Most l a r g e  storm events  ( s p a t e s )  showed up 

a s  d i s t i n c t  i nc reases  i n  discharge by both r i v e r s ,  bu t  t h e  Haw 

River discharge was t y p i c a l l y  about 5-10 times g r e a t e r  than t h e  

New Hope River flow (F ig  2 )  . Note, however, t h a t  t he  t h r e e  

gauged creeks  of t he  New Hope River d r a i n  only 40% of the  New 

Hope River watershed; consequently, based on t o t a l  flows i n t o  

t h e  lake,  t he  Haw River d e l i v e r s  about four  times t h e  amount 

de l ive red  by t h e  New Hope River (Moreau 1985) . Fina l ly ,  because 

of d i f f e r ences  i n  t he  volumes of the  two arms of t he  lake  and 

d i f f e r ences  i n  discharges  i n t o  the  a r m s ,  there f requent ly  are 

l a r g e  backf lows from the  Haw River i n t o  t he  New Hope arm and 

from the  lower end of the  New Hope arm northward i n t o  t he  middle 

of the  lake  (Moreau 1985).  

Although the  major func t ion  of the  impoundment i s  t o  

provide f lood  cont ro l  f o r  the  Cape Fear River downstream, t h e  

l ake  and i t s  waters  a r e  a l s o  used f o r  r e c r e a t i o n  and have 

p o t e n t i a l  f o r  municipal water supply. Water qua1 i t y  is  

the re fo re  an important considerat ion.  The a rea  of the  l ake  
2 

v a r i e s  from 58 t o  1 3 0  k m  , depending on the  s tage  of the  l ake  

surf  ace;  t h e  depth a l s o  v a r i e s  depending on the  amount of water  

i n  the  impoundment and the  l o c a t i o n  of the  s t a t i o n ,  bu t  i s  i n  

t h e  range of 5-10 m. The l ake  i s  o f t e n  s t r a t i f i e d  i n  summer, 



Fig. 1. Map of B. Everett Jordan Lake showing sampling stations 
and area of lake when filled to top of conservation pool (Elev. 
216 it.); additional contour line shows area at top of of flood 
control pool (elev. 240 it.). 



HAW R IVE R 

FEB MAR APR MAY JUN JUL AUC SEP OCT NOV DEC JAN 

NEW HOPE RIVER 

MONTH 

Fig, 2, Hydrographs o< gauged streams entering Jordan Lake, 
1984-85. Discharge ( m 2 / s )  of ( A )  Haw R i v e r  and (8) sum of three 
streams (Korgan Creek, New Hope Creek, and Northeast Creek) of 
the New Hope R i v e r  bas in  ( H i l l  g.  1984 ; USGS file data) . 
Note d i f f e r e n t  scales for ( A )  and (B) , 



with the  amount of deoxygenation of the  hypolimnion depending on 

the  produc t iv i ty  of t he  epil imnion and t h e  du ra t ion  of 

s t r a t i f i c a t i o n .  Both the  Haw and the  New Hope River ca r ry  

s u b s t a n t i a l  l e v e l s  of p l a n t  n u t r i e n t s  from sewage treatment 

p l a n t s  and from non-point sources  i n  t h e i r  watersheds; t h e r e  i s  

a l s o  a v a r i e t y  of wastes from indus t r i e s .  Weiss and Francisco 

(1985) ca l cu l a t ed  t h a t  t o t a l  P and t o t a l  N loadings  averaged 
2 2 over the  whole lake  amounted t o  8-17 g P/m y and 38-68 g N / m  y;  

loadings  t h i s  high have been judged undesi rable  i n  na tura l  

temperate l akes  (Vollenweider 1968) . Pearse (1983) , however, 

found t h a t  t u rb id  South Carolina r e s e r v o i r s  had chlorophyl l  

concent ra t ions  lower than pred ic ted  by r ecen t  P-loading models. 

An  ex tens ive  l imnological  i n v e s t i g a t i o n  of physical  and 

chemical c h a r a c t e r i s t i c s ,  n u t r i e n t  concentra t ions ,  metal 

concentra t ions ,  and a l g a l  composi t i o n  and abundance has been 

underway f o r  about t h r ee  yea r s  (Weiss and Francisco 1984, 1985) .  

Their  da t a  shaw an impoundment r i c h  i n  n u t r i e n t s  and high i n  

p roduc t iv i ty .  Although a l g a l  n u t r i e n t s  ( n i t r a t e ,  ammonium, and 

phosphate) were sometimes a t  low l e v e l s  o r  were undetectable,  

t o t a l  P and t o t a l  N l e v e l s  were high. For example, t o t a l  P was 

usua l ly  more than 40 p g / l  everywhere. The amounts of 

phytoplankton w e r e  a l s o  high i n  summer e s p e c i a l l y  i n  t h e  New 

Hope River arm of the  lake,  with chlorophyll-a l e v e l s  sometimes 

exceeding 100 pg / l .  Chlorophyll concent ra t ions  i n  1 9  83 were 

only about hal f  a s  high a s  i n  1982 (Weiss e t  a l .  1984);  except 

i n  t he  upper end of the  N e w  Hope River arm, concent ra t ions  were 

below 40 p g / l  even during summer 1983 (DEM 1984).  The high 

produc t iv i ty  of t h e  e p i l  imnion con t r ibu te s  t o  low d isso lved  

oxygen i n  t he  hypolimnion when the  lake  i s  s t r a t i f i e d  during 

warm seasons (DEM 1984).  The bottom waters  showed r e l a t i v e l y  

high l e v e l s  of phosphate and ammonium i n  summer (DEM 1984) . 
These a t t r i b u t e s  place  the  lake  i n  the  eutrophic  ca t ego r i e s  

def ined by Weiss and Kuenzler (1976) o r  by the  North Carolina 

Trophic S t a t e  Index (DEM 1984) . 





METHODS 

Lake Sampling and Measurements, 

Sampling t r i p s  were made approximately monthly t o  t h r e e  

s t a t i o n s  which represen t  d i f f e r e n t  water  types ( S t a t i o n s  5,  1 0 ,  

and 3 0 ) ,  and l e s s  f requent ly  t o  another  ( S t a t i o n  20 ) .  S t a t i o n  5 

was i n  t h e  shallow upper reaches of t h e  New Hope River arm and 

S t a t i o n  10 was toward t h e  middle of t h e  lake ,  S t a t i o n  20 was 

i n  an  a rea  which received a mixture of water  from both r i v e r s  

and S t a t i o n  30 was i n  t h e  narrow, deep v a l l e y  of t h e  Haw River 

F i g  1 S t a t i o n s  5 ,  10, 2 0 ,  and 30 were i n  segments 4 ,  3 ,  2 ,  

and 1 of Weiss e t  a l .  (1984, 1985) and seve ra l  r e p o r t s  of the  

Divis ion of Environmental Management, F i e ld  sampling, 

f i l t r a t i o n s  and incubat ions  were done aboard t h e  " I b i s ,  'I a  20- 

f o o t  Wellcraf t inboard-outboard. -- I n  si t u  measurements were made 

of temperature, conduct ivi ty ,  and dissolved oxygen using a 

Hydrolab Surveyor Model 6D. Underwater 1 i g h t  i n t e n s i t y  was 

measured with  a Lambda Instrument Co, submarine quantum meter, 

Ext inc t ion  c o e f f i c i e n t s  (-k) were ca l cu l a t ed  by l i n e a r  

r eg re s s ion  of na tu ra l  logari thms of underwater l i g h t  i n t e n s i t y  ; 

t h e  1% l i g h t  depth = I n  0.01/-k. Water samples f o r  a l g a l  assay,  

n u t r i e n t  concentra t ion measurements, and n u t r i e n t  uptake were 

c o l l e c t e d  from the  euphotic zone (0,5m), p r imar i ly  because t h i s  

i s  usua l ly  the  region of g r e a t e s t  b io log ica l  a c t i v i t y .  

~ypolimrnetic waters a t  S t a t i o n  1 0  w e r e  s t ud i ed  during i n t e n s i v e  

s t u d i e s  i n  March and May 1985. Most samples were taken between 

0800 and 1400 hours, Water was co l l ec t ed  from se l ec t ed  depths 

using a nonmetalic pump (Jabsco Inc.)  equipped wi th  a p l a s t i c  

i n t ake  hose covered with  3 6 0  um n e t t i n g  t o  exclude most 

zooplankton, During t h e  i n t ens ive  s t u d i e s  a t  S t a t i o n  10, water 

was co l l ec t ed  from f i v e  depths throughout the  water column, 

Water was pumped i n t o  20 1 polyethylene carboys and shaded u n t i l  

use, 

F i l t r a t i o n s  of l ake  water f o r  n u t r i e n t  and pigment analyses  

(chlorophyll-a and phaeophytin) were done on board using acid- 



r insed  g l a s s  f i b e r  f i l t e r s  (Whatman GF/F f o r  phosphorus 

analyses,  GF/C f o r  nitrogen and pigment analyses) . F i l t e r e d  and 

unf il te red  water samples were dispensed i n t o  acid-washed 

polyethylene b o t t l e s  and s tored  on i c e  i n  the  dark u n t i l  re turn  

t o  the laboratory where they were r e f r ige ra ted  u n t i l  analyses. 

F i l t e r s  f o r  pigment analyses were s tored  i n  a dess i ca to r  on i c e  

u n t i l  they could be frozen i n  the  laboratory.  Pigments were 

spectrophotametrically determined using a n  a l k a l i n e  acetone 

ex t rac t ion  (Wetzel and Likens 1979). 

Stream discharges a r e  from USGS gauging s t a t i o n s ,  The Haw 

River s t a t i o n  i s  near Bynum, j u s t  t o  the l e f t  of the map, Figure 

1, The New Hope ~ i v e r  da ta  a r e  s u m s  of discharges from New Hope 

Creek, Northeast Creek, and Morgan Creek. 

Chemical Analyses 

Chemical analyses f o r  nu t r i en t  concentrations were performed 

using spectrophotometric techniques, Phosphorus was determined 

by the phosphomolybda t e  blue technique (Murphy and Riley 1 9 6 2 )  . 
F i l t e r a b l e  r eac t ive  phosphate (FRP) , probably mostly 

orthophosphate, was measured wi th in  2 4  hours on samples which 

had passed through Whatman GF/F glass-f i b e r  f i l t e r s ,  using the  

method of Str ickland and Parsons (1972) , Corrections f o r  

t u r b i d i t y  w e r e  necessary i n  samples co l l ec ted  d u r i n g  winter  and 

spring.  Samples with FRP concentrations below the 1 pg / l  

de tec t ion  l i m i t  were assigned concentrations of 0.5 p g / l ,  

Total-P was determined on unf i l t e red  (TP)  and f i l t e r e d  samples 

(TFP) following pe r su l fa t e  d iges t ion  i n  an autoclave (Wetzel and 

Likens 1979). F i l t e r a b l e  unreactive phosphorus (FUP) was 

defined a s  the  d i f fe rence  between TFP and FRP concentrations,  

p a r t i c u l a t e  phosphorus ( P P )  was defined a s  the d i f fe rence  

between T P  and TFP concentrations,  

Four chemical analyses were performed t o  determine ni t rogen 

content of samples. ~ j e l d a h l  N analyses (Str ickland and Parsons 

1972) were done on unf i l t e red  ( T K N )  and f i l t e r e d  (FKN) samples; 

t he  d i f fe rence  between these analyses was considered t o  be 



p a r t i c u l a t e  n i t rogen  ( P N )  . Ammonium concent ra t ions  ( N H  + )  , 
4 

obtained by the  Solarzano (1969) technique (S t r i ck l and  and 

Parsons 1972) , were sub t rac ted  from FKN concent ra t ions  t o  ob ta in  

an es t imate  of d issolved organic  n i t rogen  (DON) . Total  oxidized 

n i t rogen  (NOx) was measured a f t e r  cadmium-column reduc t ion  t o  
- 

n i t r i t e  (NO2 ) (S t r ick land  and Parsons, 1972) ; s u b t r a c t i o n  of 

t he  n i t r i t e  concentra t ion,  measured sepa ra t e ly ,  y ie lded  t h e  
- 

es t imate  of n i t r a t e  (NO3 ) . The sum of NOx p lu s  TKN was t h e  

es t imated t o t a l  n i t rogen  (TN) i n  t he  water  sample. Samples wi th  
+ 

NOx o r  NH4 concent ra t ions  below t h e i r  d e t e c t i o n  l i m i t s  ( 5  o r  1 0  

wg/l,  r e spec t ive ly )  were assigned concent ra t ions  of 2 .5  and 5 

pg / l ,  r e spec t ive ly ,  

Nutr ient  Uptake Rate Kinet ics .  

1, Phosphate uptake by se s ton  

Gross phosphate uptake r a t e s  were measured on board t h e  boat  

v i a  the  use of c a r r i e r 4  r e e  3 2 ~ - l a b e l e d  orthophosphate t r a c e r  

(New England Nuclear) .  Uptake r a t e s  were measured using water 

samples from 0.5 m ;  however, during i n t e n s i v e  samplings a t  

S t a t i o n  10, i n  s i  t u  measurements of uptake r a t e s  throughout t h e  

e n t i r e  water  column were performed, Samples of l ake  water  (100 

m l )  were dispensed i n t o  Pyrex b o t t l e s  t o  which one drop (1 pCi) 

of t r a c e r  was added. Samples were then incubated i n  t h e  dark a t  

the approximate lake water temperature, Subsamples (5 ml) were 

removed af t e r  per iods  of about 5 ,  10, 15,  30, e t c . ,  minutes and 

gen t ly  f il t e r e d  through 0.45 pm Gelman and 8.0 pm Nuclepore 

membrane f i l t e r s  t o  separa te  p a r t i c u l a t e  mat te r  from so lu t ion ,  

subsampling continued f o r  a t  l e a s t  3 hours, longer when uptake 

was slow, Both f i l t e r s  and f i l t r a t e  from the  0.45 pm f i l t e r s  

were placed i n  p l a s t i c  s c i n t i l l a t i o n  v i a l s ,  Upon r e t u r n  t o  the  

labora tory ,  5 m l  of d i s t i l l ed -de ion ized  water was added t o  th,e 

v i a l s  contai.ning the  f i l t e r s  and the  r a d i o a c t i v i t y  of a l l  

samples was counted using Cerenkov r a d i a t i o n  (Haberer 1 9 6 5 )  on a 

~ a c k a r d  Tr icarb  Model 3320 l i q u i d  s c i n t i l l a t i o n  counter. 



The r a t e  coe f f i c i en t  f o r  phosphate uptake, K t  i s  described 

by the equation: 

-K = I n  (At/Ao)  / A t  

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  3 2 ~  (determined from 

the  sum of the  f i l t e r  and f i l t r a t e  a c t i v i t y  from the f i r s t  

subsampling), At = a c t i v i t y  a t  time t, and A t  = elapsed time 
(h) .   his equation assumes t h a t  the removal of phosphate from 

the  water i s  a  f  i r s t -o rde r  reac t ion  and t h a t  a  steady s t a t e  

e x i s t s  be tween soluble and p a r t i c u l a t e  phosphorus, The r a t e  

c o e f f i c i e n t ,  K (6') , i nd ica te s  the r e l a t i v e  f r a c t i o n  of 

phosphate t h a t  i s  being t ransfer red  t o  p a r t i c u l a t e  mat ter  per 

u n i t  time. K was estimated by ca lcu la t ing  the  slope of the 

regression l i n e  of the natural  logarithm of f i l t r a t e  a c t i v i t y  vs  

time. O f  t en  K was not l i n e a r  throughout the e n t i r e  experiment 

and an asymptote was reached. This necess i ta ted  the use of the 

equation: 

-K = I n  ( (At-A@) / (Ao-A,) ) / A t  

where A, i s  the  a c t i v i t y  present  a t  the asymptote (Riggs 1 9 6 3  i n  

Stone 1982).  From the uptake coe f f i c i en t ,  t he  phosphate 

turnover time (T = 1 / - K )  was calculated.  The turnover time i s  t 
the  time required f o r  the  amount of phosphate i n  the water t o  be 

completely replaced, assuming steady s t a t e  conditions e x i s t .  

The gross  phosphate uptake r a t e ,  v  (ug P / 1  h ) ,  was 

ca lcu la ted  by mu1 t i p ly ing  the uptake r a t e  coe f f i c i en t  by the 

ambient f il terabl  e r eac t ive  phosphorus (FRP) concentration: 

v = ( - K )  (FRP) 

The phosphate uptake a t t r i b u t a b l e  t o  a b i o t i c  uptake was 

measured by poisoning water samples with formaldehyde (2 .5  ml of 

37% formaldehyde i n t o  1 0 0  m l  sample) . Af t e r  20-25  minutes, 

t r a c e r  was added and uptake measured a s  described above. 

Abiotic uptake was subtracted from uptake i n  untreated samples 

t o  es t imate  b i o t i c  uptake, F i l t e r s  with d i f f e r e n t  pore-sizes 

(0.45 and 8.0 pm) were used t o  d i f f e r e n t i a t e  between Iflarge" 

p a r t i c l e  ( a l g a l )  uptake, and "small" p a r t i c l e  ( b a c t e r i a l )  

uptake. A t  S t a t ion  1 0 ,  t he  b i o t i c  uptake was f u r t h e r  

f r ac t iona ted  i n t o  eucaryotic ( a l g a l )  uptake and procaryot ic  



(blue-green a lga l  and b a c t e r i a l )  uptake by t r e a t i n g  the  samples 

with a n t i b i o t i c s  (Gentamycin/Kanamycin a t  300  yg / m l )  , 

Eucaryotic uptake was ca lcu la ted  by subt rac t ing  the  uptake i n  

the  k i l l e d  sample from the uptake i n  the  a n t i b i o t i c a l l y  t r ea ted  

sample; procaryotic uptake was ca lcu la ted  by subt rac t ing  uptake 

i n  the a n t i b i o t i c a l l y  t r ea ted  sample from uptake i n  the  ambient 

sampl e ,  

Measurement of phosphate uptake r a t e s  a s  a funct ion of 

phosphate concentration were performed twice a t  S t a t i o n  1 0 ,  The 

r e s u l t i n g  values  were analyzed using the  Michael is-Menton 

equation: 

where v = the  

r a t e ,  and S = 

which Ks,  the  

concentration 

measured uptake r a t e ,  'max = the  maximum uptake 

the  phosphate ( subs t r a t e )  concentration,  from 

hal f -sa tura t ion  c o e f f i c i e n t  o r  the phosphate 

where v = 1 / 2  Vmax, was calculated.  

Net phosphate uptake r a t e s  were occasionally obtained by 

measuring the  change i n  FRP concentration w e r  time. Lake water 

samples were incubated under conditions iden t i ca l  t o  those of 

the t race  experiment and f o r  the same time period, except t h a t  

no t r a c e r  was added, The FRP a t  the beginning and a t  the end 

of the incubation was measured, the d i f fe rence  be tween them 

corresponding t o  the net  uptake or  e f f lux  by seston,  

2 ,  Phosphorus sorp t ion  by suspended sediments 

Water samples f o r  study of P sorp t ion  on suspended sediments 

were co l lec ted  from the Haw River a t  Bynum, N , C , ,  near the peak 

of the stream hydrograph during f i v e  major spates  from January 

t o  May 1985 .  Stream discharge r a t e s  were obtained from the USGS 

gauging s t a t i o n  there ,  During the storms of January 1-2  and 

February 1 - 2 ,  t he  stream was sampled twice i n  order t o  evaluate 



inter-event  v a r i a b i l i t y .  On May 23 the  upper Haw River arm of 

~ o r d a n  Lake was a l s o  sampled. Grab samples ( 2 0  1) were 

co l l ec ted  i n  polyethylene carboys a t  0.5 m depth. 

Samples were immediately returned t o  the laboratory and 

f i l t e r e d  through a  360 pm plankton ne t  screening t o  remove la rge  

p a r t i c u l a t e  mater ia l  and d e t r i t u s .  Centrifugation of the  

samples was generally begun within 1 2  hours, except f o r  the  May 

1 6  sample which was centrifuged a£ t e r  7 2  hours. A Sorval l  RC-5B 

superspeed re f r ige ra ted  cent r i fuge  w i t h  a continuous flow- 

through u n i t  was run a t  18,200 rpm a t  a flow of 180 ml/min. 

 his removed approximately 90% (by weight) of the p a r t i c u l a t e  

mater ia l  re ta ined  on a  0 - 2  pm membrane f i l t e r .  The r e su l t ing  

s l u r r y  was s tored  i n  g l a s s  beakers i n  the  dark a t  4 C. 

Total residue ( T R )  and t o t a l  cent r i fugable  residue (TCR)  ( a s  

opposed t o  t o t a l  f i l t e r a b l e  res idue)  were measured by drying 1 0 0  

m l  samples of un f i l t e red  and centrifuged stream water, 

respect ively,  i n  evaporating dishes  f o r  3 6  t o  48 hours a t  1 0 4  C. 

Repeated weighings were l a t e r  made t o  ensure t h a t  no f u r t h e r  

decreases i n  weight occurred. Total noncentrifugable residue 

( T N C R ) ,  which i s  c lose ly  r e l a t ed  t o  the  suspended s o l i d s  

concentrations,  was ca lcu la ted  by the d i f fe rence  be tween TR and 

TCR. Loss on i g n i t i o n  ( L O I )  was ca lcu la ted  by the d i f fe rence  

between weights of dry and ashed ( 3  hours a t  550 C )  residues.  

Total PI t o t a l  cent r i fugable  P, and F R P  i n  r i v e r  water were 

analyzed using methods described e a r l i e r .  Pa r t i cu la t e  P was 

d i r e c t l y  measured using a modification of the d iges t ion  s t e p  of 

the t o t a l  P analysis .  One m l  of sediment s l u r r y  was d i l u t e d  t o  

1 0  m l  with 4% pe r su l fa t e  i n  g la s s  centr i fuge tubes. The tubes, 

placed on t h e i r  s ides  t o  maximize contact  of sediment with 

oxidant, were autoclaved f o r  1 hour a t  15 ps i .  They were then 

placed on a  ro tary  shaker f o r  18 t o  2 4  hours, centr i fuged,  and a  

2 ml a l iquo t  of cent r i fugate  was d i lu t ed  t o  1 0  m l  with d i s t i l l e d  

water f o r  ana lys is  f o r  FRP. Standards and blanks were processed 

i n  the same manner. Spikes showed good recovery, general ly  90-  

110% . 



Base-extractable P was measured by ext rac t ing  the  sediment 

s l u r r y  with 0 . 1  N NaOH i n  0 .1  N NaCl f o r  18 hours i n  

polyethylene centr i fuge tubes on a ro tary  shaker ( W i l l i a m s  e t  - 
a l .  1980; Armstrong eta. 1979). Sediment (15 mg dry weight - 
equivalent)  was made up t o  30 m l  with ex t rac t ion  so lu t ion ,  

resu l  t i ng  i n  a  sediment- to-solut ion r a t i o  of approximately 

1 :2000  by weight, Following ext rac t ion ,  the  samples were 

centrifuged, an a l iquo t  of cen t r i fuga te  was removed and 

neut ra l ized  t o  pH 7 ,  and FRP was measured, 

Experiments t o  determine whether sediments were a source o r  

s ink f o r  soluble  P i n  the  r i v e r  and lake  were performed using 

methods s imi la r  t o  those of White and Beckett ( 1 9 6 4 )  , Taylor and 

~ u n i s h i  (197 1) , and Kuenzler and Greer ( 1 9  80) , Sediment s lu r ry  

(50 mg dry weight equivalent)  was placed i n  f l a s k s  with 4 0  m l  of 

0 . 0 1  M CaC12 containing from 0 t o  500 pg P/1 .  These 

suspensions were equ i l ib ra t ed  on a  shaker (2.3 cps) i n  the  dark 

f o r  1 2  hours a t  approximately the ambient temperature of the  

stream when sampled, Samples were then centrifuged, f  il te red  

through a 0.45 pm Metricel TCM membrane f i l t e r  and analyzed f o r  

FRP. The amount desorbed o r  adsorbed was ca lcu la ted  from 

changes of the  i n i t i a l  phosphate concentrations i n  the  f l a s k ,  

From the r e su l t ing  curves, t he  equilibrium phosphate 

concentration (EPC)  , t he  concentration where no net  desorption 

o r  adsorption occurs, was calculated,  The amount of P t h a t  

could be adsorbed by suspended sediments a t  ambient stream FRP 

concentrations,  termed the instantaneous sorp t ion  capacity index 

( I S C )  , was determined by measuring the  height  of the sorp t ion  

curve above the x-axis ( so lu t ion  phosphate concentration) . 
Samples from January and February 1985 were i n i t i a l l y  used 

within 3 t o  5 days of co l l ec t ion ;  however, l a t e r  r e a l i z a t i o n  

t h a t  f a i l u r e  t o  maintain a  constant ion ic  s t r eng th  i n  a l l  t e s t  

f l a s k s  produced e r r a t i c  r e s u l t s ,  necess i ta ted  r e p e t i t i o n  of 

experiments on th.e remaining sediment s l u r r y s  t h a t  had been 

s tored  frozen f o r  several  months, A11 other  sorp t ion  isotherms 

were performed wi th in  3 t o  5 days of co l lec t ion .  On the May 3rd 

samples, the  amount of a b i o t i c  a c t i v i t y  was measured by 

poisoning some sediments with 5 drops of chloroform, 



3 .  Bioavai lab i l i ty  of sediment-bound phosphorus 

The amount of suspended sediment-bound P ava i l ab le  t o  a lgae 

was measured v i a  a modified vers ion  of the Selenastrum - 
capricornutum Printz Algal Assay Bo t t l e  Test (Mil ler  e t  a l .  -- 
1978) . Selenastrum was grown with sediments a s  the so le  source 

of P and the  r e su l t ing  growth was compared t o  a s e r i e s  of 

standards grown with known amounts of orthophosphate, assumed t o  

be completely avai lable .  Eight- t o  ten-day old cu l tu res  of 

Selenastrum were concentrated and used a s  inoculum. Cultures of 

t h i s  age were deemed old enough t o  minimize carry-over of luxury 

P but young enough t o  avoid physiological  harm from P s t a r v a t i o n  

(Shiroyama e t  a l .  1975). Sediment was resuspended i n  P-free 

medium t o  give an i n i t i a l  to ta l -P  concentration of 317 pg P / 1  

( 1 9  pg P/60  m l ) .  Standards were prepared with known amounts of 

KH2P04 (0-50-100-150-200-250 pg P / 1 ) .  Three o r  more r e p l i c a t e  

f l a s k s  were used, with i n i t i a l  a lga l  counts of 1 x l o 4  cel ls /ml .  

Flasks were incubated a t  2 4  C under continuous f luorescent  

l i g h t i n g  of approximately 4 0 0  foot-candles and ro ta t ed  d a i l y  on 

the  shaker t ab le  t o  ensure equal l i g h t  exposure. Flasks were 

stoppered with cot ton plugs and shaken a t  1.8 cps. Every th ree  

days a t  l e a s t  300 c e l l s  were counted with a hemacytometer on a 

American Optical  microscope. Clumping of sediments f requent ly  

occurred several  days a£ t e r  incubation began. However, counts 

be£ ore  and af t e r  gent le  grinding with a t i s s u e  gr inder  showed no 

s i g n i f i c a n t  differences.  Assays w e r e  terminated when c e l l  

d e n s i t i e s  had peaked, usual ly  af t e r  15 days. 

Phosphorus l i m i t a t i o n  was ensured i n  the  f l a s k s  by 

maintaining a N:P r a t i o  of 17:l by weight. In  the sediment 

f l a s k s ,  t h i s  r a t i o  i s  maintained i f  the maximum phosphorus 

b i o a v a i l a b i l i t y  is  80% o r  l e s s .  Malone e t  a l .  (1976) found t h a t  

the  minimum r a t i o  t o  ensure phosphorus l i m i t a t i o n  f o r  

Selenastrum was 1 0 : l .  ~ l a s k s  were a l s o  spiked with phosphorus 

a t  the end of the assays t o  con£ i r m  P l imi ta t ion .  



Sediment P b i o a v a i l a b i l i t y  was ca lcu la ted  by comparing the 

average c e l l  count per un i t  P of standards (100% ava i l ab le )  t o  

the  c e l l  counts achieved from P on the sediments, 

4 .  N i t r a t e  and ammonium uptake by seston 

 itr rate and ammonium uptake r a t e s  were measured using 15&J 

s t a b l e  isotope techniques (F iedler  and Proksch 1975) . Water 

samples were pumped from 0.5 m through a 3 6 0  pm screen i n t o  

carboys a s  described above. Additions of 15N-labeled n i t r a t e  or  

ammonium ( 9 9  a t -%)  (5-120 p g / l )  were made t o  500 m l  samples of 

water, Incubations took place on board i n  darkness a t  ambient 

surface water temperature. Incubation was stopped by f i l t e r i n g  

250 m l  through washed, pre-cornbusted G F / C  g lass - f iber  f  il t e r s  

(Kuenzler e t  a l .  1982).  F i l t e r s  were d r i ed  overnight a t  80 C 

and s tored i n  a dess ica tor  u n t i l  isotope ana lys is ,  The amount 

of labe l  incorporated i n t o  the  p a r t i c u l a t e  f r a c t i o n  ( 1 5 ~  a t -%)  

was determined using a Jasco Model N I A  N-15 Analyzer, 1 5 N  a t -% 

is  the  percentage which heavy ni t rogen atoms compri-se of a11 of 

the  ni t rogen at.oms i n  a sample. 1 5 N  at-% i s  ca lcu la ted  by: 

(no. of 1 5 N  atoms) ( 1 0 0 )  / ( 1 5 N  + 1 4 N  atoms). 

Calculations of ni t rogen uptake r a t e s  were usual ly  performed a s  

described by Kuenzler e t  a l ,  (1982). Ammonium and n i t r a t e  

turnover times (Tt) were ca lcu la ted  by dividing ambient nu t r i en t  

concentrations by the measured uptake r a t e s ,  

For in tens ive  time course uptake s tudies ,  samples were 

incubated i n  c l e a r  b o t t l e s  a t  the depths from which they had 

been col lec ted  f o r  periods ranging from several  minutes t o  

several  hours, The f i l t r a t e s  were re ta ined  f o r  ana lys is  of 

ammonium concentrations i n  addi t ion  t o  the f i l t e r s  f o r  1 5 ~  

analysis .  

Certain assumptions were made i n  ca lcu la t ing  N uptake r a t e s ,  

Ammonium, n i t r a t e ,  and P N  concentrations were assumed t o  be 

constant w e r  the course of the uptake experiments except during 

the  ammonium long-term incubations i n  March and May 1985 where 

ac tua l  concentrations were measured. The e f f e c t s  of isotope 



d i l u t i o n  on t h e  1 5 ~  at-% enrichment of t h e  aqueous ammonium pool 

were no t  considered.  Ana ly t i c  l i m i t a t i o n s  reduced p r e c i s i o n  a t  

NH concen t r a t i ons  below 10 pgN/l;  (Eppley &. 1979) : they 
4 

were es t imated  t o  be 5 pg N / 1 .  Uptake r a t e s  a r e  h igher  than  

r epo r t ed  i f  a c t u a l  NH4 concen t r a t i ons  were > 5  p g  N / 1 ,  lower i f  

a c t u a l  NH4 concen t r a t i ons  were <5 pg N / 1 .  R e a l  uptake r a t e s  
when NH concen t r a t i ons  a r e  low, then,  may be twice a s  h igh t o  

4 
much lower than repor ted .  

Nu t r i en t  Control  of Phytoplankton Growth. 

Algal a ssay  procedures  t o  determine n u t r i e n t  l i m i t a t i o n  

c o n s i s t e d  of i n o c u l a t i o n  of a  s t anda rd  test  a lga ,  Selenastrum 

capricornutum, i n t o  f i l t e r e d  l a k e  water ,  some f l a s k s  of which 

had been enr iched  w i t h  n i t r a t e  ( 2  mg/l) , phosphate (0.1 mg/l) , 
bo th  N and P, o r  a l l  of t h e  n u t r i e n t s  i n  t h e  s t andard  c u l t u r e  

medium ( M i l l e r  e t  a l .  1978; Sauer and Kuenzler 1981) .  Each 

t rea tment  w a s  performed i n  t r i p l i c a t e .  Growth p o t e n t i a l  of t h e  

wa te r  r e l a t i v e  t o  c o n t r o l s  ( l a k e  wa te r  a l one )  was e s t a b l i s h e d  

from f i n a l  c e l l  coun ts  (>300 c e l l s / £  l a s k )  a£ ter t e n  days 

i ncuba t i on  on a shaker  t a b l e  under f l u o r e s c e n t  l i g h t s .  Assays 

were conducted on 5 d a t e s  a t  S t a t i o n s  5 and 30 and on 7 d a t e s  a t  

s t a t i o n  10. S ign i f i c ance  of d i f f e r e n c e s  among t rea tments ,  

s t a t i o n s ,  and d a t e s  was determined by ANOVA us ing In-transformed 

c e l l  count  da ta .  ~ i n a l  c e l l  coun ts  on +N and + P  t r e a tmen t s  were 

normalized among s t a t i o n s  and d a t e s  by d i v i d i n g  by t h e  con t ro l  

c e l l  counts .  

Primary Product i v  i t y  

The v e r t i c a l  d i s t r i b u t i o n  of primary p r o d u c t i v i t y  w a s  

measured us ing  t h e  l i g h t -  and da rk -bo t t l e  technique ( W e  t z e l  and 

Likens 1 9 7 9 )  ,  his method provides  s u f f i c i e n t  s e n s i t i v i t y  f o r  

primary p r o d u c t i v i t y  measurements and, i n  add i  t i o n ,  measures 

r e s p i r a t i o n  r a t e .  " I n i t i a l M  and " l i g h t n  b o t t l e s  were prepared 

i n  d u p l i c a t e ,  whereas only  s i n g l e  "darkn  b o t t l e s  were used, 



B o t t l e s  were hung a t  f i v e  depths i n  and below the  euphotic zone 

during mid-day. Af te r  about four  hours of incubat ion t h e  

b o t t l e s  were r e t r i e v e d  and changes i n  t he  d i sso lved  oxygen 

(D.0, ) determined by Winkler a n a l y s i s  (Wetzel and Likens 1 9 7 9 )  . 
Seasonal and s p a t i a l  d i f f e r e n c e s  i n  p roduc t iv i ty  and r e s p i r a t i o n  

were assessed  from changes i n  d i sso lved  oxygen i n  b o t t l e s  

incubated a t  0.5 m ( o r  i n t e rpo la t ed  from samples incubated j u s t  

above and below 0.5 m ) ;  t h e  r e s u l t s  a r e  given i n  u n i t s  of m g  

02/1 per  hour of incubation.  I n s o l a t i o n  r a t e s  (Weather Measure 

pyrheliometer)  were recorded i n  Chapel H i l l .  To ob ta in  a  

p r e d i c t i o n  t o t a l  d a i l y  p roduc t iv i ty ,  i nc reases  i n  D.0, during 

incuba t ion  were mu1 t i p l i e d  by the  f a c t o r  Itotal/Iinc., where 

' t o t a l  was t o t a l  i n s o l a t i o n  during t h e  day and Iincm w a s  

i n s o l a t i o n  during t h e  incubat ion period,  t o  g ive  a p r e d i c t i o n  of 

t o t a l  d a i l y  p roduc t iv i ty .  Gross and n e t  p r o d u c t i v i t i e s  were 

i n t e g r a t e d  down through the  phot ic  zone ( t o  about 1% lo) t o  

c a l c u l a t e  d a i l y  p r o d u c t i v i t i e s  per  square meter, Daily 

r e s p i r a t i o n  r a t e s  were ca l cu l a t ed  by mul t ip lying t h e  dark b o t t l e  

decreases  i n  D.O. by 2 4 / t ,  where t was t h e  incubat ion period 

( h ) .  R.espiration was then in t eg ra t ed  down through t h e  water  

column t o  the  mean water depth of t he  lake  segment (Weiss and 

Francisco 1984) represented by each s t a t i o n  (2.6, 4.5, and 6 ,8 m 

f o r  S t a t i o n s  5 ,  1 0 ,  and 30, resp,  ) , Production and r e s p i r a t i o n  

r a t e s  were then converted from oxygen t o  carbon u n i t s  assuming 

PQ = 1 . 2  and RQ = 1 . 0  ( ~ e t z e l  and Likens 1979).  

Data Hand1 ing  

Data handling was done mostly on an IBM-PC computer using 

t h e  Lotus 1-2-3 spreadsheet  f o r  da ta  en t ry ,  s o r t i n g ,  and 

graphics ,  and Walonick Sta tPac program f o r  s t a t i s t i c a l  analyses. 

Sample s tandard dev ia t ions  a r e  shown with  the  means ( x  - + SD) . 
s ign i f i cance  of c o r r e l a t i o n s  i s  shown with  a s t e r i s k s :  ( *  = P - < 
0.05; * *  = P 5 0,01; *** = PL 0.001). 





RESULTS 

Although measurements of physical  and chemical condi t ions  

and of n u t r i e n t  k i n e t i c s  and produc t iv i ty  of Jordan Lake were 

made from September 1983 through May 1985 a t  from one t o  four  

s t a t i o n s  (Appendix), t h e  da t a  presented he re  w i l l  emphasize one 

annual cyc le  (February 1984 through January 1985) a t  S t a t i o n s  5 ,  

1 0 ,  and 30, 

Temperature, Conductivity, Light, and Dissolved Oxygen 

Surf ace  water ( 0.5 m) temperatures showed t h e  expected 

"s inuso ida l  curve",  t h e  mininum (4.0 C )  occurr ing i n  January 

1985 a t  S t a t i o n  5 and the  maximum (29.4 C)  i n  J u l y  1984 a t  

S t a t i o n  30 ( F i g .  3 ) .  The 11-12  C temperatures i n  February 

followed a per iod of unusually warm weather, The d i f f e r e n c e s  

between s t a t i o n s  on the  same da t e  a r e  a t t r i b u t e d  i n  l a r g e  p a r t  

t o  d i f f e r ences  i n  time of day when measured, Ver t i ca l  p r o f i l e s  

of temperature showed 1 i t t l e  d i f f e r ence  (u sua l ly  0-3 C) between 

sur face  and bottom waters during the  cool months, During 

summer, however, t h e  sur face  waters  were 4-7 C warmer than a t  

depths of 5-6 m (Fig.  4 )  , providing thermal s t r a t i f i c a t i o n  of 

t he  water column. 

Conductivity of sur face  water a l s o  va r i ed  seasona l ly ;  va lues  

were low i n  ~ p r i l  1 9 8 4  a t  a l l  s t a t i o n s ,  and tended t o  increase  

u n t i l  December (Fig ,  5 ) .  On each sampling d a t e  the  conduct ivi ty  

was usual ly  h ighes t  (66-206 pmho/cm) a t  S t a t i o n  30 i n  t he  Haw 

River arm of the  lake  and lowest (65-160 prnho/cm) a t  S t a t i o n  1 0  

toward the  middle of the  lake,  Higher conduc t iv i t i e s  than shown 

i n  Figure 5 were found i n  December 1983, ranging from 226 t o  303 

mho/cm a t  S t a t i o n s  30 t o  1 0 ,  r espec t ive ly .  

Light  was rap id ly  a t t enua ted  i n  the  water  column a s  

evidenced by the  of t en  shallow depth a t  which only 1% of surf  ace 

l i g h t  remained (Fig ,  6 ) .  S t a t i o n  5 and, t o  a g r e a t e r  ex ten t ,  

s t a t i o n  30, were sub jec t  t o  heavy loadings of suspended c l ays  i n  

February and Apr i l ,  g iv ing  1% l i g h t  l e v e l s  a t  l e s s  than 1 m 



Fig. 3. Surface water temperature during one year at Station 
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Fig. 5. Annual pattern of specific conductance of surface 
waters at Stations 5, 10, and 30. 
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Fig. 6. Annual pattern of light penetration at Stations 5, 10, 
and 30. 



depth.  Since S t a t i o n  10 was f u r t h e r  from stream inpu t s ,  i t  w a s  
l e s s  a f f e c t e d  by heavy suspended sediment load ings  and u sua l l y  

had t h e  deepes t  pho t i c  zone, gene ra l l y  > 2  m e  S p a t i a l  

v a r i a b i l i t y  and o v e r a l l  l i g h t  a t t e n u a t i o n  decreased dur ing  t h e  

summer months when t he  amount of suspended clays i n  t h e  water  

column appeared t o  decrease ,  a1  though phytoplankton abundance 

inc reased .  

Dissolved oxygen was u sua l l y  abundant i n  wa te r  a t  0.5 m 

depth;  t h e  lowest  mean annual concen t r a t i on  was 89 2 8.5% 

s a t u r a t i o n  a t  S t a t i o n  5 i n  t h e  New Hope River  a r m  of t h e  l ake .  

Concentra t ions  a t  g r e a t e r  depths  were lower than i n  s u r f a c e  

water  dur ing  summer (Fig.  7 )  when thermal s t r a t i f i c a t i o n  was 

s t rong .  Because of our emphasis on p rocesses  i n  su r f ace  wa te r s ,  

measurements of D.O. w e r e  not  r o u t i n e l y  made t o  t h e  bottom. 

Concentra t ions  < 1 mg/l w e r e  found a t  g r e a t e r  dep ths  a t  S t a t i o n  

10 i n  May and S t a t i o n s  5 and 10 i n  August 1984 and probably 

occur red  elsewhere dur ing  summer as i n  previous  years (Weiss and 

Franc i sco  1984, 1985) .  Low oxygen con t en t  i n  summer i s  

i n d i c a t i v e  of a h igh ly  p roduc t ive  euphot ic  zone. 

Chlorophyll-a D i s t r i b u t i o n  

Chlorophyll-a concen t ra t ions ,  a n  index of a1 ga l  abundance, 

w e r e  h igh throughout t h e  year ,  wi th  an overall t h r e e - s t a t i o n  

mean from Apr i l  1984 - January 1985 ( F i g .  8 )  of 4 0  + 36 p g / l .  

S t a t i o n  5 had t h e  h ighes t  annual ch lo rophyl l -a  concen t r a t i ons  

(mean 2 s t anda rd  d e v i a t i o n  = 59 2 49 p g / l )  , fol lowed by S t a t i o n  

1 0  ( 3 4  2 26 jug/l) and S t a t i o n  30 ( 2 6  2 21 p g / l ) .  Although 

h i g h e s t  ch lo rophyl l  concen t r a t i ons  occurred  dur ing  August and 

September, concen t r a t i ons  exceeding t h e  North Carol ina  s t andard  

of 40 p g / l  w e r e  a l s o  found i n  samples c o l l e c t e d  i n  J u l y ,  

November, December and January. 
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Phosphorus D i s t r i bu t ions ,  Uptake Kine t ics ,  Sorption,  and 

B i o a v a i l a b i l i  ty  

1. 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 s  of phosphorus f r a c t i o n s  i n  Jordan Lake 

appeared t o  be con t ro l l ed  l a r g e l y  by hydrologic events  but  were 

a l s o  a f f e c t e d  by b io log ica l  processes.  During t h e  cool seasons 

FRP and PP tended t o  be more abundant because high r i v e r  

d i scharges  de l ivered  nu t r i en t - r i ch  water and suspended sediments 

i n t o  the  l ake  ( ~ i g .  9 ) .  The FRP concent ra t ions  were lower, and 

sometimes undetectable ,  during the  warm seasons when Power 

stream d ischarges  and longer  r e t e n t i o n  times i n  the  lake  allowed 

sedimentation and b io log ica l  uptake t o  reduce n u t r i e n t  

concentra t ions .  (The Appendix shows FRP concent ra t ions  when 

they a r e  not v i s i b l e  i n  Fig. 9 .  ) Total  phosphorus ( T P )  averaged 

120 p g / l ,  c l e a r l y  i nd i ca t ing  t h e  enriched s t a t u s  of the  lake.  

Spa t i a l  v a r i a b i l i t y  of phosphorus i n  t h e  lake  w a s  very 

pronounced (Fig.  9 ,  1 0 )  . S t a t i o n  30 always had t h e  h ighes t  T P  

concent ra t ions  (198 + 1 4 1  pg/l), followed by S t a t i o n  5 (118 2 93 

p g / l ) ,  and then by S t a t i o n  1 0  ( 6 9  2 50 p g / l ) ,  showing t h e  t rend  

of decreasing TP  wi th  d i s t ance  from the  ends of the r e se rvo i r .  

Total  P was dominated by the  pa r t i cu l a t e -P  f r a c t i o n  i n  February 

19 84 when the  r i v e r s  de l  ivered abundant suspended sediment, 

spatial and temporal variation was less pronounced from June 

through November 1984 dur ing which time T P  concent ra t ions  ranged 

from 31 t o  1 7 1  ug / l .  Except a t  S t a t i o n  3 0 ,  PP usua l ly  comprised 

t h e  l a r g e s t  f r a c t i o n  of t o t a l  P ( F i g .  1 0 ) .  F i l t e r a b l e  r e a c t i v e  

P ( F R P )  , genera l ly  considered t o  be mostly orthophosphate, was 

abundant during the  winter  of 1983-84 bu t  o f t e n  decreased t o  

undetectable  l e v e l s  (1 y g / l  o r  l e s s )  a t  S t a t i o n s  5 and 1 0  dur ing  

t h e  warm months (Fig. 9 ,  1 0 ) .  Concentrat ions of FRP a t  S t a t i o n  

30 o f t e n  exceeded 50 pg P / 1  but  decreased t o  undetectable  l e v e l s  

i n  october  1984. There was usua l ly  more f i l t e r a b l e  unreact ive  P 

@UP) than FRP and i t  had l e s s  s p a t i a l  v a r i a b i l i t y  (Fig.  1 0 ) .  

The s p a t i a l  and temporal cyc le  of FUP can not be explained 

because n e i t h e r  i t s  chemical composition nor i t s  production and 

consumption r a t e s  a r e  known. 
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2 .  Phosphate uptake c o e f f i c i e n t s  and turnover times 

The r e l a t i v e  r a t e  of FRP uptake (K) tended t o  be low during 

win te r  a t  a l l  3 s t a t i o n s  and high during the  warmer months a t  

S t a t i o n s  5 and 1 0  (Table 1) .  Long turnover times, 4 t o  500 h, 

occurred throughout t he  lake  from December 1983 t o  April  1984 

F i g  1 Short  turnover times were found a t  S t a t i o n s  5 and 1 0  

from May t o  December 1984, reaching a  low of 0.06 h  a t  S t a t i o n  

1 0  i n  August 1984. S t a t i o n  30 turnover times remained long 

throughout t he  study period,  ranging from 11 t o  143 h, except 

f o r  one decrease t o  1.2 h  i n  October 1984 when FRP l e v e l s  

dropped t o  l e s s  than 1 ,ug/l, 

3 ,  Gross phosphate uptake r a t e s  

Total  g ross  uptake r a t e s ,  v, va r i ed  from 0,007 t o  9.8 ,ug P/1* 

h (Fig. 1 2 ) -  Uptake r a t e s  were lowest and most near ly  cons tan t  

a t  S t a t i o n  30 where TP concent ra t ions  were h ighes t ,  Rates a t  

S t a t i o n s  5  and 10 had s i g n i f i c a n t l y  more v a r i a t i o n  wi th  time and 

tended t o  be higher  during t h e  warmer months, 

Abiotic uptake r a t e s  were h ighes t  a t  S t a t i o n  30 (1-08 - + 1 . 2 5  

pg P / 1 .  h)  (Fig. 1 2 )  where t he re  were of t e n  high concent ra t ions  

of suspended c l ays  and FRP. Abiotic uptake the re  accounted f o r  

a l l  of the measurable uptake i n  December 1983, February, May, 

and November 1984, and January 1985, S t a t i o n  5 a b i o t i c  uptake 

(V = 0.50 2 0.87 pg P / l * h )  was r e l a t i v e l y  low, except f o r  s l i g h t  

increases i n  A p r i l  1 9 8 4  and January 1985 ( F i g .  1 2 ) -  Station 1 0  

had s t i l l  lower a b i o t i c  uptake r a t e s  ( 0 . 0 9  - + 0.13 pg  P / L  h ) ;  

they comprised l e s s  than 1% of t o t a l  uptake from June through 

~ c t o b e r  1984, and only i n  February 1984 d i d  they con t r ibu t e  

more than 50% of t o t a l  uptake (Fig. 1 2 ) .  

~ i o t i c  uptake was separated i n t o  two s i z e  f r a c t i o n s ,  a 0.45 

t o  8.0 ,um f r a c t i o n ,  (small p a r t i c l e )  i n i t i a l l y  assumed t o  be 

mostly b a c t e r i a l ,  and a  >8.0 pm f r a c t i o n  ( l a r g e  p a r t i c l e ) ,  

assumed t o  be mostly a l g a l ,  These assumptions a r e  discussed 

below. Bio t ic  uptake w a s  dominated by the  small s i z e  f r a c t i o n  

(Fig.  1 2 ) .  averaging 87 - 6  + 7.9% of t o t a l  b i o t i c  uptake. 



Table 1. Distribution of phosphate uptake coefficigjts (K) in 
surface waters of Jordan Lake. Units = h . 

Date Station 5 Station 10 Station 30 

18 Dec 83 - - - .230 .068 

20 Jan 84 --- .031 --- 

22 Feb 84 . 002 -040 -017 

06 Apr 84 -039 .091 -012 

05 May 84 1.29 2.99 -014 

07 Jun 84 2.03 9.78 .074 

12 J u l  84 2.59 3.09 -030 

14 Aug 84 2.30 11.86 -095 

17 Sep 84 1.82 7.40 .017 

18 Oct 84 6.61 9.54 .838 

17 Nov 84 1.55 .88 .007 

16 Dec 84 1.59 6.03 .024 

19 JAN 85 -034 1.82 . 020 
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uptake a t t r i b u t a b l e  t o  the la rge  f r ac t ion ,  while always 

measurable, never comprised more than 20% of t o t a l  b i o t i c  uptake 

a t  any s t a t i o n ,  except i n  February 1984 a t  S t a t i o n  1 0  when i t  

comprised 42% of the b i o t i c  uptake during a period of very low 

t o t a l  uptake. 

A t  S t a t ion  10, a n t i b i o t i c  treatment of water samples was 

used i n  addi t ion  t o  s i z e  f rac t iona t ion ,  t o  t r y  t o  d i s t ingu i sh  

a lga l  and b a c t e r i a l  uptake. However, s ince i t  i s  l i k e l y  t h a t  

a n t i b i o t i c  treatment i n h i b i t s  the P-uptake c a p a b i l i t i e s  of both 

blue-green algae and bac ter ia ,  a more accurate  descr ip t ion  of 

the uptake f r ac t iona t ion  may be eucaryotic and procaryotic 

uptake. Small p a r t i c l e s  ( < 8  pm) accounted f o r  most of the 

phosphate uptake i n  both ambient and a n t i b i o t i c  treatments 

(Table 2 ,  Col. 5 )  . Eucaryotic uptake (a£ t e r  a n t i b i o t i c  

treatment) comprised from 2 t o  9 9  - 9 %  of t o t a l  uptake and was 

always grea ter  than the uptake i n  the la rge  s i z e  f r a c t i o n  (Table 

2 ,  Col. 6 )  . Eucaryotic uptake o f t en  comprised most or  a l l  of 

the  uptake i n  the  small s i z e  f r a c t i o n  (Table 2 ,  Col. 6 )  

ind ica t ing  t h a t  e i t h e r  the coarse (8.0 p) f i l t e r  d id  not 

e f f e c t i v e l y  r e t a i n  most of the phytoplankton o r  the a n t i b i o t i c  

was unsuccessful i n  eliminating a l l  of the b a c t e r i a l  uptake. 

4 .  Net P uptake, v e r t i c a l  p r o f i l e s ,  and e f f e c t  sf subs t r a t e  

concentration 

Uptake r a t e s  down the water column i n  March a t  S ta t ion  1 0  

decreased nearly threefold, from 2 4 . 8  pg P/1 .  h a t  0 - 2  m t o  8 - 3  

pg P/1- h a t  4  m (Table 3 )  . The May v e r t i c a l  p r o f i l e  showed 

higher uptake r a t e s ,  espec ia l ly  above 0.5 m where FRP 

concentrations were somewhat higher. Below the metal imnion ( 3  

t o  4 m depth) uptake r a t e s  decreased grea t ly .  Size 

f r ac t iona t ion  and a n t i b i o t i c  treatment were not performed a t  the 

various depths, hence r e l a t i v e  a lga l  and b a c t e r i a l  uptake cannot 

be estimated, However, samples from 0.5  m incubated i n  darkness 

indica ted  tha t  >97% of uptake i n  the euphotic zone was b i o t i c  

( ~ p p e n d i x )  . About 9 0 %  of the b i o t i c  upta-ke was insens i t ive  t o  

a n t i b i o t i c s  i n  March and 58% i n  May (data  not shown), suggesting 



Table 2.  E f f e c t  of  a n t i b i o t i c  treatment .and s i z e  f r a c t i o n a t i o n  on b i o t i c  uptabe of phosphate 
i n  sur face  watere a t  S t a t i o n  10.  t = b i o t i c  uptake c o e f f i c i e n t  (h- ). Calculated 
percentages  exceeding 1008 a r c  s h a k  as  (100).  

S i z e  8 of B i o t i c  Per- 
Date Treatment (flm ) Uptake Eucaryotic Procaryot ic  

18 DEC 

2 0  JAN 

2 2  FEB 

06 APR 

05 MAY 

07 JUN 

1 2  J U L  

1 4  AUG 

1 7  S E P  

18 OCT 

17 NOV 

16 DEC 

AMBIENT 

ANTIB IOT 

AM. I ENT 

ANTIB I OT 

AMBIENT 

ANTIB IOT 

AMBIENT 

ANTIB LOT 

AMBIENT 

ANTIB IOT 

AMB IENT 

ANTIB I O T  

AMB I ENT 

ANT I B  IOT 

AMBIENT 

ANT I B  IOT 

AMBIENT 

ANT I B  IOT 

AMBIENT 

ANTIB IOT 

AMBIENT 

ANT I B  I O T  

AMBIENT 

ANTIB 1OT 



Table 3. Distribution of filterable reactive P (FRP) . phosphate 
uptake coefficients (K) . phosphorus uptake rates (v) , 
and chlorophyll-a with depth at Station 10.  

- --- 
Depth Temp. FRP v Chl -a 

Date (m) (c)  (pg ~ / 1 )  bE1) (pg P / 1 4  ( p d l )  

2 5  March 0.2 14.3 6 4.14 24.8 43 
0.5 14.2 5 2.88 14.4 6 9  
1.0 11.9 4 2 - 9 4  11.8 57 
2. O f  11.5 5 3.48 17  .4 3 5 * *  
4.0 11.5 6 1 .38 8.3 2 2  

23 May 0.2 24.3 4 13.9 55.6 24  
0.5 24.3 5  21.2 1 0 6  2 2  
1.4 24.2 2 1 4  .7 29 .4 2 5  
3.0" 23.7 2 13.5 27.0 1 9  
5.0 20.1 2  2.9 5.8 1 0  

*Approximate 1% light level 
**Might include a low value 



t h a t  most uptake was p r o c a r y o t i c .  The uptake  r a t e s  from t h e s e  

v e r t i c a l  p r o f i l e  exper iments  cannot  be s t r i c t l y  compared t o  t h e  

many o t h e r  rates w e  measured a t  abou t  0.5 m d e p t h  because  of 

d i f f e r e n t  i n c u b a t i o n  c o n d i t i o n s  and t h e  d i f f e r e n t  method of 

c a l c u l a t i n g  t h e  uptake  rate ( u s i n g  o n l y  t h e  i n i t i a l  and f i n a l  

f i l t r a t e  a c t i v i t i e s  t o  c a l c u l a t e  K). The c o n s i d e r a b l y  h i g h e r  

ra tes  i n  May compared t o  March 1985, d e s p i t e  lower a l g a l  biomass 

and s i m i l a r  FRP c o n c e n t r a t i o n s  (Table  3 )  , probably  r e f l e c t s  

f a s t e r  growth rates a t t r i b u t a b l e  t o  t h e  h i g h e r  tempera ture ,  

a1 though changes i n  s p e c i e s  composi t ion  may a l s o  have been  

impor tan t .  

The e f f e c t  of a d d i t i o n a l  phosphate  s u b s t r a t e  on uptake  ra tes  

w a s  measured i n  August 1984 and May 1985 a t  S t a t i o n  1 0 .  

Increments  of 1 t o  20 pg P / 1  were added t o  l a k e  w a t e r  and t h e  

r e s u l t i n g  uptake  r a t e s  w e r e  measured. The uptake  r a t e s  w e r e  

p l o t t e d  u s i n g  a Lineweaver-Burke t r a n s f  ormati.on of t h e  

~ i c h a e l i s - M e n t o n  e q u a t i o n  t o  o b t a i n  t h e  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  (K ) ,  t h e  c o n c e n t r a t i o n  a t  which uptake  i s  equal  s 
t o  one-half of t h e  maximum uptake.  The Ks w a s  3.3 p g  P/1 i n  

August 1984 and 3.8 pg P / 1  i n  May 1985. Ambient FRP 

c o n c e n t r a t i o n s  (0.5 and 2.0 pg P /1 ,  r e s p e c t i v e l y )  w e r e  below t h e  

K v a l u e s  on  b o t h  occas ions ,  i n d i c a t i n g  t h a t  t h e  r a t e s  of b i o t i c  
S 

uptake  w e r e  l i m i t e d  by t h e  a v a i l a b l e  P. Add i t iona l  a t t e m p t s  a t  

measuring K values i n  May and October 1 9 8 4  w e r e  unsuccess fu l  i n  
S 

t h a t  uptake  rates a t  d i f f e r e n t  P c o n c e n t r a t i o n s  d i d  n o t  conform 

t o  t h e  Michael is-Menton e q u a t i o n  and g e n e r a l l y  had no c l e a r  

p a t t e r n .  

Changes i n  t h e  FRP c o n c e n t r a t i o n s  d u r i n g  3-4 h i n c u b a t i o n s  

w e r e  o c c a s i o n a l l y  measured t o  p rov ide  a n  i n d i c a t i o n  of n e t  

phosphate  uptake  (Belensz 1985) . Low ambient FRP c o n c e n t r a t i o n s  

of t e n  made d e t e c t i o n  of changes i n  c o n c e n t r a t i o n  imposs ib le ,  

emphasizing t h e  d i f f i c u l t i e s  i n h e r e n t  i n  t r y i n g  t o  estimate 

up take  rates u s i n g  chemical techniques .  I n  on ly  two i n s t a n c e s  

w e r e  t h e r e  d i s c e r n a b l e  changes i n  t h e  FRP c o n c e n t r a t i o n :  a 

d e c r e a s e  of 1 pg P / 1  i n  December 1984 a t  S t a t i o n  10  and  a n  

i n c r e a s e  of 4  pg P / 1  i n  August 1984 a t  S t a t i o n  30 .  



5. Phosphorus so rp t ion  by suspended sediments 

Phosphorus so rp t ion  was measured i n  January and February 

when the  Haw River water  temperatures were about 5 C and again  

i n  May when i t  ranged from 17 t o  23 C (Table 4 )  . Estimated l ake  

temperatures on stream sampling da t e s ,  i n t e rpo la t ed  from lake  

measurements made wi th in  about 1 0  days, a r e  5 C and 18-21 C, 

r espec t ive ly .  Dens i t i e s  of stream and l ake  water were theref  o r e  

s imi l a r ,  permi t t ing  some mixing of l ake  and r i v e r  water. 

Instantaneous discharges  (Table 4 ) were much higher during 
3 January and February (mean = 15,450 c f s ,  o r  = 438 m / s )  than i n  

3 May (mean = 2 9 6 0  c f s ,  o r  84 m / s ) .  Total  res idue  (TR) and t o t a l  

nonf il t e r a b l e  res idue (TNFR) were usua l ly  high and v a r i e d  

considerably.  Total  f il t e r a b l e  r e s idues  (TFR) (no t  shown) 

ranged only from 6 1  t o  164 mg/l. The dry weight l o s t  upon 

i g n i t i o n  ( L O I ) ,  an i n d i c a t i o n  of organic content ,  ranged from 11 

t o  15% on the  sediment s l u r r y  samples used f o r  experiments 

(Table 4 )  . Percentage LO1 was higher  on TR samples (da t a  not  

shown) than on the  s l u r r y  samples, i nd i ca t ing  a higher  

percentage of the  organic content  was contained i n  t h e  TFR 

( co l lo ida l - s i zed )  f r ac t ion .  

High TP concent ra t ions  i n  the Haw River presumably were due 

t o  t he  high P content  of suspended c l ays  i n  combination with  the  

numerous a g r i c u l t u r a l  and i n d u s t r i a l  sources  of P i n  t h e  Haw 

River watershed. Total  phosphorus ( 4 1 2  t o  1236 pg P / l )  and 

f i l t e r a b l e  r e a c t i v e  phosphorus (87 t o  479 pg P / 1 )  (Table 5 )  were 

both high but  riot co r r e l a t ed  wi th  each other .  FRP w a s  inverse ly  

c o r r e l a t e d  wi th  flow ( r  = -0.80, P = 0.05).  The d i f fe rence ,  T P  

minus TPF, did not always equal the  PP concent ra t ion  measured 

sepa ra t e ly  (Table 5 )  , probably because of d i f f e r e n c e s  i n  

methods; PP was determined on subsamples of sediment s l u r r y  

obtained by cent r i fuga t ion .  

Suspended sediment samples r ead i ly  adsorbed phosphate from 

s o l u t i o n  (Fig. 1 3 )  . The equil ibrium phosphate concentra t ion 

( E P C ) ,  t h e  po in t  where the  sorp t ion  isotherm curve c rosses  the  

x-axis, ranged from 1 t o  77 ug P / 1  (Table 6 )  . The EPC was 



TABLE 4. Temperature, Haw River d i s c  arge,  t o t a l  and t o t a l  i= n o n f i l t e r a b l e  residue (mg/l , and percent  l o s s  on 
i g n i t i o n  of suspended sediment s lur r ies .  Water 
samples from Haw River a t  Bynum and Haw River arm of 
Jordan Lake; discharges from USGS f i l e  data. 

Total  Loss on 
Date Temp Discharge Total  Nonf il ter I g n i t i o n  
1985 S i t e  (c) ( c f s )  Residue Residue ( % )  

1-3 River 5 10,000 337 231 
1-4 River 5 11,200 2 84 199 

2-1 River 5 20,100 6 81 601 I1 
2-2 River 5 20,500 27 8 2 17 12 

5-3 River 17 2,220 242 138 11 

5-16 River 22 1,020 212 4 8 15 

5-23 River 23 
5-23 Lake 23 

Table 5. Total  P, 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, 
and p a r t i c u l a t e  P (pg P / l ) .  Water samples from Haw 
River at Bynum and Haw River arm of Jordan Lake. 

Total  Total  F i l t e r a b l e  P a r t i c u l a t e  
Date S i t e  P F i l t e r a b l e  P Reactive P P 

1-3 River 791 329 
1-4  River 485 1 4 3  

2-1 River 613 
2-2 River 4 07 

5-3 River 436 27 5 254 

5-16 River 6 04 492 47 9 

5-23 River 1528 268 
5-23 Lake 1153 300 



120 JAN 3,1985 1600 

MAY 16,1985 

0 

PHOSPHATE C0NCENTRATK)N (pg PA) 

Fig. 13. Phosphate sorption isotherms of suspended sediments 
from the Haw River. The point where the isotherm curve crosses 
the x-axis is the equilibrium phosphate concentration (EPC). 
The instantaneous sorption capacity (ISC) is the length of the 
vertical line drawn at ambient stream FRP. 



Table 6. Stream and estimated lake filterable reactive P (pg 
~ 1 )  equilibrium phosphate concentration (pg ~/l), 
instantaneous sorption capacity (pg P/g sed.), and net 
potential sorption capacity (pg ~/g). Haw River at 
Bynum and Jordan Lake, 1985. 

Stream Lake 
FRP FRP EPC I SC NPS I 

( p g  W 1 )  ( p g  P/1) (pg P/1) 

03 Jan 235 200 37 52 340 

01 Feb 
02 Feb 

03 May 254 120 25 99 86 

16 May 479 310 77 199 28 

23 May 195 390 
23 May (~ake) 232 390 



always l e s s  than the  ambient stream FRP and t h e  est imated l ake  

FRP, i nd i ca t ing  t h a t  the  sediments were adsorbing phosphate i n  

a1 1 experiments, 

Direct  comparison among ins tantaneous so rp t ion  c a p a c i t i e s  

( I sC)  i s  poss ib l e  because the  same amount of sediment was used 

i n  a l l  experiments, The average I S C  of t h e  May stream samplings 

(140 pg P/g sed , )  was s i g n i f i c a n t l y  higher ( P  = 0.05) than t h e  

average ISC of t he  January and February samplings (51  pg P / g  

s e d ) ,  The ISC showed a weak inverse  c o r r e l a t i o n  wi th  flow ( r  = 

-0.75, P = 0.10) ,  A new parameter, t h e  ne t  p o t e n t i a l  so rp t ion  

index (NPSI) , was developed t o  compare t he  sorp t ion-poten t ia l  of 

a  stream a t  d i f f e r e n t  times (Table 6 ) .  The P p o t e n t i a l l y  sorbed 

pe r  second i s  t h e  product of I S C  and suspended sediment 

t r a n s p o r t  (TNFR X F l o w ) :  

NPSI = ( ISC)  (TNFR) ( n o w )  . 
The NPSI (pg P / s )  r ep re sen t s  t he  r a t e  of s o r p t i o n  a t  one 

l o c a t i o n  on a stream. The high NPSI value on February 1 

r e s u l t e d  mostly from high stream flow while t he  high NPSI on May 

23 r e s u l t e d  mostly from high TNFR (Table 4 ) . Low NPSI va lues  

occurred on May 3 and May 1 6  d e s p i t e  having high ISC va lues ,  

Two samples co l l ec t ed  on success ive  days of a  February storm 

event had s i m i l a r  va lues  of EPC and ISC (Table 6 )  , However, 

s i nce  the  TNFR on Day 1 was near ly  t h ree  times higher  than on 

Day 2 whereas the  streamf lows were s imi l a r ,  t h e  NPSI of t he  

f i r s t  sample w a s  t h r ee  times t h a t  of the  second sample, This 

demonstrates the l a rge  e r r o r s  tha t  may occur w h e n  estimates of 

the net  e f f e c t  of suspended sediments a r e  made using da t a  from 

only one sampling during high flow condi t ions ,  

The May 23 sampling of both  the  Haw River and the  Haw River 

arm of the  lake  showed a  r e l a t i v e l y  small decrease  i n  the  EPC 

(11 t o  6 ug P / 1 )  and a  small increase  i n  t he  ISC ( 1 2 2  t o  135 pg 

P/g sed, )  able 6 ) , TP and TNFR decreased from the  stream t o  

t h e  lake,  i n d i c a t i n g  t h a t  some of the  l a r g e r  p a r t i c u l a t e s  may 

have sedimented, increas ing  the  percentage of f i n e r  p a r t i c u l a t e s  

wi th  higher so rp t ive  c a p a c i t i e s  and consequently higher I s C  

va lues ,  Such d i r e c t  comparison of samples must be done with the 



understanding t h a t  the samples taken from the lake r e su l t ed  from 

an e a r l i e r  parcel  of stream water which may have contained 

sediments and water with d i f f e r e n t  sorpt ion-related 

c h a r a c t e r i s t i c s .  Neither EPC nor ISC changed when chloroform 

was added i n  some of the May 3rd sorp t ion  experiments, 
demonstrating t h a t  b i o t i c  uptake of phosphate was not 

s ign i f i can t .  

6 .  ~ i o a v a i l a b i l  i ty  of sediment-bound phosphorus 

The a lga l  ava i lab le  P (AAP) assoc ia ted  w i t h  suspended 

sediments ranged from 5 .1  t o  18.6% (mean = 11.38) of the t o t a l  

sediment P (Table 7 )  . Se lenas t rud  s growth curves (Fig. 1 4 )  

using sediment-bound P showed an  i n i t i a l  phase of exponential 

growth which c lose ly  pa ra l l e l ed  the growth of standards 

containing orthophosphate, general ly  considered 100% avai lab le .  

This f i r s t  th ree  t o  s i x  days of rapid growth was usual ly  

followed by one t o  three  days of slower growth, a£ t e r  which 

l i t t l e  growth occurred. The maximum c e l l  numbers were reached 

between 9 and 1 2  days on all but  two samples. Native a lgae  

present  i n  the  sediment s lu r ry  never comprised more than 5% of 

the t o t a l  number of a lgae present and appeared t o  be outcompeted 

by the  Selenastrum. - Under phase-contrast microscopy, some 

b a c t e r i a  were v i s i b l e ,  but  they d id  not appear t o  f l o u r i s h  

during the experiment, Their importance i n  a lga l  u t i l i z a t i o n  of 

the sediment P could not be quant i f ied  but i s  assumed t o  be 

small. 

The 0 . l M  NaOH ex t rac t ion  removed f ram 43 t o  60% of the 

sediment P (Table 7 )  . This i s  s i g n i f i c a n t l y  more than the  5 t o  

1 9 %  of sediment P u t i l i z e d  by the algae,  ind ica t ing  t h a t  the  

NaOH ex t rac t ion  was a very poor indica tor  of AAP. 

Nitrogen Dis t r ibut ions  and Uptake Kinetics 

~mmonium concentrations declined i n  both arms of the lake 

from February 1984 through August 1984, with l e v e l s  a t  or  near 



Table 7. Selenastrum cells produced by equal amounts of 
sediment-bound P and orthophosphate, percentage of 
bioavailable sediment P I  and percentage of NaOH- 
extractable P. Mean 2 SD. 

Cells Produced Algal 
Seditent P Ortho-P Available P NaOH Extr. P 

Date (10 cells/pg P) ( % I  ( % )  

03 Jan 7.27 + -58 
04 Jan 6.06 2. 88 

01 Feb 3.86 + -30 
02 Feb 2.92 5 -41 

03 May 1.99 2 -48 

16 May 5.07 2 -97 

23 May 4.91 + -73 
23 ~ay(L) 3.97 + -89 



DAY 

~ i g .  14. Examples of growth curves of Selenastrum when grown 
with sediment (solid lines) or with orthophosphate (dotted 
lines). 
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Fig. 15. Annual patterns of ammonium concentrations in surface 
waters at Stations 5, 10, and 30. 
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Fig. 16. Annual patterns of nitrate concentrations in surface 
waters at Stations 5, 10, and 30. 
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d e t e c t i o n  l i m i t s  during t h e  summer (Fig. 1 5 ) .  Follaving a small 

autumn inc rease  a t  a l l  s t a t i o n s .  ammonium l e v e l s  aga in  dropped 

t o  below t h e  de t ec t ion  l i m i t s .  Ammonium concent ra t ions  a t  

S t a t i o n s  5 and 30 increased i n  January. whereas they remained 

l o w  a t  s t a t i o n  10. ~ d d i t i o n a l  spr ing  sampling i n  March and May 
1985 a t  S t a t i o n  10 showed ammonium had increased t o  

concent ra t ions  s imi l a r  t o  those found during t h e  previous f a1 1 

and spring.  

 itr rate l e v e l s  i n  t he  New Hope arm were very high during t h e  

cold  months bu t  decreased t o  below d e t e c t i o n  l i m i t s  during t h e  

warmer months ( ~ i g .  1 6 )  . The Haw River s t a t i o n  had n i t r a t e  

l e v e l s  below d e t e c t i o n  l i m i t s  only during t h e  months of Ju ly  and 

August 1984; otherwise l e v e l s  were very high i n  t h i s  arm of the  

lake.  N i t r a t e  w a s  more abundant than ammonium i n  Jordan Lake 

whenever these  n u t r i e n t s  were de t ec t ab l e  (Fig. 17 ) . Overal l  

mean n i t r a t e  concent ra t ion  was 203 - + 189 pg N / l I  whereas o v e r a l l  

mean ammonium concent ra t ion  was only 2 6 . 1  + 35.3 pg N / 1 .  The - 
Haw River arm ( S t a t i o n  30) genera l ly  shawed higher  n u t r i e n t  

l e v e l s  ( n i t r a t e  = 296 2 200 pg N / 1 ;  ammonium = 40.3 fi 43.6 pg 

N / 1 )  compared t o  the  New Hope River arm. Dissolved inorganic  N 

genera l ly  decreased down t h e  New Hope arm of t he  lake  from 

S t a t i o n  5 t o  S t a t i o n  10 dur ing  t h i s  study. S t a t i o n  5 had a mean 

n i t r a t e  concent ra t ion  of 188 2 206 pg N / 1 ,  whereas S t a t i o n  10 

had only 1 2 4  2 1 2 5  pg N/1; S t a t i o n  5 had a mean ammonium 

concent ra t ion  of 25.9 2 39.3 pg N/1 compared t o  S t a t i o n  10 with  

12 .2  2 10.9 pg N / 1 .  

P a r t i c u l a t e  N concent ra t ions  were genera l ly  high a t  a l l  

s t a t i o n s  (Fig. 1 8 ) .  S t a t i o n  5 had the  h ighes t  mean PN 

concent ra t ion  ( 4 4 4  fi 186 pg ~ / 1 ) ;  concent ra t ions  exceeded 249 vg 

N / 1  on a l l  d a t e s  except ~ p r i l  1984. The mean PN concent ra t ion  

a t  S t a t i o n  10 was 308 - + 100 pg N / l ;  l e v e l s  exceeded 200 pg ~ / 1  

on a l l  d a t e s  except December 1983 and June 1984. S t a t i o n  30 had 

t h e  lowest mean PN concentra t ions ,  274 2 1 5 4  pg ~ / 1 .  bu t  

exceeded 170 on a l l  d a t e s  except April  1984. Overall  mean PN 

f o r  the  l ake  was 342 2 164 pg N / 1 .  

The l a r g e s t  f r a c t i o n  of n i t rogen  presen t  i n  the  epil imnion 

was usual ly  the  dissolved organic  N (Fig.  1 7 ) .  I t s  
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Fig. 18. Annual patterns of particulate N concentrations in 
surface waters at Stations 5, 10, and 30. 
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concen t r a t i on  was f a i r l y  similar a t  a l l  s t a t i o n s ;  t h e  l ake  had a 

mean of 454 2 119 ug N / 1 .  

Nitrogen uptake r a t e s  were ve ry  r ap id  dur ing  t h e  warmer 

months (Table 8 ) .  Ammonium uptake r a t e s  i n  t h e  Haw River a r m  
( S t a t i o n  30) s t e a d i l y  inc reased  from May u n t i l  October when 

r a t e s  peaked a t  26  1-19 N/l.h(Fig. 1 9 ) .  The N e w  Hope arm a l s o  

experienced high r a t e s  from May u n t i l  October, peaking a t  10.7 

pg ~ / l * h  a t  S t a t i o n  5 an.d 16.8 ug N / 1  h  a t  s t a t i o n  10 i n  May 

(Fig .  1 9 ) .  Ammonium uptake r a t e s  i n  w i n t e r  w e r e  t y p i c a l l y  much 

lower than i n  t h e  warmer months. N i t r a t e  uptake w a s  a l s o  r ap id ,  

b u t  gene ra l l y  s lower than ammonium uptake. Spr ing and f a l l  

uptake maxima occurred  i n  bo th  arms of t h e  l a k e  w i th  peaks from 

8 t o  12 7-19 N / 1 *  h (Fig.  2 0 ) .  Summer and w i n t e r  r a t e s  w e r e  lower 

b u t  s t i l l  of s u b s t a n t i a l  magnitude. 

Ammonium and n i t r a t e  turnover  t imes v a r i e d  s ea sona l l y  (Table  

8 ) .  Turnover t imes dur ing  w i n t e r  were on t h e  o rde r  of days o r  

weeks, whereas dur ing t h e  warm months they were only  about  a  

h a l f  an  hour t o  a  few hours. Mean n i t r a t e  turnover  t imes were 

4-10 t imes  longer  than mean ammonium tu rnover  t imes  (Table 8 )  . 
Time course  s t u d i e s  i n  s i t u  i n  t r a n s p a r e n t  b o t t l e s  were 

undertaken t o  determine t h e  constancy of uptake rates dur ing  

incubat ion.  Tracer  experiments  from February 19 84 t o  January  

1985 of t e n  showed t h a t  3-h incuba t ions  ( n o t  shown) gave lower 

1 5 ~  a t -% i n  t h e  p a r t i c u l a t e  f r a c t i o n  than  d i d  1 h i ncuba t i ons  

(Table  8 ) .  Rapid uptake r a t e s  and s h o r t  tu rnover  t imes (Table 

8 )  sugges t  t h a t  r e cyc l i ng  of p rev ious ly  a s s i m i l a t e d  1 5 ~ ~ 4  i n  t h e  

3-h incuba t ions  (Harr ison 1983 ) may have caused t h i s  r educ t i on  

i n  1 5 N  a t -% i n  PN. Because t h i s  v i o l a t e s  a major assumption of 

t h e  t r a c e r  s tudy,  t h e  3-h uptake r a t e s  a r e  not  r epo r t ed  here.  

In - s i  t u  time course  uptake experiments ,  w i th  samples -- 
c o l l e c t e d  a t  10,  60 and 120 minutes,  were conducted a t  S t a t i o n  

30 from August t o  December 1984 (Table 9 )  . Except f o r  t he  120- 

minute sample i n  December, t h e  1 5 ~  i n  p a r t i c u l a t e  ma t t e r  

inc reased ,  a l though  not  l i n e a r l y ,  wi th  t i m e .  There tended t o  be 

r a p i d  ammonium uptake i n  t h e  f i r s t  1 0  minutes on d a t e s  when 

ambient ammonium concen t r a t i ons  were low  a able 9 ) . Uptakes 



Table  8. Nitrogen uptake r a t e s  and turnover t imes  based on N-tracer experiments. Surface  water  incubated a t  ambient 
temperature  i n  darkness  f o r  about 1 hour. ND = no da ta .  

-- -- 

DATE S t a .  5 Sta .  10 Sta .  30 Sta.  5 Sta.  10 Sta.  30 

Uptake r a t e s  (IJgN/l .  h)  
Ammoni urn N i t r a t e  

22 Feb 84 
06 Apr 84 
05 May 84 
07 Jun 84 
12 Jul 84 
14 Aug 84 
17 Sep 84 
18 Oct 84 

a 17 Nov 84 
t u  16 Dec 84 

19 J a n  85 

Mean 
SD 

Turnover t ime (h)  
Ammoni urn N i t r a t e  

22 Peb 84 
06 Apr 84 
05 Hay 84 
07 Jun 84 
12 J u l  84 
14 Aug 84 
17 Sep 84 
18 Oct 84 
17 Nov 84 
16 Dec 84 
19 J a n  85 

Mean 
SD 



NITRATE UPTAKE RATES 
13 

STA. 5 
MONTH 1904-65 

L\4 STA. 10 p74 STA. 30 

Fig. 20. Annual patterns of nitrate uptake rates in surface 
waters at Stations 5, 10, and 30. 

Table 9. Time course of ammonium uptake in situ at Station 30. 
T. = incubation duration (min). [NH~] = initial 
cdncentrations (pg/l). ND = no data. 

Date 

15N at-% 
14 Aug 84 
17 Sep 84 
18 Oct 84 
17 Nov 84 
16 Dec 84 

Uptake Rate (pgN/l- h )  
14 Aug 84 5 
17 Sep 84 112 
18 Oct 84 28.6 
17 Nov 84 5 
16 Dec 84 22.1 



con t inued  a t  reduced b u t  s u b s t a n t i a l  rates f o r  t h e  remainder  of 

t h e  exper iments ,  s u g g e s t i  ng r a p i d  r e g e n e r a t i o n  of ammonium i n  

t h e  b o t t l e s  ( H a r r i s o n  l 9 8 3 b ) .  Low uptake  r a t e s  i n  November were 

a n  e x c e p t i o n  t o  t h i s  t r e n d .  When ambient  ammonium l e v e l s  had 

been h i g h e r  (September)  , t h i s  i n i t i a l  up take  s t i n ~ u l a t i o n  w a s  n o t  

s een  (Tab le  9 ) .  The h igh  uptake  ra te  (12 pg N / l . h )  a t  S t a t i o n  

30 i n  September a£ ter  1 h d a r k  i n c u b a t i o n  (Tab le  8 )  i s  s u s p e c t  

because  of no i sy  s i g n a l  on  t h a t  sample and because  t h e  rates 

a £  ter 3 h w e r e  much lower (Appendix) .  

Time c o u r s e  i n c u b a t i o n s  w e r e  ex tended t o  7 hours  i n  March 

and May 1985 (Tab le  1 0 )  . The 1 5 ~ - c o n t e n t  con t inued  t o  i n c r e a s e  

i n  b o t h  ammonium and n i t r a t e  experi-nlents,  a1 though n o t  1 i n e a r l y  

w i t h  time. A f t e r  3 t o  5 hours ,  t h e  1 5 ~  at-% v a l u e s  of t h e  

ammonium exper iments  reached a p l a t e a u ,  s u g g e s t i n g  uptake  had 

ceased  o r  1 5 ~  w a s  be ing  r e c y c l e d  (Tab le  1 0 ) .  I n i t i a l  up take  

r a t e  s t i m u l a t i o n  i n  March (T v s .  T60) was n o t  observed,  
10  - 

perhaps  due t o  ample n i t r o g e n  s t o r e s  accumulated d u r i n g  t h e  

p r e v i o u s  n i g h t .  Berman e t  a l .  (1984) sugges ted  d a i l y  

f l u c t u a t i o n s  i n  n i  t r o g e n  uptake  rates cou ld  be  p a r t i a l l y  

e x p l a i n e d  by l i g h t  i n t e n s i t y .  

V e r t i c a l  P r o f i l e  of Ni t rogen  Uptake 

Depth p r o f i l e s  of anunonium and n i t r a t e  uptake  r a t e s  and 

pr imary p r o d u c t i v i t y  w e r e  measured a t  S t a t i o n  1 0  i n  May 1984 and 

March 1985. NH4 up take  rates i n  March w e r e  approximate ly  equal  

(3.54-3.85 yg W 1 . h )  down t o  1 m dep th ,  b u t  w e r e  <2 pg ~ / l . h  i n  

deepe r  samples  (Table  11; F ig .  21)  . I n  May, maximum NH uptake  4 
o c c u r r e d  a t  0  .5 m and d e c l i n e d  by a lmost  5 0 %  i n  deepe r  samples  

(Tab le  11) . NH uptake  rates were 5-6 t i m e s  h i g h e r  i n  May than  
4 

i n  March a t  a l l  d e p t h s  measured. 

Rates of NO uptake  on 26 March w e r e  more than  t w i c e  a s  h igh  
3 

a t  0.5 m dep th  than  i n  sha l lower  and deepe r  samples (F ig .  21)  . 
At 2 m, NO3 uptake  ra te  w a s  only about  5% of t h e  maximum rate. 

s i m i l a r l y  i n  May, NO uptake  r a t e s  dec reased  from about  15  fig 
3 

N / l  h a t  0.5 m t o  about  5  pg N / P h  a t  1 and 2 m d e p t h s  (Tab le  

11). No r a t e  measurements w e r e  made i n  May a t  0.2 m t o  d e t e c t  
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Tab le  11. V e r t i c a l  p r o f i l e s  of n i t r o g e n  uptake and p r o d u c t i v i t y  a t  S t a t i o n  10.  I n c u b a t i o n s  were  1 t o  2 hours  
i t .  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  (P.A.R.), t empera tu re ,  Chlorophyl l -a ,  PN, NH4, and 

NO3 were measured i n i t i a l l y .  ND = no d a t a .  Chl-a d a t a  f o r  25 March 85 a r e  i n  T a b l e  3. 

Depth Temp. P.A.9. [ P N ]  [NH 1 [ N O 3 ]  Uptake (ugN/l-  h) P r o d u c t i v i t y  (mgO /l. h) 
( m) (c)  ( u ~ / m s )  . . . . . . . (psf t / l ) .  . . . . . . NH4 N03 Gross  Net ~ e 8 ~ .  



IncuboQon Oepth (m) 

Fig ,  21. V e r t i c a l  p r o f i l e s  of ammonium and n i t r a t e  up take  on  26 
March 1985 a t  S t a t i o n  10.  A l so  shown a r e  s i t u  l i g h t  
i n t e n s i t i e s  as a  p e r c e n t a g e  of s u r f  a c e  i r r a d i a n c e .  N o t e  
d i f f e r e n t  up take  rate scales, 



s u r f a c e  i n h i b i t i o n  of NO uptake a s  was seen  i n  March 1985. 
NO3 3 

uptake r a t e s  down t o  1 m were approximately equal i n  March and 

May. I n  March, uptake r a t e s  of NO3 were g r e a t e r  than those  of 

NH4 down t o  1 m. A t  2 m and deeper i n  March and a t  a l l  dep ths  

i n  May, NH was taken up more r a p i d l y  than NO i n  s p i t e  of 
4 3 

higher  NO3 concentra  t i  ons. 

Nu t r i en t  Control  of Phytoplankton Growth 

The a l g a l  assay technique seldom ind i ca t ed  s eve re  1 i m i t a t i o n  

of phytoplankton growth by N a lone  o r  P a lone .  Algal assay 

r e s u l t s  on water  c o l l e c t e d  i n  June 1984  and August 1985  (Fig .  

2 2 )  i l l u s t r a t e  t h e  genera l  p a t t e r n .  ?'he n a t u r a l  water  w i  t h o u t  

added n u t r i e n t s  (CONTROL) u sua l l y  produced lower Selenastrum ----- 
counts  than t h e  o the r  t rea tments .  I n  June, increments  of 2 mg 

N / l  ( + N  t r ea tment )  o r  0.1 mg P / 1  ( + P  t r ea tment )  d i d  no t  

s i g n i f i c a n t l y  i nc r ea se  c e l l  coun ts  r e l a t i v e  t o  c o n t r o l s  (Fig.  

2 2 ) .  ~ d d e d  n i t r a t e  a lone  inc reased  c e l l  coun ts  by a s  much a s  

t h r ee - fo ld  on ly  a t  S t a t i o n  30  i n  May and August ( 4 0 %  of d a t e s  

sampled).  Only a t  S t a t i o n  5 i n  J u l y  and November (40% of d a t e s  

samples) and a t  S t a t i o n  1 0  i n  November (15% of dates sampled) 

d i d  phosphate a lone  i nc r ea se  c e l l  coun ts  a s  much as  th ree - fo ld  

( n o t  shown) . When N and P were provided t oge the r  ( + N + P )  , o r  

when all n u t r i e n t s  were provided ( + A L L ) ,  Selenas_tre growth w a s  

much b e t t e r  than i n  t h e  CONTROL, + N ,  o r  +I? t r ea tments  and was 

s i m i l a r  t o  growth i n  s t andard  a l g a l  medium (ALG-MED.)  (Fig.  2 2 ) ,  

sugges t ing  t h a t  N and P were s imul taneously  l i m i t i n g  i n  l a k e  

water .  The water  from S t a t i o n  5 i n  May 1984 gave s u b s t a n t i a l l y  

less cell growth i n  t h e  +N+P and +ALL t r ea tments  than i n  a l g a l  

medium, whereas i n  December i t  gave s u b s t a n t i a l l y  g r e a t e r  growth 

than i n  a l g a l  medium ( n o t  shown) . 

Primary p roduc t i v i t y  

Measurements of r a t e s  of change of d i s so lved  oxygen i n  l i g h t  

and dark b o t t l e s  incubated  @ si t u  w e r e  used t o  e s t i m a t e  primary 



ALGAL ASSAY 7 JUN 84 
3.2 

KL). MED. 
A L W  ASSAY 14 AUQ 85 

I 

CONTROL +N +P +N+P +ALL AU3. MED. 

rA STA. 5 
TREATMENT 

STA. 10 a STA. 30 

Fig. 22. Results of alqal assay for nutrient limitation of 
surface waters in June 1984 a n d - ~ u ~ u s t  1985 at stations 5, 10, 
and 30. 



production and r e s p i r a t i o n  r a t e s .  A t  most s t a t i o n s  f o r  most of 

the  year ,  both photosynthesis  and r e s p i r a t i o n  were h ighes t  i n  

t h e  euphotic zone. Two examples, i n  March and May (Table 11, 

Fig. 2 3 ) ,  show high r a t e s  a t  0 .2  rn, subsurface  peaks a t  0.5 m, 

and then low r a t e s ,  wi th in  t he  l i m i t s  of e r r o r  of the method, a t  

4 m depth. 

Dissolved oxygen changes i n  water from about 0.5 m depth 

incubated i n  s i t u  i n  l i g h t  and dark b o t t l e s  showed l a r g e  

seasonal  e f f e c t s .  S t a t i o n  5 (Fig. 2 4 )  i l l u s t r a t e s  t he  low gross  

and n e t  p r o d u c t i v i t i e s  of the  cool seasons and high r a t e s  from 

June through September. The same annual p a t t e r n  occurred a t  

S t a t i o n s  10 and 30. Net p r o d u c t i v i t i e s  were near ly  a s  high a s  

t he  gross  r a t e s  because r e s p i r a t i  on r a t e s  were r e l a t i v e l y  low, 

exceeding 0.2 mg 0 2 / L  h only a t  S t a t i o n  3 0  i n  J u l y  and August 

1984 (Fig.  2 4 )  . Highest g ross  p r o d u c t i v i t i e s  a l s o  w e r e  found a t  

S t a t i o n  30 i n  J u l y  and August, w i t h  a  maximum of 1 . 4  mg 0  /l* h. 
2 

S t a t i o n  1 0  genera l ly  showed the  lowest p r 0 d u c t i v i . t ~  and 

r e s p i r a t o r y  r a t e s .  

The seasonal changes and s t a t i o n -  t o - s t a t i o n  d i f f e r e n c e s  

among gross  p r o d u c t i v i t i e s  a r e  a l s o  apparent  when t h e  r a t e s  a t  

each measured depth were i n t eg ra t ed  down through the  euphotic 

zone, cor rec ted  f o r  day length,  and converted t o  carbon u n i t s  

(Fig. 25 ) .  S t a t i o n  30 dominated t h e  o the r  two s t a t i o n s  during 

June - August when rates exceeded 4 g c/rn2- d while  the o the r  

s t a t i o n  showed r a t e s  < 3  g c/rn2- d. Rates at all stat i .ons i n  

February, April  and December were <1 y c / m 2 -  d. An e n t i r e l y  

d i f f e r e n t  p i c t u r e  emerges, however, i f  the  2 4  hour r e s p i r a t i o n  

of the  whole water column i s  subt rac ted  from the  gross  

production of the  phot ic  zone t o  ob ta in  ne t  water column 

produc t iv i ty  (Fig.  2 6 ) .  Only S t a t i o n  3 0  i n  August, S t a t i o n  1 0  

i n  October, and a l l  th ree  s t a t i o n s  i n  September had n e t  water  

column p r o d u c t i v i t i e s  > 2  g c/rn2-d. Net water column 

p r o d u c t i v i t i e s  were s i g n i f i c a n t l y  negat ive  a t  each s t a t i o n  a t  

l e a s t  3 t imes during the  study per iod,  bu t  excess ive  water 

column r e s p i r a t i o n  was usua l ly  g r e a t e s t  a t  S t a t i o n  30 (Fig. 2 6 ) ,  

reaching -9 g  c/rn2= d  i n  February. 



0 GROSS PROD. 
DEPTH ( rn ) 

+ NET PROD. 0 RESPIR. 

~ i g .  23. Vertical profile of productivity and respiration on 21 
May 1984 at Station 10. Gross and net productivities are rates 
during daylight; the difference between them represents daytime 
respiration. The lower curve is respiration extrapolated to a 
24-hour day. 
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Fig. 24. Annual patterns of productivity and respiration at 0.5 
m depth at Stations 5, 10, and 30.  
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Fig. 25. Annual patterns of gross productivity in the euphotic 
zone at Stations 5, 10, and 30. 
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Fig. 26. Net water column productivities at Stations 5, 10, and 
30. 





DISCUSSION 

Physical and Chemical Factors  Affect ing Algal Biomass 

Two ex te rna l  f a c t o r s  have major e f f e c t s  on water q u a l i t y  of 

Jordan Lake. River discharges  i n t o  t he  lake  f l u c t u a t e  widely a s  

storm events  ( s p a t e s )  cause sharp peaks i n  water  flow (Fig ,  2 ) ,  

a long wi th  s u b s t a n t i a l  changes i n  de l  ivery  of suspended 

sediments and dissolved n u t r i e n t s  ( H i l l ,  e t  a l .  1984) , 

Furthermore, t h e  Haw River del  i v e r s  s e v e r a l 4  o ld  more water  than 

does the  New Mope River t r i b u t a r i e s  (Fig ,  2 )  i n t o  a deeper, 

narrower p a r t  of the  lake.  The discharge from the  l ake  a t  t he  

dam is  much c l o s e r  t o  t he  Haw River input  and the re fo re  d i r e c t l y  

draws off  a po r t i on  of i t s  flow, Spa t i a l  p a t t e r n s  of n u t r i e n t  

concentra t ions ,  uptake r a t e s ,  and product ivi  t i e s  may be s t rongly  

inf luenced by the  d i f f e r ences  i n  t h e  en t e r ing  r i v e r  water ,  

The second ex t e rna l  d r iv ing  fo rce  i s  t h e  seasonal  change i n  

i n s o l a t i o n ,   his a££  e c t s  phytoplankton d i r e c t l y  through 

provis ion  of r ad i an t  energy f o r  photosynthesis ,  but  a l s o  through 

the  temperature e f f e c t s  on photosynthesis  (Eppley 1972) , and on 

thermal s t r a t i f i c a t i o n .  Heating not  only reduces v i s c o s i t y ,  

thereby increasing s inking r a t e s  of s e s ton  (suspended ma te r i a l s ,  

including phytoplankton) bu t  a l s o  causes water  column s t a b i l i t y ,  

reducing t h e  v e r t i c a l  turbulence which would r e t u r n  se s ton  t o  

t he  sur face  (Wetzel 1983) .  Loss of s e s ton  from sur face  waters  

r e s u l t s  i n  i m p r o v e d  1 ight p e n e t r a t i o n  and photosynthesis  a t  

g r e a t e r  depths,  Water colunn s t a b i l i t y ,  however, a l s o  r e s t r i c t s  

v e r t i c a l  t r anspor t  of n u t r i e n t s ,  thereby prevent ing n u t r i e n t s  

regenerated i n  t he  hypo1 imnion from re turn ing  t o  the  phot ic  

zone, Temperature of Jordan Lake sur face  waters,  however, d i d  

not  c o r r e l a t e  s i g n i f i c a n t l y  with l i g h t  ex t inc t ion ,  phosphorus 

concentra t ions ,  o r  ammonium concentra t ion,  but  showed a s t rong 

negat ive  cor re la t i -on  with  n i t r a t e  (Table 1 2 ) .  The s t rong  

c o r r e l a t i o n s  between temperature and b io log ica l  r a t e s  a r e  

discussed l a t e r ,  

Light  pene t r a t i on  during the  study per iod was r e l a t i v e l y  

poor, e spec i a l l y  a t  S t a t i o n s  5 and 3 0  i n  February through May 



Table 12. Linear  c o r r e l a t i o n  c o e f f i c i e n t s  (r) between s e l e c t e d  
phys ica l  and chemical v a r i a b l e s .  Temperatures and 
n u t r i e n t  concen t r a t i ons  were measured a t  0.5 m depth.  
Haw River d i s cha rges  were c o r r e l a t e d  w i t h  v a r i a b l e s  
a t  S t a t i o n  30 and New Hope River  d i scharges  w i th  
v a r i a b l e s  a t  S t a t i o n  5. (*P 5 0.05; **  P< 0.01; *** - 
P 5 0.001) . 

Ligh t  5-Day 
Temp . Ext inc t i on  Discharge FRP 

Light  ex t inc -  
t i o n  ( -k)  



and aga in  i n  December (F ig .  6 ) .  Poor l i g h t  pene t r a t i on  i s  

c h a r a c t e r i s t i c  of Piedmont l akes  which rece ive  s u b s t a n t i a l  loads 

of s i l t  and c lay from land runoff (Weiss and Kuenzler 1976) . 
There was c l e a r l y  a c o r r e l a t i o n  between Haw River and New Hope 

River discharges  5 days p r i o r  t o  sampling and l i g h t  e x t i n c t i o n  

(-k) a t  S t a t i o n s  5 and 30 ,  r e spec t ive ly  (Table 1 2 ) .  Light  

e x t i n c t i o n  was a l s o  c l e a r l y  c o r r e l a t e d  wi th  concent ra t ion  of 

FRP, PP, and NHq (Table 1 2 )  ; t h i s  may be p a r t l y  a t t r i b u t e d  t o  

ma te r i a l s  brought t o  the  lake by r i v e r s ,  bu t  o the r  f a c t o r s  a l s o  

seem t o  be involved. The euph0ti.c zone, def ined he re  a s  t he  

zone  through whi.ch >1% of sur face  l i g h t  pene t ra tes ,  was < 2  m 

th ick  i n  win te r  when r i v e r  discharges  were high.; lower runoff i n  

summer allowed sedimentation of suspended s o l  i d s  and t h e  water  

became c l e a r e r  (Fig. 6 )  . Higher i n s o l a t i o n  r a t e s ,  g r e a t e r  l i g h t  

pene t ra t ion ,  l e s s  rap id  f lush ing  of t he  r e se rvo i r ,  increas ing  

temperatures and a thermal s t a b i l i z a t i o n  of the  water  column 

permit ted an  increase  i n  phytoplankton growth i n  summer 

following t h e  p a t t e r n  shawn by Weiss and Francisco ( 1 9 8 4 ) .  This 

growth i s  evident  i n  t he  chlorophyll  and gross  p roduc t iv i ty  

peaks from about J u l y  through September (Fig.  8 ,  2 5 )  . Fina l ly ,  

the  warm-season increase  i n  p roduc t iv i ty  together  wi th  thermal 

s t r a t i f i c a t i o n  of the  water colurrm r e s u l t e d  i n  g r e a t e r  

consumption of dissolved oxygen; concent ra t ions  i n  t he  

hypolimnion j u s t  1 -2  m below the  surf  ace decreased t o  l e v e l s  

wel l  below s a t u r a t i o n  (Fig.  7 ) .  

Algal Biomass i n  Rela t ion  t o  Nutr ient  Concentrat ions 

Linear c o r r e l a t i o n  a n a l y s i s  was used t o  descr ibe  

r e l a t i o n s h i p s  be tween a l g a l  biomass, a s  i nd i ca t ed  by chlorophyl l  

and PN concentra t ions ,  and severa l  forms of N and P. 

Chlorophyll and PN were highly c o r r e l a t e d  i n  the  da t a  from a l l  

s t a t i o n s  between February 1984 and January 1985 (Table 1 3 ) .  

 either chlorophyl l  nor PN w a s  s i g n i f i c a n t l y  c o r r e l a t e d  wi th  

water  temperature, l i g h t  ex t inc t ion ,  o r  ammonium concentrat ion.  

Both were negat ively  c o r r e l a t e d  wi th  FRP concentra t ion,  and 



Tab le  13. Simple l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  between p h y s i c a l  f a c t o r s ,  n u t r i e n t  
c o n c e n t r a t i o n ,  i n d i c e s  of phytoplankton  abundance,  and measures  of p r o d u c t i v i t y  and 
n u t r i e n t  uptake a t  a l l  t h r e e  s t a t i o n s  d u r i n g  February 1984 - Janua ry  1985. (*P 1 
0.05; ** P 5 0.01; *** P  0 .001) .  

L i g h t  
Temp. E x t i n c t  i o n  w-1 [pp I [No3 1 W4 1 [PN 1 

Chlo rophy l l  

P a r t i c u l a t e  N 

I n  FRP Uptake 

I n  FRP-Tt 

In NO3 Uptake 

In NO3-Tt 

I n  NH4 Uptake 

In NE4-Tt 

Gross  Prod. 

In Gross  Prod. 



chlorophyll a1 so  was a negatively co r re l a t ed  with n i t r a t e  (Table 

1 3 ) .  The negative co r re l a t ion  coe f f i c i en t s  r e f l e c t  e f f e c t i v e  

removal of n u t r i e n t s  during times of phytoplankton abundance. 

Final ly ,  lack of c o r r e l a t i o n  of chlorophyll  and PN with PP 

(Table 13) i s  cons is ten t  with the explanation tha t ,  a£ t e r  heavy 

r i v e r  discharge i n  winter,  a major por t ion  of PP i s  suspended 

sediment whereas during warm months a major por t ion  i s  

phytoplankton. Mu1 t i p l e  regression ana lys i s  f o r  chlorophyll 
2 showed only PN contr ibut ing t o  the variance explained (R = 

3 4 % ) .  Multiple regression f o r  PN showed only a small addi t ional  

cont r ibut ion  by FRP t o  the  r e l a t ionsh ip  with chlorophyll ,  f o r  a 
2 t o t a l  R of 40.3% (not  shown), Table 13 is discussed f u r t h e r  

below. 

Phosphorus Dis t r ibut ions  and Algal Biomass 

The high TP concentrations i n  February 1984 a t  S t a t i o n  5 and 

S ta t ion  30 ( F i g .  1 0 )  a r e  la rge ly  a t t r i b u t a b l e  t o  inputs  of P- 

r i ch  suspended c lays  during heavy flows of the Haw and New Hope 

Rivers ( F i g .  2 )  (Weiss and Francisco 1984) . There were c l e a r  

co r re l a t ions  ( P  < 0.01)  between stream discharges f i v e  days 

before  each sampling t r i p  (Hi l l ,  & a. 1 9 8 4 ;  U S G S  f i l e  da ta )  

and FRP concentrations a t  S ta t ions  5 and 1 0  (Table 1 2 ) .  

Pa r t i cu la t e  P brought i n  by the r i v e r s  a l s o  a f fec ted  the  

concentrations i n  the  lake; there  were s t rong pos i t ive  

correlations (P 5 0 , 0 0 1 )  of PP with 5-day p r i o r  discharge a t  

S ta t ions  5 and with 10-day p r i o r  discharge a t  S ta t ion  3 0  (not  

shown), but a lack of co r re l a t ion  of PP w i t h  discharges 5 days 

p r i o r  t o  sampling (Table 1 2 )  when data  from both s t a t i o n s  were 

combined. S ta t ion  1 0  i s  fu r the r  from t r i b u t a r y  inputs  and 

theref ore  perhaps was l e s s  immediately a f fec ted  by suspended 

matter  and nu t r i en t s  from the watershed, University Lake, a 

nearby lake which receives  a g r i c u l t u r a l  runoff but  not 

i n d u s t r i a l  or  municipal wastes, had s i g n i f i c a n t l y  lower values  

of TP than Jordan Lake (Kuenzler and Greer 1980) . 
Because of lower stream discharges (Fig. 2 ) ,  water residence 

times increase i n  summer (Weiss and Francisco 1984) and allow 



g r e a t e r  accumulat ion of a l g a l  biomass (Fig.  8 )  . The p o s i t i v e  

c o r r e l a t i o n  between temperature and ch lo rophyl l  was not  

s i g n i f i c a n t  a t  P - < 0.05 (Table 13)  b u t  a t  P ( 0 . 1 0 .  Inc reased  

b i o t i c  a c t i v i t y  i n  summer probably accounted f o r  t h e  low FRP 

concen t r a t i ons  a t  S t a t i o n s  5 and 10. S t a t i o n  30, however, 

mainta ined s i g n i f i c a n t  l e v e l s  of FRP throughout t h e  warm season 

(Fig .  9 ) when chlorophy 11 concen t r a t i ons  were moderately high 

(Fig .  8 )  and p roduc t i v i t y  was a t  a  peak (Fig.  2 5 ) .  Water-column 

o r  ben th i c  r egene ra t i on  may have helped t o  main ta in  phosphate 

l e v e l s  a t  S t a t i o n  30 i n  swnmer; t h e r e  was no s i g n i f i c a n t  

c o r r e l a t i o n  between FRP concen t r a t i ons  and Haw River flow ( n o t  

shown) . FRP concentra t i -ons  were s t r o n g l y  c o r r e l a t e d  w i t h  flow 

a t  S t a t i o n  5 ,  and PP  and TP were c o r r e l a t e d  w i t h  flow a t  each 

end of t h e  l a k e  ( n o t  shown). Francisco  (pe rsona l  communication) 

sugges ted  t h a t  i t  u sua l l y  t akes  more than 5 days f o r  s tream 

d i s cha rges  t o  a£  f e c t  t he se  s t a t i o n s  and t h a t  t he se  h ighe r  P 

concen t r a t i ons  i n  t h e  w a t e r  might o r i g i n a t e  from wind mixing and 

bottom sediment d i s tu rbance .  Mean annual ch lo rophyl l  

concen t r a t i ons  were h ighes t  a t  S t a t i o n  5 ( 59 .4  + 48.8 ~ . l g / l ) ;  

they were lowest a t  S t a t i o n  30 (26 .5  + 20.9 pg/l) d e s p i t e  

abundant P the re .  These p a t t e r n s  a r e  s i m i l a r  t o  those  found by 

Weiss and Francisco  (1984) and i n d i c a t e  t h a t  P - l i m i t a t i o n  i s  

u n l i k e l y  a t  S t a t i o n  30. 

FRP Uptake Rates  and Turnover Times 

Phosphate turnover t i m e s  i n  Jo rdan  Lake w e r e  o f t e n  s h o r t  i n  

summer and e a r l y  win te r  a t  S t a t i o n s  5 and 10 (Fig.11) when FRP 

was s ca r ce  (Fig .  9 )  and N:P r a t i o s  were high (Fig .28) :  t h i s  a l s o  

imp l i e s  P l i m i t a t i o n .  S imi l a r l y  s h o r t  turnover  t imes ( T t )  have 

been r epo r t ed  f o r  o the r  l a k e s  dur ing pe r i ods  of summer 

s t r a t i f i c a t i o n  ( R i g l e r  1973) . Kuenzler and Greer  (1980) found 

seasonal  uptake p a t t e r n s  s i m i l a r  t o  those  a t  our S t a t i o n s  5 and 

1 0 ,  b u t  t h e i r  turnover  t i m e s  were o f t e n  sho r t e r .  Long turnover  

t imes  and high FRP concen t r a t i ons  a t  S t a t i o n  30, however, 

i n d i c a t e  t h a t  P - l im i t a t i on  was un l i ke ly  i n  t h i s  s e c t i o n  of t he  

lake.  



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

r e l a t i o n s h i p s  be tween phys ica l  f a c t o r s ,  a l g a l  abundance, and 

phosphate k i n e t i c s .  Transformation of FRP uptake r a t e s  (and 

o t h e r  k i n e t i c  r a t e s )  t o  l n ( r a t e )  c o n s i s t e n t l y  improved 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 .  Since FRP uptake r a t e s  a r e  equal t o  

[FRP] /Tt ,  a  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t ,  r, f o r  T may be 
t 

expected t o  y i e l d  a  nega t ive  r f o r  t h e  uptake rate. Not only  

was t h i s  t r u e ,  b u t  t h e  s i z e  of r was always about  t h e  same 

(Table 1 3 )  , Temperature showed a  p o s i t i v e  c o r r e l a t i o n  w i t h  I n  

FRP uptake ( u g / l  h) ; t h i s  may be p a r t l y  a t t r i b u t a b l e  t o  

i nc r ea sed  a l g a l  abundance ( r  f o r  PN = 0,357)  i n  s u m m e r ,  Note, 

however, t h a t  ch lo rophyl l  w a s  not  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  

FRP uptake r a t e ,  nor wi th  p roduc t i v i t y ,  n i t r a t e ,  o r  ammonium 

uptake r a t e s  ( n o t  shown) , The s t r ong  p o s i t i v e  c o r r e l a t i o n  

between i n  FRP-Tt and FRP concen t r a t i on  r e f l e c t s  t h e  longer  

turnover  t imes of phosphate i n  su r f ace  l a k e  wa te r  when 

phytoplankton growth and n u t r i e n t  uptake a r e  slow and n u t r i e n t s  

are abundant i n  w in t e r ,  Any d i r e c t  e f f e c t  of phosphate 

concen t r a t i on  upon uptake a t  r e l a t i v e l y  low phosphate 

concen t ra t ions ,  a s  expected by t he  Michael is-Menten k i n e t i c  

model, cannot  be seen i n  t he se  f i e l d  d a t a ,  S imi l a r l y ,  

r e l a t i v e l y  high PP concen t r a t i ons  i n  w i n t e r  when uptake r a t e s  

a r e  low may account  f o r  t h a t  nega t ive  r va lue  (Table  13)  . 
F i n a l l y ,  t h e  nega t ive  c o r r e l a t i o n  c o e f f i c i e n t s  of FRP uptake 

w i th  NO and NH concen t r a t i ons  appa ren t l y  r e f l e c t  t h e  
3  4 

s imultaneous d e p l e t i o n  of D I N  dur ing  t imes  of r a p i d  FRP uptake,  

Mul t ip le  r e g r e s s i o n  ana ly se s  of n u t r i e n t  uptake and 

p r o d u c t i v i t y  da t a  gave h ighes t  pe rcen tages  of va r i ance  expla ined 
2 ( R  ) when t h e  r a t e s  were In-  t r ans f  ormed. Furthermore t he  

turnover  t imes f o r  FRP i n  t h e  water  gave b e t t e r  r e s u l t s  than t h e  

uptake r a t e s  themselves. The va r i ance  i n  FRP-T was exp la ined  t 
mostly by t h e  p o s i t i v e  r e l a t i o n s h i p s  t o  FRP and PP 

concen t r a t i ons  (Table  1 4 )  . The a d d i t i o n a l  p o s i t i v e  c o n t r i b u t i o n  

from NO concen t r a t i on  t o  I n  FRP-T i s  probably not  a  d i r e c t  
3 t 

e f f e c t  bu t  t h e  r e s u l t  of t he  s t r ong  p o s i t i v e  c o r r e l a t i o n  between 

NO and FRP concen t r a t i ons  (Table 1 2 ) .  The i n t e r p r e t a t i o n  i s  
3 



Table 14. Stepwise multiple regressions. Variances of ln- 2 transformed rates of gross productivity ( g  0 /m*d) 
and nitrate, ammonium, and phosphate turnoveg times 
(h) explained by temperature and particulate N, 
particulate P, FRP, nitrate, and ammonium 
concentrations (pg/l). Analyses are for data from 
all stations from February 1984 - January 1985. 

Significant 
Dependant Percentage of Total Independant Varjables 
Var iable Variance Explained (R ) (Change in R ) 

In Gross Prod. 87.1% 

FRP 48.6%; PP 15.1%; 
NO3 5.2% 

Temp. 52.1%; NH4 12.7%; 
PN 8.6% 

NO3 76.8%; Temp. 10.9% 

Temp. 58.1%; NOj 15.2%; 
FRP 13.8% 



t h a t  FRP t u r n o v e r  t i m e s  a r e  i n c r e a s e d  when phosphate  and 

p a r t i c u l a t e  P ( i . nc lud ing  a b i o t i c  forms)  are  abundant ,  T o t a l  

v a r i a n c e  e x p l a i n e d  w a s  68.9%, a  r e l a t i v e l y  h igh  v a l u e  f o r  

n a t u r a l  systems. The mu1 t i p l e  r e g r e s s i o n  e q u a t i o n  i s  probably  

of l i t t l e  use  i n  p r e d i c t i n g  FRP-Tt, however, because  of a l a r g e  

s t a n d a r d  e r r o r  of t h e  mu1 t i p l e  e s t i m a t e ,  

Algal  v s ,  B a c t e r i a l  Uptake of Phosphorus 

S i z e  fractions t i o n  g e n e r a l l y  showed h i g h e r  b i o t i c  P uptake  

r a t e s  by t h e  smaller p a r t i c l e s  (F ig .  1 2 )  . The dominat ion  of 

uptake  by smaller p a r t i c l e s ,  i .ncluding mic roa lgae ,  f r e e  

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

o c c u r s  i n  o t h e r  f r e s h w a t e r  l a k e s  ( R i g l e r  1956; Lean 1973; 

Kuenzler  and Greer 1980; C u r r i e  and Kal f f  1 9 8 4 a ) .  Small 

p a r t i c l e  uptake  was w e l l  c o r r e l a t e d  w i t h  l a r g e  p a r t i c l e  uptake  

a t  S t a t i o n  5 ( r  = 0.88) and  S t a t i o n  10  ( r  = 0 , 7 3 ) ,  s u g g e s t i n g  

t h a t  a l g a l  and b a c t e r i a l  up take  i n c r e a s e d  o r  d e c r e a s e d  t o g e t h e r  

and t h a t  a l g a e  d i d  n o t  dominate uptake  d u r i n g  p e r i o d s  of h igh  

biomass and P-def i c i e n c y .  Hickman and Penn (1977) and  Faus t  and 

C o r r e l l  (1976) of t e n  found a p o s i t i v e  r e l a t i o n  between a l g a l  and 

b a c t e r i a l  abundances,  Lean (1984) and  C u r r i e  and Kalf f  (1984b) 

found b a c t e r i a l  up take  r a t e s  i n  f r e s h w a t e r  l a k e s  w e r e  a 

r e l a t i v e l y  c o n s t a n t  pe rcen tage  of t o t a l  b i o t i c  uptake  throughout  

t h e  y e a r  whereas Faus t  and C o r r e l l  (1976) and  Kuenzler  and Greer 

( 1 9 8 0 )  found distinct increases i n  the percentage of algal 

uptake  d u r i n g  the warm season,  F a i r l y  c o n s t a n t  p e r c e n t a g e s  of 

b a c t e r i a l  and a l g a l  uptake  rates correspond t o  t h e  model 

proposed by C u r r i e  and Kalff  (198433) i n  which a l g a l  P uptake  i s  

dependent  upon release of P from b a c t e r i a  s o  t h a t  t h e  r a t e s  

remain i n  phase,  C u l t u r e  work by Fuhs (1972) s u p p o r t s  s u p e r i o r  

a l g a l  u t i l i z a t i o n  of phosphate  a t  t h e  low c o n c e n t r a t i o n s  t y p i c a l  

of t h e  s u m m e r  months w h i l e  Rhee (1972) sugges ted  t h a t  b a c t e r i a  

are  s u p e r i o r  t o  a l g a e  i.n competi. t i o n  f o r  a v a i l a b l e  phosphate ,  

Ques t ions  s t i l l  remain concern ing  t h e  importance of b a c t e r i a l  

up take  of a n u t r i e n t  t h a t  p o t e n t i a l l y  l i m i t s  a l g a l  growth 



(Currie and Kalff 1984b) a s  well as  the ecological mechanisms 

control l ing bacter ia l  and algal  competition fo r  phosphorus. 

~ n t i b i o t i c s  s igni f icant ly  decreased P uptake (Kb) a t  Sta t ion 

1 0  compared t o  uptake i n  untreated samples (Table 2 ) ,  indicating 

t ha t  much of the uptake was procaryotic. Total eucaryotic 

uptake usually exceeded algal  "large par t i c le"  uptake (Table 2 ) .  

Stone (1982) found similar  resu l t s ,  whereas Kuenzler e t  a l .  -- 
( 1 9 7 9 )  and Kuenzler and Greer ( 1 9 8 0 )  found tha t  b io t i c  P uptake 

i n  the large s ize  f rac t ion  was somewhat greater  than eucaryotic 

uptake. Assuming tha t  f i l t r a t i o n  accurately separated bacter ia l  

uptake from algal  uptake and that  the an t ib io t i cs  completely 

prevented P uptake by the procaryotic f rac t ion,  eucaryotic 

uptake should have been l e s s  than large pa r t i c l e  b io t i c  uptake 

since an t ib io t i c  treatment would l i ke ly  decrease P uptake by the 

blue-green algae. Blue-greens with ef fec t ive  s izes  > 8 pm have 

been a s igni f icant  f rac t ion  of the algae i n  Jordan Lake (Weiss 

and Francisco 1 9 8 4 ) .  Analysis of the ant ib io t ic- t rea ted  samples 

(Table 2 ) showed tha t  moderate- to-rapid uptake of t e n  remained i n  

the small s ize-fract ion of the water samples af t e r  an t ib io t i c  

treatment, indicating e i t he r  the presence of small eucaryotic 

algae there and/or incomplete suppression of procaryotic P 

uptake. Eucaryotic algae, such as  Cyclotella, Chlorella, and 

Chlamydomonas, small enough t o  pass through a 8.0 )un f i l t e r  a re  

abundant i n  Jordan Lake (Weiss and Francisco 1985 )  . Since small 

c e l l s  of ten have greater  re la t ive  uptake capaci t ies  than la rger  

c e l l s  (Fuhs, -- e t  a l .  1 9 7 2 ) ,  the r a t i o  of large vs. small pa r t i c l e  

uptake r a t e s  i s  probably less than the r a t i o s  of t he i r  

biomasses. 

Several fac tors  may reduce the effectiveness of the 

an t ib io t i c  treatment. Suspended clays i n  the water may adsorb 

the an t ib io t i cs  or  provide some type of physical protection fo r  

the bacteria.  ~ndeed,  high b io t i c  uptake r a t e s  frequently 

occurred i n  the small s ize-fract ion during winter when 

concentrations of suspended clays tended t o  be high. 

Furthermore, although Gentamycin and Kanamycin a r e  broad- 

spectrum an t ib io t i cs  which are  ef fec t ive  against many 



a n t i b i o t i c - r e s i s t a n t  bac te r i a  (Davis -- e t  a1 . 197 3 )  , there  may 

have been r e s i s t a n t  s t r a i n s  i n  our samples. The pre-incubation 

with a n t i b i o t i c  and the  dosage of a n t i b i o t i c  may have been 

i n s u f f i c i e n t  t o  s top  bac te r i a l  a c t i v i t y  before  the t r a c e r  was 

added, The low b i o t i c  uptake r a t e s  i n  January, February, and 

March 1985 (Fig, 1 2 ) ,  a l l  of which showed high eucaryotic uptake 

i n  the  small f r ac t ion ,  probably reduced measurement accuracy 

s u f f i c i e n t l y  t o  prevent s a t i s f a c t o r y  f r ac t iona t ion  of r a t e s .  

The uptake r a t e  a t t r i b u t a b l e  t o  the  la rge  f r a c t i o n  o f t en  

decreased af t e r  a n t i b i o t i c  treatment (Table 2 )  , a r e s u l t  a l s o  

reported by Kuenzler and Greer (1980) and Kuenzler e t  a l .  

(1979) . The l a r g e r  p a r t i c l e s  probably contained numerous 

bac te r i a ,  a t tached e i t h e r  t o  a lgae (Paerl  1975) o r  t o  clay 

p a r t i c l e s  (Faust and Correl l  1976),  and blue-green algae;  a 

decrease i n  the  P uptake r a t e s  of these procaryotes by 

a n t i b i o t i c s  would proport ionately decrease the uptake of the 

l a rge  s ize-£ ract ion.  Final ly ,  the  a n t i b i o t i c  might a f f e c t  P 

uptake by eucaryotic c e l l s ;  Kuenzler e t  a l .  (1979) , however, 

found t h a t  carbon uptake was not a f fec ted  by the  use of 

streptomycin o r  p e n i c i l l i n ,  

Suspended Sediment Phosphorus Sorption Capacity 

During 1981-82, about 88% of the t o t a l  nonf i l t e rab le  residue 

and 75% of total-P load t o  Jordan Lake came down the  Haw River 

( ~ e i s s  and Francisco 1984). Much of the  P enters over short 

periods during high-flow conditions. For example, during a two- 

day period i n  February 1984, an extremely heavy flow of the Haw 

River del  ivered approximately 1 0 %  of the year ly  t o t a l -  P load f o r  

all of Jordan Lake (Weiss and Francisco 1985).  Our sorp t ion  

experiments, using suspended sediments from f i v e  periods of high 

flow, showed t h a t  the sediment equil ibrium phosphate 

concentrations (EPC)  (1-77 p g  P / 1 )  were always below those of 

the ambient stream FRP concentrations (81-402 pg P / 1 )  (Table 6 ) .  

It may therefore  be assumed t h a t  the suspended sediments were a 

s ink f o r  phosphate i n  r i v e r  water during these periods of high 



flow.   not her so rp t ion  experiment conducted wi th  suspended 

sediments from the  lake  a l s o  showed t h e  sediments t o  be 

funct ioning a s  a  s ink (Fig. 1 3 ) .  This i s  supported a l s o  by the  

s i g n i f i c a n t  a b i o t i c  uptake of t r a c e r  i n  t he  Haw River A r m  ( F i g .  

1 2 ) .  phosphate apparent ly  sorbed on to  suspended mat te r  d e s p i t e  
considerable  v a r i a b i l i t y  i n  TP, FRP, PP, TNFR, flow, and 

temperature, 

Kuenzler and Greer (1980)  found s i m i l a r  EPC va lues  (1 t o  2 2  

pg ~ / 1 )  f o r  suspended sediments from Universi ty Lake water. 

They concluded t h a t  such p a r t i c l e s  were a  s ink  f o r  P i n  win te r  

bu t  were a  source i n  summer because of l o w  lake  FRP 

concent ra t ions  then, The study of Kuenzler and Greer (1980) , 
however, examined the  r o l e  of suspended sediment t h a t  had 

a l ready  been i n  t he  lake  f o r  an undefined per iod of time r a t h e r  

than t h e i r  so rp t ion  p o t e n t i a l  before  en t e r ing  the  lake.  The EPC 

va lues  of suspended sediments from the  tu rb id  Colorado River 

(Mayer and Gloss 1980) were s imi l a r  t o  our values.  However, 

s i nce  t he  FRP of the  Colorado ranged from 1 t o  5 1  pg P / 1 ,  t h e  

au thors  concluded t h a t  t he  suspensions ac ted  as  a bu f f e r ,  

adsorbing P a t  concentra t ions  above the  EPC and desorbing P a t  

lower concentra t ions ,  Others have a l s o  proposed the concept 

t h a t  suspended sediments a r e  a bu f f e r  f o r  phosphate ( C a r r i t t  and 

Goodgal 1954; Pomeroy e t  a l .  1965; ~ u n i s h i  -- e t  a l .  1972) .  In  

most p r i o r  s tud i e s ,  however, t he re  were much lower ambient 

stream FRP concent ra t ions  which, d e s p i t e  s imi l a r  EPC values ,  

l ead  t o  d i f f e r e n t  conclusions concerning the  r o l e  of the  

suspended sediments, 

Large d i f f e r e n c e s  ex i s t ed  be tween the  EPC concent ra t ions  of 

the  suspended sediment and the  ambient stream water FRP 

concent ra t ions  (Table 6 )  , The r a t e  of adsorp t ion  of phosphate 

from s o l u t i o n  onto the  sur face  of a c lay p a r t i c l e  tends t o  be 

f a i r l y  rap id  ((12 h r s )  (Edzwald -- e t  a l .  1976) and, when complete, 

should render a quasi-equil ibrium c lose  t o  the  EPC. ~ h e  

experimental condi t ions  a f f e c t  determinat ion of EPC and ISC 

values ,  The i o n i c  composition and concent ra t ion  of the  

contac t ing  s o l u t i o n  of t en  a f f e c t s  the  amount of P adsorbed 



(Ryden and Syers 1975; Ryden -- e t  a1 1977).  The 0 . 0 1  M CaC12 

contac t  s o l u t i o n  used i n  t h i s  study, and by o t h e r s  (White and 

Beckett  1964: Taylor and Kunishi 1971; Meyer 1979) ,  increased 

the  amount of phosphate adsorbed a t  concent ra t ions  > lo0  pg I-', 

by f a c t o r s  of 1.5 t o  2.5 compared t o  t he  same s o i l s  suspended i n  

d i s t i l l e d  water  (Ryden and Syers 1975) . Both higher  i o n i c  

s t r e n g t h  and the  presence of ~ a + ~  caused increased sorpt ion.  

The e f f e c t  of 0.01 M CaC12 on so rp t ion  capaci ty  was l e s s  a t  

phosphate concentra t ions  <I00 pg P / 1  and decreased t o  

e s s e n t i a l l y  no d i f f e r ence  a t  the  EPC. Theref o r e  the  EPC va lues  

repor ted  here  were probably not s i g n i f i c a n t l y  a f f e c t e d  by the  

0.01 M CaCIZ contac t  so lu t ion .  The ins tantaneous so rp t ion  

capac i ty  (ISC) of the  suspended sediment was usua l ly  measured a t  

P concent ra t ions  > 100 pg P /1 ,  where d i f f e r e n t  i o n i c  composition 

of con tac t  s o l u t i o n s  do a f f e c t  P sorpt ion.  Because the  i o n i c  

s t r e n g t h  of Haw River water i s  probably much l e s s  than 0.01 M 

and thus  would e x h i b i t  l e s s  so rp t ion  capaci ty ,  ISC was l i k e l y  

overestimated. However, t h e  d i f f e r ences  i n  so rp t ion  capaci ty  a t  

d i f f e r e n t  i on i c  compositions remain r e l a t i v e l y  cons tan t  a t  

concent ra t ions  > 100 pg P/1 ;  t h e  d i f f e r e n t  i o n i c  compositions 

would the re fo re  not g r e a t l y  af f e c t  t h e  r e l a t i v e  d i f f e r e n c e s  i n  

I S C  obta ined during d i f f e r e n t  samplings. 

The apparent  l ack  of equi l ibr ium i n d i c a t e s  a  r e l a t i v e l y  

s h o r t  res idence time of the  sediments i n  t h e  water column and 

suggests  t h a t  they are of l o c a l  o r ig in .  They may have 

o r ig ina t ed  from d i s t a n t  sources and been ep i sod ica l ly  c a r r i e d  

down the  stream, pe r iod ica l ly  sedimenting i n t o  p o t e n t i a l l y  

anaerobic condi t ions  where phosphate may be re leased ,  and then 

being scoured again  from the  r i v e r  bottom dur ing per iods  of high 

flow. 

Suspended sediment I S C  (Table 6 )  was s i g n i f i c a n t l y  higher (P 

= 0.05) i n  t he  May samplings than dur ing winter .  This r e s u l t e d  

both from increased stream FRP va lues  and higher  abso lu te  

so rp t ion  capaci ty  of the  sediments i n  May. The I S C  was 

inverse ly  c o r r e l a t e d  wi th  flow (r=-0.75, P=0.10), perhaps due t o  

a higher percentage of l a r g e  p a r t i c l e s  wi th  lower so rp t ion  

c a p a c i t i e s  c a r r i e d  by the  stream a t  per iods  of high flow. 



Algal U t i l  i z a t i o n  of Sediment-Bound Phosphorus 

Algae used from 5.1 t o  18 - 6 %  of sediment-bound P d e s p i t e  

i n d i c a t i o n s  from the  so rp t ion  experiments t h a t  the  sediments 

were undersaturated wi th  respect  t o  phosphate. The shape of the  

growth curves of a lgae  grown w i t h  sediments resembled t h e  curves 

of a lgae  grown with  a  so lub le  phosphate source ( F i g .  1 4 )  . 
Apparently t h e  a lgae  rap id ly  ass imi la ted  some loosely-bound, 

e a s i l y  desorbed sediment P, After  t h i s  i n i t i a l  phase, t h e  r a t e  

of desorpt ion,  o r  a lga l  u t i l i z a t i o n ,  was i n s u f f i c i e n t  t o  allow 

s i g n i f i c a n t  add i t i ona l  growth, 

The 0 . 1  M NaOH e x t r a c t i o n  of sediments overest imated AAP 

(Table 71, probably because of the  high i r o n  and aluminum 

content  of Piedmont s o i l s  (Daniels  a& 1 9 8 4 )  compared t o  t h e  

high calcium s o i l s  upon which the  NaOH-AAP r e l a t i o n s h i p  was 

developed. For example, W i l l i a m s  e. (1980) showed a s t rong 

c o r r e l a t i o n  between NaOH-extracted P and AAP i n  sediments i n  

which 50% of t he  P was i n  t h e  a p a t i t e  f r a c t i o n ,  31% was i n  t h e  

nonapat i te  f r a c t i o n ,  and 19% was i n  t h e  organic P f r a c t i o n .  O n  

t h e  o ther  hand, two sediments i n  which AAP was poorly pred ic ted  

by the  NaOH e x t r a c t i o n  and consequently excluded f r o m  d i s cus s ion  

had nonapa t i t e  f r a c t i o n s  of 50% and 65%. Huett l  e t  a l .  (1979) 

suggested t h a t  t he  NaOH e x t r a c t i o n  may overest imate the  AAP i n  

s o i l s  wi th  abundant i r o n  and alumi.num oxides wi th  high 

capac i ty ,  low i n t e n s i t y  so rp t ion  isotherms: these  were 

c h a r a c t e r i s  t i c s  of the  suspended sediments used here.  Overal l ,  

t he  NaOH e x t r a c t i o n  has been empir ical ly  c o r r e l a t e d  t o  AAP using 

a  small v a r i e t y  of s o i l s  and ques t ionable  methods of es t imat ing  

AAP ( s ee  Lee e t  a l .  1980) and may not be app l i cab le  t o  s o i l s  o r  

sediments wi th  chemical c h a r a c t e r i s t i c s  d i f f e r e n t  from those 

upon which the  c o r r e l a t i o n  was based. 

Management Imp1 i c a t i o n s  of Sediment Sorpt ion and B ioava i l ab i l  i ty  

The suspended sediment study concentra ted on so rp t ion  

p rope r t i e s  and b i o a v a i l a b i l  i ty  of P bound t o  Haw River suspended 



sediments s h o r t l y  be£ o r e  they reach Jordan Lake, The ne t  e f f e c t  

of these sediments af t e r  en te r ing  the  lake  i s  a func t ion  of many 

f a c t o r s ,  The movement of the  r i v e r  water upon en t e r ing  t h e  lake 

i s  important; i t  l a r g e l y  depends on the  r a t e  of d ischarge and on 

t h e  dens i ty  d i f f e r ence  (pr imar i ly  temperature d i f f e r e n c e )  

between t h e  r i v e r  and l ake  waters,  Stream and es t imated l ake  

temperatures were s imi l a r  on a1 1 samplings, bu t  conclusions  

regarding mixing cannot be made without l ake  i s o p l e t h s  a t  t h e  

time of sampling. Large p a r t i c l e s  en t e r ing  t h e  l ake  s e t t l e  out  

of t he  water rap id ly ,  bu t  c l ays  do not. Fine c l ays  s e t t l i n g  a t  

3 0  cm/d would remain i n  a 3 m phot ic  zone f o r  1 0  days i n  calm 

waters  (Williams -- e t  a l ,  1980) and longer  dur ing mixing 

condi t ions  (Reynolds 1 9  8 4 )  . Coagulation and encapsulat ion by 

a lgae  (Faust  and Core11 1976; Avnimelech e t  a l .  1982) increase  

t h e  s e t t l i n g  r a t e .  Severe reduct ion of t he  phot ic  depth 

r e s u l t i n g  from the  high l i g h t - s c a t t e r i n g  capac i ty  of c l a y s  a l s o  

i n h i b i t s  a l g a l  p roduc t iv i ty ,  River water s i g n i f i c a n t l y  co lde r  

than sur face  water  i n  t h e  lake  w i l l  sink t o  an in termediate  

depth o r  t o  t he  bottom, I ts  load of n u t r i e n t s  and suspended 

mat te r  w i l l  t he re fo re  have much l e s s  immediate e f f e c t  on the  

e p i l  imnion and on phytoplankton production 

The so rp t ion  experiments i n d i c a t e  t h a t  suspended c l a y s  

scavenge P from the  water as they slowly s e t t l e  t o  t he  l ake  

bottom. Given the  f a i r l y  rap id  uptake of loosely-bound PI c l ays  

should reach a s t a t e  of quasi-equil ibrium while i n  t he  phot ic  

zone, T h i s  r ecen t ly  adsorbed P should be r e a d i l y  desorbable and 

highly b ioava i lab le .  However, t h e  high AAP on sediments i n  

contac t  with water r i c h  i n  FRP i s  un l ike ly  t o  be of immediate 

importance for alga l  growth a t  that time, I t  appears,  then, 

t h a t  suspended sediments a r e  not t he  u l t imate  source of e a s i l y  

desorbable and a v a i l a b l e  P, bu t  a r e  usua l ly  a s ink  f o r  P dur ing 

times when P i s  abundant, High ambient FRP concentra t ions ,  and 

of t en  l o w  a l g a l  biomass, immediately a f t e r  high r i v e r  flows 

decrease  the  importance of sediment-bound P, However, a s  a l g a l  

biomass and phot ic  zone depth increase  and dissolved n u t r i e n t  

supp l i e s  decrease,  t h e  b i o a v a i l a b i l i t y  of P on the  c lay 

p a r t i c l e s  remaining i n  suspension becomes more important,  



Cuker (19 86 ) performed experiments r e l a t i n g  phosphorus 

loading and c lay  loading t o  a lga l  growth i n  l imnocorrals  i n  a 

N. C. Piedmont lake.  ~ e r t i l i z a t i o n  with phosphate not only 

s t imulated phytoplankton abundance and p roduc t iv i ty ,  i t  a l s o  

s h i f t e d  spec i e s  dominance toward t h e  N - f i x ing  blue-green 
2 

Anabaena. - Phosphate a d d i t i o n  a l s o  r e s u l t e d  i n  more rap id  

s e t t l i n g  of suspended c lay p a r t i c l e s  and c l e a r i n g  of the  water. 

Addition of Kaol i n i  t e  c lay reduced water c l a r i t y  and 

phytoplankton abundance and produc t iv i ty  i n  s p i t e  of r e l a t i v e l y  

l a rge  amounts of P assoc ia ted  wi th  the  added c lay .  Anabaena 

counts were reduced r e l a t i v e  t o  1 imnocorrals enriched wi th  P. 

When both P and c lay were added, in termediate  va lues  of 

t u r b i d i t y ,  a l g a l  abundance, and produc t iv i ty  were found. These 

r e s u l t s  were i n t e r p r e t e d  a s  a c lo se  i n t e r a c t i o n  between P and 

c l a y s  (Cuker 1986) . The phosphorus tended t o  s t imu la t e  a l g a l  

growth and a l g a l  growth tended t o  f l o c c u l a t e  c lays .  Although 

added c lay brought P i n t o  t he  system, c lay suspensions i n i t i a l l y  

shaded t h e  phytoplankton and reduced product ivi  ty. However they 

a l s o  ac ted  a s  a s ink f o r  P a l ready i n  t h e  water and tended t o  

sorb P from the  water and t o  car ry  i t  and some of the  a l g a l  

c e l l s  out  of the water column a s  they sank t o  t he  bottom. 

P a r t i c l e s  s inking through the  water column may r e l e a s e  P 

back t o  t he  water. In  many lakes  f e r r i c  hydroxide on t h e  

su r f aces  of sedimentary p a r t i c l e s  i s  reduced t o  f e r rous  i r o n  

when the  hypolimnion becomes anoxic i n  summer. The P which was 

adsorbed t o  the  hydroxide re -en te rs  so lu t ion ,  r e s u l t i n g  i n  

increased  FRP concent ra t ions  i n  bottom water (Golterman 1973; 

Rig le r  1973) . Unpublished Jordan Lake da t a  (Weiss, personal  

comm. ) c l e a r l y  show e leva ted  FRP i n  t he  hypolimnion i n  summer. 

In  o the r  Piedmont l akes  t he  e f f e c t  i s  smal ler  (Kuenzler and 

Greer 1980; ~ o d r i g u e z  1985) , perhaps because of s t rong  P binding 

t o  the  aluminum of the  c l ays  (Edzwald e t  a l .  1 9 7 6 ) .  Phosphate 

i n  the  hypo1 imnion r e t u r n s  slowly t o  the  e p i l  imnion except 

during mixing a f t e r  s t r a t i f i c a t i o n  weakens. P a r t i c l e s  

accumulated on the  bottom may be resuspended by turbulence from 

storms o r  by boat  t r a f f i c ,  thereby re-enter ing the  s e s ton ic  



system. Those which remain on t he  b o t t m  may be  bu r i ed  w i th  
t h e i r  a s soc i a t ed  P, o r  t he  P may be r e l e a s e d  i n  s o l u b l e  £ o m  t o  

t h e  i n t e r s t i t i a l  and then  d i f f u s e  from t h e  sediments  t o  t h e  

water  column, 

I n  s p i  te  of s eve ra l  mechanisms by which sediment-associa ted  

P can be r e tu rned  t o  t h e  water  and t o  t h e  euphot ic  zone, l a r g e  

amounts of P a r e  l o s t  each y e a r  t o  t h e  l a k e  bottom, Weiss and 

Francisco  (1985) c a l c u l a t e d  t h a t  45-55% of TP t r an spo r t ed  by t h e  

Haw River and 84-92% of TP t r an spo r t ed  by New Hope River  were 

l o s t  i n  t h e  lake .  Losses of TN from r i v e r  wa te r  were less than 

l o s s e s  of TP, 2-15% of Haw River  TN and 57-66% of New Hope River  

TN. They a t t r i b u t e d  t he se  l o s s e s  t o  s i nk ing  and r e t e n t i o n  of 

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

a r e  i n  agreement w i th  these  sugges t ions ,  

The i n t e r a c t i o n s  between suspended sediments  and wate r  a r e  

complex, In t h e  stream, sediment i s  probably a s i n k  f o r  

phosphate and should be impor t an  t i n  b inding so lub l  e phosphate 

t h a t  e n t e r s  from both  d i f f u s e  and p o i n t  sources .  Management 

p r a c t i c e s  which remove sediment i n p u t s  i n t o  t h e  stream wi thou t  

concurrent  measures t o  dec rease  i n p u t s  of s o l u b l e  P might r e s u l t  

i n  n e g l i g i b l e  changes, o r  even i nc r ea se s ,  i n  s o l u b l e  P d e l i v e r e d  

t o  t h e  l a k e  due t o  t h e  l a c k  of c l a y s  f o r  P s t r i p p i n g .  Reducing 

suspended sediment w i l l  a l s o  i n c r e a s e  t h e  depth  of t h e  p h o t i c  

zone i n  t h e  Haw River arm of t h e  l a k e  where l i g h t  i s  o f t e n  

l i m i t i n g ,  perhaps c o n t r i b u t i n g  t o  i nc r ea sed  a l g a l  growth and 

biomass the re .   his i s  not  an  argument f o r  mainta in ing o r  

i nc r ea s ing  suspended sediment l oads  i n  Piedmont r i v e r s ,  b u t  

p o i n t s  out  t h a t  t h e  usual  t u r b i d i t y  i n  our  l a k e s  may keep t h e i r  

t r oph i c  s t a t u s  below t h a t  p r ed i c t ed  from P l oad ing  a lone  (Pearce 

1 9 8 3 ) .  

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

Tota l  N concen t r a t i ons  w e r e  high i n  Jo rdan  Lake, wi th  s ummer 

l e v e l s  around 600-900 pg N / 1  a n d  w in t e r  l e v e l s  of t e n  > 1,000 ug 

N / 1  (F ig ,  17 ) . A 1  though t h e r e  was s i g n i f i c a n t  c o r r e l a t i o n  



between t o t a l  P and t r i b u t a r y  d i scharge  r a t e s  ( r  = 0.552**), 

c o r r e l a t i o n s  between NO NH4, o r  t o t a l  N concen t r a t i ons  and 3' 
d i s cha rge  were not  s i g n i f i c a n t  ( n o t  shown) . ~ u r i n g  autumn, 

t o t a l  N inc reased  t o  l e v e l s  s i m i l a r  t o  those  of t h e  p rev ious  

w in t e r ,  i n  s p i t e  of l o w  r i v e r  d i s cha rges  (Fig.  2 )  , The d e c l i n e s  

i n  p r o d u c t i v i t y  (Fig.  2 4 ) ,  ch lorophyl l  2 (Fig.  8). and 

temperature  (Fig ,  4 )  du r i ng  t h i s  pe r iod  sugges t  t h a t  reduced 

a l g a l  a c t i v i t y  pe rmi t t ed  t h e  i n c r e a s e  i n  t o t a l  N, al though 

i nc r ea sed  ben th i c  regenera t ion ,  inc reased  N-f i x a t i o n ,  o r  

decreased den i  t r i f  i c a t i o n  could  a1 s o  con t r i bu t e .  

The i n c r e a s e  i n  t o t a l  N concen t r a t i ons  i n  autumn w a s  due 

p r ima r i l y  t o  t h e  i n c r e a s e  i n  n i t r a t e  whi le  p a r t i c u l a t e  N 

decreased and DON s t ayed  t h e  same. Perhaps when p r o d u c t i v i t y  is  

high,  more D I N  i s  conver ted  t o  p a r t i c u l a t e  N which then  s e t t l e s  

o r  i s  t r a n s £  e r r e d  t o  h igher  t r oph i c  l e v e l s ,  caus ing lower t o t a l  

N concen t ra t ions .  A s  p roduc t i v i t y  decreases ,  more D I N  remains 

i n  s o l u t i o n  and t o t a l  N concentra t i .ons  i nc r ea se ,  

A t  S t a t i o n  30, NO concen t r a t i ons  remained h igh  except  3 
dur ing  J u l y  and August, when l e v e l s  became unde tec tab le  (Fig.  

1 6 ) .  I t  i s  i n  t he se  months t h a t  n e t  p roduc t i v i t y ,  ch lo rophy l l  

a ,  and temperature  a l l  reached t h e i r  annual peaks, Re l a t i ve ly  - 
high FRP concen t r a t i ons  i n  Ju ly  and August (Fig.  9 )  and a l g a l  

a ssay  r e s u l t s  f o r  August suggested N may have been l i m i t i n g  a t  

S t a t i o n  30 a t  t h a t  t i m e ,  I n  September t h e  l a k e  became 

d e s t r a t i f  i e d  and mixed, caus ing a surge  i n  DIN concen t r a t i ons  

a t  S t a t i o n  30, Late r  i n  autumn, NOj concen t r a t i ons  i nc r ea sed  

a c r o s s  t h e  l a k e  as b i o l o g i c a l  a c t i v i t y  decreased,  W e i s s  and 

Franc i sco  (1985) sugges ted  t h a t  d e n i t r i f i c a t i o n  may be a n  

impor tant  pathway f o r  N l o s s  i n  t h e  New Hope River  arm because 

i t  i s  shal low and has  a high r a t i o  of bottom s u r f a c e  t o  water 

volume,  his could c o n t r i b u t e  t o  t h e  low NO3 concen t r a t i ons  

found t h e r e  from May u n t i l  October 1984, 

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

~ e i s s  and Francisco  (1984) b r i e f l y  d i s c u s s  t he se  d i s t r i b u t i o n s  

i n  t h e i r  repor  t, 



Time Course of Nitrogen Uptake 

. 
Understanding n i t rogen  t r a c e r  experiments i n  r e l a t i o n  t o  

primary produc t iv i ty  r equ i r e s  recogni t i o n  t h a t  uptake and growth 

processes a r e  not t i g h t l y  coupled, A por t ion  of t he  D I N  taken 

up by phytoplankton may be subsequently excreted,  leaked, o r  

s to red  by the  c e l l  (Wheeler 1983) , Only under steady s t a t e  

condi t ions ,  seldom found i n  na tura l  environments, a r e  growth and 

uptake t i g h t l y  l inked  (Goldman and G l i b e r t  1983) , However, 

a f t e r  I n  transformations,  we found t h a t  NH -uptake r a t e s  were 
4 

c l e a r l y  c o r r e l a t e d  ( r  = 0,566**) with g ros s  p roduc t iv i ty  whereas 

NO -uptake r a t e s  were not (not  shown). When ammonium 
3 

concent ra t ions  were measured over a seven-hour time course,  they 

remained higher  than expected consider ing t h e  uptake r a t e s  based 

on 15PJ measurements. I t  appears t h a t  NH4 was regenerated from 

an i n t e r n a l  source of n u t r i e n t s ,  thus  maintaining uptake a t  

r a t e s  not  otherwise poss ib le ,  

The ammonium uptake experiments p a r t i a l l y  simulated 

condi t ions  occurr ing i n  t h e  na tura l  environment of 

phytoplankton. Ammonium regenerated from sources  i n  t h e  water  

column i n i t i a l l y  e x i s t s  a s  concentrated microzones which 

subsequently d i f f u s e  away (McCarthy and Goldman 197 9) . 
Phytoplankton respond t o  these  n u t r i e n t  pu lses  by r ap id ly  

e l eva t ing  anunoniun uptake r a t e s  f o r  s h o r t  per iods  of time 

(Goldman e t  a1 . 1981 )  . I n  t r a c e r  experiments, a n a l y t i c  

1 im i t a t i ons  required add i t i ons  of 15PJF14 w h i c h  r e s u l t e d  i n  

s u b s t a n t i a l  enrichments when ambient ammonium concent ra t ions  

were low. O n  such da t e s  (August, October, December), increased 

ammonium uptake r a t e s  measured af t e r  1 0  minutes, 
TI0,  

(Table 9 )  

may r e f l e c t  s t imu la t ion  of the  phytoplankton by t h i s  enrichment, 

Therefore s t imulated T r a t e s  a r e  probably p o t e n t i a l  r a t e s  
10 

r a t h e r  than a c t u a l  es t imates  of na tu ra l  a c t i v i t y ,  Samples 

c o l l e c t e d  a f t e r  1 and 2 hours on these  d a t e s  showed uptake r a t e s  

had decl ined i n  a non-linear fashion,  

Ammonium uptake r a t e s  (Table 8 )  a f t e r  I n  t ransformat ion were 

c l e a r l y  c o r r e l a t e d  wi th  PN concentra t ions  (Table 1 3 )  . A1 though 



p a r t  of t h i s  r e l a t ionsh ip  may be a t t r i b u t a b l e  t o  a l a r g e r  sink 

f o r  N H  when a lga l  and PN concentrations a r e  high, p a r t  may be 
4 

due t o  the  r o l e  of PN a s  a potent ia l  nu t r i en t  source f o r  the 

regenerat ion of ammonium. In December, when PN concentrations 

were r e l a t i v e l y  low, NH4 uptake r a t e s  dropped off duri.ng 

incubation more rapidly than i n  August or  October (Table 10) . A 

decl ine  i n  the 1 5 N  at-% f ram the T60 
to  T120 sample i n  December, 

i f  s ign i f i can t ,  could be due t o  the e f f e c t s  of isotope d i l u t i o n  

or  actual  l o s s  of 1 5 ~  from the PN f r a c t i o n  (Harrison 198313). 

Isotope d i l u t i o n  occurs as regenerated 1 4 ~ ~ 4  is  released t o  the  

ambient pool, thereby reducing the  percentage of 5 ~ ~ 4  re1 a t i v e  
15 t o  the t o t a l  NH4 ( NH4 + 1 4 ~ ~ 4 ) .  Although the ac tua l  number of 

'I LT 
13 atoms of N i n  the  PN s t i l l  increases  w i t h  time as uptake 

continues, the  proportionately l a rge r  increase i n  the  t o t a l  PN 

r e s u l t s  i n  a lower 1 5 ~  a t -%.  The e f f e c t s  of isotope d i l u t i o n  

a r e  espec ia l ly  important when NH4 concentrations a r e  low and 

regeneration r a t e s  a r e  rapid. Gl iber t  e t  a l .  (1982) and 

Harrison and Harr is  (1986) s t a t e  t h a t  NH4 uptake i s  typ ica l ly  

underestimated by a f a c t o r  of approximately 2 when isotope 

d i l u t i o n  i s  not considered. Work i s  i n  progress measuring the  

e f f e c t s  of isotope d i l u t i o n  on NH uptake r a t e s  i n  Jordan Lake 4 
(Rudek 1986). When the decrease i n  1 5 N  a t -% i s  la rge ,  a s  i n  some 

of the 3 hour dark incubations (data  not shown), ac tua l  l o s s  of 

l5bJ from the  PN f r a c t i o n  might be suspected. Laws ( 1 9 8 4 )  noted 

t h a t  up t o  40% of the 1 5 N  could not be accounted f o r  by mass 

balance when only PN and the ambient NH pool w e r e  considered 
4 

and suggested D O ~ ~ N  excre t ion  a s  the f a t e  f o r  some of the l o s t  

1 5 ~ .  

Ammonium turnover times, a£ t e r  I n  t rans£  ormation, showed 

s t rong co r re l a t ions  with temperature and with FRP, PP, NO3, NH4, 

and PN concentrations (Table 1 3 )  . Stepwise mu1 t i p l e  regression 

indica ted  t h a t  temperature and NH and PN concentrations 
4 

dominated, explaining 7 3 . 4 %  of the variance  a able 1 4 )  . The 

c o r r e l a t i o n  w a s  pos i t ive  with NH (Table 13)  because higher 4 
concentrat ions r e s u l t  i n  longer turnover times for the same 

uptake r a t e ,  and negative w i t h  PN, presumably because g rea te r  



concent ra t ions  of a lgae  a r e  ab l e  t o  achieve f a s t e r  uptake, 

Temperature apparent ly  exer ted i t s  negat ive  e f f e c t  on turnover 

time by i t s  p o s i t i v e  e f f e c t  on NH uptake r a t e  per c e l l ,  
4 

N i t r a t e  t r a c e r  experiments conducted i n  t h e  dark (Table 8 )  

probably underestimated ambient NO3 uptake r a t e s .  Kuenzler 

a l .  (1979) repor ted  dark NO3 uptake averaged only 31% of t he  - 
l i g h t  uptake i n  t h e  Pamlico River of North Carolina,  Whalen and 

Alexander ( 1 9  84) repor ted  t h a t  dark- to-1 i g h t  uptake r a t i o s  were 

2-5 times g r e a t e r  f o r  NH than f o r  NO3, i nd i ca t ing  t h e  g r e a t e r  4 
l i g h t  dependence of NO t r anspor t ,  

3 
There i s  evidence of the  light-dependent na ture  of NO 

3 
uptake i n  our  v e r t i c a l  p r o f i l e  and long-duration t r a c e r  

experiments. I n  March the  NO3 TsO sample (Table 10)  and t h e  NO- 

0.5 m sample (Table 11) were comparable i n  loca t ion ,  depth, 

ambient NO3 concent ra t ion  and incubat ion durat ion.  They 

d i f f e r e d  however i n  t h a t  t he  long t r a c e r  experiment (Table 1 0 )  

was i n i t i a t e d  a t  0900 hours (PAR = 1 6 0  p ~ / m 2 -  s )  while t h e  

v e r t i c a l  p r o f i l e  (Table 11) was i n i t i a t e d  a t  1330 hours (PAR = 
2 360 pE/m s )  . The NO uptake r a t e  was s u b s t a n t i a l l y  increased 3 

i n  t he  b r i g h t e r  environment a t  1330 hours, 

The increase  i n  NO uptake r a t e s  from morning t o  a f te rnoon  3 
may be p a r t i a l l y  due t o  f a c t o r s  o t h e r  than l i g h t  i n t e n s i t i e s ,  

The 3 hour NO3 uptake r a t e s  measured i n  March a t  0.2 m and 0.5 

(1.05 and 2.85 pg N/ l*h ,  r e spec t ive ly )  i n  t h e  v e r t i c a l  p r o f i l e  

uptake study were about 4.5 times l e s s  than the  1 hour samples 

 able 11). Pr iscu and Pr iscu (1984) repor ted  NOg uptake rates 

decl ined 10-fold when measured a f t e r  1 hour compared t o  r a t e s  

i n  the  f i r s t  hour, They de t e rmhed  t h a t  very rap id  accumulatior, 

of 1 5 ~ 0 3  occurred during the  f i r s t  5 minutes. While the  

argument f o r  rap id  N H  uptake can be based on the  ex is tence  of 4 
t r a n s i e n t  microzones of concentrated regenerated NH4 t o  which 

phytoplankton may quickly  respond, no such case  seems apparent  

f o r  NO (Goldman and G l i b e r t  1983).  Ambient NO l e v e l s  during 
3 3 

our v e r t i c a l  p r o f i l e  uptake study were non- t r a n s i e n t  and ample 

f o r  phytoplankton needs. Pr iscu and Pr i scu  (1984) speculated 

t h a t  rap id  i s o t o p i c  equi l ibr i~ur l  due t o  balanced in£  lux-ef f l u x  



r a t e s  may be p a r t i a l l y  responsible f o r  i n i t i a l  rapid 
15 accumulation of NO3. The NO i n  the  in t e rna l  pools of the 

3 
phytoplankton may account f o r  a s i g n i f i c a n t  por t i  on of the NO 

3 
recent ly  taken up a s  measured by t h e  1 5 ~  method (Collos and 

Slawyk 1980) , Our r e s u l t s  suggest t h a t  conditions favorable t o  

NO uptake ( l i g h t  l e v e l s  and degree of NM i nh ib i t ion )  a r e  a l s o  
3 4 

an important f ac to r  i n  mediating t h e  apparent rapid i n i t i a l  

accumulation of l5EJo3, Further invcstigati .ons w i l l  be required 

i n  order t o  achieve a b e t t e r  understanding of NO uptake 
3 

k ine t i c s ,  

The rout ine  measurements of n i t r a t e  uptake showed 

considerable v a r i a b i l i t y  r e l a t i v e  t o  possible  cont ro l l ing  

f ac to r s ,  Even the  i n  t rans£  ormation of NO3 uptake produced 

s i g n i f i c a n t  co r re l a t ions  only w i t h  temperature and PN (Table 

1 3 )  , The transformed turnover times, however, not only showed 

s t rong co r re l a t ions  with those f a c t o r s  but a l s o  were 

s i g n i f i c a n t l y  increased when FRP, NO3, and NH4 were high, 

Ni t r a t e  appears t o  be the cont ro l l ing  va r i ab le  here; FRP and NH4 

presumably c o r r e l a t e  we1 1 with NO turnover time because t h e i r  3  
concentrations f l u c t u a t e  with NO 

3 -  
T h i s  conclusion i s  supported 

by mult iple  regression ana lys i s  where NO concentr-ation and 
3 

temperature together explained 87 - 8 %  of the variance i n  I n  NO 3 
turnover time (Table 14) , 

Relative Preference Indices  for Arrmonium and Ni t r a t e  Uptake 

The r e l a t i v e  preference index, RPI, (McCarthy -- e t  a l e  1 9 7 7 )  

measures the a lga l  preference f o r  a p a r t i c u l a r  nu t r i en t  i n  

r e l a t i o n  t o  i t s  r e l a t i v e  abundance, For example, the  R P I  f o r  

NH4 is: 

An RPI of 1 ind ica te s  uptake i s  d i r e c t l y  proportional t o  

nu t r i en t  a v a i l a b i l i t y ,  l e s s  than 1 ind ica te s  se l ec t ion  aga ins t ,  

and more than 1 ind ica te s  a  se l ec t ion  f o r  a  p a r t i c u l a r  nu t r i en t  
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Fig. 27. Log-log plot of relative preference indices for 
ammonium and nitrate uptake by Jordan Lake phytoplankton. 
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Fig. 28. Distribution of DIN: FRP ratios in surface waters of 
Jordan Lake. Horizontal line is drawn at Redfield ratio of 
7.2:l. 



by the  phytoplankton. A log-log graph of the  R P I s  f o r  NH4 and 

NO z. t o t a l  D I N  concent ra t ion  (Fig.  27) shows a l g a l  preference 
3  

i s  predominantly f o r  NH over NO a t  a l l  s t a t i o n s .  The 
4 3 

i n h i b i t i o n  of NO uptake by NH and the  lower energy requirement 
3 4 

f o r  NH a s s i m i l a t i o n  make p r e f e r e n t i a l  NH uptake a  widely 
4 4 

observed phenomenon (Reynolds 1984 ; Brezonik, 197 2 )  . Kuenzler 

e t  a l .  (1979) found NH4 uptake p r e f e r e n t i a l  t o  NO uptake i n  t he  -- 3 
Pamlico River e s t u a r i e s  whi le  Stanley (1983) repor ted  s i m i l a r  

f ind ings  i n  the  Neuse River. 

Ve r t i ca l  P r o f i l e s  of Nutr ient  Uptake and Product ivi ty  

The v e r t i c a l  p r o f i l e  uptake s t u d i e s  (Table 11) ind ica t ed  

t h a t  NH and NO uptakes were r e l a t e d  t o  photosynthet ic  a c t i v i t y .  
4 3 

Reduced NO uptake a t  t he  surface  may r e f l e c t  photo- inhibi t ion 
3  

of photosynthesis .  Cole and Toetz (1979) repor ted a s i m i l a r  

sur face  i n h i b i t i o n  of NO uptake but  a t t r i b u t e d  i t  t o  f a c t o r s  
3 

o the r  than photo-inhibit ion.  Pr iscu and Pr iscu ( l 9 8 4 ) ,  on the  

o ther  hand, concluded t h a t  both NO and NH4 uptake were 
3 

i n h i b i t e d  by sur face  l i g h t  i n t e n s i t i e s .  Kuenzler a. (1979) 

d i d  not employ high enough l i g h t  i n t e n s i t i e s  during incubat ion 

t o  d e t e c t  photo- inhibi t ion.  

The v e r t i c a l  p r o f i l e  of p r o d u c t i v i t i e s  measured 

simultaneously with the  v e r t i c a l  p r o f i l e s  of N-uptake ind i ca t ed  

t h a t  g ross  p roduc t iv i ty ,  and hence photosynthet ic  a c t i v i t y  

peaked a t  1 m while NO uptake peaked a t  0.5 m, However a  
3 

r e l a t i v e l y  l a rge  amount of he te ro t rophic  a c t i v i t y  ( r e s p i r a t i o n )  

was a l s o  measured a t  1 m. A 2 C temperature grad ien t  between 

0.5 m and 1 m ind i ca t e s  these  zones were not mixing a t  the  time 

of sampl ing. Perhaps NH regenerat ion a s soc i a t ed  wi th  high 
4 

r a t e s  of r e s p i r a t i o n  i n h i b i t e d  NO uptake a t  1 m, t h e  depth of 3 
maximum photosynthet ic  a c t i v i t y ,  Pr iscu and Pr iscu (1984) 

repor ted  t h a t  only a  5 pg N / 1  NH enrichment was requi red  t o  
4 

i n h i b i t  NO uptake by 6 0 %  of t h a t  i n  an unenriched sample, 
3 

I n h i b i t i o n  of uptake of phosphate (Table 3 )  and of ammonium 

and n i t r a t e  (Table 11) a t  0  - 2  m depth, presumably by excess ively  






























































