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ABSTRACT

Eutrophication is characterized by excessive algal and bacterial
growth., The extent of this growth is, within limits, dependent upon
the concentrations of available nitrogen and phosphorus, their relative
ratio to one another, and upon the rate at which these nutrients are
assimilated by the algae-bacteria symbiosis.

This investigation defines optimum nitrogen to phosphorus ratios
with respect to varying phosphorus concentrations, proposes a mathematical
formulation which describes the relationship between the algae-bacteria
symbiosis and the nutrient concentrations, and confirms the establishment
of an equilibrated phosphorus cycle by the determination of exchange
rates and turnover times of phosphorus compounds in the symbiotic cultures,

Algae-bacteria systems were cultured in 150 miililiter and 2 liter
Erlenmeyer flasks with various concentrations of nitrogen and phosphorus.
The ratio of nitrogen to phosphorus levels. The optimum ratic of nitro-
gen to phosphorus varied from 2:1 to 16:1 over a phosphorus level of
0.5 mg/1 to 8.0 mg/l.

A multivariable regression analysis of the following linearized
form gave a R2 of 0.9216.

V(2)/ALOG(Z) = By + B V(1) + B,V(2)

0
Z = algae - bacteria biomass - mg/100 ml.
V(1) = nitrogen concentration - mg/ml.

Vv(2) = phosphorus concentration - mg/ml.
BO, BI’ and B2 represent constants,



By using labeled phosphorus and appropriate radiochromatographic
techniques it was found that six organic compounds, ATP, Glucose-1-PO,,

Glucose-6-P0,, Fructose-6-P0, , Fructose-1, 6-Di-PO

X x and Phosphoglyceric

4
Acid are released into the surrounding medium by the algae-bacteria
symbiosis. In addition, by substituting experimentally determined data
into the corresponding equilibrium and rate of change equations, ex-
change rates, (a, bl’ bz, c), and turnover times, (the reciprocals of
the exchange rates), were determined for cultures containing 0.2 mg/l100ml
phosphorus.

Average exchange rates were: .31 days-1 for a, .26 days“1 for bl’
.04 daysm1 for b2’ 1.7 days-1 for ¢. The overall equilibrium equation

was then written as follows:

Dissolved Inorganic Phosphorus (0.02 mg.)

A
b1 a .0062 mg P/Day in each direction
/
Particulate Phosphorus (0.156 mg.)
/
c b2 .0405 mg P/Day 1in each direction
/

Dissolved Organic Phosphorus (0.024 mg.)

Average turnover times were 3.2 days for DIP, 3.3 days for PP and 0.6

days for DOP.



APPLICATION OF RADIOISOTOPE TECHNIQUES TO-A CRITICAL —
WATER RESOURCES PROBLEM AREA - NAMELY

NWUTRITIONAL POLLUTION

By
George W, Reid,l Rolert A. Géarhéart,2
James M, Robertson,” Robert M. Sweazy.

Today a major water pollution-problem is excessive enrichment or
eutrophicatioq of receiving waters by nutrieunt wastes. Several contem~
porary factors have combined to creafe this serious problem; the expouen-
tial growth of popuiation, the trend toward urbanization, the increasing
use of garbage grinders, the universal addition of syuthetic detefgents
to domestic sewage, the increased usc of agricultural incrganic fertilizers,
and the touditioning of industrial cooling water. Thus, large quantities
of mineral-enriched wastewater are discharged into relatively small geo-
graphic areas, |

A paradox of modern wastewater treatment complicates the problem. As
measured by the classical yardsticks of suspended solids aund BOD removal,-
the degree of treatment has increased steadily. This has resulted in more
efficient mineralization of the orgaunic constitucﬁts of sewage. Sunlight
readily.penctrates the clear waters, and the minerals which have been

released promote rapid and exteusive growth of photosynthetic organisms,
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particularly algae. Thus,.uudesirable changes in natural bodies of water,
vhich would have required thousands of years through normal evtrophication
processes, have been bréught about in five to ten years by wastewater dis-
charge.

| According to the work of numerous igvestigators over the past-
twenty years the nitrogen and phosphorus conéentrations of the waste
liquids have been found to be the most important factors causing this
excessive enrichment -~ this extraordinary growth of algae -~ and the :
consequent problems arising from the discharge of sewage effluents into
waterways. These problems, however are very camplcx and difficult ta
evaluate becazuse of the lack of basic information coucerning the role and
interdependence of nitrogen and phosphorus in the growth.of algae. Thus,
a portion of the first phase of the study was concerned with the collection
and evaiuation of badly néeded fundamental data,

The consequence of nutritional pollution is accelerated cutrophication
" by p;omotion'of algal blooms, As an engineering problem, certain couditions
must be defined and rational assumptions made., Also, numerical values nwust
be associated with conditions, assumptions, and the ensuiug relatiounship
which éevelops. The purpose of this study was to evaluate those conditions
shown by the literature to be most respomsive to the promotion of algae
growth.
When regulations are enacfed concerning the effluené or stream
standard of nitrogen and phosphorus, some reliability must be built into

the standard to insure success in reduction of algae in the stream or

reservoir. To develop reliability in this standard, the effect of various
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concentrations of nitregen and phosphorus must be known., This involves
testing for minimum growth, maximum growth, and toxic values of the nutrients.

This project approached this particular problem from the'standpoint
ofAmihimal concentrations of nitrogen and phosphorus necessary for the
groﬁth of algae. A radioactive phosphorus method was used as one of the
parameters for bioleogical mass produced and phosphorus uptake rate‘in an
alga culturiug unit. In this mamer, some standard or standards, as the
case may be, can be obtained to govern sewage treatment efficiency as .
far as nitrogen and phosphorus are concerncd. This was achieved by
holding one of the nutrients constant while varying the other and vice
versa.  All other nccessary inorganic and organic nutrients, including
vitamin B12 and other growth metabolites, were supplicd in excess to
allow maximum algae reaction to the nitrogen and phosphorus.

Batch studies were carried out in 150 milliliter and 2 liter Erleumeyer
flasks, 1In the 150 ml. flask, 100 ml. of media were used, and 2 liter flasks
éontaiued 1 liter of wmedia, The culture media was composed of well watgr |
from the 1500 foot level beneath Norman, Oklahowma., The well water was
used because of its consistent water quality similar to that of Qurface
water in the central Oklahoma area. The well water had the following
significant water quality parameters: chlorides - 12.5 mg/1; sulfates =
33.0 mg/1; iron - 0.01 ﬁg/l; Ca hardness - 19.0 mg/1 as CaC04; carbonate
alkalinity - 66 mg/l; bicarbonate alkalinity - 245 g/l orthophospﬂate -
0.04 mg/1 as P; pH - 8.4; and nitrate - 0.00 nz/1. Various trace mincrals

and vitamins werc supplied to the media by usc of a commercial vitamin in

dilute proporticns.
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Phosphorus was added in the form of orthopliosphates associated with
a sodium salt (NaZHPOQ) which also served as the carrier for the radio-
active phosphosus. The nitrogen was supplied to the algae in the form of
sodium nitrate, (NaNOB), as this represented the most highly oxidized form
“of nitrogen in natural waters. This would more closely paréllel the
recovery from organic pollution rather than a stage of active decomposition.
Carbon was used as a paramecter in several experiments and was added in the
form of glucose (C Y. _0.).

& (Cglt120¢
32 . . . s R .

The = P was counted, using a deep-well integral scintillation counter
(photomultiplier tube, plastic phosphorus for Beta counting) with an effi-’
ciency of 3774 and a background of 80+fcpm. Since geometyy correctiouns
present a problem in counting liquid samples, only 2 ml. of the batch
culture was [iltered and the radicactivity of the residue deterwmined,
YHowever, after drying and counting the residue of many samples, it was
found as accurate to determine the amount of radicactivity in the biological

: , 32_

mass by taking the difference between the P in the batch culture and the
32, . . . p . .

P in the filtrate after membrane filtration (0.45u pore diamzter Millipore
filters were used), Therefore, radiocactivity was determined on aliquots of
0.1 ml before and after filtration and the percent difference taken as the
32, . . . ; s
P in the phytoplankton., Sampling aund counting were done in duplicate,
and all samples were counted to a reliable error.

The relatiouship between nitrogen, phosphorus and algal growth is
expressed by 2 multiple regression analysis procedure, the Dolittle pro-

cedure. The Dolittle procedure determived the partial correlation coeffi-

cients and woltiple correlation cocfficicents. The two indepcadent variables
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are nitrogen, Xl, and phosphorus concentration, Xz; the dependent variable
is algal mass, Y.

In general, the multiple regression analysis was of the following forwm:

11 2

= iso + BX + BX, or ¢ - B, *+ BIX, + BX, + 8, *1/x

Where ? is the estimator of the truey and BO represents.the intercept,
and Bl and B2 represcnt the partial coefficientg of correlation, and X's
represent the independeunt variaﬁlcs. In this case, transformations were
made to account for any interdependency between nitrogen and phosphorus.

To complete the first phase of the study, the effect of the nutrients
nitrogen and phoﬁphorus on algae was determined for the conditions selected
in this étudy. 0f dmportance is the symbiotic consideration with the hetero-
trophic bacteria in an ecosystem, such as & sewage treatment plant's effluent
receiving stream. The carboﬁ-enricbcd nitrogen and phosphorus studies reveal
the following:

1. A‘bacterial bloom occurs within the second or third day

in contrast to the algae growth which usuvally requires
six to eight days.

32

2, P uptake studies show immediate uptake of the soluble
phosphate, 80-90% in the first day.

3. The waximum yield.of algae is the same for carbon enriched
and non-enriched counditions.

4. Based on the above, phosphorus metabolic by-products are
~ easily metabolized by the algae.

The effect of the nitrogen to phospherus ratio, N/P, appears to manifest
itself in diffrreut phosphorus levels. No straightforward relationship was
developed by this study concerning the N/P ratio. Each series of N/P ratios

tested produced an eptimum concentration of nitrogen and phosphorus (Table 1).
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Variation in the optimum ratio for an algae-bacteria symhiotic system
based on this study could be due to the following:
1. The phosphorus is reused in the case of autotrophic organisms
as the phosphorus is cycled through the system, promoting

secordary populations of algae.

2. The physiological condition of the seed population of algae
and bacteria, such as the zge of the innoculate.

3. The luxuriant uptake of phosphorus by the algae-bacteria which
would produce a lower optimum ratio,

4, Competition between the heterotrophic and autotrophic segments
of the population.

The minimum concentration necessary for algae growth in this study was

found to be above 0.01 mg/l of ro,

-F¥ or lower, The 0.01 ﬁg/l level is the
smallest concentration used in the experimental design., At a POA-P con-
centration of 0,10 mg/1, the algal bloow condition threshold is reached.
Regardless of the nitrogen Eoncentratiou, this narrow range of sensitivity
to the phosphorus concentration demonstratesAthe problem in attempting to
._cbntrol nutritional pollution. ‘The ability of the phosphorus to control

algae growth at this lower coucentration could be due to several thivgs:

1. Recyclﬁng of the nutriecuts as metabolic by-products sustaining
growth, -

2. N, fixation by bacteria iu low unitrogen concentration condi-
tions and high phesphorus couditiocus.

3. Variable efficiency by the algae in using phosphorus in the
energy transformation reactions--in the restricted phos-
phorus in storage, more phosphorus in the high energy phosphate
bonds.,

A multivariable regression analysis, with the algae growth the independ-
ent variable and the nitrogen and phosphorus the dependent variable was
attenpted. Secveral lincarized wodels based on possible functional relatioun-

: ’ 2
ships were fit with the experiwentel data. The corrclation cocefficient, R,
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the number of interactions and power of pélynOmial were used Lo evaluate
the models as to their applicability avd to their goodness of fit.

The following linearized form gave a corrclationm coeefficient, Rz, of
0.9216 with no interaction inputs.

V(2) [ ALOG(Z) = B, + Bl V(1) + BZV(Z)

0
Z .= algae-bacteria biomass - mg/IOb ml
V(1) = nitrogen concentration, mg/ml
v(2) = phosphorus concentration, mg/ml
BO = 0.0413
B, =  0.0050
BZ = 0.2204

The ¥ statistic for F = 99.47 while the computed value is

.01(2,44)
497.0; therefore the varianée test is significant.at this level. Since:
99.47 < 497.0.

This equatioun demonstrates the éensitivity of algae to the phosphofus
concentration In that low concentration:of nitrogen and low coucentrations
of phosphorus prédﬁce Siguificant algae growth,

£LOG(Z) = V(2)/(0.0413 - 00600V (1)] + .2204 [v(2)]

Z ='10V(2)/[0.013 - L0060 V(1) + 0.2204 V()]

This equation docs not imply a functicnal relaticnship betwzen nitrogen,
phosphiorus, and algae of this form, Quite possibly, many relatiouships
could give a ccrrelation coefficient of this maguitude, It does imply that
the variation can be explained within the limits set by R2 for the giveﬂ

variables.
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This research demonstrates the sensitivity of algae growth to the
nutrieut concentration and the interaction between an algae-bacteria sym-
biotic system in relation to the phosphorus concentration, Further studies
combining other ecological conditions, such as turbidity, light, alkalinity,
én& harvesting herbivores in various cowbinations with the nutrient con-
centrations could be made; however, a correlation coefficient of .92 is
very satisfactory. ITn addition, further studies aimed at establishing
‘definite maximum and wminimum N and P concentrations might prove useful. TIf
information is to be obtained that can be incorporated into engineering
planving studies of nutritional pollution, broad assumptions must be verified
and qualified.

Phase two of the study was conccrned with phosphorus exchange and
turnover in algal cultures,

The extent of algal growth was shown in phase one to be directly
related to the nutrient concentration. Likewise, algal growth is directly
related to tﬁe availability of the nuérients.

If an essentjal nutrient, such as phosphorus, is present in limitedr
quantities or if it is in sowe mauner sequestrateda algal growth is reduced,
and is-dependent on the conéentratiou of tge nutrient or on the rate at
vhich the nutrient becowmes avaiiﬁble for algal uptake and assimilation.

A phosPhofus system in water approach equilibrium when envircumental
conditions are constant and no net phosphorus exchanges can be measured,

When a steady state is approximated the system cau be treated as though it

consisted of two simultancously occurring reversible reactions:



Dissolved - Particulate 51 Dissolved
Inorganic © Phosphorus Organic
Phosphorus ) Phosphorus
g N
B, Y
bIP PP Dop

wﬁere DIP —PP represents uptake of orthophosphate by living crganisms,

o represents the rate of loss of material frém the DIP phase; the reaction
PP-~DOP represeulbs the release of organic phosphorus {rom dead organisms
presumably as a result of bacterial attack and leaching out by water, Bl
represents the rate of loss from the PP phase; the return process DOP ->PP
represents the uptake of dissolved orgaunjc phosphorus compounds by bacteria
aﬁd possibly by the algae, Y being the rate of loss of material from the

DOP; finally PP —>DIP is the result of several simultaneous processes:

1. The release of DIP from the organic compounds which have
been broken down by bacteria,

2, The return of DIP to the water by algae and bacteria as a
result of exchange in which inorganic phosphorus is con-
stantly passing into gud out of living cells,

3. Autodephosphorylation of labile organic phosphate zontained
within organisms which have died,

62 represents the rate of loss from PP to DIP.
The algae were cultured in 150 wml flasks under the following conditions:

a. ‘The wedia was 100 ml of water (well water) in which growth
factors such ag Vitamin B and trace elements were maintained
at optimum concentrations., Phosphorus was added in the form of
orthophosate associated with a potassium salt (K HPOA); nitrogen
was in the form of sodium nitrate, NaNOB. The NYP ratio was 4:1
with 8 we/L N and 2 nz/L P.

b. An algal inoculum cousisting principally of Chlorella was used,
Two ml of ivoculum (Percent traunswmittance = 31.5) were added to
each {lasl.
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c. Bacteria: The algal incculum was not bacteria free -~ since
there is a definite relationship between the algae and the
bacteria in a natural eaviromsent, it was important in this study
to consider them one phenonena.

32

d, P-32 in the form of K2HP O4 was used.

Analytical procedures cousisted of the following:

a, PP-32 (Particulate Phosphorus) was taken as the difference
between total P-32 in the culture and P-32 in the filtrate
passed through a 0.45 pore diamater filter. Aljcuots of 0.1 ml
before and after filtration were counted in a deepwell integral
scintilation counter with an efficiency of 37%. The percent
difference was takeu as the P-32 in the algaec.

b. The DIP-32 aud DOP-32 in the filtrate were separated chromato-
graphically and identified by their respective Rf's. The percent
of cach cowmpound was determined by drawing the chromatogram
strip in front of a Geiger-Muller gas flow counter and then
determining the area under the curve with a planimeter. The
chromatograms were prepared by placing 100 L sawples of the
filtrate on Whatwan #1 paper, previously washed in 0.1N HCL
and distilled water, and developed in methanol, formic acid,
and water, (80:15:5), using unidimensional, descending chroma-
tography. Of the many solvents tested this was selected as the
best for a vapid separaticn of the phosphoric esters.

c. The Phosphate compounds forwed in the Algal Mess, (FPP-32),
were also analyzed chfomatographically. For each run several
saumples werc ponled, centrifuged, supernatant decanted; the phos-
phiorus compounds were then extracted frea the algal mass by the
addition of boiling absolute ethanol, followed by 80% boiling
ethanol. This mixture was taken dowa to dryness using a Flash
Evaporator and then taken up in 2 ml of water. Samples were
placed on chromatographic paper and developed in the same wmanuer
as the filtrate. The chromatograms were scanned and the percent
of each compound determined.

By usiug P-32 and appropriate radiochromatographic techulques, it was
determined that six organic phosphorus compounds, AIP, Glucose~l-PO4 and
FructOSehﬁ—POQ, Fructose-1, 6DiP04, Glucosc"lPOQ and Fhosplhoglyceric Acid
were released into the surrcunding medium.by the algae, Tn addition to
qualitative data, cxperimentation has produced quantitative data which, when

A

substituted into the correspending cquilibrium equation and diffcrential
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equation (App. 1) will result in an exchange rate from cone phase to another.
Turnover times then are the reciprocals of the exchange rates. Average

exchange values found for our cultures were:

DIP (0.02 mg)

o 1‘/ 0.0062 mg P/L/Day in each direction
PP ~ (0.156 mg)
qL : 0.0405 wg P/L/Day iun each direction
bor (0.024 wg)

and average tuynover timés were:

DIP = 3,2 days

PP = 3.3 days

DOP = .58 days

Figure lrillustratas the average equilbration of dissolved inmorganic
phosphate and the simultancous increase of particule phosphorus and disolved
organic phosphorus.

"By establishing the exchanze rate and turnover time of phosphorus
“at var&iug-concentrations and cdupliug these data with existing data conn.
cerning limiting phesphorus concentrations, a mathematical model to predict
exchange rates could be coustructed. -This knowledge would then be of value

in predicting the algae growth potential of a particular body of fresh,

surface water,
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TABLE 1

Optimum Ratios of N/P at Various PO, - P Levels
EOUS E 15

Phosphorus Level (mg/1) | Optimum Ratio Yield (ing/100 ml)
0.5 .9 60
1.0 - a1 . 50
1.5 9/1 T 48
0.1 16/1 60
2.0 | : 16/1 : ] 55
3.0 4y : ‘ 45
4.0 ¥4 65

8.0 2/1 50
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Appendix 1

Equilibrium equation #1:

o (DIP) = 51(PP)

Equilibrium equation #2:

B, (PP) = Y (DOT)

Rate of change equations:

&212:%31 = - . K P -
a 3t = - (DIP-32) + B, (P¥-32)

for a finite time interval this equation is written;
'(DIP-32)2 - (DTP-32)
At

P-32). + B(HOP-
oo PIP-32), o pOP-32),

(pp-32), + (PP-32),

g, —

2

T = 52 (PP-32) -~ Y(DOP~32)

2

e
]



