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Past invest.igators have proved that conventional chemical

techniques do not give accurate estimates of Ëhe bíologically-active

phosphorus in lake T¡rater. Soluble reactive phosphorus, long believed to

be orthophosphate-phosphorus, the form of phosphorus most readily

avaílable to plankton, includes large amounts of phosphorus which are

hydrolyzed from col1oidal compounds during the rnolybdate-blue analysis.

Thís colloidally-bound phosphorus is not removed by phytoplankton at

rates comparable to P04-P uptake.

During the current study several previously untested methods for

estimaËing POO-P concentration were tríed. None of these methods proved

to be very satisfactory. The chemical meËhods which were investigated.

either lacked the sensíËiviËy necessary for PO,-P measurement oï suffered

from inËerference by colloidal phosphorus or other compounds in lake

I'later. Many of the radiochemical methods which rÀrere considered required

isotopic equilibriurn. Colloidal phosphorus acquires labe1 so s1ow1y that

meeting this condition was ímpractical.

Based on the above results, it was decided that Riglerrs bioassay

(Ríg1er 
' L966) was the most reliable method available for estimating

P04-P concentratíon. This rnethod was used duríng seasonal studies of an

oligotrophic and a fertj-lized lake ín the Experimental Lakes Area, North-

hlestern Ontarío. Riglerrs bíoassay gives only maximum concentratíon

estimates. During summer st.agnation, these estimaces r¡reïe very low (from

less than I to 180 ng/r) for both epilirnnion and hypolimnion samples.

PO4-P coricentration was only slightly higher in the hypolimnion than in

ABSTRACT



the epílimnion during Ëhe summer, although the hypoliionions of both lakes

were anoxi.c" The flux of POO-P to seston was subsËantial (about Z pg/Il

day, on average) and \¿as nearly egual ín the epilimnion and hypolimnÍon.

This suggests that organisms, rather than ínorganic reactions, control

PO4-P concentration at all depths in a lake. The híghest concenËration

estimates were obtained for epilimnion samples during the winter.

Although the concentrations of particulaËe phosphorus, ATP, total

dissolved phosphorus, and chlorophyll-a were much great.er in the

fertilj-zed lake, the PO4-P concentratíons in the fertilized and unfertilized

lakes were similar. Apparently, the added P04-P v/as removed by seston

before samples were taken. It then either was sedímented or !/as convert,ed

to colloidal phosphorus.
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In most lakes phosphorus limits primary production (l^Iinberg

and Lyaknovich, 1965; Vollenweider, 1968i Schindler et al., I973) .

By exercising this control, it also curtails production at higher

trophic 1evels and regulates the abundance and distribution of the

combined forms of other nutrients.

An awareness of the forms and rnovements of phosphorus in lakes

should serve as a skeleton for many limnological studies. Neverthe-

less, the phosphorus cycle is one of the least understood nutrient

cycles. Part of the confusion about phosphorus cycling has resulted

froin the common practice of measuring nutríent concentrations, without

considering fluxes or loading rates. Even more important has been

the use of separation and analytical techniques which often neasuïe

meaningless phosphorus compartments.

GENERAL INTRODUCTION

The Molybdate Blue Method

until recently nolybdate blue colorimetric methods have been

used almost exclusively to estimate phosphorus concentratíons in lake

ü/ater. These techniques involve the reaction of orthophosphate with

molybdate, under acidic conditions, to forn ye11ow heteropoly acids.

These acids then are reduced to blue compounds of unknown composition.

The intensity of the blue color is proportional to orcthophosphate

concentTation.

The basic procedure was developed by Osnond ( 1S8D to measurce

orthophosphate concentTation in laboratory solutions. During the



I920t s, Deniges (1921) and Atkins (1923) modified the procedure so

that it was sensitive enough to produce color in lake water samples.

Over the years limnologists began to apply the technique, and concepts

about the forrns of phosphorus in lake water evolved. Juday, Birge,

Kenrnerer and Robinson (1928) measuredt'orthophosphaterrin both

undigested and digested whole lake water. They ca11ed the fcrmer

rrsoluble phosphorusrt and the latter 'rtotal phosphorusrr. The difference

between the two became known as 'rorganic phosphorusrt.

0h1e (1938) further differentiated the phosphorus fractions by

using 0.75u filters to separate suspended from I'dissolvedrr phosphorus.

He recognized that "dissolved organic phosphorus" might be in

colloidal form. The four phosphorus fractions which Ohle defined,

rrdissolved inorganic phosphorusr', rrdissolved organic phosphoruslt,

rrsuspended inorganic phosphorusr', and t'suspended organic phosphorusrl,

along with cornbinations of these fractions, have been measured ever

since. A key to the most coilìnonly measured fractions is presented in

Figure 1. Few workers have measured all the phosphorus

fractíons. Often only soluble reactive phosphorus is determined.

This fraction generally is interpreted as free orthophosphate, the

forn of phosphorus believed to be most readíIy avaíIable to phyto-

plankton (see Hooper, 1973).

The details of the molybdate blue method have been modified many

times since the 1930ts. A large variety of filter pore sizes and

centrifuge techniques have been used to separate suspended from

t'dissolvedrr phosphorus. In 1964, Rigler demonstrated that most of

the range in the relative proportions of the phosphorus fractions



Figure 1. A key to the most commonly measured phosphorus fractions.
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reported in the literature could be due to differences in separation

techniques.

A diversity of reducing agents, addj-tives, and solvent

extract.ion methods also have been used. olsen (1966), surveying Ëhe

orthophosphate líterature between 1960 and L966, counted about 100

variations in the analytical techníque for soluble reactive phosphorus.

The authors also reported theír results ín a great variety of units.

Lack of sËandardizalíon, however, has not been the only problem

urith the molybdate blue method. The method is so simple and the

results so replícable that few limnologists have questioned its va1ídity.

Errors Involved in the Molybdate Blue Method

Two poËentíally major sources of error in the molybdate blue

method exíst. First, anions of Group rv (si and Ge) and other Group

v (As) elemenËs of the perÍodic table react wiËh rnolybd.ate under

acidic condítíons. Fortunately, the optímun pH for t.he reactíon of

nolybdate r¡riËh sílicate and germanate is higher than that for the

reaction with orthophosphate and arsenate. Interfererrce of Group IV

elements with orthophosphate measurement, therefore, usually can be

avoíded. Occasionally, however, the silícate concentration in samples

(i.e. in some sediment fusíons) is extremely high and sílícat.e inteï-

ference is significanË.

Until recently, no one was

interference with orthophosphaËe

to be rare. Recently, however,

that the arsenate concentratÍon

co account for the discrepancies

greatly concerned about arsenate

measurement because arsenic seemed

Chamberlain and Shapiro (1969) reporred

in Minnesota lakes is greaË enough

in orthophosphate estimat.es



which have been obtained by different molybdate blue techniques in

that state. Orthophosphate and arsenate react optimally with molybdate

under sinilar conditions, but molybdoarsenic acid is formed and

reduced at a slower rate than molybdophosphoric acid. Arsenate

interference With orthophosphate measurelnent, therefore, can be

minimized by extracting the molybdophosphate into isobutyl alcohol

before acid reduction is complete (Chanberlain and Shapiro, 1969).

For total phosphorus and total dissolved phosphorus analyses, arsenic

interference may be eliminated by reducing the samples with sodium

metabisulfite and sodium thiosulfate before analysis (van Schauwenburg

and Walinga, 1.967). This mixture converts arsenate to arsenite, but

is too weak to reduce olthophosphate. Because organic phosphorus

cornpounds may hydrolyze under reducing conditions, this method can

not be used to avoid arsenate interference with SRP measurenent '

The second potential source of error ín the molybdate blue nethod

is the hydrolysis of organic phosphorus compounds. This possibility

was recognized almost fron the beginning of inorganic phosphorus

Ìneasurement, but it never was believed to be serious. Some workers

atterîpted to avoid hydrolysis by working fast (Fiske and Subbarow,

1925; Crouch and Malmstadt, 1967i', Chamberlain and Shapiro, 1969; and

Javier, et a1., 1969), by lowering the reaction pH (Lowry andLopez,

1946) (which actually augrnented the problem), or by separating the

phosphomolybdate from solution with an organic solvent (Berenblum

and Chain, 1938).

In the last decade, evidence that the nìolybdate blue method

frãy, in fact, greatly overestimate orthophosphate concentration in



natural waters has accurnulated.

during a study by Kuenzler and

with Phaeodactylum tricornutum

influence of a1ga1 populations

ocean. To obtain flux values, they rneasured phosphorus partitioning

between the algae and the 0.8u filtrate at what they believed to be

equilibriun conditions, using both analytical and radiotracer methods.

Surprisingly, the orthophosphate concentration predicted from the

equation P0*-P=TP ^ 
32P filtrate/32P ,orur was only 4vo of r,he

chemically determined value. Ríg1er (i968) obtained similar results

using lake water.

More evidence appeared when Jones and Spencer (1963) attempted

to remove orthophosphate from sea \n/ater by running the water through

a column of ion exchange resin. The column removed 98% of the SRP

from an 0.55 M NaCl solution containing 51 ug POA-P/L, but only 15%

of the nolybdate reactive rnaterial was removed from sea water

containing 15.5 Ug rrPOO-ptr/I. Rigler (1968) found that the same resin

would ïemove 96% of the 32p added as orthophosphate to a sample of lake

water, but only 74% of the SRP. In studies with hydrous zirconiun

oxide, a material with a high affinity for orthophosphate, Rigler (1968)

observed a similar discrepancy between the uptake of 32POn and SRP.
+

Rigler presented yet another observation condenning the molybdate

blue method in 1966. He reasoned that the rate constant for

orthophosphate uptake would decrease in a regular manner as ortho-

phosphate concentration was increased. Adding t'OOo and various

amounts of unlabeled orthophosphate to samples of lake water, he

The first major indication arose

Ketchum in 1962. They were working

cultures, attempting to assess the

on phosphorus recycling rates in the



calculated uptake velocities by multiplying each orthophosphate

concentration (the anount he had added plus

the SRP) by its corresponding uptake rate constant. If the

nolybdate blue estirnate of orthophosphate concentration had been

correct, a plot of uptake velocity versus concentration would have

intercepted the x and y axes at (0,0). The actual curve, however,

swung upward as it approached the y-axis, intercepting it at a

very high value. By assurning various original orthophosphate

concentrations, and testing each with his p1ot, Rigler discovered

that the molybdate blue method was overestimating orthophosphate

concentration by at least 10 to 100 tines.

Proof that the nolybdate blue method measures forms of

phosphorus other than orthophosphate has been obt.ained this year.

Chamberiain (1968) and Lean (I973) demonstrated that most rtdissolvedil

phosphorus actually is in co1loidal form. Using Sephadex gel

fractionation, Stainton (1975) showed that these colloídal

phosphorus compounds hydrolyze when they are subjected to the

acidic conditions of the molybdate blue reaction. He then

demonstrated that the cleavage products are measured as soluble

reactive phosphorus. Five popular molybdate blue procedures were

tested. Hydrolysis was significant in every case.

The Present State of Phosphorus Measurement

With the demonstration that the molybdate blue method does

not separate inorganic from organic phosphorus, one of the two

dichotomics used to define the phosphorus compartnents in lake water



was shown to be meaningless.

The validity of the remaining step, the separation of

suspended from t'dissolved" phosphorus, also has been questioned.

First, the tern I'dissolved phosphorusrr is not appropriate for the

largely co1loidal filtrate.l Furthermore, colloidal phosphorus is

only partially passed through an 0.45u filter (Rigler, 1964, Chamber-

lain, 1968). The proportion of co1loidal phosphorus passed may

not be constant over a season or between lakes.

Thus, after 50 years of estimating phosphorus concentrations

with the molybdate blue method, the only trustworthy data available

are total phosphorus measurements. Even this information may be

faulty for lakes where arsenic concentrations are high.

Obj ectives of the Present Study

The work described in this thesis is an attempt to separate

orthophosphate from other forns of phosphotus, especially from

those forms which are included in the SRP fraction, and to make a

preliminary study of the seasonal dynamics of orthophosphate

concentîation and its flux to seston.

0rthophosphate was chosen for study largely because it has

the reputation of being the biologically most active form of

,l During the remainder of this thesis these two phosphorus
compaïtments will be referred to as"filt.r rãtaiiable"andItfiltrateil phosphorus when theories are presented or when
radioisotope experiments are discussed. To conform with
ex{sting terminology, the terms TDP and pp vrill be used,when
the results of chemical analyses are discussed.
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phosphorus in lakes and because the radioisotopes "P and ""P a1e

convenientLy available as orthophosphate salts. The latter

property facilitates the use of radiochemical methods for estirnating

concentration and f1ux. These methods generally are far rnore

sensitive than chernical ones.

To tïeat the many aspects of this study with the least amount

of confusion for the reader, the body of this thesis has been

divided into two sections. The first is concerned with the methods

for estinating orthophosphate concentïation which were investigated,

and the second with seasonal changes in oTthophosphate cycling.



METHODS FOR ESTIMATING ORTHOPHOSPHATE CONCENTRATION

Introduction

Finding a new chenical rnethod to measure oÏthophosphate

concentration is a difficult, and thus far, unfulfilled task. Any

technique devised either must be gentle enough not to hydrolyze

colloidal phosphorus (the pH and the ionic content of the sample must not

be altered) or the orthophosphate rnust be separated fron other forms

of phosphorus príor to the analysis. FurtheÏmore, the method must

be very sensitive. The concentïation of SRP, of which olthophosphate-

phosphorus may be but a minor component, often is reported to fall

below the linit of detection, 7 Vg/I. The most sensitive tools now

available for quantitative anion analysis are flame photometry combined

with gas chrornotography (Matthews et al. , L9l7) and fluorometry (Guyton and

Shults, 1969). Flane photometry can detect a few nannograms of

phosphorus, but only about 5 Ul of sample can be injected at a time.

The limit of detection, therefore, is about 20 vg/7. FluorometTy,

using the aluninum-morin system, is about as sensitive as the molybdate

blue nethod. Methods for determining orthophosphate concentration

without interference from other anions have not been devised for either

of these approaches. Flane photonetry, furthermore, requires that the

phosphorus be silylated (converted to a gaseous forn, tris-(trimethyl-

silyl) phosphate) before analysis.

During the course of this study, several untested means of

IO

SECTION I
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estimating orthophosphaËe concentration were investigated, To maintain

a sense of continuity, these methods are presented here Ín separate

sub-secËions before they are compared in the discussÍon. ExperÍmental

procedures which hrere common to al1 of the methods and which could alter

eÍther the rate constant for orthophosphate uptake, K, or orthophosphat,e

concentraËion are assessed ín Appendix I.

Sephadex Fractionatíon

The first method consj-dered was one suggested by Schindler, Lean and

Fee (1975). The principle was to measure the TDP concentration of a sample,

and then determine the fraction of this phosphorus whích ís POO-P by

Sephadex fractionatíng the 0.45p filËrate of. 32p-I"beled lake v¡ater.

Thj-s rnethod requires that the ratio of 32p ao 31p be equal in al1

phosphorus compartments at the time of filtratíon. A variatíon on t,his

method would have been to Seohadex

measure SRP only in those fractíons

Methods

Although both Chamberlain (1968) and Lean (1973) had published

orthophosphate uptake curves showi-ng thaË an ínitial rapíd uptake is

followed by several hours of what. seems to be equilibrium conditíons,

it ¡^¡as decided to label in situ columns of water r.¡ith 32po 
,, and follow
4

uptake in them to be certain that long-teïm changes in 32p distribution

were noL occurring.

The columns r¡/ere made of polyethylene, lìrere 3 rn long, and 27 em

in dlameter, and v¡ere suspended from wooden floaËs aL the lake surface.

During the summer of L973, 3 columns \¡rere set up in Lake 227 and 2 ín
the south basin of Lake 302, in the Experimental Lakes Area, Northwestern

Ontario (see J. Físh. Res. Board Can. Vol. 28, No. 2, Feb. L97I).
2,tAbout 2 mCi of carríer-free H?"PO¿ (obtained from

fractionate filtered lake water and

which e1uËed as orthophosphate.



Atomic Energy of Canada) here added to each column. The procedure was

\)to mix the "'PO, with an amount of lake water equal to the volune of
+

a 2 m long PVC tube. The tube was held vertically in the column while

the mixture was added to its mouth at the surface. After addition,

the tube was raised slowly, with a swirling motion, so that th. 32POo

would be distributed throughout the column. The columns were

incubated fron 4 to 7 days. An epilinrnion v/ater sanple was returned

to the laboratory on the day of each rtspíket', und 32POo uptake was

followed in this sample until the first in sítu aliquot was obtained.

samples were collected with another 2 m long PVC tube, which was

stoppered with a rubber bung.

Sephadex fractionation of the0.45¡L filtrate of column sanples

was perforned at least once during each incubation. TDP and PP

analyses (see Figure 1) also were made. G-25 (fine) Sephadex columns

with bed dinensions of 2.5 cm by 45 to 55 cm hrere prepared according

to the Pharmacia technical literature. The eluant contained 0.3% NaCl

and 0.01% NaNr. Although the eluant was boiled during preparation,

and although NaN, is a strong bacteriacide, the Sephadex columns occasionally

became contaminated with bacteria. In I974, the concentration of NaN,

was raised to 0.059" and the Sephadex columns were d.isassembled and washed with

50% ethanol, followed by several rinses with fresh eluant, before each

experiment.

Samples were pumped fron a syringe into a line leading to the bottom of

the Sephadex colì-unn, using a Buchler perj-stalic punp. Eluant

followed each sample. The flow rate was 1.1 nt/min. 5 m1 samples

were collected with a Gilson aliquogel fractionator and collector.

I2
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The Sephadex columns r¡rere calibrated, using blue dexEran to determíne void

12 i2
volume, and t'rOO to determine the elution volume of orthophosphate. --P

actívity r¡ras measured on a Pícker Nuclear scintillation counter using

Cerenkov counting (Brornm, f97L).

Results
1/"PO,, added to epilimnion water samples incubated in beakers Ín

the laboratory, and to in sítu columns of epílímnion water, rapidly I¡Ias

converted to sestoni" 32p. Tn the laboratory-incubated samples, only

0.6 to 3% of th.32p activity remained in the 0.45u filtrate after 2 hours.

The net uptake ïaËe appïoached zeTo at this time, but, usua1ly, a slow

rise in filtrate 32P 
".tirrity followed (Figure 2).

After one day of incubaLion, the tr¿o in situ columns in Lake 302 S

had 15 xo 27|Z more of their 32P activity in the filtrate than díd the

correspondíng laboraËory-íncubated samples (Table l). During the

remainder of the in situ incubatíon, the fraction of 32P 
""tirrity in the

remainder of the in sit.u incubaËion, the fractÍon of 32P 
""ti.ríty 

in the

filtrate decreased (Figure 2 
^).

In the Lake 227 columns, the fracLion of. 32p activity in the

filtrate after 24 hours r,ras similar to that in the corresponding laboratory-

incubated samples. Filtraa. 32P activity slowly increased throughout the

remaínder of the íncubation (Figure 2 B).

None of the columns remained in the lake long enough for an equilibrium

distribution of 32, ,o be attained. A comparison of the specific activiËíes

of the fílter retaínable phosphorus and filtrate phosphorus fract,ions

was made on Ëhe final day oÍ. each incubatíon (Table 1). If a

state of isotopic equilibrium had been reached, the specífíc actÍvitíes

of the two fractions would have been equal. InsËead, the specific activity
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of the fílter retainable fraction consistently v/as gïeater than that
of the fÍltrate fraction. In view of the large discrepancy between the

specific activities of the two phosphorus fractions, it is questionable

r¿hether the filtraËe phosphorus in these cok¡mns ever rvould have been

completely labeled.

The results of Sephadex fractionatíons performed. on water from

the in situ columns after one oï more days of íncubation are shown in

Figure 3. The rotal filtrate 32p 
""tÍ.rity of Ëhe Lake 227 sampLes was

so low that the activity of each fraction was barely above background.

The Lake 302 S results are moïe reliable. During each fractionation

almost all of thu 32p 
1abe1 appeared at void volume, as corroidal

phosphorus. T h" 32eor, peak either r¡/as so 1ow as to be undetectabre

or !üas obscured by the elution of other low molecular weigrrt 32p

compounds.

Although the in situ columns did not províde orthophosphate

concentration esti-mates, they did perrnit the calculation of phosphorus

sedimentation rates from the epilímnion. The rate constant for this

process vtas assumed to

consËant for total 32p

radioactive decay. The average TP concentration during each íncubation

was multiplied by the sedimentation rat.e constant to yield an estimate

of phosphorus flux to the sediments. The results of these calculaËions
are presented in TabLe 2' The sedimentation rates calculated for Lake 227
are roo great (over three times the phosphorus loading). This suggesrsthat the specifíc activities of rea.ily sedÍrnented partíc1es exceeded

be equal to the difference between the rate

loss from a column and the rate constant for



Figure 2.
2,2

The percent of total ""P activity present in the filtrate

fraction of lake water at various times after the addition

of ""P0..
4

The solid lines refer to water incubated rith 32e00 in

in situ epilimnion columns, and the broken lines to samples

which were returned to the labor atory before t'roo addition.

The latter samples were collected on the days when the

columns were trspiked'r.

15

2A Lake 302 S

The incubations began on 6 June, 1973 ( o-o ) and

76 JuIy, L973 (ru ).
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Figure 2 B. Lake 227.

The incubations

9 July, 1973 (

( a---a ) .

_LO

began on

a\ '\r )t

7 June, 1973 ( o---¡

and 7 August, 1973

)'
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Figure 3. G-25 Sephadex fractionation of the

""P-labeled lake water filtered at
72

the addition of "-P0.. The water
4

situ epilirnnion columns.

V^ denotes void volume (compounds

greater than about 5000) and POO-P

elution volume for orthophosphate.

I7

3A Lake 302 S

0.45u filtrate of

various times after

was íncubated in in

with nolecular weights

represents the
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Figure 3B Lake 227
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TABLE 1 The parti tion of 32P

íncubated in in situ
between the fílter retainable
epilírnnion columns for from 4

and filËrate fractions of lake water
to 7 days after .tpo,, addition.

32^^--PO¿. was added to in situ epilimnion
4 to 7 days. The sp..ifi" activitíes
\¿Jere compared to determine whether an

columns, and its rate of uptake was followed for from
of the fíltrate P and filËer. retainable p fractions then
equílibrium distributíon of 32p had been reached.

Lake Date of Length of7)^ ^"'P04 lncubat].on
addition (days)

% of 32p acrivity
in the filtrate
after 24 hrs:

\ /-zo ot "-p act].vlty
in the filtrate at
the end of the in
situ incubation

Specific activity Specifíc
of the filter re- aetivity of
tainab'l e P on the the f iltrate
fínal day. on the final

(nCi/ue) day.

(nC i/u g )

In the
colunns

In labora-
tory incu-
bated
s amples

H

227

302 S

7/6/73
e/7/73
7 /8/ts

6/6/73
16/7 /73

1.6

a-

76.7
28 .3

4
7
A

r

7

(Rq+?hrcl

2.2

(1.5 at 2 hrs)
1T

Ô-
AJ

q1
1I al

3.38
1 .63

27 .8
34.3

0.592
0.368
O. 1BB

5.73
7.73



those of other phosphorus forms.

HZO Method

Another method considered worthy of investigation was to

concentrate orthophosphate from a known volume of lake water on

hydrous zirconium oxide (HZO) crystals, add NaOH to the crystals to

extÏact the orthophosphate, and then use the molybdate blue method

to measure the orthophosphate concentration in the NaOH solution. The

sensitivity of this method might be increased by using 32p-1rb"1"d

lake water. If the specific activities of the phosphorus forms

present are equal, the fraction of the total activity adsorbed should

be equivalent to the fraction of TDP which is po4-p. This

method assumes that orthophosphate is the only form of phosphorus

adsorbed by HZO.

Methods

20

Hydrous zirconium oxide was obtained from Bio-Rad Laboratories.

To clean the powder, distilled water was added and the smaller particles

decanted. Fi-ve washings with 10eo NaOFl, and five with distilled wateï,

followed. This suspension was brought to neutrality with 0.1 N HC1 and

phenolpthalein.

The efficiency of orthophosphate adsorption on the powder was

tested by adding 5 to 10 g of HZO to 100 ml of 
^32pO^ solution.

+

Before the addition, a 5 m1 aliquot of the solution was withdrawn,

filtered, and its 32P activity counted. After addition of HZO and

30 minutes of agitation on a Burrell wrist-action shaker, a second

5 m1 aliquot was filtered and its 32p u"tiuitv determined.



TABLE 2. Calculation of phosphorus flux to the sediments
epilimnion columns.

from the rate of 32P lo* ftot

Phosphorus flux to the sediments is equal to
difference between the rate constant ior 32p
constant for 32p radioactive d.ecay Q.048/day)
concentration within the column.

the rate constant for sedimentation, the
disappearance frorn the columns and the rate
, multiplied by the total phosphorus

Lake Date Rate constant
- 71^roT "'y t-oss trom
the column (I/day)

Rate constant
for sedimentation

(I/ day)

Mean TP during
the incubation

(uel 1)

Phosphorus flux
to the sediments

fue/ I/ daY)

227

302 S

7/6/73
s /7 /73
7 /8/73

6/ 6/ 7s
16/7 /73

0.256
0.204
0.270

o. osz
o. rsz

0. 208
0. 156
0. 162

q2
q7

0. 08
0.65

44
62
59

9

6

t\.)
F

0. 009
0. 109
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The efficiency of the exrracrion of orÊhophosphate from HZe by

NaOH then was examíned, Ten percent Na0H was add.ed. After 30 minutes

of agiËation, a 5 rnl aliquot of the NaoH solution vüas !üithdravm.

filtered and its 32p actívity measured.,

Finally, the removal of orthophosphate from lake \"/ater samples was

invesËigated. hrhole lake water \¡/as incubated with 32p0 , for 24 hours.
+

100 rn1 of this !/ater v/as pouïed into a BOD bortle (A) . Another 100 ml was

filtered Èhrough an 0.45p filter and poured into a second bottle (B).
'-PO^ and unlabeled 0.45u lake r+ater filtrate r^iere added to a third botË1e

(C), as a control. About 10 gm of HZO were added to each bottle. lt 32p

adsorption by HZO I{ere equal in bottles A and B, orthophosphate concent.ration

might be estimated without a filtratíon step and Lhe hazards of ce1l

breakage and fílter adsorption thus avoided.

The bottles I¡lere agitated as before. 5 inl aliquots were withdrawn

from each bottle at approxímately 30 min intervals for from 2 to 3.5

hours and centrifuged at 40OO rpm until all visible suspended HZO had
ô^

settled. "'P activity ín the supernatant then was counted.

Results

The efficiency of orthophosphate removal by HZO suspensioï.r.s ü/as

found to be high. 9B% of th" 32eoO in disrílled water ü/as removed. from

solution after 30 minutes of agitation. The addition of lOZ NaOH to the

labeled HZo and, 30 minutes of shaking broug nl go"/" of the 32p activity

which had been adsorbed by the IIZO back inËo solution. Thus, 8BZ of the
1)total added'"roo was adsorbed by and then recovered frorn the HZO, t'ro,,

rerqoval from lake I^rater which was filtered prior to 32poo additíon proved

to be less efficient. Two hours \¡rere required to remove BB% arLð,3.5 hours



Ëo remove 93% (Figure 4), Apparently, other anions, probably negatívely

charged colloidal compounds (Rig1er, 196B) were competing with ortho-

phosphate for uptake sites.

During the first 50 mínutes of shaking, HZo rernoved 32p ,rot
bottle B at a rate equal to the removal of 32po, from the control

4

bottle (c). The rate then fell to a very low value. over 6o% of. tlne
2,1"-P in Bottle B had been adsorbed by the HZO before this time, however.

In Bottle A, the adsorption was somer¡rhat slower than it was in Bottte B.

After two hours of shaking, more than 50lZ of the 32p t.*"íned in the

supernatant phase of a centrifuged aliquot. Before the experimenÈ began,

the fraction of 32P 
""tirrity in the filtrate of the labeled whole lake

T¡/ater (which later rnras added to Bottle A) was measured as 4.3%. Because

the sestorì T¡/ere sedimented along with IZO crystals during centrifugation,

cell damage or extracellular release must have occurred in Bottle A during

agitaÈion.

Rigler Bioassay

The final group of meÈhods considered were radiobioassays. The

fírst, Riglerfs (1966) bioassay (described in the introductíon), is

sensi-tive to low orthophosphate concentratíons, but is very time

consuming, and yields only maximum concentraËion estimates.

Methods

Rigler bioassays were begun within two hours of water collection.

The water r^ras maintained at in situ temperature at all Ëimes, and was

stirred with a magnetic stírring rod while t'ro,. uptake was followed.



Figure 4.
1,)

The percenË of total -'P activity in the supernatant of

samples of lake \Árater and lake vrater filtrate at various

times after HZO addition.

o-4 refers to whole lake water which was incubated
12with --PO,. for 24 hours before HZO addíËion (Bottle A).

^---^ 
t]rur" Ëo a portion of the above T¡rater which was

filtered through an 0.45 filter immediately before HZO

additíon (Bottle B). v-----ry denotes the same mixture as

^---J, , but is expressed as the percent of total whole-
Ô^

lake water "P activity, rather than as the percent of

Ëotal filtrate acËivíty. .¡--a refers Ëo lake r¡rarer

which was filtered befor 
" 

32ro,, was added (sottle C) .

)/,
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J ¿^^The --PO, and unlabeled orthophosphate solutions were prepared either

immediately before each experiment (1973) or before departure for the

lake (1974). In the latter case, the solutions were irradiated in

quartz tubes with ultraviolet light until needed. Filter retention and

sephadex results indicated that, unless sterilized in this or some

other manner, solutions often are conveïted to col1oidal phosphorus

within a few days (or even hours) of preparation, even when stored at

Laî

The added orthophosphate-phosphorus concentrations generally

ranged between0.01 and 2.5 !g/I in summer and between0.S and 50 ug/1 in wínrer.

One hundred to 200 ml of lake water were used for each concentration

tested. The unlabeled orthophosphate anð, a tracer amount of 32voo

were added sinultaneously with Eppendorf pipettes. At regular

tine intervals, 5 ml aliquots of labeled lake water were withdrawn

with a Cornwall syringe and passed through 0.45¡r Sartorius filters at

a vacuum of 250 nm Hg. Before July, 1974, one aliquot was left un-

filtered so that tota1, and thus the initial filtrate, activity could

be deterrnined. After JuIy, 1974, all fí1teïs were retained and counted

Ìn distilled water. Total activity then was calculated as the sum of

the filter and filtrate activities.

The time needed for filtration ranged between 12 and,60 sec.

Because this time was relatively constant for al1 aliquots of any one

sample, the tine of injection onto the filter was used as the time of

filtration in calculatíons. The rate constant for orthophosphate

uptake is concerned with change with time rather than with actual

time values, and, therefore, was not affected by this procedure.



Computer programs were written to calculate rate constants

(through the exponential regression of % 
32P actívity in the filtïate

on time), and to plot uptake velocity versus concentratíon at various

assumed original concentrations. The latter program printed out slope

(for the linear portion, or for the two lowest points, of the velocity

versus concentÏation plot) and y-intercept values, and multiplied the

"no additionrr rate constant by the maximum estimated concentïation to

give the flux of orthophosphate-phosphorus to seston.

Uptake velocity calculations were estimated to be no more reliabie

than + 0o01 ug/1 /ni_n. Therefore , aîy assumed original concentration

which produced a positive slope and a y-intercept of 0o0l ug/l/rnin on

a velocity-concentration graph was accepted as a rnaximum estimate of

orthophosphate concentration. If the slope was negative when the

y-intercept was 0.001 ug/r/min, the maximum orthophosphate-phosphorus

concentTation was taken to be the assumed original concentration which

produced a slope of 0.000.

Resul ts

Riglerrs bioassay is capable of estimating orthophosphate

concentÏation only if the rate constant for orthophosphate uptake in

any one sample decreases in a regular manner with increasing oïtho-

phosphate concentration. The assumption that this requirement is met

in natural waters was found to be valid. The replicability of K

generally was good (Figure 5). For some of the early bioassays (and

on a few days since) inconsistencies in the relationship between K

and concentration occurred at low orthophosphate concentrations.

Figure 6 demonstrates the problem which occurred during the summer.



Figure 5. Lake 302 S, 30 Septernber, 1973.

Typical plots of ln % 
32p remaining in the 0",45u filtrate

with time at different concentrations of added

orthophosphate-phosphorus. The rate constant for

orthophosphate uptake, K, is the absolute value of the

slope of each plot. Diphasic uptake was not noticeable

within the period allotted for each sample.

Replicates are shown for each concentration added. One

added concentration which was tested,0,05 ug/1, is not

included because the plots nade after its addition were

so sinilar to the rrno additionil plots that the two sets

overlapped.

27

The additions tested were: 'rno addition" ( +-o ),
0.5ug/i (¿-¿), L.25 ve/ 1 ( ¡---¡ ), and 5 pgl1 ( o< ).
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Figure 6. Lake 227, 7 August, 1973.

A graph of ln % 
32p remaining in the filtrate with time

at different concentrations of added orthophosphate-

phosphorus trno additionr' ( o--¡),0.25 vg/I ( o-+ ;,

I.25 pe/l (o< ), 5 uell (¡ r ) and 10 ugll ( r----* ).

Three added concentTations which were tested (0.05 pg/1,

050 pg/1, and 2.5 ug/f) were omitted to reduce clutter.

This graph dernonstrates the narkedly diphasic uptake often

observed at 1ow orthophosphate-phosphorus concentrations.

If sampling had begun at 1 minute, the K calculated fron

the trno addition" plot would have been less than that

calculated for an addition of 5 ug/i.

28
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The "no addiËion" cuïve shown is díphasic; whereas, the curves for the

larger orthophosphate addítions are monophasic" If the

of the I'no additiont' sample had been filtered as late as
aô

after "POr. addition, the rate constant calculated from

filtrations would have been less than that recorded for

additíon of 5 uglt I

Díphasic uptake (generally occurring over a longer period than in

the example given) l¡as noted at low added orthophosphate concentrations

during all but two or three epilimnion bioassays beËween míd-May and

late August, 7973, and between early June and mid-september, Lg74.

During Ëhese periods, the first aliquot generally was filtered 0.5 mín
a^

after ""PO, addition.

During the wÍnter, j-nconsistencies in the relationship between K

and concentration sometimes occurred because the raËe constants for

samples to which no orthophosphate was add.ed and the rate constants for

samples to which relatívely little orthophosphate was ad.ded \¡rere so similar
that experimental error became important. The use of hígher concentratíons

of added orthophosphate alleviated this problem.

The results of the bíoassays are presented in secËíon rr.

f irsf n'l i attn:,

one minute

the remainíng

an orthophosphate

Schindler Bíoassay

A second bíoassay r^/as suggested by schindler (Lg74, personal

communication). This method, like Ríglerrs, (Rigler, rg66) was based on

the strong correlaÈion between the orthophosphate concentration of a

sample and the rate constant for orthophosphate uptake, K. Rather than

add orthophosphaÈe directly to the unknornm sample, however, a standard.
plot of K versus known orthophosphate-



phosphorus concentration (or of ln K vs 1n (POO-P concentration)) was

made for water from a eutrophic lake (an a1ga1 culture could be used)

(see Figure 7). The water was chosen to assure that the curve would

have a maximum slope. A small amount of the unknown sample was added

to the water and the uptake rate constant obtained was matched with its

corresponding concentration value on the standard K versus concentration

curve. The orthophosphate concentration of the added sample then was

cal culated .

Methods

For Schindler bioassays, K versus concentration plots were

constructed using epilimnion water frorn the eutrophic Lakes 227 and

226 (northeast basin).

The experimental procedure was similar to that of the Rigler

bioassay. Lower concentrations of added orthophosphate-phosphorus

were tested, horvever. The usual Tange was between 0 and 0.5 ug/l,
with nany of the concentTations being less than 0.05 ug/l. Betrn/een

0.1 and 10 m1 of filtered sample were added to 100 ml of the calibrated
water. To increase the accuracy of the rate constant deterrnination,
"-P activity on the filter, as well as in the filtrate, was counted.

To be certain that the decrease in K with sample addition was

due to an increased concentration of orthophosphate, and not to the

addition of some other compound, a portion of a lake water sample (from

the hlpolimnion of Lake 227) was allowed to run through a column of HZO

to remove orthophosphate. An aliquot of the HZo-tteated water was

added to 100 nl of calíbraced epilimnion water. An aliquot of

the remaining, untreated sample was added to another 100 m1 of

calÍbrated water. Rate constants were determined for both samnles.
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Resul ts

Figure 7 is an example of the plot used to determine

concentration during a typical Schindler bioassay,

To reduce the risk of altering K through the addition of compounds

other than orthophosphate, normally only small amounËs of sample were

added to bioassay $/ater. This practice required that very 1ow

corÌcerìtrations of orthophosphate be used ín calibrating the K veïsus

concentration plot. Within the range of the orthophosphate concentïatíons

added (many less than 0.1 ug/1) the scatter of the K versus concentration

plot r¡/as substantial . hlhen replicates were performed, the ranges of

the replicates for each concentration tested tended to overlap. The

calibration curve for K versus concentration, therefore, r¡ras d.rawn

rather arbitrarily.

Diphasíc uptake curves \¡lere common and largely v/eïe responsible

for aberrant K values.

The Schindler bioassay hras not sensiËive enough to estímate ortho-

phosphate concentration in epíliurníon vrateï (the change in the ortho-

phosphate concentration of the calibrated vrater produced by the addition

of 2 ml of an average E.L.A. sample is only abour 0.0003 ug/l duïing the

summer). Concentratíon estimates for hypolimnion and sediment inter-

stitial TraËer samples were obtained (Table 3).

The POO-P concentration estímates for hypolimnion samples which r"¡ere

obtai-ned from Schindler bioassays generally hrere greater than the

estimates obtained v¡íth Rigler bíoassays (see Section II, and Table A13).

On one occasion the estimaËes actually were higher than the concentrations
of "total dj-ssolved phosphorusil in the samples. Thi-s phenomenon suggested

that compounds other than orthophosphate in the added unknown might inhibit
orthophosphate upËake in the calíbrated bioassav hiaEeï.

JI

orthophosphate



Figure 7. Samples from Lake 302 S added to 100 nl aliquots of

Lake 227 epilimnion water. 3 September, 7974.

An example of the plot used during the Schindler bioassay

to determine how much orthophosphate-phosphorus was

present in a sample added to standardized water.

The rate constants for orthophosphate uptake are de-

termined for several known added concentrations (replicates

are shown, I ). A line then is fitted between the

points obtained (this one was drawn by eye). The broken

lines represent the rate constants calculated after

sample addition ( ... is for a 2 mI sanple from 10 m,

is for a 10 nl sample from 10 m, and

J¿

is for a 10 m1 sample from 9 m). Replicates are shown.

The concentration of orthophosphate-phosphorus added fron

the sample is the x-coordinate of the interception of K

and the fitted line (the extrapolation to the abscissa is

shown with arrowsl.
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TABLE 3. Orthophosphate concentration estimates calculated from Schindler bioassays.

Lake Depth Dat e M1 of sample per
100 ml of standard

wateT

Estimated orthophosphate
concentration (pgl1)

227

227

302 S

227

16/8/74

2/s/74

3/s/74

20/s/74

1.1
7.2

70

5m
7m
9m

Inter-
stitial
water from
sediments

9

10
10

7

7

9

2

2

2

1

(Nm

m

m

n
m

m

10
2

10

4
0.2
n')

n qq 2 \v.Jvt

0.65, 0.75
0.36, 0 .62

500,000
850
7s0

239 Inter-
stitial
water from
sediments
0-2 cm

6-8 cm
35, 37
11, 14



When hypolimnion water was treated with HZO to remove most of

its orthophosphate before it was added to the bioassay medium, the

measured K was not significantly different from the K obtained with

the untreated hypolimnion water (Tab1e 4). This confirmed inhibition

by non-orthophosphate conpounds. The source of inhibition might be

common hypolinnion compounds which are poisonous to plankton before

or after they are oxidized (i.e. HS- or NH¿+), or the ferrous iron in

the sample may have been oxidized to the ferric form and, then,

conplexed with the t'oon, preventing its uptake.

7A

TABLE 4. Rate constants fot 32POo uptake in a control, in a sample
to which 0. 1 ml of Lake 227 hypolimnion water was added,
and in a sample to which 0.1 ml of hypolimnion water which
had been treated with HZO to remove orthophosphate was
added. 24 September. 1974.

Addition to Standardized Water

'rNo additionil

0.1 m1 of hypolimnion wateï

0.1 ml of hypolimnion rn/ater
after treatment with HZO

A third bioassay, based on Michaelis-Menton kinetics, might have

been constructed. Modifications of the Lineweaver-Burke equation, such

as those of Hobbie and Wright (i968), can be made so that the x-intercept

of the equation is equal to KM+C', where K, is the half saturation

added

added

Michael is-Menton Bioassay

K (l/min)

0. 041 1

0.0003

0. 0006
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constant and C_ is the natural substrate concentratíon. Since I(S I"I

cannot be determined from the information avaÍlable, only a naximum

estímate of concentration can be derived,

Thís approach reguires that the many phosphorus-consuming species

of a lake behave i.n a manner simílar to a one-enz)rme system with respect

to orthophosphate uptake. Since the ínformaËion needed for Michaelis-

Ment.on equations is símilar to that used in Rigler bioassays, Ëhe

appropriateness of usíng saturation kinetics to describe orthophosphate

uptake r¿as consídered.

Methods

Data obtained for Rigler bioassays during the summer of L973

hiere processed by a compuËer program r¿hich plotted two popular Ërans-

formations of the Michaelis-MenËon equation, the Líneweaver-Burke plot,

l/v versus I/C^ (v is ínitial uptake velocity, and C^ is substrateS'S

concerrtration), and C"/v versus Cs, whích reduces Lo L/K versus C".

The program calculated the slope of each line, its 12 value and. the y-

Íntercept, thus providing estimates of V*r* (the velocíty which occurs

when a1l orthophosphate bínding sites are "saturated" with orthophosphate)

and orËhophosphate turnover tírne (the time required for the entire

orthophosphate pool to be replaced r¿ith new orthophosphate). V,or* i"

equal to the reciprocal of the y-intercepË of Uv vs l/Cs and to the

reciprocal of the slope of l/K vs Cs. The y-i¡¡¿ercepr of l/K vs C"

is equal to the turnover time. V _ values from the two Ëransformationsmax

were compared with values obtained by dírect measurement with t'roo.

ResulLs

The ability of Michaelis-Menton equatíons to describe ortho-
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phosphate uptake kinetics varied from day Ëo day (see Appendix rr). on

a few days, the plots of both transformaËions boast.ed 12 v"l,r"" over 0.900,

and the values for V*r* predicted by the two plots were similar. 0n these

days t.he orËhophosphate turnover time predicted from the y-intercepÈ of

l/K versus C^ coincided closely with the value obtained from the rate
S

?,of --POo uptake.

On over 70"4 of the days when uptake kinetícs r¡rere considered,

however, the two plots predicted substantially dífferent values for

V - , had ,oot ,2 values , andf or yíelded an estimate of Èurnover Ëimemax-

which ï/as not sjmílar to the value obtained fto^ 32pO, uptake.

A paíred t-test of the two sets of V*"* estimates indícated that

they were not signifícantly different (t = 1.06, df = 60). Tl.e g57"

confidence limits for the difference between the Ewo sets \¡/ere -0.237

and 0.767.

A paired t-test of the estimates of orthophosphate turnover

tjme obËained by Míchaelis-Menton equations and those calculated from

--P0, disappearance from 0.45p fíltrate indicated that the two methods¿L"

produce sígnífícanrly differeÍrr resulrs (t = 3.53, df = 60). T:r,e g5"/"

confidence lirníts for the difference beÉween the Ëwo sets of data were

952 and 3442.

Both of the t-tesrs which were performed were influenced. strongly

by three or four sets of large numbers. This suggests that the differences

between means may be smaller than Ëhe test statistics indicate.

Discussion

None of the orthophosphate methods Lested was found to be verv



satisfactory. The major problems encountered rnrere insufficient sensi-

tivity and lack of specificity. Table 5 summarizes the evaluation of

these methods and compares them with common chemical methods.

Orthophosphate-phosphorus concentratÍon est.imates obtained for

Lakes 227 ar.d 302 S with Rigler bíoassays v/ere much lower than prevÍously

recorded concentrations of SRP (which ranged between rt ltt and 6 vg/t

during the summer of L969 (Armstrong and Schindler, L97L)). During the

srrrnmer oÍ. L973, the orthophosphaLe:-phosphorus concenEration in Lake 227

occasionally dropped below the límit of detecËion of the bioassay, 0.001

Vg/7. The average concentration measured duríng Ëhe summer rras about

0.015 ugll in both lakes.

Sephadex fractionatíon of 32p-L^b"1-ed lake \,rateï from in sítu

epilÍmnion columns provided further evidence that orthophosphate kTas

scarce. Fractionations performed more than 24 hours after 32ro, 
rnras

+

introduced into the columns generally failed to produce a detectable

--PO,. peak. A peak with an elution volume somewhat lower than that of
T

orthophosphate occasionally appeared. This peak may have b."r, X32p,

the low molecular weight excretory product described by Lean (1973).

Thís peak never accounted. for more than 10% of the total filtrate 32p

activity. Part of the peak could be orthophosphate. To estimate the

orthophosphate concentïation of ^ 
32r-L^beled sample from Ëhe results

of Sephadex fractionation, one may use the equation:

32rn -, 32o
po,-p = 

-"4 - 
*' filtrate x (PP+TDP) x TDp.' 32p 

. .. . .32p . TDp- filtrate - total



TABLE 5. A comparison of the methods for estinating orthophosphate-phosphorus concentration which
were discussed in Section 1.

Method Limit of Detection Interference Additional Problems
or Requirements

Molybdate blue
colorimetric

Flame photonetry
with gas
chromotography

Fluorometry, using
the aluninun-morin
system

Sephadex fraction-
ation of a filtered
sample, followed by
molybdate blue
analysis of the
orthophosphate
fractions

Sephadex fraction-
ation of filtered
32P-r^b.red lake
water; multiplica-
tion of the ratio
of 32pOn/32p 

^. _+, rr I flate
lrr¡ 'fflD

L vg/I, in water (Murphy-
Riley version) ; 0.2 ug/l-
after extraction into iso-
butanol

About 20 vg/\

About 7 vg/l

15 Ug/l, in water; 3 ug/l
with extraction into iso-
butanol

easily hydro-
loidal P

Arsenate;
lyzed col

2.

3.

4.

Unknown

H- ion (Armstrong,
unpublished)

Possibly arsenate
(The molecular weights
of arsenate and ortho-
phosphate differ by 60.
The Sephadex elution
volumes of the two
anions probably overlap) ;
low molecular weight P

conpounds (t'XP") .

Possibly rrX""Prt or other
low molecular weight P

compounds

Requires that the sample
be converted to tris-
(TMS) -phosphate (or
phosphine)

If all P fractions have
not obtained equal specific
activities, orthophosphate-
P concentration will be
overestimated. (Equilibrium
vüas not reached within 7

days in E.L.A. lakes.)

5. About 0.05 uglI (when the
TDP concentration is 5 pg/1,
and the 32P activity of ihe
filtered sample is 500 cpm/
ml). -Sensitivity increases
with r¿P activity and de-
creases rvith TDP concentra-
tíon.



TABLE 5. (cont.)

Method Linit of Detection Interference Additional Problems
or Requirements

6. Concentration of
orthophosphate on
HZO crystals,
followed by NaOH
elution and molyb-
date blue analysis

Concentration of
32pOt from 32p-
labeied lake water
on HZO; multipli-
cation of the ratio
u¿P extracted/total
filtrate r¿P by TDP

Rigler bioassay

9. Schindler bioassay

Using a 1 liter sample and
extracting the ortho-
phosphate with 50 nl of
NaOH: about 0.05 pgl1, in
water; about 0.01 ug/I, with
extraction into isobutanol.

When the conditions stated
in methods 5 and 6 are met:
about 0.002 rglL^ Sensitivity
increases ulith r¿P activity
and decreases with TDP
concentration

About 0. 001 tJg/I . (It is
difficult to filter aliquots
at close enough intervals to
measure the rate constant at
lower concentrations. )

Using a 5 ml sample added to
95 ml of standard lake water:
about 0.2 ve/ 1 when diphasic
uptake isnrt very pronounced
(so that the replicates at
the lower known added con-
centrations are good); more
often, about 7 vS/I.

Possibly arsenate;
co1loidal P

Co11oidal P

None known

Unknown compounds
hypolimnion water

All P fractions must have
equal specific activities

A. No minimurn limit on
the estimate

B. Diphasic uptake

A. Diphasic uptake
B. The small size of the

additions contributes
to the percent error

8.

1n



TABLE 5. (cont. )

Method Limit of Detection Interference Additional Problens or
Requirenents

10. Bioassays based on
Michaelis -Menton
kinetics

Unknown None known A. No mininum limit on
the estimate.

B. Requires that ortho-
phosphate uptake
follows one reactant,
one product saturation
kinetics. This study
indicates that this
requirement often is
not met.

N



This equation assumes, unjustifiably, that the relative proportions

of "-P-labeled compounds in the filtrate at the time of filtration
are the same as they would be at isotopic equilibrium. If one

assumes that the entire peak appearing near the elution volume of
orthophosphate is orthophosphate, a maximurn estimate of orthophosphate

concentration may be calculated. The largest estirnate obtained in

this manner was 0.2 vg/I (for the final day of the in situ incubation

which began on 6/6/73 in Lake 302 S).1

The minute amounts of orthophosphate present in E.L.A. lakes

prohibit the use of molybdate blue methods (as well as flame photometry

and fluorometTy) for estimating ortlìophosphate-phosphate concentration

even after orthophosphate has been separated from co1loidal phosphorus,

unless the samples are concentrated many fold. The limit of detection

of the Murphey-Riley version of molybdate blue method is abour I Vg/t

4L

(Strickland and Parsons, 1968). If the blue-color complex is extracted

into ísobutanol before measurement, however, the sensítivity can be in-

creased to about 0.2 vg/t.

The use of Sephadex fractionation to separate orthophosphate from

other filtrate phosphorus compounds before molybdate blue analysis is
inpractical. The sample is diluted wíth eluant as it is pumped through

the Sephadex column and, eventually, is eluted as about 40, 5 ml fractions.

Most of the orthophosphate appears in about 5 aliquots, but about 10

additional fractions contain some orthophosphate. The orthophosphate,

therefore, is diluted about 15 fold.

1. The data used in this calculationareavailable in Tables 1 and 414.



Even concentration of orthophosphaÈe on a resin, such as HZO,

before rnolybdate blue analysis would be impractical for many E"L.A,

epilimnion samples. During sone parts of the sunmer a minimr:m of

10 liters of waËer per sample would have Ëo be processed (collected,

filtered, and brought into contact \,¿ith HZO or an anion exchange material

to produce a measurable amount of orthophosphate in the extract. The

volume of the sample would require that the sample be pumped through an

anion exchange column or an HZo column. Agitatíon, therefore, would be

míníma1 and the contact time between the vrater and resin would be red.uced

far below the 3.5 hours which !/ere required for HZO to remove 93% of. the
a)--POt from filËered lake waËer in this study. If actual orthophosphate

concentrations are close to the estimates obtained by Rigler bioassays,

then I liter or less of water would be sufficient for orthophosphate

analysis duríng much of the year (when the concentration estimates are

greater than 0.0f ug/l). Prolonged contacË between HZO and the sample

and shaking would be possi-ble under these circumstances.

HZo, however, may be a poor choice as an agent for orthophosphaËe

concentration even for waters wíth relatively high orthophosphate

concentrations. In thís study, a much larger fraction of the fÍltrate
'-P activíty ( 607.) was adsorbed by HZO in 3 hours than would be predicted

from either Sephadex fractionation or Rigler bioassay estimates of

orthophosphate concentraËion. The increase ín tíme needed for extracËion
?)

of. '-PO, from filtered lake tüaËer over Ëhat. needed for extraction ofq

a2'-Po,, from distilled water also suggests that colloidal phosphorus, as

well as orËhophosphate, is adsorbed by HZO.

Two of the meËhods considered durj.ng Ëhís study, one of the

proposed HZo methods and the Sephadex fractionation method, allowed

an increase in sensitivíËy by estimatin g 32po,, in 32p-Lubeled lake

/,)



water rather than neasuring unlabeled orthophosphate directly. This

practice, however, requires that the specific activities of all

phosphorus fractions are equal when the methods are enployed. Long-
a^

term .--P uptake experinents in in situ columns indicated that this

requirement could not be met within a practical incubation period.

Three to 7 days after t'rOn addition the specific activities of the

filtrate fractions of these columns were only 5 to 28% of their

expected I'equilibriumrr values.

The three radiobioassays which were considered as methods for

estimating orthophosphate concentration are not concerned with 32p

equilibrium conditions, but Ì,/ith initial t'r\n uptake.

Diphasic uptake at low orthophosphate concentrations weakened

the credibility of all three bioassays. It r¡ras especially detrimental

for interpreting the results of Schindler bioassays because all of the

orthophosphate concentrations used in this bioassay were 1ow enough to

be affected.

The cause of diphasic uptake is uncertain. Lean (1973) attributed

the change in rate to the excretion of x32p by seston. Excretion may

be important in experiments which last several minutes or more, but it
seens unlikely that 32Po, could be taken up by an organism, converted.

to an organic compound, and excreted, in less than one minute.

One alternative hypothesis is that P04-P uptake is two-stepped.

Plankt.on may employ one mechanisrn to "catch" or adsorb orthophosphate,

and another, less rapíd mechanism, to transport the orthophasphaqe

into the cell. At high orËhophosphate concentrations, the first
mechanísm would be saÈurated almost instantaneouslv so thal
only monophasic uptake would be noted. This
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artangement has been observed in Çh1ore1la during zinc (Matzku and

Broda, L970) and potassitun (Schaedle and Jacobson, 1965) uptake. If

this arrangement exists for orthophosphate uptake, one would \,.rant to

measure K for the second, lirníting, phase during bioassays. After a

1tfew minutes of "roo uptake, this measurement might become complicated

" 32^by actual --P excretion.

Medveczky and Rosenberg (1971) also have observed diphasic upËake

in Ëhe first two minutes of t'rOO uptake. They conËend that two

separate mechanísms for PO4-P uptake exist. Both mechanisms function

during the fillíng of an inËracellular inorganic phosphorus pool, buË,

once Ëhis pool is filled, only t.he slower mechanism ís active. Potassium

was found to be required during the Ínitía1 rapid phase of po.-p uptake.

Magnesium is required during the second phase. Medveczky and Rosenberg

were able to isolate a phosphate-binding protein which seems to part,icípate

only in the rapid phase of POO-P uptake.

Michaelis-Menton equations aptly described orthophosphate uptake

on only about 257" of the days when they were considered. Being unsafe

theoretícal1y (tr^IíllÍarns, r973) and of no advantage over the Rigler

bioassay in producing accurate orEhophosphate estimates, Michaelis-Menton

methods of estimatÍng concentration were not considered further durine

thís study.

As mentíoned earlíer, the Schíndler bj-oassay r^ras not sensitíve

enough for epílímnion samples. It was discarded as a tool for

estímaËing concentratíons ín hypolÍmnion and sediment interstiËial water

aft.er the dÍscovery that non-orthophosphate compounds Ín these samples

could influence the rate of orthophosphate upËake in the calibrated

bioassay \¡rater.
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The Rigler bioassay

esËimating orËhophosphate

seasonal study described

was chosen as the best available method for

concentration, and was used during the

in Section II.



Introduction

During the lasÈ few decades a model of the movement of phosphorus

through the orthophosphate pool of a lake has evolved and become

widely accepted (Figure B). The model is based, ín part, on the

chemical properties of orthophosphate and on the responses of culËured

algae to orthophosphate additions. Its principal foundation, horøever,

is SRP data from lake studíes. Because SRP includes phosphorus from

bíologically produced colloidal phosphorus compounds as well as from

orthophosphate, those properties of the model r¿hich were derived from

measurements of SRP in lake water or in the fíltrate of algal cultures

may be unsound. The remaining properties of the model deal with

orthophosphate, but their ability to describe processes actually

occurring within a lake was largely untested before Lhe present st.udy.

Recently, Lean (1973) presented a new model of the phosphorus

cycle in the epilimnion during sunmer stagnatíon. I^ihereas, the

classical phosphorus model ís essentially a statíc model, concerned

wj-th the structure of the phosphorus cycle and with net changes in Ëhe

components of this structure, Leanrs model (Figure 9) ís based or, 32,

uptake kj-netics and emphasizes the dynamics of phosphorus exchange

between phosphorus comparËments. Two modifications of the classical

nodel of P04-P cycling are suggested by Leanrs model. FirsË, the
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Fígure B.

/,1

The classical model of the orthophosphare-phosphorus

cycle in a lake.l

In the well oxygenated euphotic zolle, algae remove POO-P from

solutíon. Orthophosphate regeneration usually is assumed to be insigní-

ficanË in this region.2 U.ror the euphotic zone, decomposers break down

organic phosphorus compounds in sedimenting algae and release ortho-

phosphate. PO4-P concentration ín the aphotíe zone is regulated largely

by the iron eycle.3 When oxygen is present, ferríe iron combines with

orthophosphate, forming insoluble ferric phosphate. In addition, some

orthophosphate may co-precípitate with Fe(OH)3, although the attraction

beËween iron and phosphate is believed to be sËronger than that between

iron and hydroxide. If, during stagnatíon, the oxygen supply of the

bottom \^Taters is depleted by decomposers, ferric phosphate at the

sediment surface ís reduced to ferrous phosphate which, being soluble,

enters the water. The barríer preventing diffusion of ferrous phosphate

from the deeper, normally reduced sediments Ëhen is removed and ortho-

phosphate which has accumulated in the sedimenËs for many years may be

released. Some of this ort.hophosphate may diffuse across the Ëhermoclíne

and, thus become available to a1gae. If reducing conditions become more

intense, HrS ís formed. HZS combínes wÍth ferrous íron to form FeS r¿hich

l. Thís model is based on studies by Pearsall (1930), Juday and Bírge
(1931), Eínsele (1936, 1938, and 1941), Mortimer (L94T-42), and
Hutchínson (1941).

2. This assumption has been contested by Ohle (L962). He found that over
one half of the organic carbon in the lakes whích he studied was
mineralized ín the epilimnion.

In hard water lakes the combínation of orthophosphat,e with calcium
and magnesium may be as important as Ëhe reaction with íron.

3.
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is highly insoluble. Enough íron may be removed by this process to

produce an excess of orthophosphate when Fe(POO), is forned during fall

overturn. As the lake mixes, Ëhe uneombined orthophosphate is swept

into the epilinnÍon r¿here ít often is responsíble for aLgar blooms.

In regions where lakes are covered with ice and snow during the

wínter, Ëhe aphotic zone extends throughout the water column during

the wínËer. Orthophosphate released duríng decomposition or produced

near reduced sedimenË surfaces during Ëhe v¡ínEer may foster spríng

algal blooms.

Many limnologists stress the importance of internal POO-P cycling

(especíally between the hypolimnion and epilímnion) to the point that

external phosphorus loadíng is ignored.

The areas of the boxes are roughly proportional to the phosphorus

concentrations and the areas of the arror^rs are proporËional Ëo

phosphorus fluxes,
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Figure 9. Leanls model of the phosphorus cycle r,lithín the epilimníon.

Lean (1973) used 32P ,r^".r and Sephadex fractionation ro

distinguish the four bÍol-ogically active phosphorus comparrments shown

here. Tn this model, the exchange of phosphorus between partículate

phosphorus and PO4-P dominates phosphorus movement ín the epilimnion.

some phosphorus, however, is excreted by the seston as Xp, a 1ow

molecular weight (about 250) organic compound, )G combines with

colloidal phosphorus compounds in lake water, causing them to release

Po4-P. rf colloidal phosphorus combines with a meral its ability ro

participate in this cycle may be destroyed. The rate of inactivatíon

of colloídal phosphorus, however, is believed to be slow.

The relative sizes of the phosphorus compartments were estimate¿
i2 ?)from the '-P distribution in lake T¡/ater 4.5 hours after ttroO addítion.

The phosphorus flux between compartments was determined by rnultÍplyíng

the fraction of labeled phosphorus found in a compartment by the

measured ïate consËant for the movement of 32, to another compartment

(except for the flux of phosphorus from PP to orthophosphate which was

determíned by mass balance).

Phosphorus fluxes are proportional to the areas of the arrov/s

shov¡n- The proportion of the labeled phosphorus found in each compart-

ment is given in parentheses.
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direct exchange of phosphorus between orthophosphate and organisms is

supplemented wíth a second phosphorus cycle involvi-ng orthophosphate,

organisms, a low'molecular weíght excretory product, and free colloidal
phosphorus compounds. second, regeneration of orthophosphate from

organisms is postulated to occur within the epilimnion. This f1ux.

in fact, is calculated to be almost equal Ëo p04-p uptake (the

generation of PO4-P by the colloídal phosphorus cycle being minor ín
1comparison).* Leanrs model, however, applies only during the quasi-

i

steady state of summer stagnation. An overall evaluatíon of the

dynamic model of the phosphorus cycle, and its comparíson with the

classical, static model, cannot be made until seasonal data and data

about phosphorus movement wíthín the hypolimnion are available. The

present study r¡as undertaken to provide this data for p0/-p uptake.
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Lake Descriptions

Two lakes, Lake 227, and the south basin of Lake 302, were

selected for seasonal orthophosphate studj-es. These lakes are described

in more detail in the J. Fish. Res. Board can. Vol. 2g, No. 2, Feb.

r97r. Morphometric maps of the lakes appear in Figures lo and 11.

Between the last week in May and the first week in ocËober, Lake 227

receives 0.024 g of phosphorus as HrpO, and 0.31 g of nitrogen as

NaNO, per square meter per week as paït of a fertj-lizatíon experiment

1. Lean assumed, probably justifiably, that the externaf ortho-
phosphate loading ínto Heart Lake was negligible compared withthe flux of P04-P to seston. rn the preãeni study phosphorus
loading is included in Ëhe calcuration of phosphorus fluxes.



Figure 10. A morphometric map of Lake 227 from BrunskÍ11 and Schindler

(r97L) .
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Figure 11. A morphometric map of Lake 302 from Brunskill and

Schíndler (1971).
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The natural phosphorus input ínto Lake 227 is, on aveïage, O.LL g/mz/yr

(or about 0.004 g/mz/week during the ice-free season) (Schindler et al.,

L973). The south basin of Lake 302 is unfertílized. (The average

natural phosphorus input is 0.os e/n2/yr or about 0.002 g¡^2¡*t during

the ice-free season.) Phosphorus (0.027 e/^2/*lr), nirrogen (0.t4 e/n2/

wk) and carbon (0.19 g/.z/rx), however, are added to the hyporínníon of

the north basin during the summer. The norËh and south basins of Lake

302 are separated by a ridge over which the water ís only one to tl,ro

meters deep. This ridge prevents the mixíng of hypolimnion waters from

the trvo basíns duríng sufirner stagnation. Some transfer of nutrient-rich

\^Taters occurred during fall overturn in L973, however. Beginning during

the sunmer of 1974, a sea curËain \,ras used to separate the two basins

and elininate mixing duríng overturn.

Both Lake 227 and Lake 302 s are strongly stratified during the

sunmer and in the winter under the ice. Spring overturn generally is

incomplete. In L973, fal1 overturn also r^ias íncomplete. Fall over-

turn in L974, however, was somewhat over a month long in both lakes

(from níd-october to rnid-November). Because the lakes are normally

stratífied, the deeper r¡/aters are anoxíc for a signíficant portion

of the year (Figure 23). rn rhe winrer of L973-74 (following the

incomplete fall overturn), Lake 227 became anoxic throughout its \,/ater

column.



Methods

Both epilímníon and hypolimnionl samples \^/eïe examíned during this

study, but, because the Rigler bÍoassay requires two or more hours per

sample' no attemPt v'/as made to construct an orthophosphate concentïation-

depth profile.

Sample Collectíon

Epílimnion samples

Epilímnion samples were collected biweekly to monthly during the

sunmers of L973 and L974, and monthly to bímonthly during thelrinters

of 1973-74 and L974-75. The samples were collected trnro to seven days

after fertiLízation. Because the epilimnion is well mj-xed chemically,

but motile organisms within the epilimnion often are paËchíly dístríbuted,

integrated samples were taken. A 2 m 1ong, 3.25 cm diameter, pvc tube

was lor¿ered from the lake surface and. stoppered with a rubber bung. rt

then was quickly raised and draj-ned into a polyethelene bottle. This

process'b/as repeated two or three times. The temperature of the water

then was recorded, and the water returned. to the laboratory. Transport

time never exceeded one hour.

samples were placed in a water bath at in sítu temperature upon

arrival at the laboratorv.

53

1. To avoid application of different terminology to winter and
samples, samples collected from the upper two meters of a
are referred to as epilimnion samples at all tímes of the
similarly, samples coll-ected from a depth of 9 meters are
referred to as hypolimnion samples throughout the year.

summer
lake
yeaT.
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Hvpolímriion sarnples

samples were collected from a depth of 9 m approximately bi-

monthly from June, r974 to March, L975. rntegrated hypoli.mnion samples

r^rere not collected because the hypolimnion often is chemically, if not

thermally, stratified. A battery-powered pump and tygon tubing were

used to draw water from the sampling depth. The line was flushed with

this water for 2 to 3 minutes before sample collectÍon. Fifty cc glass

syringes then were filled, inspected for bubbles, and, if bubble-free,

closed \^Iíth a three*way valve. Syringes r^7ere placed in fitted holes Ín
a styrofoam box to prevent breakage and to keep the water near in situ
temperature during transport. tr{ater collected for TDp, pp, and ATp

analyses r^7as pumped into polyethelene bottles. (No attempt Ì,ras made to

keep this r^/ater anoxic.) Finally, a thermometer vras inserted into the

sanpling line and the temperature of the water was recorded.

Analyses

Analyses were conducted for particulate phosphorus (pp) and total
dissolved phosphorus (TDP) following the procedure described by Stainton,

capel, and Armstrong (L974). TDp concentïatíon was used as an

estimate of colloidal phosphorus concentration. This was justified by

the minute amounts of poo-p found in the studj-ed lakes (norma11y less

than L7. of the TDP) and by Chainberlaínr s observatíon (Chamberlain, Lg6B)

that TDP concentïation is reduced by an order of magnÍtude when lake
r/'Iater is passed through an 0.01u filter (indicatíng that most TDp must

be colloidal P).

Beginning in June, L974, adenosÍne triphosphate (ATp) v¡as

measured using the method of Rudd and Harnilton (1973). ATp extractions

were performed jminediately upon arrival at the laboratorv. Saïtorius



cellulose filters (25 nun in

used to separate the seston

Dissolved oxygen and chlorophyll-a data were obtained fïom the

EiL.A" analytical laboratory" Because this informatíon was presented

for discrete depths, the rfz, 1, and. 2 meter values !/ere averaged to

give estimates of the integrated epil-Ímnion concentrations.l some

TDP, PP and temperature data from thís source are included as well.
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diameter and with a pore size of 0.45¡L) were

f rom the $/ater.

Rigler Bioassays

Epilirnníon bioassays r^rere performed in the manner descríbed in

Section I.

Bioassays for hypolimnion ï¡rateï had to be conducted. wiËhout

i¡rËroducíng oxygen into the samples. For the first bíoassay perforrned

for each lake, th. 32eoo and the unlabeled orthophosphate were brought

to a boil to render them anoxic and then drawn into glass syringes.

Inlhen needed, the solutions were injected into the sample syrínge through

its tip. The líkelihood of concentrating the accurately measured

unlabeled orËhophosphate solution by boiling soon was realized. For

the second set of sarnples, only ,h"32roo solution was boiled. rt was

assumed that an ínsignificant amount of oxygen would be introduced,r¿ith

the sma1l quantÍty of orthophosphate solution which was added (the

maximum addition, 1 ml, would result in a concentration in the syringe

1. tr^Ihen the epilimnion \¡ras well-mixed, this method was fairLy reliable.
(Te¡nperatures obtained by averaging were close to those measured.
on integrated samples.) hlhen the "epílimnion', \nras stratified
(under ice), hor¿ever, the diserepancy between the calculated and
measured values became significant (the calculated temperatuïes
for r¿inter samples hovered around. 3 or 4ec; whereas, the integraËed
samples had temperatures of 0.5 to 2oC).
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of about 0.009 mg 02/7, if the solution were air saturated and at room

temperature). Beginning in July, all solutions were bubbled with

nÍ-trogen rather than boiled during hypolinrnion bioassays.

After the injection ot.32vao and unlabeled orthophosphate, the

samples were shaken manually for two minutes and occasionally thereafter.

At first water from the syringes was expelled at regular intervals

into a 10 ml graduated cylínder which was plugged with a serum bottle

stopper and inverted so that 5 m1 aliquots could be withdravrn. This

time consumíng step r^ras eli-minated after July, unmeasured aliquots

then were introduced directly into the filteríng funnel from the glass

syringe. Both filter and filtrate activity were counted. and the

proportíon of filtrate to total 32p activíty was used in the analvsis.

Epilimnion Samples

PO -P Concent.ration

Although the POO-P concentration in Lake 227 was raised, to 12 vg/L

ímmediately after f.ertllízation each week during the sunmer, the average po¿-p

concentration in Lake 227 r^ras no larger than in Lake 302 s r¿hen

samples were collected (Table 6). rn both lakes, p04-p concentration

r¡ras extremely low (from less than l to 53 ng/L) duríng the summer

(Figure 12) . only slightly higheï concentrations r^rere record.ed. durine

spring and fall overturn when orÈhophosphate from the hypolimnions \¡ras

míxed into the epilimnionq. The largest po4-p concentrat.íons (up to

135 tines the summer means) occurred during the r¿inter of L9l3-74 when

the dissolved oxygen concentration in the epilimnions \¡reïe very low

Resul ts



TABLE 6. The mean PQ/,-P concenËrations in Lakes 227 ar'Ld 302 S durÍ-ng si¡üner stagnatíon and ín the.4I¡Il-nt ef .

Epilimnion samples r¿ere collected
between May, L974 and April, Lg75
different during the two winters
presented separaÈe1y.

between luLay, L973 and April , Lg75 and hypolimnion samples
. Because the D0 concentrations in the epilimnion viere very
the epilimnion P0/-P concentrations for the two r,¡ínters are

Stratum Season

P04-P

Mean

ConcentratÍon

Lake 302 S

(oligotrophic )

Ge/L)

Lake 227
/a,,+rn-L-i ^\\cuLtu PLLLC)

LJI
!epi-1ímnion

h¡po1ímnion

sufinneT

wi.nter
winter

summer

winter

(r97 3-7 4)
(L97 407 s)

0 .017

0 .53
0.11

0.037

0.075

0 .016

0"36
0 .041

0.070

0 .018



FIGURE 12. Seasonal changes in orthophosphate-phosphorus concentrations

in the epilÍmnions of Lake 227 (r---¡) and Lake 302 S (o--o).
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1.) 
^ M"y, L973 to April, 1974.
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May, L974 to Apríl, 1975,
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(Figure 13). The dissolved oxygen corÌcentratíon in the epilirnnions of

thelakes remained high throughout Ëhe winter of. r974-75. The poo-p

concentrations attained during Ëhis winter \^rere much lower than the

year before (from 1 to 10 times the mean summer values).

The Rate Coristant for P0

The rate constant for Poo-P uptake by seston, K, varied inversely

v¡ith changes in P04-P concentratíon (Figuïeg 14 and 15). During the summer the

turnover time of the P04-p was short (usually less than 10 minutes)

(Table 7). rn the winter, phosphorus moved through the pool more

slowly (the turnover tíme ranged from 13 minutes (ímmediately after

ice-cover) to several hours (when the d.issolved oxygerr concentration

I47as very low)). A plot of K versus POO-P concentration indicated that

the relationship between the tv/o parameters is curvilinear (Figure 15).

The regressíon of ln K on POO-P concentration was signifícant for both

lakes (tzzl = 0.723, df. = 26) t30z s = 0.654, df = 20). This rel-arion-

ship suggests that K is a function of the avaílabílity of uptake sítes.

K was signíficantly correlated with temperature (tZZl = 0.453, d.f = 231

t30Z S = 0.702, df = 19)1, but could not be significantly correlated

with PP, chlorophyll-a, or ATP. when biocides or inhíbitors r¡/ere

added to samples (Appendix rrr), K decreased greatly, confirming thaË

most P04-P uptake is bíological. Most likely, K would be related to

bíomass if all Po4-P uptake sites r¡rere saturated. under Ëhese

conditions, specíes compositíon and the adaptat.ion of organi_sms to

certain PO¿-P concentrati-ons also would influence uptake rate. Because

60

-P Uptake

the capacity of the organisms to take up PO¿-P \tras not exhausted at the

1. Seasonal changes in temperature are shown ín Figure 16.



FIGIIRE 13. Seasonal changes in

in the epílÍmnions

(o- -o).

o_L

13A

the dissolved oxygen concentrations

of. Lake 227 (H) and Lake 302 S

l{,ay , L97 3 uo Aprí1,7974.
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138 AÍay, 1974 to April , L975.
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TABLE 7. Mean turnover tímes of the pOá-p pools in Lakes 227 ar.d 302 s during suûrmer stagnati-on and in
winter.

Epilimnion samples were collected between May, 1973 and Apri1, L975 and hypoljmnion samples
between May, l-974 and April , L975. Because Ëhe D0 concentrations in the epilirnnion \.,/ere very
different duríng Ëhe two winters, the epilimnion PO/-P concentratíons for the tr.,ro !¡inters are
presented separately.

Stratum Season Mean Turnover Tíme (rnin)

Lake 302 S Lake 227
(oligotrophic) (eurrophic)

epilimnion

hypolimnion

suûmer

winter (I973-74)
\{inter (I974-75)

sunmel

\¡Tinter

9 .09

270
83 .3

7,75

19.r

2.03

83 .3
2 0/,

14. B

B .33

u)



FIGURE 14. Seasonal changes in the rate constants for orthophosphate-

phosphorus uptake by seston in the epilimnions of Lake 227

(o_--¡) and Lake 302 S (G- -o).
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FIGURE 15, A plot of rate constant for orthophosphate-phosphorus

uptake by seston (K) vs the orthophosphate-phosphorus

concentration. DaËa from boxh Lake 227 (epilimnion: o ;

hypolimnion: o ) and Lake 302 S (epilimnion: ¿ ; hypo-

limnion: I ) are included. Three points with rate constanrs

greater than 0.4/min and two points wÍth conceritrations

greater than 0.lB ug/l are not shown. These points lie

very close to the y and x axes respectively.

The exponential regression of K on orthophosphate-phosphorus

concenËration was highly significant (r2 = 0.636, df = 64,

all data included).
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FIGIIRE 16. Seasonal changes in Ëhe temperature of the epi-limnions of

Lake 227 (H) and Lake 302 S (o- -o).
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16A l4ay, 1973 to Aprí1, L974.
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168 M"y, L974 to April, L975,
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concentratíons of P0¿-p which

concentration, rather than of

pn -P Flux Èo Seston

Because large fluctuations ín p04-p concentraÈion were matched

wj-th nearly opposite changes in K, seasonal variatj.ons in the po4-p

flux to seston were relatívely small (r'igure 17, Table B). rn Lake

302 S, P04-P flux tended to be minimal during late winter. Otherv¡ise

there'/as no seasonal trend ín poo-p flux in thÍs lake. Highest

flux values in Lake 227 Trere recorded during falr overturn and

irunediately following a forest fíre in Jury, L974 (less than 5"/" of the
watershed of Lake 227 was burned and some ash was blovm into the lake).
These peaks ín flux were short-lived and probably are analogous to the

elevation in PO¡-P frux r,¡hich must occur in Lake 227 each week after+

the lake is fertílized. rf po4-p frux díd not rise temporariry after
fertlTization, the por-p concentratj-ons which v/eïe measured. two or
three days after fertilizaLLon r^iould have been considerably higher than

they were. Like K, PO4-p flux was noË significantly correlated with
any of the biomass parameters (ATp, chlorophyrr-a, and pp) which were

measured.

Par ticulate Pho sphorus

69

v/ere present, K was a function of pOO_p

biomass.

Much of rhe phosphorus added to Lake 227 as po4-p appeared. as pp

when samples r¿ere collected (Table 9). The mean summer pp concentration
in Lake 227 vas seven times the summer mean ín Lake 302 s. rn the

winter, when no phosphorus entered the lakes, thís ratio dropped to 2.

compared with Lhe seasonal change in phosphorus loading, changes

in PP concent'arion were not pronounced,(Figure rB). rn Lake 302 s, pp



FIGURE 17. Seasonal changes in the orthophosphate-

phosphorus flux into seston in the epilimnions of Lake 227

(o<) and Lake 302 S (o--o).
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L7B May, L974 to April, L975.
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TABLE 8. The mean PO/,-P flux Ëo seston in Lakes 227 and 302 S during suimlìer stagnation and in the
wínter

Epilimníon samples were collected
betr¿een UIay, L974 and April , 1975.
different during the two winters,
present.ed separately.

between May, 1973 and April, 7975 and hypolimníon samples
Because the D0 concenËrations in the epilímnion v/ere very

the epilimnion P0/-P concentraEions for the two winters are

Stratllln Season Mean

Lake 302 S

( oligotrophic )

P04-P flux (ug/l/rnin)

Lake 227
(eutrophic)

epilimnion

hypolímnion

suïnmer

\,/ínter
winter

sufimer

winter

(L97 3-7 4)
(r97 4-7 s)

0 .001 7

0 .0011
O . OOTBA

0 .0033

0.0022

0.0023

0. 0019
0. 0035

0 .0024

0.0020

\
t\.)

The mean value was highly influenced by one early sample.



TABLE 9 Mean TDP, PP,
Lakes 227 anð

ATP and chlorophyll-a concentrations
302 S during sunner stagnation and in

and hypolímnions of
ice).4

in Ëhe epilimnions
the winter (under

The epilimnion
samples betr¿een

samples v¡ere collected
M"y, L974 and April,

between May, L973 and April,
I975. ATP concentratíon was

I975, and the hypolímnion
not measured until May, 1974.

!@NE Stratum Season Mean
PP (ug/1)

Mean
rDP (uelr)

Mean
ArP (uell)

Mean
Chlorophyll-a

(ugl 1 )

227

227

227

227

302 s

JU¿ 5

302 S

302 S

epilimníon
epílimnion
hlpolimníon
hlpolimnion

epil imnion

epilimnion
hypolímnion

hypolimníon

sufllner

wínter
summer

r.,rint er

sunmer

winter
summer

winter

42

20

L02

70

6

9

30

18

l1
8

-LO

11

5

6

7

0 .31

0. 70

0.74

0 .15

0.23

0.21

U. JJ

50. 0

L6.5

108

?? R

4.2
q2

s3.6

10 .8

\,1

1. Because spring and fal1 overturn Were brief, values for samples collecËed during these periods were
not íncluded in Ëhese calculatíons. The term "summer", therefore, covers the period between late
May and abouË mid-October andrr¡,Tintartriq rha -oriod when the lake is covered r,ríth íce.



FIGURE 18, Seasonal changes in the particulate phosphorus

concentratÍons in the epilirnnions of Lake 227 (o--o) and

Lake 302 S (o- -o).
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184 l{ay, L973 to April , L974.
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concentration \,üas higher during fa1l overturn and throughouË the r,¡inter

than it was duríng the summer. This pattern occurred. because mosE

prirnary producËion takes pl-ace in the hypolimnion (at about 6 m) in

Lake 302 s (8.J" Fee, unpublíshed data). pp builds up in rhis region

over the summer and is swept into the epilimnion during fall overturn.

In Lake 227, lni-gln turbidity lirnits the euphotic zone to the epilimnion.

Nevertheless, PP concentrations in Lake 227 were only twice as high

during the summer as they were in the r¿ínter.

Total Dissolved Phosphorus

Total dissolved phosphorus concentration also increased in
response to fertilj-zation, but not as strongly as the PP concentraËion

did. The TDP concentration in the epilirnnion of Lake 227 \,/as, on

average' only three times that in the epilimnion of Lake 302 s duríng

the sunnner (Table 9). Because nearly all TDp ís colloidal phosphorus,

this suggests either that a large fraction of colloidal phosphorus ís
allochthonous or that the fraction of seston involved in the colloídal
phosphorus cycle was srnaller in the fertíri.zed lake than in the

unfertlLized 1ake. Unlike PP concentration, TDP concentration díd not

decrease greatly when fertilization \,üas stopped for the winter. The

wínter TDP concentration in Lake 227 was about tr¿ice that ín Lake 302 S.

This attests to the relative ínertness of colloidal phosphorus

compared with other forms of phosphorus in lake water. TDp concentration

did not vary greatly with season in eiËher rake (Figure 19). The

maxi-mum concentrations coíncided with or follor¿ed peaks in biomass.

ATP and Chlorophvll-a

ATP and chlorophylr-a were measured. so that changes in the

dístribution of phosphorus between the phosphorus fractions could be

76



FIGURE 19, Seasonal changes in the total dissolved phosphorus

concentïations in the epii-inrnions of Lake 227 (o----o) and

77

Lake 302 S (o- -o).

194 May, L973 to April-, 1974,
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198 YIay, L974 to Apríl, L975.
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related to changes in total biomass and in algal biomass respectively.

As a result of fertilization, the mean sunmer ATP concentration

in Lake 227 was four rimes the mean for Lake 302 s (Table 9). Thus,

ATP does not seem to have responded as strongly to phosphorus loading

as PP did. Nevertheless, ATP concentration \./as significantly correlated.

with PP concenrration ín both lakes (r = 0.808, df = 9).1 Thís

suggests that part of the increase in pp coricentration was due to

phosphorus in dead suspended material. ATP concentration was trvice as

high in the summer as in rhe winrer i-n Lake 227 anð, slightly higher

during the winter Ëhan during the summer i-n Lake 302 s (Figure zÐ.2

chlorophyll-a responded strongly to phosphorus loading. The

mean suïtrner chlorophyll-a concentration in Lake 227 was 12 times that
in Lake 302 S (Table 9). In winter, the mean chlorophyll-a concentration

in Lake 227 exceeded that in Lake 302 s by only threefold.

Although there r¿as insufficient light for photosynthesis under the

ice, the mean winter chlorophyll-a concentratíon in Lake 227 was one-

third the mean suflrmer concentration. The relatÍvely high winter

chlorophyll-a concentrations, as well as the high ATP and pp concentrations

suggest that many algae and bacteria survive through the winter in the

epilirnníon. The phosphorus cycle, therefore, is controlled by organísms

throughout the year. rn Lake 302 s , chlorophyll-a concentratíon was

79

1. Data from both lakes \trere included
enough information $/as avaílable
analysis for each 1ake.

The replicability of the determínation of ATp concentrati.on often
I^ras pogr (Appendi.x vr). (The mean standard deviation was * o.fO
uglI. The median standard devíation r¡ras better, + 0.05 ug/f).
The results, however, vtere good enough to demonstrate basic trends.

in one analysis because noË
to justÍfy doing a separate



FIGURE 20. Seasonal changes in

epij-imnions of Lake

llay, J-974 to April,

80

the ATP concentrations in the

ZZ7 (r-o) and Lake 302 S (o-
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B1

maximum during fall overturn and early r¿inter (Figure 21). Líke pp,

chlorophyll-a was high during this period because large concentrations

of algae from the hypolimnion r¡rere introduced ínto the epilimnion. By

the end of January, the chlorophyll-a concentration fel1 to the minímum

values recorded. The regression of PP on chlorophyll-a revealed a

highly significant correlation between the tr¡o parameters in Lake 227

(r = 0.836, df = 31), but not in Lake 302 S (r = 0.151, df = 25).

Hypolimnion samples

PO -P Concentrati.on

During the summer, the PO,-P concentration in the hvpolimníon \^ras

three to four times that in the epilimnion. Occasionally, order of

magnitude dj-fferences in concentratíon developed between the two

regions. These concentTations, however, vüere still very low (from 7 to

180 ng/1). During Ëhe rvinter, PO^-P concentratíon was lower in the

hypolÍmnion than in the epilímnion.

As mentioned in the methods seclion, the validity of the data from the

first two hypolimnion bioassays is questionable. If these values are

accepted, the observed seasonal trend in POO-P concentratíon was a grad.ual

increase over the stuilner and a decrease during fall overturn (Figure 22).L

The POO-P concentrati-on in the hypolimnion of Lake 302 S increased. during winter

stagnation. By late wínter, the PO¿-P concentraËion in this lake exceeded that

measured during the summer, In Lake 227, PO/,-P concentration continued to

1. Because bioassays
September, Ëhe
decline before

rdere not conducted duríng August or early
possibility Ëhat P04-P concentraËion began to
fall overturn cannot be dismissed.



FIGURE 21, Seasonal changes in the concentrations

in the epiliurnions of Lake 227 (o-r¡

(o- -æ)"
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2LA May, L973 to April, L974.

of chlorophyll-a

and Lake 302 S
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2LB YIay, L974 to April, 1975.
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FIGURE 22, Seasonal changes in Ëhe orthophosphate-phosphorus

concentrations in Ëhe hypolimnions of Lake 227 (o-{) and

Lake 302 S (c- --o).

Mry, L974 to March, L975.

B4

The January samples \^/ere taken from 9.5 m rather than 9.0 n.
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decline after fal1 overturn,

loading r,¡as terminated.

According to classj.cal theory, the pO.-p concentration in the

hypolirnnion of Lake 227 should be many times Ëhat in Lake 302 s

because the hypolimnion of Lake 227 Ls anoxi.c for 10 months ofi the year,

t¿híle the hypolimnion of Lake 302 s Ís anoxíc only during t'¡/o brief
periods (1 to 3 months) in late winter and in late suunner (r,igur e 23) .

The mean suDlmer Po4-P concentration in the hypolimnion of Lake 227 , however,

r^/as only twice that in the hypolimníon of Lake 302 s and the mean

winter P04-P concentrarion was less than that in Lake 302 s (Table 9).
The Rate Constant for pOO-p Uptake

As in the epilimnion, changes in the rate constant for pO¿_p

uptake by seston in the hypolirnnion r,reïe nearly opposite to changes in
P04-P concentration (Fígure 24). The regression of ln K on poo-p

concentraËíon was significant (1227 = 0.803, df = 5; ,302 S = 0.870,

df = 5), as rras the regression of K on temperature (rZZl = 0.763, df = 5;

t3o2 s = 0'880, at = s).2 K courd not be signíficantly correlated with
PP concentration or r,¡ith ATp concentration.

85

This was expected because the phosphorus

PO/ -P Flux to Seston

Po4-P flux Èo seston was of the same order of magnitude in the

hypoliinnion as ít was in the epilimnion and was simílar in the hypo-

limnions of the two lakes (Table 9). As ín the epilimnion, the largest
fluxes which \¡/ere measured occurred. ín the sunnner ín Lake 302 s and in
the fa1l in Lake 227 (Figure 26).

2. Seasonal changes in temperature aïe shown in Figure 25.



FIGURE 23, Seasonal changes in the dissolved oxygen concentrations in

the hypolÍmnions of Lake 227 (o-.-.{) and Lake 302 S (o--o).

May, 7974 to Apríl, L975.

86

The January samples \¡/ere taken from 9.5 m, rather than

fron 9.0 m.



D
ls

so
lv

ed
 O

xy
ge

a 
, 

m
q/

l

&
6c

)

-2

z þ e{ i Ë Þ

\
o lr



FIGURE 24. seasonal changes in the rate constants for orthophosphate-

phosphorus uptake by seston in the hypolimnions of Lake 227

(o.-----|) and 302 S (o- --o). May, Igt4 ro April , Lgts.

B7

The January samples vrere taken from 9.5 m rather than 9.0 n.
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FIGURE 25. The seasonal changes in Èhe temperatures of the hypolimnions

of, Lake 227 (o-.) and Lake 302 S (È4).

l{,ay, L974 Ëo April , 1975.

88

The January sainples \¡rere taken from 9.5 m, rather than 9,0 m.
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FIGURE 26. Seasonal changes in orthophosphate-

phosphorus flux to seston in the hypolirnnions of Lake 227

( o o) and Lake 302 S (o- -o).
l4ay, L974 to March, 1975.

B9

The January samples r¡/ere taken from 9.5 m rather than 9.0 m.
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Particulate Phosohorus

Most of the phosphorus ín the hypolírnnion rÀ7as in particulate form.

Because the rate of sedimentation of phosphorus from the epilimníon is

high, much of the PP ín the hypolímnion ís detrítal. Changes in the PP

concentratíon of the hypolimnion, therefore, integrate changes occurríng

throughout the vrater column, As a result of fertilízation, the sunrner

mean PP concentratíon was three times higher in Lake 227 t}lan in Lake

302 S (Table 9). This ratio r¡ras higher in the epilimnion (7:1),

suggesting that the impact of increased phosphorus loading on biomass

ís concentrated largely within the epilímníon.

As in the epilimnion, seasonal varíations ín Ëhe size of the PP

pool were smal1 (the differerrce between the winter and stlnmer means

was less than twofold) (Figure 27). In both lakes, the peak

concentrations occurred in late suflrmer and the mínimum concentraËions

durÍng fall overturn. Since the concentration of PP ín the epí1imníon

of Lake 302 S was lowesË during t.he sumrner, the high hypolimnion Pp

eoncentrat.íons attained during this períod confirm that the bulk of the

biomass ín Lake 302 S ís in the hvpolimníon.

Total Díssolved Phosphorus

90

The total díssolved phosphorus concentratÍon in the hypolimnion

was only slightly greater than the concentration in Ëhe epilimnion

(Table 9). This was expected because dissolved substances and col1oíds

do not sedi.ment and, therefore, are not physically concentrated in the

hypolimnion. The phosphorus from these compounds must be converted to

PP (eíther through uptake by organisms or by colloid aggregatíon) before

it is sedimented. Most of the TDP in the hypolirnnion is produced by



FIGURE 2 7. Seasonal changes Ín the partículate phosphorus

concentraÈions in the hypolimnions of Lake 227 (o---o) and

Lake 302 S (o--o).

M"y, L974 to April, L975.

9L

The January samples \¡rere taken from 9.5 m, rather than 9.0 m.



P
ar

tic
ul

at
e 

P
ho

ep
ho

ru
.a

, 
F

g/
l

I I I I

{ { \ t \ \

z U

t I I I ó I I o



organisms living in that region. The influence of phosphorus loadíng

on the TDP concentraËion in the hypolimnion was sirnilar to that in the

epilftnnion. The mean summer TDP concentratj-on in Lake 227 was tnree

times the mean surnmer concentration in Lake 302 S. There vüas a one-and-

one-half fold difference

concentTation were even less pronounced in the hypolimnion than in the

epilímnion (figure 28).

4!! and Chlorophyll--a

92

Except for a temporary decrease during farl overturn, the ATp

concentration Ín the hypolimnion varied little with season (Figur e 29) .

trnlínter concentrations tended to be slightly higher than summer

concentrations (probably because many pelagic organísms overr^7inteï in

the hypoliinníon). As ín the epilimnion, the regression of pp on ATp

was significant (r = 0.635, df = 9). This correlation seems odd ac

first because most of the Pp in this region is detrital. Bacterial

growth, however: flâY be proportional to the concentration of partículate

matter in the I^iater. Hypolimnion ATP concentrations normally \¡rere one

to two times the epilimnion ATp concentrations (Table 9). The ATp

concentratíon in Lake 227 generally was about three times the

concentration in Lake 302 S.

Because there is very 1itt1e light and, therefore, negiigible

photosynthesj-s at 9 m in Lakes 227 anð,302 s (8.J. Fee, unpublished

data), almosË all of the chlorophyll-a ar this depth is deríved eíther

from Ëhe epilírnnion or from thaË portion of the hypolÍmnion where enough

light is avaílable for photosynthesis to occur, The influence of

increased phosphorus load-fng on the a1ga1 biomass of the entire

l-n \,üinter means. Seasonal variaËions in TDp



FIGURE 28. Seasonal changes in the roral dissolved phosphorus

concentrations in the hypolÍmnions of Lake 227 (o---r) and

Lake 302 S (o- -o) .

YIay, L974 to April , 1975.

93

The January samples r4rere taken from 9.5 m, rather than 9.0 m.
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FIGURE 29. Seasonal changes in the ATP concentrations in the

o/,

hypolinnions of Lake 227 ( o€) and Lake 302 S (o- -o) .

May, L974 to April, L975.

The January samples \^7ere taken from 9.5 m, rather than 9.0 m.
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euPhotic zone (as reflected by the chlorophyll-a concentration ín the

lower hypolimnion) was considerably less than that on the epilimníon

alone. The mean chlorophyl-l-a concentration in the hypolimnion of

Lake 227 was only twice the mean concentration in Lake 302 S (whereas,

Ëhe ratio in the epilirnnion was 12) "

Seasonal variations ín chlorophyll-a were of the sarne rnagnitude

as those ín the epilimnion (Figure 30). Throughout the yeaï, the

hypolirnnion chlorophyll-a concentration in Lake 227 was about twice the

epilímnion chlorophyll-a concentration. rn Lake 302 s, the epílimnion

chlorophyll-a concentratíon was twice the hypolimnÍon concenËration

during the r¿inter. The mean chlorophyll-a concentration ín hypolÍmnion

of Lake 302 s during the summer, however, \^ras 13 times the mean

epilimníon concentratíon. This gap reflects the importance of hypolimníon

(6 r¡r) a1ga1 blooms in this 1ake.

In summary' very 1itt1e of the phosphorus in either the epílimnions

or hypolJ-mníons of the studied lakes was pOo-p. Nearly a1l phosphorus

\¡ras present as PP or as colloidal p. I,rIhen the poo-p loading was raised.

(as ít was in Lake 227 each week), the size of the pp and colloidal p

pools increased (the PP pool expanded more than Ëhe colloidal p pool díd,

however). The PO4-P concentration !üas increased temporarlly, but withín
two days of the Po4-P addition, the poo-p pool was the same síze in the

fertílízed and unfertilized lakes. A comparison of the concentrations

of PP and chlorophyll-a Ín the hypolimníons of the two lakes with those

in the epilimnions suggested thar the impact of poo-p loading is
greater withín the epilimnion than in the lake as a who1e. This finding

v/as noË surprising sinee the POO-P '¿as add.ed to the epilimnion rather

than to the hypolímnÍon and \,¡as largely lirnited to the epilimnion by

the thermocline. Most of the added phosphorus whích reached the



FIGURE 30. seasonal changes in the chrorophyll-a concentrations in the

hypol-imnions of Lake 227 ( o-¡ ) and Lake 302 S ( o- -o ) .

May, L974 to Apri1, L975.

96

The January samples r^rere Ëaken from 9.5 m, rather than 9.0 rn.
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hypolimnion \.{as in partícles and, therefore, not as readily avaílable

to microorganisms as POO-P would have been" The distribution of

algae in Lake 227 al-so was altered by a secondary effect of fertilj.zatj:on,

Ëhe turbídity of the epí1imnion. With large stand.ing crops of algae

in the epilirnnion' not enough light could penetrate into the hypolirnníon

to permit primary production in this regíon.



Errors in the Classical Model of PO

uncovered during thfs study. First,

Several errors in the classical model of POr,-P cyclíng were
-

epilínnion ü7as found to be a regíon of POO-P regeneration as well as of

P04-P uptake. In the epilimnions of the studied lakes the gross P04-P

flux to seston (about 3 vg/Il,day, on averagel¡ normally exceeded

phosphorus loading (on average, 0.2 ve/Uday ín Lake 302 S and I.7 Ve/I/

day ln Lake 227), indicating that a cyclíng of POr-P within the

epilimnion occurs. At steady state, the phosphorus entering Lake 302 S

is recycled 15 tj-mes before ít is sedimented. In Lake 227, the entering

phosphorus is recycled twice.

Second, substantial accumulati-ons of POO-P r¡rere not found in the

hypolimnion of the studied lakes under either oxíc or anoxic conditions.

(The greatest POO-P concentration recorded was 0.18 ug/1.) Measurement

of the flux of P04-P ínËo seston indícated that PO4-P concentratíon ís

low ín the hypolímnion because decomposers rapídly and act.ívely take up

P04-P. (PO4-P flux was of the same order of magnitude in the hypolimníon

and the epilímnion. ) Apparent.ly, decomposers do not fu1fi1l their

phosphorus requírements with phosphorus from detritus as the classical

model assumes that thev do.

In contrast r¡rÍth classical theory, the results of this study

índicated that iron has litt1e control over the hypolirnnion POO-P cyc1e.

Organisms keep the concentration of PO.-P in lake r^7ater so low (although

the flux of phosphorus through the orthophosphate pool is relatively

large) that very little phosphorus is susceptible to complexing wíth

98

Discussion

-P c1i

as Lean (L973) postulated, the

in Lakes

1. This value does not include
fo11owÍng fertLl-ization in
leasr B ve/I/day.

the flux of PO4-P to seston immediately
Lake 227, this flux was much greater, at
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íron (or wíth calcium or magnesium) at any one tj:ne. The íntroduction of
oxygen into the hypolinnion at overturn, therefore, does not result in a

massive precipitation of ferric phosphate, as the classical model of the

P04-P cycle predicts. Most iron probably becomes associated with
organic compounds in the \^7ater or is precipitated as Fe(OH)r. Because

little ferríc phosphate is formed ín the water column, íron-phosphaËe

complexes are not present in the sediments (Coey, Schíndler, and l^Ieber

L974). Even íf they vrere, reducing conditions at the sediment surface
urould not lead to high P04-P concentratíons in the hypolimnion. Any

PO¿-P leaving the sedíments would be taken up quickly by organisms near

the sediment surface.
Also in contrast with classical theory, the amount of POr-P

introduced into the epilimnion from the hypolímnion during fall and spring

overturn r¿as found to be insufficient t.o support the algal blooms which

for many lakes are characterist.íc of these períods. The híghest hypo-

limnion PO4-P concenËration which was recorded during this study r¡ras

two orders of magnitude less than the PP coricentration in Lake 227 during

the average algal bloom (these blooms occur in the sunmer while the lake

is being fertilized) and an order of magnítude less than the highest PP

concentration recorded for Lake 302 S. Some algal blooms (such as those

in Lake 302 S) are the remnants of hypolimnion populations which are

sT¡/ept into the epílimníon during overLurn. Phosphorus whích reaches the

epilirnníon as PP may participate in the epilírnnion phosphorus cycle. In
doÍng so, iË would stimulate algal gro\"7th. Spríng and fall blooms also

may be supported by the phosphorus in precipitation (precípitation often
is high during spring and fall) or snowmelt.

The diffusion of orthophosphate across the thermocline was found to
be an even less significant contribution to the epilÍmnion phosphorus

budget than the Íntroduction of orthophosphate from the hypolirnnion during
overturn. In addítion'to small P04-P concentratíon gradients, the eddy

diffusion coefficients for the thermoclines of the studied lakes rÁ/eïe very
1ow (on the ord.er of 10-4 cm2/sec (Hesslein and Quay, unpublished data)).
The POO-P flux across the thermoclíne normally was less than O.O5 vg/m'/
day.
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The Relátiónchip Between Phösphorus Loading aúd Biomass

Because phosphorus is a limitíng nutrient (and because a large

portion of the phosphorus in lakes Ís in organisms), changes in bíomass

\,/ere expected to be proportional to changes in phosphorus 10ading.

surprisingly, this was not verifíed in the sÈudied lakes. Although

the phosphorus loading into Lake 227 ís 16 tirnes hígher than in Lake

302 S' none of the bíomass parameters r¡ras 16 tímes higher in Lake 227

than in Lake 302 S. In fact, the factor by which the parameteïs differed

in the tr¿o lakes varíed r¡rith the parameter r¡hich was measured. Tr¿o

alternative explanations of thís paradox can be offered here.

The first and most reasonable hypothesis is that the appaïent

differences in the reactions of the bíomass païameÈers to phosphorus

loading are, in fact, artifacts of the pulsed nature of the phosphorus

addítions. In the first few hours following PO4-P addition, the formaríon

of PP and ATP may be equally stimurated. chlorophyll-a is formed more

slowly than ATP and PP and, therefore, it would attain íts maximum

concentration later than ATP and pp. As the added po4-p is depleted,

less phosphorus is available for the formatíon of new cells. After a

few days, the older, phosphorus-rich cells may díe. Because ATp is

degraded to ADP within minutes after death (Holm-Hansen and Booth, Lg66),

ATP concenËratíon responds quíckly to changes ín biomass. Although

much of the phosphorus in dead cells is released by autolysis within

a few hours of death, some may remaín as pp for several days (Golterman,

1960). The response of PP to biornass changes, Èherefore is slo¡,¡er than

Ëhat of ATP. Chlorophyll-a not only is degraded slow1y, but some of the

degradation products cannot be distinguished from chlorophyll-a by

standard chlorophyll methods (Moss, l-967). Thus, what seems to be a
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díscrepancy in the reactions of the three biomass parameters to

phosphorus additíons may be simply a measure of the residence time of

the compounds.

If the effects of pulsed phosphorus loading which are described

above do not exist, the data indicate that there is a different

relaËionship between each biomass parameter and phosphorus loading. The

proportíonally greater increase in chlorophyll-a concentïation than ín

PP concentration or in ATP concentration suggests that algal growth is

stimulated more by the additíon of orthophosphate than ís bacterial

growth. Thus, algae gain more control over the phosphorus cycle as the

phosphorus loading ís increased. rn support of this hypoËhesís, Fuhs

et al . (L972) have found that the tr,ro species of algae which they grew

in phosphorus-limited chemostats had greater affinities for phosphorus

(lower Km values) than three species of bacteria. Rhee (1972), however,

found that a bacterir¡n outcompetes an alga for phosphorus in mixed

cultures. The lesser ímpact of orthophosphate addition on ATP concentration

than on PP concentration can be explained under these circumstances onlv

if the ratío of ATP-P/cellu1ar P ís greater in bacteria than in algae.

studies by Holm-Hansen and Booth (L966) suggest that this is not so.

Cha

In addition to changes in the classical model

minor alterations in Leants (Lean, I973) model were

The main short.coming of Leants model is its failure

es Necessar

specífic activities. Rather Ëhan measure the phosphorus concentratíons

in Lean! s Model of Phos

1. Holm-Hansen and Booth measured the ratio of
in several specíes of algae and bactería.
bacteria overlapped.

horus clin

of POO-P cycling

found to be necessary.

to íncorporate

ín the ilinnion

ATP to cellular dry weight
The values for alsae and
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in the comparËments which he defined, Lean expressed the sízes of the

phosphorus compartments as fractions of I'biological phosphorust'

(!'biological phosphorus" is simply the fraction of phosphorus whích was

labeled at the time of Sephadex fractionatíon). Lean did not observe

what he believed to be signíficant changes in the asymptote of the plot
ao

of ln "/" "P in the filtrate versus time bet¡¿een 2 and 48 hours after
a2'-POl, addítion. He, therefore, concluded that a state of isotopic

equílíbríum had been reached. His estimates of Èhe sizes of the

phosphorus compartments are from a Sephadex fractionation perforrned 4.5
1/

hours after "-rO4 addition.

If Lean had measured specífic activities, he would have noticed

that only a small fraction of colloidal phosphorus ís labeled in the

first few hours after t'ro,. addítíon. rn the present study (Sectíon r) the
?)partítion of '-P between the fí1ter retainable and fíltrate fractions of

in situ columns of lake rùater was followed for several days after POo

addition. These long-Ëerm incubations revealed that the relatively

rapid rate wíth which colloid acquíres 32, 
^fr"t 

32ro, is added to lake
4

r"Tater (the labeling described by Lean) is followed by a very slorn¡ increase

in radíoactívity. rf most colloidal phosphorus is autoehthonousrl

nearly all TDP should be labeled at isotopíc equílibrium. when an

as)¡mptote equal to TDP/PP x L007" is assumed, however, the plot of 1_n %

11 ?)"P in filtrate veïsus tiine afte, ttPoo addítion is distinctly díphasíc
t(Figure3Ð'" Diphasic uptake kj-netics occuï when more than two comparË-

1. A large fraction of the colloidal phosphorus in lake \^7ater, however,
may be^allochthonous and, therefore, not suscept.i-ble to labeling
with 32p

Even if an asymptote slightly higher than the percent of 32p activíty
in the filtrate afLer one week is used, the curve is better described
by diphasic than by monophasic kinetics.

2



Figure 31' Method used to deuonstrate the diphasic nature of colloidal

pho sphorus formation. 1

A plot was made of Ln (P" 
_ -P") vs rime (where p" is the
asymp

7?2percent '-P in Èhe filtrate)i using TDp/Tp x Lo}iz as rhe as)¡mptote.

rf only one colloidal phosphorus compartment and a pp compaïtment

existed the plot r¡ould have been a straight line.

The raËe constant for the flux of phosphorus inËo the more slowly

labeled col1oida1 phosphorus compartment is the slope of a line drav¡n

through the more gently sloped portion of the curve ( ^r-^ ) . This line

is extrapolated to the y-axis and values from the extrapolated portion are

subtracted from values of the steeper portion of the origínal curve (¡r-4 )

to obtaín a second line ( o{ ) . The slope of the second line is equal

to the rate constant of the flux of phosphorus into the more labile

colloidal phosphorus compartment.

The data shown h"r"3 are for Lake 227, g-L6 Ju1y, Lg73 (see FÍgure

2). Data from both a laboratory-incubated sample and an in situ

epilírnnion column are included. The rate consËants for the two fluxes

are 0.022/hr and 0.00065/hr.
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I. From Riggs (1973).

Nearly all filrr"a. 32p i"
(Lean, f973).

Not all points are Í.ncluded

)

J.

colloidal 32p s hours afrer t'ro, addirion

in the figure.
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ments exist.

Recently, Minear (7975) identifíed a large portion of colloidal

phosphorus (as much as 509l of the co11oidal phosphorus in the samples

whÍch he analyzed) as DNA. DNA is more likely to be released from

organisms during death and decay than through exeretion. It probably

belongs to the slowly-labeled co1loidal phosphorus compartment.

Leanrs model is not invalídated bv the addition of a second.

colloidal phosphorus compartment. There ís enough difference between

the rate constants for formation of the two types of colloidal phosphorus

so that Leants measurements apply primarily Èo the faster compartment.

A New Model of Phosphor¡s Cycling ín Canadian Shield Lákes

Figure 32 is a diagram of the movement of phosphorus through the

I¡rater column of a Canadian Shield lake during the summer. It incorporates

ínfor¡nation obtained duríng the present study with Leants findíngs. There

are many uncertainties j-n the diagram, but the basic structure is clear.

Phosphorus flows almost irreversibly from sources outside the lake to the

sediments. coupled with this flow is a rapid cyclíng of phosphorus

between orthophosphate and seston and a slower movement of phosphorus

through the colloidal phosphorus cycle. The pattern is sírní1ar ín the

epilímnion and hypolimnion. The hypolímnion phosphorus compartmenrs,

however' are somewhat larger than the epilirnníon compartments (partly

because phosphorus is concentrated in this regíon during sedímentation

and partly because more of the introduced phosphorus is in less labile,

detríta1 (PP) forrns). Eutrophication expands the size of the phosphorus

compartments in both the epilimnion and hypolirnnion. If the phosphorus

loading is discontinuous (as it is in most lakes) , however, the phosphorus



Figure 32.
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A nodel of the movemerit of phosphorus through the \,rater

columns of an oligotrophic lake and a fertilized lake in

the Canadian Shield.

The area of each box is roughly proporti-onal to the concentratíon

of phosphorus in a compartment and the area of an arro\^r is proportional

to Ëhe flux between tvro compartments. This diagram is for the sunmer

season. The diagram for v¡inter would be similar, except that the

difference in pool sizes between the two lakes would be less.

Several assumptions are incorporated into this model. Most of the

TDP was assumed to be PO¿-P. (rnis assumptíon may not be true for Lake

302 S). The rate constant for the movemenË of phosphorus from colloíd

to orthophosphate was not measured. Instead, Leanrs (1973) estímate for

Heart Lake was used to calculate the phosphorus flux. The fraction of

colloidal phosphorus whích is biologically 1abile !üas assumed to be

that labeled Ëv¡o hours after t'roo addítíon (on average about 2%).

Sedimentation rates \^rere measured in ín situ epilimnium columns

(see Table 2, p. 19). The rate in Lake 227 ís roo hÍgh to be

reasonable.

The flux of orthophosphate across the thermocline is not shown

because íË is ínsignifieant.
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pools do not expand (or expand only temporarily) in proportion to the

change in phosphorus loading" Instead, the flow-through component of

the rnodel becomes more prominent (a larger fraction of the phosphorus

molecules are sedimented rather than recycled). During the winter, when

there is no phosphorus input, the PP and co11oidal P pools shrink, while

the POO-P pool may expand somewhat.l Because the PP concentraËíon d.oes

not change significantly during the wínter, the recycling of phosphorus

must greatly exceed sedimentation during this period.

In the fer¿ lakes where a nutrient other than phosphorus 1írníËs

biological productívity changes in the size of the orthophosphate pool

may result from changes in orthophosphate loadíng. itlhen phosphorus is

límiting, however, fluctuations i.n orthophosphate loading produce

variations in bíomass rather than in orthophosphate concentratíon. Und.er

these circumstances, the size of the orthophosphate pool is a function

of the difference between the uptake and release of poo-p by organisms.

The more efficient P04-P uptake is, the s¡naller the orthophosphate

concentration is. Departures from steady state conditions (i.e. changes

in the bío1ogica1 community or in physical factors influencing biological

activity) are responsíble for variations in orthophosphate concentration.

In the course of this study, an inverse relationship between the dissolved

oxygen concentration and the poo-p concentration in the rrepílimnion"

duríng the winter r,ras noted. Thís suggests that organisms without
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1. rn Lake 302 s the PP and IDP concentrations in the epilírnnion are
higher durlng Èhe winter than ín the suïnmer. This occurs, however,
because organisn¡g Which afe con.centrated in the uppeï hypolimnion
during the summer are dispersed throughout the \¡rater column in
w-inter. The PP concentration in the hypolimnion is lowest during
the winter,



sufficient oxygen for aerobic respiratíon are less efficíent ej-ther at

taking up or at reËaíning POO-P than organisms functioning under oxic

conditions. This hyporhesis is supporred by shapíro (r967), shapiro

found that microorganisrns growing in the presence of oxygen sometimes

release signifícant ¿mounts of SnPl when they are subjected to anoxía.

If anoxia is maintained long enough (as in the hypolimnion) populations

of organísms proficient at using hydrogen íon accepËors other than oxygen

develop. These organisms may retain PO,-P more efficiently during anoxía

than organisms which are normally aerobes. ThÍs may explain why the

híghest PO4-P concentrations measured were in ttepilimnion" samples taken

during the ¡.rinter rather than in t'hypolimniont' samples.

The model of phosphorus cycling in lakes which is presented above

is much sí-mpler than the actual phosphorus cyc1e. The two colloidal

phosphorus compartments which are described probably contain many

compounds wíth different rates of formation and of utilizaËion. The pp

compartment definítely should be subdivided, but üras not because the

naËure and the number of dívisions necessary are uncertain. Furthermore,

many of the methods needed to investigate the flow of phosphorus through

this compartment have not been developed. trnle know that po4-p is not

taken up by all seston, but primarily by algae and. bacteria (nannoplankton

are especially imporrant in ELA lakes (Appendix rV) . I^Ihether the same

organísms return Po4-P to solution or the poo-p normally is passed to

consumers before Ít is released inËo the wa.ter is unknornm. Mass balance

calculations sometimes suggesL that microorganisms excïete almosË as much

LO7

1. Shapfro claims that Ëhe phosphorus is POr-P because carbohydrates aïe
not released simultaneouslv. -



108

P04-P as they take up (Rigler, L96B; and Lean, 1973) " A fei¿ workers

have attempted to estinate the rate of P04-P excretion by measuring

changes in sRP concentrat,ion after addlng algae to a steri.le medium

(i.e, Kuenzler and Ketchum, l-962) " Thfs determination, however, íncludes

excreted organic phosphorus, Lean and Nal-ewajko (unpublished) collected

the excretory products of 3'r-r"o.red algae gror¡/n in cultures. They

used sephadex fractionation to separate the 32p-r^b"Led excretory

products. Although after a few hours the medium contained more co11oidal
'1,) 1,9 1.')"-P and x--P than -'roo, the experiment did not índicate that po4-p

excretíon is less than f excretion. The algae r^/ere not separated from

their excretory products. Thus, po¿-p may have been taken up as rapidly

as it was released.

Zooplankton may be responsible for the regeneration of most

orthophosphate. Peters (r972) has found that 90% of the phosphorus

released by zoopLankters is poo-p (he identífíed tin"32yoo through

anion exchange, Be1 filtraÈion, and uptake kinetics). Because zooplankton

feed on microorganisms which are high in phosphoïus, it is not

surprising that they excrete orthophosphate. Peters measured zooplankton

grazing rates in Lake 227. He found that 17.6% of. the smal1 parricles

in the Ërophogenic zone were removed by zooplankton every day. From thís

value and relationships between phosphorus ingestion and release which

he obtaíned in the laboratory, Peters calculated the phosphorus excretíon

rate by zooplankton in Lake 227. rt \^ras great enough to supply algae

with nearly all the phosphorus needed in primary production. Other

experimenters working with zooplankton populatíons in other lakes (Barlow

and Bishop, 1965 and Hargrave and Geen, 1968) have obtaíned. símilar

results.



Because conventional methods greatly overestimate the orthophosphate

concentratíon of lake water, published seasonal studies of po4-p

dynamics in lakes are susPecÈ, The objectives of the eurrent study røere

to test several promising methods for measuring poo-p and to use the

best of these methods in a seasonal study.

The amount of P04-p normally present in l-ake ùiater proved to be

below the sensitivity of the chemical methods which were tried. The

radíochemical methods were more sensitive. Many of these methods,

however, required isotopíc equilibriurn. Colloidal phosphorus v/as found

to acqui-re 1abe1 so slowly that meeting this requirement r,ras impractical ,

íf not ímpossible.

Riglerrs bioassay (Rigler, L966) was chosen as the best avaitable

method for measuring POO-P. It r¿as used during seasonal stud.ies of Ëhe

phosphorus cycles in an olÍgotrophic and a fertilized. lake in the

Experímental Lakes Area. Although this rnethod is very sensj-tive and

relatively free from interference, it provides only a maximum concentration

estÍmate.

The following properties of the phosphorus cycre Ì,üere uncovered.

during the seasonal studies:

l. The POO-P concentration in both the epíl-imnion and hypolirnnion

is very low (less than 0.05 ug/r in the studíes rakes) duríng

most of the year. Added p04-p was quickly converted to pp, so

that the PO4-P concentrations Ín the fertilized lake and the

oligotrophic lake were similar"
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2. The POO-P flux into seston ís substantial at all depths (about

3 vg/Llday), indj,cating that microorganisms in the hypolimnion

are as active at taking up pOo-p as are the argae in the

epilirnníon. Because the flux of por-p to seston exceeds

phosphorus loadíng, a sígnificant fraction of pp must be

returned to solutÍon as pOá-p.

3 " The rate constant for poo-p uptake varies inversely with poo-p

concentration so that the flux of PO¿-P to seston does not change

greatly with season. Thus, po4-p dynamics are controrled by

organisms Ëhroughout the year,

4' Most of the phosphorus in lakes is present as pp or colloidal
phosphorus. The concentrations of both of these fractions were

much greater in the fertilized lake than in the oligotrophic

lake, confirming that they are produced autochthonously. The

existence of a second coll0idar phosphorus compartment, more

s1ow1y labeled than the one described by Lean, was suggested

by long-tern radiochemícal incubations.

These properËies are combined in a model of the phosphorus cycre

in lakes (page 105 ).

ll0
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EVALUATION OF METHODS WHICH COULD ALTER

K 0R PO4-P CONCENTRATION

Adsorption by Containers

Sone limnologists have reported that orthophosphate is adsorbed

by polyethylene bottles (Fleron , 1962, Jagitsch and Koczy, 1963) .

This experiment was undertaken to determine whether adsorption is

significant during the short period of transport which was involved

in this study.

Methods
2a
"'POo was added to a flask of lake water. Imnediately after

shaking, a 5 nl aliquot was withdrawn, and its 32p activity

determined. A polyethylene and a glass bottle were fil1ed with the

labeled water. After 1.5 hours (longer than the time of transport

between the study lakes and the laboratory), a 5 ml aliquot was with-

drawn from each container and its 32p 
^.tiuity determined.

Results

After one-and-one-half hours of incubation with 32pO,, 
no

4

detectable loss of 32p to the sides of either the plastic or the

glass container was noted (Table A1).
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TABLE 41.

32^P̂U¿ was added
poured into the

z1-'P activity in a sample Lake 239 epilimnion water before
and after 1.5 hours of confinement in either a qlass or
plastic container. 23/I0/74.

Samp le

Ini tial
Glass bottle
Plastic bottle

Ll7

to the lake water
two containers.

Errors Due to Filtering

Orthophosphate Adsorption by Membrane Filters

10 minutes before the water was

Filter adsorption of orthophosphate could strongly influence the

ability of Sephadex fractionation, Schindler bioassays, oï any other

method which is applied to lake Ì^/ater filtrate rather than to whole

lake water, to produce reliable estinates of orthophosphate concentration.

Methods

Orthophosphate adsorption by filters was measured by adding

""POo to filtered lake water, refiltering the sample, and neasuring

the 32P activity on the filter.

Filter Type

Sartorius membrane filters were used to separate filterable from

filtrate phosphorus during radioisotope experinents. Glass fiber

filters, however, were used to separate phosphorus fractions during

chemical analyses. Methods for estimating orthophosphate concentration

which required th^t 32P specific activity be equal for all phosphorus

32P A.tiuity (cpm/m1)

r07 36
I07 33
IO7 6I



compartlnents, demanded that the two types of filters separate the same

phosphorus fractions. This experiment was initiated to determine

whether this requirernent was met.

Methods

7)--POo was added to lake water. After a 20 hr incubation, 5 n1

aliquots of the labeled water were punped through Sartorius and glass

fiber filters. The 32P 
^rtiuity in the filtrate of each was

determined. As an extra check on this procedure, analyses for TDP

were performed for unlabeled water filtered through Sartori¡rs and

glass fiber filters.

Results

Filter Adsorption
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Filter adsorption of "P0, by both Sartorius and glass fiber

filters was measured to be about 13% of the total 32pO^ filtered
4

(Tab1e A2). Methods for estimating orthophosphate concentration

which require that the sarnple be filtered before analysis, therefore,

will underestimate orthophosphate concentration by about 13%. As long

as filter adsorption is constant, Riglerts bioassay, which is concerned

only with the chang" in 52P activity in the filtrate with time, will

not be influenced by filter adsorption.

Filter Trce

Sartorius and glass fiber filters were found to remove a similar

fraction of the 32P u.tirity from a labeled lake water sanple (Tab1e

A3). The sartorius filter, however, removed a greater amount of the

unlabeled phosphorus than did the glass fiber filter, The outcome of

the radiochemical and chemical approaches to this experinent differed



probably because the chemical one was influenced more heavilv bv the

large fraction of filtrate phosphorus which is more or less inert

biologically (it is not labeled easily witt 32R1. Because sartorius

and glass fiber filters retain a similar Þïopoïtion of the 32p in

labeled lake water, a conparison of Sartorius radiochemical with glass

fiber chenical fractionations is permissible.
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Counting Errors Due to Fluorescence

Hunic acids are known to fluoresce after being exposed to

fluorescent lights. Concern that fluorescence might interfere with

cerenkov scintillation counting, and, thus, influence the individual

points used to determine K, prompted this experiment.

Methods

A lake wateï sarnple containin g 32p was filtered under white

fluorescent light and its "32p" activity determined. After leaving

the sample in the dark for ono-half hour, ,'32p,, activity again was

measured. The sample next was held for two minutes about one foot

from first a yel1ow light (ye11ow light is recommended for use in

ïoons housing scintillation counters) and then a white light . ,,32p,,

activity was counted after each exposure.

To determine how long samples should be held in the dark before

counting, 70 samples contain ing 32v were exposed to white 1ight, and

then placed in a scintillation counter. The counter was set so that

each sample was counted for one minute every 70 minutes for 12 hours.

on another day, a sanple, which had been in the dark for 12 hours was



TABLE 42. 32P activity in ^ 
32POn solution after filtration through

either a glass fiber oï a Sartorius membrane filter.

Filter Type

Unfi 1t ered
Glass fiber
Sartorius

L20

32e R.aiui.y
(cpm/S ml)

TABLE A3

% oï I otal
(gnfiltered)
r¿P activity

in the
fi 1 trate

8296
7204
7228

The.JDP concentration of unlabeled, and the 32p activity
of --P-labeled*, lake water (from the epilimnion of Lake
239) after filtration through either a glass fiber or a
Sartorius rnembrane filter. 24/10/74.

Fi 1 ter

% ot I otal7a"'P activity
adsorbed by
the filter

100
86. 8
87 .t

Unfi ltered
Glass fiber
Sartorius

Glass fiber
Glass fiber

Average

Sartorius
Sartorius

Average

rDP (ve/t)

13.2
12.9

32t̂, Actt-vr-ty
(cpm/S m1)

o

9
u

7

6.5

Whole lake water was
before filtration

6412
2433
2350

90

32nr
in

of Total
a^+.ir¡-i +'r@u Lr v r L/

fi ltrate

incubated rith 32pO 
o for 20 hr

100
?.7A
36.7



exposed to yellow light for two minutes, placed in the counter, and

counted at 60 minute intervals for 12 hours.

Results

Humic acids or other compounds in E.L.A. lake water absorb a

considerable amount of energy from white fluorescent light whích

later is emitted as a fluorescence. This fluorescence is detected

by the scintillation counter and can alter significantly the "activityll
of a sainple (Table A4). ln this experiment 70eo of the radioactivity

of sarnples placed in the counter immediately after exposuïe to whíte

fluorescent lights was due to fluorescence (Figure A1). In the dark

fluorescence decreases in an exponential manneï. An asymptote is

reached after about 12 hours. Yellow lisht does not induce a

significant amount of fluorescence.

Judging from this experiment, samples which are to be counted

using the cerenkov method should be held in the dark, preferably for

5 hours or more, before counting. If the samples nust be exposed

rnomentarily to light during this period, yellow light should be used.

Fluorescence is not a problern when its contribution to the ilactivity,,

of each sample is relatively constant. Errors arise when a series of

samples is counted immediately after e)çosure to white light. In

this case, the contribution of fluorescence to sample 'ractivityr will
decrease progressively between the first and final sample. Most of

the radioactive samples from the present study (those collected before

August, r974) were counted immediately after exposuïe to white 1ight.

Fortunately, no more than 6 sanples were used in a determination of K

L2T



and each sample tvas counted only one minute. The arnount of fluorescence

dissipated in 6 minutes is small conpared with the decrease in filtrate

activity which was observed between samples.

TABLE 44. Scintillation detected by
'"P-labeled sample of lake
12/8/74) had been exposed

L22

The following conditions were imposed in the sequence given.

Immediately after filtration in a roorn
lighted with white fluorescent lights

After one-ha1f hour in the dark

After 2 minutes of exposure to yellow
light (held one foot from the light
source)

After 2 minutes of exposure to white
light (i ft fron the source)

Condition of Samnle

a scintillation counter after a
water filtrate (Lake 3025,

to various light conditions.

cpm

76992

297 54

31369

98189



Figure 41. The radioactivity of samples held in the dark for

various lengths of tine after exposure to white

(o) or ye1low (o ) fluorescent light. The

experiment with white light was done on 12/8/74 with

I{ater from Lake 3025. The experiment with yel1ow

light was done on 18/5/75 with water fron Lake 239.

l-23
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APPENDIX II

TABLE 45. rzralues for tlqclinear transformations of the Michaelis-Menton equation, I/v vs 1/C*,
and I/K vs C' estimates of V*u* derived from. each equation, and a conparison of
the turnover time (tt) obtained--from the y-intercept of 1/K vs C, with the value
calculated from S2pOA disappearance from filtered (0.asrL) lake water.

Lake Date L/v vs I/C,

v tus/1/mlnlmax- -' v*r* (uBl 1/min) tr fminì

++ f-i -'l Fr^ñL L \r¡lr¡rJ !r vrrr

:"P0, disappearance

l/K vs C,S

227

0-2 m

30/ s/ 73

1r/ 6

2r/ 6

s/7

30/7

7/8

13/ B

16/s
?o /o

13/70

27 /70
70/7r

0.760

0 .991

0.0011

0.987

0. 966

0 .999

0.997

0.990

0. 998

1. 00

0.997

0.992

0. 991

0.115

0.0388

0.0302

0.107

0.357

0.265

5.20
a f À

11 a

0.872

0.271

0.159

0.0131

0. 002

0 .994

n q7q

0 .987

0.111

0 .960

0.987

0 .689

0.680

0.904

0.766

0.910

0 .954

-2.92
0.0422

o .0247

0. 0934

3.34

0. 380
Í Ía

5. 88

2 .7r
1.10

0.642

0.320

0. 01 9s

14.3

T4.L

-4 .0s

6.51

3.27

3.18

1 .50

767

3.r3
4.86

6 .05

2r.7

6.58

14 .8

4 .45

4.r1.

I.79
'l O/1

0.408

0.758

2.65

3.19

12.7

H

s.



TABLE A5 (cont.)

Lake Date I/v vs 7/C,
tï v-u*(uBl1/min) V (ugll/min)

max

tt (min) from
""PO, disappearance

/t --

I/K vs C,

¿
T +t /'*; 

- 
\

L L LilrJ-rrJ

227

0-2 n

227

9m

78/12

2s/17/74

26/2

23/ +

o/J

2s/s/74
L7/6

2/7

e/7

2/8

76/ I
20/ s

3r/ r0

6/2/7s
r/ 4/ 7s

^^ 
l- l- atö/ J/ /+

24/ 6

0.768

0.998

0. 989

0.515

0 .989

0.997

0.991

0.999

0.856

0.963

0. 981

1 .00

0.636

0.418

0 .724

0.340

0.0030

0 .0460

0. 01 97

0.0066

0. 0083

0.024s

6. 00

4. 01

0.0492

0. 0099

0.2r7
0.733

0.0034

0. 0006

0. 01 81

0 .0031

0 .956

U.JJ¿

0.943

0.997

0. 835

0.530

0.572

0.935

0.969

0.185

0.673

0.784

0.926

0.988

0 .990

0. 999

0 .8s3

0.0022

0. 046

0 .0208

0.0056

0. 0050

0.0749

3.00

r.97
7.r2
0.r52
0.0379

0. 889

r.79
0.0042

0. 0009

0.0164

0. 001 7

-29.4
261

27 .2

984

-s7 .7

298

8 .49

-1 .30

3.42

8.16

11.1
a --

A )')

77 .6

I27

-2.37
-2670

28"6

270

238

455

i7 0

204

4 .44

4 .05

3 .59

/oo

0 .62

77 "2

95 .5

9.29

30.2

H
¡.J
L.Il



TABLE A5 (cont.)

Lake Date l/v vs l/C" l/K vs C" tË (min) from

v,nr*(uBl1/rnin) v*"*(uelUmin) tt (min) t'ro 
o disappearance

227

9m

302 S

0-2 m

:t 0n1y

22 /t
22/g

2L/IL
22/L/7s

s/3

28/s /73

12/6

3/7

16 /7
L5 /e /73

30 /9
L3/TO

26/L0

9 /LL
20/L2

2L/r/7 4

2 poinËs

0.333

0.947

1.00*

0.802

1.00*

0.890

0. 0288

0.9r8
0.87 4

0.991

1. 00

0.994

0.993

0.94s

0.967

0 .449

available

0 .0046

0.0]-42

0.516

0.0691

0.0392

-0 .0086

0.0012

0.0458

0.0667

0.0s90

0.0627

0.0468

0.0339

0. 0059

0.0019

0.0000

0.987

0.998

1 .00*

0.885

1.00*

0.364

0.955

0.946

o.oL97

0.757

1 .00

o.956

0.956

0.602

0.821

0.784

0. 0033

0. 0208

0 .516

0 .0691

0.0392

-0.0215
0 .0009

0.0381

-0.239
0.09L2

0.0573

0. 0781

0 .0354

0 .0015

0. 0011

0.0001

-3r4
40.6

10.6

L3.2

0.770

99.3

-4ö. J

L2.5

32.6

9 .89

s.94

L4.4

9.s6

86.2

113

L2.0

86.2

l-3.4

8.49

5,77

9.62

2r.4
L¿.+

7 .43

s. 35

7 .42

8.04

]-1.7

L25

111

L250

H
t\)



TABLE A5 (cont.)

Lake UALç l/v vs 1/Ls

Vru* (uBl 1/min)

1/K vs C,

vru* (ug/ 1/min) ++ lm-i n IUL

tt (min) frorn
""P0. disappearance

I

302 S

0-2 m

302 S

9m

27 /2
13/ 4

8/s

¿¿/ Ð

12/ 6

4/7

31/ 7

2/s

19/rr
L8/ 2/ 7s

2/ 4/7s

0.997

0.0s97

0. 835

1 .00

0.992

0. 999

0.678

1. 00*

0 .0001

0.109

I .00*

0. 988

0.857

0.9s6

1. 00

0. 696

1.00*
0 .999

available

0. 00s0

0 .0001

0 .0080

0. 03s9

0.0098

0.r27s
0. 0057

0.0256

0. 0094

0. 0001

0. 0003

-0,r273

0. 802

0.0449

0.405

0. 01 20

0. 0 730

0 .029r

0 . 0015

0 .0844

0.94s

0.981

0.995

0 .997

0.187

1 .00*

0 .994

0.094

1 .00*

0.770

0.874

0.740

1.00

0.997
1.00*
0 .996

-0. 0694

-0. 0008

0 .0177

0.0327

0.0166

0. 0979

0.0297

0.0256

0 .007 7

0. 0007

0 .0003

0 .0860

0.473

0.376

0 .400

0.0158
0.0730
0.0343

15 400

1 03000

48.3

11.3

9.36

3. 05

420

-54 .1

41300

732

42.0

-¿+.u

30.7

4.33

33.8
16/ 8

185

11100

1 0000

74.6

8.67

5.15

4.7r
26.3

44.3

32.6

3330

278

12.7

27 /2
9. )q

3 .59

I .87

R?<

H

\

¿o/ J

2L/ 6

12/7

26/s

6/ rL
2r/ 1

4/3
* 0n1y 2 points



ON PO,-P UPTAKE
4

Methods

One percent formaldehyde was used to terminate biologícal activity

in a lake r,/aLer sample so thaË inorganic reactions causing the movement
1,) ?2of --Poo to --PP could be measured. Formaldehyde, however, could.

induce cellular release of phosphorus. If so, the rate of non-biological

reactions might be altered by the increase in filtrate phosphorus. To

examine this possíbility, formaldehyde (1%) was added to a sample whÍch

had been incubated r¿ith 32po 
o for three hours. Filrratu 32p activÍty

r¡/as measured before and after the formaldehyde addition.

Penicí11in (5 x 103 to 5 x 106 units/l) also was used. as an

L2B

TTIE INFLUENCE OF TNHIBITORS AND BTOCIDES

APPENDIX IIT

inhibitor.

Penicillin

To determine whether actíve transport is necessary for orthophosphate

uptake, 10-t to 10-r M cccp (carbonyl-cyanide-m-chlorophenylhydraxone)

was added to lake hrater. CCCP ínhibits both oxidative phosphorylation

and photophosphorylaËíon. As usual , t'*o,. uptake was followed in botha

\)"-P0^ uptake r^/as measured ín treated and ín control samples.

does not actually kil1 organisms, but prevents cell divisíon.



the inhibited and Ín control samples.

ResulËs

Fonnaldehyde

One percent formaldehyde virtually halted t'ro,, uptake by seston

Ín a lake water sample (Table A6), suggesting that llofogi""l uptake is

much more significant process in phosphorus cyclíng than ís inorganíc

precipitaËion or adsorption onËo particles. However, when one percent

formaldehyde was added ao 32r-1"be1ed lake water, a significant return
1)of -'P from the seston to the filtrate fraction occurred (Table A7).

Either excretion or cell rupture \¡/as responsible. Inorganic uptake of

-'PO, may have been greatly obscured by extracellular release during this
+

experiment.

L29

TA3LE 46.

Sanple

Control

I% formaLdehyde

Rate constants tot 32eo4

to which 17" formaLdehvde
s/9/73.

TABLE 47.

uptake in a control and in a samPle
had been added. Lake 227, epilímnion.

Sanple

Before forrnaldehyde

After formaldehyde

Percent of total 32P u"tíuirty
before and after addition of
epilímnÍon. 5/9 / 73

K (t/mín)

0.1863

0 .0007

addition

addition

ín the filtrate of a sample
1% formaldehyde. Lake 227,

a)i4'-P ín filËrate

6.4

57 .7



Penicillin

Penicillin ínhibited

Íncreased wiËh the amount

TABLE 48.

130

Penicillin Added (units/1)

Rate constants fo, 32POo uptEke
samples to which from 5'x 10- to
per liter had been added. Lake

'-PO, upËake. The+-
of penicillin added

No addítion

5x103
u5 x 10'

5x105

5x106

degree of inhibition

(Table AB),

CCCP

1? -^ -5'-PO,. uptake was ínhibiËed strongly by 10 " Ëo 10 " M CCCP (Table

A9). rrr."] results indicate rhat the movemerit of. 32p fror 32p0, to
4

?)filterable --P was due largely to actíve, bíological uptake. The minor

role of inorganíc processes was confírmed.

in control samples and in
5 x 106 units of penicillin

239, epilimnion. 20/B/73.

K (l/mín)

o.o782

0.06L2

0.0257

0.00s7

0 .0044

TABLE A9.

Sanple

t'No additiont'

1OZ ETOH

-610-MCCCP(r%

ro-5 u cccp eolz

Rate constants f.ot 32Por,-P

l. 
-'r'r"iì-io:o-"- ã' ro:5"*

epilimníon. 25/7 /74.

uptake ín controls and ín samples
CCCP had been added. Lake 239,

ETOH)

ETOH)

K (Urnin)

0 .0818

0 .047 3

0.0237

0.0031



THE INFLUENCE

Methods

To help clarify which organisms contribute most to orthophosphate

uptake, 200 rnl samples of lake hTater r¡rere pumped through 0.45U membrane,

and 10 , 56, and 239v nylon filters . t'r\,, uptake was measured. in Ëhe

filtrate of each. In a later experíment, the uptake in 3U fíltrate was

compared wÍth that in whole lake water. Chlorophyll-a concenËratíon was

determined for aliquots of the 3 and lOu fíltrates.

131

APPENDIX IV

OF

ON

SESTON SIZE FRACTIONATION

P04-P TTPTAKE

Results

Removal of seston larger than lOU did not influence Ëhe rate of

--POr. uptake signif ícanÈly (Table 410). l,Ihen all seston larger than 3u

T/r7ere ïemoved, however, the ïate constanË decreased drastically.

497!, of the chlorophyll-a present in whole lake water appeared in

the 10U fíltrate, but only L7" remai-ned in 3U filtrate. Nannoplankton,

therefore, seem to be responsible for the rapid orthophosphate uptake

observed in ELA lakes.



TABJ,E A1O.

L)¿

??
Rate constants for *-PO¿-P uptake in,
concentra[ion of the filtraËe of lake
filters of various pore sizes,

Sanple

Lake 239,
epilimnion
27 /6/73

Pore Size
of fílter (u)

239
56
10

0. 45

whole lake water
10

Lake 227,
epilímnion
7 /B/73

K (l/urin)

and Èhe chlorophyll-a
\dater filtered Ëhrough

0. l0B
0.L29
0.109
0.0019

0.375

0 .0161

Chlorophyll-a
(uel1)

23.0

23.0
11.3

2.21,



APPENDIX V

TABLE All. The rate constanËs for P04-P uptake by seston (K), PO4-P concenËrations, and estimaLes of PO4-P
flux into seston for t'epiiimniont' samples collected bétween May, 1973 and April, I975.

were obtaíned by measuring the disappearance of 32YOo from the filtrate fraction
Rígler bioassays rr¡ere used to esËimate PO4-P concenÈratÍon. PO¿-P flux is the

first tT,,¡o paraneLers.

Rate constants
of lake T¡/ater.
product of the

Lake DaËe K (l/mín) P0, -P Concentration
/ ,- \
\ug/ r/

POO-P Flux
(ue/r/nin)

227 30/s/73

LT/ 6

27/6

)lt

25 /7
30 /7

7/B

L3/ B

L6/9

29 /e
L3/10

27 /r0
LOlLL

o "r52
0.0675

0.225

0.243

0.557

0 .514

L.32

0.297

0.378

0.313

0 .297

0.0790

0.023

0.053

0 .0086

0.0070

0. 0066

0. 0094

0.00082

0.00059

0.011

0.018

0 .01r

0.015

0.018

0.0031

0 .0036

0.0019

0.0017

0 .0037

0.0047

0.002 0

0.0015

0.0032

0 .00 68

0.0034

0.0045

0 .0014

H(,
U)



TABLE All (cont.)

Lake Date K (l/rnin) P0,-P Concentration
+

(ugi r.,

PO -P Fl rrv

(uelr/nin)

302 S

L8/L2

n/rrl74
26/ 2

23/4

6/s

23/s

L7/5
a 11

e/7

2/B

L6/ B

20/9

3r/10
6/2/7s

7/4

28/5/73

L2/ 6

3/7

L6/ t

0.067

0.94

0.23

0.52

0. 039

0 .36

0.0092

0. 053

0 .020

0 .011

0 .010

0.0097

0.036

0 .038

0.044

0. 014

0.024

0.025

0.016

0.0024

0 .0035

0 .0011

0 .0011

0.0022

0.0018

0.0021

0. 0r3

0. 0038

0.0031

0.0020

0 .0016

0.0089

0.0022

0.0047

0.0014

0 .0011

0.0020

0.0023

0 . c353

0.00373

o .0047 2

o.00222

0.0558

0. 0049

0.225

0.191

0.278

0. 200

!.62
a.256

0.0580

0.0107

0.104

0.0468

0.0805

0. 13s

H
U)



TABLE All (cont.)

Lake Date K (Umín) PO4-P Concentration
(uel1)

POO-P Flux
(ugl 1/rnin)

Ls/e

30/e

L3/LO

26/L0

9 /LL
20/12

2L/Ll7 4

27 /2
t3/4

Bl5

22/ s

12/ 6

4/7

3r/7
Jlo

L9/LI
LB/2/7s

2/4

0.187

0 .135

0.L24

0.0856

0.00811

0.00948

0.000783

0.0000916

0.000100

0.0687

0. 115

0.r94
0.2t2
0.0279

0.0226

0 .0307

0.000279

0. 0036

0.0L2

0 .015

0.013

0 .023

0.13

0 .11

0 .065

2.3

0.66

0.025

0. 014

0.00s8

0 .016

0.038

0.o79

0 .070

0.22

0.023

0.002r

0.0020

0.0016

0 .002 0

0.00011

0.00010

0.00005

0.0002r

0 .00007

0.0017

0.0016

0 .0011

0.0034

0.0011

0 .0018

0.0022

0.00006

0.0001

H
L¡



TABLE 412. The rate constants fc¡r
POá-P flux into seston,

PO4-P uptake by seston (K),
for "hypolimníon" samples

P04-P eorlcentratíon's,
(9 ur) over a one-year

'and estímates of
pêríod.

Rate constants were obtained by measuring the disappearance of 32VOo from the filtrate
fraction. Rigler bioassays were used to estimate orthophosphate concentration. Ortho-
phosphate flux ís the product of the first trn/o parameters.

Lake Date K (l/nin) P04-P

concentration (ug/1)

P0/ -P

(ugl 1/min)flux

227

3025

28/ s/ 74

24/ 6

¿¿/ |

)7 /O

2I/ LI
1

^^ 
I a l-F-

¿¿/Ll /J

J/J

26/ s/74
2r/ 6

12/7

0. 108

0. 0331

0.0116

0 .07 49

O.II2
0.L73

0.0740

0.0790

0 .0367

0.t 2r

0.023

0. 091

0.18

0.024

0. 031

0 .0072

0.015

0.0ï5
0.084

0. 065

0. 0025

0. 0030

0. 0021

0.0018

0.003s

0.0013

0.0011

0.0072

0.0031

0. 0078

ts

1. Collected at 9.5 m.



TABLE 412 (cont.)

Lake Date K (l/min) P04-P

concentration

PO4-P

flux (1tg/ I /nín)(ugl 1 )

3025 26/s

6/7r
27/ r/ 7s2

4/3

l. Collected at 9.5 n.

0.279

0. 101

0. 0435

0.0120

0.0074

0. 014

0.087

0.13

0.0021

0. 0014

0 .0038

0. 001s

F(t
!



APPENDIX VI

TABLE 413. ATP concentratíoris in the epilimnions and hvpolimnions of Lakes 227 and 3025.

Replicates and the mean concentrations are shor,¡n.

Lake StTatum Dat.e ATP Concentrations Mean ATP Concentratíon
(ue/r) of the replícate

(ue/1)

227 epílimnion L7/6/74

2/7

2/8

L6/ B

20/e

3L/LO

6/2/7s

r/4

0 .65't
0 .21*

0.38?t
0.23'^

0 .91
0. 81

0.57
0 .63

^71
0. 81

n t(

0. 50

0.18
0.2L

0 .40
0.46

U.+J

0 .31

0.86

0.60

0.76

0.37

0 .19

v,+¿

H
U)



TABLE 413 (cont.)

Lake St,ratum Date ATP Concentratíon Mean ATP ConcentraËíon

(uel 1) of the replicate
(ue/ r)

302 S epilimnÍon

227 hypolímníon

12/6/74

4/t

3L/7

L9 /LL

LBl 2/7s

2/4/7s

24/6/74

22/ 7

20 /9

27 /g

0.34*
0 .36i.
0.24*

0 .036
0.039

0.11
0.087

o.2t

0 .020
0.051

0. 39
0.46

0 .59*.
0.85't

1.3
0.4L

0.72
0.61

0. s9
0.52

0 .31

0.037

0. 098

o.2r

0.038

0.42

0.72

0 .86

0.66

0.55

F
(rJ



TABLE 413 (cont.)

Lake Stratum Date ATP ConcentraLíon Mean ATP Concentration
(ue/r) of the replicate

(ue/1)

7 /LL

2L/LL

22/Ll7s

Jl5

L/4

2r/6/74

L2/t

26/9

6/LL

2L/Ll7s

0 .14
0.044

0.084
0.21

u.44
2?

0.63
0.37

0,27
0 .40

0.17*
0.52",,

0.072
0.096

0.22
0.23

0.r2
0.07 2

0.25
0.31

0 .094

0 .14

1/,

0 .50

0.33

0.34

0.084

0.22

0.097

0.27

H
N

302 S hypolimnion



TABLE 413 (cont.)

Lake Stratun Date ATP Concentrations Mean ATP Concentration
(us/1) of the replicate

(ue/1)

4/3

tl/,

* Onlv 10 ml of water were filtered

^11
0.17

0.49
0.51

0.2L

0.50

N

H



APPETIDIX VII

TABLE 414. The concentrations of TIIP, PP, ATP, ctrlorophyll a, and dissolved oxygen (D0) in the
"epilimnions"of Lakes 227 anl 3025 between May, I973 and Aprii, 1975. Temperatures
also aïe shown. The chlorophyll a and D0 concentrations given are averages of values
obtained at two to three discrete depths. Some of the PP,'IDP and temperature values
(those marked with a *) were estimated in the same rnanner. All other data were
obtained from the analysis of integrated epilimnion samples. ATP concentrations are
the average value of two to three replicates.

PP (ugl1) ArP (uell)Lake UALç TDP (ueli) Chlorophyll a
(ue/1)

DO

(tne/ 1)
T

('c)

227

1A

"7

27*

3i

35

38.1

69.7

86.6

127 7

10"8s

11.04

qon

9.92

ro"

77

77

19

20

22

^^ 
lr l4q¿ó/5/ /J

8/6

rr/ 6

21/ 6

27/6

s/7
s/7

r0/7
Lr/7

H

f.J

B

10

10

5B

50

B3

58

48

rÀ

o

11



TABLE 414 (cont.)

Lake Date rDP (uelt) PP (ue/r) ATP (uel1) ChIorophyll a
(uel 1 )

DO

(mg/1)
T

("c)

-a- -, l-¿¿t ¿Jl I

2s/7

¿V. I

6/B

7/8

Bi8

17 /8
20/ B

3/s

17 /s
29/9

r/rc
13/ ro

1si 10

27/10

2s/ r0
6/rL

rc/ 7r

12/ 12

TB/ 12

9*

I4

16

)A

T2

L3

10

16*

L7*

17*

!+"

9*

69*

59

63

50

42

50

À-+¿+J "

27*

45

16*

18*

176

65.3

28 .3

37 .7

42.0

54.4

48.6

27 .r
2I.9

16 .4

9.29

7 ?-9,

6.12

8.18

r0.73

r1.24

9.3r

7 .37

8.76

9.04

22*
ô1 -

19

2T

24

2r*
20 .5x

l-J"

T2

13*

10

v"

7

7x

2*

¿

aL

2

H
N

L¡)



TABLE 414 (cont. )

i,ake Date TDP (ugl1) PP (uel1) ArP (uglt) Chlorophyll a
(ue/ 1 )

DO

(ng/ 1)

.F

rocì

227 ¿¿/ Ll t+

23/L

26/2

2/4

23/ 4

6/s

¿Ll 5

¿J/ J

4/6

Löl b
1 l'7

e/7

16/7

30/ 7

2/8

13/8

16/ I
27/8

L0/s

20/s

8*

6rk

8

11*

8

10*

rz"
15

11*

9

8*

11*

1/+)-4 "

)Á*

22

15*

8*

15*

33

/lÂ*TI

45

32*

16*

54

Jl- "

47

28*

2B*

o s]

0 .31

0 .86

0.86

0 .60

0.76

8.0

q't

L2.5

6.s

22.7

56.5

62.8

28.7

ls.1

44.4

28l.,8

A1 )

0.42

0.10

0

6. 03

9.11

r0.77

11.08

r0.23

7 .40

9. 19

10. 35

9.32

9.85

A*

I
1.5

1

2

4

11*

T2

a T+
-LJ..

I7
22

?A

23*

19*

18

19.5*

20

16*
1 /l)<la

13

6

9*

7*

P
N
N



TABLE 414 (cont. )

Lake Date rDP [ugl1) PP (ug/1) ArP (ugll) Chlorophyli a
(ueli)

DO

(mgl 1)
T

("c)

227 24/s

8/ro
22/ ro

3r/ Lo

s/n
2I/TI
r1/12

22/ r/7s
6/2

4/3

t/4

9*

9*

8*

8*

9*

9*

8*

A*

4

7

¿J"

26*

¿L^

to^

-t1*
If,

8*

/l*

6

'7 J<

A*

8

1

0.20

37 .r
40.1

4L.2

26.8

29.3

27.0

9.7

7.r
3.8

4.4

4.5

3.3

2.7

10.83

7 .33

8 .61

10.66

r0 .67

9.97

7 .12

5 .86

70.44

9.2r

8 .90

8. 63

a z,'7

l1*
6*

7

A*

N
(Jì

^. 
lF t4ð5U¿> ¿r/ 5/ / 5

28/ s

4/6

t2/ 6

18/6

2/7
a l-Jlt

ro/ /

'Itr

1A*

15

17*

T6

18*

20 .5*

19

20



TABLE 414 (cont.)

Lake Date TDP (uel1) PP (ue/l) ATP (uel1) Chlorophyll a
(uel 1)

DO

(mgl1)
']"

ror-ì

3025 17/7

18/7

7s/7
^t 

l-¿J/ /

s0/7

13/8

27/8

r0/s
7s/s

24/e

s0/s

B/ ro

13/ r0

22/ r0

26/r0
q/r 1

s/ rr
L9i12

20/ 72

3025 27/r/74

7

'l

¿

5

J'

/1 *
I

1A*

^*

5

I
6

¿

A*

J"

18*

6.k

10*

11'k

/1 )

)R

2.2

5"9

4.8

5.4

6.5

10 .9

9.0

R7q

8.44

8.23

8.28

8"78

9.32

9.90

10 .31

tr.37

19*

2I*
22*

19*

15

lJ"

I2

10

9*

7

þ-

L

2rl

2I

1

ts
F.

/1*

A'k



TABLE AJ-4 (cont.)

Laiie Date rDP (uel1) PP (uel1) ArP (uel1) Chj"orophylj, a
(uel i )

DO
(mo / 1)

T
('c)

3025 2s/L

26/ 2

27 /2
)/L4t I

13/ 4
1 lr
Lt ¿

8/s
^^ 

lF¿¿/ þ

s/6
12/6

3/.7

4/7

3r/7
26/8

2/s
)tr,/a.JI J

23/ro

4/ rr
19/77

s/12

Á*

10*

o-

9*

0. 31

0 .037

0 .10

0.L2

)9.

1n

2.8

5.3

10. 0

6.1

5.8

10.8

6.1
70

9"90

6.90

4.99

4.78

oqn

8.20

8.40

8.87

9.L4

70.29

10 .86

L2.65

T2.68

J^

1r

2*

1.5
A*

T

1' q

18*

T7

2r .5*
2I

1B

17.5

15

11.5*
A*

1.5

A'.k

Al<

7

/lT

A*

I
J^

7

7

J'

AX

4*
Al<

7

8

5*

6

7

-7

)"
8*

6*

ts
N

!



TABLE êJ-4 (cont. )

Lake Date rDP (ugl1) PP (ugl i ) ArP (ugl1) Chlorophyll a
(ue/ 1 )

DO

(me/1)
T

('c)

3025 2r/1/75
18/2

4/3

2/4

-+

J"

/1 1<

6*

/1*

0. 038

^ 
A',)

2.0

r.7
))

11. s0

II.97
10. 57

'l rì

H
N

co



TABLE Af5. The concentrations of TDP, PP,
hlpolimnions (9 m) of Lakes 227
Temperature also is given. ATP

replicates.

ATP, chlorophyll a, and dissolved oxygen (D0) in the
and 3025 between May,I974 and Apríl, 1975.
concentrations are the average value of two to three

Lake Date TDP (uelr) PP (ugl1) ArP (ueli) Chlorophyll a
(ue/r)

DO

(mg/1)
T

('c)

227 16/ s /74
2r/ s

28/ s

4/6

78/6

24/ 6
a 11

ro/ /

22/7

3A/7

13/ I
27 /8
ro/s
20/s

24/s

T4

I7

T7

16

t\

I4

18

22

15

19

77

2I

T4

81

98

1 
^1LV¿

r04

93

90

98

68

95

r46

148

II7

q

A

r

¡+

+
1

q

4.5

4.5
1

4.5

4.5

4.5
A-

4.5

^ 
1')

0. 86

0 .67

110

TT4

II7

111

89.6

98. 6

115

109.5

I23

150

0

0

0

0

0

0

0

0

0

H
Þ.

0C'A32



TABLE Ar5(cont.)

Lal<e Date rDP (uelt) PP (ueli) ArP (ugll) Chlorophyll a
(ugl r )

DO

(mg/ 1)
T

("c)

227

302 S

1't /o

B/ r0

22/r0

s/rr
7 /7r

2r/ 1r

II/ L2

)
^^ 

| 1 l-Pa¿¿/ Ll tJ

413

s/s
1lL

26/s

Þ/o

27/ 6

Jt/

I7

15

7

6

7r7

IL7

25

26

79

0.094

r .39

0 .50

0.33

0 .34

i20

40.9

26.3

26.8

24.7

¿u.o

29.3

40. u

11 .9

48.2

0

6.68

8. 05

6 .80

0

2.s0

0.22

6

5

q

3.5

^

a

6.5

7

8

10

H
L¡

1Àt4

11

T4

3

5

r

6

n

0

0

o4

58

9

11

29

45



TABLE 415 (cont. )

Lake Date TDP (uel1) PP (ve/ I) ArP (uell) Chlorophyll a
(u e/ 1)

DO

(mgl 1)
T

('c)

302 S 72/7

3L/ 7

26/ 8

2sle

26/s

23/ 10

4/ LI
6/ r1

L9/II
s /12

2r/r /7 s2

4/3

2/4

7

B

9

6

7

A

-

6

5

11

6

6

I6

48

¿+o

3l
33

6

7

9

I4

30

35

36

measured in bottles.
after the syringes

0. 084

0. 10

0.28

0.22

0.50

The bottles
were fi11ed.

LL4

o,4 0

90.2

6.4

9.6

7.2

4.4
oo

2L.5

17 .3

0

0

2.89

9 .9s

10 .91

9. 7A

2.80

0.0

1 .95

0

7

7

8

10. 5

6

q

4.s
H
L¡
ts

À

4

1.

2.

These temperatures were
temperature was neasured

Collected at 9.5 m.

were filled before the
Obviously some warming

syringes, but
occurred.




