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ABSTRACT 

A ten-month study of University Lake, a water-supply impoundment in 
the Piedmont Province of North Carolina, showed the patterns of phosphate 
uptake a t  different  depths throughout the year. The lake underwent turnover 
in November b u t  was temperature s t r a t i f i e d  again by mid-March. Oxygen 
depletion of the hypo1 imnion occurred by mid-April . Filterable reactive 
phosphate concentrations were low (0.006-0.045 mg Pel-1 ) ; phosphate made 
u p  about half of the total  P in winter b u t  less  than a quarter in spring, 
summer, and f a l l .  Inorganic nitroge concentrations in surface wa ers  f were also low, less  than 0.1 mg N-l-T except for  peaks (>0.3 mg.1- ) in 
ammonium in October-November and in n i t r a t e  in Januar -February. Chloro- 
phyll-a v lues in surface waters ranged from <5 pg.1-T in winter to  
>30 ug-1 -P during the warm seasons. 

The phosphate uptake ra te  coefficient ( k )  ranged from about 0.06% 
removal from surface water per minute in January to  40% per minute in June. 
Gross rates  of phosphate uptake by seston averaged 90.1 mg Pel-1-h-1 during 
May-October, although net uptake was only a fraction of th is .  Algal 
contribution to th i s  uptake was negligible throughout the winter b u t  
became dominant in June. Although there was a good correlation between 
phosphate uptake and chlorophyll-a concentration, bacterial uptake 
exceeded algal uptake a t  a l l  depths and on a l l  dates except in the 
epi 1 imnion in June. Unfortunately, "bacterial " uptake, assessed by anti  - 
biot ic  treatment, may have included bl ue-green a1 gal uptake; therefore 
bacterial uptake may be overestimated and algal uptake underestimated. 
Suspended sediments dominated phosphate uptake in winter when they were 
most abundant, when phosphate concentrations were high, and when biological 
ac t iv i ty  was low. Except in the hypolimnion, however, abiot ic  uptake 
did not contribute significantly to total  phosphate uptake. During the 
s t r a t i f i ed  period suspended sediments were a source of phosphate to the 
water. Phosphorus i s  probably the major nutrient limiting phytoplankton 
growth in University Lake. 
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

U n i v e r s i t y  Lake i s  a  warm-monomictic o r  d i m i c t i c  wa te r  supply  impound- 
ment i n  t h e  Piedmont Prov ince.  I t  i s  oxygenated a t  a l l  depths d u r i n g  t h e  
w i n t e r  m i x i n g  p e r i o d  b u t  t he  hypol imnion i s  deoxygenated d u r i n g  t he  summer 
s t r a t i f i e d  pe r i od .  Because t he  watershed i s  mos t l y  a g r i c u l  t u r a l  l a n d  and 
f o r e s t ,  i n p u t s  o f  a l g a l  n u t r i e n t s  a r e  n o t  excessive, concen t ra t i ons  i n  t h e  
wate r  a r e  n o t  h igh ,  and t he  phy top lank ton  i s  o n l y  moderate ly  p roduc t i ve .  
T u r b i d i t i e s  a r e  h igh,  e s p e c i a l l y  d u r i n g  t h e  w i n t e r  when heavy r u n o f f  
b r i n g s  i n  s i l t  and c l a y  f rom the  watershed. Th is  i s  t h e  f i r s t  s tudy  o f  
n u t r i e n t  k i n e t i c s  i n  a  Piedmont fake.  

N u t r i e n t  concen t ra t ions  measured d u r i n g  t h i s  10-month s tudy  were 
low. To ta l  P averaged 0.044 mg* l ' l ,  o f  which f i l t e r a b l e  r e a c t i v e  phosphorus 
(phosphate) u s u a l l y  was about  25-50% i n  su r f ace  waters .  Phosphate was 
espec ia l  l y  low when phy top lank ton  was abundant i n  summer. I no rgan i c  
n i t r o g e n  concent ra t ions  were a l s o  low, l e s s  than 0.1 mg N-1-1 excep t  f o r  
peaks o f  20.3 mg N.1-1 i n  ammonium i n  October-November and n i t r a t e  i n  
January-February. The r a t i o s  o f  i n o r g a n i c  N t o  i n o r g a n i c  P were much h i g h e r  
than t h e  16 : l  R e d f i e l d  r a t i o ,  averaging 68: l  i n  su r f ace  waters .  A1 though 
the  r a t i o  approached t h e  R e d f i e l d  r a t i o  c l o s e s t  d u r i n g  t he  growing season, 
phosphorus i s  more 1 i k e l y  t o  be 1 i m i  t i n g  than n i t r o g e n  on an annual bas i s .  
These r a t i o s  suggest t h a t  increased phosphorus i n p u t s  t o  t h e  l a k e  would 
tend t o  inc rease  a l g a l  p r o d u c t i v i t y  more than increased n i t r o g e n  load ings .  

Phosphate uptake r a t e  v a r i e d  w i t h  depth and season. The uptake r a t e  
c o e f f i c i e n t  ( k )  , measured w i t h  r a d i o a c t i v e  phosphate t r a c e r ,  i n  su r f ace  
waters ranged f rom about  0.06% removal p e r  m inu te  i n  February t o  
minute i n  June and October. The gross phosphate uptake r a t e s  by 
were h i g h e s t  d u r i n  t h e  p e r i o d  o f  l a k e  s t r a t i f i c a t i o n ,  r ang ing  f rom 
0.084-0.47 mg Pal-qe h-1 between May and October; no samples were taken i n  
J u l y  and August when even h ighe r  r a t e s  m igh t  have occurred.  B a c t e r i a l  
uptake, assessed by a n t i b i o t i c  t reatment ,  u s u a l l y  dominated phosphate 
uptake. A l g a l  uptake, however, exceeded b a c t e r i a l  uptake i n  t h e  e p i l i m n i o n  
i n  June, and a b i o t i c  (suspended sediment)  uptake exceeded b a c t e r i a l  uptake 
i n  January and February and i n  t he  hypol imnion i n  May and June. " B a c t e r i a l "  
uptake may have i nc l uded  uptake by b lue-green a lgae  and t h e r e f o r e  may have 
been overes t imated  a t  t h e  expense o f  " a l g a l "  uptake. A lga l  uptake was 
found o n l y  i n  t h e  su r f ace  waters  (excep t  i n  t h e  meta l imnion i n  
A b i o t i c  gross phosphate uptake r a t e s  were <0.003 mg P- 1-10 h-7 except  i n  
t he  hypol imnion i n  May and June (0.015-0.018 mg P-1-1 -h -1 ) .  A1 though 
suspended sediment uptake dominated t o t a l  uptake d u r i n g  t h e  w i n t e r  when 
b i o l o g i c a l  a c t i v i t y  was low, i t  was much l e s s  impo r tan t  on an annual bas i s  
than a l g a l  and b a c t e r i a l  uptake. However, s i n c e  n e t  phosphate uptake r a t e  
has been shown t o  be s u b s t a n t i a l l y  l e s s  than t h e  gross r a t e ,  e s p e c i a l l y  
when b i o l o g i c a l  a c t i v i t y  i s  h i ghes t ,  suspended sediment uptake i s  undoubtedly 
more impo r tan t  than i t  appears here. 

Phosphate p o t e n t i a l  curves showed t h a t  suspended sediments f unc t i oned  
as a s i n k  f o r  phosphate d u r i n g  t he  w i n t e r  when they  were abundant and phos- 
phate concen t ra t i ons  were h igh ,  b u t  t h a t  they  were a source o f  phosphate 



to the water during spring and early summer. Sediments sinking to  the 
bottom during winter, and algae and bacteria se t t l ing  out during the r e s t  
of the year, tend to s t r i p  phosphate out of surface waters and thereby 
maintain the high N:P ra t io .  

The Piedmont physiographic province with i t s  roll ing h i l l s  and clay 
so i l s  covers a very large area from Georgia to Virginia. Piedmont lakes, 
mostly man-made, a re  important to local residents for  water supply, 
recreation, and fishing. Their ab i l i t y  to  serve adequately as a resource 
and the i r  ultimate value i s  l inked to water quality. I t  i s  therefore 
important tha t  preventive and corrective measures be undertaken to protect 
the level of water quality and trophic s t a t e  of impoundments such as 
University Lake. 

One factor  important to the trophic s t a t e  of any lake i s  nutr ient  
supply. Increased nutrients increase algal growth. Such increased growth 
i s  undesirable in University Lake, because abundant algae could increase 
f i l t r a t i o n  costs ,  create t a s t e  and odor problems in the drinking water 
supply, and cause unsightly surface blooms on the lake. Furthermore, an 
increase in algal productivity would almost certainly deplete the dissolved 
oxygen in the bottom waters to an even greater extent than presently occurs. 
Oxygen depleted water would reach higher into the surface waters and extend 
over a longer period. Hypolimnetic oxygen depletion often severely damages 
f i sh  populations and causes chemical release from the sediments into the 
water of iron and manganese which increase costs of water treatment. 
Careful consideration must therefore be given to r e s t r i c t  excessive 
loadings of phosphorus (and to a lesser  extent nitrogen) to Piedmont 
impoundments i f  control of algal productivity i s  to be maintained. 

Investigations which are  needed to provide understanding necessary 
for  proper management of Piedmont impoundments include the fol 1 owing: 

1. A study of nutrient exchanges between the bottom sediments and the 
water so that  nutrient budgets for  the ent i re  lake system may be 
constructed. 

2 .  A study of nutrient loading to the lake from the en t i r e  watershed, 
with careful analysis of land use and nature of nutrient sources 
so tha t  the functioning of the lake as a part  of the en t i re  drainage 
basin landscape can be established. 



INTRODUCTION 

Nutrient uptake and water quality 

Impounded waters, including farm ponds, water supply reservoirs,  
and cooling ponds for e lectr ical  power plants, comprise the most impor- 
tant  bodies of surface water in the Piedmont Province. As water consump- 
t ion,  water-based recreation, and industrial ac t iv i ty  increase, the need 
for  maintaining high qua1 i ty in the waters increases. Intel 1 igent 
management requires know1 edge and understanding of the environmental 
factors which contribute to water qua1 i ty problems. The factors which 
control nuisance algal blooms in the Piedmont have not been ident i f ied,  
and the relationships between nutrient avail abil i t y  and algal growth 
are  not clearly understood. 

Eutrophication i s  a term used to describe the sequence of changes 
in aquatic ecosystems caused by an increased ra te  of supply of nutrients 
to water (Vallentyne 1974). The immediate response of the ecosystem 
to increased nutrient load i s  an increase in the primary production ra te  
and abundance of plants. This increase in primary production leads to 
long term changes in the chemistry and biology of the lake. There i s  
generally a decrease in oxygen in the deep waters which causes progres- 
sive changes 4n the fauna. Lakes which are  excessively productive are  
undesirable as water suppl ies (Downing 197O), recreational resources 
(Beeton 19691, and fishing grounds (Go1 terman 1975). 

The most important nutrients in eutrophication of fresh waters are  
nitrogen and phosphorus. Many authors have been able to correlate  N 
and P levels in a lake to chlorophyll-a (Lund  1970; Thomas l973),  and 
the correlation has been used for  predicting the trophic s t a t e  of Sakes 
(Vollenweider 1968; Dillon and Rigler 1974; Carlson 1975; Weiss and 
Kuenzler 1976; Nicholls and Dillon 1978). In enrichment experiments, 
when phosphorus and nitrogen are added a r t i f i c i a l l y  to lakes, a dramatic 
increase in algal growth may ensue (Schindler, e t  a1 . 1973; Schindler 
1974), and when nutrient loading to a Sake i s  rZ3.E&.l, there may be 
a decrease in a1 gal growth (Edmondson 1969, 1970). 

There a re ,  however, considerable diff icul  t i e s  in interpreting the 
exact relationships between nutrients and production. During phyto- 
plankton blooms, for  example, water i s  often stripped of i t s  orthophos- 
phate yet  supports the algal population a t  high levels for  days or weeks 
(Pearsall 1932). Often i t  i s  during summer, when the nutrients are 
largely depleted, that a lake supports i t s  largest  algal population of 
the year. Thus there i s  the paradoxical s i tuat ion tha t  the algae, which 
seem to be an indicator of eutrophy, often are  abundant a t  the time when 
there i s  the leas t  available plant food in the water (Hutchinson 1973). 

The explanation of th is  paradox may l i e  in the f ac t  that lakes are 
dynamic systems (Pomeroy 196O), and thus the single s t a t i c  measurement 
of nutrient concentration may not r e f l ec t  the actual u t i l iza t ion  of the 
nutrient by organisms of the lake. Nutrients are partitioned and re- 



cycled a t  rapid r a t e s ,  and the  phosphate concentrat ion a t  one time 
does not  r e f l e c t  t he  system's  potent ia l  t o  provide phosphorus f o r  
growth. Exchange of dissolved orthophosphate with sediments and organ- 
isms i s  rapid  (Hutchinson and Bowen 1947, 1950; Coffin,  e t  a l .  1949; 
Hayes, 3 g. 1952),  and "organisms a b l e  t o  concentrate  tz phosphate 
may have a cons tant  supply" (Pomeroy 1960). Even i n  the  ep i l  imnion, 
where exchanges between water  and bottom sediments and water and 
aqua t i c  macrophytes a r e  minimal, the  turnover time ( t ime necessary f o r  
phosphorus in  a given compartment t o  be replaced)  between orthophos- 
phate and suspended b i o t i c  and a b i o t i c  p a r t i c l e s  can be as  s h o r t  a s  
one minute (R ig le r  1956, 1964; Lean 1973). I t  has the re fo re  been 
suggested t h a t  t h e  uptake r a t e  of phosphorus may be more i n d i c a t i v e  
of t h e  n u t r i e n t  s t a t u s  of the  plankton than i s  the  phosphate concen- 
t r a t i o n  (Pomeroy 1960; Healy 1973; Peters  and MacIntyre 1976; 
Peters  1979); a rapid f l u x  r a t e  of phosphate may be more important 
than a high phosphate concentrat ion i n  maintaining high l e v e l s  o f  
primary production. 

Factors control  1 i ng phosphorus uptake by m i  cro-organi sms 

Both ecological  and physiological f a c t o r s  a r e  important i n  control  - 
l i n g  the  uptake r a t e  of phosphorus by micro-organisms. One physio- 
logica l  f a c t o r  important to  uptake r a t e  i s  the  n u t r i t i o n a l  s t a t e  of 
the  a lgae ;  polyphosphates s to red  a t  a time of phosphorus abundance in 
the  water genera l ly  i n h i b i t  phosphorus uptake (Fi tzgeral  d 1969; Fuhs 
1969; Rhee 1972),  a1 though the re  i s  evidence t h a t  s to red  polyphosphate 
wi l l  not  i n h i b i t  P uptake in natural  ocean plankton o r  P-starved c u l t u r e s  
(Perry 1976). 

Cell s i z e  i s  a l s o  of importance in  phosphorus uptake a b i l i t y .  Munk 
and Riley (1952) provided a theore t i ca l  bas is  which predicted t h a t  
smal ler  c e l l s  would have a higher uptake r a t e ,  and t h i s  predic t ion  was 
confirmed in a labora tory  study by Fuhs e t  a l .  (1972). F r i ebe le ,  Correl l  , 
and Faust (1978) confirmed the  i m p o r t a n c e o f c e l l  s i z e  i n  r a t e  of uptake 
i n  t h e i r  f i e l d  work in  Chesapeake Bay; uptake r a t e  per u n i t  biomass 
was found t o  be inverse ly  proportional t o  c e l l  s i z e .  

One environmental f a c t o r  which governs the r a t e  of phosphorus uptake 
i s  the  concentrat ion of phosphate in t h e  water; increasing amounts of 
phosphate increase  the  r a t e  of uptake according t o  Michaelis- 
k ine t i c s  (Fi  tzgera l  d 1969 ; Fuhs 1969 ; Rhee 1972). Other f a c t o r s  
include temperature, l i g h t ,  and diurnal  cycle.  An increase  in  tempera- 
t u r e  increases  P uptake r a t e  (Kuenzler, S tanley ,  and Koenings l 9 7 9 ) ,  
although t h e  e f f e c t  of l i g h t  i s  con t rove r s i a l .  Healy (1973) and 
Kuenzler and Ketchum (1962) found P uptake was s t imulated by l i g h t  but 
not  dependent on i t .  Fuhs -- e t  a1 . (1972),  in  t h e i r  labora tory  work, and 
Perry (1976) and Faust and Correl l  (19761, using natural  populat ions,  
found l i g h t  t o  have no e f f e c t  a t  a l l ,  although the  l a t t e r  au thors  suggest  
t h a t  l i g h t  could be important t o  some species  but no t  t o  o the r s .  The 
phosphate uptake r a t e  of e s tua r ine  seston in sur face  waters was increased 
about 25% by i l luminat ion  whereas t h e  r a t e  in  normally dark bottom waters 



was increased about  60% compared t o  exper iments performed i n  darkness 
(Kuenzler,  S tan ley  and Koenings 1979). No c o n s i s t e n t  d i u r n a l  v a r i a t i o n  
i n  uptake o f  P was observed by R i ch ie ,  Devol, and Perk ins  (1976) o r  
Per ry  (1976) i n  f i e l d  work, a1 though l a b o r a t o r y  f i n d i n g s  o f  Chisolm and 
S t ross  (1976) suggest 1 i f e  s tage o f  t he  c e l l  may be impor tan t ;  uptake 
r a t e  i s  h i g h e s t  immediate ly  be fo re  c e l l  d i v i s i o n .  

Genera l ly ,  t h e r e  i s  a  d i s t i n c t  seasonal v a r i a t i o n  i n  t he  uptake 
r a t e  o f  phosphorus i n  open systems. Phosphate t u rnove r  t imes a r e  a f -  
f e c t e d  by annual cyc les  o f  phosphate concent ra t ion ,  a l g a l  and b a c t e r i a l  
d e n s i t y  , and temperature.  I n  f reshwater  systems, t u rnove r  t imes a r e  
s h o r t e s t  ( l e s s  than 1 minu te )  i n  t he  summer when phosphorus reserves  
a r e  dep le ted  and l o n g e s t  ( ove r  30 hours)  i n  t h e  w i n t e r  when t h e r e  i s  
1 i t t l e  b i o l o g i c a l  demand ( R i g l e r  1964; Halmann and S t i l l e r  1974; 
Lev ine 1975).  I n  e s t u a r i n e  systems, summer a l g a l  blooms i n  t h e  
Chesapeake Bay ( T a f t ,  Tay lo r ,  and McCarthy 1975; Faust  and C o r r e l l  
1976) and w i n t e r  blooms i n  t he  Pamlico R i ve r  (Kuenzler,  Stan ley,  and 
Koeni ngs 1979) caused r a p i d  tu rnover  r a t e s  . 
B i o t i c  competi t i o n  f o r  phosphorus 

An a d d i t i o n a l  f a c t o r  which may a f f e c t  the  r a t e  o f  uptake o f  phos- 
phorus by a species o f  micro-organism i s  compe t i t i on  f o r  t h e  n u t r i e n t  by 
o t h e r  micro-organisms. S tud ies  o f  compe t i t i on  f o r  phosphorus among 
d i f f e r e n t  spec ies o f  a lgae  i n  c u l t u r e  revea l  t h a t  species found i n  
o l i g o t r o p h i c  waters can o f t e n  s u c c e s s f u l l y  outcompete species found i n  
eu t roph i c  waters under c o n d i t i o n s  o f  phosphorus s c a r c i t y ;  t h e  same 
species a r e  outcompeted by t h e  eu t roph i c  a lgae  under c o n d i t i o n s  o f  
phosphorus abundance ( T i  tman 1976). 

B a c t e r i a l  compe t i t i on  w i t h  a lgae  f o r  phosphorus has been s t u d i e d  
bo th  i n  c u l t u r e  and i n  open systems. Rhee (1972) and Fuhs, e t  a1 . 
(1972) found t h a t  t he  c o m p e t i t i v e  success o f  a lgae o r  b a c t e r i a  depended 
on t he  phosphate concen t ra t i on  i n  t he  medium; b a c t e r i a  s u c c e s s f u l l y  
competed w i t h  diatoms a t  t h e  h i ghe r  phosphate concent ra t ions .  A l though 
t h e  b a c t e r i a l  d e n s i t i e s  used by Fuhs, -- e t  a l .  and Rhee were severa l  o rders  
o f  magnitude g r e a t e r  than those found i n  open water  systems, most f i e l d  
work su imor ts  l a b o r a t o r v  conc lus ions  t h a t  b a c t e r i a  dominate t he  u ~ t a k e  
o f  phsophorus ( ~ a r r i s o c  e t  a1 . 1977; T a f t ,  e t  a l .  1977; ~ r i e b e l e ,  
e t  a1 . 1978). Other s t u d i e s ( T a f t ,  e t  a1 . 1975; Kuenzler,  e t  a1 . - -- 
1 9 7 v ,  however, found a1 sae t o  be respons ib l e  f o r  most o f  t he  ~ h o s ~ h o r u s  
uptake. Faust  and ~ o r r e i l  (1975) found a seasonal v a r i a t i o n  i h  t h e  r e l a -  
t i v e  importance of  a lgae  and b a c t e r i a  t o  t he  uptake of phosphor 
Chesapeake Bay. Algae were impo r tan t  c o n t r i b u i o r s  t o  P' uptake 
s p r i n g  and summer months o f  May, June, and Ju l y .  

Less work has been done t o  p a r t i t i o n  t he  b i o t i c  uptake o f  
i n  f reshwater  l a k e  systems than i n  e s t u a r i n e  systems. R i g l e r  
h i s  p ioneer  work on P uptake, concluded t h a t  b a c t e r i a  were t he  
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organisms respons ib l e  f o r  t he  removal o f  P i n  the  water  column. Pear l  



and Lean (1976) confirmed th i s  by examining P uptake in freshwater using 
autoradiographs of 3 3 ~  experiments. Bacteria became vi s i  bl e a f t e r  two 
minutes, whereas phytoplankton could be seen only a f t e r  10 minutes. 
Specific ac t iv i ty  of the algae (radioact ivi ty  per unit biomass) was 
30% of that  fo r  bacterial ce l l s  a t  the end of the experiment. All phos- 
phorus kinetic work in freshwater has been done using epilimnetic water 
only; there are  therefore no data on the importance of organisms a t  
other depths to phosphorus cycling in lakes. 

Interpretation of tracer measurements of phosphorus uptake 

Radioactive isotopes of phosphorus have been widely used as t racers  
in experiments designed to measure the flux of phosphate from water to 
phytoplankton or  other particles in suspension (g.g., Hutchinson and 
Bowen 1947; Hayes, e t  a1 . 1952; Rig1 e r  1956; Kuenzl e r  and Ketchum 
1962; Rhee 1972; HaKaK and S t i l l e r  1974). These t racer  experiments 
may produce erroneous or  misleading resul ts  due to errors in chemical 
analysis for  phosphate (g.g_. , Kuenzl e r  and Ketchum 1962; Rig1 e r  1968; 
Lean 1973) and in underestimating the importance of phosphate efflux 
from jjgal cell  s (Ri ce 1953). Nal ewaj ko and Lean (1 W8),  grew a1 gae 
with P as a phosphorus source and then added 3 2 ~  to ul tures for  short- 

3 5 term uptake experiments. The rates of uptake of the P were much more 
rapid than the uptake of the 3 3 ~  in which the algae were grown. In 
the i r  experiment, there was no possibi l i ty  for  errors in assessing the 
ra te  of change of ambient FRP, since the ambient FRP was radioactive 
and the authors did not need t o  rely on chemical analysis for  ortho- 
phosphate. The authors concluded that short-term experiments represented 
gross uptake only and did not account for  release of phosphorus from 
ce l l s .  Kuenzler, e t  a l .  (1979) demonstrated that  gross uptake rates  of 
phosphate, as measured with short-term tracer  experiments, were often 
much higher than the net uptake ra tes ,  measured by the change in phos- 
phate concentration, of estuarine phytoplankton populations. 

Suspended sediment contribution to phosphorus dynamics 

The influx of suspended sediment i s  potentially important to the 
phosphorus dynamics of lake systems, especially where the watershed 
so i l s  are  rich in clay, as in the Piedmont. Sediments can ac t  e i ther  
as a phosphorus source or a phosphorus sink depending on the chemical 
composition and nutrient s ta tus  of the sediment and the concentration 
of phosphate in the water column (Car r i t t  and Goodgall, 1954; Taylor 
and Kunishi 1971 ; Butler and Tibbits, 1972; Kunishi, e t  c. 1972). 
Generally, i t  i s  reported that  sediments ac t  as a sinkTHayes and 
Phil1 ips 1958; Pomeroy, -- e t  a l .  1965; Harter 1968; Fitzgerald 1970; 
Lincoln 1971), adsorbing phosphate ions loosely a t  f i r s t  and l a t e r  
incorporating them into crystal 1 ine l a t t i c e  of the sediment (Harter, 
1968). 

Although sediments are  generally sinks for  phosphate, algae have 
been shown to be able to use loosely sorbed sediment phosphorus as they 



d e p l e t e  t h e  phosphate i n  t h e  water  column (Olsen 1958, 1964; Porce l  l a  and 
Bishop 1975). Most a l g a l  b ioassay work w i t h  bo th  aerob ic  and anaerobic 
muds have shown t h a t  up t o  30% of t he  t o t a l  P assoc ia ted  w i t h  t h e  sediment 
i s  p o t e n t i a l l y  a v a i l a b l e  t o  a lgae  f o r  growth (Golterrnan, 3 a'J. 1969; 
H e l f r i c h  and Kevern 1973; Cowen and Lee l 976 ) ,  a1 though F i  t z g e r a l d  (1970) 
r epo r ted  no growth i n  c u l t u r e s  w i t h  phosphorus supp l i ed  o n l y  as ae rob i c  
sediments. Thus t he  l i v i n g  p l ank ton  and t he  n o n - l i v i n g  suspende 
( c o l l e c t i v e l y  termed the  ses ton)  must bo th  be cons idered i n  s t u d i e s  o f  
phosphorus c y c l i n g .  

Th is  r e p o r t  descr ibes  a s tudy  of t h e  p a r t i t i o n i n g  o f  phosphorus 
and r a t e  o f  phosphorus c y c l i n g  i n  a Piedmont impoundment. Seasonal 
changes o f  severa l  impo r tan t  forms of phosphorus were monitored, and 
r a d i o a c t i v e  t r a c e r s  were used t o  measure t he  r a t e s  a t  which b i o t i c  and 
a b i o t i c  p a r t i c l e s  removed phosphorus from t h e  water  column. The r e -  
s e r v o i r  was s t u d i e d  a t  t h r e e  depths d u r i n g  s p r i n g  and summer s t r a t i f i c a -  
t i o n  t o  e l u c i d a t e  d i f f e r e n c e s  between surface, midd le,  and bottom 
waters.  Resu l ts  p rov ide  da ta  on t he  e f f e c t s  o f  phytop lankton,  b a c t e r i a ,  
and suspended sediments on t he  seasonal and v e r t i c a l  d i s t r i b u t i o n  o f  
phosphorus d u r i n g  a ten-month per iod .  Th is  research was t he  bas i s  o f  
a t e c h n i c a l  r e p o r t  by L inda  E. Greer t o  t h e  Department o f  Environmental  
Sciences and Engineer ing as p a r t  o f  t he  Master o f  Science i n  P u b l i c  
Hea l t h  degree, December 1979. 

The research s i t e  

U n i v e r s i t y  Lake was se lec ted  f o r  t h i s  research  p a r t l y  because o f  i t s  
a c c e s s i b i l i t y ,  i t s  s i ze ,  and t h e  amount of  research which has a l r e a d y  
been c a r r i e d  o u t  there ,  b u t  ma in l y  because i t  t y p i f i e s  a Piedmont impound- 
ment. I t  serves as t h e  wate r  supply  f o r  Chapel H i l l  and Carr  
Caro l ina .  U n i v e r s i t y  Lake i s  a warm-monomictic o r  d i m i c t i c  1 
i n g  on t h e  s e v e r i t y  of t he  w i n t e r ,  w i t h  an area o f  73 ha, a maximum depth 
of  9 m, an average depth o f  about 3 m. I t s  c a p a c i t y  i s  approx imate ly  
2.2 x l o 6  m3 and i t  rece i ves  4.9 x 104 m3 o f  wa te r  pe r  day (mean annual 
r a t e )  f rom 80 square k i l ome te rs  o f  an a g r i c u l  t u r a l  watershed (Wei 
Oglesby 1962) on t he  Ca ro l i na  s l a t e  b e l t .  I t s  main t r i b u t a r y  i s  
Creek, a headwater stream which f l ows  i n t o  t h e  Haw R i v e r  and then i n t o  
the  Cape Fear R i ve r .  

U n i v e r s i t y  Lake i s  oxygenated a t  a l l  depths d u r i n g  w i n t e r ,  b u t  
thermal s t r a t i f i c a t i o n  beg inn ing  i n  March prevents  oxygen t r a n s p o r t  
t o  t h e  hypol  imnion; t h e  hypol  imnion i s  t he re fo re  norma l l y  anox ic  f rom 
about  May u n t i l  November (Weiss and Oglesby 1960, 1962; Weiss and Breedlove 
1973). High l e v e l s  of  i r o n ,  manganese, and s u l f i d e  a r e  reached i n  t he  
hypol  imnion i n  summer (Weiss and Oglesby 1960, 1962; Weiss and Breedlove 
1973). A1 though phosphate concen t ra t i ons  i n  t h e  1 ake a r e  r e l a t i v e l y  1 ow 
(0.009 t o  0.025 mg P-1-11, c h l o r o p h y l l  values range from 1 t o  35 mgam3 
d u r i n  t h e  yea r  and t o t a l  phosphorus values a r e  h i g h  (0.075 t o  0.129 mg 
pe l -1  3 (Weiss and Breedlove 1973). Using c r i t e r i a  o f  t o t a l  P, conbuc- 
t i v i t y ,  and p o l l u t i o n  index,  Weiss and Kuenzler (1976) i n  t h e i r  s tudy  o f  



Nor th  Caro l  i n a  l akes  r a t e d  t h e  l a k e  mesotrophic .  The l a k e  i s  moderate ly  
p r o d u c t i v e  (2 .7  and 47 mgc*m-3. h-1 i n  w i n t e r  and summer, r espec t i ve1  y )  . 
The normal a1 ga l  f l o r a  i nc l udes  greens, eugl  enophytes, diatoms, b l  ue-greens , 
chloromonads, and o the rs  (Heath 1968; Soyak 1970). An i n t e r e s t i n g  phenom- 
enon i s  t h e  summer bloom o f  O s c i l l a t o r i a  t e n u i s  i n  t he  meta l imnion;  h i g h  
b a c t e r i a l  numbers were a l s o  found i n  t h i s  l a y e r  (Heath 1968; Weiss and 
Ogl esby 1960).  He te ro t roph i c  u t i  1  i z a t i o n  o f  g l  ucose and ace ta te  r e s u l  t e d  
i n  t u rnove r  t imes o f  0.2-5 h  f o r  these subs t ra tes  (F ranc isco  1970). Oxygen 
demand i n  t h e  hypo1 imnion was about  8.4 g  0  -m-2-d-1 w i t h  l a r g e  q u a n t i t i e s  
of methane be ing  re leased  (Haywood 1968). 6idges (Chironomidae) a r e  t h e  
dominant b e n t h i c  animals because o f  t h e i r  m i c r o a e r o p h i l i c  tendencies 
(Har t1  ey 1971 ) . 



METHODS 

Sampl i n g  

U n i v e r s i t y  Lake was sampled p e r i o d i c a l l y  f rom September 1978 through 
June 1979 a t  t h e  dam ( S t a t i o n  1 )  and t h e  Jones F e r r y  Road b r i d g e  ( S t a t i o n  
3) ( F i g u r e  1 ) .  A Guzz ler  hand pump (Cole Parmer, I nc .  ) was used t o  
o b t a i n  wate r  samples; i t s  i n t a k e  hose was covered w i t h  a  #30 p lank ton  
n e t  t o  exc lude zoopl an k ton  and macroi  nve r teb ra tes  . Large (1  0-1 5 1 i t e r )  
carboys were f i l l e d  w i t h  l a k e  wate r  and taken back t o  t he  l a b o r a t o r y  
w i t h i n  one hour  o f  c o l l e c t i o n  f o r  chemical analyses and k i n e t i c  mea- 
surements. Because t he  guzz le r  pump aera ted  samples as i t  f i l l e d  t 
an a l t e r n a t e  method was used i n  May and June 1979 t o  o b t a i n  hypo 
and meta l imnion samples when the  d i sso l ved  oxygen concen t ra t i on  
l e s s  than 1 mg.1-1. An APHA stream sampler f i t t e d  w i t h  a  #30 p lank ton  
n e t  sc reen ing  was lowered q u i c k l y  t o  t he  des i r ed  depth where BOD b o t t l e s  
r i n s e d  and f i l l e d .  Th is  procedure was repeated by l o w e r i n g  t he  sampler 
aga in  t o  t he  same depth and l o c a t i o n  u n t i l  enough wate r  was ob ta ined  
f o r  uptake measurements and n u t r i e n t  and c h l  o r o p h y l l  analyses. The 
anaerobic  b o t t l e s  were s to red  and t r anspo r ted  t o  t h e  l a b o r a t o r y  i n  a  
c o o l e r  a t  t h e  temperature o f  t h e  water  depth sampled. A l l  sampl ing 
was done between 0830 and 0930 t o  c o n t r o l  f o r  d i u r n a l  p o p u l a t i o n  
v a r i a b i l i t y  i n  t h e  l ake .  

Concur ren t l y  w i t h  water  c o l l e c t i o n  a t  S t a t i o n  1,  va r ious  chemical 
and phys i ca l  1  imno log i ca l  da ta  were obta ined.  C o n d u c t i v i t y  and tem- 
p e r a t u r e  were measured a t  0.5 m i n t e r v a l s  w i t h  a  YSI Madel 33 c o n d u c t i v i t y  
meter.  D isso lved  oxygen was measured a t  t h r e e  depths i n  t he  l a k e  (upper 
e p i l  imnion, meta l  imnion, and hypo1 imnion)  us ing  a Y S I  Model 54 oxygen 
meter which was c a l i b r a t e d  before use. T u r b i d i t y  measurements a t  1  m 
were made r o u t i n e l y  by the  Orange Water and Sewer A u t h o r i t y  A n a l y t i c a l  
Laboratory .  

Water was ob ta ined  f rom a depth o f  0.5 m a t  l e a s t  once month ly .  
Sampl i n g  a t  o t h e r  depths was occas ional  u n t i l  March 1979 when month ly  
sampl ing a t  t h r e e  depths a t  S t a t i o n  1 was begun. E p i l  imnion samples 
came f rom 0.5 m and hypol imnion samples f rom 7.0 meter  depths. Depth 
o f  t h e  mid-metal imnion sample v a r i e d  w i t h  t h e  depth o f  the  thermoc l ine  
b u t  was u s u a l l y  between 3 and 4 meters.  

A t  t h e  l a b o r a t o r y ,  wa te r  was prepared f o r  va r i ous  analyses. F i l t e r e d  
(us ing  0.4 um Nucl epore o r  0.45 um Gelman f i 1 t e r s  p r e r i  nsed w i  t h  10% 
HC1 and de ion ized  wate r )  and u n f i  l te red  wate r  was c o l l  ec ted  i n  c l ean  
po l ye thy lene  b o t t l e s  and f rozen u n t i  1 l a t e r  a n a l y s i s  f o r  n u t r i e n t s .  Samples 
f o r  c h l o r o p h y l l  were passed through Gelman GF/C g lass  f i b e r  f i l t e r s  and 
processed by t h e  procedure o f  Lorenzen (1967).  Other u n f i l t e r e d  samples 
of wa te r  were used t o  measure phosphate uptake. 

Uptake o f  phosphate by seston 

Samples (200 m l )  of  l a k e  wate r  were dispensed i n t o  g lass  BOD b o t t l e s  
and p laced i n  incuba to rs  i n  t he  l a b o r a t o r y  a t  ambient l a k e  temperatures 





+ Z 0 C .  During s t r a t i f i e d  conditions, three temperatures corresponding - 
to the epilimnion, metalimnion, and hypolimnion were required, whereas 
during unstratified conditions only one temperature was required. l i gh t  
of intensity 6 x 102 foot candles (17% of average ambient l i gh t  as mea- 
sured by the same meter) was provided to epilimnion samples. Metalimnion 
and hypolimnion samples were incubated in the dark by covering the bottles 
with aluminum fo i l  ; these depths received less  than 1 %  1 ight penetration 
throughout the study period in the lake. Samples were preincubated a t  
leas t  one hour before radioactive tracer was added to begin the kinetic 
experiments ; a1 1 experiments were complete within eight hours of coll ec- 
tion of the water. Uptake ra te  was measured in trip1 icate  throughout 
most of the study. 

Rate of gross phosphate uptake was measured primarily through the 
use of radioactive t racer .  Carrier-free 3 2 ~ - 1  abel ed orthophosphate 
(6-7 pCi) was added to 200 ml of 1 ake water. SampS es were incubated, 
and 5 ml subsamples were removed over a period of time appropriate to  
the ra te  of uptake. The subsample was gently f i l t e red  to remove part i -  
culates,  and the f i l t e r  and/or the f i l t r a t e  was placed in a sc in t i l l a -  
tion vial for  counting by Cerenkov radiation (Haberer 1965) on a 
Packard Tri-carb Model 3320 liquid sc in t i l l a t ion  counter. 

The ra te  of net phosphorus uptake was occasionally measured con- 
currently by a second method which monitored the change in f i l t e r a b l e  
reactive phosphorus (FRP, also termed phosphate) with time. Lake water 
was incubated as in the tracer experiments, although no tracer was add- 
ed. Subsampl es (50 ml ) were removed over time and f i l  tered and frozen 
for l a t e r  chemical analysis of FRP. (See below.) 

When samples were obtained from anaerobic waters, a modified pro- 
cedure for  tracer work was employed. Additions of an t ib io t ic ,  formalde- 
hyde, and 3 2 ~  were made under nitrogen gas to BOD bottles which had been 
f i l l e d  to the top w i t h  lake water in the stream sampler. As 5 ml sub- 
samples were removed, nitrogen gas was used to displace the a i r  before 
bottles were recapped. Because of the shape o f  the BOD bottles and the 
small (20 ml ) amount of water removed, 1 i  t t l e  surface area was available 
for  oxygen exchange. There was no visual evidence of precipitation in 
bottles which were under nitrogen during the experiments. 

The r a t e  constant, k ,  for  phosphate uptake was obtained bv the " 

formula: - k  = ln(At/Ao)/t 

where A. = i n i t i a l  ac t iv i ty  of f i l t e rab le  3 2 ~ ,  At  = ac t iv i ty  a t  time t 
of f i l t e r a b l e  3 2 ~ ,  and t = elapsed time. 

This equation assumes tha t  the phosphorus in and on particulate 
matter (phytoplankton, bacteria,  suspended sediments) i s  in steady s t a t e  
w i t h  phosphate in the water and that  removal of t racer  P i s  a f i r s t  order 
reaction. Where k was not l inear  throughout the experiment, only the 
rapid, i n i t i a l  l inear  uptake was used in the calculations. The ra te  
constant ref lects  the re la t ive  uptake ra te  of FRP, per unit  of time. 



Turnover t ime  ( l . /k)  i s  t h e  t ime necessary t o  r ep lace  once t h e  amount o f  
P i n  t he  water ,  assuming a  s teady-s ta te  concen t ra t i on  of  P. The uptake 
r a t e ,  v,  was c a l c u l a t e d  by mu1 t i p l y i n g  k  by t h e  ambient f i l t e r a b l e  
r e a c t i v e  phosphorus concen t ra t i on  i n  t h e  l a k e  water  a t  t h e  beg inn ing  o f  
t he  exper iment:  

v  = k-(FRP) 
1 U n i t s  f o r  v a r e  mg pa l - '  a t -  . 

S t a t i s t i c a l  a n a l y s i s  was used t o  compare t h e  v e l o c i t i e s  o f  uptake 
( v )  by each f r a c t i o n  a t  each depth f o r  i n d i v i d u a l  sampl ing dates.  
Ana l ys i s  o f  Var iance (ANOVA) was used t o  f i n d  t h e  o v e r a l l  s i g n i f i c a n c e  of  
depth, t reatment ,  and s t a t i o n  on each da te  (Ba r r  e t  a l . ,  7976; 
Kleinbaum and I<upper, 1978). Where o v e r a l l  F - t es t s  revea led  s i g n i f i c a n c e ,  
t h e  Tukey p a i r w i s e  procedure was used t o  uncover s t a t i s t i c a l  d i f f e r e n c e s  
a t  S t a t i o n  1 among t reatments  a t  a  g i ven  depth and d i f f e r e n c e s  among 
depths f o r  a  g i ven  t rea tment  (Kleinbaum and Kupper, 1978).  Uptake 
d i f f e rences  between t h e  two s t a t i o n s  were a l s o  assessed u s i n g  t h e  Turkey 
comparison procedure. 

F r a c t i o n a t i o n  o f  uptake 

A b i o t i c  and b a c t e r i a l  uptake were d i f f e r e n t i a t e d  f rom a l g a l  uptake 
o f  phosphate u s i n g  bo th  chemical t r ea tmen t  and phys i ca l  sepa ra t i on  
methods. A n t i b i o t i c s  ( P e n n i c i l l  i n  G, a t  50 pg/ml and Strepto!qycin 
s u l f a t e  a t  100 pg/ml f i n a l  concen t ra t i ons )  were added t o  some wate r  
samples t o  i n h i b i t  b a c t e r i a ,  and t he  uptake o f  32P was cons idered t o  be 
p r i m a r i l y  a l g a l  and a b i o t i c .  S ince b lue-green a lgae as w e l l  as b a c t e r i a  
a r e  p robab ly  i n h i b i t e d ,  t h e  "a1 ga l  " uptake and " b a c t e r i  a1 " uptake m igh t  
more c o r r e c t l y  be c a l l e d  euca ryo t i c  uptake and p r o c a r y o t i c  uptake.  
Formaldehyde (0.74% f i n a l  concen t ra t i on )  was added t o  o t h e r  b o t t l e s  t o  
measure t h e  r a t e  o f  a b i o t i c  uptake o f  phosphate. 

There was no evidence f o r  phosphorus contaminat ion by t h e  a d d i t i o n  
of  formaldehyde. St reptomycin s u l f a t e ,  however, was found t o  be b u f f e r e d  
w i t h  phosphate and c o n t r i b u t e d  up t o  0.017 mg P -1 -1  t o  the  l a k e  wate r  
samples a t  t h e  concen t ra t i on  used i n  t h e  exper iments.  The con tamina t ion  
was n o t  cons idered s i g n i f i c a n t  i n  l i g h t  o f  phosphate a d d i t i o n  e x p e r i -  
ments performed on 3 occasions d u r i n g  the  yea r  (Table 1  ) .  These e x p e r i -  
ments showed t h a t  an inc rease  i n  phosphate concen t ra t i on  d i d  n o t  cause an 
inc rease  i n  t h e  v e l o c i t y  o f  uptake o f  phosphorus. The a lgae were t a k i n g  
up phosphorus a t  t h e i r  f a s t e s t  p o s s i b l e  r a t e  (Vmax) a t  ambient and 
h ighe r  phosphate concent ra t ions ;  r a t e  o f  uptake was n o t  c l e a r l y  s u b s t r a t e  
1  Pmi t e d  on any occas ion d u r i n g  t he  a d d i t i o n  exper iments.  

Phys ica l  s i z e  sepa ra t i on  was done by f i l t e r i n g  subsamples through an 
8 um f i l t e r  f o l l o w e d  d i r e c t l y  i n  s e r i e s  by a  0.4 pm f i l t e r .  I n  January, 
an exper iment  t o  compare t h e  adso rp t i on  and p a r t i c l e  r e t e n t i o n  c a p a c i t y  
of Gelman and Nucl epore f i 1 t e r s  was performed. One sample o f  1 akewater 
was p r e - f i l t e r e d  through a pre-washed 0.45 pm Gelman f i l t e r  b e f o r e  t r a c e r  



was added as described above. In a second sample, tracer was added to 
whole lake water. Subsamples ( 5  ml ) were passed through each type of 
f i l t e r  in t r ip l i ca t e .  Counts on f i l t e r s  from the f i l t e red  water were 
considered to be from adsorption, and counts from whole lake water 
were considered to be from part ic le  retention. After January 12, 1979, 
Gelman f i l  t e rs  wer rep1 aced with Nucl epore f i l  ters  for  s ize  separation 
work. Uptake of 35P by particles trapped on the 8 um f i l t e r  was 
considered to be largely algal and by part ic les  trapped on the 0.4 pm 
f i l t e r  was considered to be bacterial and abiotic.  

Table 1 .  The ef fec t  of phosphate addition on the velocity of uptake of P. 

Phosphate Concentration Velocity 
Date (mg P O  1 -' ) ( ug  P O  1 -' h-' ) 

Role of suspended sediments i n  phosphorus exchanges 

The role of sediments as a phosphorus source (contributin 
to lake water) or a phosphorus sink (removing phosphate from the water) 
was defined by constructing phosphate buffer capacity curves (Taylor 
and Kunishi, 1971 ; Kunishi, -- e t  a1 . , 1972). Suspended sediment was 
obtained by continuous centrifugation of 1 arge quantit ies (8-1 8 1 i t e r s )  
of lake water a f t e r  heavy rains and runoff had increased the turbidity 
of the lake; centrifuged material was stored in 0.74% formaldehyde as 
a slurry.  This sediment was l a t e r  added in concentrations of 10X 
ambient to flasks containing a gradient of phosphate concentrations in 
d i s t i l l ed  water and equilibrated by s t i r r ing  for  s ix  hours. The 
experiments were done a t  ambient lake water temperatures and a t  winter 



temperatures (5OC) for  comparison. After s ix  hours, sub-samples were 
f i l  tered through pre-washed 0.45 um Nuclepore f i l t e r s ,  and the f i  1 t r a t e  
was frozen for  l a t e r  FRP analysis. The amount of phosphate adsorbed 
or desorbed was calculated and plotted. On the plot,  the intersection 
of the curve with the concentration axis gave the equilibrium phosphate 
concentration, the concentration in the water a t  which no net uptake or 
release of P would take place. 

Nutrient analyses 

Nutrient analyses were performed using a Technicon Autoanalyzer 
for  total  phosphorus (TP) , total  f i  1 terabl e phosphorus ( T F P ,  a1 so termed 
soluble P or total  dissolved P), f i l t e r ab le  reactive phosphorus ( F R P ,  
a1 so termed orthophosphate or  sol ubl e reactive P )  , ammonia ( N H 3 ) ,  ni t r i  t e  
(N02), and n i t r i t e  + n i t r a t e  ( N O 2  + NO3). Particulate phosphorus ( P P )  
was calculated as TP - TFP. Fil terable unreactive phosphorus (FUP)  
was calculated as TFP - FRP. Methods fo r  analysis (Table 2) were EPA 
approved, a l l  samples were run in duplicate, and EPA controls were run 
a t  the beginning and end of nearly every run. Occasionally standards 
and spikes were included for  qua1 i t y  control ; recovery of spikes in lake 
water was general ly excel 1 ent (95-1 00%). 

Table 2 .  Methods used for  N and P analyses. 

Nutrient Method Reference 

Ammo n i a 

Ni t r i te  

Nitrate 

Fi 1 terabl e 
Reactive P 

Total 
Fi 1 terabl e P 

Automated Colorimetric EPA*, p.  168 
Method, Phenol a te  

Automated Colorimetric E P A ,  p .  215 

Automated Cadmi um 
Reduction 

Automated Ascorbic 
Acid Reduction 

EPA,  p .  207 

EPA, p .  256 

Persul f a t e  Digestion; EPA, p .  256 
Automated Ascorbic 

Acid Reduction 

Total P Persul f a t e  Digestion; E P A y  p .  256 
Automated Ascorbic 

Acid Reduction 

"Environmental Protection Agency, 1974 



RESULTS 

Physical and chemical characteristics of 1 ake water 

University Lake retained thermal s t r a t i f i ca t ion  through November in 
1978. Because sampling was done early in the morning, epilimnion tem- 
peratures were low and the temperature profi le  was weak by the end of the 
fa1 1 sampl ing (Figure 2 ) .  Throughout the fa1 9 ,  temperatures ranged 
between 17 and 21 C.  Depth of the thermocline was approximately 4 m .  
Mixing took place from November through March, and temperatures during 
this  period were around 4-5 C .  Thermal and chemical s t r a t i f i ca t ion  began 
slowly in March, becoming well-establ ished by April of 1979. 

S t ra t i f ica t ion  was more marked in the conductivity than in the 
temperature data. Conductivity ranged from 80-90 vmho*cm-l in the 
hypol imnion during the fa1 1 (Figure 3 ) .  Whereas epil imnetic readings 
varied 1 i t t l  e from September through November, hypol imnetic r 
increased s teadi ly from 250 in September to over 400 pmho*cm' 
ember. During the winter mixing period, conductivi ty readings ranged 
from 60-80 vmho*cm-1 and were uniform with depth. As the lake restra-  
t i f i e d ,  conductivity values increased in the hypolimnion, reaching 
150 pmho-cm'l by the end of June. 

Turbidity in the lake varied seasonally. I t  averaged 24 Jackson 
units before overturn (Figure 4 ) .  Winter turbidi t i e s  were high, ref1 ect-  
ing an increased loading of suspended sediments from the watershed. In 
the spring, turbidity readings were irregular b u t  general ly higher than 
fa1 1 readings. 

Dissolved oxygen concentration varied widely over the year in the 
hypolimnion; oxygen was undetectable in the f a l l ,  replenished during 
mixing, and depleted again by June (Figure 5 ) .  A t  the surface, 
oxygen concentrations were more constant. They were always higher than 
hypol imnion concentrations, even during mixing, b u t  they were not super- 
saturated until l a t e  spring and early summer. 

There were also d i s t inc t  seasonal changes in the total  phosphorus 
and i t s  constituents during the year a t  University Lake (Figure 6 ) .  
Fi 1 terabl e reactive phosphorus (FRP) concentrations in the epil imnion 
averaged 0.015 mg P.1-1 during the f a l l .  During mixing, FRP in the 
epil imnion was approximately twice fa1 1 levels,  averaging 0.031 rng Poi-l . 
Although thermal and chemical s t r a t i f i c  tion was gradual, FRP concentra- 7 tions dropped sharply ( to  0.006 mg P e l '  ) by March and remained low for  
the duration of the study. Fi l terabl e unreactive phosphorus (FUP) 
concentrations general ly fol 1 owed those of FRP throughout the year. The 
particulate phosphorus concentration ( P P )  showed more variation than 
other constituents of total  P .  I t  peaked in l a t e  f a l l ,  early spring, 
and early summer. Total phosphorus averaged 0.044 mg P * I ' ~  in the 
epilimnion during the f a l l  and  was f a i r l y  constant until turnover when 
i t  went u p  approximately 1.5 fold. A t  the end of the mixing period, 



F i g .  2. I so the rms  o f  U n i v e r s i t y  Lake, 1978-1 979. 
A s t e r i s k s  i n d i c a t e  t h e  assumed d e p t h  o f  t h e  m e t a l i m n i o n .  
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F i g .  3. S p e c i f i c  c o n d u c t i v i t y  i s o p l  e t h s  o f  U n i v e r s i t y  Lake, 
1978-1 979. 
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F i g .  4. T u r b i d i t y  l e v e l s  a t  1 m dep th  i n  U n i v e r s i t y  Lake, 

1978-1979. Data f rom Orange Water and Sewage A u t h o r i t y ,  
Chapel H i  11 , NC. 
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F i g .  5. Percen t  oxygen s a t u r a t i o n  a t  t h r e e  depths i n  U n i v e r s i t y  

Lake. 
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F i g .  6 .  Seasonal pa t t e rn  of t o t a l  P ,  p a r t i c u l a t e  P ,  
f i  1 t e r a b l e  r e a c t i v e  P,  and f i  1 t e r a b l e  unreac- 
t i v e  P i n  su r f ace  waters a t  S t a t i o n s  1 and 3. 



TP dropped t o  f a l l  l e v e l s  aga in  and remained lower  through t he  s p r i n g  
and e a r l y  summer. S t a t i o n  1  and S t a t i o n  3  had s i m i l a r  phosphorus con- 
c e n t r a t i o n s  on most dates sampled (F igu re  6 ) .  To ta l  P  and FRP were 
c o n s i s t e n t l y  h i ghe r  a t  S t a t i o n  3 d u r i n g  w i n t e r ,  however. 

Ammonia-N (NH3) was t h e  predominant fo rm o f  i n o r g a n i c  N i n  t he  e p i l i m n i o n  
a t  bo th  s t a t i o n s  th roughout  t h e  f a l l  and decreased d u r i n g  the  w i n t e r  
m i x i n g  p e r i o d  (F igu re  7 ) .  N i t r i t e  (NO2) ( n o t  shown sepa ra te l y )  a1 ways 
was a t  unde tec tab le  l e v e l s .  N i t r a t e  (NO3) was low th roughout  t h e  f a l l  
i n  t he  ep i l imn ion .  Dur ing w i n t e r ,  ammonia values dec l i ned  s l i g h t l y ,  
b u t  n i t r a t e  went f a r  above t h e  fa11 l e v e l s .  Ammonia and n i t r a t e  l e v e l s  
dropped more s l o w l y  than t h e  l e v e l s  o f  FRP i n  t h e  l a k e  w i t h  t h e  onse t  
o f  s t r a t i f i c a t i o n ,  reach ing  low l e v e l s  comparable t o  t he  f a l l  a t  t h e  
end o f  A p r i l  r a t h e r  than t h e  midd le  o f  March. 

When t h e  l a k e  was s t r a t i f i e d ,  t he  ep i l imn ion ,  meta l imnion,  and 
hypol imnion n u t r i e n t  concen t ra t ions  d i s t i n g u i s h e d  themselves ( F i g u r e  
8 ) .  TP always increased w i t h  depth.  I n  October, A p r i l ,  and June, t h i s  
was mos t l y  because o f  h i ghe r  PP i n  t he  hypol imnion; i n  o t h e r  months 
FRP and FUP accounted f o r  most o f  t he  inc rease  i n  TP w i t h  depth.  Ammonia 
g e n e r a l l y  increased w i t h  depth, e s p e c i a l l y  i n  t he  f a l l  and e a r l y  summer. 
N i t r a t e  remained r a t h e r  cons tan t  w i  t h  depth throughout  t he  yea r .  

Ch lo rophy l l - a  and phaeophyt in concen t ra t ions  v a r i e d  over  t h e  seasons 
and w i t h  depth i n  t he  l a k e .  I n  the  ep i l imn ion ,  c h l o r o p h y l l - a  decreased 
f rom 37 ug . l - l  i n  October t o  4 p g * l - l  i n  February and then inc reased  
s t e a d i l y  t o  f a l l  l e v e l s  by t h e  end of June (F igu re  9 ) .  Ch lo rophy l l - a  
concen t ra t ions  were r a t h e r  cons tan t  w i t h  depth d u r i n g  mix ing ,  and t he  
l a k e  ma in ta ined  c h l o r o p h y l l  l e v e l s  i n  t h e  hypol imnion which were com- 
parab le  t o  those o f  t h e  e p i l i m n i o n  through t he  month o f  A p r i l  ( F i g u r e  
10) .  Levels  i n  the  hypol  imnion l a t e r ,  however, dropped, and those i n  
the  e p i l i m n i o n  inc reased  by l a t e  June. Phaeophytin l e v e l s  were u s u a l l y  
lower  than c h l o r o p h y l l - a  and d i d  n o t  va ry  as much over  t he  seasons 
(F igu re  9 ) .  Val ues were, however, c o n s i s t e n t l y  h i g h e r  i n  t he  metal  imnion 
and hypol imnion than t he  e p i l i m n i o n  as s p r i n g  s t r a t i f i c a t i o n  proceeded 
(F igu re  10) .  

Phosphate uptake by seston 

1.  Gross uptake r a t e s  by t o t a l  seston 

The r e l a t i v e  r a t e  o f  uptake o f  phosphate t r a c e r  ( k )  showed wide v a r i a -  
t i o n s  through t h e  year  (Table 3 ) .  H ighes t  r a tes ,  90.10 min-1 ( i  .e. ,  > l o %  r e -  
moval per  m i n u t e )  occur red  o n l y  i n  t he  e p i l i m n i o n  before mid-November and 
a f t e r  mid-May a t  bo th  s t a t i o n s .  Very low r a t e s  (<0.0008) occur red  i n  Jan- 
uary  and February when temperatures and c h l o r o p h y l l  -a l e v e l s  were low ( F i g .  
2,9).  Meta l imnion and hypol imnion r a t e s  were s i m i l a r  t o ,  o r  lower  than, 
r a t e s  near  t he  su r f ace  (Table 3 ) .  Standards e r r o r s  tended t o  be an o r d e r  
o f  magnitude below the  means. Gross u p t  ke r a t e s  ( v )  by t o t a l  seston a1 so 
v a r i e d  g r e a t l y ,  f rom 0.6 t o  470 ug P l -Bh- l  (Table 4 ) ,  mos t l y  because o f  
v a r i a b i l i t y  i n  b i o t i c  uptake ( F i g .  1 1 ) .  
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F i g .  7 .  Seasonal p a t t e r n s  o f  ammonia and n i t r a t e  i n  
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Fig .  9 .  C o n c e n t r a t i o n s  o f  c h l o r o p h y l l - a  and phaeo- 
p h y t i n  i n  t,he s u r f a c e  w a t e r s  of U n i v e r s i t y  
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Table 3. Phosphate uptake cons tan t  ( k )  i n  t he  e p i l i m n i o n  o r  surface, 
meta l  imnion, and hypol imnion o f  U n i v e r s i t y  Lake ( k  + S.E. 
where n = 3; u n i  t s  = min-1, except  h-1 i n  January and 
February) .  

S t a t i o n  1 S t a t i o n  3 

Date Epi  Me t a  HYPO Epi 

*h-l - 

Table 4. Seasonal v a r i a t i o n  i n  gross uptake r a t e  ( v )  ( vg  p*l-leh-l ) 
a t  3 depths and 2 s t a t i o n s  i n  U n i v e r s i t y  Lake. 

Date S t a t i o n  1 
L P ~  Me t a  HYPO 

S t a t i o n  3 -- 
Ep i 



F i g .  11. To ta l  and p a r t i t i o n e d  gross phosphate uptake 
r a t e s  i n  su r f ace  waters o f  U n i v e r s i t y  Lake, 
1978-1 979. 



2. D i s c r i m i n a t i o n  between a l g a l ,  b a c t e r i a l ,  and a b i o t i c  uptake 

A lga l  uptake, d e f i n e d  as t h e  amount o f  uptake which p e r s i s t e d  i n  
a n t i b i o t i c - t r e a t e d  b o t t l e s  minus t h e  k i l l e d  sample uptake, v a r i e d  
seasona l l y  a t  t he  dam f rom 0-52% o f  t h e  t o t a l  uptake ( F i g u r e  11, 12) .  The 
average c o n t r i b u t i o n  was s l i g h t ,  o n l y  11.4%. Throughout t h e  w i n t e r ,  t h e  
a l g a l  c o n t r i b u t i o n  was negl  i g i b l  e. The h ighes t  c o n t r i b u t i o n  o f  a1 gae 
t o  phosphate uptake (47 and 52%) took  p l a c e  i n  t h e  l a t e  June sampl ing 
da te  a t  bo th  s t a t i o n s .  B a c t e r i a l  uptake, de f i ned  as t h e  amount o f  uptake 
i n  ambient b o t t l e s  minus t h e  amount o f  uptake i n  a n t i b i o t i c  b o t t l e s  ( b o t h  
a f t e r  s u b t r a c t i n g  k i l l e d  uptake)  v a r i e d  from 0-97% of t h e  t o t a l  uptake, 
w i t h  t h e  mean c o n t r i b u t i o n  be ing  52% a t  t h e  dam. B a c t e r i a  were impo r tan t  
c o n t r i b u t o r s  t o  t h e  uptake o f  phosphate on a l l  b u t  one occas ion i n  t he  
w i n t e r  when temperatures were low and t o t a l  uptake was slow. 

An a t tempt  was made t o  d i s t i n g u i s h  a l g a l  and b a c t e r i a l  uptake by a  
second method, s i z e - f r a c t i o n a t i n g  t h e  samples us ing  Nucl epore fi 1 t e r s .  
Seston g r e a t e r  than 8  pm c o n t r i b u t e d  between 2  and 20% t o  t he  uptake o f  
phosphate i n  t he  e p i l i m n i o n  and between 4  and 29% i n  t h e  meta l imnion and 
hypo1 imnion o f  t h e  1  ake (Tab1 e  5).  A1 though da ta  a r e  l i m i  ted, "1 arge 
s i z e - f r a c t i o n "  uptake assessed by d i f f e r e n t i a l  f i l t r a t i o n  exceeded " a l g a l  " 
uptake assessed by chemical t rea tment  (Tab le  6 ) .  There was no d e t e c t a b l e  
uptake by t h e  a l g a l  f r a c t i o n ,  except  i n  March, a t  t h e  depths of t he  meta- 
o r  hypol imnion, and t h e  a l g a l  f r a c t i o n  exceeded t h e  l a r g e  s i z e  f r a c t i o n  
i n  e p i l i m n e t i c  water  o n l y  a t  S t a t i o n  3 i n  May and a t  bo th  S t a t i o n s  i n  
June. The da te  of peak a l g a l  uptake corresponded t o  t h e  da te  of peak uptake 
o f  t h e  l a r g e  s i z e  f r a c t i o n ,  a1 though t he  r a t e  o f  uptake measured by each 
method d i f f e r e d  (Table 6 ) .  

Table 5 .  R e l a t i v e  c o n t r i b u t i o n  o f  l a r g e  (>8 pm) s i z e  f r a c t i o n  o f  seston 
t o  gross uptake o f  l a b e l e d  orthophosphate f rom l a k e  water .  

Date S t a t i o n  1  
Epi  Meta Hypo 

S t a t i o n  3 
Epi  





-1  - 7  
Table 6. Comparison o f  uptake r a t e s  (vg  Pal oh ) by t h e  a l g a l  f r a c t i o n  

and the l a r g e  s i z e  f r a c t i o n  o f  t h e  seston. 

Date S t a t i o n  Depth A1 ga l  Large S ize  

Sur face 

Surf ace 

Ep i 

Me t a  

HYPO 
Epi 

Epi 

Fleta 

HY Po 
€ p i  

Epi  

Meta 

HYPO 
Epi 

Epi  

Meta 

HY Po 
€ p i  

A b i o t i c  uptake, presumably mos t l y  by suspended sediments, v a r i e d  from 
a lmost  none t o  a lmost  a l l  o f  t he  t o t a l  phosphate uptake i n  t h e  e p i l  imnion 
a t  bo th  S t a t i o n s  (F igu re  12 ) .  I t  was impo r tan t  r e l a t i v e  t o  b i o t i c  uptake 
o n l y  d u r i n g  t he  w i n t e r  when suspended sediments i n  t he  wate r  were h i g h  
( F i g u r e  3 )  and b i o t i c  compe t i t i on  was low. A l though d u r i n g  some w i n t e r  
sampl ings sediment appa ren t l y  was respons ib l e  f o r  a l l  o f  t h e  uptake, t h i s  
uptake was ve ry  smal l  i n  comparison t o  t o t a l  uptake d u r i n g  t he  r e s t  o f  
t he  yea r  when t h e  b i o t i c  compartment was a c t i v e  ( F i g u r e  11 ) . 

A d d i t i o n a l  evidence t h a t  sediment p layed  a r o l e  i n  t he  exchange o f  
phosphate i n  t he  wate r  column was ob ta ined  by s p i k i n g  k i l l e d  samples w i t h  
concentrated sediment. I n  these exper iments,  t h e  a d d i t i o n  o f  sediment 



i nc reased  t h e  amount o f  r a d i o a c t i v i t y  taken up by t h e  k i l l e d  p a r t i c u l a t e  
f r a c t i o n  (Tab le  7 ) .  

Table 7. E f f e c t  o f  sediment a d d i t i o n s  on r a t e  o f  gross phosphate uptake 
f rom l a k e  water  u s i n g  r a d i o a c t i v e  t r a c e r  technique. 

Date Sediment Concent ra t ion  v (,lg ~ . l - l . h - l )  

021 16/79 Ambient 1.6 + .02 

5X 1.8 - + .07 

1 OX 3.0 - + . I  

06/07 Ambient 2.5 - + .006 

5 X 9.7 - + 0 

1 OX 18.0 5 .O1 

3. E f fec t  o f  depth on gross phosphate uptake r a t e .  

U n i v e r s i t y  Lake was sampled a t  t h r e e  depths f rom March through June 
1979 t o  assess t h e  change i n  uptake p a t t e r n s  w i t h  depth as t h e  l a k e  
s t r a t i f i e d .  Sampl i n g  depths o f  0.5 m and 7.0 m were chosen t o  r ep resen t  
t h e  e p i l i m n i o n  and hypol imnion r e s p e c t i v e l y .  The depth o f  t h e  meta l imn ion  
v a r i e d  between 2.5 and 4.0 m depending on t he  s t r a t i f i c a t i o n  i n  t he  l a k e  
(F igu re  2 ) .  

I n  March, when t h e  l a k e  was o n l y  weakly s t r a t i f i e d ,  uptake r a t e s  
were s l i g h t l y  l owe r  i n  t he  e p i l i m n i o n  than i n  t he  meta- o r  hypol imnion.  
A f t e r  A p r i l ,  uptake was h i g h e s t  i n  t h e  e p i l  imnion (Table 4 ) .  As s t r a t i -  
f i c a t i o n  proceeded, a l l  depths increased t h e i r  P-uptake r a t e ,  w i t h  t he  
e p i l i m n i o n  i n c r e a s i n g  t he  f a s t e s t .  Hypo l imnet i c  uptake o f  P was g e n e r a l l y  
h i ghe r  than  me ta l imne t i c  uptake d u r i n g  t imes o f  l a k e  s t r a t i f i c a t i o n  
except  i n  l a t e  June when t he  r a t e s  were s i m i l a r .  

A1 ga l  uptake a t  S t a t i o n  1 was found o n l y  i n  t he  e p i l  imnion, excep t  
i n  March when i t  c o n t r i b u t e d  8 % t o  t o t a l  P uptake i n  t he  meta l  imnion 
(Tab le  8 ) .  I n  t h e  ep i l imn ion ,  t h e  a l g a l  c o n t r i b u t i o n  t o  t o t a l  uptake 
inc reased  s t e a d i l y  f rom A p r i l  (2.3% o f  uptake)  t o  June (52%) ( F i g u r e  12, 
Table 8 ) .  

B a c t e r i a l  uptake was more evenly  d i s t r i b u t e d  i n  t he  water  column 
than a l g a l  (Tab le  8 ) .  Dur ing March, t h e  hypo1 imnion sample had g r e a t e r  
b a c t e r i a l  uptake i n  t h e  water  column than t he  e p i l i m n i o n  sample, b u t  
b a c t e r i a l  e p i l i m n e t i c  uptake increased rap id1y ; in  May and June, t h e  
e p i l i m n i o n  was t he  dominant depth f o r  b a c t e r i a l  as w e l l  as a l g a l  uptake. 



Table 8. Rates o f  a l g a l ,  b a c t e r i a l ,  and a b i o t i c  gross uptake o f  phosphate 
w i t h  depth (ug P - 1 - l  oh-1). S t a t i o n  1. 

Date Depth A1 ga l  B a c t e r i a l  A b i o t i c  

0311 6/79 Ep i 

Me t a  

HYPO 

04/27 Epi 

Me t a  

HYPO 

051 23 Ep i 

Me t a  

HYPO* 

06/27 Epi 

Meta* 

HYPO* 

* = Samples incuba ted  anox ica l  l y  

A b i o t i c  uptake was h i g h e s t  i n  t he  hypol imnion on a l l  sampl ing dates 
and increased w i t h  t ime (Table 8) .  A l though t he  abso lu te  a b i o t i c  r a t e s  
a l s o  increased i n  t he  ep i l imn ion ,  t h e i r  r e l a t i v e  importance decreased 
d u r i n g  t he  p e r i o d  o f  s t r a t i f i c a t i o n .  

4. Phosphate uptake r a t e  measured chemica l l y .  

Experiments which measured t he  concen t ra t i on  o f  f i l t e r a b l e  r e a c t i v e  
phosphorus (FRP) i n  incuba ted  l a k e  wate r  showed t h a t ,  on a l l  occasions 
except  one, t he  concen t ra t i on  o f  FRP d u r i n g  the  course o f  t he  t r a c e r  
exper iments d i d  n o t  change s i g n i f i c a n t l y  (Table 9 ) .  I n  A p r i l ,  a1 though 
t h e  uptake r a t e  i n  t he  e p i l i m n i o n  as measured chem ica l l y  was o n l y  10% 
of t h a t  measured w i t h  t r a c e r ,  i t  was s t a t i s t i c a l l y  d i f f e r e n t  f rom zero 
(Tab le  9 ) .  A t  no o t h e r  t ime  was any inc rease  o r  decrease f rom the  s t a r t i n g  
FRP concen t ra t i on  s t a t i s t i c a l l y  s i g n i f i c a n t .  



Tab1 e  9. Rate o f  change o f  f i 1 t e r a b l e  r e a c t i v e  phosphorus concen t ra t i on  
( n e t  P  uptake)  d u r i n g  i ncuba t i on  o f  U n i v e r s i t y  Lake wate r  and 
s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h e  r a t e .  

- 
Date Depth k D i f f e r e n c e  f rom 

W 1 )  Zero (a> .05) 

01 /I 2/79 Sur face - .0008 N S 

Sur face +.0014 

Epi - .00003 

Epi 

Me t a  

HYPO 

Epi 

Me t a  

5. Phosphate b u f f e r  c a p a c i t y  o f  the  sediments. 

Phosphate p o t e n t i a l  curves showed t h a t  t h e  r o l e  o f  t he  suspended 
sediment coming i n t o  U n i v e r s i t y  Lake v a r i e d  seasonal ly .  I n  February 
when l a k e  wate r  was r i c h  i n  FRP (F igu re  6, Table l o ) ,  t h e  e q u i l i b r i u m  
phosphate concen t ra t i on  was re1  a t i v e l y  low (F igu re  13, Table 10) .  Con- 
sequent l y  t h e r e  was p o t e n t i a l  f o r  t r a n s f e r  o f  P  f rom t h e  wate r  ( x - a x i s )  
t o  t h e  sediment ( y -ax i s ,  F i g u r e  13)  even a t  phosphate concen t ra t i ons  below 
0.01 mg. l - l ,  and t h e  sediment ac ted  as a  s i n k .  A f t e r  March, however, 
ambient FRP l e v e l s  dropped (F igu re  6, Table 10)  w h i l e  t he  e q u i l i b r i u m  
concen t ra t i on  increased ( F i g u r e  13, Table l o ) ,  and t he  suspended sediments 
became p o t e n t i a l  phosphorus sources f o r  t h e  water .  

The same amounts o f  sediment were used f o r  exper iments on a  g i ven  
date,  so s o r p t i v e  c a p a c i t i e s  may be compared a t  d i f f e r e n t  temperatures. 
Dur ing  March and May, exper iments were at tempted a t  ambient temperature 
and 5 C t o  assess t h e  e f f e c t  o f  temperature on t he  s o r p t i o n  o f  phosphate 
on sediment. I nc reas ing  temperatures increased t h e  adso rp t i ve  c a p a c i t y  
( l o n g e r  a r rows)  o f  t he  sediments i n  these two months ( F i g u r e  13) .  I n -  
c reas ing  temperatures r a i s e d  t h e  equi  1  i br ium phosphate concen t ra t i on  i n  
March b u t  n o t  i n  May (F igu re  13) .  Note t h a t  on the  March sampl i n g  date,  
t he  i n c u b a t o r  f a i l e d  t o  ma in ta i n  t he  ambient temperature,  14 C, and t he  



I I I I 1  I I I I 
.05 - - 

B MARCH 28,1979 C MARCH 28,1979 

/ 2 5 ' ~  

a MAY 26,1979 
z .05 

ORIGINAL PHOSPHATE CONCENTRATION (mg PSI-') 

F i g .  13.  Phosphate p o t e n t i a l  curves showing t h e  r o l e  o f  
sediment i n  t h e  P dynamics o f  U n i v e r s i t y  Lake. 
A t  c o n c e n t r a t i o n s  where t h e  c u r v e  i s  above t h e  
absc issa,  t h e  sediment i s  a c t i n g  as a  P-s ink ;  
a t  c o n c e n t r a t i o n s  where t h e  c u r v e  i s  below t h e  
absc issa ,  t h e  sediment i s  a c t i n g  as a  P-source.  
The l e n g t h  o f  t h e  l i n e  i s  t h e  s e d i m e n t ' s  s o r p t i v e  
c a p a c i t y ,  and t h e  i n t e r c e p t  o f  t h e  cu rve  w i t h  
t h e  X a x i s  i s  t h e  e q u i l i b r i u m  phosphate con- 
c e n t r a t i o n .  



temperature rose  t o  25 C. The funct ioning  of  t he  sediment a s  a source 
(Table 10)  a t  ambient temperatures (14 C) was assumed t o  be the  same a s  
a t  25 and 5 C .  

Tab1 e 10. E f fec t  of  suspended sediments on f i l t e r a b l e  r e a c t i v e  phosphorus 
concent ra t ion  in  t h e  water col umn.  FRP concent ra t ions  in  mg*l-l . 

Date Experimental Ambient FRP Equilibrium FRP Estimated 
Date Temp. (C) (mg 1-1 ) (mg.1-1) E f f e c t  

2/02 5 .042 .01 s i n k  

211 0 5 .042 .004 - .006 s ink  

31 28 5 .006 ,008 source 

2 5 .006 .02 - .025 source  

5/ 26 5; 22 .006 ,008 - .010 source  



DISCUSSION 

N u t r i e n t  and c h l o r o p h y l l  d i s t r i b u t i o n s  

Chemical and b i o l o g i c a l  da ta  were examined f o r  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  i n  U n i v e r s i t y  Lake. Ove ra l l ,  t h e  n u t r i e n t  d i f f e r e n c e s  
between t h e  two s t a t i o n s  were s l i g h t  ( F i g u r e  6, 7 ) ,  as f i r s t  documented 
by Heath (1968).  There was no evidence o f  any e u t r o p h i c a t i o n  g r a d i e n t  
i n  t h e  l ake ,  which i s  p robab ly  a t t r i b u t a b l e  t o  t h e  few p o i n t  sources of  
po l  1 u t i o n  i n  t h e  watershed. 

Seasonal d i f f e r e n c e s  between t he  s t a t i o n s  , however, were apparent.  
FRP, TP, and NO3 were g e n e r a l l y  h i g h e r  a t  S t a t i o n  3  than S t a t i o n  1 i n  
t he  w i n t e r  r u n o f f  season (F igu re  6, 7 ) ,  suggest ing t h a t  phosphorus and 
n i t r o g e n  were coming i n t o  t he  l a k e  f rom the  watershed a t  t h i s  t ime.  The 
seasonal p a t t e r n  i n  ammonium concen t ra t i on  (F igu re  7 )  i s  n o t  d i f f e r e n t  
f rom t h a t  found by Heath (1968); t he  e a r l y  autumn inc rease  a t  t h e  sur -  
f a c e  i s  a t t r i b u t a b l e  t o  i n j e c t i o n s  o f  r i c h e r  waters  f rom t h e  hypol imnion.  
The n i t r a t e  concen t ra t ions  and seasonal p a t t e r n  ( F i g u r e  7 )  were a l s o  n o t  
d i f f e r e n t  f rom an e a r l i e r  r e p o r t  (Weiss and Breedlove, 1973).  The peak 
va lues o f  PP d i d  n o t  c o i n c i d e  a t  each s t a t i o n ;  d u r i n g  per iods  o f  h i g h  
h y d r a u l i c  1 oading, t h e  l a k e  appa ren t l y  was n o t  un i f o rm  i n  i t s  .suspended 
p a r t i c u l a t e  concen t ra t i on .  V isua l  observa t ions  f rom t h e  b r i d g e  a t  S t a t i o n  
3  o f t e n  s t r o n g l y  i n d i c a t e d  h i ghe r  t u r b i d i t i e s  on t he  upstream s i d e  a f t e r  
r a i n  storms. 

Ch lo rophy l l - a  was g e n e r a l l y  lower  a t  S t a t i o n  3  (F igu re  91, p o s s i b l y  
because water  a t  t h i s  s t a t i o n  had n o t  been i n  t h e  l a k e  l o n g  enough t o  
exper ience much a1 ga l  growth. Heath (1 968) r epo r ted  s i m i l a r  f i n d i n g s  i n  
t o t a l  a l g a l  numbers f rom S t a t i o n  1  t o  S t a t i o n  3; a l though he found d i f -  
ferences i n  t h e  spec ies composi t ion of t he  phy top lank ton  f rom s t a t i o n  
t o  s t a t i o n ,  t o t a l  c e l l  numbers were g e n e r a l l y  h i g h e s t  a t  t he  dam. Our 
da ta  do n o t  show t h e  marked inc rease  i n  c h l o r o p h y l l  i n  t h e  meta l  imnion 
r e s u l t i n g  f rom the  usual  bloom t h e r e  o f  O s c i l l a t o r i a  t e n u i s  i n  summer 
(Weiss and Oglesby, 1962; Heath, 1968; Weiss and Breedlove, 19731, per -  
haps because ou r  sampl ing ceased i n  June. 

Pa t te rns  o f  seasonal and s p a t i a l  v a r i a t i o n  i n  phosphate uptake 

Data was analyzed us ing  ANOVA t o  assess s t a t i s t i c a l l y  t h e  e f f e c t s  
o f  s t a t i o n ,  t reatment ,  and depth on t he  uptake of phosphorus i n  Univer-  
s i t y  Lake over  t he  yea r .  From November through March, two-way ANOVAs 
were employed, as o n l y  e p i l i m n e t i c  samples were taken from each s t a t i o n .  
From March through June, samples were ob ta ined  f rom t h r e e  depths a t  
S t a t i o n  1, and da ta  was analyzed u s i n g  a  3-way ANOVA t o  assess t h e  depth 
e f fec t .  The Tukey paired-comparison procedure was used as a  f o l  low-upo t o  
the  ANOVA on those dates where t h e  source of  s t a t i s t i c a l  d i f f e r e n c e  was 
of i n t e r e s t .  

The da ta  used i n  t h e  s t a t i s t i c a l  a n a l y s i s  d i f f e r e d  i n  form f rom t h a t  
used i n  the  RESULTS s e c t i o n  o f  t h i s  r e p o r t .  Sub t rac t i on  o f  K i l l e d  uptake 



Table 11. ANOVA t ab les  showing the e f f e c t  of t reatment ,  s t a t i o n ,  and 
depth on the uptake of phosphorus. 

Date: 11/18/78 

Source - d f - S S - MS - F Pr > F  

Model 5 1 .3  x lom6 2.7 x 1 0 ' ~  20.15 .0001 

Error 12 1 .6  x 1 .O x 1 0 ' ~  

Total 17 1 .5  x 

Source - d f Type I V  SS 

Trea t m t  2 1 . 3  x lo-6 

S ta t ion  1 1.6 x lom8 

Tr x S ta  2 1 . 5  x 1 0 ' ~  

Date : 1 11 2/ 79 

Source - d f - SS - MS - F Pr >F 

Model 5 3.1 x 6 .3  16.31 .0001 

Error  12 4.6 4.0 x 
Total 17 3.6 x 

Source - d f Type IV SS 

Treatmt 2 1 .7  x 

Sta t ion  1 1 . 2  x lo-6 

Tr x S ta  2 2.2 lo-7  

Date: 2/16/79 

Source 

Mo de 1 

Error  

Total 

Source 

Trea t m t  
S t a t ion  

Tr x Sta  

17 3.3 x 10+ 

d f - Type IV SS 

2 2.4 x 
1 3.0 x 
2 5.0 x 



Table  11 ( c o n t . )  

Date: 3/16/79 

Source  - d f 

Model 11 

E r r o r  24 

Total  3 5 

Source  - d f 

Trea t m t  2 

S t a t i o n  1 

Depth 2 

Tr x S t a  2 

Tr x Depth 4 

Date : 4/27/79 

Source  - d f 

Model 11 

E r r o r  24 

To t a  1 3 5 

Source  - d f 

Trea t m  t 2 

S t a  1 
Depth 2 

Tr x S t a  2 

Tr x Depth 4 

Date: 5/23/79 

Source  - d f 

Model 11 

E r r o r  24 

Tota l  3 5 

S S - 
<1 x 1 0 - ~  

< I  x 1 0 - ~  

<1 x 

Type IV SS 

< I  x 1 0 - ~  

< I  x 

< I  x 1 0 ' ~  

<1 x 
<1 x 

S S - 
2 . 5  

4 . 0  x 
2 .8  x 

Type IV SS 

1 . 2  

<1 X 

3 . 0  x 
< I  x 

5 . 0  x 

S S - 
2.4 x 

3 . 8  x 
2.7 I O - ~  



Table 11 ( c o n t . )  

Date: 5/23/79 ( c o n t . )  

Source ...- d f - Type 1'V SS 

Trea t m  t 2 2.4 x 
S ta t ion  1 1 .3  x lom6 

Depth 2 4.8 x 
Tr x S ta  2 2.4 x 

Tr x Depth 4 9.6 x 

Date: 6/27/79 

Source - d f - SS - MS - F Pr > F  
Model 11 9.2 x 8.4  x 1 0 ' ~  15.26 .0001 

Error 2 4 1 . 3  x 5.0 x lom8 

Total 3 5 1 . O  lo-5 

Source - d f Type IV SS 

Trea t m t  2 1 .5  x 
S ta t ion  1 1.4 

Depth 2 2.1 x lo-6 

Tr x Sta 2 5.0 x lom8 

Tr x Depth 4 2.1 x lo-6 

from Ambient and Ant ib io t i c  uptake could not  be performed without a1 t e r i n g  
the within-treatment  variance of the  ANOVA. Because of t h i s  l i m i t a t i o n ,  
s t a t i s t i c a l  d i f f e rences  between "a1 gal " ( a n t i  biotic-formal dehyde t r e a t e d  
b o t t l e s ) ,  "bac te r i a l  " (ambient-formaldehyde) - (ant ib io t ic - formaldehyde) ,  
and " k i l l e d "  (formaldehyde) could not  be assessed.  S t a t i s t i c a l  ana lys i s  
allowed comparison of only the  uncorrected uptake r a t e s  obtained in 
Ambient, Ant iobio t ic ,  and Formaldehyde treatments .  

Differences in  the  uptake r a t e s  of phosphorus between S ta t ion  1 and 
S ta t ion  3 were general ly s l i g h t  (Table 4 ,  Figure 1 2 ) .  ANOVA showed t h a t  
the  s t a t i o n  e f f e c t  was s i g n i f i c a n t  (a=.05)  on only two dates  (01/12/79 
and 05/23/79) where data were adequate f o r  comparison (Table 11 ) .  Sea- 
sona l ly ,  t h e r e  were some i n t e r e s t i n g  t rends ,  however. Until over turn ,  
t o t a l  uptake was genera l ly  higher a t  the  dam (Table 4 ) .  During the  
winter  (January,  February, and March), when the  uptake was l a r g e l y  a b i o t i c ,  



uptake was s l i g h t l y  h i g h e r  a t  S t a t i o n  3. A lga l  uptake was l owe r  a t  S t a t i o n  
3 on a l l  b u t  one occas ion (F igu re  11 ),  a f i n d i n g  which corresponded w i t h  
1 ower c h l o r o p h y l l  concen t ra t ions  a t  S t a t i o n  3 (F igu re  9 ) .  B a c t e r i a l  
uptake and a b i o t i c  uptake f l u c t u a t e d  i n  magnitude between S t a t i o n  1 and 
S t a t i o n  3. Perhaps t h e  a b i o t i c  f l u c t u a t i o n  i s  a t t r i b u t a b l e  t o  uptake 
by bo th  suspended sediments ( h i g h e r  a t  S t a t i o n  3 )  and k i l l e d  a l g a l  and 
b a c t e r i a l  c e l l s  (more abundant a t  S t a t i o n  1 ) .  

Depth and t reatment ,  however, d i d  a f f e c t  phosphate uptake r a t e s .  
ANOVA suggested t h a t  depth was a s i g n i f i c a n t  f a c t o r  i n  c o n t r o l l i n g  t he  
r a t e  o f  t o t a l  uptake on a l l  occasions f rom March through June i n  t he  
s tudy  (Table 4, 11 ) .  Treatment made a s t a t i s t i c a l  d i f f e r e n c e  in t h e  
r a t e  o f  uptake on a l l  occasions except  i n  May (Table 11 ) .  Ana l ys i s  o f  t he  
da ta  by ANOVA, however, d i d  n o t  segregate o u t  t he  s p e c i f i c  e f f e c t s  o f  
a n t i  b i o t i c  and formaldehyde t reatments .  

The Tukey Pa i rw i se  Comparison t e s t  was used t o  a i d  i n  i n t e r p r e t i n g  
t he  s p e c i f i c  t r ea tmen t  e f f e c t s .  Several  assumptions were necessary i n  
o r d e r  t o  render  s t a t i s t i c a l  r e s u l  t s  e c o l o g i c a l l y  meaningful  : 

1. I f  the  ambient uptake r a t e  was s t a t i s t i c a l l y  d i f f e r e n t  f rom t h e  
r a t e  a f t e r  formaldehyde t reatment ,  i t  was concluded t h a t  t h e  b i o t i c  
( a l g a l  and b a c t e r i a l )  uptake r a t e  was s i g n i f i c a n t  (f.~., d i s t i n g u i s h -  
a b l e  f rom t h e  a b i o t i c  (suspended sediment) uptake r a t e ) .  

2. I f  t h e  a n t i b i o t i c  t rea tment  gave an uptake r a t e  s t a t i s t i c a l l y  d i f -  
f e r e n t  f rom t h e  ambient r a t e ,  i t  was concluded t h a t  t h e  b a c t e r i a l  
uptake was s i g n i f i c a n t  (L.e., - d i s t i n g u i s h a b l e  f rom a l g a l  p l u s  a b i o t i c  
uptake)  . 
3. I f  the  a n t i b i o t i c  t rea tment  gave r a t e s  s t a t i s t i c a l l y  d i f f e r e n t  f rom 
the  formaldehyde t reatment ,  i t  was concluded t h a t  t h e  a l g a l  uptake 
r a t e  was s i g n i f i c a n t  ( i . e . ,  d i s t i n g u i s h a b l e  from t h e  a b i o t i c  p l u s  
b a c t e r i  a1 uptake r a  tesT.- 

Pa i rw i se  comparisons o f  phosphate uptake r a t e s  showed d i f f e r e n c e s  
between t reatments  which conf i rmed t he  p a t t e r n s  i n  F igures  11 and 12. 
I n  t he  e p i l i m n i o n  o r  su r f ace  samples, b i o t i c  uptake was s t a t - i s t i c a l l y  
s i g n i f i c a n t  on a l l  dates except  i n  February (Table 12)  when suspended 
sediment uptake predominated (F igu re  12) .  An apparent  1 ack of  s i g n i f i c a n c e  
i n  A p r i l  arose from t h e  t reatment-depth i n t e r a c t i o n  term i n  t 
which t h e  Tukey t e s t  was based; t he  same was t r u e  f o r  t he  b a c t e r i a l  uptake 
i n  A p r i l  . A t- tes  t us1 ng e p i l  imnion data on l y ,  however, demonstrated 
s i g n i f i c a n t  (p<0.01) b a c t e r i a l  uptake on t h i s  date.  B a c t e r i a l  uptake i n  
t he  e p i l  imnion appeared s i g n i f i c a n t  on a1 1 dates except  June. Apparent 
b a c t e r i a l  uptake i n  February,  however, cannot be i n t e r p r e t e d  c r i t i c a l  l y  
because formaldehyde t rea tment  r e s u l  t e d  i n  somewhat g r e a t e r  P uptake 
r a t e s  than ambient t rea tment  ( d i f f e r e n c e  n o t  s i g n i f i c a n t )  o r  a n t i b i o t i c  
t reatment .  F i n a l l y  a l g a l  uptake was n o t  s t a t i s t i c a l l y  d i s t i n g u i s h a b l e  
u n t i l  June (F igu re  11, 12; Tab1 e 8, 12) .  I n  t h e  metal  imnion bacter l 'a l  
uptake was s i g n i f i c a n t  i n  March b u t  n o t  i n  l a t e r  months (Table 12)  



because of depth-treatment interaction in the Tukey t e s t ;  t - t e s t  a t  t h i s  
depth only, however, showed signif icant  differences between ambient and 
ant ibiot ic  treatment ( c f .  Table 8 ) .  The hypo1 imnion showed signif icant  
bacterial uptake in both March and April. There was never any s t a t i s t i c a l l y  
s ignif icant  algal contribution to P uptake in the metalimnion or hypo- 
1 imnion. 

Tab1 e 12. Tukey pairwise comparisons between treatments upon the phosphate 
uptake ra te  ( v )  a t  Stations 1 and 3 (November - February) and 
a t  Station 1 only (March - June) a t  three depths. Biotic = 
ambient - formaldehyde; bacterial = ambient - ant ib io t ic ;  
algal = ant ibiot ic  - formaldehyde. NS, b0 .05;  *, Ps0.05; 
**, Ps0.01; (**), P50.01 using - t - t e s t  a t  one depth only. 

Date 

Depth Nature Of 11/18/78 1/12/79 2/16 3/16 4/27 5/23 6/27 Uptake 

Epil imnion Biotic ** * NS ** (""1 "A- ** 
or surface Bacteria ** ** ** ** (**) ** NS 

A1 gal N S NS ( -  NS NS NS * 

Metal imnion Biotic - - - - - - ** NS (**) NS 

Bacteria - - - - - - ** NS (**) (*) 

A1 gal - - - - - - NS NS NS NS 

Hypo1 imnion Biotic - - - - - - ** ** NS NS 

Bacteria - - - - - - ** ** NS NS 
A1 gal - - - - - - NS NS NS NS 

The resul ts  of th is  attempt to separate bacter ial ,  a lga l ,  and abiot ic  
uptake rates must be used with caution because the treatments do not dis- 
tinguish perfectly between these fractions of the seston. Furthermore, 
the interactions between terms in the ANOVA must be considered. Finally,  
the var iabi l i ty  inherent in taking biological samples from a natural system 
sometimes keeps ecologically s ignif icant  differences from emerging as 
s t a t i s t i c a l l y  s ignif icant .  

Relative importance of algae and bacteria in phosphate uptake 

Experiments using ant ibiot ic  treatment showed tha t  bacteria were more 
important than algae for  uptake of phosphate in University Lake (Table 8; 
Figure 12) .  Bacteria1 uptake was important in winter (Figure 12; Table 12) 



when l i g h t  l i m i t e d  a l g a l  growth. Furthermore, b a c t e r i a l  uptake r a t e s  
below the  su r f ace  waters may be expected t o  resemble sur face r a t e s  ( F i g u r e  
11 ) du r i ng  t h e  m i x i n g  per iod .  There was some evidence o f  b a c t e r i a l  
s t r a t i f i c a t i o n  i n  t h e  l a k e  as t h e  wate r  warmed; whereas i n  March t he  uptake 
o f  P by b a c t e r i a  was r a t h e r  cons tan t  w i t h  depth, by May b a c t e r i a l  uptake 
was h i g h e s t  i n  t h e  e p i l i m n i o n  (Table 8 ) .  The use o f  a n t i b i o t i c s  t o  d i s -  
c r i m i n a t e  b a c t e r i a l  and a l  ga l  metabol ism has i n h e r e n t  d i f f i c u l  t i e s .  I n  
t h e  f i r s t  p lace,  a n t i b i o t i c s  may n o t  have stopped phosphate uptake by 
b a c t e r i a  by t he  end o f  t h e  p re incuba t i on  p e r i o d  so t h a t  "a1 
i s  overest imated.  On the  o t h e r  hand, some pho tosyn the t i c  p l a n k t o n i c  
organisms, t h e  blue-green algae, may be i n h i b i t e d  by a n t i b i o t  
b l  ue-green f r a c t i o n  o f  a1 ga l  phosphate uptake w i l l  t h e r e f o r e  
buted t o  b a c t e r i a  i n  t h e  sample, thereby g i v i n g  an underest im 
a l g a l  uptake. Th is  problem may n o t  be impo r tan t  i n  c e r t a i n  waters  where 
b l  ue-green a lgae  a r e  r e l a t i v e l y  scarce, such as t h e  Pam1 i c o  R i v e r  (Kuenzl e r ,  
e t  a l .  1979). I n  U n i v e r s i t y  Lake, however, blue-greens such as M i c r o c y s t i s  -- 
aeru inosa,  Anabaena a f f  i n i s ,  and Osci 11 a t o r i a  t e n u i s  a r e  sometimes abundant 

Heath 1968, Weiss and Breedlove 1973) a long  w i t h  a c t i v e  b a c t e r i a l  popula- r"- 
t i o n s  (F ranc isco  1970). There i s  u s u a l l y  a  peak i n  O s c i l l a t o r i a  and 
b a c t e r i a  i n  t h e  metal  imnion d u r i n g  summer (Weiss and Oglesbee 1 'il6O, 1962; 
Heath 1968) and even g r e a t e r  numbers o f  b a c t e r i a  i n  t h e  hypol  im 
mid-summer. Therefore i t  m igh t  be more n e a r l y  c o r r e c t  t o  term b a c t e r i a l  
uptake "p roca ryo t i c  uptake"  and a l g a l  uptake "euca ryo t i c  uptake"  when 
t he  a c t i v i t y  o f  these popu la t i ons  a r e  d i s t i n g u i s h e d  by t h e  response t o  
a n t i b i o t i c s .  

F ranc isco  (1  970) found t h a t  b a c t e r i a l  uptake of glucose I n  U n i v e r s i t y  
Lake increased w i t h  depth; Vmax was g r e a t e s t  a t  7.0 my l e a s t  a t  0.5 rn, 
and i n te rmed ia te  i n  t h e  meta l imnion.  Not a l l  au thors  have Found such a 
t r e n d  i n  o t h e r  bodies o f  water,  however (Hobbie 1967; Rodhe 7969). I t  
i s  1 i k e l y  t h a t  g lucose uptake i s  n o t  i n t i m a t e l y  1  inked  t o  phos 
uptake i n  t he  same organisms, f o r  g lucose i s  used f o r  bo th  growth and 
r e s p i r a t i o n  and phosphorus i s  used f o r  growth. Furthermore, those organisms 
dominat ing g lucose uptake i n  t h e  hypol imnion may n o t  be t he  same species 
dominat ing phosphorus uptake i n  the  e p i l  imnion. L i t e r a t u r e  on t he  depth 
p r o f i l e  o f  b a c t e r i a  i n  l akes  shows t h a t  p h y s i o l o g i c a l l y  d i s t i n c t  b a c t e r i a  
a r e  found i n  d i f f e r e n t  s t r a t a  (Overbeck 1975).  

A lga l  ( o r  eucaryo te )  importance i n  P uptake was e s s e n t i a l l y  1 i m i  t ed  
t o  t h e  e p i l  imnion o f  t h e  lake .  Ch lo rophy l l  va lues were r a t h e r  
d i s t r i b u t e d  d u r i n g  t he  m i x i n g  per iod ,  b u t  increased d r a m a t i c a l l  
e p i l i m n i o n  d u r i n g  t he  s p r i n g  (F igu re  9, 10 ) .  Algae c o n t r i b u t e d  
t h e  uptake o f  P i n  U n i v e r s i t y  Lake (52%) i n  l a t e  June (F igu re  18) when 
c h l o r o p h y l l - a  l e v e l s  were h i g h  and t h e  FRP concen t ra t i on  was low. Faust  
and C o r r e l l  (1975) found s i m i l a r  seasonal v a r i a t i o n  i n  the  r e l a  
tance o f  a lgae  and b a c t e r i a  i n  t he  uptake o f  FRP i n  Chesapeake 
most o f  t he  y e a r  i n  t h e  Chesapeake (August through A p r i l  ) , a l g a  
l e s s  than 6% t o  t h e  uptake o f  r a d i o a c t i v e  phosphate. I n  May, June, and 
Ju l y ,  however, t he  a l g a l  c o n t r i b u t i o n  increased,  reach ing  a J u l y  h i gh  o f  
42% of t he  t o t a l  phosphate uptake. A t  two o f  t he  t h ree  t imes a lgae were 
impo r tan t  t o  uptake i n  t h e  Chesapeake, t h e r e  were d i n o f l a g e l l a t e  blooms 
i n  t h e  es tuary .  High c h l o r o p h y l l  values a t  t h e  t ime  t h a t  a l g a l  uptake 



was important in University Lake suggest tha t  in this  study, too, dense 
algal populations coincided with greater algal uptake of FRP. 

A1 though algae did not dominate the uptake of P in University hake 
for  most of the year, the correlation between overall uptake and chloro- 
phyll-a in the epilimnion was good (r2=.70).  Hickman and Penn (1997) 
note tha t  high bacterial numbers are  often observed during times of a l g a l  
blooms in open systems, a finding which suggests that  conditions conducive 
to high algal uptake rates are  also good for  bacterial uptake rates .  
However, there i s  evidence in University Lake that  when the 
tions were large,  there was increased competition between a1 
bacteria for  orthophosphate reserves, and each fraction was 
suppressing the uptake ra te  s f  the other fraction. In June, 
uptake rates had increased about 10-fold from the previous m 
bacterial (or procaryote) uptake rates decreased by 74% (Table 8 ) ;  pro- 
bably algal uptake increased a t  the expense of the bacteria an 
blue-green algae, as the levels of FRP were quite low a t  t h i s  date 
(0.005 mg P S I - 1 ) .  On the other hand, uptake of 3 2 ~  by the large (>8 pm 
fract ion)  increased 50% with the addition of ant ibiot ics ,  suggesting tha t  
bacteria were obstructing algal uptake of phosphorus. The good correla- 
tion between overall uptake and chlorophyll-a, therefore, may be mis- 
leading because i t  suggests that  algal uptake and bacterial uptake of 
phosphorus follow the same seasonal trends during the year; the confounding 
of bacteria and blue-green algae by the ant ibiot ic  treatment (see above) 
probably a1 so contributes to  th i s  problem. 

Much f i e ld  work comparing the re la t ive  importance of bacteria to 
algae in the uptake of phosphorus has shown bacteria to be more important, 
both in estuaries (McCarthy, Taylor, and Loftus 1974; Faust and Correll 
1975; Taft, Loftus, and Taylor 1977; Friebele, Correll, and Faust 1978) 
and in freshwater systems (Rigler 1956; Pearl and Lean 1976; Peters and 
MacIntyre 1976). Other studies (Taft, Taylor, and McCarthy 1975; Kuenmler, 
Stanley, and Koenings 1979) have found algal uptake to be dominant, a t  
l eas t  some of the time. More work needs to be done to assess the condi- 
tions under which one fraction of the plankton can compete successfully 
against another fo r  phosphorus. The concentration of phosphate, quantity 
and type of organisms in the population, temperature of the water, and 
physiological s t a t e  of the organisms are possible parameters of importance 
in governing the r a t e  of P uptake and growth. 

Role of suspended sediment 

The r a t e  of both sediment and phosphorus loading to a lake from 
i t s  watershed i s  not constant throughout the year b u t  instead i s  related 
to  stream flow. During periods of high flow, streams carry surface runoff 
which i s  generally higher in suspended sediment and total  phosphorus than 
base flow (Cowen and Lee 1996). The suspended matter, predominantly 
s i l t ,  clay, and organic matter (Porcella 1975), i s  that  which has eroded 
from the surface layer of the watershed's s o i l .  Soil top layers contain 
more nutrient per unit mass and are  also more susceptible to erosion than 



lower layers (Porcel la  1975); therefore, there i s  potential for  eroded soil  
to contribute 1 arge quantit ies of phosphorus to aquatic systems. 

As sediment enters a lake, i t  begins approaching equilibrium with 
the existing phosphate concentration in the water column. If t 
t ra t ion of phosphate i n  the water i s  high and that  on the sediment i s  
low, the sediment will adsorb phosphate. If the sediment carr ies  higher 
phosphate than the surrounding water, i t  will release phosphorus to  achieve 
equilibrium with the water. Incoming sediments thus can serve as a P- 
source or a P-sink depending on a number of environmental parameters. 
Sediment can be considered a phosphate "buffer" i n  that  i t  removes or 
adds phosphorus to  solution i n  response to changes i n  water phosphate 
concentration. 

During three periods of heavy rain (February, March, and 
s i t y  Lake was sampled to assess the role that the sediments were playing 
in the lake. Two techniques were used. In one, concentrated suspended 
sediment was equil i brated in the laboratory with various concentrations 
of phosphate in d i s t i l l ed  water (Taylor and Kunishi 1971 ; Kunishi, e t  a l .  
1972). A seasonal variation was found in the role that  the suspended 
sediment played. In winter, when FRP and suspended sediments were abun- 
dant, these particles constituted a sink for  phosphate (Figure 13; Table 
10).  From March on, however, they became a source, releasing phosphate 
to the water and therefore to the growing phytoplankton populations 
(Figure 9 ) .  Note that  suspended sediments in March tended to be a net 
source of phosphate to the water (Table 10) even though tracer experiments 
suggested that  abiotic uptake was about half of the gross ra te  (Figure 12) .  
As discussed below, for  biot ic  uptake, the net ra te  may be f a r  smaller 
than the gross r a t e  measured with tracer phosphate, and in the case of 
suspended sediments the net ra te  may even be negative. 

Suspended sediments may buffer phosphate concentrations in solution 
(Carr i t t  and Goodgal 1954; Taylor and Kunishi 1971; Butler and Tibbits 
1972; Kunishi, e t  a1 . 1972). The sediment's capacity to adsorb or release 
P i s  governed by such environmental parameters as pH, temperature, and 
sediment composition, as well as the phosphorus concentration of the 
water (Go1 terman 1973). A1 though the role of lake bottom sediments i n  
contributing or removing phosphorus from the water column i s  csntrover- 
s i a l  (Schindl e r  1974), most authors have found that  suspended sediments 
ac t  as a sink for  P in the water column in both fresh and s a l t  water 
systems (Hayes and Phil l ips 1958; Pomeroy 1965; Fi tzgerald 1970; Lincoln 
1971 ) .  Phosphorus may come into a lake mostly as soluble or as organic 
forms, however, independent of the actual sediment influx into the lake. 

A1 though the role  the suspended sediment played i n  the lake over the 
seasons changed, the equil i brium phosphate concentration -- that  i s ,  the 
concentration a t  which no net uptake or release of phosphate would take 
place -- did not vary widely. This finding implies that  the nutrient 
s ta tus  of the incoming sediment was rather constant from February through 
May, a reasonabl e concl usion since the watershed surrounding University 



Lake i s  largely undeveloped. Temperature was also disqual i f ied as a cause 
for  the change in the sediment's role;  experiments showed tha t  increasing 
temperatures actual ly increased the adsorptive capacity of the sediment, 
rather than decreasing i t .  I t  i s  most l ikely that the change in the role 
of the sediment from a phosphate sink to a phosphate source was largely 
dictated by the rapid change in the orthophosphate concentration in the 
water column; water in the spring and summer was depleted of muck of i t s  
orthophosphate, and thus the suspended sediment lo s t  some of i t s  sorbed 
phosphate in order to equilibrate to conditions in the water column. 

In a second technique, sediment spikes were added to lake-water 
samples t o  assess their  e f fec t  on the abiot ic  uptake of 3 2 ~  (Table 7). 
Both sediments and water had been treated with formaldehyde. The samples 
took u p  more 3 2 ~  than unspi ked samples regardless of the apparent role of 
the sediment according to the phosphorus potential curve data. I t  appears 
tha t  the t racer  shows an exchange of 3 2 ~  fo r  3lP on the adsorptive s i t e s  
on the sediments and thus did not measure net uptake (Go1 terman 1973). 
Experiments should have been run longer to  assiss  uptake as the 31P and 
3 2 ~  on sediment and in solution came to equilibrium in the system. 

The technique of using P-potential curves to assess the role sedi- 
ment plays in the phosphorus dynamics of lake phytoplankton assumes tha t  
the only form of phosphorus available to algae i s  ortho-phosphate. Although 
phosphate i s  the form of phosphorus most readily available to plankton 
(Rigler 1964), other forms of the element may also be available to algae, 
especially when concentrations of phosphate are low. Many species s f  
phytoplankton have the abil i t y  to produce a1 kaline phosphatase which a1 lows 
them to use dissolved organic phosphorus when the supply of phosphate in 
the water column i s  low (Watt and Hayes 1963; Johannes 1964; Rigler 1964; 
Kuenzler 1965; Kuenzler and Perras 1965; Berman 1970; Perry 1976). Col- 
loidal phosphorus i s  also a possible phosphorus source for  micro-organisms 
(Pearl and Downes 1976). 

When concentrations of phosphate are  low, phosphate may desorb 
from sediment to replace phosphate taken u p  by plankton (Olsen 1958, 9964; 
Porcella 1975). Go1 terman (1969) found tha t  5-30% of the total  P in his 
mud (which had been anaerobic b u t  was direct ly  suspended in his assay) could 
be used as a phosphorus source by algae. Cowen and Lee (1976) and Helfrich 
and Kevern ( 1  973) confirmed that  sediment would re1 ease about 30% of i t s  
total  P to  cultures when needed, a1 though Fitzgerald (lgi 'o), using aerobic 
muds in dialysis  tubes, could not detect growth in his phosphorus-starved 
Sel enastrum and Cl adophora cul tures. 

Effect of suspended sediments on water quality 

High concentrations of suspended sediments in a water supply are  
general ly considered undesirable for two reasons : (1 ) sediment transports 
algal nutrients and pesticide residues from the watershed to the lake, and 
( 2 )  the suspended sediment impedes water f i l  t ra t ion.  A1 though sediment may 
be undesirable from a f i l t r a t i o n  point of view, preliminary resul ts  from 



t h i s  s tudy showed t h a t  sediment t r a n s p o r t  o f  phosphorus may n o t  be a 
se r i ous  problem i n  U n i v e r s i t y  Lake i n  t he  w i n t e r  months o f  t he  yea r .  Sus- 
pended sediments seemed t o  a c t  i n  a  b u f f e r  c a p a c i t y  i n  t he  Sake over  t he  
year ,  adsorb ing P d u r i n g  w i n t e r  when t h e  concen t ra t i on  o f  P i n  t h e  water  
was h i g h  and r e l e a s i n g  P i n  t he  s p r i n g  and summer when t he  concen t ra t i on  
o f  P i n  t he  water  was low. Th is  adsorp t ion-desorp t ion  process i s  n o t  
balanced; f a r  more sediment i s  i n  suspension i n  w i n t e r .  Most o f  t he  sed i -  
ment appa ren t l y  s e t t l e s  t o  t h e  l a k e  bot tom and thereby removes phosphorus 
f rom the  water  column. The seasonal na tu re  o f  t h e  r o l e  o f  sediment i n  
U n i v e r s i t y  Lake should be exp lo red  i n  f u t u r e  s tud ies  t o  develop an appro- 
p r i a t e  e ros ion  c o n t r o l  scheme f o r  the  l ake .  

I n t e r p r e t a t i o n  of phosphorus uptake k i n e t i c s  

The r a t e  o f  uptake o f  3 2 ~  over  t ime  shows a b i phas i c  p a t t e r n  o f  
i n i t i a l l y  r a p i d  uptake f o l l o w e d  by a s lower  uptake ( F i g u r e  1 4 ) .  T a f t ,  
Tay lo r ,  and McCarthy (1975) o f f e r  two p o s s i b l e  exp lana t ions  f o r  t he  curve: 
( 1 )  t h e  e n t i r e  cu rve  represen ts  n e t  uptake which slows w i t h  t he  d u r a t i o n  
of  the  exper iment as t h e  l e v e l  o f  a v a i l a b l e  orthophosphate approaches t h e  
uptake l i m i t i n g  concent ra t ion ,  o r  ( 2 )  t h e  i n i t i a l  uptake i s  o n l y  an 
exchange of u n l a b e l l e d  P f o r  l a b e l l e d  P and represen ts  gross uptake r a t e  
r a t h e r  than n e t  uptake r a t e .  

I n t e r p r e t a t i o n  o f  t he  b i phas i c  curve  f o r  3 2 ~  uptake i s  d i f f i c u l t .  
I n  t h i s  study, as many o t h e r s  (Kuenzler and Ketchum 1962; Faust  and 
C o r r e l l  1975; Lev ine  1975; Kuenzler, -- e t  a1 . 1979), the  r a p i d  f i r s t  phase 
was used t o  assess t h e  r a t e  o f  P uptake. However, Taft ,  Tay lo r ,  and 
McCarthy (1975), comparing t h e  N:P r a t i o  o f  t he  p l ank ton  i n  Chesapeake Bay 
w i t h  t h e i r  P uptake ra tes ,  concluded t h a t  t h e  composi t ion o f  t h e  p l ank ton  
was b e t t e r  f i t  by t h e  slow uptake phase than t h e  f a s t  one. The au thors  
f e l t  t h a t  the  r a p i d  P uptake was o n l y  an exchange phenomenon o f  u n l a b e l l e d  
P f o r  l a b e l l e d  P and represented gross uptake r a t e  r a t h e r  than n e t  uptake 
r a t e .  

I n  o r d e r  t o  c l a r i f y  t he  p a t t e r n  of  3 2 ~  uptake, t h e  concen t ra t i on  o f  
FRP was measured c o n c u r r e n t l y  d u r i n g  some t r a c e r  exper iments t o  see if the  
FRP and t r a c e r  concen t ra t i ons  would decrease toge ther .  No s t a t i s t i c a l l y  
s i g n i f i c a n t  change i n  FRP concen t ra t i on  was apparent  over  t ime (Table 9 ) ,  
however, even when uptake r a t e s  o f  3 2 ~  were q u i t e  h igh .  

The d isc repanc ies  between t he  apparent  r a t e  o f  uptake by u s i n g  t r a c e r s  
and by m o n i t o r i n g  chemical changes were noted e a r l y  by R i g l e r  ( l 9 5 6 ) ,  
A l though 3 2 ~  was r a p i d l y  l o s t  f rom t h e  upper two meters o f  R i g l e r ' s  Jake, 
t h e r e  was no concur ren t  l o s s  o f  e p i l i m n e t i c  u n l a b e l l e d  phosphate. The 
phosphate i n  t h e  e p i l  imnion, i n  f a c t ,  increased s l  i g h t l y  over  t he  course 
of t he  exper iment.  Kuenzler,  -- e t  a1 . (1979),  moni t o r i n  FRP c o n c u r r e n t l y  
d u r i n g  t r a c e r  experiments, found a d iscrepancy between 32P uptake r a t e  and 
FRP uptake r a t e ,  w i t h  t he  l a t t e r  r a t e  be ing  l e s s  than 30% o f  t h e  3 2 ~  
uptake r a t e  on a l l  occasions. Pe r r y  ( l 9 7 6 ) ,  on t he  o t h e r  hand, r e p o r t e d  
good agreement between es t imates  o f  uptake and changes i n  ambient FRP 
concen t ra t i ons .  Because she used P-starved c e l l s  i n  h e r  work, i t  i s  
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possible that  phosphate uptake measured chemically and radiochemically 
were comparabl e. 

There a re  two reasons why the rates of t racer  uptake and FRP uptake 
do not agree. F i r s t ,  the problem may l i e  in the analysis of FRP. A 
signif icant  portion of the phosphorus in natural waters measured by 
standard methods as orthophosphate i s  not actually orthophosphate (Kuenzler 
and Ketchum 1962). Low molecular weight P ,  high molecular weight P ,  and 
colloidal P have a l l  been found to react with molybdenum blue as simple 
orthophosphate in the standard analysis for  phosphate (Rigler 5964, 1968; 
Schindl e r ,  -- e t  a1 . 1973; Lean 1973; Peters 1978). These phosphorus com- 
pounds are  not as readily available as orthophosphate to micro-organisms 
for  uptake (Pearl 1978). A1 though arsenate i s  a?so assayed as phos- 
phate in natural waters (Whi tnack and Martens 1971 ), arsenic levels were 
found to be extremely low in University Lake in June, 1979 ( 1  p p b )  and 
probably were not a problem here. I t  i s  therefore possible that  the 
rapid uptake of 3 2 ~  ref lec ts  the actual uptake of rapidly-available ortho- 
phosphate. Residual phosphorus compounds less  available to the micro- 
organisms b u t  which are  assayed by the chemical analysis may be responsible 
for  the constant or slowly changing "FRP" concentrations which remain in 
solution throughout the duration of the tracer experiment. 

A second possibil i t y  i s  that  the 3 2 ~  i n i t i a l l y  traces only the phos- 
phorus that the micro-organisms take u p  and not the amount that  they 
keep. I t  therefore does not distinguish between gross uptake r a t e  and 
net uptake r a t e  (Taft ,  Taylor, and McCarthy 1977; Nal ewaj ko and Lean 
1978; Kuenzl e r ,  e t  a1 . 1979). A1 gae are  known to re1 ease or excrete phos- 
phorus compounds as well as take them u p ,  even under limiting conditions 
(Rice 1953; Kuenzler 1 9701, and the 3 2 ~  may i n i t i a l l y  monitor only what 
i s  taken u p  and not the efflux back to the medium. The in i t i a l  "uptake" 
may largely represent an exchange of 3 2 ~  for  unlabelled P as the tracer 
reaches an equil ibrium with various components of the system. 

Separation of algal and bacterial uptake 

An attempt was made to distinguish algal and bacterial uptake by two 
methods in th is  study, treatment with ant ibiot ics  and separation of 
plankton by different ial  s ize  f i l  t ra t ion.  A1 though the two techniques 
are  theoretically comparable (because most algae are  greater than 8 um and 
most bacteria are  susceptible to treatment with an t ib io t i c ) ,  there i s  a 
discrepancy between resul ts  obtained by the two methods. Generally, 
uptake ac t iv i ty  which persisted in the presence of ant ibiot ics  was not as 
great as tha t  trapped on an 8 um f i l t e r  (Table 6 ) .  In addition, the 
uptake of phosphorus by the larger s ize fraction was reduced to some 
extent by the addition of ant ibiot ics  (Tab1 e 13) .  Resu? t s  similar to these 
are reported by Harrison, -- e t  a1 . (1977) in the i r  work on the Chesapeake 
Bay Estuary. 

There are  two possi bl e explanations for  the discrepancies between 
the two methods: ant ibiot ics  may af fec t  algal physiology and reduce the i r  
abil i ty to take u p  phosphorus, or bacteria may have been trapped along 



w i t h  a lgae on the  8  urn f i l t e r  and may t h e r e f o r e  have been c o n t r i b u t i n g  
t o  the  uptake by the  8  um p a r t i c l e s .  

Table 13. Reduction by a n t i b i o t i c s  o f  P-uptake by seston p a r t i c l e s  g rea te r  
than 8  um. 

Uptake Rate 
P. 1-1. h-1) 

Date Depth S t a t i o n  Ambient A n t i b i o t i c  % Reduction 

2/16 Surface 1  .049 .037 24 

3  .17 .04 7  7 

3/16 Ep i 1  .12 ,017 8  6  

Me t a  .06 .018 6  8  

HYPO .06 ,028 5  3  
Epi .07 .012 8  3  

4/ 27 Epi 

Meta 

HYPO 
Epi 

5/ 23 Epi 

Me t a  

HYPO 
Epi 

6/ 27 Epi 

Me t a  

HYPO 
Epi 3  18.0 18.0 0  

L i t t l e  work has been done on the  e f f e c t  of a n t i b i o t i c s  on the  uptake 
o f  phosphorus by algae. Spencer ( l 952 ) ,  R i g l e r  (1961 ) ,  and Hargrave and 
Geen (1968) a l l  r e p o r t  t h a t  P e n n i c i l l  i n  G (50 u n i t s  per  m l )  and St rep to-  
mycin s u l f a t e  (100 u n i t s  per  m l )  a r e  e f f e c t i v e  i n  e l i m i n a t i n g  b a c t e r i a l  
a c t i v i t y  b u t  do n o t  address the  issue o f  t h e i r  e f f e c t  on a l g a l  a c t i v i t y .  
Kuenzler, -- e t  a l .  (1979) found t h a t  a n t i b i o t i c s  d i d  n o t  a f f e c t  t h e  a b i l i t y  
of phytoplankton t o  take up 14~ -b i ca rbona te ,  a  f i n d i n g  which suggests 
t h a t  t he  a n t i b i o t i c s  d i d  n o t  i n j u r e  the  algae. However, algae do n o t  



t ake  up phosphorus as they  do carbon; f o r  example, phosphorus uptake can 
take  p l ace  i n  t he  dark  (Kuenzler  and Ketchum 1962; Faust and C o r r e l l  1975), 
whereas carbon uptake cannot.  The p o t e n t i a l  e f f e c t  o f  a n t i b i o t i c  e f f e c t s  
on b lue-green a lgae  was d iscussed above. 

Evidence e x i s t s  t o  suppor t  t h e  t heo ry  t h a t  b a c t e r i a  can be t rapped 
on a coarse f i l t e r .  A l  though f r e e  b a c t e r i a  a r e  sma l l e r  than 8 vm, b a c t e r i a  
a r e  o f t e n  found c l o s e l y  assoc ia ted  w i t h  a lgae  (Faus t  and C o r r e l l  1975; 
Pear l  1975; Goulder 1977) o r  a t tached  t o  a b i o t i c  p a r t i c l e s  (Pear l  1975), 
and a r e  s u s c e p t i b l e  t o  be ing  caught on t he  coarse f i l  t e r .  The r e d u c t i o n  
of t h e  uptake o f  t h e  8 vm f r a c t i o n  by a n t i b i o t i c s  suggests t h a t  t h i s  
entrapment o f  b a c t e r i a  i s  r espons ib l e  f o r  t he  d iscrepancy (Table 13)  o r  
t h a t  b lue-green a lgae t rapped on t he  f i l t e r  a r e  a f f e c t e d  by a n t i b i o t i c  
t rea tment .  

I n  a d d i t i o n ,  t h e r e  i s  evidence t h a t  t h e  nominal p o r o s i t y  o f  t he  
f i  l t e r  may n o t  r e f l e c t  t h e  f i l t e r ' s  ac tua l  performance i n  f r a c t i o n a t i n g  
p a r t i c l e s  (Hobbie, e t  a l  19777; Burn ison 1975; Pear l ,  pers.  comm.). 
The d iscrepancy o f  t he  nominal p o r o s i t y  o f  Gelman f i l t e r s  was documented 
i n  t h i s  s tudy as i n  o t h e r s  (Table 14) .  From September through January, 
Gelman f i l t e r s  were used t o  f r a c t i o n a t e  p lank ton .  I n  February, a  s w i t c h  
was made t o  Muclepore f i l t e r s  because o f  t h e i r  documented s u p e r i o r i t y  i n  
s i z e  f r a c t i o n a t i o n  (Burn ison 1975).  Table 14 revea l s  t h e  d i f f e r e n c e s  
i n  t he  behavior  o f  t h e  two f i l t e r s  i n  January, 1979, a  t ime  o f  y e a r  when 
a1 ga l  uptake was n o t  impor tan t .  Gelman f i l  t e r s  c o n s i s t e n t l y  overes t imated  
t h e  amount o f  uptake by t h e  l a r g e  f r a c t i o n  o f  p lank ton ,  a1 though they  
were comparabl e  t o  Nucl epore f il t e r s  i n  t h e i r  0.4 vm r e t e n t i o n  . 3 2 ~  adsorp- 
t i o n  t o  Gelman f i l t e r s  was respons ib l e  f o r  p a r t  o f  t h i s  i n f l a t e d  r e t e n t i o n  
f i g u r e .  A c o r r e c t i o n  f a c t o r  f o r  the d i f f e r e n c e  between t he  two f i l t e r s  
was n o t  developed, because such a f a c t o r  cou ld  n o t  be a constant ;  i t  
would change through t h e  seasons w i t h  a l g a l  and b a c t e r i a l  p o p u l a t i o n  
succession. Only s i z e  sepa ra t i on  data f rom Nucl epore f i l  t e r s  was i n c l u d e d  
i n  t h i s  r e p o r t .  

Table 14. Performance o f  Nuclepore and Gelman f i l t e r s  i n  s i z e  f r a c t i o n a t i o n  
o f  U n i v e r s i t y  Lake p lank ton .  

F i  1  t e r  Type S i ze  Adsorp t ion  cpm Reten t ion  cpm 

Nucl epore 8 vm 

Gel man 8 vm 

Nucl epore 0.4 Um 197 + 29 

Gel man 0.45 pm 1383 t 62 



R e l a t i v e  . - - i w o r t a n c e  ---- o f  N and P  i n  U n i v e r s i t y  Lake 

I n  most l akes  t h e  major  n u t r i e n t s  r e g u l a t i n g  t r o p h i c  s t a t e  a r e  n i t r o -  
yen and phosphorus. Because a l gae  need abou t  16 moles o f  i n o r g a n i c  N f o r  
every  mole o f  P  ( R e d f i e l d  l 9 3 4 ) ,  a  system c o n t a i n i n g  an N:P mo la r  r a t i o  
g r e a t e r  than  16: 1  w i l l  tend t o  be P l i m i  ted .  The N:P r a t i o s  (NO3 + NH4/FRP) 
a v a i l a b l e  i n  U n i v e r s i t y  Lake c a l c u l a t e d  on each sampl ing da te  were gener-  
a l l y  much h i g h e r  than 16:1, averag ing  68:1 i n  t h e  su r f ace  wate rs .  These 
da ta  i n d i c a t e  t h a t  phosphorus i s  p o t e n t i a l l y  l i m i t i n g  t o  a l g a l  g rowth  i n  
t h e  l ake ,  perhaps i n  p a r t  because o f  s o r p t i o n  o f  P  on to  suspended sed i -  
ments which s e t t l e  t o  t h e  bottom. 

Sources o f  n u t r i e n t s  i n t o  U n i v e r s i t y  Lake 

There i s  l i t t l e  evidence here  o f  s i g n i f i c a n t  p o i n t  source p o l l u t i o n  i n  
t h e  U n i v e r s i t y  Lake watershed and no ev idence o f  a  e u t r o p h i c a t i o n  g r a d i e n t  
i n  t h e  l a k e  d u r i n g  most of t h e  yea r .  Nonpoin t  p o l l u t i o n ,  f r om  n a t u r a l  
causes ( s o i l  e ros ion ,  d e p o s i t i o n  o f  leaves and animal wastes, and s o l u t i o n  
o f  m i n e r a l s )  and f rom human a c t i v i t i e s  ( f e r t i  1  i z a t i o n  o f  farm1 and, develop-  
ment o f  roads, and s e p t i c  t anks ) ,  i s  though t  t o  be t h e  ma jo r  c o n t r i b u t o r  
o f  sediments, n u t r i e n t s ,  and o rgan i c  m a t t e r  t o  t h e  l ake .  There fo re ,  
f u t u r e  n u t r i e n t  abatement p lans  shou ld  be d i r e c t e d  towards nonpo in t  sources 
o f  p o l l u t i o n ,  e s p e c i a l l y  phosphorus. A n u t r i e n t  budget f o r  U n i v e r s i t y  
Lake would be h e l p f u l  i n  i d e n t i f y i n g  t h e  most impo r tan t  nonpo in t  sources 
o f  n u t r i e n t s  t o  t h e  l a k e .  

L i t t l e  i s  known about  t h e  u l t i m a t e  f a t e  o f  t h e  phosphorus coming i n t o  
t h e  l a k e .  A l though  t h i s  r e p o r t  covered t h e  phosphorus r e c y c l i n g  i n  t h e  
e p i l i m n i o n ,  i t  i s  n o t  known how much of  t h e  phosphorus assoc ia ted  w i t h  
b i o t i c  and a b i o t i c  p a r t i c l e s  which s e t t l e s  t o  t h e  hypo l imn ion  of t h e  l a k e  
r e c i r c u l a t e s  aga in  i n t o  t h e  wate r  column d u r i n g  ove r t u rn .  The impor tance 
o f  i r o n  i n  b i n d i n g  phosphate d u r i n g  o v e r t u r n  i s  a l s o  impo r tan t  t o  t h e  P- 
c y c l e  and i s  unexplored i n  U n i v e r s i t y  Lake. F u r t h e r  s t u d i e s  o f  t h e  
i n t e r n a l  c y c l i n g  o f  phosphorus i n  t h e  l a k e  would be usefu l  because t hey  
would e l u c i d a t e  t h e  r e l a t i v e  importance o f  r e c y c l i n g  o f  P t o  P  l o a d i n g  t o  
t h e  l a k e .  

Management i m p l i c a t i o n s  o f  P-uptake exper iments  

The uptake r a t e  o f  phosphorus i n  U n i v e r s i t y  Lake was g e n e r a l l y  i n  t h e  
range o f  va lues  repo r t ed  i n  t h e  l i t e r a t u r e  f o r  o t h e r  l akes  i n  Canada, 
I s r a e l ,  and t h e  U.S. ( R i g l e r  1964; Halmann and S t i l l e r  1974; Lev ine  1975) .  
The r e l a t i o n s h i p  between P-32 uptake r a t e  and t r o p h i c  s t a t e  i s  c o n t r o v e r -  
s i a l .  A l though  some au thors  have found t h a t  uptake r a t e  cons tan ts  and 
p a t t e r n s  i n  t h e  uptake o f  P  a r e  cons tan t  over  l akes  w i t h  a  wide range o f  
water  q u a l i t y ' ( R i g 1 e r  1964),  o t he rs  have more r e c e n t l y  found t h a t  where 



orthophosphate concent ra t ions  were h igh,  uptake r a t e  was slow and where 
concent ra t ions  were low, uptake r a t e s  were f a s t  (Peters and MacIntyre 
1976; Peters 1979). More work needs t o  be done r e l a t i n g  uptake o f  P t o  
the  concent ra t ion  and d i s t r i b u t i o n  o f  n u t r i e n t s  i n  open systems be fore  
the  r e s u l t s  o f  k i n e t i c  s tud ies  can be d i r e c t l y  use fu l  t o  management o f  
water  bodies . 

Recent ly  i t  has been pos tu la ted  t h a t  t h e  uptake r a t e  o f  P may be 
symptomatic o f  t he  n u t r i t i o n a l  s t a t e  o f  t he  algae and hence symptomatic 
of t h e  t r o p h i c  s t a t e  o f  t he  lake .  Richey (1979) found t h a t  under condi-  
t i o n s  o f  adequate n u t r i e n t  supply, P-32 i s  taken up a t  a  r a t e  which i s  
requ i red  f o r  t he  g iven  r a t e  o f  photosynthesis.  Conversely, when n u t r i e n t s  
a re  depleted and the algae a re  P-stressed, uptake i s  r a p i d  and there  i s  
1 i t t l e  c o r r e l a t i o n  between uptake and u t i l  i z a t i o n .  Fur ther  experiments 
w i t h  dual l a b e l i n g  w i t h  C-14 and P-32 migh t  he lp  e l u c i d a t e  t he  n u t r i t i o n a l  
s t a t e  o f  the  p lank ton  i n  U n i v e r s i t y  Lake. 





REFERENCES 

Barr ,  A. J a y  J. P. Goodnight, J. P. S a l l  and J. T. Helwig.  1976. A 
User ' s  Guide t o  SAS. SAS I n s t i t u t e ,  I nc . ,  Rale igh.  329 pp. 

Beeton, A. M. 1969. Changes i n  t h e  Environment and B i o t a  o f  t h e  Great  
Lakes. I n :  G. A. Roh l i ch  (ed. ) ,  Eu t roph i ca t i on :  Causes, Conse- 
quences, and Co r rec t i ves .  Na t iona l  Academy o f  Science, Washington. 
pp. 150-188. 

Berman, T. 1970. A1 k a l  i ne Phosphatase and Phosphorus A v a i l a b i l  i ty i n  
Lake K i  n e r r e t .  L imnol . Oceanogr . 1 5: 663-674. 

Burnison, K. 1975. M i c r o b i a l  ATP Stud ies .  I n t e r n .  Verein.  Theoret.  
Angew. L imnol .  19:286-290. 

B u t l e r ,  E. I. and S. T i b b i t s .  1972. Chemical Survey o f  t h e  Tamar Estuary.  
J. Mar. B i o l .  Ass., U.K. 52:681-699. 

Carlson, R. E. 1975. A Trophic  S t a t e  Index f o r  Lakes. L imno log ica l  
Research Center, U n i v e r s i t y  o f  Minnesota, Minneapol i s .  17 pp. 

C a r r i t t ,  D. E. and G. Goodgal. 1954. S o r p t i o n  React ions and Some Eco log i -  
c a l  I m p l i c a t i o n s .  Deep Sea Research. 1:224-243. 

Chisolm, S.  W. and R. G. S t ross.  1976. Phosphate Uptake K i n e t i c s  i n  
Euglena. 1. Synchronized Batch Cul tu res .  J .  Phycol. 
12:210-217. 

C o f f i n ,  C. C., E. .R.  Hayes, L .  H. Jodrey and S. G. Whiteway. 1949. 
Exchange o f  M a t e r i a l s  i n  a Lake as S tud ied  by t h e  A d d i t i o n  o f  Radio- 
a c t i v e  Phosphorus. Canad. J. Res. D. 27:207-222. 

Cowen, W. F. and G. F. Lee. 1976. A lga l  N u t r I d n t  A v a i l a b i l i t y  and L i m i t a -  
t i o n  i n  Lake On ta r i o  d u r i n g  IFYGL. EPA-600/3-76-094a. U.S. Env i ron-  
mental P r o t e c t i o n  Agency, Dul u th .  21 5 pp. 

D i l l o n ,  P. J. and F. H. R i g l e r .  1974. The Phosphorus/Chlorophy11 Rela- 
t i o n s h i p  i n  Lakes. Limnol . Oceanogr. 19: 767-773. 

Downing, A. L. 1971. Review o f  Na t iona l  Research Pol i c y  on E u t r o p h i c a t i o n  
Problems. Water T rea t .  Exam. 19: 223-238. 

Environmental  P r o t e c t i o n  Agency. 1974. Methods f o r  Chemical Ana lys is  o f  
Water and Wastes. EPA-625/6-74-003. Na t iona l  Environmental  Research 
Center, C i n c i n n a t i .  

Edmondson, W.  T. 1969. E u t r o p h i c a t i o n  i n  Nor th  America. In :  G. A. 
Roh l i ch  (ed. ) ,  Eu t roph i ca t i on :  Causes, Consequences, and Co r rec t i ves .  
Na t i ona l  Academy of Science, Washington. pp. 124-1 94. 



Edmondson, W .  T. 1970. Phosphorus, N i t rogen ,  and Algae i n  Lake Washington 
a f t e r  D i v e r s i o n  o f  Sewage. Science. 169: 690-691 . 

Faust, A. and D. L. C o r r e l l  . 1976. Comparison o f  B a c t e r i a l  and A l g a l  
U t i l i z a t i o n  o f  Orthophosphorus i n  an Es tua r i ne  Environment. 
43:151-162. 

F i  t zge ra ld ,  G. P. 1969. F i e l d  and Labora to ry  Eva1 ua t i ons  o f  Bioassays 
f o r  N i t r ogen  and Phosphorus w i t h  Algae and Aquat ic  Weeds. L imnol .  
Oceanogr. 14:206-212. 

F i t z g e r a l d ,  G. P. 1969. Some Factors  i n  t h e  Compet i t ion o r  Antagonism 
among Bac te r ia ,  Algae, and Aquat ic  Weeds. J. Phycol. 5:351-359. 

F i t z g e r a l d ,  G. P. 1970. Aerobic  Lake Muds f o r  t h e  Removal o f  Phosphorus 
f rom Lake Waters. Limn01 . Oceanogr. 15: 550-555. 

Franc isco,  D. 1970. Glucose and Ace ta te  U t i l  i z a t i o n  by  t h e  Na tu ra l  
M i c r o b i a l  Community i n  a S t r a t i f i e d  Reservo i r .  Ph.D. D i s s e r t a t i o n ,  
Department o f  Environmental Sciences and Engineer ing, U n i v e r s i t y  o f  
Nor th  Carol  ina ,  Chapel H i  11 . 83 pp. 

F r i e b e l e ,  E.  S., D. L. C o r r e l l  and M. A. Faust.  1978. R e l a t i o n s h i p  be- 
tween Phytop lankton C e l l  S i ze  and t he  Rate o f  Orthophosphate Uptake: 
I n  s i t u  Observat ions o f  an Es tua r i ne  Popu la t ion .  Mar. B i o l .  45: -- 
39- 52. 

Fuhs, G. W. 1969. Phosphorus Content and Rate o f  Growth i n  t he  Diatoms 
C y c l o t e l l a  nana and T h a l a s s i o s i r a  f l u v i a t i l i s .  J. Phycol .  5:312-321. 

Fuhsy G. W., S. D. Demmerle, E.  Cane l le  and M. Chen. 1972. C h a r a c t e r i z a t i o n  
o f  Phosphorus-1 i m i  t e d  P lank ton  A1 gae ( w i t h  Ref1 e c t i o n s  on t h e  L i m i t i n g  
N u t r i e n t  concept) .  I n :  G. E. L ikens (ed. ) ,  N u t r i e n t s  and Eut roph ica-  
t i o n :  The L i m i t i n g  N u t r i e n t  Controversy.  Specia l  Symposium, Amer. 
Soc. Limnol . Oceanogr. 1 : 11 3-1 33. 

Golterman, H. L. 1973. V e r t i c a l  Movement o f  Phosphate i n  Freshwater.  
I n :  E. J .  G r i f f i t h ,  A. Beeton, J .  M. Spencer and D. T. M i t c h e l l  (eds . ) ,  
The Environmental  Phosphorus Handbook. Wi ley and Sons, New York. 
pp. 509-538. 

Go1 terman, H. L.  1975. Phys ica l  Limnology. E l s e v i e r  Science Pub1 i s h i n g  
Company, New York. 396 pp. 

Golterman, H. L., C. C. Bakels and J .  Jakobs-Mogelin. 1969. A v a i l a b i l i t y  
o f  Mud Phosphates f o r  t he  Growth o f  Algae. I n t e r n .  Vere in .  Theoret.  
Angew. Limnol . 17 : 467-479. 

Goulder, R. 1977. At tached and Free B a c t e r i a  i n  an Estuary  w i t h  Abundant 
Suspended S o l i d s .  J. Appl.  B a c t e r i o l .  43:399-405. 



Haberer, V.  K. 1965. Measurement o f  Beta A c t i v i t i e s  i n  Aqueous Samples 
U t i l  i z i n g  Cerenkov Rad ia t i on  (Trans1 . by I .  Kremeyer. I n :  Packard 
Tech. Bul . #16, 1966. Packard Ins t rument  Co. ) A tomwi r tscha f t .  10: 
36-43. 

Halmann, M. and M. S t i l l e r .  1974. Turnover and Uptake o f  D isso lved  
Orthophosphate i n  Freshwater.  A Study i n  Lake K innere t .  L imnol .  
Oceanogr. 19:774-783. 

Hargrave, B. T. and G. H. Geen. 1968. Phosphorus Exc re t i on  by Zooplankton. 
L imnol .  Oceanogr. 13:332-342. 

Har r i son ,  W. G., F. Azam, E. H. Renger and R. W. Eppley. 1977. Some 
Experiments on Phosphate A s s i m i l a t i o n  by Coastal  Marine Plankton.  
Mar. B i o l .  40:9-18. 

Ha r te r ,  R. D. 1968. Adsorp t ion  o f  Phosphorus by Lake Sediment. Pro- 
ceedings o f  t h e  S o i l  Science Soc ie ty  of America. 32:514-518. 

H a r t l e y ,  J. M. 1971. Sp r i ng  and Summer Chironomidae o f  U n i v e r s i t y  Lake, 
Chapel H i l l ,  Nor th  Caro l ina .  M.S.P.H. r e p o r t .  Department o f  Env i ron-  
mental  Sciences and Engineer ing,  U n i v e r s i t y  o f  No r th  Caro l ina ,  Chapel 
H i l l .  35 pp. 

Hayes, F. R., J.  A. McCarter, M. L. Cameron and D. A. L i v i ngs tone .  1952. 
On t h e  K i n e t i c s  of Phosphorus Exchange i n  Lakes. J. Ecol .  40:202-216. 

Hayes, F. R. and J. E. P h i l l i p s .  1958. Lake Water and Sediment. I V .  
Radiophosphorus E q u i l i b r i u m  w i t h  Mud, P lan ts ,  and B a c t e r i a  under 
Ox id ized  and Reduced Cond i t ions .  Limnol . Oceanogr. 3:459-475. 

Haywood, P. 1968. Hypo1 i m n e t i c  Oxygen Demand and E v o l u t i o n  o f  Gas f rom 
Lake Bottoms. M.S.P.H. r e p o r t .  Department o f  Environmental Sciences 
and Engineer ing,  U n i v e r s i t y  of Nor th  Caro l ina ,  Chapel H i l l .  

Healy, F. P. 1973. I no rgan i c  N u t r i e n t  Uptake and Def i c iency  i n  Algae. 
C r i t i c a l  Rev. Microbial . 3:69-113. 

Heath, G. A. 1968. The Seasonal Succession and D i s t r i b u t i o n  of Phyto- 
p l ank ton  i n  U n i v e r s i t . ~  Lake. M.S.P.H. r e p o r t .  Department o f  Env i ron-  
mental Sciences and Engineer ing, ~ n i v e r s i  ty o f  Nor th  Caro l  i n a ,  Chapel 
H i l l .  44 pp. 

H e l f r i c h ,  L. A. and N. R. Kevern. 1973. A v a i l a b i l i t y  o f  3 2 ~  Adsorbed 
on C lay  P a r t i c l e s  t o  a Green Alga. Mich igan Academician. 6:71-81. 

Hickman, M. and I. D. Penn. 1977. Re la t i onsh ip  between P lank ton i c  Algae 
and B a c t e r i a  i n  a Small Lake. Hydrob io log ia .  52:213-219. 



Hobbie, J .  E .  1967. Glucose and Acetate in  Freshwater: Concentrations 
and Turnover Rates. In: H .  L .  Go1 terman and R .  S. Clymo ( e d s . ) ,  
Chemical Environment in the  Aquatic Habitat .  Proceedings of an I .  
Symposium he1 d in Amsterdam and Nienwersl u i s ,  October 10-1 6 ,  1966. N .  
V .  Noord-Holeandsche, Uitgeners Mallschappy, Amsterdam. pp. 245-251. 

Hobbie, J .  E .  , R .  J .  Dal ey and S. Jaspen. 1977. Use of Nucl epore Fi 1 t e r s  
f o r  Counting Bacteria  by Fluorescence Microscopy. Appl. Environ. 
Microbiol . 33: 1225-1 228. 

Hutchinson, G .  E .  1973. Eutrophicat ion.  Am. S c i e n t i s t .  611261-263. 

Hutchinson, G .  E. and V .  T. Bowen. 1947. A Direct  Demonstration of the  
Phosphorus Cycle in  a Small Lake. Proceedings of the  National Academy 
of Science. 33:148-153. 

Hutchinson, G.  E. and V .  T. Bowen. 1950. Limnological Studies in 
Connecticut.  IV. A Q u a n t i t a t i v e  Radiochemical Study of the  Phosphorus 
Cycl e in Linsl ey Pond. Ecology. 31 : 194-203. 

Johannes, R .  E. 1964. Uptake and Release of Dissolved Organic Phosphorus 
by Representat ives of a Coastal Marine Ecosystem. Limn01 . Oceanogr. 
9:225-235. 

Kleinbaum, D .  G .  and L .  L .  Kupper. 1978. Applied Regression Analysis  and 
Other Mu1 t i v a r i a b l e  Methods. Duxbury Press ,  North Sci t a u t e ,  Mass. 
555 pp. 

Kuenzler, E .  J .  1970. Dissolved Organic Phosphorus Excretion by Marine 
Phytoplankton. J .  Phycol . 6:7-13. 

Kuenzler, E .  J .  and B .  H .  Ketchum. 1962. Rate of Phosphorus Uptake by 
Phaeodactyl um tricornutum. Biol . Bull . 1 23:134-145. 

Kuenzler, E .  J .  and J .  P.  Perras .  1965. Phosphatases of Marine Algae. 
Biol . Bull .  128: 271 -284. 

Kuenzler, E .  J . ,  D.  W .  S tanley and J .  P .  Koenings. 1979. Nutr ient  Kinet ics  
of Phytoplankton in the  Pamlico River,  North Carolina. Report #139, 
Water Resources Research I n s t i t u t e ,  Universi ty of North Carol ina ,  
Raleigh. 163 pp. 

Kunishi, H .  M . ,  A .  W .  Taylor,  W .  R .  Heald, W. J .  Gburek and R .  N .  Weaver. 
1972. Phosphate Movement from an Agricul tural  Watershed during Two 
Rainfal l  Periods.  J .  Agri. Food Chem. 20:900-905. 

Lean, D .  R .  S. 1973. Movements of Phosphorus between i t s  Biologica l ly  
Important Forms i n  Lake Water. J .  Fish. Res. Bd. Can. 30:1525-1536. 



Levine, S. 1975. Orthophosphate Concent ra t ion  and F lux  w i t h i n  t h e  
E p i l i m n i a  o f  Two Canadian S h i e l d  Lakes. I n t e r n .  Verein.  Theoret .  
Angew. Limnol . 19: 624-629. 

L i nco ln ,  J. 1971. So rp t i on  o f  So lub le  Phosphates by Freshwater Sediments 
i n  t he  Huron R i v e r  Basin.  U.S. Department of t h e  I n t e r i o r ,  O f f i c e  
o f  Water Resources Research. 29 pp. 

Lorenzen, C. 1967. De te rmina t ion  o f  Ch lo rophy l l  and Phaeopigments: 
Spect rophotometr ic  Equat ions. Limn01 . Oceanogr. 12: 343-346. 

Lund, J.W.G. 1970. Pr imary Product ion.  Water T rea t .  Exam. 19:332-358. 

McCarthy, 9 .  J., W. R. Tay lo r  and M. E. Lo f t us .  1974. S i g n i f i c a n c e  o f  
Nanoplankton i n  t h e  Chesapeake Bay Estuary  and Problems Assoc iated w i t h  
t h e  Measurement o f  Nanoplankton P r o d u c t i v i t y .  Mar. B i o l .  24:7-16. 

Munk, W. H. and G. R i l ey .  1952. Adsorp t ion  of  N u t r i e n t s  by Aquat i c  
P lan ts .  J. Mar. Res. 11:215-240. 

Nalewajko, C. and D. R. S. Lean. 1978. Phosphorus K i n e t i c s - A l g a l  Growth 
Re la t i onsh ips  i n  Batch Cul tu res .  M i t t .  I n t e r n .  Vere in .  Limn01 . 21 : 
184-192. 

N i c h o l l s ,  K. H. and P. J. D i l l o n .  1978. An Eva lua t i on  o f  Phosphorus- 
Chl o r o p h y l l  -Phytopl  ankton Re1 a t i o n s h i  ps f o r  Lakes. I n t e r n .  Rev. 
Gesam. Hydrob io l .  Hydrogr. 63:141-154. 

Olsen, S.  1958. Phosphorus Adsorp t ion  and I s o t o p i c  Exchange i n  Lake 
Muds. I n t e r n .  Verein.  Theoret.  Angew. L imnol .  l3:915-922. 

Olsen, S. 1964. Phosphate E q u i l i b r i u m  Between Reduced Sediments and 
Water. I n t e r n .  Vere in .  Theoret.  Angew. L imnol .  15:333-341. 

Overbeck, J. 1975. D i s t r i b u t i o n  P a t t e r n  of Uptake K i n e t i c  Responses i n  
a S t r a t i f i e d  Eu t roph ic  Lake. I n t e r n .  Vere in .  Theoret.  Angew. L imnol .  
19: 2600-261 5. 

Pear l ,  H. W.  1975. M i c r o b i a l  Attachment t o  P a r t i c l e s  i n  Marine and 
Freshwater Ecosystems. Microb.  Ecol .  2:73-83. 

Pear l ,  H. W.  and M. T. Downes. 1978. B i o l o g i c a l  A v a i l a b i l i t y  of  Low 
versus High Mo lecu la r  Weight React ive Phosphorus. J. F ish.  Res. Bd. 
Can. 33 : 2805-281 3. 

Pearsa l l ,  W. H. 1932. Phytop lankton i n  t h e  Eng l i sh  Lakes. 11. The 
Composit ion o f  t h e  Phytop lankton i n  Rela t i o n  t o  D isso l  wed Substances. 
J. Ecol .  20:241-262. 



Perry,  M. J. 1976. Phosphate U t i l i z a t i o n  by an Oceanic Diatom i n  Phos- 
phorus-1 i m i  t e d  Chemostat Cul t u r e  and i n  t he  01 i g o t r o p h i c  Waters o f  t he  
Centra l  Nor th P a c i f i c .  Limnol. Oceanogr. 21:88-107. 

Peters, R. H. 1978. Concentrat ions and K i n e t i c s  o f  P Frac t ions  i n  Water 
from Streams en te r i ng  Lake Memphremagog. J. F ish.  Res. Bd. Can. 35: 
31 5-328. 

Peters, R. H. 1979. Concentrat ions and K i n e t i c s  o f  Phosphorus F rac t i ons  
a long the  Trophic  Gradient  o f  Lake Memphremagog. J. F ish.  Res. Bd. 
Can. 36:970-977. 

Peters, R. H. and S. MacIntyre. 1976. Orthophosphate Turnover i n  East 
A f r i c a n  Lakes. Oecologia. 25:313-319. 

Pomeroy, L. R. 1960. Residence Time o f  Dissolved Phosphate i n  Natura l  
Waters. Science. 131:1731;1732. 

Pomeroy, L. R., E. E. Smith and C. M. Grant. 1965. The Exchange o f  
Phosphate between Es tuar ine  Water and Sediments. Limnol. Oceanogr. 
10:167-172. 

Porce l la ,  D. B. and A. B. Bishop. 1975. Comprehensive Management o f  
Phosphorus i n  Water P o l l u t i o n .  Ann Arbor Science, Ann Arbor.  303 pp. 

Redf ie ld ,  A. C. 1934. On the  Propor t ion  o f  Organic De r i va t i ves  i n  Sea 
Water and The i r  Re la t i on  t o  the  Composition o f  Plankton. James John- 
stone Memorial Vol., Univ .  o f  L i ve rpoo l .  pp. 176-192. 

Rhee, G-Y. 1972. Competi t ion between an Alga and an Aquat ic  Bacter ium 
f o r  Phosphate. Limnol.  Oceanogr. 17:505-512. 

Rhee, G-Y.  1973. A Continuous Cu l tu re  Study o f  Phosphate Uptake, Growth 
Rate, and Polyphosphate i n  Scenedesmus sp. J.  Phycol. 9:495-506. 

Rice, T. R. 1953. Phosphorus Exchange i n  Marine Phytoplankton. U.S. F i s h  
and W i l d l i f e  Serv ice F ishery  B u l l e t i n  #80. I n :  F ish.  B u l l .  U.S. F i sh  
W i l d l .  Serv. 54:77-89. 

Richey, F. E., A. H. Devol and M. A. Perk ins.  1975. Die1 Phosphate F lux  
i n  Lake Washington, USA. I n t e r n .  Verein. Theoret. Angew. Limnol.  
19: 222-228. 

Richey, J. E. 1979. Pat te rns  o f  Phosphorus Supply and U t i l i z a t i o n  i n  
Lake Washington and F ind ley  Lake. Limnol.  Oceangr. 24:906-916. 

R i g l e r ,  F. H. 1956. A Tracer Study o f  the Phosphorus c y c l e  i n  Lake 
Water. Ecology. 37: 550-562. 



Rig le r ,  F. H. 1961. The Uptake and Release o f  Inorgan ic  Phosphorus by 
Daphni a magna Straus . Limnol . Oceanogr . 6 : 165-1 74. 

R i g l e r ,  R. H. 1964. The Phosphorus Frac t ions  and Turnover t ime of 
Inorgan ic  Phosphorus i n  D i f f e r e n t  Types o f  Lakes. Limnol . Oceanogr. 
9:511-518. 

Rig1 er ,  F. H. 1968. Fu r the r  Observations Incons i s ten t  w i t h  the  Hypothesis 
t h a t  t he  Molybdenum B l  ue Method Measures Orthophosphate i n  Lake Water. 
Limnol . Oceanogr. 13 : 7-1 3. 

Rodhe, W. 1969. C rys ta l  1 i z a t i o n  o f  Eu t roph i ca t i on  Concepts i n  Nor thern 
Europe. I n :  G. A .  Rohl i c h  (ed. ) , Eut roph ica t ion :  Causes, Conse- 
quences, and Cor rec t i ves .  Nat ional  Academy o f  Science, Washington. 
pp. 54-97. 

Schi nd l  e r ,  D. W.  1974. Eu t roph i ca t i on  and Recovery i n  Experimental Lakes : 
Imp1 i c a t i o n s  f o r  Lake Management. Science. 184:897-899. 

Schindler ,  D. W., H. D l i ng ,  R. V .  Schmidt, J. Prokopowich, V.  E. F ros t ,  
R. A. Reid and M. Capel. 1973. Eu t roph i ca t i on  of Lake 227 by A d d i t i o n  
o f  phosphate and N i t r a t e :  the  Second, Thi rd,  and Four th Years o f  
Enrichment, 1970, 1971, 1972. J .  Fish. Res. Bd. Can. 30:1415-1440. 

Soyak, J. A. 1970. The Seasonal Succession and D i s t r i b u t i o n  o f  P lank ton ic  
Diatoms i n  U n i v e r s i t y  Lake i n  Re la t i on  t o  S i l i c o n  Concentrat ions. 
M.S. P. H. r e p o r t .  Department o f  Environmental Sciences and Engineering, 
U n i v e r s i t y  o f  Nor th Caro l ina ,  Chapel H i l l .  77 pp. 

Spencer, C.P. 1952. On the  Use o f  A n t i b i o t i c s  o f  I s o l a t i n g  Bac te r i a - f ree  
Cul tures of Marine Phytoplankton Organisms. J. Mar. B i o l  . Ass. U.K. 
31 : 97-1 06. 

Taft, J. L., W. R. Tay lo r  and J. J. McCarthy. 1975. Uptake and Release 
of Phosphorus by Phytoplankton i n  the  Chesapeake Bay Estuary, USA. 
Mar. B i o l  . 33: 21-32. 

Ta f t ,  J. L., M. E. Lo f tus  and W. R. Tay lo r .  1977. Phosphate Uptake from 
Phosphomonoesters by Phytoplankton i n  t h e  Chesapeake Bay. Limnol.  
Oceanogr. 22:1012-1021. 

Taylor ,  A. W.  and H. M. Kunish i .  1971. Phosphate E q u i l i b r i a  on Stream 
Sediment and S o i l  i n  a Watershed Dra in ing  an A g r i c u l t u r a l  Region. 
J. Ag r i .  Food Chem. 19:827-831. 

Thomas, E. A. 1973. Phosphorus and Eut roph ica t ion .  I n :  E. J. G r i f f i t h ,  
A. Beeton, J. M. Spencer and D. T. M i t c h e l l  (eds. ) ,  The Environmental 
Phosphorus Handbook. Wiley and Sons, New York. pp. 585-611. 



T i  tman, D. 1976. Eco log ica l  Compet i t ion between A1 gae: Experimental  
Conf i rmat ion o f  Resource-based Compet i t ion Theory. Science. 192: 
463-465. 

Va l len tyne ,  J. R. 1974. The A lga l  Bowl. Lakes and Man. Department of 
t h e  Environmental  F i s h e r i e s  and Mar ine Serv ices,  Ottawa. 186 pp. 

V o l l  enweider, R. A. 1968. S c i e n t i f i c  Fundamentals o f  t he  E u t r o p h i c a t i o n  
o f  Lakes and F lowing Waters w i t h  P a r t i c u l a r  Reference t o  N and P as 
Fac to rs  i n  Eu t roph i ca t i on .  Organ iza t ion  f o r  Economic Co-operat ion 
and Development D i r e c t o r a t e  f o r  S c i e n t i f i c  A f f a i r s ,  OECD Repor t  
#DASC/CSI/68.27, Pa r i s .  163 pp. 

Watt, W.  D. and F. R. Hayes. 1963. T racer  Study of t he  Phosphorus Cyc le  
i n  Sea Water. L imnol.  Oceanogr. 8:276-285. 

Wei ss, C. M. and B. W. Breedlove. 1973. Water Qua1 i ty Changes i n  an 
Impoundment as a Consequence o f  A r t i f i c i a l  D e s t r a t i f  i c a t i o n .  Repor t  
#80, Water Resources Research I n s t i t u t e ,  U n i v e r s i t y  o f  Nor th  Ca ro l i na ,  
Rale igh.  215 pp. 

Weiss, C. M., and E. J .  Kuenzler.  1976. The Trophic  S t a t e  o f  Nor th  
Carol  i n a  Lakes. Repor t  #119, Water Resources Research I n s t i t u t e ,  
U n i v e r s i t y  o f  Nor th  Ca ro l i na ,  Rale igh.  224 pp. 

Weiss, C .  M. and R. T. Oglesby. 1960. Limnology and Q u a l i t y  o f  Raw Water 
i n  Impoundments. P u b l i c  Works Magazine. August: pp. 97-102. 

Weiss, C.M. and R. T. Oglesby. 1962. Limnology of a Nor th  Ca ro l i na  
Reservo i r  and i t s  Use i n  Water Treatment. J. Amer. Water Works Ass. 
54:671-683. 

Weiss, C .  M. and F. G. w i l kes .  1966. P r o d u c t i v i t y  of an Impounded 
Reservo i r  as Determined by Per iphy ton  Accumulat ion on Glass Sur faces.  
I n t e r n a t i o n a l  Assoc ia t i on  o f  S c i e n t i f i c  Hydrology #70 o f  I.A.S.H., 
Symposium o f  Garda. pp. 489-501 . 

Wetzel , R. L .  1967. D isso lved  Organic Compounds and t h e i r  U t i l  i z a t i o n  
i n  Two Marl  Lakes. H i d r o l o g i a e  Kozlony. 47:298-383. 

Whitnack, G. C .  and H. H. Martens. 1971. Arsen ic  i n  Po tab le  Deser t  
Groundwater: An Ana l ys i s  Problem. Science. 171 :383-385. 


