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ABSTRACT 
THE RELATIVE SIGNIFICANCE OF PHOSPHORUS AND NITROGEN AS ALGAL NUTRIENTS 

By the  examination of the interact ion between nitrogen and phosphorus 

species r e l a t i v e  t o  a lga l  growth i n  several  f resh  water environments of d i f fe r ing  

trophic s t a t e ,  it has been possible t o  es tab l i sh  the  r e l a t i ve  significance of 

these elements as  a lga l  nu t r ien t s .  The a lga l  assay was carried out using membrane 

f i l t e r e d  samples derived from a s e r i e s  of oxidation ponds receiving secondary 

e f f luen t  from a t r i ck l ing  f i l t e r  plant  and from sampbder ived  from sampling 

points on the  New Hope and Haw Rivers. The l a t t e r  represented a s e r i e s  of changing 

r i v e r  qua l i t i e s  with par t i cu la r  respect  t o  the oxidation s t a t e s  of nitrogen and 

phosphorus. The a l g a l  assay used pure cul tures  of f i ve  species;  Euglena r o s t i f e r a ,  

Chlamydomonas r e inha rd t i i ,  Pandorina morum, Scenedusmus quadricauda, and Chlorella 

e l l ipsoidea.  Each of these species has been described a s  normally associated with 

polluted waters . 
The r e s u l t s  of both chemical and biological  assay examined through multiple 

regression analysis of the  independent var iable  involved i n  the  a lga l  assay as  

wel l  a s  a quadratic analysis of covariance of NH3-N, N03-N and P04-P established 

the  r e l a t i ve  significance of the  nitrogen and phosphorus species i n  water con- 

ta ining high concentrations of these elements, concentrations normally found i n  

discharges from biological  waste treatment plants  and following d i l u t i on  i n  r e -  

ceiving streams. Under these circumstances it has been shown tha t  the  quanti ty 

of nitrogen ra ther  than t ha t  of phosphorus d e t e r d n e s  the  biomass of algae t h a t  

might be expected t o  grow. This response holds t rue  for  the  several  species of 

a lga l  t ha t  were used. It would thus appear t ha t  the  question of a lga l  nu t r ien t s  

takes on a somewhat more formidable dimension due t o  the  considerably greater  

d i f f i c u l t y  i n  removing i n  s ign i f ican t  amounts the  nitrogen tha t  i s  normally found 

i n  mn ic ipa l  wastewaters. 



SUMMARY AND CONCLUSIONS 

Through the  use of a lga l  bioassay on wastewater samples and on samples 

derived from streams receiving wastewater discharges, the a lga l  response as  

measured by biomass development indicates  t ha t  the element nitrogen appears t o  

be of more significance a s  a growth controll ing element ra ther  than phosphorus. 

The information developed by t h i s  investigation and substantiated by other 

repor ts  i n  the l i t e r a t u r e  indicate  t h a t  these two elements hold t h i s  par t i cu la r  

re la t ionship when present i n  the  r e l a t i ve ly  large amounts found i n  nu t r ien t  r i ch  

waters. I f  t h i s  demonstrable re la t ionship i s  correct  it i s  then evident t ha t  

e f f o r t s  t o  control  eutrophication by phosphorus removal a t  wastewater treatment 

f a c i l i t i e s  w i l l  not resolve the  problem u n t i l  s imilar  e f f o r t s  are made t o  reduce 

the  larger  quant i t i es  of nitrogen t h a t  are a l so  present. 

RECaMMENDATIONS 

It is recommended tha t  the control  of a lga l  nu t r ien t s  i n  wastewater 

discharges should not be focused so le ly  on the amount of phosphorus present o r  

capable of removal but should be expanded t o  include a l so  the removal of 

nitrogen i n  order t ha t  conditions leading t o  eutrophication be controlled and 

minimized. 
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Figure 17. Algal growth response and nitrogen and phosphorus concentrations, New Hope 
w sample No. 53, November 20, 1968. 
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Figure 23. Average growth response of Chlamvdomonas and Pandorina i n  ponds, New Hope 
and Haw River Samples a s  r e l a t e d  t o  average NH -N concentrations. 3 

Figure 24. Average growth response of Chlorel la  and Scenedesms i n  ponds, New Hope 
and Haw l i v e r  samples a s  r e la ted  t o  average NO3-N concentration. 
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INTRODUCTION 

Phosphorus has been described as  the  most important ecologica l  

element s ince it i s  wst l i k e l y  t o  be d e f i c i e n t  and the re fo re ,  more 

l imi t ing  t o  b io logica l  product iv i ty  than any o ther  major n u t r i t i o n a l  

element. However, i n  many areas i t s  presence i n  surf  ace waters i s  

genera l ly  not dependent on loca l  geo-chemical considerat ions.  The 

q u a n t i t i e s  present  a re  i n  most ins tances  derived primari ly from 

wastewater and land runoff from appl ica t ions  of a g r i c u l t u r a l  

f e r t i l i z e r  . 
Contributions of ni trogen t o  aquatic  environments are made i n  

a  more complex manner, being f ixed d i r e c t l y  from atmospheric 

ni trogen or  e n t e r s  the  ni trogen cycle by the  ac t ion  of many 

species of microorganisms degrading n i t rogen containing organic 

compounds. Other microorganisms may e i t h e r  oxidize reduced forms of 

ni trogen o r  reduce oxidized s t a t e s .  Agr icul tura l  f e r t i l i z e r s  a re  

a l s o  a major source of ni trogen i n  surface waters being ca r r i ed  i n  

runoff o r  i n  r e tu rn  flow of i r r i g a t i o n  water .  

The use of phosphorus and ni trogen compounds by aquat ic  p lan t s  

and p a r t i c u l a r l y  phytoplankton w i l l  depend on the  s p e c i f i c  species  

requirement f o r  t h e  element a s  we l l  a s  environmental considerat ions.  

When the  n u t r i t i o n a l  elements a r e  present i n  q u a n t i t i e s  g rea te r  than 

i s  required f o r  normal c e l l  mul t ip l ica t ion  and seasonal f a c t o r s  of 

temperature and i l lumination a r e  optimum, rapid ce 11 mul t ip l i ca t  ion 

leads t o  excessive numbers and genera l ly  undesirable water q u a l i t y  

condit ions,  The water i s  then described as  having reached a s t a t e  

of eutrophy r e f l e c t i n g  the  presence of high nu t r i en t  levels .  



The behavior of phosphorus i n  water i s  fu r the r  complicated by 

the  f a c t  t h a t  the  number of chemical s t a t e s  t h a t  are  found have 

d i f f e r e n t  degrees of a v a i l a b i l i t y  t o  algae. In addit ion t o  two 

pr inc ipa l  oxidized s t a t e s  i n  water solut ion a s  wel l  a s  phosphorus 

i n  pa r t i cu la te  form, there  have been demonstrated various soluble 

organic phosphorus compounds t h a t  are  both secreted during growth 

o r  decay of l iv ing  organisms and may even be reused d i r e c t l y  i f  

inorganic phosphate should become l imi t ing ,  In  a recent  review, 

it was noted t h a t  t h e  complex in te rac t ions  of severa l  l eve l s  of 

n u t r i e n t s  need t o  be f u l l y  described a t  any t rophic  l eve l  before a 

s ing le  primary cause-effect r e la t ionsh ip  can be defined (1). 

In  the  inves t igat ion described i n  t h i s  r epor t ,  it was 

proposed t o  inves t igate  the  cycling of various phosphorus species 

i n  severa l  freshwater environments of d i f f e r e n t  t rophic  s t a t e s .  

These were t o  be a water supply impoundment (University Lake, 

Chapel H i l l ) ,  a small stream (Morgan Creek) i n t o  which the  t r ea ted  

wastewater e f f l u e n t  of Chapel H i l l  is discharged and a t h i r d  

environment was t o  be a s e r i e s  of small oxidation ponds t h a t  had been 

used f o r  severa l  years t o  study t h e i r  ef fec t iveness  as  a t e r t i a r y  

t rea tuent  f a c i l i t y  a t  the  Third Fork Creek Treatment Plant  of the  

City of Durham. (Figure 1) In  each of theee environments i t  was 

intended t o  e s t a b l i s h  t h e  re la t ionsh ip  between the  several  chemical 

forms of phosphorus t o  determine t h e  d i s t r i b u t i o n  of the  t o t a l  

quant i ty  of t h i s  element and t o  determine i n  what manner the  various 

s t a t e s  showed any s ign i f i can t  s h i f t  e i t h e r  i n  passage through the  

ponds, i n  movement down the  stream, o r  i n  t h e  na tu ra l  cycling of the  

lake,  In addit ion,  t h e  s imi lar  pa t t e rn  of change of the  s t a t e s  of 

ni trogen were t o  be followed and t h e  r e l a t i v e  growth proper t ies  of 



the  combined materials  i n  t h e i r  various s t a t e s  were t o  be assayed 

by the  s p e c i f i c  growth of f i v e  species of algae under control led  

condit ions.  

In the  preliminary phases of t h e  inves t igat ion it was rea l ized 

t h a t  the  extremely low leve l s  of phosphorus cur ren t ly  found i n  

Universi ty Lake precluded any rout ine  and systematic ana ly t i ca l  

methodology as  wel l  as the  a b i l i t y  t o  measure with any reasonable 

time the growth response of assayed organisms under the  p a r t i c u l a r  

condit ions t h a t  were used t o  compare response i n  the more highly 

enriched environments of the  streams receiving wastewater and t h e  

t e r t i a r y  oxidation ponds. Thus, the  emphasis was sh i f t ed  t o  a 

comparison of the  ponds and the  stream and r i v e r  locations which 

provided gradients  of concentration and t o  include s t a t i o n s  on t h e  

Haw River, a nearby drainage but which provided another gradient  

of nu t r i en t  l eve l s  f o r  p a r a l l e l  comparison. 

METHODS 

Chemical analyses fo r  ni trogen and phosphorus i n  t h e i r  various 

s t a t e s  of oxidation were carr ied  out on Technicon Autoanalyzers. 

Description of these procedures and the  a lga l  assay a re  described 

i n  the  appendix. Samples, both f o r  ni trogen and phosphorus, t h a t  

required storage before analys is  were col lec ted  and stored i n  

polyethylene b o t t l e s  and e i t h e r  frozen o r  10 */l H ~ *  ions 

were added fo r  preservation plus storage a t  lo C .  These storage 

procedures minimized chemical change due t o  b io logical  a c t i v i t y  (2).  

In addi t ion  t o  t h e  ana ly t i ca l  s t eps  needed t o  describe the nature 

of the  nu t r i en t  elements e i t h e r  i n  the  oxidation ponds or  i n  the  



streams, water q u a l i t y  condit ions i n  the  ponds and streams were 

a l s o  col lec ted  and described according t o  procedures i n  Standard 

Methods (12th e d i t i o n ) .  These procedures and modifications w i l l  

be presented i n  d e t a i l  i n  the  repor t  i n  preparat ion on the  water 

q u a l i t y  of the  New Hope and l w e r  Haw Rivers (3). 

The water q u a l i t y  information of the  New Hope and Haw River 

drainages w i l l  be of considerable i n t e r e s t  t o  regula tory  agencies 

concerned with the  water q u a l i t y  of t h i s  a rea  s ince  many of the  

s t a t i o n s  sampled f o r  the  current  inves t iga t ion  a re  within t h a t  

port ion of the  drainage t h a t  w i l l  be flooded on completion of t h e  

New Hope Dam. These same s t a t i o n s  a r e  continuing t o  be sampled 

i n  a subsequent inves t iga t ion  concerning i t s e l f  w i t h  t h e  po ten t i a l  

e f f e c t  of the  q u a l i t y  of these  waters on the  new New Hope impoundment. 

The stream and r i v e r  da ta  w i l l  be presented i n  a subsequent r epor t  (3) 

Figure 2 ,  a map of t h i s  a rea ,  s h w s  a l l  t h e  sampling s t a t i o n s  a s  

we l l  a s  other  locat ions  r e l a t ed  t o  t h i s  inves t iga t ion .  

RESULTS 

Algal Bioassay of Treated Wastewater on Passage through Oxidation Ponds 

The basic premise employed i n  these  inves t iga t ions  was t h a t  the  

comparative growth of 4 o r  5 species  of a lgae ,  species  t h a t  a r e  

normally associated with high l e v e l s  of n u t r i e n t s ,  a s  might be 

found i n  streams receiving wastewater treatment plant  e f f l u e n t s ,  

would descr ibe  the  p o t e n t i a l  e f f e c t  of such n u t r i e n t  l eve l s .  

Since it was not f e a s i b l e  t o  d i r e c t l y  i s o l a t e  the  r e l a t i v e  n u t r i e n t  

s igni f icance  of phosphorus o r  n i t rogen i n  the  aquat ic  environments, 



t h e  quant i ty  of these elements and t h e i r  various chemical s t a t e s  

were determined and the  growth of the  various species of algae 

i n  a fixed period of time was used a s  t h e  measure of the 

signif icance of these  chemical species.  

In the  sampling and assay program for  the  oxidation ponds 

- rece iv ing  t r ea ted  sewage from the  Third Fork Creek Treatment 

Plant of t h e  City of Durham, four s tages  of e f f luen t  conditioning 

o r  addi t ional  s t a b i l i z a t i o n  were assayed. The f i r s t  was the  

d i r e c t  discharge from the sewage treatment p lan t ,  p lant  e f f luen t  (PE), 

t he  second following two days addi t ional  detention,  the  t h i r d  

a f t e r  four days detent ion,  and the  four th  a f t e r  a t o t a l  of f i v e  

days detention.  A s  shown i n  Figures 3, 4 ,  5 and 6, t h e  c e l l  

mass grown a f t e r  t e n  days incubation under standard conditions 

of temperature and i l lumination f o r  the  f i v e  species of algae 

is  described for  each sample assayed. These f igures  a re  a 

comparison of species response t o  the  same q u a l i t y  nu t r i en t  i n  

the  p a r t i c u l a r  pond sample. A l l  other  species had been removed by 

f i l t r a t i o n  through a membrane f i l t e r  before being re-seeded with 

t h e  s p e c i f i c  a lgae ,  Although general t rends  a r e  not too  evident ,  

the  set of diagrams f o r  each sample date  show f o r  t h e  plant  

e f f luen t  and two days detention a r e l a t i v e  uniform growth 

response fo r  a l l  species,  through the  June 9 sample. After four 

and f i v e  days detention,  the  individual  species response appears 

t o  be somewhat more e r r a t i c  a s  i f  the  q u a l i t y  of the  subst ra te  

was more favorable t o  severa l  of  t h e  species than others.  The 

sample taken on April 28 is  a good i l l u s t r a t i o n  of t h i s  p a r t i c u l a r  



point. While a l l  of the f ive  species grew t o  varying degrees, it 

would appear tha t  the  growth response of Chlamvdomonas reinhardtff  

and Scenedesms quadricauda was consistently be t t e r  than the 

other species. 

Another procedure for  examining the response of the algae 

t o  the par t icular  environmental qual i ty  of the ponds and, i n  t h i s  

case, the  amounts of available nitrogen and phospharus compounds 

is  t o  examine the growth response on any one sampling date  a t  the 

points of sampling and re f lec t ing  the changing flow-through 

conditions. This presentation is  shown i n  Figures 7 ,  8, and 9. 

The mass of c e l l s  grown of each of the f ive  species of algae i s  

linked t o  describe the  changing quanti ty of the growth response. 

The quant i t ies  of nitrogen and phosphorus compounds taken a t  the 

sampling point and characterizing the f i l t e r e d  substrate i n to  

which the algae were seeded is  described i n  each instance by a 

histogram. 

In a l l  cases the  nutr ient  levels  were exceedingly high as  

compared t o  natural  waters and would appear on casual observation 

t o  have no par t icular  d i r ec t  corre la t ion with the nature of the  

a lga l  growth response. In  some instances, the  change i n  growth 

response of the a lga l  assay was dramatic a s  the  substrate moved 

through the oxidation ponds. This i s  well i l l u s t r a t ed  i n  the 

sample of April 28. In other instances, l i t t l e  change was seen, 

such as  i n  the samples of March 31 and May 12. In s t i l l  other 

cases, such as  April 14, there was an i n i t i a l  r i s e  with four of 

the f ive  species, a plateau and then a drop i n  growth response of 

three of the species,, In nearly a l l  examples, the  a lga l  g r w t h  

response was more comparable i n  the plant e f f luen t  than i n  the 



subsequent subs t ra tes  whose growth supporting q u a l i t y  changed due 

t o  passage through t h e  ponds, One exception was the sample of 

July 18. The e a r l i e r  observation on the  comparatively greater  

growth response of Chlamydomonas and Scenedesms was qu i t e  

evident i n  many examples of the  assay, such a s  t h a t  of July  18, 

August 11, October 6,  November 14, and December 1. 

It would appear from these comnents on the  response of t h e  

a l g a l  assay t h a t  whereas t h e  nu t r i en t  l eve l s ,  ni trogen and 

phosphorus were i n  excess and never l imi t ing ,  there  were d i s t i n c t  

species d i f ferences  i n  response t o  the  p a r t i c u l a r  overa l l  q u a l i t y  

of the  subs t ra tes .  

Algal Bioassay of Water Sampled a t  New Hope and Haw River Sta t ions  

Q u a l i t y  character iza t ion of a flowing stream, p a r t i c u l a r l y  

those receiving inputs  of wastewater from e i t h e r  t r ea ted  or 

untreated sources, can be described by many parameters. A s  noted 

i n  the  methodology for  t h i s  inves t igat ion,  r i v e r  s t a t i o n s  were 

systematical ly sampled over a period of 2% years on the  New Hope 

and 13 mbnths on the  Haw River f o r  the  mater ia l  t o  be reported i n  

t h i s  inves t igat ion.  Invest igat ions and co l l ec t ion  of d a t a  a t  these 

r i v e r  s t a t i o n s  a re  continuing and a de ta i l ed  analys is  of the  r i v e r  

qua l i ty  parameters w i l l  be discussed i n  a separate r epor t .  However, 

f o r  t h i s  repor t  t h e  nature of the  a l g a l  nu t r i en t  c h a r a c t e r i s t i c s  

of the  r i v e r  s t a t i o n s ,  with pa r t i cu la r  reference t o  the  response 

of the  a l g a l  assay, w i  11 be discussed,  

In  t h e  following s e r i e s  of f igures  representing e ight  separate 

sampling da tes  on the  New Hope and Haw Rivers each ( the NH or  HAW 



number designation being the  sampling number of the overa l l  r i v e r  
1 

sampling s e r i e s )  a r e  described i n  s imi lar  fashion t o  those f igures  

used t o  i l l u s t r a t e  the  response of the  a l g a l  assay t o  the oxidation 

pond q u a l i t i e s .  However, on the  r i v e r  samples, only four species 

of algae were used. The Euglena was not avai lable  but the  same 

l e t t e r  i d e n t i f i c a t i o n  code was used, eg ,  B - Chlamvdomonas 

r e i n h a r d t i i ,  C - Pandorina morum, D - Scenedesmus quadricauda, 

and E - Chlorel la  e l l ipsoidea .  A t  each of t h e  s t a t i o n s  i n  down- 

stream sequence, with the  d is tances  between adjacent s t a t i o n s  noted, 

a histogram is  used t o  describe t h e  growth response of the  algae 

when grown f o r  10 days a t  22' on a d iu rna l  day-night cycle.  The 

ni trogen and phosphorus character iza t ion of the f i l t e r e d  sample 

pr ior  t o  re-seeding i s  s imi la r ly  presented. 

Since the  New Hope R i v e r  s t a t i o n s  were not i n  d i r e c t  downstream 

sequence, due t o  t h e i r  being located on severa l  of t h e  feeder 

streams which aonverged t o  form the  main r i v e r ,  the  sequence from 

l e f t  t o  r i g h t  may, i n  so- instances,  give the  impression of a 

peak response mid-way i n  the  series. A s  noted i n  t h e  legend, the 

downstream sequence was s t a t i o n s  1, 6,  7, 10 and 5,  7, 10, a l l  

upstream feeder creeks having converged i n t o  t h e  main r i v e r  a t  

s t a t i o n  7 .  However, a s  shown i n  Figure 10, describing sample NH-38, 

the  t o t a l  biomass formed appeared t o  have a d i r e c t  r e la t ionsh ip  t o  

the magnitude of the  nu t r i en t  l eve l s  described i n  the  r i v e r  for  both 

nitrogen and phosphorus. A s  described f o r  t h e  pond assays, not 

a l l  of t h e  species grew t o  t h e  same degree but i n  samples taken 

from the  New Hope River, Pandorina and Scenedesmus, appeared t o  



outgrow Chlamydomonas and Chlorel la .  It i s  of i n t e r e s t  t o  note 

t h a t  although n u t r i e n t  l eve l s  i n  the  r i v e r  remained r e l a t i v e l y  

high and were highest  a t  s t a t i o n s  6 and 5 throughout t h e  sampling, 

the  systematic response d id  not always appear t o  follow a d i r e c t  

r e l a t ionsh ip .  That i s ,  on some occasions growth, such a s  on 

sample NH-46, Figure 14, massive growth occurred throughout the  

assay regardless  of the  r e l a t i v e  nu t r i en t  q u a n t i t i e s  and as  

compared t o  o ther  samples. However, t h e  growth i n  the  samples 

from s t a t i o n s  6 and 5 was g rea tes t  and appeared t o  r e l a t e  t o  

the  degree of nu t r i en t  l eve l s  i n  t h i s  p a r t i c u l a r  sample s e t .  

The r e l a t i v e l y  smaller growth response a s  wel l  a s  smaller 

q u a n t i t i e s  of n u t r i e n t s  of the  Haw River s e r i e s  is  qu i t e  c l e a r l y  

r e l a t e d .  Growth of Pandorina and Scenedesmus once more i l l u s t r a t e d  

a response somewhat g rea te r  than the  o ther  two species.  On the  

Haw River the  downstream sequence i s  i n  s t r a i g h t  l i n e  with no 

addi t ive  changes i n  n u t r i e n t  q u a l i t y  except f o r  small inflowing 

streams, and the  t o t a l  concentration of n u t r i e n t s  i s  small a s  

compared t o  t h e  concentrat ions found i n  the  New Hope R i v e r .  In 

the  length of r i v e r  sampled, over a d is tance  of 21 miles, i n  some 

cases a s l i g h t  decrease i n  assay response was evident ,  i n  o thers  

r e l a t i v e l y  no change, and i n  s t i l l  o the r s  perhaps a s l i g h t  increase ,  

such as  on samples of August 7 ,  1968, one of t h e  samples with a 

la rger  growth response, and t h a t  of November 13, 1968. In pa r t  

t h i s  apparent downstream change may only be a behavior of a 

p a r t i c u l a r  species i n  t h a t  p a r t i c u l a r  sample, although the  

general  impression of the  assay histogram would appear t o  be 

an o v e r a l l  changing dimension i n  t h e  downstream d i r e c t i o n ,  



Multiple Regression Analysis of the  Independent Variables i n  the  
Algal Assay 

From the  preceeding discussion of the  a l g a l  assay of pond and 

r i v e r  f i l t r a t e s ,  the  growth of the  severa l  algae appears t o  be 

re la ted  i n  some manner t o  the  quant i ty  of ni trogen and pharphorus 

species t h a t  a re  present i n  the  sample. To e s t a b l i s h  t h e  r e l a t i v e  

s igni f icance  of t h e  var iables  with reference t o  t h e  growth of algae,  

a multiple regression analys is  was carr ied  out on the  a l g a l  assays 

of t h e  oxidation ponds, t h e  New Hope and the  Haw River samples. 

In each instance,  the  growth response of each species was t e s ted  

against  each of 16 independent var iables  t o  determine the most d i r e c t  

r e la t ionsh ip  indicated,  t h e  curve of bes t  f i t ,  and then by t h e  nature 

of the  s t a t i s t i c a l  program i n s e r t  addi t ional  var iables  t o  improve the  

f i t  u n t i l  fu r the r  addit ion produced no s ign i f i can t  change. 

The var iables  included the  chemical information on the  q u a l i t y  of 

the  f i l t e r e d  subs t ra te ,  which was then reseeded with algae,  a s  wel l  a s  

ce r t a in  s t a t i s t i c a l  manipulations of these  values (Table 1 ) .  

A s  sumnarized i n  Table 2 it would appear t h a t  phosphorus species i n  

the  pond f i l t r a t e s  had a more d i r e c t  r o l e  i n  determining growth than 

the  ni trogen compounds, whereas, i n  the  r i v e r  f i l t r a t e s  i t  would 

appear t h a t  t h e  ni trogen compounds i n  general had a more s ign i f i can t  

r e la t ionsh ip  i n  supporting a l g a l  growth i n  t h e  assay. 

A s  previously noted i n  the  pond assays, when growth di f ferences  

were c l e a r l y  evident ,  Chlam~domonas and Scenedesms grew t o  g rea te r  

mass than the  other th ree  species,  Euglena, Pandorina, Chlorel la ,  which 

together formed a group which grew i n  a s imi la r  fashion. In the  r i v e r  

f i l t r a t e s  (Euglena was not used i n  the r i v e r  assays) the  growth response 



Table 1 

Independent Variables Tested i n  M l t  i p l e  
Regression Analysis fo r  Best F i t  t o  Growth of Algae 

1 - Tota l  N 

2 - Tota l  N 2 

5 - Organic -N 

6 - Organic -N 2 

7 - NO3-N 

8 - NO3-N 2 

9 - Orthophosphate -A 

10 - Orthophosphate -A 2 

11 - Orthophosphate -U 

12 - Orthophosphate -UZ 

13 - Phosphorus * NH3 

14 - Phosphorus NO3 

15 - Tota l  N / Tota l  Orthophosphate 

16 - Tota l  N / Tota l  Orthophosphate 2 

A - avai lable  a t  s t a r t  of assay, U - amount used i n  assay by algae 
A squared value def ines  the  shape of the  regress ion  curve a s  being non-linear.  
Items 13 and 14, c ross  product functions and 15 and 16, r a t i o s ,  allow added 
f l e x i b i l i t y  t o  the  f i t t e d  curve. 



Table 2 

Sumnary of Multiple Regression Analysis of 
Sixteen Independent Variables and Growth Response of Algal Assay 

Best F i t  t o  the  5 Percent Level* 
Substrate Source 

Assav Organism Ponds N e w  Hope River Haw River 

A - Euglena r o t i f e r a  P *NH3 - - 

B - Chlamydomonas 
r e inha rd t i i  

C - Pandorina morum 

D - Scenedesmus 
suadricauda 

E - Chlorella 
e l l ipsoides  

op -u2 

Ratio 2 

OP-U 

OP - A ~  

Tot N 

Org N 

Tot N 

P *NO3 

*By use of a "stepwise regression procedure" variables a re  added t o  improve the  f i t  of 
a the regression l ine  t o  the data .  An improvement i n  f i t  was considered s ign i f ican t  when 

there was an increase of 5 percent o r  more i n  ~ 2 ,  the  proportion of the t o t a l  sum of 
squares a t t r i bu t ab l e  t o  regression. 



of the  four species  was again genera l ly  s imi la r  but i f  a d i f ference  

was apparent,  Pandorina and Scenedesmus, and t h e  l a t t e r  somewhat more 

cons i s t en t ly ,  grew t o  a g rea te r  degree than the  o ther  two. On the  

Haw River f i l t r a t e s  Pandorina perhaps grew a l i t t l e  more i n  the  

assays than Scenedesmus. But the  growth responses of these  two 

were b e t t e r  than e i t h e r  the  Chlamydomonas or  Chlore l la .  

The r e l a t i v e  growth response of the  algae used i n  these  assays, 

th ree  f l a g e l l a t e s ,  Euglena, Chlanrydomonas, Pandorina and two green 

a lgae ,  Scenedesmus and Chlore l la  appeared t o  follow a pa t t e rn .  

To asce r ta in  whether such a pa t t e rn  d id  e x i s t ,  a summary of t h e i r  

growth responses, measured a s  t o t a l  c e l l  mass formed i n  10 days a t  

22' C ,  has been assembled i n  Table 3. For each of the  c h a r a c t e r i s t i c  

water sampling points  whether it was an oxidation pond o r  a r i v e r  

s t a t i o n ,  the  growth response a t  these  points  has been averaged, 

tha t  is, a l l  samples f o r  the  p a r t i c u l a r  species  fo r  each of t h e  

bioassays,  Growth d i f fe rences  between t h e  a l g a l  species  i n  s imi la r  

f i l t r a t e s  as  we l l  a s  d i f ferences  between growth i n  the  oxidation pond 

f i l t r a t e s  and t h e  r i v e r  s t a t i o n  samples are  evident .  

Analysis of Variance 

To e s t a b l i s h  the  s igni f icance  of these apparent d i f fe rences ,  an 

analys is  of variance was carr ied  out .  The species  d i f fe rences  and 

species  response a t  each sampling point (streams and ponds) were 

highly s i g n i f i c a n t  a t  .0005. Less than f i v e  chances i n  10,000 

t h a t  these  d i f fe rences  would have occurred by random chance had 

the  d i f ferences  not been r e a l .  However, a l l  species  responded 

s i m i l a r l y  t o  s imi la r  changes i n  q u a l i t a t i v e  f a c t o r s .  



Source of F i l t r a t e s  

Table 3 

Average Grcrwth of Algal Species in  F i l t r a t e s  
Derived from Oxidation Pond and River Waters 

Oxidation Ponds 

Plant effluent 
2-days detention 
4-days detention 
5-days detention 

New Hope Stations 
1 

Haw Stations 
1 
2 
3 
4 
5 

Eun lena 

4.2 ($75) 
5.1 (.58) 
4.5 (.60) 
4.8 

- 
0 - 
0 .. 

.. - - - - 

Biomaee: n&t, 10 days, 22' C 

Pandorina Scenedesmus Ch lore 1 l a  

4.9 (.67) 
5.2 (.48) 
5.2 (1.06) 
4.3 (.75) 

3.2 (1.90) 
10.0 (5.11) 
9.8 (5.03) 
5.9 (3.73) 
3.0 (1.51) 

3.3 (2.30) 
3.7 (2.20) 
3.4 (1.17) 
2.8 (1.58) 
2.8 (1.42) 

Number in  parenthesis is  a value representing the 90% confidence l i m i t .  



In the oxidation pond se r i e s  Scenedesms c l ea r ly  outgrew the other 

four species under the assay conditions. The growth of Chlamvdomonas, 

i n  turn,  was s ign i f ican t ly  greater  than the remaining three species 

which s t a t i s t i c a l l y  had about the same growth response. The samples 

f romthe  New Hope Stations produced a difference i n  growth response 

for  each species which i n  nearly every instance was s t a t i s t i c a l l y  

s ignif icant  and confirmed fo r  each s ta t ion .  The Haw River samples, 

i n  contras t ,  emphasized primarily the greater growth response of 

Scenedesmus and Pandorina, a lso seen i n  the  New Hope samples, as  

compared t o  Chlaniydomonas and Chlorella. The growth of Chlawdomonas 

was always s l i gh t ly  greater  than Chlorella i n  every instance but i n  some 

cases was only marginally s ignif icant .  Although Pandorina and Scenedesmus 

produced s ign i f ican t ly  greater c e l l  mass i n  a l l  r i v e r  samples a s  

compared t o  pond samples, Chlamvdomonas and Chlorella again were only 

marginally s ignif icant  i n  the growth response i n  the  f i l t r a t e s  from 

these two sources. 

I f  the pond and r ive r  s ta t ions  can be so c l ea r ly  characterized by 

the a lga l  growth response, then t h i s  response m a t  r e l a t e  t o  the  available 

nutr ients .  A s  i n  the case of the a lga l  c e l l  mass formed, the concen- 

t r a t i on  of NH3-N, NO3-N and PO4-P has been averaged for  each of the 

pond and r ive r  s ta t ion  f i l t r a t e s  which were assayed and assembled i n  

Table 4. Levels of significance show tha t  the  pond aer ies  were charac- 

t e r i s t i c a l l y  very r ich  i n  NH3-N and P04-P and s ign i f ican t ly  greater  

i n  NO3-N than the Haw sample8. Although the New Hope f i l t r a t e s  had 

very much l e s s  NH3-N than the pondr, a t  s ta t ions  5, 6, and 7 they 

were s t i l l  significantly r icher  i n  t h i s  material  than the Raw 

samples. The concentratione of PO4-P shawed a similar re la t ionship.  



Table 4 

Average Concentration of NH3-N, NO3-N and PO -P 1 in Filtrates Used for Algal Assays Su~nmarized in able 3 

Seurce 

Oxidation Ponds 
Plant Effluent 
2 -days detention 
4 -days detention 
5-days detention 

New Hope Stations 
1 
5 
6 
7 

10 

Haw Stations - 1 
2 
3 
4 
5 

Number in  parenthesis f s  a +_ value representing the 9VL confidence limit 



From the nature of the growth response on the  r i ve r  s ta t ions  a s  

compared t o  the oxidation ponds and from the information developed 

by the multiple regression analysis of the re la t ionship of nu t r ien t s  

t o  growth, it would appear i n  t h i s  par t i cu la r  instance t h a t  the 

nitrogen compounds a t  the r i ve r  s ta t ions  were more s ignif icant  i n  

developing a growth response of the algae than the available 

phosphorus. This re la t ionship would not be unjust i f ied i n  l igh t  

of the r e l a t i ve ly  small amount of phosphorus a s  compared t o  nitrogen 

tha t  i s  needed for  a lga l  growth and the  very minimal quanti ty of 

pharphorus t ha t  must be present i f  it is t o  be l imiting.  Thus, a 

growth l imiting nu t r ien t ,  the  material which i s  required i n  l eas t  

amount, may be of l e s s  significance i n  es tabl ishing a growth response 

than substances whose presence enhances growth i n  some proportional 

manner. In the  quant i t i es  found i n  the f i l t r a t e s  prepared from the 

oxidation pond samples the  phosphorus concentrations may ac tua l ly  be 

inhibi tory.  

Quadratic Analysis of Covariance of NH3-N, NO,-N and PO 2 - 
I f  the  average growth fo r  each of the  four species, t h a t  were 

used i n  the  pond and r i ve r  assays, i s  re la ted  t o  the average 

concentration of NH3-N, NO3-N and PO4-P i n  the f i l t r a t e s  i n  which the  

algae were grown, a d i s t r ibu t ion  of points i s  found which i n  each 

case appears t o  generate a curve parabolic i n  form. These re la t ionships  

a re  sham i n  Figures 2 2 - 2 7 .  In  each instance,  there  appears t o  be a 

concentration above which the  curve describing the  re la t ionship of 

biomass formed and nutr ient  concentration f l a t t e n s  and then decreases. 

The point of change i n  slope is  approximately a t  5 rqg/l  fo r  MI3-N, 

2 -11 fo r  N03-N and 4 w/l for  P 0 4 - P  under the  conditions of the  assay. 



Since the  three  chemical species are  in te rac t ing ,  being simultaneously 

present i n  a l l  f i l t r a t e e ,  the  r e l a t i ve  significance of each cannot be 

precisely described from these f igures .  

Analysis of these three  interact ing a lga l  nu t r ien t  fac tors  and the  

growth of the  four species tes ted wag made by a quadratic analysis of 

covariance. These r e s u l t s  a re  summarized i n  Table 5. The conclusions 

t h a t  may be drawn from t h i s  analysis a re  a s  follows: 

NOS-N is  nearly twice the  growth factor  than NR3-N fo r  

Chlampdommas and Chlorella and about four times for  

Scenedesnus and Pandorina. 

In the  presence of NO3-N and NR -N, PO4-P appears t o  have 
4 

a negl igible  growth e f f ec t  except f~r .~Scenedesaus .  

DISCUSSION 

The investigations reported i n  t h i s  study es tab l i sh  the r e l a t i ve  

significance of nitrogen and phosphorus species as a lga l  nu t r ien t s ,  

with par t i cu la r  reference t o  the grawth when these chemicals are  

present i n  r e l a t i ve ly  high concentration. It i s  not the description 

of the response of a lga l  growth t o  quant i t i es  of nitrogen and 

phosphorus which may be barely detectable or present only i n  t race  

quant i t i es .  It i s  the response when these materials  occur i n  

concentrations tha t  may normally be found i n  the  discharges from 

biological  waste treatment plants  and when p a r t i a l l y  di luted i n  

receiving streams, 



Table 5 

Quadratic Analysis of Covariance of NH -N, NO3-N 3 
and PO4-P on Growth of Four Algal Species 

B Values 

Pandor ina 

3.524 

1 .O3O 

5.376 

0.148 

-0.033 

-0.072 

0.012 

-0.301 

-0.048 

-0.697 

0.039 

Scenedesmus 

3.404 

1.354 

5.553 

0.513 

-0.038 

0.126 

O.OOO9 

-0.460 

-0 .O53 

-0.769 

0.050 

Ch lore 1 l a  

1.198 

0.946 

2.229 

0,080 

In the quadratic analysis of covariance the 

A least  squares surface of the equation as  given above was f i t t e d  t o  the 
growth of each species. Positive b values and the i r  re la t ive  magnitude indicate 
positive effect  on growth. Negative values of squared terms indicate a reversing 
curve or decreasing growth. A zero or  close t o  zero value of a squared term 
indicates the curve is  s t ra ight .  A zero or close t o  zero value of a f i r s t  order 
variable indicates the curve i s  horizontal, e.g. the growth does not vary with 
concentration i f  the concentration of other variables are held constant. 



The implication of the quadratic analysis of co-variance as t o  the  

r e l a t i ve  significance of nitrogen and phosphorus supports previous 

observations such a s  those made by Gerloff and Skogg (5).  They 

noted t ha t  of the three possibly growth l imiting elements, nitrogen, 

phosphorus, and i ron,  nitrogen was mtch more c r i t i c a l  than e i t he r  

phosphorus or i ron with approximately 5 mg. of nitrogen and 0.08 ~ng. 

of phosphorus necessary for  each 100 mg. of algae produced. This 

was for  the  spec i f ic  growth requirement of Microcystis aeruninosa. 

In other instances,  nuisance a lga l  blooms have been observed when 

n i t r a t e  nitrogen levels  were above 200 ppb and soluble phosphorus 

levels were greater than 10 ppb as  reported by Sylvester for  

Sea t t l e  ' s Green Lake (6). In h i s  famous report  on the lakes of the 

Madison, Wisconsin area,  Sawyer noted t ha t  ammonia nitrogen was the  

most important nitrogen stimulant t o  explosive a lga l  growth (as 

compared with n i t r a t e  nitrogen) and may be a factor  i n  determining 

the type of bloom produced (7).  However, he a l so  had reported t h a t  

nuisance conditions could be expected when the concentration of 

inorganic phosphorus exceeded or equaled 0.01 ppm and the 

c r i t i c a l  level  fo r  inorganic nitrogen was 0.30 ppm. 

Vollenweider (8), has noted tha t  the bioassay experiments of 

E .  A .  Thomas attempted t o  determine experimentally which of the two 

fac tors ,  nitrogen or phosphorus, i s  usually the l imiting factor  i n  waters 

receiving or  containing these elements i n  such quanti ty tha t  appropriate 

remedial measures are i n  order. Thomas f e l t  tha t  there was no reason 

t o  suppose t ha t  any substance other than nitrogen and phosphorus 

need t o  be taken i n t o  consideration and concluded tha t  where nitrogen 

becomes a minimm substance i n  summers it was possible t o  achieve 

success i n  reducing excess a lga l  growth by reducing the  nitrogen 



income. In similar experimental approaches, Bringmann and Kuhn (also 

reported by Vollenweider) carried out a llBiomass t e s t "  i n  which three  

groups of water samples, one enriched with phosphates, one with 

n i t r a t e s  and a t h i rd  as  a control  were inoculated with a monoculture of 

Scenedesmus. On comparing the growth a f t e r  a period of 7 days, they 

noted t ha t  where the  basic nutr ient  l eve l  was low and overal l  

production low the l imiting fac tor  appeared t o  be phosphorus; however, 

where overal l  production i s  high (such a s  i n  the  t e s t  waters examined 

i n  t h i s  investigation) the re la t ionship was reversed and the sources 

of nitrogen acted as  the  l imiting fac tor .  

It would appear from the references c i t ed ,  as  well  a s  the information 

developed by t h i s  investigation,  t ha t  under heavy pollution conditions, 

a l l  other fac tors  being compatible fo r  a lga l  growth, the quanti ty 

of nitrogen ra ther  than phosphorus determines the  biomass of algae 

tha t  maight be expected t o  develop. This appears t o  hold t rue  fo r  

several  species of algae t ha t  a re  normally associated with pollution 

conditions and might be expected t o  respond with excess growth i f  

associated with appropriate nutr ient  levels  of nitrogen compounds. 
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APPENDIX 

Automated Procedures fo r  Pheephorur and Nitrogen Species 

Phosvhorus Species 

1 )  Orthophosphate 

The sample t o  be analyzed is introduced i n t o  a flaw of 

excess acidic  Ammonium Molybdate according t o  the  following react ion 

POqg + 12(NHq)2Mo04 + 2 H+ ' (NH3)3P04 12Mo03 + 2lNII4+ + 12H20 

The molybdenum contained i n  the  ammonium phosphmolybdate 

i s  reduced by stannous chloride according t o  the following equation: 

(NH3)3P04 l2Mo4 + ~ n *  + Molybdenum blue + ~ n *  

The in tens i ty  of the  blue color i s  measured c o l o r i m t r i c a l l y  a t  

660 mp. The system obeys Beer's Law between . O 1  and 3.0 rng/l. 

Range expansion and the  use of a 5 cm. flow c e l l  allows f o r  greater  

accuracy i n  the  lower ranges. 

2) Polyphosphate 

The sample i s  t reated with 2.5 N H2S04 and heated fo r  

approximately 30 minutes a t  95O C. This hydrolizes the poly 

forms giving an end product which i s  mastly i n  the  P04s form. 

The sample i s  then t reated s imilar ly  t o  the ortho form. The 

quanti ty of polyphosphate is  determined by difference . Ortho 

and polyphosphate determinations a re  done on membrane f i l t e r e d  

samples. 

3) Organic Phosphorus and Total  Phosphorus 

The sample i s  manually digested by autoclaving i n  a 

su l fu r i c  acid persulfa te  digest ion mixture. The pH of the  



molybdate solution of the ortho procedure i s  adjusted t o  correct  

fo r  the acid added t o  the sample and analysis for  orthophosphate 

is carr ied out.  The values found for  orthophosphate and polyphosphate 

a r e  subtracted from t h i s  t o t a l  value t o  obtain the Organic P. This 

t o t a l  phosphorus determination i s  carr ied out on a nonfil tered 

sample t o  include both soluble and insoluble species. 

4 )  A l l  phosphorus forms are  reported as  P, m/ l  

Nitrogen Species 

Nitrogen determinations a r e  made using two chemical principles:  

Oxidized forms can be reduced t o  the  NO2 specie and measured by 

diazot izat ion,  and reduced forms can be select ively oxidized t o  

form Nitrosophenol compounds. 

1 )  NO2-N and NOfN 

The automated procedure for  doing NO2 analysis i s  a 

modification of the  Griess-Lowery diazot ieat ion method. Sample 

i s  introduced i n t o  a stream of acidic  Sulfanilamide -N- 

(1 Naphthpl)-ethylenediamine dihydrochloride . The NO sample i s  
3 

f i r s t  reduced by hydrazinc and CuS04 t o  NO2 and i s  then measured 

a s  N02. The e a r l i e r  value (pre-existing NO ) is  subtracted from the 
2 

reduced ( to t a l  NO2) value t o  determine NO The color solution 
3 ' 

is read a t  520 mp. 

2) NH3-N 

The am~onia procedure is  e s sen t i a l l y  an improved 

hypochlorite-phenol procedure. The sanple is allowed t o  react  

with excess hypochlorite i n  a mixture of EDTA, c i t r a t e  and acetone. 



An alk e phenol r e  agent i s  then introduced in to  the NH3-OC1-mixture 

forming a quinone compound. This compound i n  turn reac ts  with 

excess phenol i n  a basic solution t o  form the blue dye - indophenol. 

The f i n a l  solution is measured calorimetrically a t  630 mp. 

3) Organic Nitrogen 

The raw sample is  digested according t o  the  Kjeldahl 

procedure i n  a concentrated su l fur ic  acid - perchloric acid mixture, 

This digestion u t i l i z e s  the  Technicon Helical Digestor which r e t a in s  

the  sample i n  the  digestion f lu id  fo r  approximately ten minutes a t  

360' C. The sample i s  neutralized and fed i n t o  the NH3 manifold 

for  color development. Pre-existing NH3, found i n  the e a r l i e r  

procedure, i s  subtracted from t h i s  t o t a l  NH3 value t o  give the 

Organic N r e su l t s .  

4 )  Total  Nitrogen 

Total nitrogen content of the  sample is  found by adding the 

t o t a l  oxidized species t o  the Kjeldahl species. 

Alnal Bioassay 

In the evaluation of the nutr ient  qua l i ty  of surface waters a 

d i r ec t  bioassay by grawth response of spec i f ic  species of algae 

often proves vary informative. Although many of the  c r i t e r i a  

governing growth response of algae under d i f fe ren t  nutr ient  

conditions s t i l l  remains t o  be spec i f ica l ly  defined, the  qual i ty  

of the eff luent  from the oxidation ponds receiving secondary 

wastewater a s  wel l  a s  the  streams i n  the  New Hope and Haw River 

drainages were assayed i n  the follawing manner. Each r iver  water 



or pond sample was i n i t i a % l y  processed by f i l t e r i n g  through 

membrane f i l t e r s  of 0.8 ore s ize .  'This f i l t r a t e ,  f r ee  

of nearly a l l  par t icu la te  matter, was then re-seeded with f ive  

d i f fe ren t  species of algae tha t  have been described a s  organisms 

found i n  association with polluted waters (4). The t e s t  species 

were thus ecologically compatible with the waters t ha t  were t o  be 

assayed. The f ive  species were as  fellows: 

A - ro s t i f e r a  

B - Chlamydomas re inhard t i i  

C - Pandorina morum 

D - Scenedeswrs auadricauda 

E - Chlorella e l l ipsoidea 

Species A, the  Euglena, was isolated from massive grawths 

of the organism found i n  the  oxidation ponds described i n  t h i s  

report .  Species B through E were purchased from the Indiana 

University a lga l  cul ture  col lect ion and maintained as  a s ingle  

species culture by subculturing on a standard a lga l  media u n t i l  

inoculated in to  the t e s t  f i l t r a t e s .  The t e s t  f i l t r a t e s  consisted 

of the  f i l t e r e d  r ive r  or pond water, 50 m l  volumes i n  250 m l  f l asks ,  

The f lasks  were e i t he r  cotton plugged o r  l i gh t ly  screw-capped 

t o  allow for  gas exchange and grown i n  a day-night cycle of 14 hours 

l i gh t ,  10 hours dark a t  a constant temperature of 22O C * lo. 

Light inte*sity was approximately $00 foot candles. Following ten  

days growth, the t o t a l  c e l l  growth was f i l t e r e d  onto pre-tared membrane 

f i l t e r s  dried and weighed t o  determine t o t a l  c e l l  production. 

Chemical determinations of the various nitrogen and_phosphome species 



prior t o  seeding and after the ten day bioassay were made to 

determine the relative uti l izat ion of nutrient elements. 



Fig. I .  (a)  Aerial view of Third Fork Waste Water Treatment Plant,November, 
1966. Oxidation ponds in foreground, flow from left to right. ( b )  Detail of 
over-under weir at mid-point in pond. (c )  Over flow from one pond to next 
and under - f low weir. 
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