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ABSTRACT 

Algal assays were conducted on water collected from three s tat ions 

on the Chowan River to  investigate the presence of limiting nutrients 

during the summer of 1980. Two types of algal 4nocula were used: the 

laboratory cultured green alga SeZenastmun capricornutwn and samples of 

the natural Chowan River phytoplankton. Phosphorus and nitrogen simul- 

taneously limited total  algal growth in most experiments; other nutrients 

did n o t  s ignif icant ly 1 imi t growth. Species-specific responses t o  

nutrient enrichment occurred. Single additions of phosphorus increased 

numbers of nitrogen-fixing blue-green algae. Therefore, phosphorus i s  

the more c r i t i c a l  limiting nutrient t o  growth o f  the bloom-forming 

genera Anabaena and Aphanizomenon. Other algae required additions of 

both nitrogen and phosphorus fo r  large increases i n  growth. 

i i i  
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CONCLUSIONS AND RECOMMENDATIONS 

Algal assays performed upon water from the  Chowan River during 

the summer of 1980 suggested the  f o l l  owing conclusions : 

1. Phosphorus and nitrogen simultaneously l imited t o t a l  algal  growth 

i n  most experiments i n  May through September, 1980. Nutrients o ther  

than nitrogen and phosphorus d i d  not l im i t  a lgal  growth i n  assays. 

In the  r i v e r  i t s e l f ,  however, physical fac to rs  may a l so  l i m i t  

phytoplankton growth. 

2.  Species-specific responses t o  nu t r ien t  enrichment occurred in the  

natural assays. Single addit ions of phosphorus increased numbers of 

n i  trogen-f ixing blue-green algae. Other algae required addit ions 

of both nitrogen and phosphorus f o r  large  increases i n  growth. 

3. SeZenastmm assays did not always accurately r e f l e c t  responses of 

the  natural population t o  nu t r ien t  enrichment. Experiments using 

natural  algal  populations worked well and provided information t h a t  

would not be obtained from SeZenastrwn bioassays alone. 

4. Phosphorus i s  the  more c r i t i c a l  l imi t ing nu t r ien t  t o  growth of the  

nitrogen-fixing bloom-forming genera Aphanizomenon and Anabaena. 

5. Reduction of nitrogen concentrations i n  the  Chowan River without 

concomitant reduction of phosphorus l eve l s  could r e s u l t  in condi- 

t ions  t h a t  favor growth of n i  trogen-f ixing bl ue-greens over other  



algae. 

Based upon our investigation and upon other studies of the Chowan 

River we make the following recommendations fo r  reducing the algal 

bl oom pro bl em : 

The algal nutrients nitrogen and phosphorus are  both implicated as 

contributors toward excessive abundance of phytoplankton most of 

the time and therefore any measure which substantially reduces the 

concentrations of n i t r a t e ,  ammonium, or phosphate i s  desirable. I t  

i s  c lear  tha t  runoff to  the r iver  often contains undesirably high 

levels of nitrogen and phosphorus from b o t h  point sources and non- 

point sources. The contributions of nitrogen and phosphorus from 

sediment regeneration are  presently being studied and t h e i r  impor- 

tance re la t ive  t o  runoff inputs will be of interest .  

2. Because a large proportion of the algae constituting the nuisance 

summer bloom are nitrogen fixing blue-green algae, not en t i re ly  

dependent upon n i t r a t e  and ammonium i n  the water, a reduction i n  

the amounts of inorganic nitrogen in the water may not markedly 

reduce t h i s  algal problem. Phosphorus i n  solution, however, i s  

c r i t i c a l  for  blue-green algal growth, as i t  i s  fo r  other species, 

and substantial lowering of phosphorus inputs to  the r iver  may be 

expected to  provide control of the blue-green bloom. 



INTRODUCTION 

The overenrichment of lakes, r ivers ,  and coastal waterways with 

plant nutrients i s  an important factor  behind deteriorating water qual- 

i t y .  Increased nutrient inputs, expecially nitrogen and phosphorus, 

resu l t  in biological changes in the receiving water body; these include 

increased phytoplankton numbers and s h i f t s  in the biot ic  s t ructure of 

the community. Watershed use determines the character and amount of 

nutrient loading to  the water body. Municipal sewage treatment plants 

and industries are principal point sources of nutrients.  Non-point 

sources incl ude precipitation and runoff from agricul ture ,  fo res t s ,  and 

wet1 ands. 

The nutrient in shortest  supply, in respect to  the requirements of 

the algae, will become the limiting fac tor ,  according t o  Liebig's law 

of the minimum. Nitrogen and phosphorus are nutrients required for  

phytoplankton growth. Other essential  nutrients are present in su f f i -  

c ient  concentrations a t  most times. Therefore, nitrogen and phosphorus 

are often found to  l imit  algal growth. Additional limiting factors  be- 

sides nutrient ava i lab i l i ty  are l i g h t ,  temperature, and grazing. 

This study was part of a larger project t o  investigate nutrient 

kinetics in relat ion to  algal blooms in the Chowan River in northeastern 

North Carolina. Extensive algal blooms in the lower Chowan in the past 

decade have affected commercial and recreational use of the r iver .  Non- 

point sources of nutr ients ,  incl uding agricultural  runoff, are the prin- 

cipal inputs into the r iver .  ( N .  C .  Dept. of N . R . C . D .  1979a). A paper 



m i l l  and a n i t r o g e n  f e r t i l i z e r  p l a n t  are two important  p o i n t  sources. 

Ni t rogen and phosphorus were the  p r i n c i p a l  n u t r i e n t s  o f  i n t e r e s t  i n  

t h i s  research. A1 gal  bioassays prov ided the experimental  framework 

f o r  i n v e s t i g a t i n g  the  presence of 1 im i  t i n g  n u t r i e n t s .  I d e n t i f i c a t i o n  

o f  one o r  a combination of l i m i t i n g  n u t r i e n t s  from bioassay r e s u l t s  can 

be use fu l  i n  water qua1 i t y  assessment. 

Two types o f  experiments were conducted, the  SeZenastrwn capricornu- 

twn bioassay method developed by the  Environmental P ro tec t i on  Agency, 

and enrichment experiments u t i l i z i n g  a sample o f  t h e  n a t u r a l  popu la t ion .  

Natura l  enrichment experiments prov ided a comparison t o  the  SeZenastrwn 

method as w e l l  as an eva lua t i on  o f  spec ies-spec i f i c  responses t o  n u t r i e n t  

add i t i ons .  Experiments were performed w i t h  water c o l l e c t e d  monthly from 

three s t a t i o n s  on the Chowan R ive r  du r ing  the  pe r iod  May through Septem- 

ber,  1980. 



LITERATURE REVIEW 

Chowan River 

The Chowan River i s  formed a t  the confluence of the Blackwater and 

Nottaway Rivers, south of the  Virginia-North Carolina border, and flows 

t o  the  southeast  i n to  Albe~narle Sound (Figure 1 ) .  I t s  drainage basin 
2 encompasses approximately 12,600 km (Stanley and Hobbie 1977). Land 

use in the watershed i s  pr incipal ly  ag r i cu l t u r a l .  River flow i s  

generally highest  in winter and lowest during summer months (Stanley and 

Hobbie 1977). The r i v e r  widens downstream, and a subs tan t ia l  decrease 

i n  water veloci ty  occurs. Lunar t i d e s  exer t  some influence on water 

movement; however, wind-induced t i de s  a r e  a more important mechanism 

e f fec t ing  mixing in the  r i v e r  (Amein and Galler  1979). Long residence 

times f o r  the  phytoplankton in the lower r i v e r  r e s u l t  when calm condi- 

t ions  l a s t  f o r  an extended period. 

Nutrient inputs i n to  the  r i ve r  derive from several sources. Accord- 

i n g  t o  recent  es t imates ,  agr icu l tu re  contr ibutes  48% of t o t a l  nitrogen 

and 33% of t o t a l  phosphorus entering the Chowan (N. C .  Dept. N . R . C  . D .  

1979a). Inputs from fo r e s t s  and wetlands a r e  estimated a t  35% of t o t a l  

nitrogen and 47% of t o t a l  phosphorus. Point sources account f o r  o ther  

s i zab le  inputs ,  15% of t o t a l  nitrogen and 18% of t o t a l  phosphorus. In- 

cluded in  point sources a r e  numerous domestic wastewater dischargers as  

well as indus t r i a l  dischargers.  Extensive a lgal  blooms in the  lower 

Chowan in 1972 brought much a t t en t ion  t o  one pa r t i cu l a r  discharger,  a 

nitrogen f e r t i l i z e r  p lant  a t  Tunis. Large amounts of nitrogen were d i s -  
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covered i n  t he  r i v e r  a t  t h i s  s i t e  and were a t t r i b u t e d  t o  t he  p l a n t  

(N. C.  Dept. of N.R.C.D. 1979b). 

I n  t he  w in te r ,  n i t r o g e n  loads were found t o  be h ighe r  than those 

i n  the  summer (N. C .  Dept. N.R.C.D. 1979b). Low values of n i t r a t e  and 

ammonia were found du r i ng  the  summer i n  t he  lower Chowan, where a l g a l  

growth reached i t s  maximum (Stan ley  and Hobbie 1977; N. C. Dept. N.R. 

C.D. 1979b). Stanley and Hobbie (1977) suggested t h a t  r e c y c l i n g  of 

n i t r o g e n  from organ ic  ma t te r  i n  the  water column and sediments prov ided 

the  n i t r o g e n  r e q u i r e d  f o r  a1 gal  growth du r i ng  summer months. Winter  

i n p u t s  o f  n u t r i e n t s ,  a l though n o t  d i r e c t l y  suppor t ing  a l g a l  blooms a t  

t h a t  t ime, migh t  t h e r e f o r e  p l a y  a r o l e  i n  sus ta in ing  summer blooms 

through r e c y c l  i ng processes. 

Serious bloom cond i t i ons  were noted i n  t he  summers of 1972, 1976, 

and 1978 (Bond, Cooky and Howells 1977; N. C.  Dept. N.R.C.D. 1979b). 

Losses i n  r e c r e a t i o n a l  values and damage t o  t he  f i s h i n g  i n d u s t r y  were 

blamed on nuisance a l g a l  growth (N. C .  Dept. N.R.C.D. l979b).  Three 

genera o f  blue-greens have been i d e n t i f i e d  as t h e  p r i n c i p a l  b loom-fom- 

i n g  a1 gae: Anabaena, Microcystis (Anacystis), and Aphanizomenon (Wi ther-  

spoon e t  aZ. 1979). Diatoms were the  dominant a lgae i n  t he  w i n t e r  

(S tan ley  and Hobbie 1977) and were present  throughout t he  year ,  especi -  

a l l y  a t  upstream l o c a t i o n s  (Witherspoon e t  a l .  1979). Stanley and 

Hobbie (1977) found t h a t  temperature and l i g h t  l i m i t e d  a l g a l  growth 

throughout  t he  year .  Growth was l i m i t e d  by n i t r o g e n  o n l y  i n  the  summer; 

e f f e c t s  o f  phosphorus were n o t  i nves t i ga ted .  Dur ing the  s tudy  year ,  

1975, no s i g n i f i c a n t  blooms occurred. 

Publ ished r e p o r t s  o f  a l g a l  bioassays on the  Chowan R ive r  are few. 

I n  a f i e l d  eva lua t i on  o f  t he  a l g a l  assay procedure i n  Nor th Caro l i na  



surface waters, Weiss (1976) presented r e su l t s  of assays conducted on 

Chowan River water during the period September 1972 to  August 1973. 

Although some samples appeared t o  be l imited so le ly  by nitrogen or  

phosphorus, the majority of s i gn i f i c an t  increases in  biomass occurred 

in response t o  combined nitrogen and phosphorus enrichment, Fisher and 

Wi therspoon (unpubl ished manuscript) conducted bioassays on two streams 

in the Chowan River basin. Phosphorus was never l imi t ing t o  growth 

while nitrogen was frequently potent ia l ly  l imi t ing.  The r e su l t s  were 

expected in  view of the low inorganic nitrogen t o  inorganic phosphorus 

r a t i o s  in  the two streams. The streams s tudied,  while r ich  i n  nu t r ien t s ,  

supported l i t t l e  algal  growth due t o  l imi ta t ion by l i g h t  and flushing 

r a t e .  

Algal Blooms 

The occurrence of nuisance algal  blooms has increased s t ead i l y  in 

response t o  man's intensive use of lake watersheds and r i ve r  basins.  

Extensive use of f e r t i l i z e r s ,  channelization of streams (Kuenzler e t  aZ. 

l977),  increased detergent use and waste production, and expanded i ndus- 

t r i a l  development have contributed t o  high nu t r ien t  loading in many 

water bodies. Overenrichment with nu t r ien t s  resul t ing in high biologi-  

cal productivity i s  termed eutrophication (Likens 1972). While many 

eutrophic water bodies have problem algal  growth, actual blooms occur 

l e s s  frequently.  Reynolds and Walsby (1975) defined a water bloom as 

the v i s i b l e  accumulation of algal  material immediately below the surface.  

They a t t r i bu t ed  surface bloom formation t o :  (1 )  the existence of a sub- 

s t a n t i a l  population of a bloom-forming species ,  (2 )  the  algae being 

su f f i c i en t l y  gas-vacuolated t o  be bouyant, and ( 3 )  water turbulence too 



weak t o  overcome t h e  tendency f o r  bouyant a lgae t o  f l o a t  t o  t h e  surface. 

Blue-greens a r e  t h e  p r i n c i p a l  bloom-forming a1 gae. T h e i r  dominance i n  

t h e  b i o t a  o f  e u t r o p h i c  wate r  bodies i s  r e l a t e d  t o  many f a c t o r s .  These 

i n c l u d e :  p o s s i b l e  a b i l i t y  t o  pho tosyn thes ize  a t  lower  l i g h t  i n t e n s i t i e s  

than  o t h e r  a lgae,  h i g h e r  temperature range, growth favored  by t h e  onset  

o f  thermal  s t r a t i f i c a t i o n  and d e c l i n e  i n  d i s s o l v e d  oxygen i n  t h e  hypo- 

l imn ion ,  f o rma t i on  o f  co lon ies  and aggrega t ion  o f  t r ichomes t h a t  a l l o w  

h i g h  f l o t a t i o n  r a t e s ,  and t h e  a b i l i t y  t o  f i x  a tmospher ic  n i t r o g e n  

(Reynolds and Walsby 1975). 

An upper l i m i t  t o  a l g a l  growth i s  s e t  by n u t r i e n t  a v a i l a b i l i t y ,  

g i ven  optimum c o n d i t i o n s  o f  o t h e r  growth f a c t o r s .  The concept o f  1  i m i t -  

i n g  n u t r i e n t s  was f i r s t  desc r i bed  b y  L i e b i g ' s  law o f  t h e  minimum. That 

c o n s t i t u e n t  p resen t  i n  t h e  s m a l l e s t  q u a n t i t y  r e 1  a t i v e  t o  t h e  r e q u i r e -  

ments f o r  growth o f  organisms w i l l  become t h e  l i m i t i n g  f a c t o r .  The 

r a t i o s  o f  t h e  ma jo r  n u t r i e n t s  p resen t  i n  seawater and i n  t he  p l ank ton  

were examined by  R e d f i e l d  (1958).  He found t h a t  t h e  r a t i o  o f  n i t r o g e n  

t o  phosphorus i n  t h e  p l ank ton  was s i m i l a r  t o  t h e  r a t i o  o f  n i t r o g e n  t o  

phosphorus a v a i l a b l e  i n  t h e  seawater, whereas carbon was a v a i l a b l e  i n  

g r e a t  excess i n  r e l a t i o n  t o  i t s  a l g a l  requi rement .  R e d f i e l d ' s  a v a i l a b l e  

n i t r o g e n  t o  a v a i l a b l e  phosphorus r a t i o  (N:P) o f  15 : l  (atoms) has been 

used e x t e n s i v e l y  t o  express t h e  op t ima l  r a t i o  o f  N:P f o r  a l g a l  growth 

i n  many wate r  bodies.  Ra t i os  d e p a r t i n g  f rom t h e  i d e a l  a r e  sometimes 

i n t e r p r e t e d  as s i g n i f y i n g  n i t r o g e n  o r  phosphorus 1  i m i t a t i o n .  

Compet i t i ve  i n t e r a c t i o n s  among a lgae  depend i n  p a r t  on n u t r i e n t  

uptake, T i lman (1977) showed t h a t  AsterioneZZa and CycZoteZZa s t a b l y  

coex i s ted  when each was l i m i t e d  by  a  d i f f e r e n t  resource.  AsterioneZZa 

dominated when b o t h  were l i m i t e d  by phosphorus. S i l i c a  l i m i t a t i o n  



allowed CzpZoteZZa t o  dominate. Viner ( l973) ,  in natural enrichment 

experiments on t ropical  Lake George, separated the Microcyst<s f rac t ion  

from the small plankton f rac t ion .  The two groups exhibited markedly 

d i f f e r en t  responses t o  nitrogen enrichment. In experiments on mixed 

blooms, Fi tzgerald (1969) separated ni trogen-fixing from non-ni trogen- 

f ix ing  algae.  Non-N-fixers had higher surplus phosphorus; therefore ,  

these algae were probably l imited by nitrogen. The nitrogen of N-fixers 

and the  phosphorus of non-N-fixers did n o t  appear t o  be avai lable  t o  

each other .  

In coastal  marine waters, nitrogen has been suggested as  the  c r i t i -  

cal l imi t ing fac tor  (Ryther and Dunstan 1971 ; Yentsch e t  aZ. 1977). 

Different  combinations of nu t r ien t s  l imited diatom growth a t  d i f f e r en t  

times of the year in bioassay s tud ies  on Narragansett Bay (Smayda 1974). 

Studies on freshwater systems have found phosphorus, ni trogen,  o r  both 

t o  l im i t  algal  standing crops. Certain water bodies exh ib i t  l imi ta t ion  

by other elements. Schelske and Stoermer (1971 ) demonstrated s i l i c a  

1 imitat ion of Lake Michigan phytoplankton, which were dominated by 

diatoms. The importance of t race  elements in l imi t ing production, 

especia l ly  in 01 igotrophic lakes ,  was discussed by Goldman (1972). 

Blue-green algae are  a dominant component of the f l o r a  of many 

eutrophic water bodies; y e t  the appearance of blue-green blooms often 

coincides with very low nu t r ien t  concentrations in the water. Lund 

(1965) noted t ha t  phytoplankton in lakes often grow a t  nu t r ien t  l eve l s  

f a r  below t h e i r  minimum requirements in cul ture .  Where very 1 arge popu- 

l a t i ons  of phytoplankton e x i s t ,  nu t r ien t  levels  in the water body wil l  

be decreased t o  near 1 imi t ing proportions (Droop 1973). Reynolds and 

Walsby (1975) s ta ted  t ha t  the concentration of a nu t r ien t  cannot be 



i n t e r p r e t e d  as a t r u e  measure o f  a v a i l a b i l i t y ,  because i t  i gno res  nu- 

t r i e n t s  t i e d  up i n  c e l l s  and f l uxes  between p lank ton ,  water ,  and sed i -  

ments. Upon phosphorus d e p l e t i o n  o f  t h e  wa te r ,  phosphorus s t o r e d  i n t r a -  

c e l l  U S  a r l  y by  b l  ue-green a1 gae becomes ava i  1 ab le  f o r  growth (S tewar t  

et aZ. 1978).  N u t r i e n t s  i n  t h e  hypo l imn ion  of  a l a k e  can be taken up 

and s t o r e d  by b lue-greens f o r  use i n  t h e  e p i  1 imn ion  (Lund 1965) .  

Shapi ro  (1973) suggested t h a t  h a l f - s a t u r a t i o n  cons tan t s  f o r  b lue-greens 

f o r  phosphate uptake were lower  than  those  f o r  greens, over  a wide range  

o f  env i ronmenta l  c o n d i t i o n s .  The a b i  1 i ty  t o  f i x  a tmospher ic  n i t r o g e n  

and t h e  u t i l i z a t i o n  o f  c e r t a i n  o rgan i c  compounds f o r  growth a re  advan- 

tages when e x t e r n a l  n u t r i e n t  l e v e l s  a r e  low (Lund 1965). 

Some members o f  t h e  Cyanophyceae e x e r t  t o x i c  e f f e c t s  on o t h e r  organ- 

isms, presumably th rough  t h e  p roduc t i on  o f  e x t r a c e l l u l a r  substances 

(Lam and S i l v e s t e r  1979). P r o b i o s i s  and a n t i b i o s i s  can be impo r tan t  

c o n t r o l  1 i n g  f a c t o r s  i n  bloom sequence de te rm ina t i on  (Kea t i ng  1977).  

C e l l - f r e e  f i l t r a t e s  o f  bloom-dominant a lgae  produced o n l y  nega t i ve  o r  

n e u t r a l  e f f e c t s  on growth of immediate predecessors i n  t h e  bloom sequence. 

They produced o n l y  p o s i t i v e  o r  n e u t r a l  e f f e c t s  on t h e i r  immediate 

successors.  The c o m p e t i t i v e  p o s i t i o n  o f  a b loom-forming spec ies i s  thus  

enhanced by b i o t i c  i n t e r a c t i o n s  w i t h  t h e  o t h e r  p r i n c i p a l  b l  oom-formi ng 

a lgae  (Kea t i ng  1977).  Lam and S i l  v e s t e r  (1979) s t u d i e d  i n t e r a c t i o n s  

among Anabaena osciZZarioides, Microcystis aeruginosa, and ChZoreZZa sp. 

I n  mixed c u l t u r e  exper iments ,  mutual  antagonism was found between Ana- 

baena and ChloreZZa, and between Microcystis and Anabaena. Microcystis 

i n h i b i t e d  ChZoreZZa growth. U-tube c u l t u r e  exper iments  demonstrated 

t h e  i n h i b i t o r y  e f f e c t s  o f  Anabaena and Microcystis on ChZoreZZa and o f  

b i t i o n  by  Microcystis was a t t r i b u t e d  t o  

9 



t he  p roduc t ion  o f  i n h i b i t o r y  e x t r a c e l l u l a r  products.  The i n h i b i t o r y  

e f f e c t  o f  Anabaena on the  o the r  algae was probably  due t o  n u t r i e n t  

compet i t ion ,  w i t h  more e f f i c i e n t  uptake o f  phosphate by Anabaena, 

Alga l  Assay Studies - 

The Nat iona l  Eu t roph i ca t i on  Research Program prepared a  t e n t a t i v e  

procedure f o r  a  s tandard ized a l g a l  assay i n  1968. The procedure was 

designed t o :  ( 1 )  i d e n t i f y  n u t r i e n t s  l i m i t i n g  t o  a l g a l  growth, ( 2 )  de te r -  

mine the  b i o l o g i c a l  a v a i l a b i l i t y  o f  a l g a l  g r o w t h - l i m i t i n g  n u t r i e n t s ,  

( 3 )  quan t i f y  b i o l o g i c a l  response t o  changes i n  concent ra t ions  o f  l i m i t -  

i n g  n u t r i e n t s ,  and ( 4 )  develop a  r a t i o n a l  framework f o r  a p p l i c a t i o n  o f  

q u a n t i f i e d  parameters t o  p r a c t i c a l  problems (Maloney and M i  1  l e r  1975). 

The procedure was c l o s e l y  examined, and th ree  types o f  t e s t s  were recog- 

n ized :  a  s t a t i c  " b o t t l e  t es t , "  a  cont inuous f l o w  chemostat t e s t ,  and an 

i n  s i t u  t e s t .  I n  1969, t he  procedures were pub l i shed i n  t h e  "Prov is ion-  

a l  A l g a l  Assay Procedure" ( J o i n t  IndustrylGovernment Task Force on 

Eu t roph i ca t i on  1969). Extensive l a b o r a t o r y  eva lua t i on  o f  t h e  t e s t s  

fo l lowed.  An i n t e r 1  abora tory  p r e c i s i o n  t e s t  (Weiss and Helms 1971 ) 

demonstrated t h a t  a l g a l  assay experiments had r e l a t i v e l y  poor accuracy 

among d i f f e r e n t  l a b o r a t o r i e s ,  b u t  comparative a l g a l  assays performed i n  

one l a b o r a t o r y  were very  p rec i se .  The t e s t  showed t h a t  a l g a l  growth 

response was 1  i n e a r l y  r e l a t e d  t o  n u t r i e n t  s t reng th  i n  t he  medium. The 

standard batch assay t e s t  was f u r t h e r  r e f i n e d ,  and SeZenastrwn was 

se lec ted  as the  p r i n c i p a l  t e s t  organism i n  "The SeZenastrwn capricornu- 

twn P r i n t z  A l g a l  Assay B o t t l e  Tes t "  ( M i l l e r ,  Greene, and Shiroyama 

1978). 



Since i t s  es tab l i shment  as a  s tandard  method, t he  a l g a l  assay 

b o t t l e  t e s t  has been w i d e l y  used t o  s tudy  e u t r o p h i c a t i o n  problems. 

M i  1  l e r  and Maloney (1971 ) conducted bioassays on Shagawa Lake, Minnesota. 

From a1 ga l  assay r e s u l t s  and 1  imnol o g i c a l  data,  t h e  au thors  concluded 

t h a t  t h e  i n s t a l l a t i o n  o f  advanced waste t rea tment  capable of h i g h  phos- 

phorus removal would s i g n i f i c a n t l y  r e t a r d  e u t r o p h i c a t i o n  i n  t h e  l a k e  

( M i l l e r  and Maloney 1971 ; Maloney e t  aZ, 1973).  A l g a l  assays were used 

t o  determine t h e  e f f e c t s  o f  n i t r o g e n ,  phosphorus, and carbon a d d i t i o n s  

on growth r a t e  i n  n i n e  Oregon l akes  o f  va ry i ng  wate r  qua1 i t y  (Maloney, 

M i l l e r ,  and Shiroyama 1972).  The au thors  found t h a t ,  i n  those l akes  

determined t o  be phosphorus l i m i t e d ,  inc reased  phosphorus i n p u t s  would 

r e s u l t  i n  l a r g e r  a l g a l  s tand ing  crops.  Greene e t  aZ. (1975) used a l g a l  

assays t o  s tudy  t h e  e f f e c t s  o f  mun i c i pa l ,  i n d u s t r i a l ,  and a g r i c u l t u r a l  

wastewater e f f l u e n t s  upon a l g a l  growth i n  t h e  Snake R i v e r  system. High 

concen t ra t i ons  o f  n i t r o g e n  and phosphorus i n  t h e  Snake R i v e r  bas in  had 

r e s u l t e d  i n  excess ive a l g a l  growth. Phosphorus o r  n i t r o g e n  l i m i t e d  

growth i n  t h e  m a j o r i t y  o f  wa te r  samples t es ted .  

Na tu ra l  phy top lank ton  popu la t i ons  have a l s o  been used i n  n u t r i e n t  

enr ichment  exper iments .  Assays i n  l a r g e  p l a s t i c  enc losures were con- 

ducted u s i n g  t h e  n a t u r a l  popu la t i ons  of Bu rn t s i de  R i v e r  and Shagawa Lake, 

Minnesota (Powers e t  aZ. 1972). Growth response was measured by c h l o r o -  

p h y l l  analyses.  Phosphate and i n o r g a n i c  n i t r o g e n  concen t ra t i ons  were 

v e r y  low i n  Bu rn t s i de  River ;  t h e r e f o r e ,  a  p o s i t i v e  growth response was 

achieved o n l y  f rom combined n i t r o g e n  and phosphorus enr ichment.  Shagawa 

Lake water,  i n  some exper iments ,  responded s i g n i f i c a n t l y  t o  s i n g l e  add i -  

t i o n s  o f  phosphorus o r  n i t r o g e n ,  as w e l l  as t o  t h e  combined a d d i t i o n .  

The e f f e c t  o f  phosphorus on growth was much g r e a t e r  than  t h e  e f f e c t  o f  



n i t r o g e n  alone. The s t i m u l a t o r y  e f f e c t  o f  phosphorus occurred i n  s p i t e  

of very  low n i t r o g e n  concent ra t ions  i n  the  water;  t h i s  was a t t r i b u t e d  

t o  t h e  growth of Anabaena, a n i t r o g e n - f i x i n g  a lga.  Resul ts  obta ined by 

Powers e t  aZ. (1972) compared favo rab l y  t o  r e s u l t s  of SeZenastrum assays 

on the  same water body (Mi 1 l e r  and Maloney 1971 ) .  I n  a long- term b i o -  

assay study on water from Lake George, New York, Fuhs e t  aZ. (1972) 

found t h a t  t h e  n a t u r a l  popu la t i on  was l i m i t e d  by bo th  phosphorus and 

n i t r ogen .  Schel ske e t  aZ. (1  975) enr iched n a t u r a l  phytoplankton assem- 

blages i n  Lake Michigan w i t h  n u t r i e n t s .  Subsequent carbon f i x a t i o n  

r a t e s  and c h l o r o p h y l l  p roduc t ion  were measured i n  p l a s t i c  b o t t l e s  

f l o a t e d  i n  l a k e  water.  Phosphorus e x h i b i t e d  s t i m u l a t o r y  e f f e c t s  a t  a l l  

s t a t i o n s  w h i l e  s i l i c a  a d d i t i o n  r e s u l t e d  i n  s t i m u l a t i o n  a t  some s t a t i o n s .  

Gerhar t  and L ikens (1  975) conducted severa l  types o f  n a t u r a l  enrichment 

experiments on an o l i g o t r o p h i c ,  so f twa te r  l a k e  i n  New Hampshire. Simul- 

taneous growth l i m i t a t i o n  by n i t r o g e n  and phosphorus was demonstrated 

i n  experiments i n  l a r g e  po lye thy lene enclosures, i n  cont inuous chemo- 

s t a t  experiments, and i n  long-term bioassays. Species responding 

t o  n i t r o g e n  and phosphorus enrichment d i f f e r e d  i n  t he  po lye thy lene en- 

c losures  f rom those i n  cont inuous c u l t u r e  experiments. 

Bioassays have been conducted us ing  severa l  t e s t  species s imu l ta -  

neously.  Shiroyama e t  aZ. (1976) po in ted  o u t  the  need t o  use more than 

one species i f  the  p o s s i b i l i t y  o f  a b i o l o g i c a l  t o x i n  ex i s ted .  I n  t h e i r  

experiments on Shagawa Lake, SeZenastrwn e x h i b i t e d  n i t r o g e n  l i m i t a t i o n  

i n  f i l t e r e d  and a u t o c l a v e d - f i l t e r e d w a t e r  samples. Growth o f  Anabaena 

ftos-aquae was n o t  s t imu la ted  i n  f i  1 t e r e d  waters, b u t  was s t i m u l a t e d  by 

phosphorus i n  autoc laved water samples. The authors concluded t h a t  t h e  

l a c k  o f  growth i n  f i l t e r e d  waters was probably  due t o  a t o x i n  i n  t h e  



water .  An Aphanizomenon bloom e x i s t e d  p r i o r  t o  t h e  sampl ing t ime  and 

may have produced t h e  t o x i n .  Lange's (1971 ) bioassays on f i l t e r e d  

Lake E r i e  water ,  us i ng  f o u r  t e s t  organisms, a l s o  i l l u s t r a t e d  d i f f e r e n c e s  

i n  spec ies response. Fo l l ow ing  an Aphanizomenon bloom, l a k e  water  

k i l l e d  ~ U i c r o c y s t i s  and Anabaena c e l l s ,  a f f e c t e d  Nostoc, b u t  had no 

e f f e c t  on SeZenastrum growth. Greene e t  aZ. (1978) compared assay r e -  

s u l t s  us i ng  SeZenastrwn and Anabaena w i t h  r e s u l t s  us i ng  Sphaerocyst is ,  

a  dominant green a l g a  i s o l a t e d  from, Long Lake, ~ a s h ' i n g t o n .  Due t o  z i n c  

t o x i c i t y ,  SeZenas t rm and Anabaena d i d  n o t  grow w e l l  i n  c o n t r o l  t r e a t -  

ments. When the  c h e l a t o r  EDTA was added, s i g n i f i c a n t  increases i n  

growth occurred.  Sphaerocys t i s  d i d  n o t  r e q u i r e  a d d i t i o n  o f  EDTA f o r  

maximum growth. The au thors  concluded t h a t  z i n c  concen t ra t ions  p resen t  

i n  t h e  l a k e  had no adverse e f f e c t s  on growth o f  t h e  ind igenous phyto-  

p lank ton .  

Few au thors  have combined bioassays us ing  l a b o r a t o r y  c u l t u r e s  o f  

a lgae  w i t h  exper iments on t h e  n a t u r a l  popu la t ions .  OIBr ien and 

deNoyel les (1976) compared r e s u l t s  f rom t h r e e  types  o f  bioassays. Ex- 

per imenta l  ponds responded t o  a d d i t i o n  o f  n i t r o g e n  and phosphorus f e r -  

t i l i z e r s ,  and t h e  N:P r a t i o  i n  t h e  ponds suggested n i t r o g e n  as t h e  

p r i n c i p a l  l i m i t i n g  n u t r i e n t .  Batch bioassays u s i n g  Pandorina, i s o l a t e d  

f rom t h e  pond, demonstrated n i t r o g e n  l i m i t a t i o n .  Chemostat exper iments 

on t h e  n a t u r a l  phy top lank ton ,  a l though n o t  designed t o  show s o l e  n i t r o -  

gen o r  phosphorus l i m i t a t i o n ,  showed s t i m u l a t i o n  due t o  t h e i r  combined 

a d d i t i o n .  Changes i n  spec ies composi t ion,  s i m i l a r  t o  s h i f t s  i n  t h e  

enr i ched  ponds, were noted. Shor t - te rm pr imary  p r o d u c t i v i t y  exper iments 

showed no s t i m u l a t i o n  o f  14c uptake upon n u t r i e n t  enr ichment.  A s i m i l a r  

r e s u l t  was ob ta ined  by Gerhar t  and L ikens  (1975) .  Schelske e t  aZ. 



(1978) conducted t h r e e  types o f  exper iments on t h e  Great  Lakes: a  

sp i ked  t e s t  us i ng  SeZenastrum, a  sp iked  t e s t  us i ng  t he  n a t u r a l  popula- 

t i o n ,  and a  f i x e d - l e v e l  t e s t  us i ng  t h e  n a t u r a l  popu la t i on .  Resu l ts  

from t h e  t h r e e  exper iments agreed f o r  Lake Huron and Lake Mich igan 

waters ,  which were l i m i t e d  by phosphorus. The au thors  concluded t h a t  

enr ichment exper iments w i t h  n a t u r a l  popu la t i ons  cou ld  be used e f f e c -  

t i v e l y  t o  determine a l g a l  g r o w t h - l i m i t i n g  n u t r i e n t s .  Na tu ra l  assays 

p rov ided  i n fo rma t i on  on p o p u l a t i o n  dynamics t h a t  c o u l d  n o t  be ob ta i ned  

f rom b ioassays us ing  t e s t  spec ies.  

I n  o r d e r  t o  use a l g a l  b ioassay r e s u l t s  t o  s tudy  e u t r o p h i c a t i o n  p ro -  

blems, f i n d i n g s  must be r e l a t e d  t o  l i m n o l o g i c a l  c h a r a c t e r i s t i c s  o f  t he  

wate r  body s tud ied ,  Maloney, M i l l e r ,  and Shiroyama (1972) found t h a t  

a l g a l  growth r a t e s  i n  bioassays were s t r o n g l y  c o r r e l a t e d  t o  d i s s o l v e d  

phosphorus concen t ra t i ons  i n  t h e  Oregon l a k e  waters  s tud ied .  Weiss 

(1976) r e l a t e d  r e s u l t s  o f  S e Z e n a s t m  assays t o  n i t r o g e n  t o  phosphorus 

(N:P) r a t i o s  i n  t h e  water .  Assays were p laced  i n t o  t h r e e  c a t e g o r i e s  o f  

n u t r i e n t  l i m i t a t i o n .  A mean r a t i o  o f  i n o r g a n i c  n i t r o g e n  t o  s o l u b l e  

phosphorus (by  we igh t )  f o r  a l l  wa te r  samples was c a l c u l a t e d  f o r  each 

group. P - l i m i t e d  samples e x h i b i t e d  N:P r a t i o s  g r e a t e r  than  13, whereas 

N - l i m i t e d  waters  had N:P r a t i o s  i n  t h e  range o f  5  t o  7. Samples 

l i m i t e d  by bo th  N and P  e x h i b i t e d  r a t i o s  i n  t he  range o f  9  t o  11. 

Chiaudani and V igh i  ( 1  975) determined t h a t  waters  were P-1 i m i  t e d  when 

t h e  i n o r g a n i c  n i t r o g e n  t o  phosphate r a t i o  (by we igh t )  was g r e a t e r  than  

10. A  r a t i o  o f  l e s s  than 5  s i g n i f i e d  N - l i m i t a t i o n .  M i l l e r  e t  aZ. (1974) 

found a  h i g h  degree o f  c o r r e l a t i o n  between a l g a l  assay responses and t h e  

r e p o r t e d  t r o p h i c  s t a t e  of l akes .  Phosphorus l i m i t a t i o n  decreased as t he  

r e p o r t e d  t r o p h i c  s t a t e  increased.  Payne (1  976) determined t h a t  e u t r o p h i c  



water  bodies t h a t  e x h i b i t e d  h i g h  w i n t e r  n u t r i e n t  concen t ra t i ons  sup- 

p o r t e d  h i g h  s tand ing  crops i n  SeZenastrwn assays. High popu la t i ons  o f  

phy top lank ton  i n  those water  bodies were e v i d e n t  t he  f o l  l ow ing  s p r i n g .  

N u t r i e n t  enr ichment s t u d i e s  a re  s u b j e c t  t o  p rocedura l  problems and 

d i f f i c u l t i e s  i n  i n t e r p r e t a t i o n .  I n  t h e  SeZenastrwn assay, a  cho ice  

must be made whether t o  p r e t r e a t  t he  wate r  by a u t o c l a v i n g  f o l l o w e d  by 

f i l t r a t i o n  o r  by f i l t r a t i o n  alone. F i t z g e r a l d  (1975) noted t h a t  mem- 

brane f i l t r a t i o n  removed a l l  i n s o l u b l e  p a r t i c l e s  f rom t h e  wate r  sample. 

Upon f i  1  t r a t i o n ,  a1 1  phy top lank ton  were removed complete ly ,  and n u t r i -  

e n t s  r e l eased  f rom r e c y c l i n g  o f  t h e  p l ank ton  were t h e r e f o r e  n o t  a v a i l -  

a b l e  f o r  growth o f  t h e  t e s t  a lgae.  Au toc lav ing  re l eased  a v a i l a b l e  

phosphorus, n i t r o g e n  , and i r o n  f rom t h e  n a t u r a l  a1 gae. Wei ss (1  976) 

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

c o n t r o l  biomass i n  v i r t u a l l y  a1 1  samples. He i n t e r p r e t e d  a l g a l  growth, 

f o l l o w i n g  au toc lav ing  as t h e  p re t rea tment ,  as t o t a l  growth p o t e n t i a l .  

Growth i n  f i l t e r e d  samples was i n t e r p r e t e d  as a v a i l a b l e  growth p o t e n t i a l .  

Shiroyama e t  aZ. (1976) p o i n t e d  o u t  t h e  importance o f  us i ng  bo th  p re -  

t rea tments  when t h e  presence o f  a  b i o l o g i c a l l y - p r o d u c e d  t o x i n  i s  sus- 

pected. 

Problems i n h e r e n t  i n  long- te rm enr ichment  s t u d i e s  were d iscussed by 

Healey (1979).  Fac to rs  such as l i g h t  and g raz ing ,  t h a t  can l i m i t  a l g a l  

growth, a re  a l t e r e d .  Na tu ra l  l o a d i n g  and n u t r i e n t  r egene ra t i on  f rom 

sediments and p lank ton  a r e  e l i m i n a t e d  o r  seve re l y  a l t e r e d .  Assay r e -  

s u l t s  a r e  a f f e c t e d  by long- te rm enc losure  o f  smal l  wa te r  volumes. 

Sch ind le r  ( 1971 ) no ted  t h e  d i f f i c u l t y  i n  e x t r a p o l a t i n g  f rom n u t r i e n t  

enr ichment exper iments under s e l e c t e d  c o n d i t i o n s  t o  t he  responses o f  

n a t u r a l  phy top lank ton .  It i s  w e l l  documented t h a t  changes i n  spec ies  



compos i t i on  occur  i n  response t o  v a r y i n g  n u t r i e n t  a d d i t i o n s .  Menzel 

e t  aZ. (1963) found  t h a t  v e r y  d i f f e r e n t  p h y t o p l a n k t o n  p o p u l a t i o n s  were 

produced from d i f f e r e n t  enr ichments  o f  Sargasso Sea w a t e r .  Re1 a t i v e  

r a t i o s  o f  d i f f e r e n t  n u t r i e n t s  i n  t h e  w a t e r  p r o v i d e d  an i m p o r t a n t  s e l e c -  

t i v e  mechanism f o r  t h e  p h y t o p l a n k t o n ,  The g r e a t e r  success o f  d ia toms 

i n  enr ichment  exper iments ,  i n  r e l a t i o n  t o  o t h e r  groups, has been ob- 

se rved  b y  s e v e r a l  a u t h o r s  (Menzel e t  aZ. 1963; Thomas and Dodson 1974; 

V e n r i c k  e t  aZ. 1977).  



METHODS 

F i  e l  d Sampl i ng 

Water samples were c o l l e c t e d  month ly  f rom May through September, 

1980 from Chowan R i v e r  S t a t i o n s  1 , 4, and 7 ( F i g u r e  1 ) .  Samples were 

taken midstream a t  a depth o f  0.5 m, u s i n g  a Guzz le r  hand pump, and were 

s t o r e d  i n  l a r g e  carboys. These were shaded u n t i l  r e t u r n e d  t o  t h e  l abo ra -  

t o r y  a t  Edenton, severa l  hours a f t e r  c o l l e c t i o n .  A t  each s t a t i o n ,  a 

Secchi d i s k  depth read ing  was obta ined.  Temperature and c o n d u c t i v i t y  

read ings  were determined us ing  a Y S I  Model 33 meter.  

Labora to ry  Analyses 

Samples f o r  de te rm ina t i on  o f  f i  1 t e r a b l e  r e a c t i v e  phosphorus (FRP, 

w i  11 be r e f e r r e d  t o  as phosphate (PO4) i n  t e x t ) ,  ammonia (NH3-N) , n i t r a t e  

p i  us n i t r i t e  (N03+N02-N) , and t o t a l  phosphorus ( T o t a l  P) were f i  1 t e r e d  

soon a f t e r  c o l l e c t i o n  us ing  Whatman g lass  m i c r o f i  b r e  f i  1 t e r s  (GF/C, 4.25 

cm). I n  May and June, t h e  same analyses were a l s o  performed on wa te r  

f i  1 t e r e d  th rough 0.45 pm M e t r i c e l  membrane f i l t e r s  (GA-6, 47 mm) . Un- 

f i l t e r e d  wate r  was used f o r  To ta l  K j e l d a h l  N i t r ogen  (TKN) and T o t a l  P 

analyses. Water was f i l t e r e d  through precombusted GF/C f i l t e r s  f o r  

p a r t i c u l a t e  o rgan i c  carbon (POC) and th rough GF/C f i 1 t e r s  f o r  p a r t i c u l a t e  

o rgan i c  n i t r o g e n  (PON) analyses. A n a l y t i c  methods a r e  o u t l i n e d  i n  Table 

1. Water samples were preserved f o r  a l l  analyses excep t  FRP and NH3-N. 

P rese rva t i on  methods used were: f r e e z i n g  i n  May, a c i d i f i c a t i o n ,  r e f r i g e r a -  



Table 1. Methods f o r  n u t r i e n t  analyses.  

N u t r i e n t  Method Reference 

F i  1 t e r a b l e  Reac t i ve  Mixed Reagent Ascorb ic  Wetzel and L i  kens 
Phosphorus 
( FRP 

Ac id  ~ e d u c t i  on 

Ammoni a Ni t r ogen  Phenol -hypochl o r i  t e  Wetzel and L ikens  
(NH3-N) u s i n g  N i  t r o p r u s s i d e  (1979),  p. 83 

as C a t a l y s t  

N i t r a t e  and N i t r i t e  Automated Hydraz i  ne EPA (1979),  Method 
N i t r ogen  Reduct ion 353.1 

N i t r i t e  N i t r ogen  Automated D i a z o t i z a t i o n  EPA (1971 ) ,  Method 
(N02-N) 353.1 

To ta l  K j e l d a h l  B l  ock D i  ges to r  Technicon Autoanalyzer  
N i t r ogen  Automated Method01 ogy (1  975) ,  
(TKN I n d u s t r i a l  Method 

No. 329-74W; EPA ( l 9 7 9 ) ,  
Method 351.2 ( f o r  
d i g e s t i o n  m i x )  

P a r t i c u l a t e  Organic B lock D iges te r  Technicon Autoanalyzer  
N i t r ogen  Automated Methodology (1975),  
(PON I n d u s t r i a l  Method 

NO. 329-74W; EPA ( lg i 'g ) ,  
Method 351.2 ( f o r  
d i g e s t i o n  m i x )  

T o t a l  Phosphorus 
( T o t a l  P) 

P a r t i c u l a t e  Organic 
Carbon 
( POC 

Ac id  Persu l  f a t e  FWPCA (1969),  p.  247 
D iges t i on ,  Automated 
Stannous Ch lo r i de  

Wet Ox ida t i on  by Wetzel and L ikens  
Po tass i  urn Dichromate (1979), p. 131 



t i o n ,  and subsequent n e u t r a l i z a t i o n  i n  June, and a d d i t i o n  o f  HgC12 and 

r e f r i g e r a t i o n  i n  J u l y  through September. 

T u r b i d i t y  measurements were made on wate r  samples b rought  back t o  

Chapel H i l l .  A model 2100 Hach Tu rb id ime te r  was used. Samples f o r  

c h l o r o p h y l l  analyses were f i l t e r e d  through GF/C g lass  f i b e r  f i l t e r s  i n  

Edenton. F i l t e r s  were f rozen ,  and analyses were performed i n  Chapel H i l l  

' ( S t r i c k l a n d  and Parsons 1972). Subsamples o f  wa te r  f rom each s t a t i o n  

were preserved w i t h  Lug01 ' s  s o l u t i o n  (Wetzel and L ikens  1979) f o r  1  a t e r  

phy top lank ton  i d e n t i f i c a t i o n  and enumeration. App rop r i a te  volumes were 

s e t t l e d  i n  sed imenta t ion  chambers. Algae were examined th rough a U n i t r o n  

i n v e r t e d  microscope and were i d e n t i f i e d  u t i  l i z i n g   the keys o f  Cocke 

( 1  967),  Whi t f o r d  and Schumacher ( 1  969),  P r e s c o t t  ( 1  962),  and Smith (1  950).  

Pre t rea tment  f o r  Experiments 

Water f o r  use i n  SeZenastrum bioassays was f i l t e r e d  as soon as poss- 

i b l e  a f t e r  sample c o l l e c t i o n .  F i l t e r s  were washed w i t h  10% h y d r o c h l o r i c  

a c i d  and d i s t i l  l e d  wate r  be fo re  sample f i l t r a t i o n .  F i l t r a t i o n  f o r  t h e  

May and June exper iments used 0.45 vm M e t r i c e l  membrane f i l t e r s  (GA-6, 

47 mm). Whi le p repa r i ng  f o r  t h e  J u l y  exper iment,  inc reases  i n  n i t r o g e n ,  

e s p e c i a l l y  NO3-N, were no ted  i n  membrane- f i l t e red  as compared t o  g l ass  

f i b e r - f i l t e r e d  samples. The inc reases  were a t t r i b u t e d  t o  l each ing  f rom 

the  membrane f i l t e r s .  Therefore,  wa te r  f o r  use i n  t h e  J u l y ,  August, and 

September exper iments was f i l t e r e d  through Whatman g lass  m i c r o f i b r e  

f i l t e r s  (GF/C, 4.25 cm) o n l y .  Th i s  s i m p l i f i e d  t h e  n u t r i e n t  analyses 

r e q u i r e d  and s t i l l  e f f e c t i v e l y  removed t he  ind igenous phytop lankton.  



Filtered water samples were refrigerated a t  4°C in completely f i l l e d  

p las t ic  bottles until assays were conducted, in three weeks time or 

less .  

Natural enrichment experiments required inocula of unfil tered water 

from the three s ta t ions .  The unfiltered water was kept a t  room tempera- 

ture for  one t o  two days until assays were s ta r ted .  Water was also 

glass f ibe r - f i l  tered (Whatman, G F / C ,  4.25 cm) and kept refrigerated a t  

4°C for  use in the natural assays. Experiments were begun as soon as 

possible upon return to  Chapel Hi1 1 .  

, 

SeZenastrwn Assays 

Methods for  the selenastrwn capricornutum Printz algal assay t e s t  

closely fo1 lowed the procedure out1 i  ned by Mi 1 l  e r  , Greene, and Shi royama 

(1978). A SeZenastrwn culture,  obtained from the EPA laboratory in 

Corvallis, Oregon, was maintained by frequent transfers in synthetic 

nutrient medium (Table 2 ) .  Six to  nine day cultures,  centrifuged and 

resuspended in s t e r i l e  distilled-deionized water several times, provided 

the inoculum. selenastrum stock cultures were counted in hemacytometer 

counting chambers with a Spencer American Optical microscope. Appro- 

pr iate  dilutions were made to  yield the desired inocul um concentration. 
4 Final selenastrum concentrations in the flasks were 2 . 3  x 10 in May and 

3 3 ranged from 3.3 x 10 to  4.3 x 10 in June through September. Experi- 

mental treatments included medium and river controls,  additions of phos- 

phorus, nitrogen , phosphorus plus nitrogen, and complete (ALL) additions 

(Table 3 ) .  An algal inoculum of 1 m R  was added t o  59 mR of each t r ea t -  

ment, in 250 mR Erlenmeyer f lasks.  Treatments were run in t r i p l i c a t e .  

S te r i l e  technique was used whenever possible t o  cut down on bacterial 



Table 2. Composi t i o n  of s y n t h e t i c  a lga l  n u t r i e n t  medium showing 
f i n a l  concent ra t ions  of  compounds and f i n a l  concentra- 
t i o n s  of elements.* 

Macronutrients 

Compound Concentration (rng/R) 

25.500 

12.164 

4.41 0 

14.700 

1.044 

15.000 

Concentration (mg/R) 

4.200 

2.904 

1.202 

1.911 

0.186 

11.001 

0.469 

2.143 

Micronutr ients  

Compound Concentration (vg/R) 

ZnCl 

*Mil l e r ,  Greene, and Shiroyama (1978). 

Element Concentration ( p g l ~ )  

B 32.460 



Table 3. Experimental deslgn f o r  Se l enas t rm  assays.* 

Treatment 

Medium Control 

River Control 
(CNTL ) 

Phosphorus 

Nitrogen 
(N) 

Phosphorus p lus  n i t rogen  
( P+N 

Descript ion 

Standard SeZenastrwn medium** 

River water  without  n u t r i e n t  add i t i ons  

River water  p lus :  0.05 mg-B/R 
o r  
0.10 mg-P/R 

River water  pl us : 1.00 mg-N/R 
o r  
2.00 mg-N/R 

River water  p lus :  0.05 mg-P/R + 1 . O O  mg-N/R 
o r  
0.10 mg-P/R + 2.00 mg-N/R 

River water  plus:  0.05 mg-P/R + 1 .OO mg-N/R 
+ a l l  o t h e r  n u t r i e n t s  a s  
i n  s tandard  medium 
or  
0.10 mg-P/R + 2.00 mg-NIR 
+ a l l  o t h e r  n u t r i e n t s  a s  
i n  s tandard  medium 

*P added a s  K2HP04 and N added a s  NaN03. 

**See Table 2 .  



contaminat ion, Experiments 

ous f luorescent  1 i g h t i n g  o f  

pered w i t h  c o t t o n  p lugs and 

l a t i o n s  per  minute. Algae 

were c a r r i e d  ou t  a t  25 t 1°C under cont inu-  

400 + 100 foot-candles,  Flasks were stop-  

shaken a t  approximately n i n e t y  l i n e a r  o s c i l -  

i n  a l l  f l a s k s  were counted a t  the end o f  the 

experiments, which l a s t e d  f o r  t en  days. Several counts over t he  ten  

day pe r iod  were made f o r  two o f  the  experiments i n  o rder  t o  e s t a b l i s h  

the  na ture  o f  the  growth curves. 

Natura l  Enrichment Experiments 

Natura l  enrichment experiments were s t a r t e d  w i t h i n  th ree  days o f  

sample c o l l e c t i o n .  One p a r t  u n f i l t e r e d  water from each s t a t i o n  was 

added t o  n ine  p a r t s  f i l t e r e d  water, The d i l u t e d  water samples were then 

used i n  the  na tu ra l  assays. Subsamples were taken from the  i n i t i a l  

water f o r  d ry  weight analyses, TKN and Tota l  P determinat ions,  and a l g a l  

i d e n t i f i c a t i o n s .  N u t r i e n t  treatments were i d e n t i c a l  t o  those i n  the  

SeZenastrwn assays (Table 3 ) ,  w i t h  the  except ion of the  media c o n t r o l .  

Condi t ions o f  l i g h t ,  temperature, and shaking were s i m i l a r  f o r  the  two 

experiments. Flasks conta ined 80 mR o f  c o n t r o l  o r  t r e a t e d  water.  Assays 

were ended a f t e r  t en  days and 10 mR o f  each sample were removed and pre- 

served f o r  a1 ga l  i d e n t i f i c a t i o n  and enumeration. I n  o rder  t o  expedi te 

count ing, on l y  composite samples o f  rep1 i c a t e s  were examined. Only 

algae present  i n  l a r g e  numbers were i d e n t i f i e d .  Counts were very approx- 

imate as smal l  t ransec ts  were examined. Counting o f  samples w i t h  h igh  

a l g a l  concentrat ions was h indered by c1 umping, r e s u l t i n g  i n  non-random 

d i s t r i b u t i o n s  i n  the  count ing  chambers. 



Dry Weight Analyses 

Algal dry weights were determined gravimetrically a t  the end of 

both $eZenastrwn and natural assays, Metricel membrane f i  1 t e r s  (0 .8  pm, 

47 mm) were soaked in d i s t i l l ed  water for  a t  l eas t  t h i r ty  minutes, 

dried a t  70°C, dessicated, and weighed immediately prior to  f i l t r a t i o n .  

Known sample volumes were f  i  1 tered. Fi 1 t e r s  were then dried, dessicated, 

and reweighed. Dry weights were calculated as the difference between 

f inal  and i n i t i a l  f i l t e r  weights. F i l te rs  lose weight in th i s  process; 

therefore, d i s t i l l e d  water alone was f i l t e red  through a t  leas t  eight 

f i l t e r s  to  provide a blank correction. The correction consisted of 

adding the mean loss in weight of the blanks to  the sample dry weights. 

The corrected values were then converted to  m g / R  dry weight. In some 

cases, negative values of dry weights were obtained, These were record- 

ed as 0 m g / ~  dry weight for  purposes of data analysis. For SeZenastrum 

assays, dry weights represented algal growth. However, adjustment was 

necessary in natural assays to  account for  different  i n i t i a l  dry weights 

among the three s tat ions.  Mean i n i t i a l  dry weights for  the s ta t ions  

were subtracted from the corresponding final dry weights. The adjusted 

numbers more accurately reflected algal growth. 

S ta t i s t i ca l  Analyses 

Multiple regression analyses were run for  the eight experiments for  

the three sampl ing s tat ions;  the General Linear Models procedure (Barr 

e t  aZ. 1979) was used. Algal dry weights, in mg/R, of a l l  samples, were 

the dependent variables. Independent variables in the model were con- 

concentrations , in pg/&, of phosphate (PO4-P) and to ta l  soluble inorganic 

nitrogen ( N H 3  +N03+N02-N) (TSIN) in the samples. These values repre- 



sented the sums of the concentrations of original nutrient i n  the r iver  

water sample plus any added nutrient spike, The model used in t h i s  

procedure was: 

where: E(yij)  = expected value of algal dry weight for  specified 

concentrations of PO4-P and TSIN, 

IJ = overall mean dry weight, 

a = ef fec t  of PO4-P on dry weight, 

8 = ef fec t  of TSIN on dry weight, 

(aB) = ef fec t  of the interaction of PO4-P and TSIN on dry 

weight. 

The interaction term was necessary because assay resul ts  consistently 

demonstrated an increase in biomass due t o  combined nitrogen and phos- 

phorus addition, an increase above the sum of the two additions made 

separately. Partial F s t a t i s t i c s  were examined. These assess the 

significance of one variable given the other two already in the model. 

Significant e f fec ts  on algal dry weight were at t r ibuted to  variables 

whose F s t a t i s t i c s  were s ignif icant  a t  the a = 0.05 level.  

Before dry weight values could be used in multiple regression 

models, transformation was necessary fo r  data from a l l  months b u t  one. 

Multiple regression models assume homoscedasticity, equal variances for  

the dependent variable a t  a l l  fixed combinations of independent vari- 

ables. Plots of variances of treatment means versus actual means for  

each experiment showed an overall pattern of increasing variances with 

increasing means, The only exception was the May experiment; therefore,  

no transformations were required for  tha t  m o n t h .  Square root and log- 



ar i thmet ic  transformation were performed on dry weight data ;  the former 

appeared t o  s t a b i l i z e  the variances in  re la t ion  t o  the  magnitude of the 

means. The actual transformation was b/y t 1 / 2  t o  account for dry 

weight values of zero (Sokal and Rohlf 1969). Residual analyses (Klein- 

baum and Kupper 1978) of a l l  experiments showed tha t  using square-root 

transformed dry weights in the mult iple regression models was appropri- 

a t e .  



RESULTS 

Phys ica l  and Chemical -- C h a r a c t e r i s t i c s  

Data on phys i ca l  c h a r a c t e r i s t i c s  f o r  Chowan R i v e r  sampl i n g  S t a t i o n s  

1, 4, and 7 f rom May '1980 through September 1980 (Table 4 )  show i nc reas -  

i n g  wate r  temperatures. C o n d u c t i v i t y  measurements ranged from 66 t o  89 

pmho and showed no marked t rends  w i t h  s t a t i o n  o r  month. Secchi depth 

v a r i e d  between 0.4 and 1.15 m. Measurements o f  t u r b  

t i v e l y  l i t t l e  v a r i a t i o n  w i t h  t ime  o r  s t a t i o n .  

Several  t r ends  emerge f rom examinat ion o f  NH3-N 

i d i t y  showed r e l a -  

y NO3-N, and NO2-N 

concen t ra t i ons  (Table 5 ) .  High concen t ra t i ons  o f  t o t a l  s o l u b l e  i n o r g a n i c  

n i t r o g e n  (NH3+N03+N02-N) were found c o n s i s t e n t l y  a t  S t a t i o n  1. Concen- 

t r a t i o n s  o f  t h e  t h r e e  i n o r g a n i c  n i t r o g e n  forms tended t o  decrease f rom 

May t o  August. NH3-N was always p resen t  i n  t h e  wate r  w h i l e  NO3-N was 

reduced t o  unde tec tab le  l e v e l s  a t  severa l  s t a t i o n s  i n  J u l y  and September. 

Concentrat ions o f  NO2-N were low f o r  a l l  s t a t i o n s  th roughout  t h e  summer. 

The dominant n i t r o g e n  form i n  t he  r i v e r  was o rgan i c  n i t r o g e n  (ob ta i ned  

by s u b t r a c t i n g  NH3-N f rom TKN) . P a r t i c u l a t e  o rgan i c  n i t r o g e n  (PON) was 

h i g h e r  a t  t h e  downstream s t a t i o n s .  PON values corresponded w e l l  w i t h  

p a r t i c u l a t e  o r g a n i c  carbon and c h l o r o p h y l l  values, i n d i c a t i n g  t h a t  most 

o f  t h e  PON was t i e d  up i n  a l g a l  biomass, Concentrat ions o f  d i sso l ved  

o rgan i c  n i t r o g e n  (DON, ob ta ined  by s u b t r a c t i n g  PON f rom t o t a l  o rgan i c  

i n  t h e  PON data.  n i t r o g e n )  showed much 

Comparison o f  DON and 

shows t h a t  more organ 

l e s s  v a r i a t i o n  than was e v i d e n t  

PON da ta  f o r  t h e  !lay, June, and 

i c  n i t r o g e n  was p resen t  i n  t h e  d  

J u l y  sampl ing dates 

i s s o l  ved r a t h e r  



Table 4. Data on temperature, conductivi ty,  Secchi depth, and 
t u rb id i t y  f o r  Chowan River Sta t ions  1 ,  4 ,  and 7 f o r  the  
period May through September, 1980. 

Temperature 1  19.2 24.2 26.5 29.0 27.6 
( "c )  4 19.8 24.8 28.5 30.0 29.0 

7 21 .O 23.5 27.0 29.0 27.0 

Conductivity 1 7 5 70 6 6 7 1 7 4 
(~mho 1 4 7 7 7 5 7 6 74 77 

7 7 5 70 8 2 84 8 9 

Secchi depth 1  1 . I  1 . I  0 .8  0.8 0.9 
(m 1 4 0 .9  0.75 0.4 0 .8  1.15 

7 1.2 0.75 0.75 0 .8  1 .O 

Turbidity 1 5 16 8 8 8 
(JTU 4 4.5 8 9 4.5 4 

7 5 8 5 3 5 



Table 5. Chemical data f o r  Chowan R i v e r  Stations 1, 4, and 7 for 
the p e r i o d  May through September, 1980. 

FRP 1 38.8(42) 

DON 1 840 (800) 
(pg N/R) 4 740 (740) 

7 500 (500) 

PON 1 50 
(us N/R) 4 200 

7 130 

Total P 1 42.0 
unfiltered 4 54.0 
(vgP/!L) 7 28.0 

Particulate 1 26.5 ( M) 
P (vg PI%) 4 45.0 ( 26) 

7 17.0 ( 15) 

POC 1 150 
(ug CJR) 4 1370 

7 900 

Chl. a 1 1.8 
(mg/m3) 4 25.0 

7 13.0 



Table 5 ,  (continued) 

Total P** 1 M 63.0 
( w P / Q  4 M 47.3 

7 M 34.5 

*May and June assay water was f i l t e red  through 0.45 p f i l t e r s ;  primary 
l i s t i n g  i s  for  th is  water; values in parentheses are concentrations 
in glass f iber  f i l t e red  water; water for  July, August, and September 
assays was f i1  tered only through glass f iber  f i l t e r s .  

**TKN and Total P determined on i n i t i a l  water samples in natural 
enrichment assays (1 part unfi 1 tered:9 parts f i  1 tered) .  

M missing value. 

- negative value obtained. 



than p a r t i c u l a t e  form. I n  the  l a t e  summer, concentrat ions o f  p a r t i c u -  

l a t e  and d isso lved forms of organic n i t r o g e n  were s i m i l a r  except f o r  

S t a t i o n  1 i n  September, 

Concentrat ions o f  PO4-P (approximate ly  equal t o  FRP) showed 1 i t t l e  

v a r i a t i o n  w i t h i n  one s t a t i o n  over t ime, b u t  showed marked v a r i a t i o n  

between s t a t i o n s  (Table 5 ) .  Highest values were found c o n s i s t e n t l y  a t  

S t a t i o n  1. Concentrat ions o f  f i  1 t e r a b l e  unreac t ive  phosphorus [FuP, 

obta ined by s u b t r a c t i n g  FRP from Tota l  P ( f i l t e r e d ) ]  were va r iab le .  

Values f o r  p a r t i c u l a t e  phosphorus were obta ined by s u b t r a c t i n g  Tota l  P 

( f i  1 t e red )  from Tota'l P ( u n f i l t e r e d ) .  A t  S t a t i o n  1, the  dominant phos- 

phorus form was PO4-P throughout the  summer. P a r t i c u l a t e  P was genera l l y  

t he  dominant form a t  S ta t ions  4 and 7 .  No o v e r a l l  t rends emerged from 

examinat ion of To ta l  P ( u n f i l t e r e d )  values, a1 though v a r i a t i o n  among 

s t a t i o n s  and sampling t imes was ev ident .  

The r a t i o  o f  NH3+N03+N02-N t o  PO4-P (TSIN:FRP, Table 5)  was computed 

f o r  a l l  s t a t i o n s  and sampling t imes. Rat ios were genera l l y  h igher  dur ing  

the  f i r s t  p a r t  o f  t h e  summer, b u t  d e f i n i t e  t rends were lack ing .  

P a r t i c u l a t e  organic carbon concentrat ions were c o n s i s t e n t l y  h igher  

a t  S ta t i ons  4 and 7 as compared t o  S t a t i o n  1 (Table 5 ) .  A s i m i l a r  

p a t t e r n  was observed f o r  t he  ch lo rophy l l  data. 

Concentrat ions o f  TKN and Tota l  P ( u n f i l t e r e d )  were measured f o r  

i n i t i a l  water samples i n  n a t u r a l  enrichment experiments (Table 5 ) .  As 

u n f i l t e r e d  water was d i l u t e d  t o  o b t a i n  these i n i t i a l  samples, t he  values 

are  lower than corresponding r i v e r  concentrat ions.  

Phytoplankton 

Approximate c e l l  counts and i d e n t i f i c a t i o n s  were made on preserved 



samples f rom t h e  f i v e  sampl ing t imes.  Higher a l g a l  concen t ra t i ons  were 

found a t  S t a t i o n s  4 and 7 as compared t o  S t a t i o n  1, S t a t i o n  1 phyto-  

p l ank ton  cons i s ted  ma in l y  o f  diatoms and some green a lgae (Table 6 ) .  

MeZosira spp. , a diatom, was abundant i n  a lmost  a1 1 r i v e r  samples ex- 

amined. The dominant a lgae found a t  S t a t i o n s  4 and 7 were t h e  b lue-  

greens, i n c l  u d i  ng : Aphanizomenon f 20s-aquae, Anabaena spiroides, Ana- 

baena fZos-aquae, Anabaena a f f i n i s ,  Anacystis incerta, Anacystis cyanea, 

and OsciZZatoria spp. (?). Some u n c e r t a i n t y  e x i s t s  concern ing t h e  

i d e n t i f i c a t i o n  o f  OsciZZatoria i n  preserved samples. A s i g n i f i c a n t  

p o r t i o n  of t h e  f i l amen ts  thus i d e n t i f i e d  may have been f i l amentous  bac- 

t e r i a .  A l a r g e  number of u n i d e n t i f i e d  u n i c e l l u l a r  a lgae were p resen t  i n  

some samples. Due t o  s t a i n i n g  from t h e  p r e s e r v a t i o n  method used, i d e n t i -  

f i c a t i o n  was n o t  poss ib l e .  

Experimental  Resu l ts  

Mean d r y  weights  f o r  a l l  t rea tments  f o r  SeZenastrum assays and 

n a t u r a l  enr ichment  exper iments a re  l i s t e d  w i t h  t h e  corresponding sample 

concen t ra t i ons  o f  TSIN and PO4-P (Table 7 ) .  F i n a l  mean c e l l  counts  f rom 

SeZenastrum assays a r e  a l s o  inc luded .  C e l l  counts were n o t  used i n  da ta  

analyses because t h e  r a t i o  o f  d r y  we igh t  t o  c e l l  counts was n o t  cons tan t  

f o r  d i f f e r e n t  t reatments .  C e l l s  i n  f l a s k s  sp iked  w i t h  phosphorus o n l y  

were s m a l l e r  than i n  o t h e r  t reatments .  Therefore,  an i nc rease  i n  c e l l  

counts d i d  n o t  n e c e s s a r i l y  s i g n i f y  a  concomitant inc rease  i n  t o t a l  a l g a l  

biomass. Typ i ca l  SeZenastrm growth curves f rom t h e  May, S t a t i o n  4 e x p e r i -  

ment show t h a t  most o f  t h e  growth occur red  i n  t h e  f i r s t  t h r e e  days ( F i g u r e  

2 ) .  I n  t h i s  exper iment,  Selenastrum c e l l s  d i d  n o t  grow i n  t h e  c o n t r o l  and 

N t rea tments .  P appeared t o  s t i m u l a t e  growth, as d i d  P+N and ALL t rea tments .  



Table 6. Dominant phy top lank ton  i n  Chowan R i v e r  samples f o r  t h e  
p e r i o d  May th rough September, 1980. 

S t a t i o n  1 

5/12,13 Diatoms 
Green a lgae 

6/10,] 1 Nitzschia spp. 
Other  diatoms 
Green a lgae 

MeZosira spp. 
Nitzschia spp. 

Me Zosira spp . ' 

Me Zosira spp. * 

S t a t i o n  4 

MeZosira spp . * 
Nitzschia spp. 
Anabaena spp , 

MeZosira spp. 
Nitzschia spp. 
Aphanizomenon 

fZos-aquae 
Anacystis 

incerta 
Osci Z Zatoria 

spp. (?) 

Anabaena 
spiroides * 

Me Zosira spp. 
Anabaena spp . 
Ap hanizomenon 

fZos-aquae 
Anaeystis 

incerta 

MeZosira spp. 
Osci ZZatoria 

spp. (?) 
Anabaena spp. 
Anacystis spp. 
Scenedesmus spp. 

Me Zosira spp . 
Anacystis spp. 
Anhis trodesmus 

faZcatus 
Scenedesmus spp. 

S t a t i o n  7 

Me Zosira spp. * 
Aphanizomenon 

fZos-aquae 
Nitzschia spp. 
Anabaena spp . 

Aphanizomenon 
f Zos-aquae * 

MeZosira spp. 
Anacy sk i s  

incerta 

Anabaena spp . 
Me Zosira spp. 
Anacystis spp. 
Scenedesrnus spp. 
OsciZZatoria spp. ( ? I  
Aphanizomenon 

fZos-aquae 

MeZosira spp. 
OsciZZatoria spp. (?) 

Anacystis spp. 
Anabaena spp . 
Scenedesmus spp. 

Me Zosira spp . 
Anhistrodesmus 

faZcatus 
Anacystis spp. 
Aphanizomenon 

fZos-aquae 
Scenedesmus spp. 
Osci Z Zatoria spp. (I?) 

*Alga i s  p r ima ry  dominant i n  sample; a lgae a r e  l i s t e d  i n  decending o rde r  
o f  importance. 
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Table 7 .  Data on concen t r a t ions  of PO4-? and TSIN i n  experimental 
f l a s k s  (ambient r i v e r  concent ra t ion  p lus  n u t r i e n t  s p i k e )  , 
mean a l g a l  dry weights 2 one s tandard  dev ia t ion  f o r  SeZ- 
enastrwn and Yatural a s says ,  and mean ce l l  counts  f o r  
SeZenastrwn assays  f o r  Chowan River S t a t i o n s  1 ,  4 ,  and 7. 

Date S t a t i o n  Treatment FC&s TSIN Mean Dry W t .  Mean Dry W t .  Mean Cell - 
( u g / k )  (pg/p,)  SeZenczstm I'iatWal Counts -- -(nlqlRJ ( c e l l s / m ~ )  

5/12,13 1 CNTL 
P 
N 
P+N 
ALL 

4 CNTL 
P 

ALL 

7 CNTL 
P 
N 
P+ N 
ALL 

6/10,11 1 CNTL 5 37 261 4 .8  + 3.6 20.1 + 1.2 1 . 1 ~ 1 0 ~  
P 133 261 12.5 2 4.1 25.0 + 2.3 4 . 6 ~ 1 0 ~  
N 33 2261 19.3 + 0.4 26.1 + 4.1 2 . 9 ~ 1 0 ~  
P+ N 133 2261 95.5 + 4.3 68.2 + 6.1 2 . 8 ~ 1 0 ~  
ALL 133 2261 93.6 + 2.6 77.0 + 11.1 2 . 9 ~ 1 0  

4 CNTL 
P 
N 
P+ N 
ALL 

7 CNTL 
P 
N 
P+N 
ALL 



Table 7. (con t inued)  

Date S t a t i o n  Treatment PO,? TSIN Kean Dry W t .  Mean O r  W t .  Mean C e l l  - 
S ~ i c n u s t r m  Counts 

7/8,9 1 CNTL 42 80 7.1 + 1.9 9.2 + 2.8 1 . 7 ~ 1 0  
5 

P 92 80 4.8 + 1.4 
P 142 80 11.2 + 1.3 10.3 + 1.0 2 . 7 ~ 1 0  5 

N 42 1080 20.0 + 6.3 
N 5 42 2080 17.1 + 1.6 19.5 + 3.5 2 . 7 ~ 1 0 ~  
P+N 142 2080 74.2 + 5.0 73.5 + 12.5 3 . 2 ~ 1 0  

4 CNTL 11 9 5.7 + 1.0 8.2 + 2.6 4 . 7 ~ 1 0  4 

P 6 1 9 9.8 + 2.5 
P 111 9 8.5 + 1.4 12.8 ' 5.3 1 . 6 ~ 1 0  5 

N 11 1009 12.1 i 2.7 
N 4 11 2009 5.7 + 0.5 8.5 + 3.4 3 . 4 ~ 1 0 ~  
P+N 111 2009 67.0 + 5.4 50.0 + 8.7 2 . 0 ~ 1 0  

7 CNTL 8 13 0.2 + 0.3 6.7 + 2.8 6 . 3 ~ 1 0  3 

P 58 13 10.0 + 0.3 
P 4 108 13 2.0 + 0 .4  13.5 + 4.0 3 . 4 ~ 1 0 ~  
N 8 2013 2.0 + 3.5 7.6 2 1.2 4 . 1 ~ 1 0 ~  
P +N 108 2013 57.5 + 5.5 54.0 + 4.4 1 . 8 ~ 1 0  

8/5,6 1 C!ITL 
P 
N 
P +N 
ALL 

4 CNTL 
P 
N 
P +N 
ALL 

7 CNTL 6 18 0.6 + 0.7 
P 107 18 1.8 + 1.4 
N 6 2018 1.6 + 1.4 
P +N 107 2018 65.3 + 3.1 2.2~10: 
ALL 107 2018 70.3 + 4.9 2 . 4 ~ 1 0  

CNTL 
P 
N 
P+N 
ALL 

CNTL 
P 
N 
PtN 
ALL 

CNTL 
P 
N 
P+N 
ALL 



I i 

I3 
1 

6 9 10 

TIME (days) 

F igure  2. SeZenastrum growth curves f o r  12, 13 May 1980 assay on 
S t a t i o n  4. 



May - Selenastrwn Assay 

Dry we igh t  means + one s tandard d e v i a t i o n  a re  presented i n  b a r  c h a r t  

form f o r  t h e  May, seZenastrum experiment (F i gu re  3). Growth i n  c o n t r o l  

and n i t r o g e n  t rea tments  was s i m i l a r  f o r  t h e  t h r e e  s t a t i o n s .  The a d d i t i o n  

o f  phosphorus inc reased  growth markedly  a t  S t a t i o n  1, Smal ler  inc reases  

were seen a t  S t a t i o n s  4 and 7. P+N and ALL a d d i t i o n s  r e s u l t e d  i n  l a r g e  

d r y  weights  a t  a l l  s t a t i o n s ,  

June - SeZenastrwn -. his= 

A l l  t rea tments  o f  June, S t a t i o n  1  wate r  e x h i b i t e d  g r e a t e r  growth 

than  those o f  S t a t i o n s  4 and 7 (F i gu re  4.A). S i n g l e  a d d i t i o n s  o f  P  o r  N 

appeared t o  inc rease  growth s l i g h t l y .  S i m i l a r  a d d i t i o n s  t o  wate r  f rom 

S t a t i o n s  4 and 7 caused no r e a l  growth above t h a t  o f  t h e  c o n t r o l s .  The 

t h r e e  s t a t i o n s  showed l a r g e  d r y  we igh t  responses i n  t h e  P+N and ALL t r e a t -  

ments. 

June - Natu ra l  Assay 

Dry we igh ts  o f  t h e  n a t u r a l  popu la t i ons  i n  June, S t a t i o n  1 r i v e r  

c o n t r o l  t rea tments  were g r e a t e r  than t h e  corresponding we igh ts  i n  samples 

f rom S t a t i o n s  4 and 7 (F igu re  4. B )  . N i  t rogen-enr iched  samples e x h i b i t e d  

d r y  weights  s i i i i i l a r  t o  t i l e  c o n t r o l s .  P+N and ALL a d d i t i o n s  augmented 

growth i n  wate r  f rom a l l  t h r e e  s t a t i o n s ,  t h e  e f f e c t  was g r e a t e s t  a t  S t a t i o n  

1. The a d d i t i o n  o f  P t o  S t a t i o n s  4 and 7 samples r e s u l t e d  i n  biomass o f  

s i m i l a r  magnitude t o  t h a t  o f  t h e  P+N and ALL t rea tments .  

I d e n t i f i c a t i o n  and enumerat ion o f  a lgae p resen t  a t  t he  end o f  t h e  

n a t u r a l  assay showed which a1 gae responded t o  d i f f e r e n t  n u t r i e n t  t r e a t -  

ments. Biomass inc reases  a t  S t a t i o n  1  i n  P+N and ALL t rea tments  were due 



F igu re  3. Mean a l g a l  d r y  weights  ir one s tandard d e v i a t i o n  (ir SD) f o r  
SeZenastrwn assay on wate r  c o l l e c t e d  f rom S t a t i o n s  1, 4, 
and 7 on 12, 13 May 1980. 
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almost completely to  growth of Nitzschia spp. Differential cel l  counts 

for  Station 4 showed that  increases in numbers o f  Aphanizomenon fZos-aquae 

acc~unted for  most of the dry weight in P, P+N, and ALL treatments 

(Figure 5) .  OscCZZatoria spp. (?): Nitzschia spp., and Anacystis incerta 

numbers also increased; the e f fec t  was more pronounced in P+N and ALL 

treatments than i n  the P treatment alone. Cell count data for  Station 7 

(Figure 6 )  showed that  although Aphanizomenon was present in large numbers 

in the r iver  sample, i t  was n o t  the dominant species responding to  P ,  

PtN, and ALL additions. Increased growth in the P-enriched sample was 

due to  Aphanizomenon fZos-aquae, OsciZZatoria spp. (?). and Amcyst is  

incerta. Osci Z Zatoria spp . f ?), Anacystis incerta, and Scenedesmus spp. 

were the algae responsible for  increased biomass in the P+N and ALL 

treatments. 

July - SeZenastrwn .- Assay 

In the July SeZenastrzun experiment, P tN  additions increased growth 

well above the controls for  the three s tat ions (Figure 7.A). Sole phos- 

phorus or nitrogen enrichment resulted in some growth stimulation. 

July - Natural Assay 

Two levels of nitrogen and phosphorus were included in th i s  assay. 

P t N  enrichment resulted in increased growth of the natural population a t  

a1 1 s tat ions (Figure 7 . B )  . Nitrogen exerted some stimulatory ef fec t  a t  

Station 1 ,  Station 7 phytoplankton responded s l ight ly  to  addition of P .  

Differential cell  counts on phytoplankton from Station 1 (Figure 8)  

showed tha t  the diatom Hitzschia spp. was the primary alga responding to  

N and P+N enrichment, Anabaena spp. , present in control and P treatments, 

* See p. 32 regarding OsciZZatoria spp. (?). 
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F igu re  7. Mean a l g a l  d r y  weights  r SD f o r  S e Z e n a s t m  assay 
(7.A, unshaded) and Na tu ra l  assay (7.8, shaded) 
on wate r  c o l l e c t e d  from S t a t i o n s  1, 4, and 7 on 
8, 9  J u l y  1980. P(a )  = 0.05 mg P/e; P(b )  = 0.10 mg P/L; 
N(a)  = 1 .0  mg N/e; N(b)  = 2.0 mg N/e. 





was n o t  found i n  N  and P t N  a d d i t i o n s .  Increased numbers o f  u n i d e n t i f i e d  

u n i c e l l u l a r  a lgae were e v i d e n t  i n  N  and PtN t rea tments ,  Anabaena spiroides 

was the  dominant a l g a  found i n  t he  S t a t i o n  4 r i v e r  sample (F igu re  9 ) .  P  

enr ichment s t i m u l a t e d  i t s  growth b u t  d i d  n o t  r e s u l t  i n  o v e r a l l  i nc reased  

d r y  we igh t ,  Nitzschia spp, grew w e l l  i n  N and P+N t rea tments  on l y .  The 

l a r g e  a l g a l  biomass i n  t h e  P+N t rea tmen t  was caused ma in l y  by inc reased  

numbers of OsciZZatoria spp. (?) and scenedesmus spp. C e l l  counts o f  

S t a t i o n  7 samples (F igu re  10)  showed inc reases  i n  nunibers o f  Aphanizomenon 

Growth 

marked 

o f  Nitzschia spp. was s t i m u l a t e d  s l i g h t l y  by P+N en r  

l y  by s o l e  N  enr ichment .  High a l g a l  s t and ing  c rop  i n  

fZos-aquae o n l y  i n  response t o  P  a d d i t i o n s .  Higher  numbers o f  Anabaena 

spp. were found i n  one of  t h e  P  t rea tments  and i n  t h e  P+N t rea tment .  

ichment and 

the  P+N 

t rea tmen t  was due p r i n c i p a l  l y  t o  growth inc reases  o f  OsciZZatoria spp. 

( ? I ,  Anabaena spp., and Scenedesmus spp. 

August - Selenastrm Assay 

Large biomass inc reases  occur red  i n  response t o  P+N and ALL e n r i c h -  

ment i n  samples f rom the  t h r e e  s t a t i o n s  i n  August ( F i g u r e  1 1 ) .  ALL 

a d d i t i o n s  produced h i g h e r  Selenastrm d r y  weights .  S i n g l e  a d d i t i o n s  o f  

P o r  N  d i d  n o t  s t i m u l a t e  growth. 

September - SeZenastrwn Assay 

As i n  a l l  a l g a l  assays conducted i n  t h i s  s tudy,  growth inc reases  

r e s u l t e d  f rom P+N and ALL enr ichments (F igu re  12.A). The e f f e c t s  o f  t h e  

ALL t rea tments  were g r e a t e r  than  those due t o  P+N a d d i t i o n s ,  e s p e c i a l l y  

a t  S t a t i o n  4. Sole P  a d d i t i o n  had l i t t l e  e f f e c t  on SeZenastrm. Enr ich -  

ment w i t h  N  s t i m u l a t e d  growth somewhat a t  S t a t i o n s  1  and 7. 



8, 9 JULY 1980 - STATION 4 

M Me Zosira spp. (cell  s/mk?) 
0 OsciZZatoria spp. ( ? )  ( f  i lamentshe) 
N Nitzschia spp. (ce l l  s/m&) 
S Scenedesmus spp. (cell  s/mk) 
Ans Anabaena spiroides (ce l l  s h e )  
An Anabaena spp. 

M w Ans M N Ans M N Ans M N Ans M N Ans M N Ans M N Ans M N Ans 
0 S A n  0 S A n  O S A n  O S A n  O S A n  O S A n  O S A n  O S A n  

Figure 9. Different ia l  ce l l  counts f o r  Natural assay on water col lec ted from Sta t ion 4 on 
8, 9 July 1980. 
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F igu re  11. Mean a l g a l  d r y  weights  t SD f o r  SeZenastmm assay on 
wate r  c o l l e c t e d  f rom S t a t i o n s  1, 4, and 7 on 5, 6 August 
1  980. 



Figure  12.  Mean a l g a l  d r y  we igh t s  + SD f o r  SeZenastrum a s s a y  
(12.A, unshaded) and Natural  a s s a y  ( 1 2 . 6 ,  shaded)  
on w a t e r  c o l l e c t e d  from S t a t i o n s  1 ,  4 ,  and 7 on 
5 ,  6 September 1980. 



September - Natural Assaj 

Growth of the natural phytoplankton populations a t  Stations 1 ,  4 ,  

and 7 in the September study was increased sharply by P+N and A L L  addi- 

t ions (Figure 12.B). Somewhat higher dry weights were noted in the P+N 

compared to  ALL treatments. Addition of N exerted a stimulatory ef fec t  

in samples from Stations 1 and  7. Phytoplankton biomass was not increased 

in P re la t ive  t o  control treatments. Differential cell  counts of Station 

1 algae showed that  increases in numbers of Nitzschia spp., OsciZZatoria 

spp. (?), Scenedesmus spp., and unidentified unicell ular a1 gae accounted 

fo r  increased biomass in N-enriched samples (Figure 13).  Larger dry 

weights in P+N and A L L  treatments, compared to  sole N treatments, were 

due primarily to  growth of Nitzschia spp. Cell counts of Station 4 

samples (Figure 14 )  revealed an increase in OsciZZatoria spp. (?) in 

response to  N enrichment. Large dry weights in P+N and ALL enrichments 

resulted from increased growth of OsciZZatoria spp. f?), Nitzschia spp., 

Anacystis spp., Scenedesmus spp., and unidentified unicellular algae. 

Enumeration of Station 7 phytoplankton (Figure 15) revealed increases in 

OsciZZatoria spp. (?) and Nitzschia spp. in N-enriched samples. Stimula- 

tion in P+N and A L L  treatments was at t r ibuted to  growth of the following 

a1 gae : Osci ZZatoria spp. f?), Me Zosira spp., Nitzschia spp., Scenedesmus 

spp., Actinastrwn spp., Ankistrodesmus faZcatus, and unidentified uni- 

cel l  ular a1 gae. 

S ta t i s t i ca l  Analyses 

Multiple regression analyses were run for  a l l  experiments a t  the 

three s tat ions t o  assess the re la t ive  importance of nitrogen and phos- 

phorus levels on algal dry weight. Other nutrients were not considered 









fo r  purposes of s t a t i s t i c a l  analyses because A L L  and P t N  treatments were 

s imi la r  f o r  most experiments, In terpreta t ion of analyses was based on 

the  assumption t ha t  algal biomass was proportional t o  the concentration 

of l imi t ing nu t r ien t  i n i t i a l l y  present in the water samples (Miller  e t  aZ. 

1978). One purpose of t h i s  research was t o  determine whether nitrogen or 

phosphorus was more important in l imi t ing algal growth during the study 

period. Examination of s t a t i s t i c a l  r e su l t s  (Table 8 )  shows t ha t  the 

in teract ion term i s  the most important f ac to r  affect ing algal  biomass. 

The mu1 t ip1  i c a t i  ve e f f e c t  of phosphate and to ta l  soluble inorganic n i t ro -  

gen was highly s ign i f ican t  in most experiments. These fac tors  considered 

separately in the model were important sources in r e l a t i ve ly  few assays. 

The e f f e c t  of PO4-P alone on dry weight was s ign i f ican t  a t  the p 5 .05 

level f o r  the following experiments: May - Station 1 SeZenastrwn, June - 
Station 4 Natural,  June - Station 7 Natural, July - Station 1 SeZenastrwn, 

July - Station 4 SeZenastrwn, and July - Station 7 Natural. Sample con- 

centra t ions  of TSIN considered alone in the model s i gn i f i c an t l y  affected 

algal biomass in  the following assays: May - Station 1 SeZenastrwn, May - 
Station 4 SeZenastrwn, July - Stat ion 4 SeZenastrwn, and September - 
Station 7 Natural. 



Table 8. Resu l ts  of m u l t i p l e  r e g r e s s i o n  analyses showing t h e  e f f e c t s  
of phosphate-phosphorus ( P ) ,  t o t a l  s o l u b l e  i n o r g a n i c  n i t r o g e n  
(N), and t h e i r  i n t e r a c t i o n  (PxN) on d r y  we igh ts  i n  SeZenastm 
( s ~ Z . )  and Natu ra l  (Nat.)  exper iments.  * = p 5 -05; 
** = p 5 .01. 

Date - Experiment S t a t i o n  Model R' Source - F - Pr>F S i g n i f i c a n c e  

PxN 50 I4  0,0001 ** 

4 0.97 P 0.6 0.4514 
N 8.9 0.0126 * 
PxN 64.4 0.0001 ** 

7 0.98 P 1.7 0.2222 
N 1.6 0.2368 
PxN 115.3 0.0001 * * 

sez . 

Nat. 

7 0.99 P 2.7 
N 2.4 
PxN 366.5 

4 0.90 P 64.1 
N 1.5 
PxN 4.4 

7 0.94 P 37.6 
N 1.3 
PxN 5 . 3 .  



Table 8. (cont inued)  

Date Experiment S t a t i o n  Model R~ Source - F - P n F  S i g n i f i c a n c e  

7/8,9 SeZ, 1 0.99 P 5.5 0.0465 * 
N 0.2 0.6984 
PxN 159.5 0.0001 * * 

4 0.99 P 8.2 0.0243 * 
N 7.6 0.0286 * 
PxN 391.1 0.0001 * * 

7/8,9 Nat. 1 0.92 P 0.2 0.6473 
N 0 0.9297 
PxN 26.5 0.0001 ** 

4 0.98 P 0.1 0.7927 
N 3.7 0.0814 
PxN 125.7 0.0001 ** 

7 0.99 P 1.2 0.2990 
N 0 0.9027 
PxN 195.8 0.0001 ** 



Table 8. (cont inued)  

Date Experiment --- S t a t i o n  Model R~ Source 

0.98 P 
N 
PxN 

0.95 P 
N 
PxN 

0.98 P 
N 
PxN 

915 $6 Nat. 0.94 P 
N 
PxN 

0.99 P 
N 
PxN 

F Pr>F S ign i f i cance  - - 





DISCUSSION 

Iden t i f i ca t ion  of 1 imi t ing  nu t r i en t s  from algal  bioassays i s  r e le -  

vant only when considered in  the broader context of the aquatic environ- 

ment. Results of enrichment experiments must be re la ted  t o  physical and 

chemical f a c to r s  and t o  phytoplankton dynamics in  the  r i ve r .  

Sta t ion Differences 

Sta t ion 1 is  located upstream near Winton (Figure 1 ) .  Higher con- 

centra t ions  of PO4-P and TSIN were found a t  Sta t ion 1 compared t o  down- 

stream s t a t i ons  (Table 5 ) ;  the trend was s imi la r  t o  o ther  f indings i n  

the r i v e r  ( N .  C .  Dept. N . R . C . D .  l979a). Concentrations of chlorophyll 

and par t i cu la te  organic carbon were low (Table 5 ) ,  indicat ing small 

algal  populations. The generally f a s t e r  water veloci ty  a t  Sta t ion 1 

r e l a t i ve  t o  Sta t ions  4 and 7 leads t o  shor t  residence times f o r  the  

algae.  Few blue-green algae were found a t  Sta t ion 1.  Blooms have not 

occurred this f a r  upstream because conditions do not favor blue-green 

growth. Algal i den t i f i c a t i on  showed t h a t  diatoms, espec ia l ly  MeZosira 

s p p .  and Nitzschia s p p . ,  dominated the  Sta t ion 1 phytoplankton. Find- 

i  ngs were simi 1 a r  t o  those of Wi therspoon e t  aZ. (1 979). Concentrations 

of PO4-P and TSIN remained high a t  Sta t ion 1 because algal  populations 

were low. Algal dry weights i n  S ta t ion 1 assays were usually higher 

overall  than corresponding treatments i n  S ta t ions  4 and 7 samples be- 

cause of the  higher avai lable  nu t r i en t  concentrat ions.  (Figure 3 ,  4 ,  7,  

11, 12) .  



Concentrat ions of PO4-P and NH3-N, a l though lower a t  S ta t i ons  4 

and 7, were always present  i n  measurable q u a n t i t i e s .  However, NO3-N 

was undetectable i n  J u l y  a t  S ta t i ons  4 and 7 and i n  September a t  S ta t i ons  

1 and 4 (Table 5 ) .  Stanley and Hobbie (1977) and the  Nor th Caro l i na  

Dept . o f  Natura l  Resources and Communi t y  Development (1979b) a1 so found 

low values of NO3-N and NH3-N a t  downstream s t a t i o n s  on t h e  Chowan. 

Ch lo rophy l l  values were h igh,  e s p e c i a l l y  i n  June and J u l y  (Table 5 ) .  

Blue-greens were the  dominant a l g a l  group w h i l e  diatoms were present  i n  

l a r g e  numbers a lso .  The th ree  blue-green genera i d e n t i f i e d  as p r i n c i p a l  

bloom-formers i n  t he  Chowan R ive r  by W i  therspoon e t  aZ. (1979) were 

present  a t  S ta t i ons  4 and 7, Aphanizomenon fZos-aquae was the  p r i  n c i  p a l  

b l  ue-green species i n  May and June samples. Anabaena spp. dominated t h e  

J u l y  sample. I n  August and September, Anabaena spp. and Anacystis spp. 

were present.  The Chowan R ive r  widens downstream; slower water  v e l o c i -  

t i e s  r e s u l t .  The g rea te r  success o f  blue-greens i n  t h e  lower Chowan 

compared t o  t he  upper r i v e r  i s  r e l a t e d  t o  t he  longer  res idence t imes 

downstream. 

Response of Indigenous Phytoplankton t o  N u t r i e n t  Enrichment 

Examination o f  d i f f e r e n t i a l  c e l l  count data f o r  n a t u r a l  enr ichment 

experiments prov ides i n s i g h t  i n t o  t he  n u t r i e n t  dynamics o f  Chowan R ive r  

phytoplankton.  The diatom Nitzschia spp. was the  dominant a1 ga respond- 

i n g  t o  N, P+N, and ALL add i t i ons  f o r  S t a t i o n  1 experiments (F igures  8, 

13).  A1 though Nitzschia spp. was n o t  p resent  i n  l a r g e  numbers i n  Sta- 

t i o n s  4 and 7 r i v e r  samples, i t s  growth was u s u a l l y  s t imu la ted  by Ny 

P+N, and ALL t reatments (F igures 9, 10, 14, 15) .  MeZosira spp. was pre-  

sent  i n  most samples from t h e  th ree  s t a t i o n s  (Table 6 ) ,  b u t  d i d  n o t  

u s u a l l y  grow w e l l  i n  experimental  f l a s k s .  



Numbers of Aphanizomenon fZos-aquae were g rea t ly  increased in  the 

June, Sta t ion 4 experiment in  response t o  P ,  P+N, and A L L  treatments 

(Figure 5 ) .  Aphanizomenon i s  a ni trogen-fixing alga (Stewart 1973) ; 

therefore ,  i t  had a competitive advantage over o ther  algae in  the P 

treatment when the TSIN concentration was low. In P+N and A L L  t r e a t -  

ments, the addit ion of nitrogen allowed other  algae t o  compete success- 

f u l l y  w i t h  Aphanizomenon. Lower numbers of Aphanizomenon in the  P+N and 

ALL treatments resu l t ed .  Aphanizomenon growth was stimulated by so l e  P 

addit ions i n  the June and July experiments on Sta t ion 7 water (Figures 

6 ,  10) .  Members of the  genus Anabaena are  a l so  capable of nitrogen- 

f ixa t ion  (Stewart 1973). Numbers of Anabaena spiroides, the domi nant 

alga a t  Sta t ion 4 i n  Ju ly ,  increased sharply in  response t o  addit ion of 

P alone (Figure 9 ) .  However, algal  dry weight was not increased much 

above the  control weight (Figure 7 .8) .  Growth of Anabaena spiroides 

in the  P+N treatment was c lose r  t o  control growth (Figure 9 ) ,  but large  

increases in t o t a l  dry weight were noted (Figure 7.B.). 

OsciZZatoria spp. (?): Anacystis incerta, and Anacystis cyanea a r e  

blue-green algae t h a t  do not f i x  ni trogen.  OsciZZatoria spp. ( ? )  

exhibited a general pat tern  of increased growth from P+N and ALL addi- 

t ions  (Figures 5 ,  6,  9 ,  10, 13, 14, 15) .  Single addit ions of nitrogen 

sometimes increased growth (Figures 13, 14, 15) .  For those experiments 

i n  which Anacystis spp. was an important component of the plankton, 

growth was st imulated by P ,  P t N ,  and ALL addit ions (Figures 5 ,  6 ,  14 ) .  

Numbers of the green alga Scenedesmus spp. were markedly increased in 

P+N and ALL treatments a t  the downstream s t a t i o n s  in most experiments 

(Figures 6 ,  9 ,  10, 14, 15) .  The September, Sta t ion 7 experiment showed 

increased growth of o ther  green a lgae ,  Actinastrwn spp. in  response t o  

*See p. 32 regarding OsciZZatoria spp. ( ? I .  



P+N and ALL a d d i t i o n  and Ankistrodesmus faZcatus i n  response t o  PtN 

a d d i t i o n  (F igure  15) .  

Growth o f  algae t h a t  do n o t  f i x  n i t r o g e n  was increased o n l y  i n  

response t o  combined n i t r o g e n  and phosphorus enrichment i n  most expe r i  - 
ments. S ing le  add i t i ons  o f  N o r  P gene ra l l y  d i d  n o t  inc rease growth 

because concent ra t ions  of t he  element n o t  added were t o o  smal l  t o  suppor t  

a d d i t i o n a l  growth. The p a t t e r n  e x h i b i t e d  by the  n i t r o g e n - f i x i n g  a lgae 

was one o f  marked s t i m u l a t i o n  o f  c e l l  numbers by s i n g l e  a d d i t i o n s  o f  

phosphorus. Enrichment wi t h  phosphorus and n i  t rogen i ncreased o v e r a l l  

a l g a l  growth and a1 lowed o t h e r  algae t o  success fu l l y  compete w i t h  b lue-  

greens f o r  a v a i l a b l e  phosphorus. Spec ies-spec i f i c  responses t o  n u t r i e n t  

a d d i t i o n s  have been found i n  o t h e r  s tud ies  (Menzel et aZ. 1963). F i t z -  

ge ra l  d  (1 969), V iner  (1 973), and Shi royama et aZ. (1976) a1 so demon- 

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

n i t r o g e n - f i x i n g  and non -n i t r ogen - f i x i ng  algae. The importance o f  b lue-  

green i n h i b i t i o n  o f  o t h e r  algae t o  phytoplankton succession i n  t h e  Chowan 

R ive r  and i n  l a b o r a t o r y  assays i s  n o t  known. Keat ing (1977) found 

a u t o c l a v e - l a b i l e  i n h i b i t i o n  o f  diatoms, which he a t t r i b u t e d  t o  b lue-green 

a1 gae. 

L i m i t i n g  N u t r i e n t s  

The a d d i t i o n  o f  an a l g a l  g r o w t h - l i m i t i n g  n u t r i e n t  t o  a  t e s t  water  

w i l l  r e s u l t  i n  g r e a t e r  growth o f  t h e  t e s t  species. F i n a l  a l g a l  biomass 

should be c l o s e l y  r e l a t e d  t o  i n i t i a l  concent ra t ions  o f  1  i m i  t i n g  n u t r i e n t s .  

These assumptions prov ide  t h e  r a t i o n a l e  f o r  us ing  bioassays t o  i d e n t i f y  

l i m i t i n g  n u t r i e n t s .  I n  t h i s  study, m u l t i p l e  regress ion  analyses prov ided 

the  means t o  assess which n u t r i e n t s  l i m i t e d  s tand ing  crops i n  t e s t  



samples. For most experiments, a d d i t i o n  of n u t r i e n t s  o t h e r  than N o r  P, 

i n  t he  ALL t reatment ,  d i d  n o t  r e s u l t  i n  g rea te r  growth than i n  t he  PtN 

t reatment  (F igures 3, 4, 7, 11 , 12). Therefore, n i t r o g e n  and phosphorus 

were i d e n t i f i e d  as the  o n l y  n u t r i e n t s  t h a t  p o t e n t i a l l y  l i m i t e d  a l g a l  

growth i n  t h e  Chowan i n  t he  summer o f  1980. 

Examination o f  ba r  cha r t s  o f  mean d r y  weights (F igures 3, 4, 7, 11, 

12) and o f  s i g n i f i c a n t  sources i n  m u l t i p l e  regress ion  models (Table 8 )  

leads t o  one general  conclus ion.  The i n t e r a c t i o n  e f f e c t  o f  P and N add i -  

t i o n  on a l g a l  growth was much g rea te r  than the  e f f e c t  o f  s i n g l e  a d d i t i o n s  

i n  most experiments. Simultaneous l i m i t a t i o n  by P and N has been found 

repeated ly  i n  bioassay experiments i n  d i ve rse  water  bodies (Schi nd l  e r  

1971 ; Powers e t  aZ. 1972; Weiss 1976; Shubert 1978). One exp lanat ion  f o r  

t h e  s y n e r g i s t i c  e f f e c t  o f  P and N i s  t h a t  t he  r a t i o  o f  a v a i l a b l e  n i t r o g e n  

t o  a v a i l a b l e  phosphorus migh t  be approx imate ly  balanced i n  respec t  t o  

a l g a l  requirements. A d d i t i o n  o f  one o f  the  two elements w i l l  q u i c k l y  

cause the  o t h e r  t o  become l i m i t i n g .  Weiss (1976) found N:P r a t i o s  i n  t he  

range of 9  t o  11 f o r  t e s t  waters 1  i m i  t e d  by bo th  n i t r o g e n  and phosphorus. 

N:P r a t i o s  i n  t he  Chowan R ive r  samples (Table 5 )  were compared t o  assay 

r e s u l t s  i n  o rder  t o  determine whether such a  r e l a t i o n s h i p  e x i s t e d  f o r  

t h i s  s tudy.  Rat ios  o f  TSIN:P04-P rang ing  f rom 0.4 t o  10.5 were associated 

w i t h  s i g n i f i c a n t  P and N i n t e r a c t i o n .  Some very  low r a t i o s  i n  t he  r i v e r  

samples were ev iden t  i n  J u l y  and August b u t  d i d  n o t  r e s u l t  i n  f i n d i n g s  

o f  n i t r o g e n  l i m i t a t i o n ,  Thus N:P r a t i o s  were n o t  s e n s i t i v e  i n d i c a t o r s  

o f  n u t r i e n t  l i m i t a t i o n  f i n d i n g s  i n  a l g a l  assays conducted i n  t h i s  s tudy.  

The s i g n i f i c a n c e  o f  combined P and N l i m i t a t i o n  migh t  be due t o  low 

concent ra t ions  o f  ava i  1  ab le  n u t r i e n t s  i n  t h e  water  samples. Concentra- 



t ions  of PO4-P, N H 3 - N ,  NO3- N,  and N O 2 - N  were low a t  downstream s t a t i ons  

a t  times during the summer (Table 5 ) .  Addition of nitrogen t o  a water 

sample, in which l i t t l e  phosphorus i s  avai lable  f o r  growth, wi l l  not 

r e s u l t  in notable increases i n  dry weight. P addition will  increase 

growth only i f  enough N i s  avai lable ,  o r  i f  the t e s t  species a re  capable 

of ni trogen-fixation.  In assays using natural populations, two groups 

of dominant algae might be l imited by d i f f e r en t  nu t r ien t s  (Powers e t  aZ. 

1972). Results from t h i s  study showed tha t  Anabaena spp. and Aphani- 

zomenon fZos-aquae were P-limited while Nitzschia spp. was N-limited in 

the same water sample (Figure 10) .  

In some experiments, ni trogen o r  phosphorus a1 one was s i  gni f i  cant 

in mult iple regression analyses (Table 8 ) .  I t  i s  important t o  note t h a t  

regression models used the  i n i t i a l  concentrations of TSIN and PO4-P i n  

the  water samples as the independent variables.  Therefore, s t a t i s t i c a l l y  

s i gn i f i c an t  sources of var ia t ion in the  models might not r e l a t e  exactly 

t o  bar char t  presentation of the  data .  The only assay in  which a s ing le  

nu t r ien t  was more important than the P and N in teract ion was the  natural 

assay i n  June. P alone was highly s i gn i f i c an t  f o r  Sta t ions  4 and 7 

(Table 8 ) .  No general trends emerge from examination of dry weight data 

and s t a t i s t i c a l  analyses as t o  whether nitrogen o r  phosphorus i s  the  more 

important nu t r ien t  l imi t ing t o  t o t a l  algal  growth throughout the  summer. 

Based on the  r e l a t i ve ly  small quanti ty of data accumulated in t h i s  re-  

search,  no de f in i t e  pat terns  of l imi ta t ion  with sampling s t a t i on  o r  time 

were evident.  I t  i s  apparent, however, t ha t  species-specif ic  responses 

t o  nu t r ien t  enrichment occurred. Phosphorus addition increased growth 

of nitrogen-fixing blue-green algae in natural assays. Therefore, 

phosphorus should be considered the c r i t i c a l  1 imi t ing  nu t r ien t  in systems 

dominated by ni trogen-fixing algae. 



Comparisons Between SeZenastrum and Natural Assays 

Natural enrichment experiments were conducted for  three of the 

f ive  sampling dates in order t o  provide a comparison method to  the SeZ- 

enastrum bioassay, An  important cr i t ic ism of the SeZenastrm bott le  

t e s t  re lates  to  i t s  a b i l i t y  to  accurately predict responses of natural 

phytoplankton. Comparison of resul ts  between the two methods provides 

some insight into t h i s  problem. 

While procedures for  the two types of experiments were s imilar ,  

unavoidable differences could lead to  dissimilar resu l t s .  In SeZenastrum 

experiments, cultures were inoculated into f i  1 tered water samples. The 

only nutrients available for  SeZsnastrmm growth were soluble forms. 

Natural enrichment experiments consisted of one-in-ten di lut ions of 

unfil tered i n  f i l t e r ed  water. Nutrients t ied  up  i n  algal c e l l s  could 

become available fo r  growth in the assay. Many species of blue-greens 

and other algae can s tore  phosphorus in excess of t h e i r  needs (Stewart 

e t  aZ. 1978). Stored phosphorus may become available for  growth in the 

assay t e s t  water as concentrations of PO4-P are depleted. 

Experimental resul ts  from the two types of assays reveal both sim- 

i l a r i t i e s  and differences. P+N and ALL additions increased algal dry 

weights markedly a t  a l l  s ta t ions (Figures 4 ,  7 ,  12). Dry weight magni- 

tude varied between the two methods, yet the station-to-station order 

was consistent. Higher control growth was evident in most experiments 

with the natural populations. The greatest  dispari ty  between resu l t s  of 

the two experimental types was seen in the June assays. S ta t i s t i ca l  

analyses showed tha t  only the interaction between P and N was important 

in SeZenastrm assays (Table 8 ) .  Natural experiments offered evidence 

for  l imitation by phosphorus a t  Stations 4 and 7 .  As previously dis-  



cussed, t h e  a l g a l  spec ies p r i m a r i l y  r espons ib l e  f o r  growth i n  P t r e a t -  

ments was Aphanizomenon fZos-aquae , a  n i  t r o g e n - f i x ?  ng b1 ue-green (F igu res  

9, 10) .  For t h i s  sampl ing date,  SeZenastrm assays d i d  n o t  a c c u r a t e l y  

r e f l e c t  responses o f  t he  dominant r i v e r  a l g a l  spec ies.  Resu l ts  f o r  t h e  

J u l y  and September exper iments agreed f a i r l y  we1 1  between t h e  two methods 

(F igures  7, 12 ) .  However, i n  September, selenastrum responded b e t t e r  t o  

t h e  ALL than  t o  t he  P+N t r ea tmen t  w h i l e  t h e  reverse  was t r u e  o f  t h e  

n a t u r a l  p o p u l a t i o n  (F igu re  12) .  Anabaena, a l s o  a  n i  t r o g e n - f i x i n g  genus, 

was dominant i n  t h e  J u l y  r i v e r  sample a t  S t a t i o n s  4 and 7  (F igures  9, 

1 0 ) .  Whi le Anabaena was s e l e c t e d  f o r  i n  P t rea tments ,  t o t a l  a l g a l  b i o -  

mass inc reased  o n l y  s l i g h t l y  above t h e  c o n t r o l s  (F i gu re  7 .8 ) .  Th i s  

spec ies -spec i f i c  response i s  of i n t e r e s t  e c o l o g i c a l  l y  b u t  would be missed 

w i t h o u t  d i f f e r e n t i a l  c e l l  count  da ta .  

Experiments on the  n a t u r a l  Chowan popu la t i ons  p rov ided  impo r tan t  

i n f o r m a t i o n  t h a t  would n o t  be ob ta i ned  f rom SeZenastrm bioassays a lone .  

Few s t u d i e s  have conducted bo th  types  o f  exper iments on t h e  same wa te r  

samples. Schelske s t  aZ. (1978) found c l o s e  agreement between sp i ked  

t e s t s  u s i n g  SeZenastrm and those u s i n g  samples o f  t h e  n a t u r a l  popula-  

t i o n .  It seems l i k e l y  t h a t  r e s u l t s  o f  comparisons between t h e  two 

methods w i l l  v a r y  depending on t h e  t ype  o f  n u t r i e n t  l i m i t a t i o n  and t h e  

phy top lank ton  popu la t i ons  i n  t h e  wate r  body s tud ied .  

As shown i n  t h i s  s tudy,  phy top lank ton  response t o  n u t r i e n t  e n r i c h -  

ment can v a r y  among d i f f e r e n t  spec ies.  The response w i l l  depend, i n  

p a r t ,  on k i n e t i c  cons tan ts  f o r  n u t r i e n t  uptake, a b i l i t y  t o  s t o r e  n u t r i -  

en t s ,  and a b i l i t y  t o  use a l t e r n a t e  n u t r i e n t  sources such as atmospher ic  

n i t r o g e n  and o rgan i c  compounds. The SeZenastrum assay i s  a  u s e f u l  t o o l  

f o r  i n v e s t i g a t i n g  n u t r i e n t  l i m i t a t i o n .  However, t h e  use o f  one t e s t  



species t o  represent  natural popul a t1  ons can be misleading , Natural 

assays provide a means t o  assess the composite response t o  nu t r i en t  

enrichment; d i f f e r en t i a l  c e l l  counts a1 low fu r t he r  evaluation a t  the  

population l eve l .  Therefore, when experiments can be i n i t i a t e d  soon 

a f t e r  sample co l l ec t ion ,  natural assays provide the be t t e r  means f o r  

invest igat ing nu t r i en t  1 imi ta t ion.  

Possible Problems Relating t o  Algal Assay Studies 

In l i g h t  of the  r e s u l t s  presented i n  t h i s  s tudy,  several problems 

re la ted  t o  a lgal  assay experiments merit discussion. Water samples were 

col lec ted from three  s t a t i o n s  in the Chowan River on f i ve  sampling dates.  

River water was always well-mixed so samples were probably representa-  

t i v e  of the  sampling s t a t j o n s  on those dates .  However, the  r i v e r  en- 

vironment i s  constantly changing, and i t  i s  not known how well the  

samples represented t r ue  r i v e r  condit ions i n  the summer study period. 

Heterogeneity of plankton and nu t r i en t  concentrat ions w i t h  time and 

space i s  an important considerat ion.  Examination of Chowan River data 

f o r  1978-1979 ( N .  C .  Dept. of N . R . C . D .  1979a) reveals  considerable var ia-  

t ion  in chlorophyll and nu t r i en t  concentrations from week t o  week a t  one 

s t a t i o n  and between neighboring s t a t i ons  on one date .  A problem of ten 

encountered i n  s tud ies  spanning r e l a t i v e l y  shor t  time periods i s  re- 

presentat iveness of experimental r e s u l t s  t o  long-term r i v e r  condit ions.  

The Chowan River has experienced widespread a lgal  blooms in  the past  

decade, but ser ious  blooms have not occurred every summer. Severe bloom 

conditions were not encountered a t  the  sampling times in t h i s  study. 

However, a lgal  concentrat ions were high a t  downstream s t a t i o n s ,  e spec ia l ly  

in June and Ju ly ,  when nitrogen-fixing blue-greens dominated the  plankton. 



Phytoplankton i n  t h e  r i v e r  environment a re  exposed t o  cont inuous 

i n p u t s  o f  n u t r i e n t s  from upstream. Regeneration from the  sediments can 

p rov ide  apprec iab le  q u a n t i t i e s  o f  PO4-P and TSIN t o  t he  o v e r l y i n g  water 

i n  t h e  Chowan ( A l b e r t  1980). N u t r i e n t s  t i e d  up i n  indigenous a lgae are  

c o n s t a n t l y  recyc led  i n  t h e  water  column (Stan ley  and Hobbie 1977). These 

p o t e n t i a l  sources o f  n u t r i e n t s  were l a r g e l y  ignored  i n  t h e  s t a t i c  b i o -  

assays conducted i n  t h i s  study. Water samples were enclosed i n  f l a s k s  

and sub jec ted  t o  a r t i f i c i a l  c o n d i t i o n s  o f  l i g h t ,  temperature, and shak- 

i ng .  Temperature was kept  a t  approx imate ly  25"C, a  va lue s i m i l a r  t o  t h e  

mean su r face  water  temperature i n  t he  Chowan du r i ng  t h e  summer sampling 

pe r i od .  I n  t h e  n a t u r a l  environment, l i g h t  and temperature l e v e l s  and 

f l u s h i n g  r a t e  o f t e n  l i m i t  a l g a l  s tand ing  crops. Stanley and Hobbie 

(1977) found t h a t  1  i g h t  and temperature 1  i m i  t ed  phytoplankton growth i n  

t h e  Chowan R i v e r  throughout t he  year .  B o t t l e  t e s t s  e l i m i n a t e  these 

fac to rs  as growth l i m i t o r s  and, i n  e f f e c t ,  f o r c e  n u t r i e n t  l i m i t a t i o n  on 

the  t e s t  algae. Add i t i ons  o f  phosphorus and n i t r o g e n  i n  h i g h  enough 

concent ra t ions  r e l a t i v e  t o  ambient l e v e l s  w i l l  a lmost c e r t a i n l y  r e s u l t  

i n  increased a l g a l  growth. Thus, ambient concent ra t ions  o f  n u t r i e n t s ,  

w h i l e  perhaps n o t  l i m i t i n g  growth i n  t he  r i v e r ,  m igh t  be l i m i t i n g  under 

a r t i f i c i a l  cond i t i ons  o f  t h e  a l g a l  assay experiments. 

Factors A f f e c t i n g  A lga l  Blooms i n  t h e  Chowan R ive r  

Although a l g a l  assays are  u s e f u l  i n  i n v e s t i g a t i n g  n u t r i e n t  l i m i t a -  

t i o n ,  they  p rov ide  l i m i t e d  i n fo rma t i on  on the  o v e r a l l  processes i n v o l v e d  

i n  a l g a l  blooms. Some o f  t he  f a c t o r s  t h a t  migh t  a f f e c t  a l g a l  growth i n  

t he  Chowan are  mentioned here. 



Excessive algal growth in the Chowan River resu l t s  from h4gh nutrient 

loadings. Nitrogen and phosphorus enter the r iver  from tr ibutary inflow, 

precipitation, and point and non-poi n t  source discharges. A 1 arge number 

of interacting processes determine the f a t e  of different  forms of nutr i -  

ents in the r iver .  The overall picture i s  complex, b u t  some processes 

are singled out here for  consideration. Once in the r 

be simply transported downstream into Albermarle Sound 

forms may s e t t l e ,  thus adding to  the nutrient storage 

iver ,  nutrients can 

. Particulate 

capacity of the 

sediments. Organic compounds in the water column and sediments undergo 

bacterial and fungal decomposition. Complete remineralization may occur 

or forms res i s tan t  t o  degradation may persis t .  Fluxes of dissolved 

nutrients in and out of the sediments occur under certain conditions. 

Ni trogen-fixing algae ut i  l ize atmospheric nitrogen, incorporating i t  into 

organic matter. River phytoplankton will take up  available forms of 

nitrogen and phosphorus for  growth. Dissolved organic compounds are 

ut i l ized by some algae. Certain phytoplankton excrete dissolved organics. 

Upon senescence, algae are  decomposed; the nutrients released then become 

available for  fur ther  algal growth. Alternatively, algal ce l l s  can 

s e t t l e  to  the sediments or be carried downstream with the r iver  flow. 

In the winter, phytoplankton populations in the Chowan are low. 

Much of the available nutrient supply i s  not ut i l ized.  Water velocities 

are typically higher in the winter compared to  the summer. A large por- 

tion of the nutrients entering the r iver  are carried out with the down- 

stream flow. Some portion of nutrients i s  probably trapped by the sedi- 

ments, through se t t l i ng  of particulates and diffusion of soluble forms 

from the water column into the sediments. With the advent of spring, 

warmer temperatures and greater sunlight encourage phytoplankton growth, 



especia l ly  diatoms. Spring algal  growth in the r i ve r  i s  probably very 

sens i t ive  t o  r a in f a l l  and storm events. Extensive overland runoff of 

nu t r ien t s  due to  high r a in f a l l  could r e s u l t  in  greater  growth of spring 

algae. However, the opposite e f f ec t  i s  a l so  possible.  Wind and ra in  can 

cause high r i ve r  flow which flushes phytoplankton out of the r i v e r  system. 

If large spring diatom blooms do occur, they could ac t  t o  temporarily 

s t o r e  nu t r ien t s  in algal  biomass. Decomposition of algal c e l l s  in the 

water column o r  s e t t l i n g  and subsequent decomposition could provide 

large quan t i t i es  of avai lable  nutr ients  f o r  alga1 growth l a t e r  on in  the  

year.  The temporary removal of avai lable  nutr ients  from the water 

column by spring blooms might r e s u l t  in conditions favoring growth of 

bl ue-green a1 gae. When avai 1 able forms of combined nitrogen a re  in shor t  

supply, nitrogen-fixing blue-green algae often dominate the plankton. 

The severe algal  problems encountered during the  summer in the 

Chowan River are  closely re la ted t o  the winter and spring condit ions just 

discussed. A1 gal growth depends on the  amounts of n u t r j  en t s  avai 1 able.  

Recycling from the water column and sediments, i n  addit ion t o  inputs i n to  

the r i v e r ,  provide avai lable  nutr ients  f o r  summer blooms. As w i t h  

spring blooms, summer algal  growth i s  c losely  dependent on physical fac- 

t o r s  as well as nu t r ien t  ava i l ab i l i t y .  Rainfall wil l  influence nu t r ien t  

concentrations i n  the r i ve r  through i t s  e f f e c t  on agr icu l tu ra l  runoff 

and t o t a l  flow. Wind direct ion and i n t ens i t y  a f f ec t  bloom location and 

duration in  the r iver .  Water t ha t  i s  well-mixed and swift-flowing usually 

wil l  no t  support surface algal scums. Serious blooms occur in  the  summer 

under conditions of calm weather and low flow. High algal  biomass i n  

i t s e l f  i s  not always undesirable in a water body. The problem a r i s e s  

when species d ivers i ty  decreases and nuisance a1 gal predominate. Sh i f t s  

70 



in the producer base of the food chain a f f e c t  higher trophic l eve l s ,  In 

general ,  blue-green algae are  n o t  a good food source f o r  primary con- 

sumers, zoopl an k t o n  and some f i  sh ,  Decrease in zoopl ankton numbers and 

d ivers i ty  w i l l ,  in  turn, a f f ec t  f i s h  populations. 

Management Imp1 icat ions  of Algal Assay Results 

Results from algal  assays showed simultaneous 1 imitat ion of growth 

by nitrogen and phosphorus fo r  most samples. The question a r i s e s :  were 

the indigenous phytoplankton nutrient-l imited in  the  r iver?  Examination 

of chemical data (Table 5 )  shows t ha t  PO4-? and TSIN were never reduced 

t o  undetectable l eve l s .  However, a t  downstream Stat ions  4 and 7, levels  

were low. Phytoplankton a t  Sta t ion 1 were probably l imited i n  the r i ve r  

only by physical fac to rs .  A t  times during the summer, algae a t  Chowan 

Stations 4 and 7 were probably l imited by nu t r ien t  concentrations in the 

r iver .  Regardless of actual r ive r  conditions of nutr ient  l imi ta t ion ,  

bioassay r e su l t s  can be in terpreta ted on the  basis  of potential  l imi ta-  

t i on ,  Phosphorus and nitrogen,  together or  separate ly ,  would 1 imi t 

algal growth in the  Chowan i f  physical conditions were optimal f o r  growth, 

o r  i f  concentrations of these elements i n  the r i ve r  were reduced sub- 

s t a n t i a l l y .  Reduction of nutr ients  t o  l imi t ing levels  could r e s u l t  

froin extensive algal  growth using up a l l  avai lable  nitrogen and phosphorus 

or  from decreased nu t r ien t  inputs i n to  the Chowan. 

High year-round inputs of nitrogen and phosphorus and favorable 

physical conditions susta in  nuisance algal  populations in  the summer in 

the lower Chowan River. Phytoplankton growth i s  dependent on concentra- 

t ions  of nitrogen and phosphorus. Limitation by other  nutr ients  was not 

shown in t h i s  study. I t  i s  usually impractical ,  i f  not often impossible, 



t o  c o n t r o l  phys ica l  cond i t i ons  of l i g h t ,  temperature, and f low,  There- 

f o r e ,  reduc t i on  o f  n i t r o g e n  and phosphorus concent ra t ions  i n  the  r i v e r  

i s  t he  o n l y  p r a c t i c a l  way t o  reduce o v e r a l l  a l g a l  growth, Environmental 

managers a re  conf ron ted  w i t h  t he  s c i e n t i f i c  and p o l i t i c a l  problem o f  

which n u t r i e n t  t o  at tempt  t o  c o n t r o l .  Subs tan t ia l  reduc t ions  o f  bo th  

n i t r o g e n  and phosphorus would c e r t a i n l y  reduce a1 ga l  growth e v e n t u a l l y  

by f o r c i n g  n u t r i e n t  l i m i t a t i o n  s t a t u s  on the  p lankton.  I n i t i a l l y ,  how- 

ever ,  sediment regenera t ion  o f  n u t r i e n t s  migh t  p rov ide  enough a v a i l a b l e  

n i t r o g e n  and phosphorus t o  suppor t  l a r g e  a l g a l  popu la t ions .  

Considerat ion o f  e f f e c t s  o f  n u t r i e n t  enr ichment a t  the  popu la t i on  

l e v e l  i s  necessary t o  an understanding o f  n u t r i e n t  l i m i t a t i o n  i n  t h e  

r i v e r .  Assay r e s u l t s  show t h a t  a d d i t i o n s  o f  phosphorus se lec ted  f o r  

n i  t r o g e n - f i x i  ng b l  ue-green a1 gae. Therefore, phosphorus i s  p robab ly  t he  

more c r i t i c a l  l i m i t i n g  n u t r i e n t  t o  growth o f  t he  bloom-forming genera 

Anabaena and Aphanizomenon. Reduct ion o f  n i t r o g e n  i n  t h e  Chowan R ive r  

w i t h o u t  concomitant r e d u c t i o n  o f  phosphorus l e v e l s  cou ld  l ead  t o  condi -  

t i o n s  t h a t  favor  growth o f  n i t r o g e n - f i x i n g  blue-greens over  o t h e r  algae. 
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