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Apstract 

The availab~li ty of Ph~S~hO[,US from the anoxie hypolimnia, 
\, • 

,.o~' ,l-akes ~o epilimneti9i plankton was investigated by 

experimental studies on eight lakes in Ontario and Quebec. 
~ 

~Î ~fJ '.j 

Avail"'ability was determined w i th a short-term bioassay based 
l , 

on the ,ostjndardized retardat iôn of pla~ktonie uptake of 
,) 

, !J 

phos'phorus tracer in the presence of orthophosphate7 

availability ~as also estima~ed bY/ SRP (soluble reactive 
~ h 

phosphorus) analysis, since appro-Ximately 90% of SRP wàs 

a)ailable. 

Iron concentrations wer~ hi9h in. sorne hypolimnia, but 
, \ 
l ' ...... 

, should become dil u ted after m lx i1ng w;i th su rface wate r. When 
. / .. 

oiron concentrations after mixing exc,eeded 0.20 mg/L, aeration 

lowered availabili ty and s~.: The~ef or~. samples' from anoxie 

hypolimnia were kept an~xlc. 'P'he' fate of h~polimnetic 
p'ho~phorus at, turnover was studi~ed by construëtion of a' 

~ 

budget for SRP, total phosphorus, partieulate iron eontaining 

phosphorus and pa rticulate b iolog Leal p.hosphorus, a t fall 

turnover in La,ke Magog. ~te high concentrat:i,ons of 

hypolimnetic iron, only,30% of 'the upwelli~g hypolirnnetic 
• 

phosphorus 'combin~d ..... ~ith iron a~er complete ~ixing, 30% was 
~ - ." 

incorpora""ted into biomass and 38% ~tayed pôtentially available 
L-

as SRP.-

In 'two lakes, hy-pol imnet ie 'i ~ on was undetectable and 
" "-

hydrogen suIf ide concent'ra tians we re higW. H2S inte rfer red 

with the SRP analys i~ and poisoned pl~gkton. After degassing, 
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routine SRP analysis was possible, and availabil i ty was close . 
t;o 100'_, Iron and 8.25 inte",rference in the SRP analysis wec.e 

€irpunt."ented by maintaining anoda or by degassing resp-; A 

.simpler method, the analysis of TRP (total reactive 

~ phosphorus) after aeration, was developed which analyses, SRP 

quantitatively in anoxie '(aters. 

Sinee the !xper imental studies suggest that 70-80% of 

hYPolimnetie' phosphorus il) àvailable, empiric'al models were 

developed to predict the effeet of hypolimnetic phosphorus 
- t> 1 0 

(i.e. *nternal phosphorus load) on the mass balance' of 
/ 

phosphorus i~ lakes with anoxie hypol imnia. The' first model, 

successfully predicted internaI lo~d; it was constz:ucted from 
/ 

the deviations between observed/pho.sphorus retention in anoxie 

l.ake's ' and the retention predi~ete'cl by mod-è'ls for ~xie lakes, 
~ 

·and external load. InternaI load May aiso be predicted from 

the average release' rate (12 mg Jf\'-2 d4y-l) of phosphorus from 
~ ~ .. ~ 

the- surface of anoxie sediment, th~ duration of anoxia and the 

area ~ anoxie sediments. Empirical relationships buil t from 

data 'coll'ected d"urin9 tttis ,st~udy and p.rex~~~y published 

data support the hypothesi s tha t ene - m~or pa rt of 

hypplimnetic phosphorus is available to. epil imnetic plankton. 
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Résumé 

La disponibil i té au pl ancton épi limnét ique du phosphore en provenance 

, .. de l' I1Yl'olimnion anoxique fut examin~e par des études expérimentales dans 

huit lscs du Québec et detl'Ontario. La disponibilité fut détermin&e a , 
l'aide de bioessais h court terme basés sur le tAUX de retardat ion 

standardisé de l'incorporation du P radioactif par le plancton en présence 

de l'orthophosphate. La disponibilité a également été estimée par 

l'analyse du PRS (Phosphore réact if solub'le) puisque qu' approx imativement 

90~ du PRS était disponible dans les eaux aMxiques. 
\ , 

, 
Les concentrations de fer étaient élevées dans certains hypolimnl..ç>ns, 

mais devraient être diluées après le mélange avec les eaux de surface. 

L'aération diminue la disponibilité du, phosphore lorsque les 

concentrations de fer excèdent 0.02 mg.l- l après le mélange des eaux. 

Conséquemment, les échantil,Lons de l 'hypo limnion anoxique étaient gardés 

anoxiques. L'utilisation du P hypolimn~tique suite au mélange des eaUX a 

été 'étudi.é par l'entremise d'un budget du PRS, TP, phosphore adsorbé sur 

les particules ferriques et des particules de phosphore biologique lors du 

brassage automnal dans le lac M.agog. En dépit des fortes concentratins de 

fer hypolimnétique, seulement 30% du P hypolimnétique se combine avec Ïe 

fer apres le brassage automnal; 30% sera incorporé dans la biomasse et 

ainsi 38% demeure partiellement disponible conune PRS. 

r 
Dans deux lacs, la concentration de fer hypolÏmnétique était 

inférieure à la 1 imite de détect ion et les concentrations d 'hydrog~ne 

su~fureux (H2S) étaient élevées. Le H2S a interféré avec les analyses du 
V • 

PRS et empoisonna le plancton. Après le dégazage, les analyses de routine 

du PRS étaient possibles et la disponibi1ite était près de 100%. 
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LI interférence par le fer et le H2S dans l'analyse du PRS fut 

éliminée soit par le d~gazage Ou en maintenant l'anoxie. Une méthode 

simplifiée, l'analyse du PRT (phosphOre reactif total) après aération a 

été développée, ce qui permet de determiner quantitativement le PHS dans 

les eaux anoxiques. 

Puisque des études expérimentales suggèrent que' 70-80% du P 

hypolimnétique est disponib le, des. modèles empiriques ont été développés 

'dans le but de prédire l'effet du P hypolimnétiql1e (Le. la charge interne 

de p) sur le budget du P dans les lacs ayant un hypolimnion anoxique. Le 

premier modèle prédit. avec succès la charge interne. Ce modèle a été 

construit li partir des déviations entre la rétention observée du phosphore 

dans les, lacs anoxiques et la rétention prédite à partir des modHes pour 

les lacs oxiques, et la charge externe. 

être prédite à partir des t aux moyens de 

de la, surface des séd iments anoxiques, la 

La charge interne peut aussi 

décharge Cl)mg.1-1•day-l) de P 

du.rêe ~ anox ie et l'aire des 

sédiments anoxiques. Les relations empiriques construites ~ partir des 

données amassées dans le cadre le mon projet et celles de la littérature 

supportent l 'hypothèse que la majeure part ie du phosphore hypolimnétique 

est disponible pour le plancton é~nétique. 
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. Preface 

The following statements are made to comply wlth the 

regulations of the Facult~ of Graduate Studies and Research of 

McGil1 University. ( 

This thesis has been prepared in the format of four 

separate papers, suitable for submission to learned journals, 

as perrnitted by Faculty regulations. Due to this, a certain 

arnount of redun~ancy and stylistic idiosyncrasy ~s Inevitable. 

Slight1y abridged versions of Chapters three, four and six 

are in press in 'Water Research', 'Canadian Journal of 

~isheries and Aquatic sciences' and 'Limnolo9.i~:;3.~d 
Oceanography' respectively. Chapter five has been submitted. 

Much material from the first and the, last chapter is to be 

published in the proceedings of the 'International Association 

. of Theoretical and Applied Lirnnology". The fourth chapter is 

co-authored by Dr. R.H. Pet~rs, who supérvised this study. The 

first person plural is accordingly used in th~s chapter. 

Tables and figures are numbered by two numbers combined with a 
~ 

d~sh: the first character references th~ chapter and the 

second the s~quence in th~ chapter. Tables and figures 

belonging to the current chapter· are referred to by their 

sequence number on1y. 
\ 

This thesïs consti tutes a contr ibution to original 

know'ledge in the following method.ological developments and 

scientific fin~ngs: 

xv, 

.. 
, , 

r 

f 

1 
1 
J 

" 

• , , 
; 

ï 
" 



t 

(J t 

! 
r 

1 
l 
f 
1 

1 
s 
~ 
! 

" 

~ , 

1 
~ 
1 
\ 

~ 

1 

1 • ~ 
r 

Methodological developments: 
• 6 

- It is shown that iron and hydrogen sulfide interfere in the 

SRP (soluble reactive phosphorus) analysis of anoxie waters 

an~ an a~equate SRP analysis in anoxie waters has been 

developed. 

- A simple technique that can replace SRP analysis in anoxie 

waters (TRP - total reactive phosphorus) was developed. 

- An analysis for freshly formed iron-phosphorus particles 

(PRP - particulate reactive phosphorus) evolved-from these 

studies. 

- A s impl if i ed tee hn ique fo r the analrys i s of fe r rou s i ron ls 

presented, which ts suitable as a field technique. 

Sdientific findings: • 
... 

- SRP can be used to estimate SAP (bioavailable p~Sghorus) in 

oxic and anoxie water, witQ the exception of recently aerated 

iron-rieh waters. 
. 

- Most hypolimnetic phosphorus 18 availab~~ to epili~netic 

plankton even when iron e(ncentratlons are high. 

- The effect ~f iron concentration and dilution on the 

availa~ility of phosphoru8 from anoxie hypolimnia has be~n 

quantified. • 

- Existing models that predict phosphorus retention and total 
01 

phosphorus concentration by mass balance models do not âpply' 

to lakes with a~xie hypolimnia. 

- A phosphorus mass balance model and two internaI load models 

were developed for lakes with anoxie hypohim~. 

- A phosphorus retention model for oxic stratified lakes W8S., 

developed. 
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Existing evidence sugg~sts that phosphorus is the 

"limiting nutrientn that controls primary production in many 

lakes (Schindl er 1975). This is reflected in the high 

correlations between phosphorus and phytoplankton biomass 

CSakamoto 1966; Dillon and Rigler 1974b), and in the 

experimental demonstration that Canadian Shield Lakes are , 

phosphorus limi ted: for lake, trophy could be increased 'by 

artificial phosphorus fertilization, and eutrophication could 

be halted by stopping fertilizatiolr (Schindler 19-74). Lake 

management, which is typically designed to teduce algal 

concentrations, is mainly conçerned with reducing the amount 
l' 

of phosphorus coming into the lake (Loehr et al. 1980). Even 

in lakes where phosphorus is in surplus and nitrogen is 

limiting, attempts are made to reduce phosphorus 50 as to 

establish phosphorus limitation, because the low nitrogen to 

phosphorus ratios encountered in the se lakes favor blooms of 

nuisance blue green algae (Smith 1983). 

In lakes where éxternaI phosphorus input is the rnajo~ 

phosphorus "Sour'ce, nutr ient abatement has the desir ed effect: 

concentrations of algae are decreased and the trophic status 

im~roved. This has been weIl docurnented in Lake Washington 

CEdrnondson 1970) where diversion of sewage effluents entering 

the lake began 1963 and was,completed in 1968. During this 

period, phosphorus and chlorophyl~ concentrations decreased 
, 

and secchi disk transparency' increased, indicating a 
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succe·s~ful «rsa1 of eutrophicat:ion. 

However, in 1akes with an internaI phosphorus source, 

nutrient reductions have not always resulted in complete 

recovery. Deeaying macrophytes (Carpenter 1980), 1eaching from 

the sail in teservoirs (Ostrofsky 197 ab) and phosphor us 

reiease from the sediment surface overlain by anoxic water 

(Holdren and Armstrong 1980) have been suggested to be 

significant internaI phosphorus sources. Anoxie sediment 

surfaces are eommonly found in the hypolimnion of shal1ow, 

stratified lakes. In this thesis, lakes in whieh the 

hypolimnion ia partially anoxie for at least two weeks are 

termed "anoxie·. The phosphorus re1eased from anoxie sedimenyl 

and accumulated in the anoxie hypolimnia of these lakes i5 the 

subject of this thesis. 
, . 

nAnoxic" 1a.Jces reeover more slowly 9fter nutrient 

diversion than predicted from mass balance models Ce.g. 
1 

Vollenweider 1975). Su ch 1akes include Lake Sammamish (Wé1eh 

and Rock 1980), Stone Lake (Thei~ and Depinto 1976), Soera 

Bergundasj oen (Bengtsson 1978), East and West Tw in Lakes 

(Cooke and Kennedy 1978), Lillesjoen <Ripl and Lindmark 1978) 

and Shagawa Lake (Larsen et al. 1981). In rnany of these cases, 

the delayed recovery has been attributed to loading fr.R.!!l the 

anoxie sediment surface. This internaI load'can contribute up , . 
to 91% of the total phosphorus input (external and internaI 

load) to the anoxie lake (Sdera Bergundasjoen, Bengtsson 

1978). For 23 stratified lakes with anoxie hypolirnnia~ 

inte'rnal load contributes 39%, on average', te) the total 
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phosphorus ldad (Table 1). For such lak'es, expensive 

restorà tion techniques may be required to improve water 

quality (for a general overview see: Dunst et al. 1974, and ' 

U.S. National Symposia on Lake Restoration, U.S.-EPA 1979 and 
1 "' 

1981). These techniques include dredging Ce.g. Bengtsson et 
~ 

al. 1975; Peterson 1982) or covering the sediments'Creviewed 
r f 

by Cooke 1980), application of alum Ce.g. Cooke and Kennedy , 
1978) and fly ash (e.g. Theis and McCabe 1978), nitrate 

oxidation of the sediment surface (Ripl and Lindmark 1978) and 

. hypo1imnetic aeration (e.g. Bernha!dt 1975). 

Despite this empirical evidence of enhanced 

eutrophication in anoxie lakl~s, the~echanisrn~ of this' 

êutrophieation proeess are still controversial. There ~xist' 
Q 

data which show that anoxie phosphorus release ean be 

substantial and resu1ts in high hypo1imnetiq~ phosphorus 

concentrations: Mortimer (1941, 1942) discoveied 

experimenta11y that phosphorus'was re1easedo from the sediment 

o,f Esthwai~e Water lfhen it was overlain by oxygen free water •. 
. .r 

Einse1e (1936) and ah1e (1937) observed high concentrations of 

'phosphorus in the water overlying anoxie sediment surfaces in 

situ. To verify the genera1ity of this phenomenon, data for 

anoxie 'lakes were col1ected from more rec.ènt. li terature. Th,ey 
\' 

demtmstrate that hypo1imnetic phosphorus concentrations, are 

high compared to surfac~ water 'Concentrations <Fig. 1). 'If 
o 

this phosphor us in the .l1ypol imnion ls avai1able to the 
t, 

plankton, the anoxie lakes must be more produc:tive than 

morphometrically cornp~rable oxic ,lakes with simit'ar, external 
a 

phofi'pho~us ,inputs. 
r 
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Table 1-1. InternaI phosphorus load estimates (in situ) 
. 

eompared to ,external loads in mg m-2 yr-1• %: 100 x int. load/ 

(ext.load +J int. load). 
() 

Source: (1) Ta'ble 2c of Cliapter 6: (2) Sonzogni 1974, (3) 

I~boden and Emerson 19~~ (4) Allan et al. 1980. 
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Fig. 1-1. A comparison of hypolimnetic and epilimnetic total 

phosphorus concentration just before fal1 turnover for 

wor;I.dwide lakes. 
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However it is not generally accepted that this 

hypolimnetic phosphorus is or become's available to epilimnetic 

plankton fo"!' the following reasons: 1) this phosphorus may 

never reach the phytoplankton in the trophogenic zone; 2) 

- released phosphorus may be in a chemically unavailable form 

even w i thin the hypolimnion; 3) ferrous iron, which is often 

released from the anoxie sediment surface with phosphorus, 

may form iron hydroxides that would adsorb and precipitate 

aIl the phosphorus derived from the hypo1imnion when the lake 

finally destratifies. If these hypotheses hold, anoxie lakes 

sbou~d respond to nutrient abatement like oxic lakes. This iB 

not generally found. 

The hypothesis that hypolimnetic phosphorus never 

influences the phosphorus status of the surface water iB 
, 

i-nconsistent with other evidence from anoxie lakes. The 

surface concentration of phosphoru~ in such lakes reaches 

maximal values following oornover (Fig. 2) and these maxima 

correlate positively with the hypolimnetic phosphorus 

concentration before destratification <Fig. 3). These data 
~ 

sU9gest that hypolimn~tic phosphorus is mixed into the surface 
. 

water during turnover. Furthermore, the erosion of the 

thermocline "during summer is sometimes accompanied by algal, 

blooms (Kortmann et al. 1982; stauffer and Lee 1974), 

suggésting that at least sorne hypo1imnetic phosphorus may be 

used by algae weIl before turnover. 

The remaining two hypotheses, which relate to the 

chemical form of phosphorus in the hypolimnion and after 

entrainment, need further evaluatiqn. Accordingly, this thesis 

7 
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Fig. 1-:-2. ~otal phosphorus concentrations before and after 

fall turnover in the surface water of wor1dwide 1akes. 
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Fig_ 1-3. Surface total phosphorus concent'ra'tfon after fall 

turnover in relation to hYPolimn,etic total phospho'.rus 

concentration before turnover~ regression equation 

f(x) = -18.92 + 0.30 x. 
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Seeks to test the fo1lowing hypotheses in more de,tail: 1) I~ost 

pf the hypolimnetic phosphorus in anoxie' lakes is potentially 

availab1e to the plankton as, within the hypolimnion, 

phosphorus is in a form which could be used if the plankton 

could reach i t. 2} Even after mixing into aerated surface 

water, much of the hypolirnnetic phosphorus remains available 

despite high iron concentrations. From these hypotheses a 

third morè general hypothesis emerges, since, if hypolimnetic 

phosphorus accumulation ean be substantial and can fertilize 

the lake, anoxie lakes sbould have different phosphorus mass 

balances than oxie lakes. The third hypothesis can be stated 

as 3) phosphorus models which eoncern anoxie lakes are 

different from those for oxic lakes, because of internaI 

phosphor us load. 
-

These hypotheses are tested with field and e?Cper imental 
'l, 

studies on eight anoxie lakes in Quebec and Ontario and wi th 

published da ta. The study lakes have different geochernical 

charaeteristics and include hardwater and colored softwater .. 

lakes. The range of phosphorus concentrations among lakes is 

large which makes it possible to investigate lakes with 
~ , 

differen't trophic states. This range oJ conditions makes the 

test of the f irst hypothesis more general. Aiso hypolimnetic 

iron concentrations differ from undetectable to subsj;antial 

(6 mg/L) amounts which provJdes sui table-- condi tions to tes1: 
~ ;"" ... 

the s'econd hypothesis regarding the infl'uence o,f iron on the 
.) 

availability of hypolimnetic phosphorus. The third hypothèsis 

is tested on published data for phosphorus retention and tota'l 
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phosphorus concentration models. 

The lakes used in my exper imental studies are descr ibed 

in Chapter 2. That chapter also introduces the methods used to 

fractionate and analyse iron and phosphorus. More 

Bophisticated methods are presented in Chapters 3 to 5. 

The analysis of anoxie waters requires more precautions 
, 

than recommended in standard procedures. SRP (soluble reactive 

phosphorus), which gives a maximum estimate of available 

phosphorus, can easily be underestimated ay adsorption of 

soluble ~hoSPhorus onto iron hydroxides if anoxie iron-rich 

water was\~erated accidentally. Even without detectable iron, 

hydrogen sulfide can interfere with the phosphorus analysis 

causing unstable and erroneous results. Therefore, SRP 

analysis was modified for use in anoxie waters high in iron or 

hydrogen suIf ide. In addition, a standard analysis fot 

ferrous iron was simplified to provide a quick method to 

detect high iron concentrations. These modifications are 

described in Chapter 3. 

The availability of hypolimnetic phosphorus was measured 

directly in radiological bioassays. These aSBays are 

described in detail in Chapter 4. That chapter tests the 

hypothesis of the equivalence 'of bi ologically available 

phosphorus and SRP. SincJ hypolimnetic phosphorus is mostly 

SRP, this equivalence i~dicates that most phosphorus in the 
\ 

hypolimnion is available. Chapter 4 also compares biologically 

available phosphorus to SRP in oxic freshwater systems. 

Chapter 5, 6 and 7 represent the results proper of this 

thesis. Chapter 5 quantifies the influence of iro& 

Il 
.-
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concentration wi th small scale experiments on hypollmnetic 

water and w,ith ,a case study, whieh' determines the 
• 

distribution of phosphorus from the anoxie hypolimnion of Lake \ 

Magog, Quebec during fall turnover. This chapter shows that 

the illternai phosphorus load in anoxie lake's can be 

substantial, even in the presence of i ron CHypothesis 2). 

Chapter 6 then develops. models to predict both internaI 

phosphorus load and average total phosphorus concentrations 

for anoxie lakes. These model sare devéloped and tested w i th 

data from the literature. They show that phosphorus models for 
. 

oxic lakes do not apply to anoxie lakes CHypothesis 3). The 

eoncluding chapter (Chapter 7) synthesizes the results and 

conclusions obtained previously ~nd evaluates further Ubtested 
1.3 

hypotheàes on the subject. ~n particùlar, Chapter 7 tes~s 

Hypothesis l, that phosphQIUS i8 in an available fOIm while in 

the hYPolimnion, for aIl the st~dy lakes together.· 
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Specifie methods are presented in the methods sections of, 
, ' 

the chapters in which they are most relevant. This ehapter 

give~ sorne general eharàcteristics of the studied lakes and 
v 

outlin'ès the mos.t important analytical methods. 

Lakes studied: 
, 

In order' -to investigate if water chemistry, greatly 
;. • t 

inf1uene~ the effect of phosphorus from anoxie hypoli'mnia on 

phytoplankton, waters ~ith a wide range of iron, - phosphorus, 

hydtogen sulfide, hardness, acidi~y and eolor were 

investigated. This range was achieve,d by sampI ing severa1 

lakes, which were spatially 'ànd ehemica11y diff.erent. 

Frequent sampling\ of the same lake during summer 

stratif,ication,· when iron." phosphorus -and reduo'ed gases 
. 

increased also provided hetero'geni ty~ Lak e morphometry and 

hydrologyare summarized in Table 1. Table 3-1 presents the 

location and SOJ[le chemicai ~ha,racteristics of the study lakes. 
'1 

Maps ~ndicating the sampling -stations are given for each 1ake 

in Figs. 1 to 8. 

Samplibg: 

Rou~lne s,ampling of epilimnetic and hYPo .. 1~mn,.tic wa~er is 

described." in detaÙ in Methods of Chapter 5~ The anoxie water 
Q ~ 

was sanip1~d 50 as to avoid any oxygen contamïnation and the 

samp1e water kept in a'irtight. BOD ,bottles until analysis. , 
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Table 2-1 Morphometry and watei kesidence time Cqs' of the 

study la:kes. 

~~---------~--------" ----- --, ----~------
-~~~~~~----------~-----------------------------~----
Lake Volume Ar~a z Zmax qs 

(ha) Cm) (m) (m yr- l ) 

-----------------------------------------------------------
Magoga 8,553 1,044 9.8 ' 19 164 

Fitch Baya 2,807 280 10.0 1:7 n.a. 

Jack (Williams Bay)b 100 100 8.8 22 1.1 

St. GeorgeC , West 22 4 5.3 15 2.4 

East 30 5 5.9 16 2.4 

Glend 118 16 7.2 15 3.3* 

Chubd ù 

4.4* 285 32 8.9 27 

Little Cl~atd 89 Il 8.1 25 256.1* 

Blue Chalkdo 42 49 8.5 23 * 1.7· 
.f 

-------------------------------------------------------------. . . . 
n.a. not avail,able1 a: Lardner-Cornett' Cl981); b: Pick (1982); 

C : Mc Que en, Tor 0 n t 0 (p ers. C 0 fi ID .); d : "U n i s t'{ y 0 f the 

Environment, Toronto, Ontario. *: average of the years 1976-

1980. 
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Fig. 2 M!3ps.-of the study lakes. Sampl e si tes are indica ted b}t 

points, crosses or stars. 

Fig. 2-l Lake Magog 

J-

" , 

'-,. 

\ 
\ 

.' 

) 

\ " 

• 



L 
r 
j 
1 

1 

; 1 

,-

/ 

() 

... 

Lake Magog, Quebec 

45 0 18' N 72
0 os{ W 

/' .- --
193 m a.s.I. 

.. 

~. 

... 

'----' shore Une 

c!3 Isopleth (m) 

• sampllng station 

èmacrophyte beds 

"'-__ -',sca'e 1 km 

Ir 
- 1 -

l 



î , 
i 

1 . 

Fig. 2-2 Lake Memphremagog 
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Fig. 2-4 Lake St.George (Mc Queen, pers. comm.) 
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F19. 2-5 Glen Lake CM.O.!., pers. comm.' 
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.Fig. 2-8 Blue Chalk Lake CM.O.E .. , pers. comm.> 
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Analyses: 

PhosphoIU&: Seven phosphorus fractions were analysed 

chemically and one biologically in order to assess pote nt j,al 

avai'labil i ty of hypol imnet i c phosphor us to plank ton. AlI 

chemical ana'lyses depend on the reaction of orthophospha te 

wjth'an acid molybdate reagent to produce a colored molybdenum 

blue. complexe The concentration of free ph~sphate is then 

measured colorom,etrically. Table 2 explains the abbreviations 

used throughout the text'and indica tes in which section the 
, 

particular analysis is described in detail. \ 
The procedure for total phosphorus' (TP) analyses \11 

phosphorus in the water and represents the maximum phosphor~s 
-'" , 

concentration whi~h could fertilize plankton. The relative 

importance of the other phosphorus fractions can be determine 
l 

by compadson ta TP. 

Total soluble phosphorus (TSP) comprises..J'll dissolved 

phQsphorus «0.45 pm). I",t serves ~~o __ compute total particulate \ 
------ \ . ~-, 

phosphorus _from the jj.f-f-e-tence (TP-TSP). \ 
----~ \ 

Total particu~ate phosphorus (TPP) consists mainly of 

living and dead,plankton, but can also comprise chemical 

precipitates Ce.g. iron-phosphate and phosphorus aàsorbed to 

Iron' hydroxides) and other inorganic particles. 

Total reactive phosphorus (TRP) comprises dissolved and 

undissolved phosphorus compounds whic'h do not require chemical 

digestion (Table 2) to react w ith the molybdenum blue reagent. 

Soluble reacti ve phosphorus (SRP) includes only ~he' 

dissolved portion of TRP. SRP ls often, but not, always, 
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Table 2-2. Phosphorus fractions analysed in this thesis. 
r' 

.WTreatment" indicates 
t ' 

if the sample was autoclaved and 

digested with potas~ium persulfate (digested) or filtered 

through a 0.45 r filter (filtered) or if the concentration is 

calculated from other fractions (=). The number indicates the 

chap~er in which the procedure is described in more detail • 
• 

Expressions in parentheses indicate the most likely chemical 

form. 

Fraction Chapter 

Total phosphorus 5 

'rotaI soluble P 5 

Total particulate P 5 

Total reactive P 3 

Soluble reactive P 3 

Biological available P 4 

Particulate ~eactive P 5 

Biological pp 5 

" 

.~' . 

Symbol Treatrnent 

TP ,digested 

TSP~gested, 

TPP 

TRP 

SRP 

BAP 

PRP 

BPP 

. 
....... 

=TP-TSP 

corrected 

filtered 

bioassay 

=TRP-SRP 

=TPP-PRP 

filtered 

for turbidity 

(ortho-phospha te)' 

(iron adsorbed P) 

(plankton and seston) 

'\, 
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bioavailab1e (Chapter:. 4): Bioavailab1e ~RP, ls probab1y mostly . 
orthophosphate. SRP was used to determine the maximum 

availabi1ity of hypo1irnnetic phosphorus. 

The difference between TRP and SRP rep~esents particulate 

reactive phosphorus (PRP), which will be' shown to represent 

mostly iron pattic1es in the ê'tudied lakes (Chapter 5). 
, 

Bio10gical particulate phosphorus (BPP) can be calculated 

from the difference C-TPP-PRP) in lakes which are poor in s11t 

and suspended sediments, and should consist mainly of living 

and dead p1ankton. In lakes in which no ironbound phosphorus 

(PRP) existe, TP ~ight closely resemble ~PP. 

B10109ioa1 aval1ab1e phos~horu's (BAP) is determined by a~ 

short-term bioassay basea) on uptake kinetics of 32p-P04. It 

therefore is probably the phosphorus fraction which mo~t 

c10sely resemb1es orhophosphate, which 16 supposed to be an 

entirely avai1able phosphorus fraction (Rigler 1973). 

l~: Iron can compete with thé plankton for hypolimnetic 

phosphorus (Chapter 5) 7d-t.herefore several fractions were 

often analysed: T'otat' iron (TFe), Soluble iro~/ ASFe) and 

ferrous iron (Fe2+). T6e techniques are described in "Methods· 

of Chapter 3. 
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Chapter 3: 

Iron and Hydrogen Sulfide InterferenCe 

in the Analysis of SRP in Anoxie Waters 
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Abstraet 

, 
Anoxie water from eight lakes containing various amounts 

of ferrous iron, hydrogen sulfide, .calcium and total 

phosphorus was analysed for soluble reactive phosphorus (SRP). 

Hydrogen suIf ide concentration higher than 1 mg/L and ferrous 

iron concentration above 0.20 mg/L produce interferences in 

the SRP analysis on many occasions (e.g_ 80% underestimation 

of SRP). Interfering concentrations of these materials are 

shown ta be present in anoxie water from a large number of 

lakes, groundwater springs and ocean basins. 

The mechanisms of the interferences are discussed and 

methods described to prèvent these analytical ~rrors. Ferr<\us 

iron is not problematic if the sample is kept anoxic before 

and during filtçatian. On the ather hand vigorous aeratian ia 

obligatory if hydrogen sulfide is present. Simple methods ta 

test for both the possible interfering compounds are 

presented. It ls shown for the water from the anoxie 

hypal ironia of eight lakes that a modified analysis of total 

(unfi1tered) reactive phosphorus (TRP) yields on average on1y 
, 

2' higher phosphorus concentrations th an SRP analysis. TRP 

hence can replace the complicated SRP analysis in anoxie 

waters. 

28-

, , 
l 

l , 



() 

.' 

() 

\ 

Introduction 

Soluble reactive phosphorus (SRP), is operationally 

defined as the phospho'rus which passes a 0.45 pm fil ter and 

reacts with the molybdate blue reagent within a short period 

of time CStrickland and Parsons, 1968). lt is common1y used to , 
eetimate orthophosphate (Chamberlain and Shapiro 1973), which 

ie readily available to organisms, and biologically available 

phosphorus (Walton and Lee 1972; Young et al. 1982). However, 

it may sometimes overestimate orthophosphate as discussed in 

Chapter 4. Estimates of SRP are poor, however, if interfering 

substances are present. lt Is weIl known, for example, that 

arsenate <Sugawara and Kanamori, 1964; Chamberlain and 

Shapiro, 1977) causes an overestimate, as does silicate if the 

analysis Is not carried out at appropriate pH CStainton et 

al., 1977). 

Anoxie waters, are frequently encountered in the 

I~,I hypolimnia of lakes, in ocean basins, in groundwater and in 

wastewater treatment pools. These waters often contain large 

amounts of total phosphorus (Livingstone, 1963; White et al., 

1963), which could eventually stimulate biological production. 

The extent of this stimulation depends upon the amou-n.t: of 

biologically available phosphorus, which makes the correct 

measurement of SRP in anoxie waters a useful predictive tool. 

Anoxie waters often contain large amounts of reduced 

substances, which are uns table under oxic conditions. Of 
'\ 

these, ferrous Iron and hydrogen sulflde Interfere with the 

29 



standard SRP analyses and produee û substantial unqerestimate 

of SRP concentration as w i11 be shown in this chapter. 

Iron is highly soluble as the ferrous ion, provided that 

oxygen and hydrogen su1fide are absent (Davison, 1979). After 

oxidation lron forms ferric hyd~oxides·that are mueh less 

soluble (Stumm and Morgan, 1970). These iron hydroxides form 

flocculants which can adsorb other substances inc1uding 

phosphate (Stumm and Morgan, 197Q). The removal of phosphate 
t 

by ferric iron compounds has been investigated in pure 

solutions (Bache, 1964; Warry and Kramer, 1976; Lijklema, 

1980; Crosby et. al., 1981), in soUs (e.g. Ryden et a1.,1977; 

McLaugh1in et al., 1981), in f100ded soils <Khalid et al., 

1977), in sea water (Berner, 1973) and is effectivel'y applied 

in wastewa,ter treatment (Thomas, 1965; Rupke, 1980). Ear1y 

workers 1ike Einse1e (1936), Mortimer (1941, 1942) and oth.ers 

CHutchinson, 1957) suggested that seasona1 mixing of anoxic 

hypolimnet;c bottom water with oxygenated surface water causes 

the sedimentation of iron-phosphate in lakes. Ohle (1937), 

E~nsele (938) and Tessenow (1974) did mixing and aeration 
,. J 

experiments with hypolimnetic water containing iron and noted 

phosphorus precipitation. Although it 18 widely recognized 

that ferrous iron removes soluble phosphorus upon aeration, 
, , 

few l imnologists acknowledge the possibil i ty of under-

estimating SRP in anoxie waters. The problems of sepal?ating 

soluble phosphorus (e.g Bray et al., 1973) and soluble iron 

(,Troup et al., 1974) from anoxie pore waters ih marine 

sediments have been addressed. These studies demonstrate the 
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dan~er of underestimating soluble fractions if the filtration 

ls not carried out in a c~mpletely oxygen fre~ ~tmosphere. In 

sediment-water chemistry, scientists are aware that anoxie 

chemicals .re changed by exposure to ai~ and in situ 

fractlonations have recently been applied to avoid this 

problem (Hesslein, 1976). In situ filtration has also been 

hydrogen sulfide. Interference by the sulfide io~for sorne 

analyses of anoxie waters is weIl known. For examp1e, silver­
If 

sulfide precipitation onto the Agel reference e1ectrode makes 

the pOlarographic detèrmil)ation of pH and oxygen impossible 

(Skoog and West, 1976) unless a su1fide insensltive reference 

electrode such as calomel i6 used. Also Interference in the 
" 

analysis of nitrite CMelack et aL, 1982), nitrate ('~fghan et 

al. 1975), dissolved inorganic carbon CM.O.E. Laboratory, 

To~onto, pers. comm.) and orthophosphate in saltwater (De 

Jonge and Villerius, 19,80) is known. 

This chapter indicates the abundance of ferrous iron and 

hydrogen sulfide in anoxie waters, demonstrates their 

potential for interfering with SRP analysis and describes 

techniques to avoid such interferences. The equiva1ence of 

total (i.e. unfiltered) reactive phosphorus CTRP) ta SRP Is 

a1so shawn. TRP ia a simple method that Is recommended as a 

replacement for the complicated analysls of SRP in anoxie 

water. 

! ~ ;--. \.: 
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Materials and Methods 

This study used anoxie hypol imnetic water from lakes in 

Onebec and Ontar io, during summer stratification, in 1981 aJld 

1982. As seen in Table l, Lake Magog, Ouebec, (Lardner­

Cornett, 1981) and Fiteh Bay from Lake Memphremagog, Ouebec, 

CLardner-Cornett, 1981) are iron-rich lakes. The Ontario 

lakes: Lake St. -George (McQueen and Lean, 1983), Glen Lake 

CMipistry of t~e Environment, Ontario: M.O.E.> and Jack Lake 

CPick, i982) are hydrogen sulfide rich~ 'hardwater 1akes. Chub 

Lake, Little C1ear and Blue Chalk (M.O.E.> "are' iron-rich, 

poorly buffered, softwater lakes situated on the Canadian 

shield. Chub Lake shows signs of aeid streRs .. ~~~<4,J.nyersed pH 

profile) • 

Samples, were taken at different depths in the anoxie 

hypolimnion with a Van Dorn sampler and transferred with the 

overflow technique into airtight, glass BOD bottles. They were 

kept anoxie, cool and dfirk for up to 5 h unti1 analysis. 

Ph~sphoru8 analysis: 

The chemical analysis of the phosphorus fractions is 

based on the molybdate blue reagent (Murphy and Riley,. 1962) 

which contains 5 mg(L antimony after mixing to the sample. 

SRP: For SRP analysis, the sample was filtered through a 

0.45 pm cellulose Acetate fil ter (Millipore), which was 
'Q 

prerinsed wit'h 250 mL distilled and 5 mL sample water, at a 

vacuum pressure of 34.5 kilopaseals CS psi). Compari~ons w ith 
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Lakes 

J 

" 

Magog 

Fitch Bay 
. 
S'4..George' 

Jack 

Glen -, Chub 

Litl1e C1ear 

Bl.ue ChaTl.k 

t.., 

"iii lM t P ~ 'i' .. ::7 

Lat. Long. 

,., 
,45 IaiN 72 03 1 W . 

0 

45 OS'N 72 lS'W 

43 57 1 N 79 25'W - , 

4'"4 41' N 78 02'W 

4S Oa',IN' 78 30 'w 
45 13"'N 78 59 1 W 

45 24'N 79 OO'W 

45 12 1 N 78.56 1 W 

l' 
1 

1 ,. 

.1 

" 

Area Zs pH pH Ca TP TFe 'H2S CoI0,r 

epi- --------- hypollmnetic ---------
Cha) (m) ( -

1044 16 7-8 6.5 17 

280 

10 

16 ~:-8 

12 8.0 

~.3 

6.6 

"­.' 

84 20 - 7 ... 0 6.9 

16 12 7.4 6.9 

32 23 5.7 6.2 

11 la 6.9,6.5 

49 21 7.0 6.4 

. Il '." 

~, 

" 

19 

94 

25 

36 

3 

4 

3 

-' 

'" 

mg/L 
" 

) .(HU) 

0.720 4.3 o * 
0.2b3 3.1 a * 
0.676 0.2 15 * 
0.122 0.3 ,>1 13 

. 0.162 -0.1 »1 ,27 

0.086 6.4 0 165 .. 
0.060 7.2 0 48 

0.037 3.8 0 32 
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polycarbonate filters (Nucleopore) revealed equal 

fractionation. Mixed reagents were added at once to 30 mL of 

the fil trate and ~he absorbance was read in a 10 cm cell after 

10±1,' .~in. The 'timing was kept short and constant to minimize 
6 • 

hydrc)lysis of organic phosphates (Rigler, 1964), although no , , 
increase over time was detectable • 

. When high levels of Iron were A>resent (Table 1), the 

anaerobic sampie was transferred in a 50 mL glass syringe' from 

'the BOD bottle to the filter manifold. The filtei had beei 

prerinsed with. nitrogen bubbled water to expel any air, and 

the filtration was carried out under a per~anent nitrogen 

atmosphere. This avoided any air contact beÎore and during 

filtration. The handling time of the sample from the·time of 
1 

opening the anoxie bottle until adding the phosphorus reagents 

after fil~ration did not exceed 5 min. 

When high levels of hydrogen sulfide were present (Table 

1), the sample 'was aerated by an aquariu~ pump and, after l or 

2 h of aeration, ~ standard SRP analysis ,<Murphy and Riley 

1962) was "carr-ied out. 

TRP: Total reactive phosphorus (TRP) represents t'he 

.unfiltered fraction ~f phosphorus which r~acts with molybdate 

reagent. The colle'ction and handling of anaerobic' samples for 

TRP analys'is were identical to those for SRP procedure. If 

hydrogen sulfide intérference was expeeted, aliquots for TRP 

were withdrawn from the aerated sample with the SRP sample. 

Otherwise, the TRP aliquots were taken directiy from the BpO , , , 

bottle after the anoxie S~P aliquot had been filtered. ,. 

Pho~phorus reagents were added to these aliquots, as in the 
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SRP analysis and the absorbance determined after 10 min. AlI 

TRP absorbances were corrected for turbidity using a turbidity 

blank. The turbidity blank was obtained by addirtg a Rblank . 

reagent" in which double distilled water replaced the ascorbic 

acid reC!,uctant normaly used in the molybdenum blue 

"phosphorus reagent" and rea-ding after approximate 10 min at 

the same wave length. Acid antimony molybdate in both t,he 

phosphorus and blank reagents forms a complex w ith hydrogen 

suIf ide which is visually recognized as a yellow'color (see 

H2S Interference below and De Jonge and Vallerius, 1980). For 
, 

this. reason, the turbidity blank was also used to t"est if the 

aeration of hydrogen sulfide rlch wajer had been sufficient. ' 
, ~. 

, . 

Radioactive phosphorus precipitation experiments: 

In order to investigate the effeèt of handling and 

aeration on orthophosphate in the samples, radioactively 

labelled phosphate wàs added tô anoxié samples. preciEitation 
, 

of thïs material indicates'the extent to which oxygenation 

affects phosphaté in the sample. 

In the ra<f!oactive precipitatï'on experiments about 0.1 mL 
. .' 

carrier free 32p as orthophosphate solution was added to the 

anoxie sample, and aliquots of 6 mL withdrawn and filtered 

through 0.45 r,m millipore filter~ (25 m.m in <liameter) at 

intervals for up to 20 h. In some experiments, vigorous 
1 

a'eràtion was started after the first subsample. The activity 

of the filtrate was counted'as Cerenkov radiation on the 

tritium channel of a liguld scintillation counter, co~rected 
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for 5% fil~er absorbance and expressed as % of the activity in 

unfiltered aliquots. 
, 

Iron analysis: 

Total and soluble Iron wete an&lysed with an atomiq 

absorption flame spectroppotomete,r. For total iron, the sample, 
, . 

was digest;ed w i th potassium per sulfate under pressur.e; 

colloidal flocculants Were solubilized shortly before analysis 

by adding ascorbic acid to provide a O~l% solution. 1 analyzed 

Sol?ble Iron in an aliquot from the filtrate for the 
, 

appropriate SRP analysis. The aliquot was acidified 'with 

nitric acid to provide a 1% solQtion and stored in darkness 

until analysis (with'in eight weeks). 

Ferrous iton analysis: A simplified analysis of ferrous 

i~o~ is suggested here, based on, the weIl known but more . . 
tedious method of analyzing.~~rrops iron'with a solution of 

1 bathophenanthroline (4,7-diphenyl-l,10~ phenanth~oline) in 
. ,/ 

ethanol as the complexing agent after acidification (to 

prevent oxidation) followed by ex~action with hexanol (to 
" 

decrease Interference, Lee and Sturnrn, 1960). 
, l' 

McMahon (1969) found acidification to be ·unnecessary. 
't. 
-J 

Furthermore it was noted that this may overestirnate the 

ferrous, fraction in natural water (McMahon 1967, Macalady et 

a1., 1982). Con-sequently, acidification was deemed 

unnecess~ry. Slnce the concentration of interfering substances 

(the bivalent cations of cobalt, cadmium,' copper, zinc, 

~~~ nickei, chromium and ruthenium; Lee and stumm, 1960), are too 
, ~ ,. 

~~ "-low in most lake waters to interfer'e, ;r simplified the 
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procedure fu rther by omi tting the hexanol extraction. If 

however a quantitative estimate o~ low concentrations of 

.ferrous Iron is anticip~ted in waters ~here interfering metals 

are expected, e.g in industrial wastewater, this.method should 

be compa.red to Si method w)lich includes extraction like that 

described by McMahon (1969). Unfortunately, bathophenan­

throline is rather insoluble in water and tends to 

precipitate. To avaid this precipitation, the complexing agent 
. ~ 

was dissolved in enough ethanol so that the ethanol 

concentration of the final mixture was 40 - 50 %. l used a 

0.005 M solution of bathophenanthroline, dissolving the' . ' 

crystals first' in 9~% ethanol and making it up with water to 

ca. 70% ethanol. This reagent solution was found stable for at 

least eight weeks (when këpt weli cover~ a~ 40 C) •. For the ...... 
. . 

determination of ferrous Iron, aliquots of 0.5 mL of blank, 

standard (Lee and stumm, 1960) or ,noxic sampl~ were swiftly 

added (to avoid ai~ contact) to 1 mL of 0.005 M 

bathophenanthroline solution and shaken for approximately 5 

sec. The red color of the Fe-bathophenanthroline complex was 

stable afte~ 5 min and rernained so for at least 1 h in dim 

light. The sample was read within this period at a wavelength 

of 533 nm in a 1 cm cuvette. At low concentrations of ferrous 

iron, 10 mL 'aliquots were added to 20 mL of 

bathophenanthroline solution and read in a 10 cm cuvette. The 

analysis of ferrous Iron in this way proved to be independent 

of pH over the tested rang~ of 1.4 to 7.0 and linear over a 

.. range of 0 to 10 mg/L ferrous irone The lowest concentration 

significantly different from zero was 0.050 mglL for small 

37 

, î 

{ 
1 

\ 

1 
! 
l 
1 
1 
I-
l 
1 , , , 
1 



1 o 

.. 

.. 

( 

, 1 

'volumes read in a 1 cm cell. The sensi ti vi ty could be 

increased by 10 if larger volumes and a la cm cuvette were 

used. Calibration curves are shown~in Fig. 1. The standard 

error of replieate analysis of 5.0 mg/L ferrous iron solution 

was 0.2% of the mean (n=5). In highly eolored or turbid water, 

a col or qlank for each sarnple was obtained by replacïng the 

batnophenanthroline-ethanoi mixture by 70% ethanol. The 

Interference of ferric iron'with ferrous iron analysis is not 

crucial if the pH is higher than 6.5 (Mc!'1ahon 1969). In this 

procedure, thls interference was less th an 1% of ferric iron 

presen,t even when pH WciS as lDw as 1.5. If an estirnate of the 

interfer~nce, 18 required, the concentration of total Iron can 

be determined by adding 10% hydroxylamine hydroch10ride to the 

sa~ple in proportion of 1:5 prior to bathophenanthroline. 

Hydroxylamine hyd~ochloride reduees aIl the ferric to ferrous 

iron (Lee and stumm, 1960). The difference between this total 

,and an estimate of ferrous iron represents fer rie irone 
'; . 

Concentrations of ferric iron analysed in this way was linear , 

over the ,range tested (0-5 Ing/L). 
< 

If SRP ana1ysis is anticipated, this tephnique'easily 

determines if anoxie filtration and handling is advisable to 
( 

~ avoid phosphate adsorption onto oxidized iron compounds.' When 

ferrous iron is present, a bright red color ,developes almost 

instantaneously after adding the anoxie sample to the prepared 

bathophenanthroline-reagent; visual inspection alone is 

therefore sufficient to indicate if fer roue iron is abundant 

in the water sample. The method suggeste~ here is probably as 
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Fi9~ 3-1 Cali.bration eurve,s for the. ana1ysis of ferrous Iron 

in land 10 cm cuvettes. (Note the di·fferent 'scaling of' the x­

axis;) The standard error of the mean'of replicate analysis ls 

0.2% (nôt shown). 
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easy and simple as a method based on ferrozine (Stookey, 

1970; Gibbs, 1979) but is not affected by hydrogen sulfide as 

'1 ferrozine is (Attari and Jaselskis, 1972): ferrous Iron 
" 

", 

a n a 1 y z e d w i t h, bat hop h e n a n t h r 0 lin e y i e 1 d s the sam e 
... 

concentration as"Jsoluble Iron analysis by atomic absorption 

spectrophotometry (0.20 mg/L) in lake water, containing more 

than 8 mg/L hydrogen sulfide. 

Hydrogen sulfide analysis: 

Hydrogen sulfide was analysed by the laboratory of the 

Ontario Ministry of the Environment in Toronto. For lake 

samples, a coJ.orimefric method, based on molybdate complexation 

of hydrogen sulfide after acidification of the sample was 

used. The hydrogen sulfide concentration for the laboratory 

tests was determined by a polarographic technique. 

Results and Discussion 

Iron and hydrogen sulfide in anoxie waters: 

Before discussing the interference by Iron and hydrogen 

sulfide with SRP 'ana1ysis, l -will provide evidence that these 

interfering substances occur quite frequently in natural 

waters. Fig: 2a and 2b show f~rrous iron and hydrogen sulfide 

concentrations in anox~c waters, such as anoxie hypolimnia of 

stratified lakes, monimolimnia of meromictic lakes and anoxie 

ocean basins. The data were obtained from the English and 

German literature, from the Minis~ry of the Environment, 

Ontario (P. Dillon, pers. comm.) and from rny studies on anoxie 

" 
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Fig_ 3-2 Frequency distributions of the maximum concentrations 

of iron (a) and hydrogen sulfide (b) in anoxie waters of 

hypolimnia, ·fresh and saline, monimolimnia and ocean basins, 

collected from literature. 
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hypol imnia of dimictic lakes in Quebec and Ontario. If 

available, the maximum concentration was recorded. AIL 
1 

a~ailable data were included. From Fig. 2 it i8 concluged that 

both constituents can occur in appreciabl,e amounts in l
, anoxie 

waters. 

,Most of the "recorded total iron in anoxie hypolimnia 

should be in the ferrous st.~te (8tumm and Morgan, 1970). 

Solubil i ty considerations suggest tha t fer rous :L ron and 

hydrogen sulfide cannot coexist in large amounts ·under the pH 

conditions usually encountered in natural waters# but 

precipitate as ferrous sulfide (Mo~el et al., 1974). Fig. 3 

shows that the total iron and hydrogen suIf ide concentr·ation 

for severai water bodies are inversely correlated as exp~oted. 

They lie below the lines for iron sulfide precipitation which 

is demonstrated for pH 6 and 7. These lines, which represent 

the maximum concentrations for ferrous iron and total hydrogen 

sulfide at a given pH, are calculated from Berner's (1967) 

solubility constant for the precipitation of amorphous ferrous 

sulfide (pK= -logCFe2+ *H8-/H+)= 2.9), which is to be expected 

fn natural waters (Davison and Heaney, 1978), and the first 

dissociation constant of hydrogen sulfide (Doyle 1968, pK= -' 

log (H8- *H+ /H 28) = 7). Both data and theory suggest that 

hydrogen sulfide and ferrous iron will not coexist a~ the pH 

ils ually encounte red in na tu raI wa te r s. Consequen tIy, a 

specifie treatrnent for each source of interference in the 

analysis of SRP can be chosen. 

Fig. 3 can be used to predièt the maximum possible 

concentration of one interfering substance if pH value and 

42 
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Fig. 3-3 Simultaneous hydrogen sulfide and total Iron. 

concentrations in anoxie hypolimnia of lakes. ,Theoretical 

lines of maximum concentratio.ns of. total H2S an~ ferrous iron 

for pH 6 and 7 are also shown. It can be seen that both 

chemicals do not coexist in large amounts. (Note the different 

scalings of the x-a]!:is.) 
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concentràtion of the other substance are known., In this way, 

i t can be decided which of th,e -substancès. is likely to be in 

high enough concentration~ to'interfere with SRP analysis. My 

, . cesults (see below) suggest that the' c~itieal- c~êntÎation~ 
are , higher :than l mg/L, H2S or higher than 0.20 mg/L Fe. An 

'll 

adequate procedure for the SRP analysis can than be chosen. 
éJ 

SRP analysis in the presence of ferrous iron: 

~o verify that air contact decr~asè~ SRP concentra~ion, 1 

vigorously aerateq water samples from anoxie, iron-rich 
, , 

hypolimnia. Fig. 4 shows a tepr.esentativ'e example of such a . 
precipitation experiment w!th anoxic hypolimnetic water from 

IJ 

Lake· Mag,og (total iron conce'ntration ::: 3.25 mg/L). Chemical . 

analys~s for~solub~e reactive phosph6rus and radioactive 
î 

fractionation reveal â loss of soluble phosphorus at an " 

average rate of 16%/h for the first 2 h. Slower phosphorus 

removal, 4%/h, was found in anoxie hypolimnetic water from 

" Fitch Bay, Lake Memphremagog, which'had an'iron concentration 
. 

of 0.40 mg/LI Without active aeration, air-expos~~e produced 

#Phosphorus precipitation, but at a siower rate for the sarne' 

iron concentration. Water with iron concentrations less. than. :' . 

,0.020 mg/L Ce.g from the hydrogen sulfide rich la){eS st. 
" ., 

Qi! George and Glen, and, high dilutïons oF'iron rich waters with 

"distilled water) did not show any precipitation. 'J;'he ( 

correlation of the precipitation rate with iron concentration 

is signi fican t ~or non acid-st ressed la~es "CF ig. 5).. If the 

water was vigorously aertated (Fig. Sa) precipitation was· 

, ,~ 
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Fig. 3 -4 Removal of soluble phosphorus dur ing aera tion in 

.0 water from the anoxi-c hypolimnion of Lake Magog, 16 rn, Aug. 
• 1 

Il, 1981. The iron concentration is 3.15 mg/Le Cjrcles 

represent soluble reactive phosphorus <SRP), ~riangles soluble 

radioactive phosphorus. 
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Fig. 3-5 The rate of phosphorus precipitation versus' ilon 

concentration ~~r vigorously aerated Ca), (fCx)=O.53 + 4.98*x, 

r 2 =0.90, n=20) and diffusion aerated (b) 1 Cf (x) =-0.42 + 

1.39*x, r 2=0.55, n=24) anoxie hypolimnetic water samples from 

eight lakes. Hardwater lakes with hydlogen sulfide (open 

circles), without hydrogen sulfide (open squares) and their 

dilutions (closed squares) and softwater lakes (triangles, npot 
Il 

included in regression). 
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detected for an iron concentration larger than p.20 mg/L, but 

vith simple exposure to air (Fig. Sb) precipitation was not 

observed belov an iron concentration of 1.80 mg/L. The 

correlation in unaerated experiments with iron h~s, mor~ 

~tter which probably reflects higher vatiability in the 

rate of oXYgen invasion. 

Further support for the hypothesis that ferric iroR 

removes phosphorus is given by following experiments. When 

acid ferrous Iron solution is added to aerated water from the! 

iron-poor lakes St. George; Jack and Glen neutralization 

toxidizes the iron almost quanti tatively to ferr ie iron; th1s 

y; evident from the lo~s of chemically determined, ferrous 

iron and the oappearance of a yellowish brown color and 

turbidi ty whieh indicate iron hydroxides. At the same tiIlle, 

phosphate is almost instantaneously removed from solution, 

while the unfiltered reactive fraction (TRP) remains the same 

(Table 2). This rneans that SRp· is affecEed by the aeration of 

water containing ferrous iron, but TRP is note 

Samples from anoxie waters of acidic, softwater lakes do 

not show this reaction. In such lakes, no precipitation of 

phosphorus onto the 0.45 pm filter was observed after 2 h, 

though ferrous iron concentrations were high (Pig. Sa). In 
- ) 

water samples from th~se' lakes, aeration results in a 10ss of 

ferrous iron and increases the brownish color of the water-

(Table 3), suggesting ferric oxide formation. However, free 

phosphate was rernoved by ferrlc hydroxide adsorption beeause a 

bioassay based on 32p kinetics (Chapter 4) showed a decline in 

or~hopho5phate concentration (BAP in Table 3). But the 
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Table 3-2. Phosphorus precipitation induced in naturally iron-

" poor hYPolimnetic water by the addition of a final ferrous 

iron concentration of 3.3 mg/Le These samples were degassed to 

expel hydrogen suIf ide. The iron treatments alternatively 

receivéa acidic ferrous iron solution, base and buffer. (Max. 

pH fluct~ation for 4. St.George: 6.1-8.7, for Jack L.: 5.6-

, 

, 
8.5). The controls for Lake St.George and Jack Lake received 

the same amount of',acid, base and buffer as the iron addition 
,4~ 

treatments. The con"hol for Glen Lake represents 

concentrations of SRP and TRP obtained from undiluted samples 

and corrected for dilution. All phosphorus concentrations are 

i~ p9/L. 

-----'-----------------7-----------~----

Lake Control Iron Addition 

SRP TRP SRP TRP 

St.George 37 42 3 42 

Glen '31 34 1 31 

ft 32 34 l 36 

Jack 22 32 2 32 

~------------------------------- i 
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Table 3-3. Events in aerating softwater 1akes high in iron for 

Chub Lake, and Blue Chalk Lake(*). Biological1y availab1e 
1 

phosphorus CBAP) may largely be orthophosphate; soluble' lron/ \ 

(SFe) is based on analysis of a subsample of the same fil trate 

used for the SRP analysis; color i5 expressed as Hazen Units. 

, , ------------------------------------------------" '\ 
Date Aeration '-BAP SRP TRP SFe ,Fe 2 Color 

Time (h) pg/L ) mg/L ) CHU) 

-------r---------------------------------------------
Aug.l6 0 28 28 36 4.9 5.4 180 l 

0.5 3 31 38 4.8 0.4 300 

, Aug.l8 0 j 27 ,31 4.7 160 

0.5 27 32 4.3 240 

24 12 24' 1.7 

Aug.31 0 33 35 4.7 
(' 

25 23 31 2.9 

47.· 20 28 2.6 

* 0 20 16 3~O/ 32 Aug.6 19 
t' 

0.5 .' 2 
/ 

/ ' 

1.5 17 20 - 120 
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particle size <Jf ferrie phosphorus flocculants must be lower 

than 0.45 pm, sinee SRP and soluble iron remain unchanged for 

sever al hours af ter exposure to air. Apparently, ,fer r ie 

compounds remain finely divided in these waters in contrast to 

their behavior in weIl buffered, hardwater la,kes. Furthermore, 

simul taneously adding ferrous iron and raising the pH did not 

decrease the soluble phosphorus and iron fractions, as this 

treatment did in naturally iron-poor lakep. Neither was the 
l,: 

solubi1ity decreased after 75% remova1 of the ye110w aeids br 
, 

a maeroreticular resin column (Mantoura and Riley, 1975) or 

artificial1y hardening the water with calcium carbonate, or 

phosphate addition. There exists, however, sorne indication 

---that, over a longer time-s iron-phosphate f10cculants 

become larger, since reduc ion' 1 SRP and soluble iron (SFe) 

can'be detected after 1 2 d (Table 3). A fraction of this 

decrease is probab1y due to biological uptake since TRP, which 

analyses iron bound phosphates and free phosphate, also 

decreases (Table 3). The kinetics are 50 slow, how"ever, that 

this reduction is unlikely to affect the SRP analysis, if done 
, 

on the day of sampling. It can be concluded therefore that in \ 

poorly buffered, soft waters, iron does not seern to interfe"re 

with the analy~1e of SRP and the application of procedures to 

~maintain anoxia do not appear to be necessary. 
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SRP analysis in the presence of hydrogen sulfide: 

This section first demonstrates the extent. and 

specificity of hydrogen sulfide interference ~ith the 

ghosphorus molybdate blue analysis (Murphy and Riley, 1962»by 

laboratory· exper iments. Next, l will show that hydrogen-:-.. 

sulfide leads to seVè,re underestimation of SRP in hypolirnnetic 

water of Lake St. George and experiments will be described 
o 

l, leading to a procedure whieh allows a valid SRP determination 

nevertheless. Finally, a simple method to determine if 

hydrogen sulfide is likely to interfere will be presented. 

In laboratory experiments, phosphate concentrations 

covering the range common in anoxie waters (0-500 rg/L) were 

spiked w i th hydrogen suIf ide developed f rom a stock of sodium 

sulfide. The final concentration of hydrogen sulfide was in 

the lower range of natural occuring hydrogen sulfide; the 

con c en t rat ion 0 f hy d r 0 g e n sul f ide w a s ~ de t'e r min e d 

simultaneously with phosphate. Fig. 6a shows that l mg H2S or 

more led to an overestimate at low phosphorus concentrations 

(25 P pg/L and less) and an'underestimate at higher phosphorus 

concentra tions. The increased absorbance at 885 nm (which is 

the absorbance maximum for the phosphorus m~lybdenum-blue 

'complex) for low phosphate concentrations is due to an 

increasing yeIIow color (absorbance maximum Iower than 330 nm, 

as determined by an absorption spectrum). At higher phosphorus 

concentrations, suifide and phosphate compete with each other, 
\ 

possibly~ for antimony (De Jonge and Villerius, 1980), and 

yield a color which becornes increasingly blue w ith time. (A 

51 
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Fig. 3-6 'The effect of hydrogen sulfide on molybdate blue 

analysis of standard phosphat~ solutions (0, 25, 100, 500 

pg/L). a) The addi tion of phosphorus reagents, absorption of 

10 cm cells, broken line: absorption of l cm cell. b) the 

addition of blank reagent measured in 10 cm cells • 
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time course is presènted below for a natural water sample in . 

Fig. 7). 
, 

The development of yellow color (at 330 nm wavelength) is 

indepen'dent of phosphate and appears in both blank and 

phosphorus reagent (Table 4). The absorbance at 885 nm i8 

dependent on phosphate even if ascorbic acid 1s eliminated 

from the mixed rea~ent (Fig. 6b and Table 4). This suggests 

that hydrogen suIf ide acts as a weak reductant in the 
l' 

- phosphate analysis ·when the s~ronger reductant, a8corbic acid, 

is not present. It leads to a gross overestimate of ~he 

turbidi ty blank in the TRP analypi s. The phosphorus reagent " 

, , 

1 
which contains a~corbic acid forms phosphorus blue in addition 1 

'i;"> 

to the sulfide yellow complexes, which bot~ contribute to -the 

absorbance at 885 nm. 

Sirnilar problems exist in natural water containing 

hydrogen sulfide. During atternpted SRP and TRP analyses with 

c the nypolimnetic \vatèr of three Ontario lakes sarnpled with a 

method which excludes oxygen, similar observations were made: 

the samples turn yeIIow instead of blue after addition of 
c c-

phosphorus reagents, the blue absorbance increases with time, 

and the turbidity blanks are increased. These samples smelled 

strongly of hydrogen sulfide. The increase of absorbance wi th 

time is especially conspicuous when both hydrogen sulfide and 

phosphate concentrations are high. A time course was recorded 

for Lake St. George with a total phosphorus concentration of 

0.682 mg/L and ca. 15 mg/L hydrogen suIf ide (Fig. 7). 

Since hydrogen suIf ide interferes so drastically with the 
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Fig_ 3-7 The increase of apparenb" SRP concentration with time 

after reagent addition to water from the anoxie hypolirnnion of )­

Lake St. George, ,12m, 'June 4, lfs2, containing ca. 15 mg/L 

hydrogen sulfide and 682 pg/L total phosphorus. 
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Table 3-4. The effect of reagents on the light extincti.on (E) , 
~{ . ' 

in water containing 2 mg/L H2S at 885 and 330 nm. Molybd'ate in 

the phosphorus and blank reagent (where t::he ~scorbic acid in 

the phosphorus reagent is replaced by distilled water) reacts 

with hydrogen bulfide to yield a yellow complexe 

, 
---~----------------------------------------------

Phosphate Reagent Visual Color 

C}1g/L) 

, --------------------------------------------------, 

0 blank 0.006 faint yellow 
r; 

0 phosphorus 0.005 1. 920 ft n 

50 blank 0.039 1.908 yellow 

50 phosphorus 
, 

0.321 1.930 yellow/b1ue 

------~-------------------------------------------

o 
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analysis of SRP and TRP in pure and'natural waters, ways to 

decrease this intelference and tests of their effectiveness 

are requi red. , . 
Hydrogen sulfide is very volatile at room tempe rature and 

bubbl ing w i th air can ·completely dr ive off the gas. Water from 

Lake St. George containing 15 mg/L hydrogen sulfide was 

aerated by an aquarium pump. After 30 min of vigorous aeration 

the turbidity blank no longer showed interference and SRP had 

increased to a constant value (Fig. 8). The length of time 

fneeded to drive off the gas depends on the concentration of 

hydrogen sulfide, temperature, sample volume and the extent of 

aèration. To' determine simply and quickly if aeration ~een 
sufficient, the blank reagent can be added. The samples will 

turn yellow in the presenc~e of hydrogen sulfide and produce a 

high absorbance at 330 and 885 nrn (Table 4, Fig. 6b). 

In the section on iron interference (above), it is demon-

strated that aeration can produce an underestim~te of SRP due 

to phosphate adsorption onto ferr ic f10cculants. In hydrogen 

su1fide rich water, soluble iron cannot coexist bécause of 

solubility constralnts (Fig. 3). Hence, phosphate 10ss due to 

iron adsorption while aerating the samp1e is not expected. For 

experimenta1 confirmation that aeration does not effect the 
• 

fraction which is soluble reactive, SRP analysis was carried 
~ 

out with exclusion of oxygene Instead of bubbling with air, 

the samp1e was kept airtight, bubbled with oxy?en-free ,., 
ni trogen and then fil tered. This should reduce hydrogen 

sulfiee interference but not induce ferric phosphate 

precipitation. In a different experiment, the sample was . 
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Fig. 3-8 Rernoval of hydrogen sulfide interference in SRP 

(circles) and TR~ (tr~ang1es) analysis by aerating anoxie 

water from Lake St. George, 12 m, June 24, 1982, eontaining ea 

15 mg/L hydrogen suIf ide and 719 pg/L total phosphorus. 
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filtered under anoxic conditions and the filtrate was then 

aerated. If terr ic precipi tates are formed on aeration before 

filtration, such samples should have low SRP concentrations. 

AlI these methods produced the same concentration of SRP for 

Lake St. George water as the aeratlon method. This ls to be 

expected since the iron clncentration wasJlow, 0.02 mg/Le If 

hydrogen suIf ide was not driven off, the SRP concentration 

would be underestimated by 80% (Fig. 8). 

Direct evidence for precipitation of phosphorus is 

obtained by experiments involving radioactive tracer. In 

contrast to iron-rich lakes, the hydrogen sulfide-rich Ùlkes 

(St. George, Glen and Jack) show little or no precipitation of 

32p after 5 h of aeration (Pig. Sa, open circIes),. This cannot 

reflect finely divided Iron phosphorus complexes (as in soft 

water) because the iron concentratiGn is very low and a 

'l \ \ 
radiological bioa\say ~nalyses aIl dissol~~phosphorus as 

phosphate (Chapter 4). 

The proposed rrfethod to dea~ w i th hydrogen suIf ide inter­

fererice is rathei time consuming. On the other hand, it is 

essential to obtain valid estimates of the SRP concentration. 

A rapid method to determine if hydrogen sulfide will be a 

~oblern would therefore indicate when adjustments for hydrogen 

suIf ide interference are necessary. As se en in laboratory 

experiments (Table 4 and Fig. 6b) and experiments with natural 

water, the turbidity blank is increased in the presence of 

hydrogen sulfide. This increase is due to the development of 

yellow cOJ.-or; the -comparison of -vater with and without the-
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bla~eagent gives a quick indication if hydrogen sulfide is 

present in interfering concentration~. A more quant~tative 
,l 

estimate can be obtained by measuring the yellow color at its 

absorbance maximum of 330 nm or less. 

A simple method to correct, for hydrogen sulfide 
.1 

Interference at concentrations lower than 6.4 mg/L in 

sa1twater i8 suggested by De Jonge and Villerius (1980>. They 

increase the antimony concentration to 12.2 mg/L Sb instead of , 

5 mg/L used in the procedure described above. However this 

method is not applicable to 'water s w i th hYdrogjD-..su1f ide 

concentrations higher than 6.4 mg/L (Fig. 2b). Their suggested 

addition of sulfuric acid followed by nitrogen bubbling in 

cases of high hydrogen sulfide should be treated with caution 

because of the possible overestimation of orthophosphate due 

to acid hydrolysis. A combination of a mixed reagent enriched 
.. 

in antimony, a non acidic degassing of hydrogen sulfide-rich 

water and a test for interference using a turbidity blank 

(also enriched in antirnony), is /probably a better solution to 

hydrogen sulfide interference in the SRP analysis. 

~ TRP as a substitute for SRP: 

In anoxie waters, high concentrations o/f ferrous iron or , " 

hydrogen sulfide can lead to underestimat,ion of the soluble 

reactive fraction of phosphorus. To obtain a valid , 

determination of SRP, one must first establish which 

interference is likely to occur (iron or hydrogen ~ulfide). 

Then, one of the described techniquEo/s, anoxie filtration in 
~l.._~.-..-f. 

the case oViron interference or aeration in the case of 
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hydrogen sulfide Interference, can be applied. These two 
, 

possible Interferences render SRP analysis in anoxie waters , 
very time consuming an. exclude automatic analysis. A 

technique which appropr iately descr ibes S~P concentratio~n 

anQxic waters regardless of the Interferences and which is 

simple enough for automated procedures wouid be of advantage. 

A modified TRP analysis will mee~ these requirements. In the 

example of water containing iron from Lake Magog water (Fig. 

4), aeration diminishes SRP, but 'l'RP stays 'the same (S80 

)lg/L). That means T'RP is unaffected by hon interference. 
~. 

Furthermore, its concentration ls only slightly higher (2%) 

than SRP. 

'In the example of water from Lake' St. George, containing 

hydrogen sulfide, TRP and SRP are equally affected by hydrogen 

sulfide (Fig. 8). However afler sufficient aerationt TRP is 

only 1% higher than SRP and hydrogen sulfide Interference is 

avoided. 

The observation that TRP is ohly sl~ghtIy higher than SRP 

in anoxie water corrtaining iron and hydrogen suIf ide was made 

on many occasions: SRP and! TRP concentrations were compared in 

anoxie hypolimnetic water from eight lakes dULing summer 

stratification. SRP was estimated after appropriate treatment 

for Interference and TRP was analysed after aeration when 

hydrogen sulf ide was present; otherw ise TRP was analysed 

untreatedl The cprrela?ion of SRP with TRP concentration 

.>estimated in this way is highly significant (r=0.999, n=174, 

SRP= -2.38 + O.9B*TRP or TRP= 2.74 + 1.02*SRP, Fig. 9). 

60 
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Fi9. 3~9 The correlation of SRP vith TRP in anoxie hypolimnia 

from the eight lakes de~oribed in Table 1. 
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Although Wilcoxon's matched pairs signed ranks test reveals 
1 

that TRP concentration is signif icantly higher than SRP 

(p<O.OOOI), the overestimate is only small, on average 2%. 

This correlation holds only for strictly anoxic waters. For ,,/ 
example, at the anoxic/ oxic inte(face in iron-rich lakes, 

" 
iron hydroxides are abundant and aoo~,(b phosphate. SRP is only 

'>~ ., ~ ;.. ... - .. ~ 

a small fraction of TRP at this interface. 
-> 

Summary and Conclusion 

_ Many anoxie waters are rich in ferrous iron or hydrogen 

sulfide. The correlation between iron concentration, the 
1 

removal rate of soluble phosphorus and 'the induction of 

phosphorus precipitation by iron addib.ion to waters which do 

not naturally precipitate phosphorus, aIl suggest that ferrous 

iron controls the amount of soluble phosphorug when the water 

~s aerated. If no precautions are taken to avoid okidation of 

ferrous iron, adsorption onto iron hydroxides or precipitation 

of ferric phosphate-can Qccurj this lowers the apparent SRP 

concentration after the filtration step. This underestimation 
(", 

of SRP can be as high as' 40% within 2 h of aeretion, 

depending on iron concentration and oxygen tension. However in 

poorly buffered soft water, ferric iron phosphorus 

flocculants smaller than 0.45 pm are formed. Such waters show 

no .interference in the standard oxic ana1ysis of SRP, even 

though aeration of iron to the ferric state and 10ss of free 

orthophospha~e occur. 

Waters with 10w iron concentration can conta in high 
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hydrogen suIf ide Ievels. Hydrogen sulfide grossly interferes 

with the phosphorus analysis due to a reflction with the aeid 

antimony molybdate reagent and can lead to a 80% underestimate 

of SRP. Suffieient aeration of hydrogen sulfide-rieh samples 

is required to obtain a valid estimate of reactive phosphorus. 

Rather than incur the danger of erroneous SRP estimat'es 
. 

(if no precautions against the possible interferences are 

taken) or to cope with the inconvenienee and time of carrying 

out a relatively eomplieated SRP analysis (if precautions are 

taken), l suggest sampling anoxie water without any 

precautions to maintain anoxia and a~rating the aliquot for 

subsequent analysis of TRP. In this procedure it is essential , 

that a blank reagent (described in method) for each sample i5 

prepared ta correc't for the turbidity an~r. This blank 

also indieates if the sample has been sufficiently aerated to 

reduce the interference'of hydrogeri sul~ide. The necessary , 
aeration time decreases with sample volume; once the aeration 

time is determined, the TRP procedure can easily be carried 

out by automated analysis. 

, 
63 



, 
i 

; 
1 , 

, 
1, 

1 
i 
1 , 
1 

\ 

(J 

( 

Chapter 4: 

~ 

(iologieal Availability of ~ 

Soluble Reactive Phosphorus 

in Anoxie and Oxic Freshwaters. 
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Abstraet 

The availability of hYPolimnetie phosphorus was assessed 

~ by a short-term bioassay, based on· 32p uptake kinetics. In 

the anoxie hypolimnia of eight lakes and in â'noxic mOdel 

systems ieore tubefl), at~least BO% of soluble reactive 

phosphorus i8 biologicall'y availabie. However, BAP is only a-
, ' 

.. 

smail fraction of SRP in iron rich, previously anoxie, waters 

after aeration and in lake water from the anoxie/ oxic . • 
interface. This result i8 supported by published data for ~xic 

waters from epilimnia of lakes,· rivers, sewage effluent and' 

precipitation • 
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Introduction 

Only a fraction of the phosphorus in lakes is readily 

available to microorganisms (Lee et al. 1980; sonzogni et al. 

1982). The major availab1e fraction is free orthophosphate 
\ 

(P0 4 ) (Rigler 1973), but also P04 from oligophosphates and 

short-chain glycophosphates can be made available to plankton 

by phosphatases CFrancko and Heath 1979; Petterson 1980) rThe 

determination of orthophosphate is most often based on the 

analysis of SRP (soluble reactive phosphorus) by molybdenum 

blue methology (Olsen 1967; Strickland and P~rsons 1972). 

SRP consists of orthopnosphate (P0 4) but also of sorne 

acid-labile phosphorus compounds COlsen 1967; Harwood et al. 

1969). Several workers have found that SRP ana1ysis 

overestimates P04 concentrations (Kuenzler and Ketchum 1962: 

Rig1er 1966, 1968; Peters 1977, 1978, 1979; Tarapchak and 

Rubitsehun 1981) though, in sorne cases, SRP and P04 were 

identical (White and Payne 1980). ,Since phosphorus compQ..\Jnds 

other than P04 might become available during a bioassay (Paer1 

and Downes 1978), SRP need not overestimate biological1y 

availab1e phosphorus (BAP), even if SRP overestimates P04 

(Stainton 1980). Sorne reports show that SRP and BAP are indeed 

identical <Walton and Lee 1972; Chamberlain and Shapiro 1973). 

In this paper, we investigate the eguivalence of SRP and 

SAP. Oor experimental work is 1argely eonfined to anoxie lake . 
w~ter from hypolimnia and cores containing phosphorus released 

from- the sediment. The short-te rm rad io109 i cal bioassays we 

uèed to measure BAP a~e specifie for P0 4 and kinetically 
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simi1ar substances. To cover a 1arger range of phosphorus 

concentrations, water bodies and techniques, we also compare 

pub1ished concentrations of SRP with BAP or P04' 

Materials and Methods 

.s~mR~~ lHl..t..e..z.:.: To est i ma te the b i oa va i 1ab î li ty of 

phosphorus in anoxie hypolimnia, water was collected dur1ng 

summer stratification from two lakes in Quebec (weekly, 1981: 

Lake Magog and Fitéh Bay of Lake Memphremagog)' and six lakes 

in Ontario (weekly to monthly, 1982: Little Clear, Chub, Blue 

Chalk, Williams Bay of Jack Lake, Glen aM St. G~orge). Lakes 

and sampI ing techniques are desc r ibed in Chapter 2 and 3. Ne 

also examined SRP and BAP released from anoxie lake sediments: 

Cores containing undisturbed sediment and hypolimnetic water 

from Fitch Bay were incubated under anoxie conditions in the 

dark, for 2 to 15 d. On several occasions, surface water from 

nitrogen-limiteè Lake Magog was aiso analyzed. 
( 

SB~ ~nalysis: SRP (lik~ BAP) was analyzed within 5 h 

after sampling. In anoxie waters, ferrous iron and hydrogen 

sulfiae interfere with SRP analysis CChapter 3>' Therefore, 

samples which were rich in iron were kept and fi1tered under 

anoxie èohditions to avoid phosphorus adsorption to ferric 
. 

iron, and subsequent underestimation of SRPi samples which 
. , 

were rich in hYdrOg~SUlfide were bubbled with air to driv~ 

off H2S (Chapter 3). Filtrates were analyzed for SRP by the 

molybdenum blue method following Stainton et a,l. (1977). The ' 

precision was less than 1% of the mean <standard error of four ~ 
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repeated analyses at concentrations_>lO p9 P/L); the detection 

limit wasQO.75 pg P/L. To determine if aeration affects the 

avai1ability of SRP, about 100 mL of hypo1imnetic water was 

aerated with an aquarium pump for 0.5-5 h before SRP and BAP 

ana1ysis. 

~ analysiR: Our ana1ysis of BAP in the sample water 

(test-water) is based on the change in the amount of 32 p - P04 

uptake by plankton in phosphorus-limited lake water (assay­

water) in response to additions of 3I p- P04 . This bioassay is 

essentially that described by Peters (1977, 1978, 1979), 

though it avoids filtration of the test-water and the dilution 

of assay-water with the filtrates. The assay is also similar 

to that described by Dillon and Reid (1981), except that the 

proportion of test-water added to the assay-water is smaller 

and the standard cuives are based on the proportion of tracer 

taken up in a specif ic interval rather than on the rate 

constant of uptake. It is fundamenta1ly different from 

Rigler's (1966) assay, because it compares uptake after 

addition of the test-water to uptake after the addition of a 

PO 4-standard; the estimation of BAP concentrati ons are 

therefore based on interpolations ~ather than extrapolations. 

In this assay, the fractiQn of 32p- P0 4 in solution at a given 

time corre1ates positively with the amount of;31p-P0 4_ Carrier 

free 32 p - P04 in 0.1 n Hel was obtained from the New England 

Nuclear Corporation and di1uted to 0.001 n before experiments 

started. Standard curves were generated by adding known 

am"'ounts of 3lp - P04 and 32p - P04 to assay-water. Sim~l-taneous 
i 
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runs using additions of 32 p - P04 plus test-water are then 

cornpared to the standard curves and the P04 concentration in 

the test-water determined by interpolation. Fig. 1 shows a 

typical result. This assay analyses only P0 4 and phosphorus 

cornpounds with sirnilar uptake kinetics; it indicates the 

minimum phosphorus available (Peters 1981) and does not 

quantitatively det~ct phosphorus cornpounds with slower 

availability who se kinetics deviate from the P0 4 standard , 

(Lean 1973; Paerl and Downes 1978). 

Anoxie "test-water" was added unfiltered to avoid 

filtration artifacts upon aeration; epilimnetic test-water was 

filtered (Millipore 0.45 pm) before addition. The standard 

error of the BAP analysis was at most 10% of the mean, this is 

, based on the average deviation of 10 Leplicate analyses at 

concentrations above~lO pg/L. 

Orthophosphate standards were made from a stock solution 

of dehydrated K2HP04' dissolved in double distilled water, 

diluted to approximate the SRP concentration of the test­

water. Standard curves were produced by addition of several 

volumes (0, l, 2 mL) of this solution to 100 mL of each assay-
, 

water. In aIl cases but one, the assay-water consisted of 

water from the epilimnion of the same lake from which the 

hypollmnetic water was taken. In nitrogen-limited Lake Magog, 

32 p - P04 uptake by microorgan~sms was too slow. Therefore, 

epilimnetic water from another lake, usua11y Fitch Bay, was 

used instead. The volume of test-water was diluted 10 to 1000 

fold with the assay-water depending on the hypolimnetic SRP 

concentration. This dilution depressed the 'iron concentration 
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Fig. 4-1. A typica1 bioassay with Jack Lake epi1imnetic water 

as assay water (Sm, Aug. 26, 1982) ca1ibrated"\lith additions 

of 0, 2, 4, and 5 mL of 75 pg/L P04 standard solution. 

SUbsampling times were 5, 10, 20 and 30 min. The addition of 2 

(a) and 4 (b) mL of anoxie hypolimnetic water C20m) sampled at 

the same location, are comparable to additions of 1.95 and 3.9 

mL of standard. This ihdicates that the test water 

concentration is 73 P9/L P04. Broken lines indicate how to 

arrive from 'the uptake value at 30 min (a), at the 

corresponding PO, ~oncentration. 
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in iron-eontaining hypo1imnetie water be10w the thresho1d 

(0.20 mg/L Fe) for significant adsorption of phosphorus onto 

Fe partie1es (>0.45 pm) within the period of the bioassay 

(Chapter 3). To deteet possible dilution effects, eaeh 

" determination invo1ved at 1east two different volumes of test-
, , 

wàter, though no signifieant deviations were e~er deteeted. 

Because uptake rates are dramatical1y affécted by temperature 

(Fig. 2) and possib1y by light and time sinee collection, 

standards, b1anks and two test-water samp1es were pro~essed 

simulataneous1y. Stirring or shaking during the assay did not 

âffect uptake and was not earried out routine1y. 

At zero time, 100 pL 32p-P04 solution were added to the 

standard and test solutions. At each subsampling time, 6 mL 

su b sam p 1 e s w e r e w i th d r'a w n , and fil ter e d ( < 35 k Pa) , 

simultaneous1y through" 0.4'5 pm ,'rHllipore filters at 3-6 

different times (usually S, 10, 2D, 30 min) within 1 h. The 

filter holders had been checked for filtering efficieney and 

reproducibiiity, and only those which had reproducible 

retention of 10 or 5% (for different manifolds) were seleeted. 

The sample was filtered directly into plastic minivials and 

the 32p radioaetivity measured by Cerenkov counting on the 

tritium channel of a liquid scintillation counter' to 1% 

eounting error. The counts of the filtrate, corr~eted for 

filter adsorptio~'of sorne ~oluble tracer, were expressed as a 

percen~age of the mean of two unfiltered 6 mL samples, taken 

before and after the as say. 

Sinee Cerenkov eounting is not ofe:'=n used in limnology, 

several possible sources of error had to be investigated. 

71 



Fig. 4-2. The importance of temperatur'e control fo'r aIl 

samples of a particular bioassay: The assay water (Fitch Bay, 

Sm, July i, 1981~ was enriched with phosphate standard to 0.25 . . 
pg/L by adding l mL of 25 pg/L P04 and 32 p uptake and recorded 

in triplicates at 24.5 0 C and 11 0 Cafter five h 

preconditioning at that temperature (solid lines). The uptake 

with 50% higher enrichment <l.5 mL of 25 pg/L P04 ar 24.5 0 C 

is shown for comparison (triangles with broken line). The 

latter two uptake kinetics coincide meaning that decreased 

temperature can falsely pretend high phosphate concentrations • 
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Plastic minivials appeared to be most efficient both from the 

point of view of counting efficiency (plastic is 40% more 

efficient than glass) and filtration volume needed (6 mL 

/nstead of 10-20 mL in large vials). Natural coLor could 

decrease the counting efficiency ~y 10% but this did not 

effect the results because the reference values were based on 

the same colored water. Since 32 p added to filtered and 

unfiltered lake water had the same activity, there seemed to 

be no self-adsorption of Cerenkov radiation by plankton. 

To reduce the possibility of contamination, the assay 
. 

vessels (250 mL Erlenmeyer flasks) were filled with a ca. 0.5% 

solution of a basic Bolvent ('Count Off', New England Nuclear) 

during storage. Before each bioassay, the vessels 'were rinsed 

three tim~s with distilled water and once with the assay­

watet. Assay-water (100-200 mL) was placed in the vessels for 

at least 15 min (the late F.H. Rigler, McGill University, 

personal communication) so that available phosphorus co~ld be 

reduced still further by the plankton. This water was 

discarded and exactly 100 mL of assay-water added and allowed 

to stay in the reaction vessel for at least 0.5 h before 

addition of tracer and carrier. Flasks and pipettes for 

-subsampling w~re kept covered during the whol~aSsay. 

Hypolimnetic water might conta in SUbstarces besides P04 

which affect 32p-P04 uptake kinetics. This was evaluated in 

the following ways: 

a) The uptake kinetics after addition of the test-water 

were compared to uptake kinetics of the standard water. 

Deviation from the shape of the standard curves indicates . 
73 
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interference and no BAP concentration was calculated. These 

comparisons suggest that two points,from Fitch Bay (n=9) and 

one from Little Clear Lake (n=8) were not reliable1 these data 

were discarded. Since both lakes conta in high iron 

concentrations, it is possible that the different kinetics· 

reflect a phosphorus fractio~ which is available at a slower 

rate than P0 4 (Paerl and Downes 1978). 

b) Another test for interfering and poisonous substances 

was achieved by additions of internaI standards. A known 

concentration of 3l p - P04 was added with the test-water for 

each lake at least once, but a deviation from the results 

without internaI standards was detected on only one occasion: 

the hypolimnetic water of Glen Lake, where large amounts of 

hydrogen suIf ide slowed uptake of tracer and thus produced an 

overestimate of BAP co~centration. This problem was 

subsequently prevented by aerating the sarnples fot at least 30 

min before addition to the assay water. 

c) Bacteria are primarily responsible for initial 32 p 

uptake (Hayes and Phillips 1958; Lean and White 1983). 

Therefore on two occasions, substances which are likely \0 
support bacterial growth such as carbohydrates, nitrate, iron 

\ 
and calcium were added to the assay water at concentrations 

similar to those in hypolirnnetic water; no dev,iation was 

found. 

d) We deterrnined whether differences in phosphorus 

limitation of the assay water or differences in the plankton 

c.ommunity or water 'chemistry have any eff.ec.t .'On the bioassay. 
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This \l'as tested on several occasions by analyzing BAP in the .. 
same hYPolimnetic water in separate bioassays with water from 

the epilimnia of two different lakes. Although the assay­

waters differed in the amount of 32p uptake by 60% within the 
~ 

first hour, no significant difference in the BAP concentration 

was found. This means th~t incubation and growing of cultures 

unde r standardi zed condi t ions -can be ci rcurnvented by us ing 
;: .... 

phosphorus limited epilimnetie water as assay-water.-

Results and Discussion 

Short-term 32p-Bioassays: 

SRP concentrations for aIl anoxie lake samp1es (range of 

2 to 531 pg SRP/L) are similar to (Wilc~xon matched pairs 

signed ranks test: p>0.122, n=33) and high1y corre1ated with 

(r 2=0.994, n=33, Fig. 3a) BAP concentrations. The linear 

regression of BAP on SRP is BAP= 2.501+0.923 SRP 

(SE s 10pe=0.0131>. This suggests that BAP exceeds SRP at 

concentrations"below 30 p9 SRP/L. Sinee BAP concentrations did 

not consistently exceed SRP at lower concentrations, linear 

regression over the whole range does not adequately describe 

the data. Therefore, the data set was divided into two 

subsets, consisting of values abo~e and below 30 pg/L SRP, and 

reanalyzed. Again, the Wilcoxon test revealed no significant 

difference for SRP concentrations ~30 pg/L <n=13, p>0.422), 

but the difference was significant for higher SRP 

concentrations (n=20, p>0.032). The regression line for the 

low concentration subset coincides with the 1:1 line (Fig. 3b, 
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Fig. ~. The correlation of SRP with BAP. The .line of perfect 

agreement (1:1) is also shown. a) Water from anoxie hypolimnia 

of eight lakes Celosed eircles) and andtic core tubes (open 

circlesL b) Water from the same anoxie lakes with SRP 

concentrations Léss than 30 pg/L Cclosed cireles), oxic 

epillmnia (open circles) and surface water dur ing fall 

turnover (triangle) of Lake Magog. 
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BAP= 0.665+0.993 SRP, SE s l ope ","0.l558, r 2=0.787, n=l3>' For 

concentrations above 30 pg SRP/L, the regression equation 

(BAP= 3.441+0.921 SRP, SEslope~ 0.01977, r 2=0.992, n=201 

indicates that SRP overestimates BAP concentration up to an 

average of 8% for th~ higher concentrations. 

The tendency for SRP to overestimate BAP at high 

concentrations was also found in v water from core tubes 

containing sediment and anoxie water (Fig. 3a). The highly 

significant regression for seven cores (r 2 =0.98, 

BAP=0.305+0.84l SRP, n=7, range 71 to 636 pg/L SRP) shows that 

84% of SRP, on the average, is available. The discrepancy 

between SRP and BAP at high SRP concentrations i6 unexplained, 

but it rnay represent a systematic experimental error. At such 

high concentrations, only 100 pL of test-water were pipetted 

into the assay-water and enough oxygen could have diffused 

into such a small volume to produce significant iron/ 

phosphorus precipi tation. Thi s is suggested because the 

overestimate was pronounced in waters with high iron 

concentrations. In any case, the results show that at least 
-

80% 01 SRP is biologica1ly availab1e. 

In' sorne anoxie hypolirnnetic waters, oxidation of ferrous 

iron could interfere with SRP and BAP analyses, since ferric 

iron hydroxides can adsorb P04 (Stumm and Morgan 1970) 
~ 

rendering it insoluble and less available. Experiments were 

designed to deterrnine the effect of aeration of the test-water 

on the close agreement between SRP and BAP. In hardwater lakes 

(Glen, st. George), SRP and BAP concentrations remained 

unchanged. In the other lakes, aeration decreased BAP (Little 
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Clear, Chub, Blue Chalk) or both SRP and BAP concentrations 

(Magog, Jack>' Where BAP decreased but SRP stayed the same, 

subsequent SRP analysis drastically overestimated BAP 

concentration. Decrease of the BAP concentration depended on 

the total iron concentration in the hypolimnetic water (Table 

1). In soft water lakes which were rich in organi,;.yids. 

(Little Clear, Chub and Blue Chalk), SRP and soluble iron 

remained unchanged, though BAP decreased and aIl the iron was 

converted to the ferric state (Chapter 3). This suggests that, 

in these lakes, the iron-phosphorus particles were initially 

smaller than 0.45 pm. In Lake Magog, an uncolored lake, the 

iron phosphorus particles were larger than 0.45 pm. As a 

result, SRP decreased ~fter aeration and SRP overestimated BAP 

to a lesser extent (Table 1). 

Al though this discrepancy between SRP and BAP was \ induced 

artifieia~lYI iron-~ich hypolimnetic water may be aerated 

naturally at the anoxic/ oxi c boundary dur ing the stratif ied 

period and at turnover. In Lake Magog, bioassays of. 

hypolimnetie water from the oxie/ anoxie boundary and of 

surface water during destratification showed that less than 

70% of SRP wa-s BAP (Table 2). It appears that BAP 

concentration is lower than SRP in these cases, because of 

" forma tion of colloids and partieles containing iron and 

phosphorus. Such phosphorus might become available in the long 

run but this was not investigated. 

Art,ificial formation of colloidal-ffon phosphorus 

cQmpounds was t'liso obq~rved by Koenings and Hooper (1976), who 
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Table 4-1. SRP and BAP concentrations in arti~ically aerated 

water samples from anoxie hypolimnia of seven lakes. The SRP 

concentration before aeration was similar to that after 

aeration, except for Jack Lake and Lake Magog. The difference 

between SRP and BAP after aeration depends on total iron 

concentration (TFe) and the concentrations of soluble iron 

b~iore (SFe2 +) and after aeration (SF3+). 

Lake Aeration SRP BAP BAP/SRP TFe SFe2+ 

(min) ( pg/L ) % m9/L ) 

Glen 35 39 40 102 <0.1 <0.1 <0.1 

ft 35 92 90 9~ <0.1 <0.1 <0.1 

st.George 35' 343 329 96 <0.1 <0.1 <0.1 

Jacka 150 59 60 \....102 0.4 0.2 0.2 

Blue Chalk 92 16 2 13 3.4 3.0 3.0 

Little Clear 35 25 1-2 6 5.2 4.9 4.9 ' 

Chub 35 31 3 9 5.5 4.9 4.8 

Magogb 300 193 125 65 4.0 4.0 0.7 

ft 300 192 70 36 3.9 

aSRP before aeration: 88 p9/L 

bSRP before aeration: 672 pg/L 

. -j 
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Table 4-2. SRP and BAP concentrations in natura11y aerated, 

iron-rich water of Lake Magog (1981). The data were co11ected 

at the oxic/anoxic interface in the hypoI1mnion and in the 

epilimnion at fail turnover. 

Date & Depth) 02 

(rnglL) 

9 VI, 16rn 6 

2'5 VI, 16m 6 

3 VII, 16m 2 

3 VII, 12m 4 

8 VII, 16m 1 

8 VII, 12m 2 

Fall\ turnover 10 

n ft 10 

~ 

SRP BAP 

( pg/L ) 

13 

89 

115 

25 

140 

14 

18 

18 

4 

50 

41 

9 

73 

9 

Il 

afiltered before analysis 

, , 

BAP/SRP Fe 

% (mg/L) 

33 

56 

35 

37 

52 

69 

53 

61 

0.29 

0.71 

0.79 

0.30 

1·96 

0.27 

0.22 

0.22 



found that aeration of ançxic bog water increased the 

colle.idal phosphorus fraction from 0 to 33% (range -of SRP: 

266-605 pg/L). White and Payne (1980) found that "reactive 

high molecular' 'weight phosphoz;us" (perhaps a colloidal iron-
'~ 

phosphorus component) accounted for up to 76% of the SRP 

concentration in three of five eutrophie anoxie hypollmnia of 

New Zealand lakes. This was not observed in the presumably 

oxic hypolimnia of mesotrophic or oligotrophic lakes and 

occurred only once in seven oxic epilimnia (at turnover, E. 

White, Dept. of Scientific and Industrial Research, Taupo, New 

Zealand, personal communication). This may indicate the 
"-. 

artificial formation of phosphotus-iron colloids upon aeration 
, c. 

of anoxie hypolimnetic water during ana1ysis, since the two 

lakes with th~ highest deviation of P0 4 from SRP have 
; 

substantial iron concentrations even in the epilimnia 0.6 and 

0.4 mg/L Fe, White personal communicatiorO. On the other 

hand, Francko and Heath (1982) found that SRP increases with 

the reduction of iron by uv radia tion, and that phosphor'us in . 
high molecu1ar weight fractions containing ferric Iron is not 

oanalyzed as SRP, though it passes a 0.45 pm fi1ter. In such 

wi',lters, SRP should not overest'imate SAP in spite of the 

" presence of iron hydroxides._ 
A 

These results suggest that, in anoxie water, SRP is 

almost comp1etely availab1e in the short-term. In aera ted, 

iron-rich waters, BAP may represent less than 10% of SRP. 

During stiatificatiDn,·SRP can be completely available in oxic 
-# 

surface waters: five tests of water fcom the epilimnion of 
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Lake Magog during summer stratification in the ra,nge of 4-8 

pg/L show good agreement between SRP and SAP (Fig. 3b). 

Literature Data: 

The literature survey includes 603 BAP and SRP data-pairs 

from phosphorus limited lakes, nitrogen limited lakes, sewage .. 
treatment effluents, atmospheric precipitation and streams. 

AlI the data from bioassays are cal1ed "BAP" in this paper, 

since bioassays may not identify chemica11y pure P0 4, even 

when they are thought to analyse largely P04 (Rigler 1966; 

Peters 1977, 1978, 1979; Tarapchak and Rubitschun 1981>' Four 

classes of data were exc1uded from analysis. These are (1) 

sorne data of White and Payne (1980) which may be subject to 

iroh hydroxide Interference as described above; (2) BAP values 

based on Rig1er 1 s (1966) bioassay have been excluded beca u.s.~ 

they are based on statistically questionable extrapolations. 

This deletion has no sigriificant effect on the overall 

analysis since the number of data is small; (3) SRP analyzed 

with an extraction technique (Chamberlain and Shapiro 1973) 
J. 

was excluded to circumvent· inhomogeneity in SRP analysis; (4) 

those data with reported arsenic Interference were excluded. 

Regyession analysis and mean differences (SRP-BAP) were used 

as a measure of the overall (positive or negative) deviation 

of BAP from SRP. Subsets of these data for low and high SRP 

concentrat ions, for different 1aborator ies, BAP methods and 

types of water were investigated to determine whether th~se 

characteristics are important.· 
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Overall çorrelation~: The overall corre~ation of the SRP 

and BAP values is highly significa~t (r=0.97). The mean 

difference (SRP-BAP) i8 2.18 pg/L which i5 significant by ~ 

Wilcoxon's matched pairs signed ranks test (p<O.OOOl). A 

parametr ie test is not appropr iate b.ecause the data are very 

wide spread and not normally dfstributed. The linear 

regression equation iS,BAP=0.73 + 0.91 SRP (SEslope=O.OOB, r 2= 

Ow96, n=601, range: 0-700 pg/L SRP). Two significantly 

influential outliers were excluded (Cook's [1977] criterion). 
J 

The intereept is not significantly different from zero but the 

slope differs significantly from unity. The data ,are 

presented in a log/log plot in Fig. 4a. (53 data values of SRP 

or BAP were zero and had to be exeluded from the logarithmic 

plot.) It ean be concluded that there is a close agreement of 

SRP and BAP values and the difference, though significant, is 

only smalI. 

It nas been suggested that the amount of SRP 

concentration may influence the simi1arity of SRP and BAP 

(Chamberlain and Shapiro 1973). To investigate this, the data 

set was divided in two subgroups analogous to those formed 

ear1ier for the anoxie lake data set. The'mean differ&nce 

(SRP-BAP) for SRP concentrations < 30 pg/L (mean SRP= 6.2 

pg/L) is O.03\...pg/L which, though smal1., 15 significant by a 

Wilcoxon test (p<O.002). The 1inear regresston equation is 

BAP= -0.15 + 1.04 SRP (r 2=0.52, n=490) and the slope and 

intercept are not significantly different,from unit y and zero, 

respectively (Fig. 4b'). For SRP values> 30 pg/L (mean SRP= 

165 pg/L), the mean difference is Il.5, which ls aiso 

! • 
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Fig. 4-4. The correlation of SRP wi th BAP w i th da ta from Table 

3. "1:1" represents the line of perfect agreement. a) Log/log .~ 

plot: log BAP= -0.11 + 0.97 * SRP, n=550, r 2= 0.70. b) Linear 

plot for SRP concentrations Iess th an 30 pg/L: BAP= -0.15 + 

1.04 * SRP, n=490, r 2 • 0.52 • 

, . , . 
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significant by a Wilcoxon test Cp<O.OOlL The linear 

reg ression equat ion is BAP= 13.04 + 0.78 SRP C r 2= 0.80, n=112; 

one significant outlier is exc1uded). Both the mean 

differenees and s10pes indieate that, when SRP > 30 pg/L, the 

abso1ute amount of the overestirnation increases. A sifuilar 

resu1t was obtained for the anoxie lakes presented above; 

hence it appears that SRP tends to overestirnate BAP slightly 

«10%) at higher SRP concentrations. 

Uâtâ QQYL&~~: Range and mean of SRP values and mean 

differences between SRP and BAP are presented separateley for 

each laboratory CT~ble 3). A analysis a110ws comparison of 

large and small data sets when a regression analysis would be 

rnisleading. The rnean percentage difference with respect to 

mean SRP concentration Cpercentage difference: mean [SRP-BAP1/ 

mean [SRP]) corrects for the dif;ferent phosphorus 

concentrations ana indicates any bias Cnegative or positive) 

petween SRP and BAP. Different sources show quite 

heterogeneous results: Th~ percentage' differences range from -

23 to 87' indicating that SRP overestirnates BAP in sorne cases 

and underestimates it in others; also, BAP is not always 

strongly correlated with SRP. To determine whether these 

differences are due to special water-types (for example, water 

rich in fresh Iron hydroxides), or the resul t of the appl ied 

rnethods, the data were grouped by BAP rnethod and water-types. 

~f methQgQ: The variability in estirnating BAP from SRP 

is quite large arnong different rnethods for BAP analysis (Table 

4). BAP estimates from Rigler's (1966) tracer bioassay and 

87 1 
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Table 4-3. Cornparison between concentrations of SRP and BAP 

reported by different authors. Tabulated data inc1ude the 

range of SRP concentrations (rg/L), the number of data-pairs 

(n), the cor relation coefficient for BAP and SRP (r), the rnean 

conc~ntratïon of SRP (xl)' the rnean (x2) and standard error 

(SE) of SRP-BAP, this rnean expressed as a perq.entage of rnean 

SRP (100 x x2/xl) and characteristics of the bioassay type, 

organisms and duration of the assay. f: filtered, uf: 

unfil tered, AGP: Algal growth potential. 

Source: 1- This papeq 2- Peters <1977, 1978, 1979); 3-

Walton (1971). Algae counts given by the author were converted 

into BAP concentrations for Lake Mendota sarnples. Since Wa1ton 

(1971) considers data for Lake Wingra unreliable these are not 

ineluded. 4- Chamberlain & Shapiro (1969), SRP analyzed w i th 

Harvey's rnethod for low arsenate concentrations only; 5- White 

anfl Payne (1980). Three values for anoxie hypolimnia were 

exclu€led, because, of possible aeration artifacts (iron 

adsorption, see text). The phosphate extracted here was proven 

to be completely available to 'cblorella (Paer1 and Downes 

1978). 6- Stewart and Alexander 1971; 7- Dillon and Reid ------
(981); 8- Dillon, Ontario Ministry of the Enbvironrnent, pers. 

comrnd 9- DePinto et al 1980; 10-- Murp'hy et al. (1983); ~l­

Tw inch and Breen (1982); 12- Rigler (1966); 13- Tarapchak and 

Rubitschun (1982); --­lr-Peters (1979) • 
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Source Range ..n r SRP SRP-BAP % Assay Type Assay Organism Period 

~1 x2 SE x2/xl /, . 
. .. ' , 

'9 32p-uptake, uf 1 2 - 636 - -4-4 0".99 144.3 12.9 . 3.95 Lake Plankton 1 h 

2 0.6- 54 181 0.73 7~2 .3.2 0.51 44 32p-uptake, f .. Lake Plankton l h 

3 1-,18L ·25 0.99 45.4 0,2 0.85 0 AGP Selena§trum 21 d 

4 1- 30 5 O.9a 1~.5 1.9 0.92 14 SRP-Uptake Microcystis 2 h 

5 0- 592 16 0.99 46.1 1.0 0.75 2 Sephadex Fract. Chlorella 96 h 

f 6 2-3000 6 0.99 542.2 -123.3 115.52 -23 Acetylene Reduction ànabaena 1-2 h 
• 

7 0- 90 49 0.87 12.1 -2.6 r.56 -21 32p-Uptake, uf Lake P1ankton 15 min 

a 0- 340 209 0.96 23.5 0.5 1,,02 2 32p-Uptake, uf Lake Plankton 15 min 

.9 0- 500 22 0.95 1.2 -0.2 0.08 17 AGP Scenedesmus 14-2H d 

10 414- 549 2 481.5 0 0 0 Sephadex Fract. none 

Il 0-1000 44 0.46 54.0 19.2 15.66 -36 AGP SelenasYum 14 d . ,-
r 

12 ,. 0.3- 5, 9 n.'s. 1.780 1.3 0.49 74 Rig1er-Bioassay Lake Piankton 1-2 h 

13 l- a 2~ n.a. 3.6 3.1 n.a. 87' Rig1er-Bioassay Lake Plankton 1-2 h 

14- 0- 11 13 n.s .' 2.7 1.6 0.76 58 Riq1er-Bioassay Lake Plankton 1-2 h 
-

" , 

~ 
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Table 4-4. SRP and BAP mean differences sorted by method of 

BAP ana1ysis. Synbo1s as in Table 3. Data from source (13) are 

not inc1uded since only ranges and means are avai1able. 
" 

---------------------.......----------------------------
Method n r SRP SRP-BAP % Source 

SE 

32p, uf 302 0.99 39.2 1.80 0.98 .5 1,7,8 

32p , f 181 0.73 7.2 3.2 0.51 44 2 

Sephadex frac. 18 1.00 94.5 0.87 0.67 1 5,10 

AGP 91 0.53 38.9 9.32 7.60 24 3,9,11 
1 

Rig1er assay 22 n.s. 2.3 1.46 0.49 64 12, (13) ,14 

Ace·tylene Red. 6 0.99 542.2 -123.3 115.52 -23 6 

---------------------------------------------------------------
unftltered 

fi1tered 

3.20 

283 

0.99 

0.97 

42.3 

28.9 

1.75 

2.45 

0.93 

3.51 

4 1,5,7,8,10 

8 2,3,4,6,9,11 

-------------------------~----------------------------r---------" 

.. 
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from 32p bioassays of fil tered wa ter were considerably less 

than SRP concentrations, while BAP estimates basep on 

acetylene reduction were, on average, greater than SRP 

measurernents. Sephadex fractionation an& 32p bioassays using . 
unfiltered water usually gave concentrations of BAP which were 

close to those of SRP. Part of the discrepency between SRP and 

BAP measured with either 32p bioassay may be associated with 

low SRP levels. At su ch levels, both SRP and BAP estimates are 

more variable (Fig. 4b), probably refl~cting both greater 

analyticai error and the more pronounced effects of 

contamination. Low SRP levels are not always poor estimators 

. of BAP concentrations sinee Sephadex fractionation show only 

small differences between SRP and BAP (perc~ntage difference = 
3%) at low concentrations (mean lSRP]::; 1.9, range 0.3-5.0 

pg/L, n=ll) 

SRP levels 

• and, over aIl, ,the rnean per cen ta~e diff erence at 
, . t 

bel~w 30 pg/L was only 1%. Further work may be 

req~ired to determine if the large percentage differences 

reported tlsing these 32p bioassays represent pecular i ties of 

given~akes or methodologieal shortcomings •. 

T~ circumvent the proolem of introducing unknown plankton . 
into the bioassay vessel, rnany research'ers filtered the water 

, 
to be tested before the bioassay. Filtration before analysis 

does not reveal,any difference in estimating BAP and might be 

unnecessary (Table 4). However, the percent-age difference of 

32p uptake bioassay with filtered water was greater than with 

unfil tered water. 

~ m~thQds: AIl the' SRP methods used in these stQdies 

were based on the molybdenum bl ue method wi th stannous 

90 



( 
ch10ride (Harvey 1948) or ascorbic acid CStrickland and 

Parsons 1972) as reductant. Althougp Sn C1 2 has been reported 

to yield slightly higher values than the ascorbic acid method, 

they differ not more than by 20% CStainton 1980, Tarapchak et 

al. 1982). Other factors can lead to deviation of apparent SRP 

concentrations: The presence of arsenate (Chamberlain and 

Shapiro 1969), calcium (Burnison 1983), high volume and high 

pressure filtration CTarapchak et al. 1982 a) and extended 

exposure-to acid and unclean conditions (Rig1er 1964). These 

effects on the published SRP data reported here cannot be 

evaluated, but they prQbably contribute to the scatter in the 

data, particularly at low SRP concentrations. 

H~~L ~y~: Close agreement between BAP and SR~ was 

found in most waters (Table 5), although SRP may overestimate 

BAP in groundwaters (Peters 1979) and in artificially enriched 

limnocorrals (Twinch and Breen 1982). These data are drawn , 

fLOm the work of single laboratories_and may confound other 
~ ------- ----~ 

differences in methods or sampling sites with effect of water 

type. It is aiso possible that aeration during sampling of 

groundwater induced phosphorus precipitation with iron and so 
J 

reduced BAP levels since work with cores in the same area 

(Narnberg unpublished) and general surveys (White et al. 1963) 

indicate that anoxie groundwater is often rich in ferrous 

" irone More~vidence is required to evaluate the ability of SRP 

t: 0 me as ure . B AP in art if ici a Il yen rie h e den cIo sur es. 

tJon~restimation of BAP by SRP in sewage effluents seems 

frequent, though the large standard error of the difference 
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Table 4-5. SRP and BAV mean differences sorted by the type of: 

water. Symbo1s as in Table 3, ext.: extract. References 12 to 

14 are not inc1uded. 

-----------------------------------------------------------------
Type n r SRP SRP-BAP % Source 

- - SE Xl x2 
--------------------------- ---------------
Bypo1imnion 51 0.99 144.4 Il.1 3.47 8 1,3,5 

Epi1imnion 98 0.99 12.1 0.4 0.51 3 1,2,3,4,5,6 

streams 283' 0.96 18.0 1.6 0.73 ~9 1,2,6,8 
. 

24 0.99 126.6 -29;1 29.17 -23 4,.6,9 Sewage 

Sediment, Soil' 4 0.99 284.5 -0.3 1.03 0 \ 3,10 

aluegreen-ext. 2 / ,- 33.0 5.5 17 3 

Precipitation 100 0.95 15.6 0.1 1.37 1 2,7,8 

Groundwater 6 n.s. 3.7 2.1 0.97 57 2 

Limnocorrals 35 0.64 64.3 26.1 19.55 41 Il 

-------------------------------------~------------~--------
" 

... 

~ 
l ,~ 

:. 
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sU9gest~ that it may not be significant. 

Althou9h no experimental verification was done,' the 

variation in predicting BAP from SRP in this data set seems to 
. 

originate from the different methods used by different authors 

as well as from different natural water types. SRP analysis 

does not result in pronounced overestimate of BAP, especially 

at concentrations less than 30 ug/L SRP in.lakes, strèams, 

precipitation" so11 amd sediment extractions. 
\ 

The stu~y 

suggests that most available phosphorus analyzes as SRP during 

the period of the BAP assay. Therefore SRP analysis can be 

used to estimate bioavailable pbosphorus over a range of three 

" ,orders of magt:litude in phosphorus concentration for oxic and 

anoxiè fréshwater of all types and presents a faster tool than 

bioassays. However, short-term BAP is substantially 

Qverestimated by SRP analysis in the' presence of freshly 

formed iron hydroxides. In these cases the short-term 

pioassay described here can be applied • 
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Chapter 5: 

Availability o~ Phosphorus Upwelling 
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... Abstract 

It is hypothesized that the biological'availability of .. 
phosphorus from anoxie, iron-rich hypolimnia after mixing with 

aerated surface water is high. Substantial accumulations of 

phosphorus are found in anoxie hypolimnetic water. This could 

affect the trophy of the lake surface water-( if the phosphorus 

is biolog"ically available after entrain'ment. Laboratory 

experiments revealed that the degree of availability depends , 
upon hypolimnetic iron concentrations, 1fdilution of the 

hypolimnetiç water with surface water and the vigor of'mixing. 

These results appear relevant to the internaI phosphorus load 
ft. 

of Lake Magog, Quebec. During stratification in that lake, 

slow thermocline erosion begins to fertilize the trophogenic 
, . 

zone with the upwelling phosphorus, as suggested by a' 

decreased N:P ratio, decreased rates of phosphate uptake, 

increased soluble reactive (SRP) and total phosphorus 

concentrations. At fall turnover, rapid thermocline erosion 

results in significant increases in SRP, particulate reactive 

phosphorus, biological par ticula te phosphor us and total 

phosphorus. The fall rnass balance of Lake' Magog indicates, 

that, despite high iron concentrations in the hypolimnion, at . 
.. 

most 30% ,of hypolimnetic phosphorus precipitated as an iron-

phosphorus ~ornplex, while 30% was incorporated into plankton 

and 30% stayed as SRP. Bioassays showed that 55-85% of the 

surface SRP is bioavailable. Laboratory studies suggest that, 

in lakes without ~ypolimnétic Iron and in iron-rich lakes 

where the hypolirnnetic water is greatly diluted, at least 90% 

of hypolimnetic SRP 'is available to the plankton. 
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Introduction 

High hypolimnetic phosphorus concentrations are common in 

lakes with anoxie bottom waters (Fig.1-1). In many cases, it 

has been demonstrated that phosphorus is released by the . 
sur~icia1 sediment under reduced conditions Ce.g. Mortimer 

1971 and Chapter 6). This internaI load contributes 

significantly to the phosphorus budget in lakes with anoxie 

hypolimnia. Phosphorus derived from the sediment stays in tbe 

tropholytic zone during most of the growing season, but can be 

gradually mixed into the epilimnion during thermocline erosion 

in 1ate summer and at turnover. the effect of th1S 

hypo1imnetic phosphorus on the epilimnetic phytoplankton is 

not clear: sorne argue that it is incorporated into plankt~n in 

the phosphorus-poor surface water (Stauffèr and Lee 1974; , , 

Kortmann et al. 1982), while others suggest that it combines 

with iron and precipitates (Einsele'1936; Hutchinson 1957). 
4-

This is an important distinction: If hypo1imnetica1ly derived 

phosphorus is available to the plankton it may indicate tha~ 

anoxie bot tom waters can significantly contribute to • 
~ . 

increasing lake trophy. Such iakes may prove resistartt to lake 

restoration. On the other hand, if hypolimnetic phosphorus is 
not avai1able to the plankton, such lakes sh'ould respond to 

standard pollution abatement. 

The purpose of this chapter i5 to determine the variables 

which control the bioavailability of phosphorus originating in 

" the anoxie hypolimnion wh en it is mixed into the aerated 
-

surface water. While phosphorus adsorption onto iron 
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hydroxi'des has been j,ntensively studied by soil- and 

geochemists (reviewed by Ff>rstner and Wittmann 1981), 11.ttle . 
work has been done with iron-rich water from natural 

hypolimnia. Einsele (936) discovered that 80-90% of the 

phosphorus precipitated from solution when iron-rich water 

from the anoxie hypolimnion. of Schleinsee was exposed to air 

for several weeks. Einsele (1938) and Tessenow (1974) found 

that dilution of precipitated iron phosphate compounds 

redissolves some of this phosphorus. Therefore, it appears 

possible that the availability of upwelling phosphorus depends 
fi 

on the degree of dilution of the anoxie water as weIl as on 

the. concent"ration of iron and oxygene 

This study uses several appro"aches to address the effect 

of upwelling hypolimnetic phosphorus on the trophogenic zone. 

First, laboratory "bf2aker exper iments" were used to quantify 

the pot e n t i aIe f f e c t '0 f a e rat ion, di 1 ut ion and i r 0 n 
" 

concentration on phosphorus availability in small scale 

experiments. The implications of these results for lakes were 

compared with observed changes in the mass of phosphorus in 

the hypolimnion and epilimnion during therrnocline erosion and 

fal1 turnover in Lake Magog, Quebec. F inally, l examined the 

availability of soluble reactive phosphorus (SRP) and iron 

bound pa'rticulate phosphorus (PRP) to determljte the potential 

effect of hypolimnetic phosphorus intrusions on tne trophic 

sta'tus of the sur-face waters. 

,",' 
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Materials and Methods 

Lakes ~ sampling: Both laboratory and field experiments 

concentrate on Lake Magog, Quebec (Table 1). Sorne experiments 

were also made with water from the iron-rich hypolimnion of 

Fitch Bay, Lake Memphremagog, Quebec and with water from core 

tubes containing anoxie sediment and water from Fitch Bay. 

The deepest station (t6 in Fig. 2-1) on Lake Magog was 

sampled week1y in the summer of 1981 and monthly in 1979 and 

1980. Temperature and oxygen concentrations were measured at 

1 m intervals. Water samples for chemica1 analysis were taken 

at severa1 depths: 0-3, 0-5 or 0-8 m with a tube sampler for 

the epil imnion and every 2 m of the hypo1 imnion (usually 10, 
, 

12, 14, 16 m) with a 2 liter Van Dorn samp1er. In order to 
'" 

characterize, the lake's phosphorus budget during fa1l turnover 

in 1981, subsurface samples were collected at three shallower 

stat~ons (#1 to 3 (Fig. 2-1) and' integrated epilimnetic and' 

discrete hyp6limnetic samples were taken at stations #4 to 8. 

AlI samples from anoxie hypolimnia were col1ected and handled 

50 as to avoid any co'n'tam ina ti on w i th oxygene AlI the 

chemical data for each depth were obtained from the same Van 

Dorn sample. 

For the mass balance of the different phosphorus 

fractions in fall 1981, phosphorus concentrations from· 

stations 5, 6 and 7, bathymetric information CLardner-Cornett 

1981>, and corrections for dilution and flushing (Quebec 

Mini5tere d'Environnement) were used to ca1culate the masses 

'of phosphorus in the anoxie and oxic water layers for eleven 
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~able 5-1. Sorne characteristics of Lake Magog •. 
'-

Surface area (A) · 10.8 kmZ · 
Maximum depth (zmax): 19.1 m 

M$an depth (z) · 9.8 m · 
Flushing rate ( e> · 16.7 yr-l · 
Water load (qs) .: 164 rn yr-l · 
Ext. TP load · 5.0-6.0 g m-2 · 
Spring TP (1980) : 43 mg rn -3 

from Janus and VQllenweider (1981) 

Ext.: external; TP: total phosphorus 

yr:-1 
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dates during fall turnover. From this information, potential 

increases of concentrations in the oxic layer were calculated 

and cornpared to observed changes. The 1 ID trànsition zone from 

oxygenated to anoxie hypolimnetic water had the highest 

phosphorus gradient and was not ineluded in the caleulation 

since inexact samp1ing depths could introduee large errors. 

~m~ .s.nalysis: Total phosphorus (TP) and total 

soluble phosphorus (TSP, <0.45 pm) were digested with 

potassium persulfate (Menzel and Corwin 1965) and 

color irnetr ically analysed for orthophospha te w i th molybdenum 

blue and ascorbie acid (Murphy and Riley 1962). When the 

sample came from the anoxie hypolimnion, soluble reactlve 

phosphorus (SRP). and total (i.e. unfiltered) reactive 

phosphorus (TRP, eorreeted for turbidity and color) were 

analysed under anoxie conditions, to prevent precipitation of ... 
phosphorus by iron (Chapter 3). The differenee between SRP and 

TRP represents PRP (particu1ate reaetive phosphorus, detection 

1imit: 1.0 pg 1-1 ). Four sets of observations suggest that 

-this fraction comprises mainly phosphorus bound to recently 

oxidized iron CirQn hydroxides): 

1) In iron-poor lakes Cless than 0.2 mg 1-1 , Chapter 3), 

aeration did not affect concentrations of soluble phosphoJ:'us 
~ 

(TSP or SRP) and the concentration of PRP stayed low. However 

PRP could be induced by adding ferrous iron in acidic solution 

and oxidizing it by simultaneous neutralization (Table 2). 

This treatment removed bath phosphorus and the added 

(soluble) iron from solution. 

, 100 
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Table 5-2. Induction of PRP (particulate reactive phoshorus) 

in naturally iron-freé, anoxie, hypoliml1e.tic water after 

aeration and. aft~r addi tion of 3.3 IDg/l soluble irone TFe; 

total iron, SFe: soluble iron, iron fraètions in mg/l, 

phosphorus fractions in pg/~ 

Lake 

TFe 

St. George <0.1 

Glen <0.1 

Glen <0.1 

Jack 0.4 

Aeration 

SRP PRP 

5 

3 

2 

37 

31 

32 

22 10 

,_ ~l 

Data from Table 3-2. 

Iron Addition 

SFe SRP PRP 

If 

3 39 

0.07 1 30 

0.07 l '35 , 2 30 

. 
o 

1 

, 
1 

1· 
1 

1 

) , , 

l 
1 .; 
, 
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2) In iron~rich water from the hypolimnion of Lake Magog 

and Fitch Bay, aeration increased PKP and decreased SRP by 

similar amounts (Table 3). Subsequent reduction by ascorbic . 
acid solubi11zed phosphorus again (experiment of Sept. 3, 

Table 3). 

Since both.hypolirnnetic Iron and phosphorus increased 

during anoxie stratification, the following observations also 

in die a t e t"h a t P R P con sis t s 0 f fer rie i r 0 n - p h 0 s ph 0 rus 
o 

particles. 

3) The concentration of PRP peaked at tbe anoxic/ oxic 

r in~erfaee in iron-rich Lake Magog and increased during the 

anoxie period (Fig. 1). 

4) The PRP concentra tion increase'd dur ing fali turnover 

in the surface water o~ Lake Magog. 1 

B1...o10gica1 particulate phospho,rus (BPP) is eOin,puted as 

the difference between total 'particulate phosphorus (TPP=TP-

TSP) and PRP (i.e. BPP=TPF-PRP). Thi~ seerns to/be appropriate, 

sinee Lak~ Magog water is very low in silt/and phosphorus ~ 

paratlcles other th an Iron ,or organisrns. 
çJ ",1 

The analysis for total and soluble Iron was done with àn 

atomic absorption r spectrophb'tometer. 

Bioassays: A short-term bi~assay (1/2 h) was used ta 

determine the fraction of SRP which is directly bioavailable 

and represents 'orthophosphate. This bioassay is based on thé 

slowing of 32p uptake kinetics by the addjtion of phospha~e 

and i5 d~scribed in det~il in Chapter 4. 

A different bioassay' was used to detérmine the fraction 
>. 

of SRP and PRP whieh becomes availabl~ after 50 - 100 h. In, 
(r 

~ . 
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Table 5-3. PRP formation in naturally iron-rich, anoxie waters 

upon aeration. The sol uble i ron fraction in Lake Magog 

depreased to 0.7 mg/liter. Symbols and ui'lits as in Table 2: 

Wate\ sourçe Control 

TFe SRP 
( /,' 

.li 

Magog" Aug.ll 3.3 557 

Magog, Aug.25 4.0 646 

,Magog, Sept.3 4.0 696 

Magog, sept.3· 

Core tube, Aug.lO 3.5 340 

Core tube, Sept.l' 3.3 439 

Core tube, Sept.l' 3.3 439 . 
1. 

* ' after reduction by ascorbic acid 

'aeration 

. .-
- ~~, ~~ ~.,~ 

.: ~' '..'i; -~ 
, :~: 

! ~,~ ....... ~ ~ .:'" 

~~:-~'~J 

1 ;. 

" , 

by diffusion 

. ' 
" 

only 

.\ 

Aeration 

PRP h SRP ,PRP ) 

-19 2 313 225 
~ 

41 5 193 468 

36 5 192 540 

747 -14 

116 1.5 62 392 

15 24 227 231 

15 40 60 397 
. ' 

<-
lt· 

1 
1 

.' 1 
1 , 

. i 
, ' 

t 

.. 1, 
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Fig. 5-1. ~wo depth profiles showiog the PRP (par~iculate 

reactive phosphorus) and oxygen concentration in Lake Magog 

1981. 
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p~i~ciple, this ~ethod ia similar to the tracer uptake assay, 

for it involves monitoring the response of phosphorus 11mited 

"assay-water", t'o the additions of phosphorus in a standard or 

in an unknown sample of test water. But here the disappearance 

of SRp'and PRP w i th tirne i s recor ded instea,d uptake of 32r and 

cornpared to the disappearance of orthophosphate from a 

standard of similar concentration. The water to be tested was 

diTuted four times with nassay-water" to approximate the 

dilution OI hypolimnetic water at fall turnover Ceight times 

in Lake Magog) more closely than did the tracer uptake 

experiments which involved a 100 fold dilution. For both 

assays, phosphorus-lirnited lake water from Lake La Truite, 

Quebec, served as assay water. 

Dilution ànd aeration ~Liments: Hypolimnetic water 

from Lake Magog was aerated and diluted in ,order to simulate ,. -. 

fall turnover. The rate of phosphorus precipi tation was 

determined as the average rate of formation of particulate 

phosphorus duririg the first 5 h of an experiment. At zero 

tirne, 0.1 ml tracer (32p) was added to 100 ml of anoxie 

hypolimnetic water or to a dilution of'this water with aerated~' 
, , 

water. Vigorous aeration was applied immediately after ,trace,r" 

add,ition. The formation of iron-phosphorus particles greater 

. -than 0.45 pm was ~ollowed by sequential filtration of 6 ml 

sUbsamples through 25 mm "Millipore" cellulose filters. Six to 

ten sllch filtrations were performed at increasing intervals up . 
to 8 h after tracer addition. The decrease of soluble 32p waa 
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moni tored by counti~g CeFenkov radiation in the fil trate. The 

counts were corrected for filter adsorption and expressed as a 

percentage of unfil tered <i.e. total> 32p counts, measured in 

duplicate. Most of the dilutions used distilled, deionized . , 

water; the precipitation rates wete comparable when filtered 

,pilimnetic lake water was used instead. 

Increasing dilution inhibited tracer precipitation. To 

determine if the precipitation could be reversed by subsequent 

dilution, concentrated and 50% diluted hypolimnetic water 

containing tracer was aerated as discribed above. After,5 h 

this water was diluted with different amounts of distilled 

water and the 32p left in SOlutfon recorded e!ght times during 

a period of 27 h. ) 

\.' l " .. j ,,"~I "''IrIol " .. , la" .. • ~ 

Results and Discussion , " 
SimY~âtiQD Qi fàll tY~nQYet in b~âk~~ Initial rate~ of 

phosphorus precipitation measured in these experiments 

decrease with dilution but are higher when vigorous aeration . 
is applied (Fig. 2). In late surnmer the hypolimnion of Lake 

Magog comprises 17% of the lake's total volume. ~f'turnover is 

instantaneous. and complete an initial precipitation rate 

between 0 and 5% h- 1 (depending upon the effectiveness of 

natural aeration) would be predicted from these simulation 

exper iments. As mentioned in .l>'lethods, precipi ta tion of 

phosphorus did not occur in hYPolimnetic lake water where the 

final iron concentrations was less than 0.2 mg 1-1, but ,could 

be induced by additiÇ>n of ferrous iron CTab. 2). The maximum 
'. 

surfa~e concentration of total iron observed in Lake Magog 
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Fig- S-2. The effect of dilution wi6th distille'd wàter on the· 

initial rate (Sh) of phosphorus precipitation in water f~om 

Fitéh Bay (open circlesr and Lake Magog (all other symbols) 

under vigorous aeration (open symbo1s) and on1y aeration by 

diffusion (N,n symbo1s). ,umbeis represent Iron concentratiopa 
- . 

(mg 1-1) of the undi1u~ed sample. The arrow indicates the 

hypo1imnetic dilution expect~d if turnover in Lake Magog ia 

in~tantaneous and complete. 
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during faii turnover was 0.26 mg 1-1 (Sept: 25.1981>. On the 

basis of the line'ar relation between precipitation rate and 

iron c,oncentration' (Chaptêr 3), this cor responds to a maximum 

initial precipitation rate of 1.8% of total phosphorus h-1• 

One would therefore expect increased PRP concentration irt the 

surface water of the Iake during turnover. 

Previously aera ted and precipi ta ted phosphorus was 

diluted with aerated water to determine if PRP dissolv~s upon 

dilution or if it is completely unavailable, once adsorbed to 

irone Fig. 3 shows that recently precipitated phosphorus 

re.dissolves when diluted. The degree of resolubilization 

depends on the extent of dilution (Fig. 3 b). It is apparently 

instantaneous, f or no inc rease in dissol ved tracer. was 
, 

"observed between 2 min and 27 h •. These experiments predict 

that at least recently formed PRP, which had accumulated at 

the anoxic/ oxic boundary layer in Lake Magog (Fig. 1), 

partially redissolves wh~"" it is distributed into surface 
';' 

water upon thermocline erosion. As only PRP concentration from 

the anoxic/ oxic interface are high enough to be involved in 
1 

Lake P.lagog <Fig. 1) this mechanism is, here not very important. 

My chemical experiments are bomparable to Tessenow's 

(1974) studies on anoxic water from meromictic Ursee. In that 

case, aeration precipitated 86% of the soluble phosphorus 

wi~hin 3 h or 29%/h. After 20 h, only 1% of the initial SRP 

• (3500 p9,1-1) and only 0.5% of the initial dissolved iron 

(21.3 mg 1-1) remained. Though the ini fiaI çoncentration,s of 

soluble phosphorus and iron were ten times, those found in Lake 
) 

\ 
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Fig. 5-3. A} Precipitation of radioactive orthophosphate added 

to anoxie hypo1imnetic water from' Lake Magog on aeration by 

either diffusion (Sept. 5) or vigorous aeration (Aug~' 17). The 

1ake water of Aug. 17 had been di1ut~d with an equal volume of 

disti11ed water prior to the experiment. 

B) Redisso1ution of the se precipitates on dilution of 

these waters after 5 and 8 h aeration with !3isti11ed water. 

" .. 

) 

/' 

'. 
o 

,-, 



i , 
i· 

,.,... 
~ 
~ 

·c 
0 .-.... 
:::J -0 
0 

c .-
0-

N 
CV) 

l' 

100 

90 

80 

70 

60 

50 

90 

80 

70 

60 

" 

50 

~ 

32,p Time after addition of (hour), 

0 1 2 3 4 5 8 

t.:--. 
~ -----. A, 

'& ~ '\ ... 
~~ '. .. 

• Sept.5 

... Aug. 11 t--.t. 

B. 

l~' 
t-

:-t----t 

• 
"\ 

". -
100 75 50 25 0 

Rèdiluted proportion of hYPolirnnetic water, 
. (%) 

. ' 

. " 



-

\.J 

f 

C) 

, ' 

Magog, the precipi tation rates are comparable (Fig. 2). 

Tess~now (1974) also found that the solubility of phosphorus 

in~reases with dilution~ This trend is comparable to 

Einsele 1 s (938) and my resul ts CF ig. 3 b). 

These 'experiments yield a maximum estimate of 

precipitation rates sinee they are based on artificial 

aeration and since plankton had no opportunity to eompete with 

the precipitation reaction for available phosphorus. N~rnber9 

and Peters C1984a: Chapter 7) found that at 'total ,phosphorus 

concentrations above 100 pg 1-1 , SRP is at least 80% of 

hypolimneticr total phosphorus and that at dilutions of ten 

times or more 90% of SRP is biologically available (Chapter 

4>' From these results, l predict that at least 72% (0.9 * 
80%) of hypolirnnetic TP can be ta~en up by phosphorus 

deficient phytoplankto~, when relatively small amounts af 
. 

hypolimnetic' water intrude into the epilimnion. If these 

intrusions happen frequently during stratification, phosphorus 

limitation ought ta decline and the lake might becorne,nitrogen 

limited. 

llYl2Q~imn~.t.iç l?hQ..§.ghQ..t:..l.l~ intL.Y§.i.2n g.Y...t:.ing !iym mj!..t:. 

Gtratification: Several observations suggest that the surface 

water in Lake Magog is fertilized by hypalîrnnetic phosphorus 

during sumrner stratification. 

1) In three successive summers, bath the surface and 

hypolimnetic concentrations of total phosphorus increased over 

the summer, long before complete turnover in the fal1 (Fig-

4). This provi~es only' c~rcum~tantial evidence for internaI 
.-

phosphorus load to the surface wOatet because one must assume 

III 
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Fig. 5-4. Changes in total phosphorus CTP) concentration in 

the surface and hypo1imnion and in 32p uptake rate (rate 

constant k) of Lake Magog surface water. Wh en k approaches 

zero, ·it is un1ikely that the plankton are phosphoJ;"us ll.mited. 
< 

The period of hypolimnetic anoxia is indicated for the years 

1979 and 1981. 

Il 

o 

. ' 
~\- .... - • . , 

" 
, ' 

,', 

{ ) 
, # 

" ' 

~ 
J 

J 

1 
1 
~ 
• , 
j 
l 
î 
j 

. 

! 
Q i 

p 

/ ' 
i 

'. 1 



1 
1 

1 

i 
1 

1 
; 

j 

t 
t 
l 
> 

" J-.. ,. .... -'~ ,... - __ '''~~ ~ ......... ~ • ~ 

( } .15 m 
c 16 m 

600 

- 0 ........ -, ........ l ". t» 
::L 

/ -, '" 400 .,.. 

1 Q. .... 
200 • 

1 
J • 

0.02 0-6 m .... , 
le 

,::t: .-
E 0 ... -- • , 

,1 

. " l~ 100 .---t 

90 

'" - 'SO " on 
3- ~ 

70 

a.. 60 • ,t- l, 
50 <Jb 

l' 
40 ~ 

. , · p.' 

'J J' A S 0" 

/ - , 
(, : ) 

· .., .. 'L , .. \~ 

• 1 ~.". , .~ 

" -

f, 

-/~ 1 

0, 

. 0 . /' • 

0 

, 1 
<t cl' 

• 1 
0 

'" d 
'" 

.-- .~. 

• 0 

-\ 
• . 

p' ~ f ~ 

M J J' A SM J J A S 0 



, 

, that the ~ncrease does not refl~ct an increasing externa1 load 

over the summ~r. 

, 0 2 ) S 1 0 w u pet a k e ~ 0 f 3 2 P -'PO 4 ( Fig. 4), in cre a sin 9 S RP 

concentration (from less than 1 in.May 1981 to 2-6 pg 1-1 in 

midsummer), and decreasing N:P'ratios (from 16 in Ju1y 1982 to 

7-8. in September; J. Ka1ff personal communication) aIl 

indicate a reduction in the phosphorus deficiency of the 

surface water in 1ate' summ~r. Since the thermocline is eroding 

at tpis,time, it can De 'hypothesized that this reduction 

refrects the intrusion of phosphorus rich hypolimnetic water. 

3) The, rate of phosphorus ~oading from the hypolimnion 

was calcul~ted from the mean eddy diffusion coefficient for 

summer 197~ and 1980 (0.0965 m2 d-l , Lardner-Cornett 1981) and 

the total phosphorus concentr~tions measured (1981) at th~' 
thermocline. As estimated from ni ne phosphorus and 'temperature 

profil~s, the averaQe vertical transport to the traphogenic' 

zone is 4.1 mg m- 2 d-1 (~E:' ±0.63) and represents 32 % of the 
, 0 

gross inteli"nal load estimated ~;:-om phosphorus accumulated in 
, , ' 

the hypo1imnion during the ân~xic'period (13.5 mg ~-2 a-l, 

'. Chapter 6) ~ Because this vertical -transport was ca1culated 
, 0 \ • 

,.,,-- from eddy diffusion coefficients for different y.ears and ls 

very sensitive to the exact depth interval used, the value 

should be taken as an -order of magnitude estimate. Since this 

hypo1imnetic intrusion Is diluted more than ten time~, 

probably most is available arid ls either incorporated by 

,:"plankton or accumulates as epilimnebic SR"!>. 

, Sorn~ recent studies determined the eddy diffusivity of 
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hypolimnetic water during summer stratification in different 

lakes. In Rotsee (Bloesch et al. 1977) and Greifensee (Imbod~n 

and Emerson' 1978), eddy diffusivities of 33 and ca. 20 mg m-2 

d-1 phosphorus respectively have been determined. The latter 

represents 50-100 % of the annual gross internaI load (Imboden 

and Emer son 197 8). Thi s is more than in Lake Magog < ca. 4 mg 

m- 2 d-1 and 30% of )ross internaI load) and suggests a less 

rigid strati;fication or higher phosphorus gradients in these 

,akes. In Dagowsee (Mothes 1980) and in shailow AIde~fen Broad 

(Osborne and Phillips 1978), eddy diffusion .provided 50% an,d 

37% r~s.pective1y of gross internaI load to the surface, waters. 

Qpwel1ing phosphorus li. .f.a.ll turnoy~~: A detailed budget 
,{,,: 

of different phosphorus fractions was made in order to follow 

the fate of hypolimnetic phosphorus mixed into the surface 

water. The elongated shape of the Iake permitb comparison of 

numerous sample si tes uP!3tream and downstream o~' the deep 

hypolimnion and differences in the spatial concentration 

gra,dients present circumstantial evidence fàr hypoll.mnetic' 

phosphorus l-oadiqg as -weIl. 

At faii turnover, TP, SR~, and iron-bound particuiate 
. . 

reactive phosphor,us (PRP) increa'sed significantly in the 

surface water (Fig. 5). Biologically bound particulate 

phosphorus also increased significantly. Th~e' phosphorus mass 

of each fraction lost from the hypolimnion during thermocllne 
1 . 

erosion wa~ compared to this observed increase in the enlarged 

ep~limnion for Il over1apping interva1s, each starting on Aug. 

25. The values were corrected for f1ushing ~ince the lake's 

,~.flushing rate is high <16.7 yr- l ). If a large amount of 
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Fig. 5-5. Surface concentrations at fall turnover 1~8l. At'TP, 

B; PRP, C: SRP. Predicted values, cal~ulated by assum1ng that 

aIl' phosphorus in the eroded hypolimnion 1a conserv~d in tQe 

expand.,ed epilimnion, are based on the mean (triangle) ~of 

profiles of station 5, 6 and 7~ When these profiles differ 
- . 

significantly (circled triangle) . the range. for concentrations 
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phos~horus precipi ta ted to ~he. sediment, the observed total 

phosphbrus concentration in the epilimnion would be 

significantl~ l~wer than that calculated. Fig~ Sa shows that, 
. . 

at the beginning of·the 1981 fa1l turnover, the observed TP 

concentration tended to be 10wer than calculated suggesti~g 

phosphorus PFecipitation; a~ the end, however, there was no 

significant difference. The observed PRP concentré;ltion <15: p9 

1-1 , Fig. Sb) significant1y exceeded that predicted by 

hypolimnetic erosion (ca. 8 rg 1-1) in the second half of fall 

turnover. The observed SRP concentration. is lower than 

il- expect~d from a simple mass balançe (Fig. Sc). These resul"ts 

suggest that so~e SRP was converted to PRF by adsorption onto 

or coprecipitation with iron. Sorne of thls PRP could then have" 

settled out from the surface water. 

l cal~uiated budgets fo~ the whole turnover and the 

first half separately (Table 4) since calculated and observed 

concentrations seern to differ in these periods. It appears 

that 3"3-38% of ~he upwelling phosphorus .rernains as SRP, and 

30-37%.becomes incorporated ~nto biomass (BPP). The remaining 

phosphorua (2S-37%) combines' w i th iron te> form the p~p 

fraction if the whole period is considered (30%). Half the PRP 

'for~ed in the first half of the per iod is lost from, the open 
t} 

water, but this amount is insignificant over the whole 

.turnover periode Ooly one third of the hypolimnetic total 

phosphotus combines with iron in Lake Magog; this irnplies that 

two thirds sbould be available. My beaker experiments showed 

that 72% of hypolimnetic total phosphorus could b,e 

. ' 
118 



, 

f'I 

) 

, . 

, ( 

P$edicted (pred) and observed (obs) increases' in 

concentrations Cp9 1-1) and proport ... ions of expected increase " 

in surface TP, if'a11 hypo1imnetic TP would have intruded into 

the surface water (%, in'parantheses) are shown. 

Period , TP SRP PRP . BPP 

Aug.25- pred 30 ( 100) 26 ( 87) 3 (10) 1 (3) 
., 

Sept.23 'obs 25 ( 83) 10 (33) 5 (17) Il (37) 

Aug.25- pred 40 ( 100) 35 ( 88) 5 (12) 0 (0) 

Oct.2 obs 39 (98») 15 (38) 12 (30) 12* (30) 

* dete'Î-,rnined by difference: BPP=TP-SRP-PRP 

'. 
, , 

o .' . ' 
. . 
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biologically available at large dilutions. This agreement 

suggests that in situ dilution i8 sufticient and iron 

concentration is low enough to prevent major precipitation. , 
The major external phosphorus input to Lake Magog is the 

/ Magog River ~t the south west corner of the lakè. Before and 

at the start of fa11 i turnover, the concentration of TF and SRP 

in the river were frequently higher than/ in the lake, tho~gh 

the PRP fraction was a1ways sitnflar or lower when measured' 

(Fig. 6, Stn. l, Aug.27, Sept; 12, Sept. 18)., In the same 

period the TP and SRP concentrations de.creased with distance 

from the inf10w a10ng the length axis of La~e Magog. Once 

rapid thermoc1ine' erosion' had commenced (on Sept. 25), this . 
concentration gradient reversed and the higher TP, SRP ànd 

a180 PRP,concentrations appeared at the downstream stations 
, 

(~ig. 6, Sept.25, Sept. 30, Oct. 8). SRP and PRP increased 

relative to TP at fal1 turnover. The proportion of SRP 
\ 

~creased from 0.12 to 0.25 of TP and the PRP proportion 

increased from 0.10 to 0.17. The o~served increase in PRP and 

SRP concentrations and the mass balance imply that the' 

increase in surface phosphorus originated from upwelling , 

hypolirnnetic water. 

Several in s~tu studies can be compared to these 

investigations: In sc~leinsee, Einsele (1936, 1938) found that 

25% of the SRP in the hypolimnion before turnover reached the 

surface water and remained there for one week. This lake had 

phosphorus and iron concentrations similar to those in the 

anoxic hypolimnion as Lake Magog. l found th,at, during fall 
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Fig. 5-6. Spatial distribution of surface TP, SRP and PRP 

concentrations (curves) and tlte, depth of the anoxie 
\. 

~ hYPo1imnion (bar) du~ing, fa11 turnover 1981. Stations sa me as 
1 

in map of ,Fig .. 2-1. 
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() 
turnover 1981, an average of 40% of hypolimnetic SRP reached 

the surface water of Lake Magog and did not precipitate for at 

least the on~ week ,studied. The obser:ved Qecrease of aIl the 

phosphorus fractions immediately after turnover Clast date on 

Fig- 5), was caused by high flushing. 

In Linsely Pond, Hutchinson (1941> detected high levels 

of -acid soluble seston phosphate" after the iron rich, anoxic,~ 

, 
hypolimnion - mixed w i th the surface water. This fraction 

represents the diffe~ence between SRP and "unfi1tered·so1uble 

phosphate" (i.e. TRP) and is similar to the PRP fraction 

represented here. Hutchinson suggested it was ferric 

phosphate which may even.tua,11y be used by phytoplankton •. 

Bioayailab;j.lity .Qf Lake ,Magog 12hospbQrys during .fall 

~~LnQY~L: The concentration of biologica1ly available 

phosphorus in the fa11 ·ClO-ll pg 1-1 ' was significantly higher 

tharr the average concentration of SRP during the midsurnmer 

stratified period (approx. 5 pg 1-1 ). The 'Short-terit\ 
. 

tracer 
o 

bioassay of epilimnetic water sam'pled on Sept. 30 indicated 

that BAP Cbiological available phosphorus) represents 55% of 

SRP (18.2 pg 1-1 SRP) and 30% of TRP (35 }lg 1-1 TRP) or 6% of 

PRP. 

The ,longer ter rn bioa ssay was car r'i e'd out tw i ce, . 
independent1ylCFig. 7)w, B~th SRP qnd PRP from the surface 

p 
water of Lake Magog disappear less rapidly from solution than 

an orthophosphate standard. In the experim~nt of Sept. 30., 

net SRP and PRP uptake ceased w ithin 50 hi by this time, SRP 

concentrations had declined to 15% and PRP to 80% of ini tial . ~ 

values. In the experiment of Sept. 25, a similar change in SRP 
t} 
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Fig. 5-7. Long-te.rrn b1~assays ba~ed ,on upta~e of SRP and ,PRP 

with surfac;e'w~ter from Lake Magog on Sept. 30 {,bp~~ symbols} 

and Sept. 25 (closed symbols). 
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was observed after 90 h but 10% more PRP was removed. 

The long-term bioassays indicate that phosphorus l1mited 

algae take up more SRP and PRP than would be suggested" by a 

short-term bioassaY. The data are variable, but it appears 

that 55-85% of the SRP was available, even in the presence of 

recently aerated iron, while only 20-40 % of PRP was available 
• J 

'after a longer incubation time. This also suggests that, in 

"the aeration experi~nts described 'above, .. ~h'e 1abelled 

particulate fraction Cprecipltated phosphorus) is less and 

more slowly available, while the soluble fraction is largely 

a~able. " 

Sorne .studies by other authors also ipdicate that 

upw~11ing hypolimnetic phosphoru~ can be avai1able to 
~ 

phytoplankton. In iron-"rich Lake Waramaug, Connecticut, 

Kortmann et al. (1982) related algal blooms to thermocline 

erosion: a fall bloom fo1lowed within ten days of the 
. 

intrusion of enough hypolimnetic phosphorus, to provide 25% of 
, 

t?e annual external load. In iron rich Frains Lake, Mich1gan, 

LaZerte (1980) observed a fall bloom of the diatorn: 

àsteriQoella formosg after the nutrient rich hypollmnion mixed 

with surface water. Stauffer and Lee Cl974) .recorded elevated 

chlorophyll copcentrations in response to phosphorus from the 

iron-poor hypolimnion of Lake Madison, Wisconsin. In Lake 

shagawa, continuous intrusion of phosphorus from the anoxic 
, 

irpn-rich hypolimnion prevented chlorophyll concentrations 

from declining though the external phosphorus load had been 

drastically r~duced (Larsen et al. 1979). 
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InternaI ~ Anà ~ effect 2n Ayerage ~ concentration: 

., Hypolimnetic phosphorus doubles the phosphorus concentration 

.in the surface water of Lak'e Magog after complgte 

destratification. But any phosphorus load to this lake, 
i" 

external as weIl ~s internaI, will hâve only a modest effect 

on the annual average TP concentratidh because Lake Magog has 
, 0 

~ a very high flushing rat~ ( 17 yr-~) and hlgh areal water Ioad 

(lS2 m yr- l ) compared to other Iakes (mean water load i8 Iess­

than 20 m yr- 1 , Chapter 6). To caiculate the etfect of . , . 
internaI phosphorus Ioad on the annua1 mean total phosphorus 

con~ntration of Lake Magog, internaI load vas' assesBed from" 
, 

the phosphorus mass in the hypolimnioQ just before major 

destratificâtion began on Sept. 15. 1981 as 486 mg m- 2 per 

summer. The effect of summer internaI load (Lint) on~e 
average TP concentration was calculated 'according to tne 

modified Dillon and Rigler (1974). mass ba.lance equation -

(Chapter 6): .' 

w:here Lext is externai P load, in mg m- 2 yr-1 ; qs is areal 

water load, in m yr-li Rpred i5 phosphorus retention~ 
.", 

predicted for oxic lakes (Chapter 6). The increase of 'l'P, 

wOich was due to the internaI load during summer was 

calculated" as: 

. 
TP == Lint/ qs = 3.2 ug 1-1 summmer- i 

125 
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Lake Magog is anoxie and has high hypolimnetic phosphorus 
o • 

concentration in the wihter period, too (Gauthier 1978). This 

'. su'ggests that the annual load of hypolimnetic phosphorus might 

be twice as large and increase mean TP concentration by 6.4 pg 

1-1 • Even this internaI ioad (0.49 9 m- 2yr- l ) is barely one 

te n th 0 f ex ter na l 10 ad ( 5 - 6 9 m - 2 Y r -1). 1 nIa k e s w i th 
\ 

nutrient abatement, external load is usually less than 1 9 m-2 

yr- l and this inter~alload wou1d then have a larger effect on 

the averAge and spri~g total phosphorus concentration. 

Conclusion 

Tbe f0110wing resui ts were obtained from dilution and 

aeration experiments: pr,ecipitation or adsorption of 

hypolimnetic phosphorus by oxygenated iron occurs, but is 

counteracteq by dilution. When dilution is higher th~n 10 

times e.g. dur ing slow thermocline erosion in the summer, a t 

mo~t 4 %/h precipi tates due to ehemieal adsorpt ion CF ig. 2), 
7 ~ 

but at least 72% of total phosphorus rernains bioavailable. 

These experimental, results are supported by the case study on 

Lake Magog. In Lake Magog, increasing fertilization during 
, 

thermocline erosion was observed, for phosphorus uptake 

kineties and N:P ratios decreased and the surface 

concentration of SRP increased. During the more rapid mixing 

at fall turnover, 68% of upwelling hypolimnetic total 

phosphorus was either incorporated into biomass or stayed 

potentially available as SRP~ 

Sinee th\ simulation expe~iments agree with the field 
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studiès on anoxie Lake Magog, the results probably also apply 

. to other iron-rieh anoxie lakes'. During thei:moc~ine erosion, 

the dilution of hypolimnetie into epilimnetic water can be 

very high in lakes. Even in rapid, complete, fall turnover, 

dilution must be similar to the ratio of epilimnetic ta 

hypolimnetie volume. These ratios are often above 10:1 and sa 
'" 

could allow fertilization of the trophogenic zone in. la~es 

with phosphorus rich, anoxie hypolimnia, ev en wh en iron levels 

are high. 
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Abstraet 

Lakes w~th, anoxie hypolimnia (-anoxie lakes") have 
, 

signifieantly lower values'fo~ phosphorus retention than do 
19 

lakes wit;;h aerobic hypolimnia ("oxic lakes"). This difference 

May ~eflect an increased internaI phosphorus load from the 

aliox'ie hYPolimnia. 

'l'hi.s study develops two models to prediet internaI 
J ~ -4 

phosphorus load CLint)_in sU~lakes. The firet model prediets 
. ) 

internaI load as the differenee between the observed 
1 

phosphorus retention in anoxie lakes and that predieted 
~ 

(Rpred) by a formula which adequa~IY describes phosphorus 

retention" in oxic lakes. The seconj model predicts internaI 

load as the product 'of an average rate of phosphorus release 
/ 

/ 

from anoxie sediments, the surface area of the anoxie sediment 

and the period of anoxia. Predictions of the first model 

compare f,avourably with 17 observed values of internaI load 

but further dat~ are required to test the second model. These 

models suggest that mean total$phosphorus concentration (TP) . ' 

in anoxie lakes May be.predicted in two ways. One can US& 
o 

whole lake phosphorus bu~get models which implicitly 

incorpora te internaI phosphorus loa~, because they employa 

measurement of phosphorus retention. Al ternatively, a term to 

account for the internaI load can be added to current models 

~ based on external load (Lext)./..-and---l;:>redicted retention (Rpred):., 
. 7 '-

where qs is areal water load (m yr-l ). 
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Introduction 

Mass balance mbdels have been widely used to predict the 

concentration of pho'sphorus, the major limiting nutrient, in 

1a,kes. In these modela (e.g. V011enweider, 1969; Sch1ndler and 

Nighswander 1910; Dillon and Rigler 1914) the mean tota~ 
\ 

phospborus concentration, is calcu1ated as the incoming 
. 

phbsphorus mass divider by the annua1 water load a~Q 
\ ' 

9iminished by a retention term which represents the proportion-

of incoming phosphorus apparent1y ,~ost to the sediments. 

Phosphorus retention can be determined from annual 

nutrient budgets - the mass of phosphorus entering and leaving 

the lake (Dillon and Rig1er 1974)' - or predicted from the 

1akes' morphometric an-a hydrologica1 characteristic.s. These 

models predict that retention lies between 0.0 and 1.0 in aIl 

1akes (e.g. Dillon and Kirchner 1975; Larsen and Mercier 

1916). Lakes having ~'noxic bottom' water for a- significant 
/ 0 1 

period show consistently low and sometimes negative retention 

(e.g. Bengtsson 1978; Larsen et al. 1981). Negative retention 

indicates phosphorus input from sorne source not considered in 

the mass balance. 

Sonzogni (1974) and Sonzogni et al. (1979) used a 

"phosphorus residence time model"' to predict phosphorus 

concentration after sewage diversion. Of six 1akes, four 

showed higher ph9sphorus concentration than the mode1 

predicted. AlI the out1iers had anoxie hypo1~mnia (Lake 

Mendota, Lake Sammamish, Shagawa Lake, Lake Waubesa). 

Subsequently Lorenzen et al. (1976) tried ta predict 
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phosphorus concentration in anoxie Lake Sammamish by 

introducing an internaI phospho~us lOad~ng-=e~' into this 

·phosphorus resiaen~e time modela. This term must be estimated 

separately for each lake and requires elaborate measurements. 

For example, that model requires eàtimates of volume of the 

sediment which can release phosphorus, and the phosphorus 

concentration of the sediment. An equally complieated model, 

developed for anoxie White Lake, Michigan, involves more than -e; ., 
seven estimated parameters (Lung et al. 1976). These modela 

of " 

are far more complex than those used in oxie lakes and there 

seems to be a need for simple models of anox ie la.kes. 
v 

In this chapter, 1 investigate ·t~e deviant behaVijr of 

phosphorus in lakes with mar edly anoxie hypolimnia using 
, 
published data for have- high external 

phosphorus inputs. such anoxie lakes behave' 

differently beeause thei r sediments release an internaI load 

·of phosphorus. The specifie hypotheses examined here, are: 

1. Models whieh describe phosphorus retention for ox~e lakes 

overestimate retention in anoxie lakes. 

2. The deviation of observed from predicted retention can be 

used bo predict internaI phosphorus load. 

3. Phosphorus model~"'can be built whieh apply to anoxie Iakes. 

l\..ut these must either be based on measured retention or be 

corrected for internaI load. 

A method to compute internaI phosphorus Ioad from release 

rate estimates and known period and area of anoxia will also 

be presented. 

The first hypothesis will be tested by comparison of 
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phosphor~s retentions predicted by.models vhich apply to oxic 

1 

lakeS w!th'those measured ,in two classes of"anoxic lakes: 

lakes be1ieved to be in steady-state and lakes fOllowing 

nutrient ~iversion. To test th~ second hypothesis, internal 

loads are calcu1ated fr.om differences between the observed and 

predicted retentions and these estimates are compared to 
, 

independent estimates of internaI loads wheçe such estimates 

are available. Fi«ally, the performance o~ different 
li 

phoaphorus· budget modela ia evaluated for anoxie lakea and a 

formula to predict total pQosphorus in anoxie lakes is, 

derived. 

Data Base" 

To obt~in data whieh ideally differ only in the variabld 

to be, investigated, the oxygen concentration of the 

hypolimnion, this survey was restricted to natural lakes' thât 

were definitely thermally stratified at l~ast during summer 

and in which the hypolimnia could be clearly classed as oxic 

or anoxie. In this analysi$t anoxic lakes are considered to be ' 

those that had an oxygen concentration of less than 0.5 mg 1-1 

in the hypolimnion for at le~st 2 weeks but for no longer than 

7 months. 

Approximately half of the data were compiled by Reckhow 

(1977); the other half was collected from the literature. Only 

data from North America and Europe were sufficiently complete 

for my pu~poses. 

Three different data sets were established from these 
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data. The lakes' charàcteristics are listed in Tabl'es 1 a, b, 
l' 

c; grbup averages and the geographical distribution of th~ 

lakes are given in Table 2. The first set consists Df 54 

different oxic lakes, t~e second includes 33 differe,~t anoxie 

lakes "in .steady-state", meaning th~t no major disturbance of 

the lakets phosphorus status was reported; lakes w1th mark~dly 

i~creased rates of ferti1ization or which had been recently 

restored wer~ not included. The third set consists of data for 
. 

two to tell' years from seven lakes (35 anoxie "lake-years·) 

~ollowing sewage diversion. These lakes are not in steady­

state, for both the concen:tration and retention of phosphorus 

changed. rapidlY. Althoug'h thes-e lakes now have a~ external 

phosphorus load comparable to that of the oxic lakes (Table 
L J 

2) , they had previously been e..utrophied by anthropogenic 

phophorus input. For 17 of these lake-years, i·nterna1 load can, 

be estimated from the measured increase in the mass of 

hypolimnetic phosphorus during anoxia. Because only seven 
• , - 1 • 

1 

lake~ are considered, the 35 lake-years do not represent . . 

independent obse~vations; this rnay compromise the statlstical 

analysis because the lakes must be treated as indepenpent to 
\ 

rnake analysis possible. The trends discussed below also appear 

in the rnean values fqr the seven lakes, but statistical 

signifieance is reduced. Because the two anoxie groups differ 

substant~ally from oxie lakes in mean depth, water residenee 

time and - for the anoxie set after nutrient diversion - water 

load (Table 2; see also Reckhow 1977), oxiG lakes were divided 

into subgroups that have values more c~mparable to those of 

the anoxie sets. T~ese standardized subsets permit eomparison 
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Tabl.e 6-1~ Lake eharacter iaties of three lake groups as 

eolleeted from literature and values of modeled internaI load 

CLintNt Eq.3, mg m-2 yr-l ). z: mean depth Cm); tau: water 

detention time Cyr-l ); qs: anual' water,load (m yr- l ); Robs: 

measured retention determined from mass balance studies (Pin-

Pout) / Pin; RN: predicted retention according to Eq. 2; Lext 

and Lint: external and measured internaI load (mg m-2 yr-l ); 
~ 

n.a.: data not available. 

. a) Oxie lakes b) Anoxie lakes e) Anoxie lake-years after 

sew~ge diversion. 
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120. 0.58 0.68 

39.01 15.00 2.60 120. 0.60 0.73 

511.50 8.60 6.311 550. 0.51 0.62 

88.10 33.70 2.63 230. 0.7~ '0.73 

111.9/f 15,,60 0.96 30~ 0,67 0.79 

Lint.. Lake 

12. Lons 

15. Call1Pldaisua 

58. CaJUP 

22. [eua 

-3. Bonelca 

Il. Rlsglna 

'9.00 8.60 5.70 160. 0:73 0.63 -J6. Aegeria .. 
1 

111.00 2.20 6.36 300. 0.69 0.62 -22. Turl."'" 

~OO.oo 3.80 26.32 1110. 0.'6 0.3/f 198. Boden:se.,-unt.er 

50.00 Il.90 10.20 1320. 0.75 0.53 -288. Zuerlcbaee,-ober 

116.00 17.50 2.63 170. 0.88 0.73 -118. Selllp&cbersee 

89.00 7.90 11.27 680. 0.59 0.51 -53. Ont.ario 

811.00 31.00 2.71 100. 0.83 0.72 -11. H1chlpu 

59.00 118.00 1.23 70. 0.93 0.78 -11. Huron 

75.30 57.60 1.31 390. 0.90 0.78 -118. Okana~ 

26.50 1.11 23.87 2200. 0.3\ 0.36 

32.90 3.30 9.97 1160. 0.55 0.511 -6. Washlns;t.on 

'.30. 3.32 2.80 100. O.SII 0.72 -12. /Four Hil. 

18~00 2.99 6.02 158. 0.13 0.62 -17. Bob 

t8.10 0.117 38.51 332. 0.37 0.27 -35. 12 H1Î# Boshkuns 

27.20 1.11 211.50 205. 0.53 0.35 -36. Halls 

9.80 0.05 196.00 1520. 0.06 0.07 15. Beech 

11.60 0.111 82.86 832. 0.32 0.15 -143. Maple 

10.110' 

\.30 

30.80 

1.20 8.61 140. 0.50 0.56 
, 

0.07 61.lf3 510. 0.19 0.19 

5.110 5.70 80. 0.57 0.63 

16.80 3.2,0 5.25 120. 0.63 0.65 

12.80 0.52 211.62 230. 0.32 0.35 

1 

9. Long 

-~ Bar of Nalf!.; 

5. Sebago 

2. Charlevoix 

7. Eagle 1. 

Souroe 

Reokhov 1977 
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11.70 ,3.,13 5.65' 120. 0.72 0.63 -)0. Oblonc 

• S8.oo 7~.30 0.81 320. 0.95 0.80 -". 1:ala_1Jca 

.' . 
177.00 

,12.50 '7.'0 1.58' '0. 0.73 0.77 

10~ 70 '-.10 2.2B 62., 0.72 0.7-

11.~' 20.00 0.5B 
, . 

5.70 1.06.,. ~.3B 

~.~O 0.06 93.33 

8.'0 ' 0.85 9.88 

111. 0.92 0.81 

89. 0.'" 0.6_ 

9.9. 0: 16 0.13 

18A1. 0.111 0."5'_ 

7.30 0.1l3 16,98 221. 0.28 0.'3 

1. Cleu 

-5. roumi 

21. Breval" 

-2". Clarke 
& 

13. Costello 

33. rearDe7 

89. 0.69 0.68 -1. Littl. MQCauley 
. 

3.70 0.12 30.83 600. 0.31 0.31 

16.110 3.03 S.1I1 

".30 2.78 5.H 

1.28 

80. 0.116 0.6_ 

90. 0.11' 0.65 

70. 0.7' 0.78 

,lA1.9/i 15.58 0.96 030. 0.10 0.79' 

AlS.10 3.20 111.28 "290. 0.117 0./i6 

13.11 Il.11 3.19 120. 0.17 0.71 

13.50 0.62 '21.11 360. 0.3' 0.38 

1.5Q 0.18 8.33 110. 0.20 0.57 

-2. Kattawamlceas 

111. Hoose Head 

". Ranply 

3. Cry.tal 

3. Higpna 

-7. HcDonald 

13. Pl.thead 

Ill. Fallon Lear 

".10 0.38 37.11 520. 0.01 0.27 136. Moon 

10.:l0 21.9" 0.'-6 

32.90' 2.54 12,95 

1118.00 188.67 0.78 

303.00 7111.29 0.112 

90. 0.61 0.81 13. BeaI' 

1130. 0.56 0.118 -32. White Fiah 

30. 0.93 0.80 

112. 0.90 0.81 

_II. Su~rlor 

-II. Tah08 <~ 

,. 

JleolcJ)cnt 1917 

• 
OECD t Alpine 1980 

.:schincUer 1970 

" 

C> • 

• Dillon & Kirohner'75 

" 
• 
" 
• 

" ... 
Lorenzen 1919 ., 

" ~ 

• 

" 
.. 
" 

, " 
.. 
• 
.. 
" 

.11 ,,' , 
Dillon 1975 . ! 
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6.00 0.55 10.91 ~70. 0.30 0.52 103. 

9.91 1.50 6.61 1330. 0.56 0.6'1 66. Nagawl "ka 

6.92 1.110 -.9' 340. 0.17 0.65 164. ChautauQua 

5.12 0.30 17.07 ~10. 0.10 0.43 134. Lower St. Regla 

7.92 0._' 19.32 1600. 0.53 0.110 -205. Saratoga 

9.10 2.90 3." 100. 0.38 0.71 

8.50 Il.20 2.02 220. 0.63 0.75 

33. Gull 

26. Che",ung 

Il.30 0.03 1113.33 9230. 0.21 0.09 -1080. Thorr.apple 

Il.60 0.05 92.00 8320. 0.20 0.14 -529. Pigeon 

6.10 0.07 87.14 4390. 0.11 0.;14 1113. W .. stler 

10.80 0.110 27.00 1530. 0.07 0.33 1103. Dallas 

12.20 2.30 5.30 160. 0.56 0.64 13. 011 ver 

15.20 0.70 21.71 1370. 0.67 0.38 -1t00. Winnisquam 

2.00 0.09 22.22 1590. 0.23 0.37 227. Kent 

17.70 1.75 10.11 310. 0.27 0.53 82. SalDlDami:3h 

~.110 0.33 7.27 500. 0.32 0.59 13T. Dunham Pond 

5.60 0.71 7.89 653. 0.49 0.58 58. Shagawa'61 

10.60 1.30 8.15 850. 0.03 0.57 1162. Calhoun 

8.80 0.17 Il.113 710. 0.01 0.51 355. flarriett 

Il.80 0.30 ,6.00 99~0. 0.02 0.q4 4186. Waubesa 

1I~60 0.35 13.n 66110. 0.11 0.48 2468. Kogosa" 

6.10 1.60 3.81 350. 0.111 0.69 
o 

97. Cedar 

28.00 3.90 7.18 550. 0.117 0.60 69. HallYl1er See 

18.00 2.60 6.92 1360. 0.55 0.60 71. Pfaerrlker See 

34.00 Il.50 7.56 1750. 0.~1 0.59 485. Baldegger See 

17.70 1.38 12.83 2670. 0.08 0.49 1086. Creiren''''e 

9.00 0.3' 26.47 2~90. -0.12 0.34 1139. Rotsee 

1.00 0.33 3.03 130. 0.71 0.71 2. Alderren Broad 

./ 

, > 

Source 

Lorenzen 1979 

• 

• 

• 

• 

• 
• 

• 

• 

• 

• 

• 
• 
• 
• 

Kortmann 1980 

Larsen et al. 1981 

Reckhow 1977 

• 
• 
• 
• 

• 

• 
• 

OECD, Alpine 1980 

Bloesoh 1977 

Osborne' Philllps ,'78 

, 
} 

• 
j 

J 
l 
} 
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2.110 1.00 2.1&0 8810. 0.110 0.7- 29511. BersundasJoen' 73 Bengtsson 1975. 78 

• 
5.110 0.63 8.57 11050. 0.119 0.56 302. Norrviken' 6 1 Ahlgren 1979 

22.70 1&.10 5.511 1000. 0.90 0.6_ -263. GjerllJoen '12 OECD, Hardie 1980 

12.30 16.60 0.71& ~OO. 0.67 0.80 78. Earoll' 73 • 

2.00 0.25 8.00 71110. 0.10 0.58 31105. L111eSjoJ69 Bipl & Lindmark '78 
fi- .-

l' 

.. 

• 
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2.110. 1.00' 2.40 2110. -0.80 0.111 3239. 4200. 

) •• 110 ~.OO 2.40 1110. -2.39 0.711 1281. 1860. 

r 2.~0 1.00 2.40 240. -6.511 0.14 1746. 2400. 

Lake Source 

Be~gundasJoen Bengtsson 1915. 78 

'15 " 
" '76 " 

5.110 0.83 6.5.1 2100. 0.17 0.61 928. n... Norrvlken '70 Ahlgren 1977. 19 

5.110 1.62 3.33 420. -0.95 0.10 6911. 1100. 

5.110 1.51 3.58 /ISO. 0.18 0.10 232. n ••• 

5.40 2.22 2.43 450. 0.114 0.13 132. ,n ••• 

5.110 0.11 7.61 750. 0.17 0.59 312. n ••• 

5.40 1.15 4.70 480. 0.08 0.66 279. n ••• 

5.110 5.00 1.08 90. 0.0 0.79 71. n.a. 

'71 

'72 

'73 

'711 

'" '75 

'76 

" 
" 

" 

" 

" 
5.60 0.71 7.89 653. 0.119 0.58 sB. n.a. Shagawa '61 Larsen et .1. 81 

5.60 0.71 7.89 111". 0.06 0.58 386. n.a. 

5.60 0.71 1.89 133. 0.15 0.58 315. n ••• 

5.60 0.71 7.89 197. 0.13 0.58 358. n ••• 

5.60 0.71 7.89 739.~ 0.27 0.58 229. 291. 

5.60 0.71 7.89 675. 0.39 0.58 128. 2211. 

5.60 0.11 1.89 231. -0.43 0.58 233. 332. 

5.60 0.71 1.89 161. -0.50 0.58 1711. 216. 

5.60 0.11 1.89 110. -0.36 0.58 1011. 293. 

5.60 0.71 1.89 96. -0.17 0.58 12. n ••• 

'68 

'69 

'70 

'71 
1 

'7~ 

'13 

'75 

'76 

" 
" 
" 

" 

" 
Il 

" 

" 
Il 

Il.34 1.27 3.42 420. 0.09 0.70 256. 253. West TIl1D'12 Cooke et al. 77,78 

Il.34 1.56 2.78 180. -0.48 0.72' 216. 336. 

Il.34 0.97 4.47 320. -0.26 0.67 297.' 96. 

Il.311 0.99 4.38 460. 0.36 0.61 1113. n.a. 

'13 

'14 

'75* 

Il.34 1.60 2.11 280. 0.68 0.72 12. 53. '76 
• 

5.03 0.68 7.40 670. 0.21 0.59 255. 286. East TIl10'12 

5.03 0.10 7.19 1170.0.111 0.60 2111. 3111. 

5.03 0.5/i 9.31 820. 0.28 0.55 221. 911. 

'13 

'14 

Il 

JI 

" 
Il 

• 
" 
" 

~ -..t.., ___ ~~"_"",,",--"'4 _ ........ ______ ~ _~ 
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S'. 03 0.115 ".'S S10. 0.19 0.51 263. n.a. 1 '75 Cooke et al. T1,18 

5.03 0.55 9.15 /j70. -0.06 0.55 28S. 7/j. '76 • 
12.30 16.60 0.711 600. 0.67 0.80 78. n ••• Es~œ '13 lamp Nle180ft 15,78 

12.30 1~.80 0.89 700. 0.51 0.79 151. n.a. '7_ e 

12.30 13.30 0.92 300. 0.33 0.79 139. ft.a. '75 • 
3.10 0./j0 1.75 2100. 0.57 0.58 26. n ••• TuusulanjaerYi OECD, lordl0 1980 

3.10 1.15 2.70 1800. 0.72 0.72 9. n ••• '15 .. 
(l 

., 

l 



Table 6-2. Mean and stand~rd error for se1eeted eharaeteristies 

and geographical distribution of the three lake groups of 

Table 1. Symbols and units same as in Table 1. 

Oxic Anoxie 

\) Steady-state Sewage Diversion 

n 54 33 35 ' 

z 37.15 ± 6.98 9.75 ± 1.32 5.46 ± 0.40 

tau 25.29 ± 13.56 1.75 ± 0.52 2.22 ± 0.67 
, 

qs 16.82 ± 4.22 19.08 ± 5.26 5.44 ± 0.49 

Robs 0.57 ± 0.03 0.33 ± 0.04 -0.16 ±' 0.21 

Lext 418 ± 84' 2,490 ± 525 653 + 93 

Canada 21 (39%) 5 
\ 

OS%) o (0%) 

U.S.A. 27 ( 50%) 17 (52%) 20 ( 57%) 

Europe 6 ( 11%) Il (33%) 15 ( 4j%) 

/ 
! 

/ 

/ 

'"'W"".- .. '- _" ~ _____ , _________ ..;..... _______ --'-
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among lakes that more closely approach t~e ideal in which oxic 

and anoxie lakes differ only in their hypo11mnetic oxygen 

concentration. 

Results' and Discussion 

iDosphorus retention models fQL ~ lakes- The first 
. ~ 

hypothes1S addressed in thjs chapter com'pares retention 

measured in anoxie lakes with that predicted 'by models from 
4 

the literature. This presumes that the models adequately 

describe retention in oxic lakes. 

Threè different types of retention models were tested 

(Table 3). The most cornmon models are of the form 

R=a/ <b+qs) (l) 

where a and b are constants, and qs is areal water load in m 

yr- l • When a=b, this form reduces to R=v/(v+qs) where v is 

settling velocity (m yr;-l). '.lQ)ree values for v have been 

suggested by different authors: v=lO m yr- l ' CVollenweider 

1975), v=13.2 In yr-1 .<Dil10n and Kirchner 1975) and v=16 rn yr-1-

(Chapra 1975). A model in which a and b-ditfer was devel~ped 

for lakes with water loads less than 10 In yr- l by Ostrofsky 

097 Sa). Another popular model i8 that of Lar sen and Mercier 

(1976). This mode1, which was independently der ived by • 

9 Vollenweider (976), assumes variable settling velocities in 

each lake depending on'water résidence time and mean depth. 

The third type of model (Kirchner and Dillon 1975) is obtained 
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Table 6-3. S*x retention models tested in this study. qs: 

areal wate.-:- load Cm ~y~"""" tau: ~ater residence time Cyr). 

Formulà> 1\ 

Rv= lOI (lO+qs) ,­

Rn= l3.2/(13.2+~s) 

Reference 

Vollenweider 1915 

Dillon and Kirchner 1975 ' 

Re= 16/C16+Qs) Chapra 1915 

Ro=24/(30+Qs) Ostrofsky 1918a 

RK= 0.426 exp(-0.271Qs)+ 0.574 expC-O.00949 Qs) 

Kirchner and Dillon 1915 

" 

" 
Larsen and Mercier 1976 

.. ) 
- &.r 

( 

.J-=c 

-

1 



by fitting measured retention as a double exponential funetion 

of areal water load (ga). AlI tested retention models (Table 

3) are based on the water load (gs) or water residence time 

(tau), (Fig. la, b). 

In general the available models tended to overestimate 

phosphorus r~tention in this set of oxic, atratified lakes. 

This is supported by statistieal analysis of the ditfer..çenc;:es 

between observed and predicted values (Table 4). Both 

parametrie Cmatched-pairs t) and nonpararnetric CWilcoxon 

signed ranks) otests indicate that the prediction of aIl 

models, except t~oae of Vollenweider (1975) and Ostrofsky 

(19~8a) diff~red significantly from observations. The other 

four modela for oxic lakes (Chapra, Dillon-Kirchner, Kirehner­

Dillon and Larsen-Mercier, Table 3) must be rej ected, though 

they are frequently us~d to predict total phosphorus 

concentration in lakes. For example, Larsen and Mercier's 
~ , 

model ls used in the DECO Eutrophieation Program. Differences 

'between the performance of the var ious modela likely do not 

refleet geographic or methodological idiosyncracies in the 

data beeause scrutiny of the residuals revealed no bias with 

respect to the'data sources. Even the two retention models 

which seemed to describe the whole-lake data set are not 

successful when tested with the sub~roups of oxic lakes form:J 

to match ~he range of mean depth, water residence tjme~' 
water load of the set of anoxie lakes. 

Tpese available retention models predi~t poorly, sorne 

because they were developed from a small number of lakes, many 

because the lakes were not necessarily oxic or stratified. 
o 
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Fig. 6-1. Observed retention, as a function of the variables­

used to predict r~tention. Model R=lS/C18+Qs) has been 

developed from the oxic lakes data set. The other models are 

from literature (Table 3). A. Water load (qs). B. Water 

residence time (tau). 
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Table 6-4. Test of retention model s CR) on oxic lakes. Mean 
. , 

retention and nonparametric probabilities (p) for ,testïng' tne 

difference between observed and predicted retention. Symbols 

and units sa me as in Table 1 and Table 3. RN=15/18+qs' 

R AlI z ~ 13 tau ~ If qs ~ 10 

n=:54 n=18 n=32 n=36 

Mean p mean, p me an p mean p 

~ 

Robs 0.58 0.47 0.46 0.69 

! 

Rv . 0.59 0.633 0.53 0.170 0.44 0.550 0.74 0.027*" 
, 

Rn 0.63 0.010* 0.57 0.016* 0.511 0.191 0.79 0.000* 

Re 0.67 O. 000* 0.60 0.002* 0.53 0.007* 0.82 0.000* 

RO 0.61 0.183 0.55 0.025* 0.52 0.017* . 0.71 0.480 .. 
Rit ~ 0.63 0.011* 0.58 0.001* 0.52 0.019* 0.74 0.044* 

RL 0.62 o. 014~ 0.48 O.~11 0.50 0.076 '0.71 0.278 . 
RN 0.57 J) .'76(} 0.51 0.1'45 0.46 0.708 0.69 0.875 , 

• 
* Mode1 is rejected at the 95% significance leve1. ) , 

.. 

-
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Also sorne of the models (Vollenweider 197~; Larsen and Mercier 

1976; Ostrofsky 1978a) were developeq for use in budget models 

to predict spr~ng phosphorus concentration and have never been 

tested directly against observed retention. However it is 

crucial to use the best retention model possible in order to 

develop an internaI load model. 

Since none of the existing models seemed appropriate, a 

new model to dê~ciribe retention in oxic strapfied lakes was 

developed. The parameters a and b in Eg. l were optimized 

using the 54 oxic lakes and the DUD ("doesn't use 

derivatives") non-linear least square algorithm CRalston and 

Jennrich 1978}. The best fit yielded the model: ... 

This model applies over a large range of z~ tau and qs 

(Table 4). AlI other retention models tested in this study 

appear to be sensitive to these variables and should only be 

used in the range for which they have been verified (Table 4). 
') 

Though othe r f 0 rm ulae could be developed, the model RN 

described the data for al~ lakes and in aIl subgroups; this 

model was therefore selected to compare with retention in 

anoxie lakes. Nevertheless, eomparisons were also made w!th 

other retention models, to remove the possibility of bias. 

~bQQgbsa:.L1Q x:..etentiQn in i\nQxi~ lak.ea- Al tho>~gh the 

retention model R=15/Cl8+qs} deseribe .. ~ retention in oxie 

stratified lakes (Fig. 2a~, it substantia11y overestimates 

retentio~ in both sets of anoxie 1akes (Fig. 2 b,e). -A s~ilar 
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Fig. 6-2. Observed retention plotted against those predicted by 

the mode1 R=lS/(18+Qs). The solid 1ine represents regression 

line embraced by thé 95% confidence band, the broken 1ine 

represents perfect prediction (1:1 line). A. In oxic lakes, 

both lines coincide, since the model was parameterized using 

this data base. B. In anoxie lakes in steady.., sta te, the 1:1 

li:, lies above the confidence band of the regression because 

her the retention is significantly overestimated by the 

model. C. In anoxie lakes after sewage diversion, the 
, 

regression of observed versus ~redicted values is not , 

significant; predicted r~tention is much less variable than 

observed retention. 
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( 
overestimate is obtained for each of the six other retention 

models (Wilcoxon signed ranks matched pairs test; p < 0.0001). 

The average (x) observed retention for anoxie lakes in steady 

state is 0.33 (SE= 0.04); for those after sewage diversion it 

is -0.16 (SE= 0.21). These values are significantly lower than 

those predict~~. 2 (x= 0.52, SE= 0.03 and x= 0.65, SE= 

0.01 respectively). Conceptually, reduced retention can be 

explained by either diminished sedimentation or by an 

unconsidered phosphorus source, but only the latter would 

permit negative retentions. Since the retention model app11ed 

over the whole range of mean depth, water residence time and 

water load encountered in the investigated anoxie lakes, there 

is little reason to suppose that they had different 

sedi~entation characteristics. On the other hand, several 

studies show that the sediment provides an internaI phosphorus 
, 

source in ~es with anoxie hypolimnia (e.~. Welch and Rock 

1980; B~ngtsson 1978; Larsen et al. 1981; Ripl and Lindmark 

1978) . 

Internal phosphorus ~- If the failure of the model in 

anoxie lakes refl~cts an internaI phosphorus source, then the 
~ 

deviation of observed from predicted ~etention can be used to 

p red'i ct in t ernal pho sphor us 1 oad. Th i sis the second 
. /1'" 

hypothesis mentioned in the introduction of this chapter./ 

InternaI phosphorus load can be estimated from residua1s of 

the retenti on model as: 

Lint!:: -Lext x (Robs - ~).~ (3) 
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where Lint and Lext are internaI and external phosphorus load 

respectively, in mg m- 2 yr-1; Robs is retention measured as 1-

~ outflow P mass/ inflow P mass; Rpred is predicted retenti on; 

and (Robs - Rpred) is the residuai error ot the retention 

model. This caiculation assumes that the lower retention 

obj~rved in anoxie Iakes is entirely due to the internaI 

phosphorus load. 

The most direct test for the predictive power of a model 

compares observed and predicted values. Observed values of,,' 

internaI phosphorus load are available for 17 anoxie lake­

years foiiowing sewage diversion from five lakes. These 

estimates are eaiculated from the increased mass of 

hypolimnetic phosphorus divided by the surface area of the 

lake. Sueh estima tes might be biased sinee they assume that 

aIl hypolimnetic phosphorus is derived from the sediments and 

none from sedirnenting plankton, and they do not consider 

sedimentation of hypolimnetic phosphorus; it is possible for 

example that a portion of the hypo11mnetie phosphorus m~y 

pryéiPitate on destratifieation. InternaI load, estimated in 

~iS way, supports the internaI load modei (Eq.3, Fig.3). Both 

a parametric Crnatched-pairs t) and nonpararnetri~ (Wileoxon 

signed ranks) test sh?w no significant ditference between 

predieted and observed values of internaI load. Table 5 shows 
" 

that Jive of the other re~ention models aiso predict internaI 

phosphorus Ioad. Only the Larsen-Mercier m~el predicted 

values signifieantly lowe~ than ~bserved. 

Equation 3 can only be used to predict'internal load if 

.. 
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1 
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Fig. 6-3. Comparison of the internal phosphorus load predicted 

by Eg. 3 Il (Lint) and- from the difference of observed and 

predicted retention RN with ·observed" loads measured as the 

increase in hypolimnetic phosphorus du ring 

represents perfect prediction • 
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Table 6-5~ Te~t of internaI Ioad models based on ~ubstituting 

different retention terms {Table 4> into Eq.3. Mean internaI 

Ioad (~g m- 2 yr-1> and nonparametrlc probabilities ~p) for 

testing the difference between observed and predicted internaI 

1oad: n=17. 

I)ternal Load 'mean p 

observed 689 . 

Lint (RN) 564 0.210 

Lint (RV) 574 0.149 
\ 

Li~t (RD) 603 0.309 

Lint - (Re) 620 0.,492 
, 

Lint (RO) 581 0.246 
," 

Lint (RK) 576 0.210 

Lint (RL) 478 0.035* 

*, Model is rejected at the 95% significance leve~. 

L 

- - ~'~ 
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phosphorus retention is measured. Unfortunately, the accurate 

determination of annual phosphorus retention requires frequent 

sampling of phosphorus and water loads for at least one year. 

For those lakes where the observed retenti on is not available, 

but where the extent of hypolimnetic anoxia is known, internaI 

phosphorus load may be predicted from estimates of phosphorus 

r:elease rates. InternaI phosphorus load in anoxie lakes 

represents phosphorus release from the sediment under reducing 

conditions Ce.g. Mortimer 1941, 1942; 01sen 1964; Syers et al. 

1973; Bengtsson 1975; Cooke et al. 1977; Larsen et al. 1981), 

thus 

Lint=anoxic area x anoxie period 

x P re1ease rate/lake area ( 4) 

where Lint is internaI P load (mg m-2 yr-l); anoxie area (m2) 

is the sediment surface area that is in contact with anoxie 

water; anoxie period (d> is duration of anoxia; and P re1ease 

rate is the rate at whJch phosphorus is re1eased from ,the 

anoxie sediment surface (mg m- 2 d- l ). 

Area and period of anoxia can be deterl\lined by periodic 

sampling to~cribe the extent of anoxia during 

stratification. Are~ of anoxia can be approxirnated as the area 

below the oxic/anoxic boundary. There is sorne evidence that 

phosphorus release rates depend on an extended period of high 

phosphorus input CBengtsson 1975; Ahlgren 1979), the 

concentration gradient of phosphorus across the mud-water 

interface (Kamp Nie1sen 1974), and temperature (Banoub 197::'). 
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Howe~er, a compilation of release rates, 'calculated as the 

increase in hypolimnetic phosphorus divided by anoxic sediment 

area and period of anoxia shows sorne homogenity (Table 6a). 

The mean and median of phosphorus release rates measured in 

core ~ubes containing anoxic sediment and water (Tàble 6b) do 

not differ significantly from these in situ estimates. This 

suggests that the in situ increase in hypolimnetic phosphorus 

reflects release from the sediments r~ther than the decay of 

sedimented plankton. Phosphorus release in oxic cores does not 

differ significantly from zero. l used the median of in situ 

phosphorus release rates from Table 6a (12 mg m- 2 day-l) to 

estimàte internaI phosphorus load for three different lakes 

(Table 7). Because these lakes were used (among others) to 

estimate release rate, the internaI lo~ds predicted by Eq. 4 

(Table 7) are not independent of the observed values; more 

data from different lakes are needed to ,test'this model. 

High internaI loads and low pposphorus retentions imply 

that the phosphorus cycle ~n anoxic lakes ditfers from that in 

oxic lakes. Since retention is often used to predict 

phosphorus concentrations in lakes, the applicability of 

existing total phosphorus models must be tested for anoxie 

lakes. 

Xh~ ~~~giQ~iQn Qi RhQ§RhQ~Y~ in ~gk~~ lii~h ~nQKiQ 

hYPolimnia- Testing phosphorus m~dels in" anoxic lakes is 

difficul t because often only spr ing turnover phosphorus data 

are available (Dillon and Rigler 1974). But, in anoxie lakes, 

the total phosphorbs concentration increases during summer 
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Table 6-6. Phosphorus re1ease rate estimates (mg m-2 d-l ): a) 

in anoxie lakes, b} in anoxie and oxic core tubes. Negative 
l 

release .es indtcate adsorption of pho'sphorus by the 

sediment. 1 
f ,;. 

~' 
1 

Lake Releade rate Reference 

Shagawa . 12.1 Larsen et al • 1981 

Mendota 10.8 Sonzogni 1974 

West Twin 6.5 Cooke et al. 1977 

East Twin 6.0 Cooke et al. 1977 

Erié 7.4 Burns and Ross 1972 

White I,.ake 19 Ho1dren and Armstrong 1980 

Barten Broad 9.6 Osborne and Phi11ips 1978 

AldeJ;'fen Broad 2j) Osborne and Phi11ips 1978 

Ba1deggersee 9.7 Vo11enweider 1968 

Rotsee 28 Vo11enweider 1976 

Norrviken 9.2 Ah1gren 1977 

Bergundasj on 24.5 Bengtsson " 1975 

Esrom Il.5 Kamp Nielsen 1974 

Bysjon 20 Ene11 1982 
"-

Magog 13.5 N6rnberg in prep. 

t 

mean ± SE 14 ± 1.8 

median 12 
, • • 

n 15 
~ 

, 
1 

, 

~ 
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Table 6-6 b. 

Lake' Release rate Reference \ 
Anoxie Oxic 

White 

Ursee 
..... 

Furosoe 

Esrom 

St. Gribsoe 
1 

Grane Langsoe 

Bergundasjoen 

34.3 

Il 

17.3 

12.3 

1.2 

0.8 

34 

Alderfen Broad 20 

Mohegon 3 

G1anningen 18 

Ramsj oen ( 20 
B 

Ryssbysjden 20 

Charles East 31 
i# 

stone 32 

Trummen 1.5 

Arungen 

Vombsjoen 

Byoesjoen, 

Norrviken 

Ontario 

Memp~remagog 

. - -~ 

16 

6 

27 

10 

10 

'r rrMw ::t II!! P" .... ) ~,,, f 1 F ~~_ 

-; 

Free8man and Canale 
, 

B~~nd Armstrong 

-4.5 Boldren and Armstro'ng 

-1.4 Holdren and Armstrong 

0.2 Holdren and Armstrong 

0.6 Boldren and Armstrong 

Bengtsson 

o ~hillips 

o Fillos 

2 Ryding and Forsberg 

0.3 Ryding and Forsberg 

-J0.7 Ryding and Forsberg 

-16 Theis and McCabe 

,Theis and McCabe 

0.3 Graneli 

1.0 Granèli 

1977 

1980 

1980 
~ 

19.80 

1980 

1980 

197'5 

1978 

1976 

1fJ77 

, 1977 

1977 

1978 

1978 

1979 

1979 

2.6" Graneli __ /1979 0 

" 

7 Enell 

5 Ahlgren 

0.2 Bannerman 

N6rnberg 

--.. --~" 
f h ' f 

et al. 

1982Ç. 

1972 

1974 " 

in prep. 

, . 
~. 
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Table 6-6 b oont. 

mean 16 -0.1 

SE 2.5 1.32 

median 15 0.3 

n 20 15 
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Table 6-7. Synopsis of measured internaI 10ad (obs) and 

predic:ted internaYload (pred) according to different models 

for three lakes. RR: based on re1ease rates, R: based on 
~ 

retention. Observed data for Lake Shagawa from Larsen et al. 

1981, for the Twin Lakes from Cooke et al. 1977. 

Lake Year Days*Area/ 

Lake Area 

" 

Shagawa 1971 33.0 

1972 33.0 

1973 32.5 

1974* 13.4 

1975 24.8 

West 1972 44.8 

Twin 1~73 32.9 

1974** 26.1 ... 
East 1972 38.0 

Twin 1973 38.0 

1974** 44.5 

InternaI Load 

(mg m-2 yr-l ) 

pred(RR) pred(R) obs 

396 229 291 

396 128 224 

390 233 332 

161 174 216 

298 104 293 

538 256 253 

395 216 336 

313 297 96 

456 255 380 

456 214 314 

534 221 94 

J 

* Weak ~tratification, 
** Alum addition to West Twin Lake: a lower release rate than 

normal can be e~pected. 

f 
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stratification and this should be considered for mass balance 

models which predict average phosphorus concentrations. An 

adequate measure of average concentration in anoxie lakes 

requir~s frequent determination of phosphorùs-depth profIles 

at several stations or estimates of phosphorus concentrations 

at. fall turnover. A good prediction of phosphorus 

concentration based on areal water load (qs) and external 

phosphorus load alone cannot be expected in anoxie lakes. 

Indeed, none was found when phosphorus concentration was 

predicted from external load and any of the phosphorus 

retention models in Table 3 and Eq. 2 (Wilcoxon non parametric 

matched pairs signed ranks test~ p< 0.001, n=33). Measurements 

of botb phosphorus release rates and int'ernal Ioad suggest 
• 

that this failure is most likely due to an internaI phosphorus 
Ir 

source, the release of sediment phosphorus. 

--Two approaches may perrnit prediction of phosphorus 

concentration in anoxie lakes: 

1. Retention can be measured and phosphorus concentration 

predicted from the phosphorus bud(jet, model (Dillon and Rigler , 
1974) according to the formula: 

, 

CS} 

(Symbols same as Table 1). 

This model should predict total phosphorus concentration 

in oxic and anoxie lakes, because changes in net sedimentation 

are accounted for by measured retention. This approach is 

successful in the anoxie lakes disèussed here, for the 
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nonparmetric test ~howed no significant difference (p = 0.898, 

n=33) • 

. 2. InternaI load can be measured or predicted and 

corrected for qs' and then combined w i th the retention-based 

budget mode! for external load aceording to the formula: 

~ 

TP = Lext/qs (l-Rpred) + Lint/qs (6) 

CSymbols as in Table 1). If the internaI load ia predicted by 

the interna! lo~d model based on retention, the two approaches 

are identieal, sinee replaeing internaI load in Eq. 6 by Eq. 3 

yields the Dillon-Rigler model in Eq. 5. 

Only a few data exist to test this mode!. Observed 

phosphorus (mean phosphorus concentration of the entire water 

column averaged over the year) and sevéra1 predicted . 
phosphorus con~ntrations are compared for Shagawa Lake (Fig. 

4). The suggested model (Eq.6) descr ibes the data best for 4 

of 5 years. Equation 6 can aiso be combined with intern~l 

phosphorus load, measured as increased hypol1mnetic 

phosphorus, for 14 1ake-years fol1owing sewage diversion in 

five lakes. (For 3 lak'~-years, no total phosphorlls 

concentrations are availablJe.) A Wilcoxon signed ranks test 

showed total phosphorus concentration was predicted wel~ (p = 
0.397, n=14). If internaI phosphorus load i5 ignored, the 

predictions underestimate phosphorus concentration Cp < 

0.0'01>. Equation 6, tbe resu1ts from Lake Shagawa, and those 

for the lake-years after sewage diversion show that interna! 

162 .. ' 
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Fig. 6-4. Prediction of mean total phosphorus concentration 

for five years in anoxie Lake Shagawa. 
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loading is important 

anoxie lakes. 

the prediction of phosphorus in 

Equation 6 implies that both internaI and external Ioad 

are simiIarlY affected by hydrology and morphometry expressed 

as areai water load (qs). Since it i8 unlikely that the 

hypolimnion is flushed, the depeadence of- internaI phosphorus 

load on qs may imply that water load and flow through a lake 

occurs during unstratified periods. The retention of 

internally Ioaded phosphorus seems to be negligible. If a 

sig nif i ca n t po r t ion 0 fin ter na 1 I 0 ad w a s r et ai ne d b Y 

sedimentation, the internaI load calculated from Eq. 3 would 

be less than that calculated from the increase in hypolirnnetie 

phosphorus during stratification. However, Fig. 3 shows those 

two estirnates agree weIl. Equation 6 therefore suggests t4at 

if external and internaI loads are equal, the effect of 

internaI load on the phosphorus concentration of the lake will 

be the larger, sinee it i8 not diminished by retention. This 

may indicate that phosphorus from the sediment does not 
-

precipitate out at turnover, as suggested by sorne authors (see 

Hutchinson 1957), but tbat the most remains in the water 
• column. 

The impact of internaI phosphorus load on algal biomass 

will depend on temperature, light and the extent o,f phosphorus 

limitation Cbefore hypolimnetic ,intrusion). Lakes w1th early 

therrnoc~ine erosion or frequent destratification sustain algae 

bloorns (Stauffer and Lee 1974; Kortrnann et al. 1982). InternaI 

load would probably have less effect in northern lakes that 
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turn over in late fall when alga~ biomass i5 low <Schindler 

et al. 1980). 

Conclusion 

Models validated for oxic lakes do not necessarily âpply 

to ano~ic lakes because these models ignore internaI 

phosphorus load. Predictions of internaI phosphorus load from 

the residuals of a retention model or from anoxie release rate 

estimates agree with observed i~ternal loads. Until better 

estimates exist, the proposed models of internaI load are 

useful to prediet the phosphorus concentration in anoxie 

1akes. For example the enigmatic delay in reoovery of Lake 

Sammamish, eompared to Lake Washington's rapid recovery, is 

readily explained by anoxia and internaI phosphorus lead. The 

models may help determine wether an expensive in-Iake 

restora tion technique is needed to reduce the phosphorus 

concentration of a lake te a desired level or wether a 

reduetion in external load weuld be suffieient. 
\ 

Models developed for oxic lakes may not be applicable to 

lakes with anoxie hypolimnia and to shallow lakes w1th short 

periods of anoxie stratification, such as the prairie pot-hole 

lakes (Schindler and Comita 1972; Barica 1974). This 

complication rnight apply to aIl lakes with an internaI 

phosphorus source. For example, Ostrofsky (1978b) has found 

that aerobie phosphorus leaching in impoundments-decreases 

phosphorus retention. Another type of phosphorus release from 

sediments is suggested for 1akes with extensive macropbyte 
\. 

165 

... ,,-,' 

) 

. 
:i 
1~ 

1 
• ! 

i 

L 



! C) 

1 
1 

cover Ce.g. Lake Wingra, Carpenter 1980). Models for internai 

phosphorus load from these sources may aiso be developed from 
... 

the residuals of the retention model for normal oxic lakes. 

C.onsideration of internaI phosphorus load will, 1 hope, help 

reduce the error in predicting phosphorus retention and 

subsequent~y_ prove useful in managing total phosphorus 

concentrati~n and its correlate, phytoplankton biomass, in 

lakes of ail types. 

The conclusions are derived from lakes that have a long 

history of a~tbropogenic pollution. pristine lakes with 

natural anoxia due to morphomètry and light regime may or may 

not have phosphorus release rates like those presented in 

Table 6 or low "annual phosphorus ret~ntion. 
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This thesis examines the role of hypolimnetic phosphorus 

in anoxie lakes. In particular it investigates and supports 

three hypotheses: 1) Most of the hypolimnetic phosphorus in 

anoxie Iakes i8 potentially avaiIable within the hypolimnion. 

2} After· mixing into aerated surface water much of 

hypolimnetic phosphorus remains available to epilimnetic 

plank ton despite high iron concentra tions. 3) Phosphorus 

models for anoxic lakes are different from those for oxic 

lakes because of internaI phosphorus load. This chapter 

summatizes these hypotheses and considers several others 

dealing with the availability of hypolimnetic phosphorus: 

(1) There is a significant accumulation of total phosphorus in 

anoxie hypolirnnia. 

(2) The phosphorus in hypolimnia is potentially available in 

the sense that it is in a form which phytoplankton ean use. 

(3) Thi s phosphor.us is "posi ti onally available" because 

upwelling hypolimnetic phosphorus contacts the plankton in thJ 

trophogenic zone. 

(4) The utilization and availability of this upwelling 

phosphorus is affected by the trophic status of the surface 
, 

water, and therefore differs in phosphorus def icient and 

suffi.eien~ waters. 

(5) The (vailability of upwel1ing phosphorus is influenced by 

lake morphometry and hydrology. 

(6) The chernistry of the lakes and their sediments influence 

the availability of hypolimnetic phosphorus. 
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(7) The timing'of fall turnover can influence avai1ability 

since at ear1y turnover the growth conditions for a1gae are 

better and hence phosphorus u~i1ization larger. 

Fina11y experiments are suggested to test the unsupported 

hypotheses 6) and 7). Thi s chapter closes w i th sorne notes on 

biological factors which could influence the phosphorus cycle 

in anoxie lakes. 

1) TP concentration in the anoxie hypo1imnion: 

, Sinee Einaele 09~t has been hypothesized that 

phosphorus is released by anoxie sediment surfaces and 

accumu1ates in the hypo1imnion. A survey of the 1iterature 

shows that anoxie sediments re1ease phosphorus at a mean rate 

of 12 to 16 mg m-2d-1 (Table 6-6) produeing steep phosphorus' 

gradients in the anoxie hypo1imnion (Fig. 1-1). 

2) The bioavailability of phosphorus within the 

hypolimnion: 

The proportion of total hypo1imnetie phosphorus which ls 

potentia11y avai1able, provided it cornes into contact with 

phosphorus deficient p1ankton, was determined in two way-s-. 

Measur;ements of SRP gives a maximum estimate, radio1ogical 

bioassays provide a minimum. A survey of the literature shows 

that the hypolimnetic SRP concentQ~.ion is substantial, 

approximate1y 100 times higher than the surface concentration 

during summer stratification (Fig. 1). The proportion of 

hypolimnetic TP which i5 SRP, increases wi~h incre~sing TP 
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Fig. 7-1. A co~pa;I'ison of hypo1im~etic and epilimnetic SRP 

concentrations just before fall turnover for worldwide lakes. 
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con c e n t rat ion in the st u dy la k es (F i g. 2). At 1 0 0 t 0 2 0 0 u 9 1 L 

total phosphorus - a concentration frequently encountered in 

anoxie hypolimnia - 80% is SRP. Hence the maximal availability 

ls substantial. 

The bioassay"is based on additions of small amounts of 

anoxie water to epilimnetic water and simulates a thermocline 

erosion with nearly infini te dilution. At least 90% of SRP 

appears to be bioavailable (Fig. 4-3). This result suggests 

that, under optimal conditions (large dilution ~f hypolimnetie 

water, sufficient light and temperature), epilimnetic plankton 

can utilize approximately 70% CO.80 * 90%) of entrained 

hypolimnetic TP w~en concentrations in the hypolimnion exceed 

'100 ug/L TP.'These experiments also show that epilimnetie 

plankton ean outcompete chemical precipitation and adsorption 

by iron hydroxides when the dilution is high enough. For 

example, ca. 30% of the SRP derived from the hypolimnion of 

Lake Magog remains available at dilutions of ten times or more 

(Chapter 5). 

3) The positional avàilability of hypolimnetic phosphorus: 

In the b.ioa ssay, the hypol imne t i e phosphorus i s 

artificially mixed into epilimnetie water. Under natural 

ronditions, hypolimnetic phosphorus can be "positionally 

available" ta plankton at the oxiel anoxie boundary (e.g. 

Konopka 1983), during thermoeline erosion, or at spring and 

fall turnover. Total phosphorus co~centration in the surface 

water of many anoxie lakes increases drastically after fall 
" 

turnover and is correlated (r 2: O~66) with the hypolimnetie 
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Fig. 7-2. The proportion (%) of total phosphorus which is 

soluble reactive in the hypolimnia of eight Canaàian lakes. 
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phosphorus concentration before turnover (Fig. 1-2 and 1-3). 

4) The effect of the nutrient status of the surface water 

on the availability of hypolimnetic Phosphorus: 

Upwe1ling hypo~irnnetic phosphorus is potentially hlgh1y 

. avai1able to organisms. The actual contribution of 

hypolimnetic phosphorus to eutrophication will depend on the 

capacity of the p1ankton to take up the hypolimnetic 

phosphorus after thermoc1ine erosion and is more d]tficult to 
1 

assess then potentia1 avai1abi1ity. 

In the case of phosphorus deficiency, a1gae will rapidly 

incorporate upwelling phospQorus and increase in biomass, 
\ 

provided light and temperature are sufficientiy hlgh. In this 

case, an algal bloom and increased chlorophy11 concentrations 

can be expected. On the other hand, if phosphorus 1imi tation 

is low, the effect of turnover on biomass within the lake 

should be 1ess, but the potentia1ly available phosphorus Ce.g. 

SRP) wou1d increase in the epilimnia of these lakes and 

subs~quent1y ferti1ize downstteam waters. My field studies 

indicate that hypolimnetic phosphorus enhances algal growth at 

fall turnover. Sorne data are also available, in the literature 
l 

to compare ch1orophyll con6entrations before and after 

turnover. 

Pho§phoru§ lirnited 19kes: Fitch Bay of Lake Memphremagog 

is phosphorus limited at fall turnover, total phosphorus and 

chlorophyll concentrations increased significant1y in 1981 

(Fig. 3). Increased 'phosphorus concentrations after turnover 

corre1ate with elevated chlorophyll condentrations in several 
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Fig. 7-3. The change in TP (squares) and pheophytin corrected 

chlorophyll a (circles) in the 0-3 m water layer at fall 

turnover (Sept. 1980) in anoxie Fitch Bay, Lake Mernphremagog . .. 
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other lakes as weIl (Fig. 4). Moreover, in most cases the 

chlorophyll incr~ased more rapidly with phosphorus than would 

be predicted by the general lelationship between mean summer 

chlorophyll and vernal TP concentrations in phosphorus limited 

lakes (Dillon and Rigler 1974). This suggests that the 

proportion of available phosphorus added at turnover exceeds 

that for spring phosphorus in normal (oxic) lakes. 

Partial thermocline 
, . 

erOSl.on can also fertilize 

epil imnetic phytoplank ton du ring summer. This has been 

described for anoxie Lake Mendota (Stauffer and Lee 1974), 

Lake waramaug (Kortmann et al. 1982), Budd and Sisseton Lake 

(Stefan and Hanson 1981), and was observed in Lake Magog, 

Quebec (Chapter 5). 

PhosphQru~ âYfficien~ lakes: In many anoxie lakes, the 

surface SRP concentration increases after faII turnover (Fig. 

5) and is correlated with hypolimnetic SRP concentration 

before turnover (Fig. 6)., For Lake Magog, which becomes 

nitrogen-limited in late summer, l constructed a mass balance 

to find out how much of the" hypolimnetic phosphorus is taken 

up by plankton, how much forms iron/ phosphorus partic1es and 

how much stays in the form of SRP (Chapter 5). It was , 

deter~ined that 30% was taken up by plankton, 30% formed iron/ 

phosphorus particles, 38% remained as SRP and 2% was lost by 

precipitation or represents inaccuracy in the budget. 

It has been reported several times that in hypertrophie, 

nitrogen limited systems, nuisance bluegreen algae collapsed 

after destratification despite fertilization wi~h upwelling 
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Fig. 7-4. The relationship between chl~rophyll a and total 

phosphorus before and after·fall turnover for four lakes. The 

line represents Dillon and Rigler's (1974) regression (log 

ChIo= 1.45'\110g TP - 1.14). 
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Fig. 7-5. Surface SRP concentration before and after fail 

turnover for lakes worldwide. 
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Fig. 7-6. The increase of surface SRP concentrations after 

fall turnover in relation to hypolimnetic SRP concentrations 

before turnover for worldwide lakes. 
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phosphorus (Nichols et al. 1980; Robarts et al. 1982). In 

these systems most of the phosphorus was available SRP both 

before and after mixing. However the fertilizing effect of 

hypolimqetic phosphorus could have been overruled by physical 

processes. 
-\ . 

5) The effect of lake morphometry and hydrology on 

availabil i ty,: 

Laboratory exper iments showed <Chapter 5) "that higher 

dilution of iron-rich hypolimnetic water increases the 

proportion of available hypolimnetic phosphorus. If a lake'.s 

morphometry and orientation relative to the prevailing wind 

allows graduaI thermocl~ne erosion starting early in the 

summer, the effect of' internaI phosphorus load can be high, 
r 

since dilution would be large and algal growth ~onditions 

optimal (high light and temperature). This condition exists in 

Lake Wararnaug {Korbmann et al. 1982), Lake Shagawa in thè 

_extraordinarily windy year 1974 (Larsen et al. 1979) and in 

Lake M~gog, Quebec. f. 
f '. 

During- complete fall or spr ing - turnover the dilution of 

hypo1imnetic iron could be reduced so~~hat Iron complexes 
" 

might decrease ,the amount of avai1able phosphorus. In 

addi tion, phytop1anktoll concentra tions might not increase, 
~ 

despite any phosphorus enrichm~nt, b~cause they could be 
• 

highly diluted by hypo1imnetic water. The optimal volumetrie 

prop'ortions for enhanced algal growth consider ing the effect 

of this dilution alone can be predicted ~uantitatively by ~, 

model (Forsberg and Shapiro 1982).: Applied to Fitch Bay 1981, 
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the model predicts increased phytoplankton biomass after fall 

turnover, because the epilimnion was large enough to cope with 

the dilution effect. An increase was observed (Pig. 3). 

The higher the flushing rate, the more hypolimnetic 

phosphorus is likely to leave the lake. Such phosphorus is 

therefore not used by plankton after it is mixed into the 

whole lake. This is expresse6 quantitatively by the total 

pho5phorus model developed for anoxic''!akes in Chapter 6: 

InternaI phosphorus load divided by the annual areal water 

Ioad (qs) represents the increase in average tot?i phosphorus 

concentration which is due to internaI phosphorus load. The 

agreement between the predicted and the observed changes show 

that such a correction i5 useful. Flushing seems to be 

particular important in Lake Magog (Chapter 5). I conclude 

that windfetch, ratio of epilimnetic and hypolimI?-etic volume 

and water load affect the utilization of hypolimnetic 

phosphorus. 

6) The effect of lake geochemistry on the availability of 

hypolimnetic phosphorus: 

In course. of this study, l learned to distinguish between 

three lake-types with different geochemistry in their 

anaerobiç hypolimnia (Table 3-1): 

'a) Lakes with iron-rich hypolimnia of intermediate hardness: 

'" Lake Magog and Fitch Bay of Lake Memphremagog 

b) Lakes with iron-rich,. colored, softwater hypolimnia: Little 
~ 

Clear, Chub and Blue Chalk on_the Precambrian Shieid. , , 

c) Lakes with hy,drogen suIf ide rich, hardwater hypolimnia: 
'J 
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Glen Lake and Lake St. George. 

This division is based on the behavior of hypolimnetic 

phosphorus after mixing into the surface water and affects the 

analysis of SRP (Chapter 3). Phosphorus in iron-rich lakes of 

intermediate hardness becomes adsorbed to ferric iron 

hydroxides and forros iron phosphorus particles which are 

retained by a 0.45 pm filter. In the second type, adsorPt:ion 

also takes place, but the, resulting \,on-PhosPhorus prOduct,S 

pass a 0.45 pm filter and are colloidal (i.e. do'not pass 

through dialysis tubingL In the third type, no soluble iron 

is present and no adsorption takes place. 

Therefore, it can be generalized that in lakes with very 

low iron concentrati~ns e.g. in hard water lakes with high 

hypolimnetic hydrogen sulfide concentrat~ons, aIl thé 

hypolimnetic SRP is available and remains so after intrusion 

into surface water. In lâkes with detectable hypolirnnetic iron 

concentrations, 90% of the 'hypolimnetic SRP is available, 

priided it is diluted at least ten fold at turnover. In the 

case of less dilution, a maximum phosphorus precipitation rate 

can be predicted from the ratio .of hypolimnetic and 

epilimnetic volume or from the final iron concentration 

CChapter 5). 

Armstrong (1979) sirnilarly distingu~shed ano'xic lakes 
," 

with high hypolimnetic iron concentration from those with no 

detectable iron. On theoretical grounds he suggested, that 

hypolimnetic phosphorus would be retained by an iron-rich lake 

(via precipitation), but would be fl~shed out in an iron-free, 

hardwater lake. 
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Phosphorus release rates might be related to sediment 

geochemistry. Armstrong (979) suggested that the difference 

in these lake-types is probably a reflection of the sediment 

chemistry. l hypothesize that there are' correlations between 

release rates of phosphorus or iron, and phosphorus or iron 

fractions in the sediments (e.g. oxalate, dithiocitrate or 

NaOH extractable fractions). Messer et al. (in press) 

correlated phosphorus release rates with NaOH extractable 

phosphorus in core tubes from sediments of several reservoirs. 

Even if dependent on sediment characteristics, the range of 

natural release rates is apparently narrow {Table 6-6}. 

7) The effect of timing of fall turnover on the 

availability: 

The amount of upwelling hypolimnetic phosphorus whieh is 

incorporated in biomass likely depends on the growth 

conditions for 'the plankton. Sinee phosphorus, nitrogen and 

possibly other nutrients are supplied by the upwelling water, 

physical variablés, like ~ight and temperature, will: then 

limit algal growth. It can be hypothesized that the earlier 

the fall turnover the more likely and the greater will be the 

phytoplankton response per increase of ~pilimnetic phosphorus, 

for a given latitude and alt:itude. 
1 

1 

1 
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Suggested tests: 

In this final section l want to propose sorne possible 

procedures to test the yet unver if ied hypotheses about 

sediment chemistry and timing of fall turnover. The following 
1 

experimental studies could be conducted to test the influence 

of sediment chemistry on phosphorus release. This experiment 

is based upon the comrnonly accepted theory that phosphorus 

release is due to dissolved iron phosphorus compounds (Stumm 

and Leckie 1971; Syers et al. 1973) and that calcium-rich 

lakes do not accumulate phosphorus in the anoxie hypolimnia at 

the sarne rate Ce.g. Lake Kinneret, Serruya 1978) as calcium-

poor ones do. The release rate of phosphorus can be monitored 

in core tubes containing sediment and water, and then cornpared 

ta different phosphorus fractions (in particular, extractions 

with NaOH, dithiocitrate and oxalate), iron fractions 

(extractions with ditl}iocitrate and oxalate) and calcium 

content in the sarne core. If this is done for a w ide range in 

chemical composition, ,the hypothesis can be tested that the 

release rate of phô-sphorus from anoxie sediment surfaces is 

positively correlated to certain phosphorus and iron 

fractions, and negatively to calcium content. 

The hypothesis that the increase of chlorophyll per 

increase in epilimnetic phosphorus is higher when fall 

turnover is earlier could be tested by regressing the ratio of 

increased chlorophyll to increased phosphorus, fOllowing 

turnover in phosphorus def icien t lakes, aga inst the da te ~of 

fall tur~over and latitude and altitude (to allow for 

geographical effects). 
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"OxieU verses "anoxie" lakes: 

This study suggests that anoxie lakes differ from oxic 

lakes beeause of internaI phosphorus load. This is supported 

rnost clearly by the failure of models for oxic lakes to 

prediet total phosphorus concentration and phosphorus 

retention in anoxie lakes (Chapter 6). However, the high 

trophy of anoxie lakes also reflects biological processes, not 

simply ~chemical phosphorus released from the sediments. 

Evidence for this has been eo11ected by Shapiro (1979): anoxia 

ean cause winterkill of fish <Schindler and Cornita 1972) and 

reduces coldwater refugia for salmonids in the summer. This 

favour~ small planktivorous fish, 1ike sunfish, smelt and 

alewife (Stewart et al. 1981>, which \prey upon large 

zooplankton, 1ike Paphnia pulex and M~ reliçta (Janssen 

1978; Janssen and Brandt 1980). Large zooplankton also lack a 

refugium because the hypolimnion is anoxie and hence rarely 

thrive in anoxie lakes. Consequently, smaller zooplankton tend 

to replace larger animaIs in anoxie lakes when planktivorous 

fish become abundant (Brooks and Dodson 1965; Wells 1970; 

Warshaw 1972). The smaller zoop1ankton (e.g. ~Q§m~ng, 

Ceriodaphnia, rotifers) prey upon smaller algae than larger 

ones <Schind1er 1972), and consequently larger and colonial 
~' 

algae have an advantage in anoxie lakes. Such lakes could have 

higher phytoplankton biomass than oxic ones, at similar 

nutrient concentrations. This the sis does not address these 

biological interactions. Their effeet on' eutrophication of 

anoxie lakes has to be determined by further studies. 
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Appendix A 
, ' 

Routinely measured characteristics of ~he study lakes. 

Jlllian day (Day), sampling depth (De, m), Temperature (T, OC), 

oxygen cqnc'entration (Ox, lllg/L), standardized redox" potential 

(EH, mv), paJ TP, SRP, TRP, ~pP and BAP in pg/L1 total iron 

(TFe), soluble iron (SFe), total manganese '(TMn) and soluble 

manganese (S,Mn) in mg/Le 

'.10 1.1 1. means missing value, data are not available. 
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Day De T Ox "EH pH TP SRP TRP 'l'SP BAP :rFe SFe TMn SMn 

1 

142. 2. 12.80 '1. 10 , . 1.10 37.68 0.75 1.10 1.10 1.10 1.10 01.10 1.10 1.10 
--;" 142. 5. 11.00 1.10 1. 1.10 35.59 1.50 1.10 1.10 . 1.10 1.10 1.10 1.10 1.10 

'~2. B. 10.10 'i'O 1. 1.10 31.94 1.65 ".10 1.10 1.10 1.10 1. la '.10 , • '0 \ '~2. 12. 9.7b 1.10 1. 1.10 28.04 ' 1.50 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1 1112. 16. 8.10 1.10 1. 1.10 47.56 13.17 1.10 1.10 1.10 1.10 1.10 1.10 1.10 

! 
154. 2. 17.40 1.10 1 • 1.10 34.22 1.48 1. 10 1.10 1.10 0.12 1.10 0.04 1.10 
154. 5. 16'.80 1.10 1 • 1.10 38.28 1.43 1.10 1.10 1.10 0.10 1.10 0.03 1.10 
154. 8. ".90 1.10 1 • '.10 22.65 1.13 1.10 1.10 1.10 0.08 1. fa 0.03 1.10 , 154. 12. 10.30 1.10 1. 1.10 29.33- 1.83 1.10 1. 10 1.10 1.10 1.10 1.10 1.10 

t 
154. 14. 10.00 1.10 1 • 1.10 41.35 4.09 1,10 1.10 1.'0 0.13 1.10 0.08 1.10 
154 .• 16. 10.00 1.10 1. 1.10 78.87 14.00 '1.10 1.10 1.10 1.10 1.10 1.10 1.10 
160. 2. 17.60 9.00 1 • 1.10 41.08 6.27 1.10 11.53 1.10 0.28 1.10 0.04 1.10 
160. 5. 17.60 9.00 1.tI~1.,0 41.20 6.19 1.10 11.30 1.10 0.19 1.10 0.05 1.10 
160. 8. 14.20 8.10 1 • 1.10 110.14 6.87 1.10 13.17 1.10 0.28 1.10 0.05 1.10 
160. 12. "1.20 6.QO 1 • 1.10 39.44 6.27 1.10 10.70 '.10 0.21 1.10 '0.11 1.10 
160. 14. 10.90 6.50 1 • 1.10 45.83 6.57 1.10 10.78 1.10 0.21 1.10 0.13 1.10 

1\) 160. 16. 10.30 5 .. 70 1. 1.10 62.,93 13.14 1.10 18.19 4.38 0.29 1.10 0.25 1.10 
O. 168. 2. 19.80 1.10 1 • 1.10 32.97 2.37 1.10 7.04 1.10 1.10 1.10 1. 10 1.10 fa 16,8. 5. 18.90 1.10 1 • 1.10 28.93 1.60 1.10 6.8q 1.10 1.10 1.10 1.10 1.10 

168. ,8. 13.60 l. 10 1 • 1. 10 35.13 5.27 1.10 9.Q6 1.10 1.10 1.10 1.10 1.10 
168. 12. 11.30 1.10 1. 1.10 42.3Q 12.39 1.10 16.32 1.10 1.10 1.10 1.10 1.10 
168. 14. 10.50 1.10 1 • 1.10 44.05 14.56 , .10 19.16 1.10 "1.10 1.10 '.10 1.10 
168. 16. 10.30 1.10 1. 1.10 88.20 36.87 1.10 41.62 1.10 1.10 1.10 1.10 1.10 

" 176. 2. 20.00 13.00 1 • 1.10 31.37 1.55 1.10 6.16 1.10 0.11 1.10 0.05 1.10 
176. 5. 19.50 13.00 1 • 1.10 33.00 1.86 1.10 5.79 1.10 0.10 1.16 0.05 1.10 
116. 8. 19. ra 13.00 1 • '~ .10 31.32 2.17 1.10 6.16 1.10 0.15 1.10, 0.08 1.10 
176. 12. 15. 0 13.00 1. 1.10 57.63 13.98 1.10 ;6.94 1.10 0.26 1.10 0.22 1.10 
176. 16. 12.50 5.50 1. 1.10 101.84 8Q.35 1.10'93.11 50.00 0.71 1.10 0.50 1.10 
184. 2. 22.'30 9;00 ,1 • 1.10 41.06 14.24 1.10 21.44 1.10 0.06, 1.10 0.04 1.10 
181t;- -,-. 20.50 15.00 1. 1.10 28.98 4.19 1.10 ./ 9.39 1.10 0.08 1.10 0.05 1.10 

. 184. 8. 1~.50 7.10 1- 1.10 54.25 2.69 1.10 6.86 1.10 0.19 1.10 0.14 1.10 
", 184. 12. 12.00 3.60 1 • 1.10 67.50 25~00 36.73 29.26 9.25 . 0.30 1.10 0.27 1.10 

184. 14. '''90 2.90 1. 1.10 110.75 66.77 85.30 71.08 1.10 0.53 1.10 0.36' 1.10 
184. 16. 10.50 2.10 1. 1.10 175.52 114.56 140.50 "7.72 40.59 0.79 .'.10 0.50 1.10 
189. 2. 25.30 9.60 1. 1.10 32.52 6.95 1.'0 '2.37 1.'0 O. '0 '.'0 O.OIJ 1.10 

-
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Day De T Ox EH pH TP SRP TRP TSP BAP TFe SFe TMn SMn 
189. '5. 24.

P

50 9.80 1 1. 1.10 33.82 S.95 1.10 013.15 1.10 O. " 1.10 0.05 1.10 189. 8. 20.50 6.60 1. 1.10 1I7.40 7.40 1.10 14.65 1.10 0.11 1.10 0.05 1.10 189. 12. 13.00 1.90 1 • 1.1'0 115.81 13.52 1.10 21.110 9.38 0.27 1.10 0~20 1. la 
~ 189. 14. 12.50 1.30 1 • 1.10 179.23 123.26 1.10 140.59 1.lo. 0.86 '.10 0.51 1.10 
1 189. 16. 12.00 1.00 1 "- 1.10 220.63 140.04 1.10 158.34 72.50 1.06 1.10 0.60 1. '10 '196. 2. 21.50 9.50 1- 1. 1Q 28:25 6:04 6.40 ".74 1.10 0.1' 1.10 0 .. 03 1.10 , 196. 5. 22.00 8.60 1- 1. la 32.66 6.42 1.33 13.15 1.10 0.11 1.10 0.01 1.10 
i 196. 8. ,20.00 4.70 1 • 1. 10 611.73 32.80 39.54 39.71 1.10 0.211 1.10 0.12 1.10 
\ 196. 12. 12.50 0.90 1 • 1.10 151.08 91.28 126.26 98.95 1.10 0.78 1.10 0.1I7 1.10 

196. 14. '1.50 0.60 1 • 1.10 237.12 138.43 211.16 147.97 1.10 1.20 1.10 0.58 1.10 
196. 16. 11.00 0.60 1 • 1.10 321.09 211.60 293.73 1.10 98.99 1.60 '.10 0.75 1.10 
,203. 2. 22.00 9.20 1 • 1.10 34.97 3.98 4.76 11.74 4.50 '0.15 1.10 0.03 1.10 
203. 5. 22.50 9.30 1 • 1.10 31.41 4.29 '5.22 11.50 4.5~ 0.18 1.10 0.03 1.10 203. 8. 21.50 1I.30 t. ,1.10 86.06 52.92 66.33 59.43 1.10 0.36 1.10 0.17 1.10 
203. 12. 13.50 0.70 1. 1.10 167.93 102.S1 162.S1 10S.53 1.10 1.04 1.10 0.58 1.10 
203. 14. 12·.00 0.60 1. '.10 241.11 '18.05 238.67 124.87 1.10 , .~o 1.10 0.63 1.10 

1\) ,203. 16. 11.50 0.60 1 • 1.10 338.66 186.50 340.00 1.10 160.00 2.05 1.10 0.72 1.10 .... 210. 16.11.50 0.60 10. 6.80 483.87 416.54 1.10 1.10 1.10 2.43 1.10 0.16 1.10 
0 211. 2. 20.40 9.60 1 • 1.10 45.75 7.13 10.00 13.38 1.10 0.12 1.10 0.01 1.10 

211. 5. 21.00 8.60 1 • 1,,10 44.08 7.50 9.56 13.69 1.10 0.13 1.10 0.0 1.10 
211- 8. 21.50 8.90 1 • 1.10 45.76 7.79 9~93 13.22 1.10 0.12 1.10 0.02 1.10 
211. 12. 14.50 0.90 1 • 1.10 184.04 J .• la 142.65 1. ,.0 1.10 0.90 1.10 0.62 1.10 
211'. 14. 13.00 0.70 1. '.10 290.89 1.10 259.39 1.10 1.10 , .~2 1.10 0.63 1.10 
211. 16. 12.'00 0.70 1 • 1.10 446.70 356.10 414.51 366.33 343.00 2.27 1.10 0.75 1.10 
216. ' 2. 22.20 10.40 1 • 1.10 44.14 6.64 7.90 13.93 1.10 0.16 1.10 0.0 1. 10 '" 
216. 5. 22.00 10:00 1. 1. '0 40;43 5.21 6.95 12.29 6.99 0.17' 1.10 0.0 1.10 
216. 8. 21.00 5.60 1 • 1.10 50.68 22.28 31.44 28.01 1.10 0.25 1.10 0·.0 1. la 
216.' 12. "4.00 0.80 1 • 1.10 251.03 235.61 271.~0 1.10 192.50 :1.27 1.10 0.67 1.10 
216. 14. 12.50 0.70 1 • '.10 417.55 355.76 385.41 '.'0 323.33 2.07 1.'0 0.85 1.10 
216. 16. 1'.50 0.60 , . 1.10 557.74 531.29 565.62 1.10 46B.00 2.82 1.10 0.73 ,. 10 . 
223. 2. 21.50 11.00 1. - 1.10 63.35 2.27 3.71 9.93 1.10 o." 1.10 0.05 1.10 
,223. 5. 21.50 9.30 1 • , .10 33.13 6.S2 S." 1'1. , 5 1.10 0.13 :t.l0 0.03 1.10 
223. 8. 20',50 4.50 1. 1.10 65.42 5~53 40.Ql 41.33 1.10 0.20 1.10 0.09 1.10 
223. 10. 17 ~oo -l.do 1. 1.10 126.55 78.36 96.27 89.51 109.00 0.33 1.10 0~69 1.10 
223. 12. 14.50 0.,60 1. ".10256.13 202.Q9 226.87 212.06 170.00 1.19 1.10 0.72 1.10 

./ 
~ 1 
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Day De T Ox EH pH TP SRP TRp· TSP BAP 'TFe SFe TMn SMn 
,223. 14. 13.00 0.50 1. 1.10 401.06 361.19 373.88 364.63 1.10 2.07:,.10' 0.73 1.10 223. 16. 11.5Q 0.50 1. 1.10 680.95 626.87 638.80 640.00 1.10 3.25 1.10 0.81 1.10 229. 2. 19. ~O' 6. 00 1. 1.10 45.53 8.33 9.79 13.55 5.17 0.09 1.10 0.05 1.10 
229. 5. 20.~0 5.40 1. 1.10 46.95 8.41 9.10 13.77 5.97 0.08 1.10 0.06 1.10 
229. 8; 20.00~~. 40 1. 1.10 43.611 8.72 9.17 13.62 1.10 0.10 1.10 0.07 1.10 i 
22Q. 10. 19.50 0.0 1. 1.10 93.52 58.46 70.00 65.12 40.61 o. la 1.10 0.40 1.10 229. 12. 15.50 0.0 186.- 6.00 299.62 253.85 272.31 246.95 1.iO , .42 1.10 0.76 1.10 
229. 14. 14.00 0.0 62. 6.00 386.19 354.62 364.62 342.69 1.10 1.78 1.10 0.73 1.10 
229. 16. 12.50 0.0 -53. 6.00 608.27 603.08 604.62 567.37 555.00 2.77 1.10 0.79 1. 10 
237. 2. 20.00 9.80 1. 1.10 44.25 3.52 6.01 8.96 1.10 0.04 1. 10 0.0 1.10 
237. 5. 20.00 9.60 1. '.10 36.75 4.62 7.1' 10.28 1.10 0.05 1.'0 0.02 1.10 
237. 8. 20.00 2.90 1. 1.10 40.48 '1.14 14.15 16.01 1.10 0.06 1.10 0.05 1.10 
237. 10. 18.50 0.0 192. 6:30 98.24 .55.76 69.52 64.02 1.10 0.16 1.10 0.54 1.10 
237. 12. 14.70 0.0 112. 6.00 343.73 268.65 304.13 273.;9 1.10 , .55 1. 10 0.83 1.10 
237. 14. 14.00 0.0 -3. 6.30 459.76 417.81 441.71 422.05 '.10 1.43 1.10 0.75 1.10 
237. 16. 12.50 0.0 22. 6.50 675.86 650.25 678.49 652.66 1.10 .00 1.10 0.77 1.10 

1\) 246. 2. 20.50 9.00 1. 1.10 36.75 4.44 5.52 10.18 1.10 0.05 1.10 0-.01 1. 10 
, ..... 246. 5. 20.50 9.50 1 • 1.10 37.64 4.37 6.28 8.43 1.10 0.05 1. 10 0.02 '.10 ... 246. 8. 20.00 6.90 .1. L 10 41.96 12.03 15.71 17.07 1.10 0~08 1.10 0.03 1.10 

246. 10. 18.00 1.70 1. 1.10 83.55 62.82 61.31 60.98 48.62 0.14 1.10 0.58 1.10 
246. 12. 15.50 0.50 -39. 6.00 337.80 316.36 325.45 317.08 , • '0 , .63 t.l0 1.07 1.10 
246. 14. 13.00 0.40 -44. 6.20 691.80 663.00 675.87 628.18 643.75 3.47 ~ .• 10 0.81 1. 10 
246. 16. 12.00 0.40 -39. 6.30 576.88 688.73 728.09 622.95 1.10 3.96 1.10 0.86 1. 10 
253. 2. '19.00 8.80 ' 1 • 1. 10 39.82 6.20 9.77 1.10 '1. 10 0.03 0.0 0.01 0.0 
253. 5. 19,.50 8.10 1 • 1. 10 41.04 7.05 10.23 1.10 1.10 1. 10 0.0 0.02 0.02 
253. 8. 19.50 8.10 1. 1.10 lt5.13 1.15 12.25 1.10 1.10 O. " 1. 10 0.02 1.10 
253. 10. 19.50 7.90 350. 6.20 87.S0 U8.68· 56.98 1.10 1.10 0.07 0.04 0.51 0.56 
253. 11. 18.00 0.50 , . 1.10 128.18 94.50 107.62 - 1.10 1. 10 0.10 0.20 1. 14 1.14 
253. 12. 15.00 0.40 , . 1.10 356.66 334.59 350.67 1.10 1.10 '.59 1.51 1.43 1.12 
253. 14. 12.50 0.30 1. 1.10 611 .• ~ 6'14.05 623.24 1.10 1.10 3.10 3.07 0.86 0.86 
253. 16. 1'.50' U.20 -10. 6~10 722.63 694.45 684.49 1.10 1.10 3.98 3.87 0.81 0:81 
258. 3. 18.50 10.40 1. 1.10 48.33 7.20 9.96 1.10 1.10 Q.06 0.0 0.04 0.03 
258. 8. ,a.40 9.60 1. 1.10 44.00 8.75 12.51 '.10 1.10 0.03 0.01 0.09 0.0.3 
258. 10. 17.50 5.00 270 •. 6.60 88.28 42.10 52.09 1.10 1.10 0.16 0.01 0.35 0.30 

'" 258. 12. 14.00 0.40 12. 6.60 450.12 426.92 470.00 1.10 1.10 2.19 2.05 1.00 1.00 

y 
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".Oay De T Ox EH pH TP SRP TRP TSP BAP TFe" SFe TMn. SMn 

25H. 1Q. 12.50 Q.30 -20. 6.50 670.26 666.15 658.46 1.10 1.10 3.42 3.37 0.91 ~.90 258. 16. 11.50 0'.30 -20. 6.50 718.68 0 698.46 692.31 1.10 1.10 4.27 3.88 0.87 0.87 261. '3. 18.00 '1.40 1 • 1.10 37.36 7.28 9.411 1.10 1.10 O.OF 1.10 0.05 1.10 261. 5. 18.00 11.20 1. 1.10 46.30 6.73 9.99 1.10 1.10 0.07 1.10 0.07 1.10 26h 10. 18.00 9.70 1. 1;10 85.17 15.03 24.85 1.1 q 1. 10 0.10, 1.10 0.14 1.10 2614. 2. 16.00 10.00 1. r.10 53.66 1.10 1.10 1.10 1.10 0.09 1. 10 0.08 1.10 
264.\ 5: 16.50 1Q.00 1. 1.10 55.13 , 1.40 1:7=.1t 3 1.10 1.10 0.14 0.04 0.09 0.04 
264. ~o. 16.90 9.80 1. 1.10 54.07 12.117 17.33 1.10 1.10 0.1'0 ".10 0.08 1.10 
2611. ~1. 16.90 9.30 431. 6.50 62.62 17.71 25.87 1.10 1. 10 0.08 0.03 0 .• 15 0.08 
2611. ) 2. 15.50 0.90 101. 6.30 378.93 331.59 378.74 1.10 1.10 1.68 2.00 1.12 1.17 
2611. 14. 12.50 0.40 111. 6.30 605.98 568.87 623.63 1.10 1.10 ~.89· 2.83 0.93 1.00 
264./ 16. 11.50 '0.30 4. 6.30 658.00 725.99 715.65 . , .10 1.1(f f21 4.08 0.87 0.85 
266. 5. 15.50 8.80 1. 1.10 62.77 14.53 22.09 1.10 1.10 ~12 0.03 0.17 0.06 2'66. 10. 15.60 8.80 1. 1.10 63.34 15.411 22.09 1.10 1.10 0.12 a.07 0.13 0.04 
266. 1'. 15.60 8.80 1. 1.10 103.36 42.51 _63.61 '48.13 1.10 0.28 0.19 0.23 0.17 
266. 1? 15.60 7.50 364. 6.30 270.87 134.71 235:63' 1.10 1.10 1.09 0.45 0.71 0.62 

'266. 13. 12.50 0.30 -11. 6.30 610.53 584.46 622.22 1.10 1.10 3.18 2.17 ., .03 0.75 fil) 266. 14. '12.00 0.0 J -31 • 6.20 627.95 682.62 683.38 1.10 1.10 3.80 3.57 0.98 0.92 .. 
265. 16. 11.00 0.0 6.30 669.52 749.83 749.07 1.10 1.10 4.7; 4.79 0.99 0.88 1\) -50. 
268. 5. 14.50 9.00 ., . 1.10 86.21 26.21 42.17 1.10 1.10 0.26 0.02- 0.21 0.01 
268. 10. 14.60 8.60 1. 1.10 84.06 27.86 44.3C; 1.10 1.10 0.24 0.11 0.17 0.04 
268. 12. 14.50 7.60 481. 6~40 150.82 88.10 128.16 1.10 1.'0 0.66 0.39 0.22 0.17 268. 13. 13',60 2.00 408. 6.30 337.33 148.49 185.75 '.10 1.10 , .53 0.67 0.54 0.50 
268. 14. 12.80 0.60 182. 6.40 563.48 291~88 542.49 1.10 1.10 2.73 1.47 0.76 0.73 
268. 16. 1'.20 0.30 54. 6.40 622.64 691.38 695.81 1.10 1.10 3.91 3.54 0.89 0.82 
273. 5. 12.80 10.20 1. 1. 10 80.18 19.63 32.69 1.10 11.20 0.22 0.06 0.10 0.03 
273. 10. 1~.00 10.20 1. 1.10 78.62 20.15 35.37 1.10 1.10 0.20 0.03 0.10 0.02 
273. 12. 13.10 10.20 1. 1. 10 78.92 19.48 33.13 1.10 1.10 0.31 0.03 0.11 0.02 
273. 14. 13.20 10.20 353. 6.60 76.21 20,.30 33.88 1.10 1.10 0.24 0.08 0.08 0.05 
273. 15. 12.40 9. 1iO 350. 6.60 90.13 20.00 34.93 1.10 1.10 1.10 0.08 1.10 0.03 
273. 16.11.80 , .00 53. 6.40 647.53 605.88 657.48 '.10 1.10 3.36 2.87 1.02 1.00 
275. 2. 12.90 9.70 1. 1.10 82.47 18.91 32~70 1.10 1.10 0.20 0.13 o." 0.03 
215. 5. 12.50 9.20 1. '.10 81.74 19.60 34.00 1.10 1,10 0.22 0.14 0.10 0.05 
215. 5., 12.80 9.70 1. 1.10 84.56 19.60 33.77 1.10 1.10 0.20 0.15 0.11 0.04 
275. 10. 12.50 9.20 . ,. 1.10 79.32 17.23 31.70 1.10 1.10 O.1a 0.'5 0.10 0.05 
275. 12. 12.50 9.30 1. 1.10 76.02 15.70 30.17 1.10 1.10 0.18 0.14 0.1' 0.01l 
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'" 
_~Day~_~~ __ t' _ _ 9x __ ~~ __ p~ .. _!~_. S'RP TRP TSP ___ B~}) TFe SFe .TMn 

." 

275. '1.4. 12.00 9.70 1.,1.10 70.94 12.63 24.35 1.10 1.10 0.17 0." 
275. 16 •. 11.50 9.90,424. 6.80 61.80 14.86 22.97 -'.10 1.10 0.17 1.10 
2a,. S. ".40 10.60 1. 1.'0 77.44 13.63 23.75 1.10 1.'0 0.21 ~.'O 
281. 10. 11.40 1'.20. 1. 1.10 75.99 '14.64 24.53 1.10 '.10 0.22 O." 

_ 281. 12.11.40 11.20 1. 1.10 75t58 14.02 23 .. 83 1.10 1.10 OW'~ 0.10 
281. 14.11.4011.20 1. 1.10 75.89 13.32 93.83 '1.10 1.10 0.11\ 0.10 

'281. 16. ".40 ".20 t. 1.10 77.86 14.25 24.92 1.10 1.10 0.18 0.12 . ' 

0.08 
0.09 
0.06 
0.04 
0.07 
0.02 
0.04 

~----""-

/' . -
.' 

-
•• • 

" 

SMn 
0.02 
1.10 
0.04 
0.04 
0.02 
0.03 
0.05 

" 

'0 

~--~ 
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Fitch Bay of Lake Memphremagogr 1982 
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Day De ,T Ox 

124. . 2. 8.00. 9.0.0. 
124. 5. 6.10. q.DO 
124. 10. 10.00 7.90 
124. 14. 5.00. 7.90 
132. 2. 1. 10. 9.0.0 
132. 5. 1.10 9.00 
132. 10. 1.1a 7.90. 
132. 14. 1. la 7.90 
140. 2. 1.10. 9.00. 
,140. 5. 1. 10 9.10. 
140. 10.. 1.10. 7.90. 
140. 14. 1.10 7.80 -r -~ 146.';<.~u.sO 9.00 
1116. 5. 12.20 "9':00 
146. 10.. 9.90 7.90 

' 146. 14. 8.00 7.0.0 
1\) . 

152. ,'2. 17.00 9.00 
~ ·152. 5. 13.80 9.00 

152. 10. 9.20 7.90 
152. "11. 7.80 7.00 
159. 3. 17.00 8.50 
159. la. 9.,80 7.90 
159. 12. 9.10 7.,.70 
159. 15'. 8.3"0 6.80 
167. 3 •. 19.90 9.00 
167. 10. 13.20 7.80 
161. 12. 11.80 1.80 
167. 15. 10.90 6.20 
175. 3. 18.90 9.00 
175. 10. 15.2~7.70 
175. 12. 10.10 7.00 
175. 1;. 8.10 5.60 
181. ,3. 21.00 9.0.0 
18,. la. 17 .50 7.60 
181. 12. '1.50 6.70 
181. 15. 9.00 4.90 

..... J...,_._ ... ~.", ""_ 

EH pH TP 

1480.. 1.10 , 1.97 
480. 1. 10. 15.20. 
480. 1.10 15.39 
480. '1.10 13.77 
480.;;... 1.10 19.70 
480.. 1.10 21.15 
480. 1. 10 12 .. 73' 
480.. 1. , 0. 15.81 
480. 1. ,0. 16.38 
480. 1.10. 15.0.5 
480. 1.10. 12.01 
480. 1.10 121'20 
480.. 1.10 12.72 
480. 1.10 11.18 
480.. 1.10 11.23 
480. J 1.10. 15.87 
480. 1.10 10.30 
480. 1.10 15.60 
480\~' 1.10 12.46 
480. 1.10 14.33 
480. '.10' 11.45 
480. 1.10 10.55 
480. 1.10 '1.60 

1. 1.10 15.08 
480. 1.10 25.15 
480. 1.10 11.95 
480. 1.10 8.62 

1 • 1.10 12.02 
480.. 1.10 ;5.02 
480. 1.10 14.0.8 
480. 1. '0 11.25 

1 • 1.10 15.51 
480.. 1.10 12.92 
480. 1.10 13.62 

1 • 1.10 14.11 
1. 1.10 18;96 

SRP TRP TSP TFe SFe TMn SMn 

1.10. 1.10. 1·10. 1.10. 1.10. 1.10. 1.10 
1. 10 1. 10. 1.10 1.10. 1. 10. 1. 10. 1.10. 
1.10 1.10 1.10 1.10 1. 10. 1.10. 1.10 
1.10 1.10 1.10 1.10. 1:10 1.10 1.10. 
1. 10. 1.10 1.10 1.10 1.10 1.10 1.' 0. 
1.10 1.10 1.10 1.10 , .10 1.10 1.10 
1. 10 1.10. 1.10. 1.10. 1. 10. 1.10. 1.16 
1.10. 1.10 1.10 1.10 1.10. 1.10 '.10 
1. 10 1.10 ';10 1.10 1.,10. 1.10 1. 10 
1.10 1.10 1.10 1.10 1.10 '.10 1.10 
1.10 1.10 1 .. 10. 1.10 1.10 1.10 1.10 
,. 10 1. 10. 1.10 1.10 1.10 1.10 1.10 
1.10 1.10 1.10 1.10 1.10 1.10 1.10 
1.10 1.10 1.10 1. 10 1.10 1.10 1.10 
1.10. 1.10 1.10. 1.10 1.10 1.10 1.10. 
1.10 1. la 1. 10 1.10 1.10 1.10 1.10 
1.10 1. 10 1.10 1. 10 1.10 1.10. 1.10 
1.10 1.10 LlO. 1.10 1.10 1.10 1.10 
1.10 1.10 1.10 1.10 1.10. 1.10. î. 10 
1.10 1.10 1.10 1. 10 1.10 1.10 1.10 
0.0 1.10 1.10 0.03 1.10 0.0 1.10 
0.0 1.10 1.10 0.03 1.10 0.0 '.10. 

~ 0.0 1.10 1.10. 0.04 ".10 0.04 , .10 
0.63 -, .10 1.10 0.09 1.10 0.10 , • 10 
0.0. 1.10 3.82 1.10 , • 10 1.10 1.10 
0.0 . 1.10 2.75 1.10 1.10 1.10 1.10 
0.0 1.10 2.77 1.10 1.10 1.10 ""1.10 
1.50 1.10 3.67 1. la 1.10 1.10,1.10 
0.0 1.10 2.49 0.05 1.10 0.03 1.10 
0.0 1.10 2.27 0.04 , • 10 0.04 '.10 
0.0 1.10 2.27 0.011 1.10 0.05 1.10 
3.75 1. 10 5.87 0..,12 1.10 0.27 1.10 
0..0 1.10 2.79 1. la 1.10 , • , a 1.10 
0.0. , 1.00 2.96 0.011 1.10 0.03 1.10 
1.54 J 3.60- 4.02 0 .• 10 1.10 0.11 1.10 
3.09 7.60 5.71 0.13 1.10 0.35 1. , 0 • . 



~ 
,-.., 

Day De , T Ox EH pH TP SRP TRP ~SP TFe SFe 'l'Mn $Mn 
187. 3. 23.00 9.00 1180. '.10 ".10 0.0 ".'0 2.47 0.0 1.10 0.04 1.10 187. 10. 12.50 7.80 1180. 1.10 10.311 0.0 1.10 2.15 0.011 1.10 0.05 1.10 187. 12. 10.50 6.~50 1. 1.10 12.90 0.0 1.10 2.23 0.05 1~10 0.05 1.10 187. 15. 8.50 2.90 1- 1.10 20.11 2.66 1.10 5.85 0.26 1.10 0.56 1.10 194. 3. 22.40 9,90 480. 1.10 24.23 0.0 1. la 1.52 0.05 1.10 0.0 1.10 194. 10. 18.00 6.70 , . 1.10 11.47, 0.0 1.10 1.30 0.09 ' 1;' 0 0.02 1.10 194. 12. 1. 10 6.00 1. 1J10 13.43 1.17 1.10 2.38 0.19 1.10 0.40 1.10 
194. 15.·1.10 2.20 , . 1.10 34.57 6.37 1.10 7.73 0.67, 1.10 0.76 1.10 197. 15. 9.60. 2.40 1- 6.80 1.10 5.02 1.10 1.10 1.10 1.10 1.10 1.10 201.- 3. 1.10 1.10 1. 1.10 16.69 0.16 0.44 2.99 0.07 1.10 0.01 1.10 201. 10. 1.10 1.10 1. 1.10 111.41 0.47 0.59 3.85 0.08 . 1 ~ 10 0.01 1.10 201. 12. 1.10 1.10 1. ".10 10.23 0.71 0.59 3.07 0.08 1.10 0.14 1.10 201. 15. 1.10 1.10 1. 1~10 33.33 1.60 18.53 10.90 0.81 1.10 0.92 1.10 209. 3. 23.00 9.00 480. 1.10 7.50 0.0 0.88 2.79 0.0 1.10 0.05 1.10 209. 10. -19.50· 5.60 1 • 1.10 10.76 0.0 0.59 3.02 0.02 1.10 0.09 1.10 
209. 12. 13.00 4.50 . 1 • 1.10 6.09 0.0 0.88 2.57 0.01 1.10 0.23 1. 10 N) 209. 15. 8.50 1.00 390. 6.80 24.25 4.70 9.fi3 7.79 0.41 1.10 0.80 1.10 ... 
212. 1.00 1.10 79.46 1'5.27 1.10 1.10 1.43 1.10 1.16 1.10 en 15. 1.10 1. 
217. 3. 23.00 9.40 lISo. 1.10 '0.11 0.0 O. li 7 2.26 0.05 1.10- 0.0 1.10 217. 10. 19.30 5.00 1 • 1.10 6.45 0.0 OPl7 2.19 0.04 1.10· 0.0 1.10 217. 12. 1-5.00 3.50 , . 1.10 12.48 0.47 1.40 2.49 0.07 1.10 0.17 ,..10 217. 15. 10.00 1.20 -300. 6.60 113.93 22.40 96.74 22.63 , .05 1.10 1.28 1.10 
219. 15. 1.tO 1.10 1 • 1.10 ~O.20 5.27 15.50 1.10 1.10 ,. 10 1.10 1.10 224. 3L 21.70 9.50 '480. 1.10 12.35 0.0 0.0 3.37 0.02 1.10 0.03 1.10 
224. 10. 20.20 5.30 1 • 1.10 10.12 0.0 1.10 2.55 0.04 1.10 0.06 1.10 

·224. 12. 15.00 3.40 1 • 1.10 12.20 0.0 0.76 2.84 0.03 1.10 0.21 1.10 
~' ,22~. 14. 10.70 1.40 423. 1.10 26.52 5.34 '5.59 9.88' 0.38 1.10 0.84 , • 10 

23" 3. 20.50 8.90 480. 1.10 10.67 0.0 0.76 1.12 0.05 1.10 0.03 1. 10 231. 10. 20.00 7.90'" 480. 1.10 Ù.41 0.0 1.06 2.11 0.12 1.10 0.06 1. , a 
231. 12.' 13.30 .2.10 "1 • 1.10 7.48 0.38 0.~8 1.'2 0.05 ., .10 0.16 1.10 231. 15. 9.50 0.70 1 • 1.10 34.97 7 t 13 19.27 5.71 0.48 -1.10 1.18 1.10 
231. 15. 1.10 1.10 1 • 1.10 28.39 5.31 17.115 4.95 1.10 1.10 1.10 1.10 

( 
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'1 Day De T ex EH pH TP SRP TRP TSP TFe SFe TMn SMn i 2§B. 3. ~o.56 9.50 460. 1.10 11.40 0.40 0.52 2.86 0.0 1.10 0.02 1.10 238. 10. '18.50 4.90 , . 1.10 13.22 0.30 0.30 2.32 0.01 1.10 0.09 1.10 238. 12 •. 13.00 1.70 1. 1.10 9.61 0.44 0.30 2.16 0.05 1.10 0.09 1.10 238. 15. 8.50 0.40 192. 6.30 138.24 90.311 124.19 1.10 1.10 1.31 1.10 2.12 238. 15. 8.50 0.40 232. 6.30 87.79 47.57 74.04 54.47 0.14 1.10 0.40 1.10 ; 238. '5. 8.50 0.40 352. 6.20 50.44 1c;'41 33.92 19.29 1.10 1.10 1.10 1.10 
,. 
! 239. 15. 1.10 0.40 162. 6.20 1.10 100.60 1.10 1.10 1.10 1.10 1.10 1.10 l 245. 2. 21.00 9.20 480. 1.10 14.07 0.0 0.0 2.79 0.01 1:10 0.0 1.10 1 

245. 10. 20.00 8.20 480. 1.10 11.91 0.0 0.45 2.65 0.03 ·1,10 0.0 1.10 
, 

2~5. 12. i3.50 0.70 1. 1.10 10.93 0.0 0:61 3.24 0.02 1.10 0.11 1.10 245. 15. 9.00 0.50 137. 6.10 158.53 114.61 135.81 115.29 1.17 1.10 2.03 1.10 , 
, 247. 15., '1.10 0.40 1. 1.10 1.10 102.27 114.16 1.10 1.65 1.10 2.44 1.10 --...,.. 

245. 15. 9~00 0.50 0 112. 6.20 1.10 91.29 114.31 94'.41 1.10 1.10 1.10 1.10 245. 15. 9.00 0.50 131. 6.30 114.27 11.61 91.20 11.35 1.10 1.10 ,1.10 1.10 254. 3. 19.00 '9.00 480. 1.10 14.40 0.0 0.0 1.37 0.0 0.0 0.0 0.03 254. 10. 19.00 8.00 480. 1.10 12.25 0.0 0.0 1.74 0.0 0.0 0.02 0.02 1\) 254. 12. 12.50 0.50 , . 1. 10 16.95 1.16 2.16 5.21 0.0 0.0 0.0 0.01 
·1 

..a. 254. 13. 1'.50 0.50 1 • 1.10 20.32 3.~1 11.47 6.89 0.22 0.04 0.66 0.77 0) 
254. 15. 9.00 0.20 160. 6.20 110.34 82.45 96.69 1.10 1.45 1.10 2.30 1.10 254. 15. 9'.00 0.20 30. 1.10 207.25 166.20 186.76 176.42' 1.10 2.27 1.10 2.50 260. 3. 17.60 8.30 480. 1.10 14.66 0.0 1.09 2.32 0.0 0.04 0.03 0.01 ' 260._ 10. 18.90 8.00 480. 1.10 12 ;60 0.0 1.16 2.32 0.0 0.01 0.04 0.0 260. 12. 13.00 0.40 381. 6.10 18.48 1. 71 7.91 1.10 0.18 0.01 0.61 0.59 
26Q~ 13. 10.20 0.30 376. 6.10 30.09 3.41 17 .84 1.10 0.36 0.06 1.03 0.96 260. 14. q.oo 0.30 261. 6.20 116.45 14.59 31.50 1. 10 0.51 0.23 1.65 1.64 260. 15. 8.50 0.20 1 • 6.30 134.10 96.04 101.06 1.10 1.50 1.10 2.41 1.10 260. 15. 8.50 0.20 1. 06.30 166.91) 132.97 149~73 1.10 1.10 1.95 1.10 2.52 267. 3'. 15.00 9.40 1 : 1.10 9.94 0.0 0.77 2.50 0.0 0.01 0.08 0.01 267. 10. 15.20 9.40 1 • 1.10 11.58 0.0 0.77 2.50 0.0 0.0 0.07 0.02 267. 12. 15.00 9.10 261. 6.60 13.22 1.38 1.99 1.10 1.10 0.02 1.10 0.06 267. 13. 13.50 2.50, 291. 6.50 14.10 1.99 4.13 1.10 1.10 ' 0.02 1.10 0.33 261 ... 14. 10.50 0.70 241. 6.40 44.34 15.60 21.83 1.10 0.33 0.15 1.60 1.55 261. 15. 8.00 0.40 -39. 6.30 241.42 195.81 211.31 1.10 2.78 ?55 2.75 2.57 261. 16. 8.00 0.40 -39. 6.30 262.63 225.02 238.62 1.10 3.07 2.96 2.76 2.78 

~ 

" 



~. 
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" Day De ,. Ox ER - pH TP SRP TRP' TSP TFe SFe '.!'Mn SMn 

272. 3. 14.30 9J.60 1. 1.10 1.10 0.0 0.61 2.68 0.0 0.0 0.06 0.02 
272. 10. 14:50 9.70 1. 1.10 11.62 0.0 0.99 2.68 0.0 . 0.02 0.06 0.02 
272. 12. 14.50 9.80 4112. 6.40 15.44 0.61 1.97 1.10 0.0 0.01 0.07 0.03 
272. 13. 14.10 8.90 4"2. 6.40 . 18.10. 2.28 5.16 1.10 0.03 0.05 0.32 0.2~ 

c 

'272. 14. ~0.60 1.50 223. 6.30 57.48 37.33 46.74 1.10 0.50 0.45 2.16 2.06 
272. 15. 9.60 0.70 103. 6.30 8~.65 61.91 10.11 1.10 0.83 0.72 2.39 2.23 
282. 3. l' .00 10.00 1. 1.10 23.08 1.16 4.32 - 5. 08 ' 0.13 0.01 0.12 0.03 
282. 10. 11.00 10.10 1. 1.10 19.12 1.00 3.78 5.08 0.08 0;0 0.10 0.03 
282. 12. 11.10 10.10 1. 1.10 20.28 1.08 3.16 4.06 0.07 0.01 0.12 0.03 
282. 15. 10.50 7.00 1139. 6.60 20.5"9 1.47 3.32 3.77 0.07 0.01 0.16 0.03 
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Jack Lake l' wi11iamsbay, 1982' 
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Day De T Ox EH pH • TP 

237. 5. ~O.Oo 9.00 336. 1.10 8.16 
237. 10. ,6.00 ~. 20 352. , • la 26.33 
237. 12. 5.00 0.0 ( 315. 1.10 23.32 
237. 14. 4.0,0- 0.0 69. 1.10 18.21 

~" 237. 16. 4.00 0.0' 10. 1.10 25.47 
237. ' 18. 4.00 0.0 O. 1.10 50.28 
~37 • 2Q. 4.00 0.0 2'. 1. la 87.27 

-237. 20. 4.00 0.0 O'd 1.10 91.15 
231. 20. 4.00 0.0 1. 1.10 f.l0 

, 265. 5., 16.10 8.,0~, 1 • 1.10 ,8.97 
265. 10. 9.20 0.50 406. 6.95 26.73 

~ 265 •. 12. 7.00 0.0 :332. 6.99 24.18 
265. 14. 6.20 0.0 -45,. 6.97 22.59 
265; 16. 6.00 0.0 .. 51. 6.97 36.11 
265. 18. 5.60 0.0 -52. 6.94 66.71 
265. 20. 5.00 0.0 -42 •. 6.75 113.62 

N 265. 20. 5.00 ~-O -54. 6.92' '?1.81 .... 
~ "'~ 265~ C» 20. 5.00 0.0 -50. 6.90 114.44 
,1 . 

9 

? 

~ 
, 
-. 

.\ , 

/' 

.. 
'), 

\. 

" 

SRP TRP TSP TFe 
5 

0.0 ' 0.0 0.58 0.19 
1 .• 10 1.32 2.9ê 0.19 
, .32 ,0.88 2.77 0.<18 
3.80· 2.92 11.66 0.17 

10.67 9.94 13.70 0.~2 
39.04 37.87' 43.15 0.31 
73'.68 71.20 7-8:57 0.33 
74.56 72.08 79.74 0 • .37 
83.92 79.53 0 88.77 1.10 

0.44 0.0 1.10 0.0 
3.7-1 3.91 1.10 0.0 
1.40 0.30 1.10 0.05 
1.74 1.74 1 .. 10 0.10 

19.71 22.46 1.10 ° 0• 14 
48; 12 52.61' 1.10 0.21 
81.44 95.65 1.10 0.38 
88.41 100.29 1.10 Oi'~O 
90.44 97.10 1.10 0.28 

\l 

<: 

::. 

~ 

SFe 
0.03 
0.06 
0.03 
0.03 
0.05 
0.19 
1.10 
0.19 
1.10 
0.20 
0.0 
0.0 
0.04 
0.15 
0.20 
0.30 
0.23, 
1.10 

"" 

TMn F 2+ e ' 

0.02 0.0 
0.16 0.0 
0.30p 0.03 
0.37 o.oà 
0.43 0.12 
0.65 0.17 
0.78 0.36 
0.76 1.10 
1.10 1.10 
0.02 1. '0 
0.21 0.02 
0.40 0.06 
0.43 0.12 
0.4~ 0.21 
0.60 0.29 
0.72 1. la 
0.70 0.39 
0.72 1~ 10 

~ 
"" 

" ' 

p 

"-

"-', 
\ 

<0 

, • ". ~~ .... ,I..,"""',''r'I'" 
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Lake St. George, West Basin, 1982 
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Day De T Ox EH pH TP SRP TRP TFe TMn 

154. 6. 5.00 0.30 1. 1.10 12.78 1.10 1. 10 1. la 1. 10 
154. 12. 1t.00 0.0 -118. 1.10 612.98 1. la 1. 10 1. 10 1. 10 

155. 3. 17.00 9.00 1. 1.10 22.10 1 • 10 1. 10 1. 10 1. 10 
155. 6. 1t.50 0.0 353. ,.10 75.25 0.0 4.02 0.04 0.24 

155. 8. 1t.50 0.0 -8'8. 1. 10 65.23 3.95 8.12 0.37 0.71 

155. 10. 1t.00 0.0 -113. LlO 1100.71 1. 10 1. 10 0.47 0.53 

155. 10. 1t.00 O.Q -"B. 1.10 184.06 1. 10 1. 10 o. 18 0.36. 

155. 12. 4.00 0.0 -188. 1.10 681 .81 1 • 10 1. 10 0.49 0.50 

155. 3. 17.00 9.00 1 • 1.10 25.54 1.10 1. 10 0.0 0.01 

155. 6. 1t.50 0.0 42. 1.10 71.96 1.10 1.10 0.07 0.17 

155. 10. 4.00 0.0 -168. 1.10 3119.711 1.10 1. 10 0.25 0.55 

174. 3. 18.00 10.00 1. 1.10 23.13 1. 10 1.10 0.06 0.01 

174. 6. 5.50 0.60 -308. 1. 10 42.47 1. la 1. la 0.04 0.15 

174. 10. 4.00 0.0 -438. 1. 10 474.25 1.10 1. 10 0.22 0.49 

174. 12. 4.00 0.0 -458. 1.10 709.85 1. 10 661.57 1. 10 1. 10 

175. 12. 4.00 0.0 -138. 1.10 1.10 635.00 1. la 1. la 1. 10 

175. 12. 4.00 0.0 -138. 1.10 1. 10 625.71 623.00 -el 0 1. 10 

175. 12. lI.oO 0.0 -138. 1.10 1. 10 591.00 581.00 1. 10 1. 10 

175. 12. 4.00 0.0 -138. 1.10 710.60 619.00 617.00 1. 10 1. 10 \ 

175. 12. 4.00 0.0 -138. 1.10 718.00 63Q.00 fi46.00 '1 • 10 1. 10 "-
180. 2. 18.50 1 1.50 382. 8.26 26.23 1. 30 1. 10 0.\03 0.02 • 
180. 6. 6.30 0.90 384. 1.211 82.91 1. 36 1. 10 0.0 0.22 ./ 

180. 8. 4.00 0.30 -98. 7.18 80.31t 1.66 2.71 O.og 0.93 

180. 10. 1t.00 0.30 -128. 6.90 365.97 3ltl.51t 1.10 0.30 0.55 

180. 12. 1t.00 0.30 -12B. 6.80 623.49 636.16 1.10 0.24 0.52 

180~ 12. 1t.00 0.30 -133. 6.80 621.93 1.10 1.10 0.20 0.52 

186. 2. 21.00 12.20 262. 7.98 24.49 0.61 0.30 0.05 0.03 

186. 6. 6.00 0.50 292. 7.00 41.75 0.15 2.44 0.05 0.10 

186. 8. 4.00 0.30 -108. 6.77 58.32 1.10 1. 10 0.15 0.82 

186. 10. 4.00 0.0 -218. 6.6"2 307.30 256.92 1. 10 0.22 0.5B 

186. 10. 4.00 0.0 -18B. 6.60 419.15 352.31 1.10 0.17 0.56 

186. 12. 4.00 0.0 -368. 6.60 676.86 656.92 1.10 0.20 0.53 
186. 12. 11.00 0.0 -1128. 6.511 676.37 672.31 1.10 0.22 0.55 
214. 2. 23.50 7.50 362. 7.40 21.85 0.0 0.0 0.10 '0.0 
211t. 6. 12.00 0.0 362. 6.30 83.38 0.0 4.07 0.10 0.42 

214. 8. 9.00 0.0 -153. 6.50 128.45 95.83 100.75 0.20 0.81 

214. 10. 7.50 0.0 -78. 6.50 397. 14 338.81 350.75 0.20 0.51" 

214. 12. 7.10 0.0 -218. 6.60 1I1lJ.76 3lJ3.28 347.76 0.20 0.59 

211t. 12. 7.10 0.0 -210. 6.60 40B.57" 3lt3.28 349.25 0.30 0.51 . 
214. 12. 7.10 0.0 -218. 6.60 1.10 344.78 347.76 1. 10 1. 10 

269. 2. 15.6Q 7.50 1 • 1.10 22.01 O.ol! 0.30 0.0 0.01 

269. 6. 11.00 0.0 227. 6.98 133.61 22.88 23.72 0.0 0.93 

269. 8. 9.20 0.0 -38. 6.96 134.78 54.89 59.73 0.09 0.71 

269. 10. 8.BO 0.0 -78. 6.96 128.94 63.79 71.15 0.10 0.75 
269. 12. 8.50 0.0 -119. 6.89 163.18 112.40 123.02 0.10 0.76 

269. 12. 8.50 0.0 -110. 6.90 269.53 165.87 174.52 0.10 0.77 

269~ 12. 8.50 0.0 -118. 6.90 1.10 121.15 142.19 1. 10~ 1.10 
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Lake St. George, East Basin, 1982 
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Day 

174. 
174. 
180. 
180. 
180. 
180. 
180. 
180. 
186. 
186. 
186. 
186. 
186. 
214. 
214. 
214. 
214. 
214. 
2"4. 
211J. 
269. 
269. 

ct· 269. 
269. 

69. 

De 

6. 
12. 
2. 
6. 
8. 

10. 
12. 
12. 
2. 
6. 
8. 

10. 
12. 
2. 
6. 
8. 

10. 
12. 
12. 
12. 
2. 
6. 
8. 

10. 
12. 
12. 

T 

1.10 
1.10 

18.50 
7.20 
5.20 
4.80 
4.80 
4.80 

20.50 
6.90 
5.10 
4.90 
11.90 

22.50 
12.50 
10.50 
9.00 
8.20 
8.20 
8.20 

16.00 
10.40 
7.00 
6.40 
6.00 
6.00 

Ox EH pH 

0.40 242. 1.10 
0.0 -48. 1.10 

12.50 1. 8.50 
0.40 102. 7.30 
0.30 102. 7.24 
0.0 82. 7.22 
0.0 82. 7.20 
0.0 82. 7.2i 

14.00 132. 8.1 
0.30 142. 7.13 
0.0 72. 6.98 
0.0 -347. 6.97 
0.0 -11.18. 6.92 
7.50 282. 8.20 
0.0 -208.' 7.00 
0.0 -208. 7.00 
0.0 -58. 7.00 
0.0 -218. 7.00 
0.0 1 • 7.00 
0.0 1. 7.00 
8.20 1- 1.10 
0.40 -42. 7.21 
0.20 -11. 7.13 
0.20 1. 7.13 
0.20 -73. 7.10 
0.20 -73. 7.10 

TP SRP TRP TFe THn 

64.77 1.10 1.10 0.07 0.03 
102.76 1.10 1.10 0.08 0.41 
~1.91 1.36 1.10 0.03 0.03 
61. 11 1.81 1.10 0.07 0.03 
50.49 1.5' 1.10 0.05 0.17 
46.06 3.77 1.10 0.01 0.30 

119.60 55.72 1.10 0.01 0.46 
128.81 60.99 1.10 0.01 0.47 
48.88 1. 22 0.61 0.04 0.03 
49.88 1.52 1.68 0.04 0.06 
46.89 1.68 1.37 0.0 o.zo 
41.06 2.90 2.44 0.05 0.34 
99.05 48.02 1.10 0.10 0.45 
27 .03 1.51 2.41 0.10 0.0 
45.65 1.06 0.0 0.0 0.20 
41.06 1.51 0.0, 0.10 0.21 
57.11 18.55 18.70 0.0 0.28 

123.80 72.70 77.22 0.10 0.39 
133.04 81.15 95.32 0.10 0.35 

1 • .1 0 83.11 85.52 1.10 1. 10 
21.15 0.45 0.59 O.O~ 0.0 

1.10 1.78 0.89 0.0 0.26 
40.22 0.45 0.0 1.10 1.10 
38.89 0.59 0.0 1.10 0.39 

103.80 68.77 75.15 0.05 0.31 
99.80 66. 11 74.11 0.05 0.46 
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Glen Lake, 1982 
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\ 
Day De T Ox EH pH TP SRP TRP TFe TMn 

194. 3. 20.00 9.00 1. 8.97 7.07 0.0 0.0 0.0 0.0 
1911. 7. 7.00 3.80 400. 7.31 14.07 0.0 b.o 0.0 0.0 
1911. 8. 6.10 0.50 202. 1.10 14.88 0.0 0.0 0.0 0.12 
194. 10. 5.90 0.0 -28. 6.99 55.30 0.0 0.74 0.0 0.35 

.194. 12. 5.50 0.0 -288. 6.95 80.51 30.16 311.117 0.10 0.34 
1911. 12. 5.50 0.0 -253. 1.10 83.77 36.40 36.65 0.10 0.34 
202. 10. 5.50 0.0 112. 1.10 64.17 J'.O 0.0 0.10 0.110 
202. 12. 5.00 0.0 -208. 1.10w 83.63 30.63 31,,31 0.20 0.33 
216. 3. 20.50 9.00 1. 8.56 1.10 1.10 1.10 1.10 0.0 

216. 7. 11.00 11.00 372. 7.69 15.40 0.0 0.0 0.10 0.0 

216. 8. 8.40 1.10 307. 7.00 1.10 0.0 0.0 O. la 0.10 

216. 10. 6.20 0.0 257. 6.94 59.00 0.0 0.0 0.10 G.45 

216. 12. 6.20 0.0 -148. 6.49 89.40 39.39 38.06 0'0°·34 
" 216. 12. 6.20 0.0 -140. 1.10 1.10 41.19 41.34 0.10 1.10 

216. 12. 6.20 0.0 -140. 1.10 1.10 38.06 39.10 0.101.10 

249. 8. 11.50 4.50 364. 1.10 13.84 ' 0.30 0.0 0.06 0.12 
2119. 9. 9.50 0.0 355. 1.10 15.76 0.45 0.0 0.02 0.21 

249. 12. 7.00 0.0 -114. 1.10 151.66 92.00 98.34 0.14 0.44 
2119. 12. 7.00 0.0 -110. 1.10 201 • ~5 129.69 142.19 1.10 1.10 

249. 12. 7.00 0.0 -115. 1.10 198.20 1112.19 145.31 1.10 1.10 
258. 3. 17.50 8.90 1. 1.10 6.54 0.60 0.30 0.02 0.01 

258. 1. 13.50 8.70 412. 7.04 14.87, 0.75 0.30 0.01 0.07 

258. 8. 12.00 1.10 1102. 7.12 13.04 0.50 0.0 0.01 0.04, 

258. 9. 10.50 1.10 403. 6.97 14.87 0.50 0.30 0.01 0.16 

258. 10. 8.50 1.10 340. 6.92 30 t 29 0.0 0.50 0.01 0.-42 

258: 12. 6.00 0.0 -111. 6.86 161.84 93.26 101.05 0.011 0.41 

258. 12. 6.00 0.0 -111. 6.86 1,36.40 72.90 78.111 0.05 0.110 

307. 3. 9.70 9.00 1. 1.10 8.47 0.76 0.50 0.03 0.04 

307. 7. 9.50 1.10 344. 7.49 8.05 0.0 0.0 0.0 0.04 

307. 8. 9.50 1.10 338. 7.49 10.07 0.91 0.0 0.01 0.05 
307. 9. 9.40 1.10 341. 7.36 13.93 0.61 0.0 0.0 0.07 
307. 10. 7.50 1.10 343. 7.18 13.95 0.61 0.0 0.02 0.16 

307. 11. 6.60 1.10 330. 6.91 48.43 1.06 0.0 0.0 0.63 
307. 12. 6.50 0.0 -88. 6.83 41.55 1.21 0.0 0.16 0.67 

'. 
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Chub Lake, 1982 
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.. 

""-Day De T Ox EH pH TP SRP TRP TSP TFe SFe TMn Fe 2+ HU 

228. 3. 19.00 8.00 , . 5.96 4.60 0.0 . 0.0 1.07 0.0 0.0 0.0 1.10 40.00 
228. 23. 6.20 0.0 88. 5.70 '17.18 39.36 52.78 59.05 6.9o. 5.BO 0.16 , • 10 178.00 
228. 23. 6.20 0.0 88. 5.JO 90.03" 27.88 35.79 1. 10 5.50 11.90 0.15 1.10 178.00 228. 23. 6.20 0.0 88. 5.70 80.93 26.84 31.16 1.10 4.90 4.70 0.14 , • '0 178.00 "'--; 
230. 3. 19.00 8.00 1. 5.97 5.62 0.0 0.0 2.45 0.0 0.0 0.0 1. 10 31.00 
230. 10. 5.00 6.00 465. 5.20 8.08 0.75 1.20 11.60 0.20 0.10 0.03 0.05 411.00 
230. 15. 4.50 3.00 475. 5.22 13.65 1.96 3.91 1".82 0.40 1. 10 0.03 0.05 56.00 
230. 17. 4.50 1.20 475. 5.29 15.50 3.61 7.37 8.13 0.70 0.30 0.04 0.02 76.00 
230. 19. 4.50 0.50 471. 5.43 30.76 3.46 11.58 9.05 1. 30 0.30 0.06 0.03 "2.00 
230. 21. 4.50 0.0 34' • 5.93 116." 3.116 HL 98 '1.35 2.ÇO 2.00 0.12 1.79 141.00 
230. 23. 4.50 0.0 61. 6.03 68.85 17.30 "23.32 38.34 4.20 4.30 0.17 1.10 155.00 
230. 23. 4.50 0.0 61. 6.03 71.67 19.86 25.13 1.10 1. 10 1. 10 1.10 1. '0 155.00 , 

~ 243. 21- 4.10 0.0 288. 1. 10 46.27 5.16 14.01 14.43 3.60 2.87 0.14 1. '0 1. 10 
243. 23. 4.10 0.0 80. 1. 10 79.18 35.10 39.09 1.10 5.57 5.32 0.18 1.10 1.10 
243. 23. lj. '0 0.0 80. 1.10 62.19 23.16 25.37 1. 10 4.41 3.82 0.17 1. 10 1. 10 
243. "2~. 4.10 0.0 80. 1.10 74.18 32.89 34.96 1. 10 5.23 4.69 0.21 1. 10 - ,. fo-
243. 23. 4.10 0.0 80. 1. 10 1.10 34.66 34.66 1. 10 1. 10 4.82 1. 10 1. 10 1. 10 

1\) 211 3. 23. li. 10 0.0 80. 1. la 1. 10 33.63 35.84 52.52 1. 10 4.99 1. 10 1. 10 1. 10 
fi,) 256. 3.- 18.00 8.20 1 • 1. 10 6.89 0.0 0.0 1,. 10 0.04 0.10 0.01 1. 10 27.00 1\) 

256. 10. 5.40 5.70 456. 5.23 7.03 0.74 1.34 1. 10 0.19 0.10 0.05 0.06 44.00 
256. 15. 4.30 1. 10 4116. 5.35 12.05 3.00 4.00 1. 1.Q 0.44 0.31 0.06 0.10 ,61.00 (J 256. 17. 4.30 1.10 1I1111. 5.35 21.23 5.34 8.01 1.10 , • 11 0.61 0.08 0.17 91.00 
256. 19. 4.30 0.0 316. 5.75 37.44 5.04 8.31 1. 10 2.85 1.73 0.13 1.78 131.00 

\ 256. 21. 4.30 0.0 123. ~6.03 53. la 18.99 22.55 1. 10 1I.25 3-0 16 0.17 4.02 133.00 

( 256. 23. 4.30 0.0 60. 6.19 78.45 35.31 37.83 1 • , 0 6.00 4.25 0.19 5.7Q 165.00 
256." 23. 4.30 0.0 60. 6.19 86.38 41.54 43.62 58.56 6.38 5.01 0.19 1.10 ~OO 
256. 23. 4.30 0.0 60. 6.19 85.26 1. 10 1. 10 1. 10 6.12 1. 10 0.19 1.10 165.00 
263. 23. 4.20 0.0 11:16. 5.95 53'.05 17.60 21.24 , • 10 1. 10 3.20 1. 10 , • 10 1.10 
263. 23. 4.20 0.0 175. 5.95 1. 10 17.31 19.93 1. 10 1.10 3.44 " 10 1.10 " 10 263. 23. 4.20 0.0 laO. 5.95 50.46 17.31 25.90 1. 10 1. 10 3.58 1. 10 3.50 1. 10 
266. 23. 4.20 0.0 38. 6.09 73.13 26.97 31.63 1.10 1. 10 4 . .50 1.10 4.74 1. 10 
266. 23. l.i;20 0.0 38. 6.08 71.\.58 31.20 35.13 1.10 1.10 5.00 1.10 1. 10 1. 10 
271. 22. 4.20 0.0 S1. 6.00 8"1/.66 23.87 29.15 1. 10 1. 10 4.12 1. 10 4.31 1. 10 

~ ., 



'-

--
, 

"-

Day De 1 T Ox EH pH TP SRP TRP TSP TFe SFe TMn Fe2+ HU 
309. 3. 7.20 8.00 1 • 1. 10 9.09 0.0 0.0 1.10 0.14 0.06 0.04 1. 10 1. 10 309. la. 6.00 8.00 428. 5.23 8.40 0.76 '.53 1,10 0.37 0.18 0.07 0.02 1. 10 309. 15. 4.40 1. la 432. 5.28 17 .68 4.28 5.20 1.10 0.88 0.56 0.09 0.05 1. la 309. 17. 4.40 1. 10 380. 5.51 28.59 3.36 5.20 1.10 1.82 1.03 0.14 0.55 1. 10 309. 19. 11.20 0.0 132. 5.94 35.36 10.24 9.94 1.10 3.36 3.23 0.16 -3.22 1. 10 
309. 21. 4. la 0.0 73. 6.05 51.52 19.88 20.34 1.10 4~28 4.26 0.16 4.14 1. 10 309. 23. lj.10 0.0 SB. 6.10 64.02 28.59 28.1:)9 ".10 4.76 4.89 0.17 4.80 1. 10 309. 23. 11. 10 0.0 60. 6.08 67.111 311.10 32.72 1.10 Il.Aq 5.20 0.16 1. 10 1. 10 3111. 3. 6.20 9.50 1 • 5.68 9.114 0.0 0.0 1. la 0.22 0.09 0.05 1. 10 1.10 
314. , O. 6.20 9.40 437. 5.67 9.49 0.0 0.0 1. 10 0.24 0.08 0.04 1. 10 1. 10 
314. 15i 4.50 0.80 451. 5.41 16.83 2.97 2.38 1. 10 0.8e; 0.52 0.10 l~iO 1. la 314. 17. 4.50 0.10 387. 5.51 28.28 2.53 1.04 1. la 1. 811 1.04 0.13 1. 10 1. 10 
314. 19. 4.10 0.0 192. 5.98 37.33 11. 45 14.12 1.10 ~.40 3.36 0.16 1. 10 1.10 
314. 21. 4.10 0.0 103. 6.08 49.17 18.43 19.48 1.10 4.22 4. 11 0.16 1. 10 1. 10 
314. 23. 4.10 0.0 81. 6.14 58.22 24.98 26.46 1.10 4.57 11.54 0.17 1 • 10 1. 10 
319. 3. 5.30 8.00 1 • 1. 10 9.64 1. 62 0.0 1.10 0.32 0.21 0.06 1. la 1. 10 
319. 23. 4.10 0.0 1 • 1.10 54.55 25.57 23.75 1. 10 4.00 4.38 0.21 4.24 1. la 

1\) 319. 23. 11. 10 0.0 74. 6.06 59.39 26.25 25.81 1. la Il.05 11.39 0.17 4.32 1. la 
1\) 321. 3. 11.60 9.20 1 • 1.10 10.52 0.44 0.52 1.10 0.34 0.23 0.06 1. 10 1. la Ct) 321. 5. 4.60 9.10 42" 5.57 10.13 0·30 0.89 1.10 0.33 0.24 0.05 0.03 50.00 

321- 7. 4.60 9.00 420. 5.60 10.13 0.52 1.26 1. 10 0.30 0.19 0.05 0.01 48.00 
321. ' 10. 4.60 9.10 437. 5.57 9.32 0.52 1 • 1 , 1.10 0.31 0.22 0.06 1. 10 48.00 
321. 13. 4.60 8.60 450. 5.54 10.56 1.48 1.48 4.40 0.46 0.26 0.0'i 0.01 48.00 
321. 15. 4.50 8.50 447. 5.89 10.71 1.04 1.48 4.84 0.46 0:25 0.05 0.04 48.00 
321. 17. 4.40 6.60 455. 5.59 13.79 1.63 1. q 3 5.58 0.78 0.47 0.07 0.0 76.00 
321. 19. 4.20 0.50 471. 5.46 27.62 2.96 6.00 10.57 1. 78 0.80 O. 11 0.0 114.00 
321. 21. 4.10 0.0 104. 5.Q9 47.40 17.19 1Q.19 1. 10 3.64 3.54 0.15 2.57 118.00 
321. 23. 4.10 0.0 66. 6.05 57.33 25·35 26.58 LI 1.54 LI.25 4.35 0.17 3.04 1'0.00 
321. 23. 4.10 0.0 66. 6.05 55.72 24.60 26.24 39.63 4.19 4.28 0.17 1. 10 1. 10 
323. 3. 4.50 9.50 t. 1.10 10.51 0.3' 0.70 3.87 0.41 0.26 0.06 1. 10 1. 10 
323. 7. 4.50 9.50 450. 5.57 10.53 0.31 0.61 4.17 0.38 0.23 0.05 1. 10 1. 10 
323. 21. 4.00 0.0 1'7. 6.04 48.75 19.17 20.40 34.07 3.68 1. la 0.15 1.10 1. 10 
323. 23. 4.00 0.0 69. -6.00 56.91 25.00 ?~.84 41.06 4.21 1.10 0.15 1. 10 1. 10 
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Day De T Ox EH pH T? SR? TR? TSP TFe SFe TMn Fe2+ HU 
330. 3. 3.60 9.20 , . 1. 10 , 1 .80 0.67 1.48 1. 10 0.42 0.27 0.06 0.0 1. 10 
330. 5. 3.60 9.20 437. 5. '58 11.80 0.89 1.19 4.65 0.40 0.26 0.05 0.0 51. 00 
330. 7. 3.60 9.10 449, 5.66 11.45 1.03 l.1I8 4.35 0.42 0.28 '-0.06 0.0 51.00 
330. 10. 3.60 9.50 455. 5.63 11.90 1.19 1.56 4.35 0.41 0.27 0.06 0.0 4Q.OO 
330. 13. 3.60 9.110 463. 5.63 11.60, 0.59 '.56 4.35 0.39 0.28 0.05 0.0 49.00 
330. 15. 3.60 9.40 474. 5.63 ".90 0.5Q 1.19 4.65 0.43 0.23 0.05 0.0 49.00 
330. 17. 3.60 9.20 1170. 5.65 11.95 0.74 1.19 4.80 0.38 0.25 Q.05 0.0 50.()Q 
330. 19. 3.60 9·10 472. 5.61 11.05 0.74 1.19 4.35 0.41 0.27 0.05 0.0 50.00 
330. 21. 3.60 9.70 !!75. 5.63 ".30 1.19 0.7!! 4.65 0.!!2 0.26 0.06 0.0 52.00 

; 330. 23. 3.60 9.50 478. 5.60 12.20 0.74 1 • 11 4.80 0.39 0.24 0.06 0.0 52.00 
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Little Cl~ar Lake, 1982 
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" Day De T Ox EH pH TP SRP TRP TSP TFe SFe TMn Fe2+ • 

196. 2. 22.00. 8.60 1 • 6.81 6.22 0.0 0.0 1.10 0.0- 0.0 0.0 0.0 
196. la. 5.50 1.90 397. 1.10 9.09 0.0 0.76 1.10 0.10 0.10 0.08 0.0 
196. 1 , • 5.50 0.50 372. 6.00 18.52 0.0 1.q8 1.10 0.10 0.10 0.14 1.10 
196. 13. 4.60 0.0 292. 6.19 17.35 0.0 1.52 1.10 0.90 0:50 0.29 1.10 
196. 15. 4.60 0.0 " 182. 6.lI2 19.3h 0.0 1.68 1.10 2.00 1.10 0.33 1 _ la 
196. 17. 4.50 0.0 -18. 1.10 40. 3"3 '6 • , 6 18.45 1.10 5.10 4.70 0.56 1.10 

, 196. 19. 4.50 0.0 -3.8. 6.64 76.9·7 m.a2 48.17 1.10 7.40 6.80 0.56 1.10 
196. 19. 4.50 0.0' -48. 1.10 78.13 44.82 47.71 1.10 7.40 6.80 0.43 1. 10 
208. 5. 14.00 13.40 1. 1.10 8.38 0.0 0.76 1.10 0.20 0.0 0.0 1.10 . 208. 15 • 4.60 0.0 12. 1.10 26.16 4.42 4.24 1.10 3.10 2.80 0.40 1.10 ;t 208 •. 17. 4.60 0.0 -28. '1.10 38.71 ,Q.11 15.30 1.10 4.90 4.70 0.44 1.10 
208. 18. 4.60 0.0 -23. 1.10 1. 10 21.08 22.56 1.10 5.20 4.90 0.56 1. 10 
208. 18. 4.60 0.0 -23. 1.10 1. 10 26.68 29'.56 1. la 1. la 5.30 h 10 1. 10 
208. 18. 4.60 0.0 -18. 1. 10 43.36 18.05 17.87 1.10 1. 10 4.70 1.10 1'.10 
210. 5. 1. 10 1.10 1 • 1.10 9.51 0.70 0.0 1.10 0.10 1. , 0 0.01 1.10 
210. 18. 4.60 0.0 -20. 1.10 1.10 24.47 1.10 1.10 1.10 5.30 1. 10 1. la 

r-.) 210. 18. 4.60 0.0 -20. 1.10 1. 10 27.78 1. 10 1.10 5.80 5.50 1.10 1.10 
1\) 210. 18. 4.60 0.0 -20, 1. 10 1. 10 28.53 1.10 1. 10 1. 10 5.60 , • , 0 L 10 <n 210. 18. 4.60 0.0 -20. 1.10 48. 14 24.77 23.57 1;0-0 5.80 1. 10 0.44 1. la 

210. 18. 4.60 0.0 -20. 1. 10 53.37 27.78 27.48 1. 10 1. 10 1. 10 1. 10 1.10 
222. 5. 1.10 12.80 1. 7.18 8.66 0.0 0.0 '.34 0.10 0.0 0.0 0.0 
222, 15. 4,60 o,tr 383. 6.46 23.13 2.75 2.94 4.63 3.50 3.30 0.42 0.0 
222. 17. 4.60 0.0 20. 6.5~ 38.76' 16.03 15.00 20.30 5.90 4.70 0.47 , • 10 
222. 18. 4.60 0.0 8. 1. 10 57.61 27.65 27.21 21. 19 6.80 5.70 0.48 1. 10 
222. 18. 4.60 0.0 8, '.10 47.61 25.29 23.80 27. g, 6. '0 5.50 0.47 , • 10 
222. 18. 4.60 0.0 8. 1. 10 53.68 27.50 

~ 

25.00 32.84 6.90 6.70 1.10 1. la 
244., 15. 4.60 0.0 68. 1. 10 26.95 "0.59 0.73 4.76 3.62 3.09 0.57 1.10 
2111i. 16. 4.60 0.0 21. 1. 10 30.76 6.16 5.72 1.10 4.98 4. 15 0.54 1.10 
l44, 16, 4.60 0.0 21. 1.10 t7.73 2.64 2.64 1.10 4.30 3.64 0.58 1. 10 
244. 16. 4.60 0.0 21. 1. 10 30.44 . 6.74 7.04 1. '0 4.99 3.99 0.51 1. 10 
2l!6. - 16. 4.60 0.0 76. 1.10 32.63 10.54 9.79 1. 10 4.98 4.59 0.48 5.09 
246. 17. 4.60 0.0 13. 1. 10 42.39 21. 39 26.66 1. 10 5.39 5.59 0.38 6.05 
246. 18. 4.60 0.0 ~'. 1.10 55.37 30.42 30.42 " 1. 10 5.84 1. 10 D.lI5 6.68 
246. 18. 4.'60 0.0 6. 1. 10 49.44 ?6.05 25.60 3l1. 11 5.87 1.10 0.51 1.10 
246. 18. 4.60 0.0 6. 1','0 51.07 29.52 27.41" 1.10 1,10 1,10 1.10 1.10 

" 
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Day De T Ox EH pH TP SRP TR~ TSP TFe SFe TMn Fe 2+ 

259. 3. '6.20 8.70 1 • 6.B2 4.88 0.30 0.60 1.10 0.04 0.0 0.01 1.10 
259. 10. 6.50 , .00 386. 6.04 7.35 1.04 1.34 , • , a 0.14 0.08 0.07 0.01 

o 259. 12. 5.00 0.50 294. 6.06 22.96 0.7~ 1.49 1.10 0.92 0.53 0.41 0.38 
259. 14. 5.-00 0.0 222. 6.26 24..95 0.45 0.89 1. la 2.q8 2.38 0.47 2.63 
259. 16.~ 0.0 29. 6.42 36.75 10.27 9.52 1-.10 5.30 4.62 0.51 5.05 

18. 5. 0.0 
.,. 

6.-48 58.56 30.21 29.32 1.10 7.25 5.44 0.56 6.39 259. -2. 
259.' 18. 5.00 0.0 ,l2. 6.48 59.74 29-.76 28.72 36.16 7.25 5.37 0.53 , • , 0 
259. 18. 5~OO 0.0 

J 
6.48 59.43 6'.19 ... 2. 1. 10 1 .10 

?O 
1.10 1.10 0.5'Û 

'" 
306. 3. 8~50 8.00 1 • 1.10 4.98 _ 0.0 0.0 1 10 0.08 0.03 0.03 1. 10 
306. 8. a-.50 8.00 396. 6.44 5.~7 0.0 0.91 1.10 0.15 0.0 0.04 0.01 
306. 10. 7.00 1.10 416. 6.13 13.15 0.0 0.91 ( .10 0.26 0.06 0.19 0.04 
306. 12. 6.00 1.10 294. 6.16 19.31 . 0.0 0.91 .10 0.87 0.72 0.45 0.77 
306. 14. 5.20 0.0 179. 6.37 32.17 0.0 3.48 1.10 3.95 3.84 0.53 3.98 
306. 16. 5.00 0.0 74. 6.46 31.82 7.27 9.85 1.10 5.34 5.28 0.54 5.37 

. 306. 18. 5.00 0.0 36 • 6.49 39.56 15.00 16.67 1.10 6.04 5.90 0.55 6.02 
306. 19. 5.00 0.0 45. 6.49 42.36 18.03 19.85 1.10 6.03 1. 10 0.55 6.17 

1\) 

J\) 

0) 

.\ . 

• 

.; --
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Appendix B 

Data for calculation of the fall turnover budget in Lake 

Magog 1981 CChapter 5). The eroded hypolimnetic water layer 

(m, column 2) was obtained from oxygen profiles. This eroded ( 

volume n03 m3, column 3) and aera ted surface volume n03 m3 , 

column 4) were ca1culated with morphometric information form 

Lardnèr-Cornett (1981) and.column 2. 1he volume of aerated 

surface water CcoluJl\n 4) was corrected for flushing by daily 

low data from a 'downstream dam at Rock Forest (Quebec, 

Ministere d'Environnement), (column 5). From these data and 
.. 

the phosphorus concentrations of the eroded hypolimnetic layer 

(Appendix A), changes in the surface concentrations of TP, SRP 

and PRP Crg/L, column 6, 7, 8) were calculated. These changes 

can than be compared to observed changes calculated fr~m the 

surface concentrations (Appendix A). 
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Date ( 2) (3) ( 4) (5) (6) (7) ( 8) 

Aug. 4 - 11 11 - 11 a 67,510 77,110 00 00 00 

~U9:l1 - 17 11 - 10 0 62,910 70,250 00 00 00 

Aug.17 - 26 la - 10 ~ a 67,510 97,762 00 00 00 

Aug.26 - Sept.4 10 - 11 3,650 62,910 86,314 6.75 4.61 0.81 

Sept. 4 - 11 11 .... 11.5 1,585 67,510 75,090 3.73 3.23 00 

1\), Sept.10 - 12 11.5 - 12 1,585 71'520 76,695 7.38 6.90 0.35 1\) 
(» 

Sept.12 - 15 12 - 11 0 71,520 75,924 00 00 00 

Sept.15 - 21 11 - 12 3,170 71,520 75,924 15.03 13.81 1.69 

Sept! • 21 - 2'3 12 - 12.5 1,2-87 71,170 78,106 4.88 3.79 0.76 

Sept.23 - 25 12.5 - 14 825 78,337 87,625 21.74 21.58 0.ge 

Sept.25 - 30. 14 - 15.5' 1,057 78,337 96,072 Il.62 7.57 4.00 

Sept.3.0 - Oct.2 1~.5 - 17 845 84,213 89,596 6.22 5.72 0.49 

Oct. 2 - 8 17 -17 a 85,530 94,966 -7.90 -1.70 -1.40 . 

~ 



Appendix C 

Dataset for SRP and BAP comparisons in Chapter 4. The 

variables are list~d in two columns per page of SRP and BAP 

Cpg/L) , data source and water type. Data sources are the same 

as in Table 3 of Chapter 4, water type is water from: 

1 - hypol imnia; 2 - epilimnia; 3 - st rea#l s; 4 - sewage 

effluents; 5 - sedimept and soil extracts; 6 - bluegreen algae 

extracts; 7 - atmospheric precipitation; 8 - groundwater; 9 -

artificially enriched water from limnocorrals. 

'\ 

,. , 
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~56.0 343.0 1. 1. 3.0 1.3 2. 2. 

236.0 196.0 1 • 1. 7.6 Il.6 2. 2. 

356.0 323.0 , . , . 4.8 4.9 2. 2. 

531.0 468.0 1 • 1. 4.4 0.5 2. 2. 

78.0 109.0 1 • 1. 8.2 19.6 2. 2. ., 

203.0 170.0 1 • 1 • 2.0 0.9 2. 2. 

59.0 4 41.0 1 • 1 • 1.8 0.1 2. 2. 
603.0 555.0 1 • 1. 1.0 0'.7 2. 2. 
63.0 49.0 1 • 1. 2.0 0.6 2; 2. 

663.0 644.0 1 • 1 • 3.0 7.2 2. 2. .. 
3.0 4.0 1 ... 1. 0.7 0.7 2. 2. 

3.0 2.0 1. 1 • 9.6 7.1 2. 2. 

15.0 16.0 1. 1 • 6.8 1.3 2. 2. 
22.0 10.0 1 • 1. 2.0 0.9 2. ' 2. 

5.0 4.0 1. 1. 1.8 0.1 2. 2. 

7.0 8.0 1. 1. 0.6 0.4 2. 2. 

83.0 99.0 1 • 1. 2.0 0.8 2. 2. 

96.0 95.0 1. , . 2.0 '.4 2. 2. 

73.0 63.0 1 • 1 • 1.7 0.1 2. 2. 

636.0 548.0 1. 1. 3.9 4.9 2. 2. 

297.0 255.0 1 • 1. 4.0 1.9 2. 2. 

197.0 160.0 1 • 1. 3.11 1.7 2. 2. 

71.0 88.0 1 • 1. 3.0 1.7 2. 2. 

402.0 345.0 1. 1. 2.0 0.3 2. 2. 

283.0 190.0 1 • 1 • 5.6 0.7 2. 2. 

82.0 88.0 3. 1. 5.6 0.5 2. 2. 

53.0 63.0 3. 1. 4.0 0.9 2. 2. 

181.0 178.0 3. 1. 3." 0.5 2. 2. 

5.0 5.0 5. 1 • 7.8 2.9 2. 2. 

2.3 2.3 5. 1. 5.0 1.2 2. 2. 

2.1 2.1 5. 1. 6.8 1.3 2. 2. 

111.0 14.0 5. 1. , 3.0 0.1 2. 2. 

9.2 9.2 5. 1. 2.8 0.9 2. 2. 

2.3 2.3 5. 1. 66.0 65.0 3. 2. 

95.6 95.0 5. 1 • 70.0 67.0 3. 2. 

592.0 580.0 5. 1. 21.0 20.0 3. 2-. 

4.0 5.0 ..1. 2 • 53.0 55.0 3. 2. 

4.0 5.0 1. 2. 48.0 52.0 3. 2. 

5.0 7.0 1. 2. 45.0 44.0 3. 2. 

8.0 5.0 1. 2. 49.0 52.0 3. 2. 

8.0 6.0 1. 2. 43.0 43.0 3. 2. 

2.2 2.7 2. 2. 34.0 311.0 3. 2. 

3.0 1.6 2. 2. 46.0 34.0 3. 2. 

3.6 0.5 2. 2. 52.0 52.0 3. 2. 

1.6 0.5 2. 2. 40.0 39.0 3. 2. 

1.6 0.1 2. 2. 1.0 1.0 , 2. 

1.6 0.8 . 2. 2. 1.0 1.0 2 • 

1.0 0.6 2. 2. 1.0 1.0 2. 

1.7 0.1 2. 2, 5.0 5.0 )3. 2. 

3·3 1.0 2. 2. 1,.0 2.0 3. ,2. 

1.4 2.0 2. 2. 30 .. 0 30.0 4. 2. 

3.3 1.8 2. 2. 1.3 0.6 4. 2. 

3.0 0.0 2. 2. 1.0 0.5 4. 2. 

5.8 1.0 2. 2. ' 1.2 1.2 5. 2. 

1.4 1.6 2. 2. 2.5 2.5 5. 2. 

() 2.0 0.3 2. 2. 1.4 1.1 . 5. 2. 

0.4 0.5 2. 2. 6.3 4.0 5. 2. 

1.8 1.6 2. 2. 1.5 1.1 5. 2. 

0.8 2.8 2. 2. 0.3 0.3 5. 2. 

2.0 0.2 2. 2. 0.7 0.7 5. 2. 
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14.0 18.0 6. 2. 3.4 4.8 2. 3. 
8.0 6.0 6. 2. 5.4 3.0 2. 3· 
3.0 2.0 6. 2. 28.9 24.1 2. 3. 

210.0 250.0 6. 2. 8.9 9.5 2. 3. 

5.7 1.3 2. 3. 17.2 4.2 2. 3. 

5.7 8.9 2. 3. 9.9 2.9 2. 3. 
11.2 13.6 2. 3. 3.4 3.7 1 2. 3. 1 

4.4 0.4 2. 3. 6.4 1.1 1 2. 3. 

10.4 3.0 2. 3. 4.5 0.7 2. 3. 

3.0 0.1 2. 3. 3.6 0.9 2. 3. 

1.2 0.5 2. 3. 4.0 0.9 2. 3. 

8.8 15.2 2. 3. 4.2 0.9 2. 3. 

3.8 3.0 2. 3. 5.2 0.3 2. 3. 

3.4 0.7 2. 3. Il.0 0.4 2. 3. 

1.8 3.3 2. 3. 7.8 5.6 2. 3. 

2.1 0.1 2. 3. 7.4 1.4 2. 3. 

0.6 1.6 2. 3. 5.4 0.3 2. 3· 

3.0 2.9 2. 3. 4.5 1.3 2. 3. 

2.0 0.6 2. 3. 2.2 1.0 2. 3. 

8.4 0.5 2. 3. 12.4 2.9 2. 3. 

2.4 0.9 2. 3. 7.0 1.5 2. 3. 

1.8 0.5 2. 3. 15.0 0.7 2. 3. 

12.0 0.5 2. 3. 1.7 0.5 2. 3. 
- 2.0 0.5 2. 3. 4.4 1.3 2. 3. 

1.6 0.6 2: 3. 2.6 2.1 2. 3. 

1.5 0.1 2. 3. 4.6 0.1 2. 3. 

11.5 2.1 2. 3. 1.8 9.0 2. 3. 

4.3 2.0 2. 3. 46.4 56.4 2. 3. 

8.4 5.5. 2. 3. 6.2 3.4 2. 3. 

2.2 5.0 2. 3. 7.-8 0.5 2. 3. 
7.8 . 9.0 2. 3. 2.8 1.3 2. 3. 

5.8 1.3 2. 3. 12.4 4.8 2. 3. 

2.0 0.5 2. 3. 6.11 5.2 2. 3· 
2.4 0.7 2. 3. 4.8 2.1 2. 3. 

1.2 0.11 2. 3. 2.2 0.8 2. 3. 

3.11 3.2 2. 3. 6.8 10.2 2. 3. 

3.0 1.0 2. 3. 41.9 110.1 2. 3. 

1.7 0.5 2. 3. . 5 .. 11 1.8 , 2. 3 • 

3.2 2.0 2. 3. 1.11 1.0 2. 3. , 

2.4 0.1 2. 3. 1.6 1.5 '2. 3. 

1.5 1.0 2. 3. 3.3 0.8 2. 3. 

1.6 1.9 
,. 

2. 3. 1.9 0.1 2. 3. 

2.8 0.1 2. 3. 17 .2 10.8 2. 3. 

1.2 0.1 2. 3. 15.3 2.9 2. 3 • 

6.0 5.0 2. 3. 11.7 . 11.1 2. 3. 

2.6 0.4 2. 3. 15.8 1.9 2. 3. 
3.0 0.3 2. 3. 15.0 0.6 2. 3. 

1.8 0.3 2. 3. 5.6 0.7 2. 3. 
, 8.6 1.8 2. 3. 7.0 0.9 2. 3. 

1.8 3.3 2. 3. 6.6 2.5 2.- 3. 

3.0 0.1 2. 3. 6.2 0.6 2. 3. 

17.7 7.5 2. 3. 4.6 2.1 2. 3. 

1.5 2.11 2. 3. 9.0 7.6 2. 3. 

9.0 6.4 2. 3. 4.6 2.5 2. 3. 

0 
39.6 2.5 2. 3. 18.0 17 .0 6. 3. 

37.5 3.3 2. 3. 20.5 17 .0 4. 3. 

-- '0.3 2. 3. 14.5 9.9 4. 4. 
5.5 
11.6 1.5 2. 3. 3000.0 3700.0 6. 4. 

8.2 1.3 2. 3. 2.6 2.4 9. 4. 

20.8 29.5 2. 3. 0.1 0.1 9. Il. 
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2.4 2.1 9. 4. 0.1 0.0 8. 1. 

0.1 0.3 9. 4. 0.1 0.0 8. 1. 

1.6 1.8 9. 4. 315.0 239.4 8. 1. 

0.9 1.0 9. 4. 0.5 0.0 8. 1. 

1.4 1.3 9. 4. Z.9 2.4 7. 7. 

1.6 1.6 9. 4. 5.3 1.4 7. 7. 

1.0 1.0 9. 11. 1.5 0.5 7. 7. 

0.1 0.2 9. 4. 1.7 0.4 7. 7. 

4.8 5.1 9. 4. 86.0 53.0 7. 7. 

2.1 2.3 9. 4. 27.4 34.0 7. 7. 

0.9 0.9 , 9. 4. 10.5 17.9 7. 7. 

1.5 3.1 9. 4. 13.5 3.5 7. 7. 

1.1 1.6 9. 4. 6.6 4."3 7. 7. 

0.4 0.6 9. 4. 5.7 10.0 7. 7. 

1. 1 1.7 9. 4. 1.2 0.0 7. 1. 
0.0 0.1 9. 4. 2.8 2.9 7. 7. 

0.0 0.0 9. 4. 1.0 0.0 7. 7. 

0.9 1.2 9. 4. 20.0 3Z.5 7. 7. 

0.0 0.1 9. 4. 1.5 0.8 7. 1. 

0.0 . 0.1 9. 4. 8.6 10.8 7. 1. 

102.0 100.0 3. 5. 11.0 17.5 7. 7. 

73.0 16.0 3. 5. 2.6 9.0 1. 1. 

414.0 414.0 10. 5. 1.0 0.8 7. 7. 

5l!9.0 549.0 10. 5. 0.5 1.0 1. 7. 

12.0 10.0 3. 6. 2.2 1. 1 1. 7. 

54.0 45.0 3. 6. 9.3 7.5 1. 7. 

0.1 0.0 8. 7. 3.5 2.0 7. 7. 

0.9 0.0 8. 7. 4.6 3.0 7. 1. 

1.1 5.0 8. 7. 3.4 2.5 1. 7. 

0.1 0.0 8. 7. 5.2 1.5 7. 7. 

2.1 2.4 8. 1. 2.1 5.2 1. 7. 

0.5 0.0 8. 1. Il.6 5.0 7. 1. 

1.4 1 .. 0 8. 7. 1.5 8.8 1. 1. 

0.1 0.0 8. 7. 2.8 2.3 1. 1. 

\ 0.1 0.0 8. 1. 2.9 8.0 1. 1. 

0.8 2.3 8. 1. 44.0 lJO.5 7. 1. 

5.5 4.0 8. 7. 3.2 2.3 1. 1. 

0.8 0.0 8. 1. 25.0 65.5 1. 1. 

38.0 39.5 8. 7. 1.2 ' 1.2 7. 7. 

2.6 4.1 8. 7. 2.5 0.6 1. 7. 

1.1 1.7 8. 7. 31.0 48.5 7. 7. 

35.0 39.1 8. 7. 0.8 0.0 7. 7. 

1.6 2.5 8. 1. 45.0 56.0 7. 7. 

1.0 0.0 8. 7. 0.1 2.4 1. 7. 

1.9' 0.0 8. 7. 0.9 0.0 7. 7. 

0.6 0.7 8. 7. 0.6 0.5 1. 1. 

110.0 215.8 8. 7. 6.6 11.5 7. 7. 

0.5 0.0 8. r. 1.2 0.5 7. 
p 

7. 

1.1 2.0 8. 1. 22.0 lJ3.0 7. 7. 

0.1 0.0 8. 7. 8.8 11.0 7. 7. 

0.4 4.8 8. 7. 78.0 79.0 7. 7. 

0.5 0.0 8. 7. 15.0 22.5 7. 7. 

0.1 0.0 8. 7. 45.5 89.5 7. 7· 
0.1 0.0 8. 1. 9.1 li.S 2. 7. 

42.0 . 47.6 8. 7. 9.4 3.1 2. 7. 

(j, 0.8 4.8 8. 7. 35.2 38.8 2. 1. 

-- 1.0 0.0 8. 7. 6.0 0.3 2. 1. 

2-.1 0.0 8. 7. 54.4 60.0 2. 7. 

0.5 0.0 8. 7. 30.4 31.6 2. 1. 

1.0, 0.0 8. - 7. 14.n 17.0 2. 1. 

~12" ~ 



8.!! O.!! 2. 1. 11.1 13.8 8. 3. 
8.4 0.4 2. 1. O." 1.3 8. 3. 

14.8 14.4 2. 1. 38.5 18.7 8. 3. 
52.2 12.2 2. 1. 41.0 16.5 8. 3. 
46.5 13.6 2. 1. 19.0 22.8 8. 3. 
46.9 6.1 2. 7. 13.0 24.5 8. 3. 
2.8 0.2 2. 8. 0.6 7.5 8. 3. 
3.2 2.0 2. 8. 13.5 12.2 8. 3. 

~ 4.4 0.4 2. 8. 29.0 19.8 8. 3. 
3.0 5.2 2. 8. 28.5 38.4 8. 3. 
3.2 0.5 2. 8. 1.8 4.7 8. 3. 
5.8 1.6 2. 8. 0.9 0.0 8. 3. 
3.6 0.0 8. 3. 2.0 0.0 8. 3. 
2.2 0.0 8. 3. 3.5 0.0 8. 3. 
0.3 1.9 8. 3. 3.3 4.6 8. 3. 
0.9 0.1 8. 3. 2.3 2.7 8. l--
0.4 0.0 8. 3. 1.5 0.0 8. 3. 
'.3 0.0 8. 3. 0.2 1.7 8. 3. 
0.1 1.0 8. 3. 2.4 2.0 8. 3. 
0.5 2.0 8. 3. 0.9 5.6 8. 3. 
0.9 2.0 8. 3. 1.6 3.4 8. 3. 
3.0 0.0 8. 3. 0.3 0.2 8. 3. 
0.8 7.5 8. 3. 1.8 0.0 8. 3. 
1. , 1.6 8. 3. 1.4 0.0 8. 3. 
0.6 0.0 8. 3. 1.0 0.0 8. 3. 
'.1 1.0 8. 3. 1.9 0.8 8. 3. 

10.9 7.7 8. 3. 0.9 0.0 8. 3. 
14.4 !t.O 8. 3. 3 .. 1 . 0.5 8. 3. 
8.4 8.4 8. 3. 5.4 7.6 8. 3. 
8.3 B.8 8. 3. 3.8 7.1 8. 3. 
4.9 2.9 8. 3. 5.3 5.5 8: 3. 
1.9 2.0 8. 3. 3.B 1.7 8. 3. 
?2 0.6 8. 3. 2.3 0.1 8. 3. 
8.6 8.4 8. 3. 4.0 2.5 8. 3. 
0.8 0.0 8. 3. 3.6 2.8 8. 3. 
1.4 3.3 8. 3. 1.5 3.9 8. 3. 
0.8 1.9 8. 3. 1.8 2.3 8. 3. 
1.0 11.9 8. 3. 2.3 2.6 8~ 3. 
0.5 0.0 8. 3. 3.9 3.5 8. 3. 

36.0 27.0 8. 3. 3.8 10.1 8. 3. 
13.3 10.2 8. 3. 1 .. 9 3.3 8. 3. 

. 32.0 25.6 8. 3. 0.3 2.0 8. 3 • 
36.0 29.0 8. 3. 1.8 4.14 8. 3. 
14.0 10.6 8. 3. 3.6 - 0.0 8. 3. c 

2.6 5.1 8. 3. 0.14 1.1 8. 3. 
12.0 12.4 8. 3. 9.9 7.2 8. 3. 
33.5 28.7 8. 3. 20.0 11.6 8. 3. 
6.8 18.0 8. 3. 20.0 11.9 8. 3. 
9.9 7.0 8. 3. 16.1 6.2 8. 3. 
1.1 1.6 ' 8. 3. 15.4 6.9 8. 3. . 
1. 2, ' 10.3 8. 3. 4.4 1.5 8. 3. 
1.5 

1 
0.4 8. 3. 3'.7 1.5 8. 3. 

10.9 \ 12.6 8. 3. 3.7 3.6 8. 3. 
37.0 29.1 8. 3. 11.0 4_.2 8. t. 3. 
38.0 23.0 8. 3. 25.0 7.0 8. 3. 

C.> 21.0 21.2 8. 3. 13.5 10.3 8. 3. 
39.0 44.1 8. 3. 0.1 2.0 8. 3· 

~ 5.2 5.9 8. ~ 3. 6.1 4.1 8. 3. 
8.6 16.5 . 8. 3. 6.8 9.8 8. 3 • 

12.0 10.4 8. 3. 0.8 2.7 8. 3. 
, . - -
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88.0 79.0 8. 3. 21.0 23.0 1. 1. 

108.0 112.9 8. 3. 21.0 19.0 11. 2. 

108.0, 112.9 8. 3. 17.0 26.0 11. 2. 

3.1 lI.8 8. 3. 10.Q 15.0 11. 2. 

18.5 15.5 8. o' 3. 22.0 16.0 11. 2. 

45.0 50.1 8. 3. 20.0 22.0 11. 2. 

51.0 48.8 8. 3. 25.0 21.0 11. 2. 

14.0 21.1 8. 3. 0.1 14.0 11. 2. 

15.0 22.0 8. 3. 12.0 14.0 11. 2. 

8.1 8.3 8. 3. 0.1 7.0 11. 2. 

9.2 26.6 8. 3. 21.0 24.0 11. 9. 

3.11 3.2 8. 3. 15.0 35.0 11. 9. 

240.0 207.9 8. 3: 10.0 10.0 11. 9. 

64.0 77.1 8. 3. 17 .0 17 .0 11. 9. 

13.7 22.7 8. 3. 20.0 25.0 11. 9. 

47.5 81.5 8. 3. 25.0 35.0 11. 9. 
f) 150.5 152.7 8. ~. 3.0 16.0 11. 9. 

255.0 209.5 8. 3. 3.0 6.0 11. 9. 

185.0 166.0 8. 3. 0.1 26.0 11. 9. 

156.0 213.0 8. 3. 27.0 22.0 11. 9. 

225.0 287.5 8. 3. 20.0 25.0 11. 9. 
340.'0 273.8 8. 3. 110.0 110.0 11. 9. 
310.0 198.1 8 •. 3. 70.0 45.0 11. 9. 

18.0 11.9 8. 3. 78.0 1l!3.0 11. 9. 

12.2 10.5 8. 3. 52.0 35.0 11. 9. 

~2.6 13.8 8. 3. 3.0 37.0 11. 9. 

5.4 2.5 8. 3. 3.0 11.0 11. 9. 
17 .0 0.4 8. 3. 0.1 15.0 11. 9. 
20.0 25.5 8. 3. 17.0 20.0 11. 9. 
5.6 6.7 8. 3. 10.0 26.0 11. 9. 

3.5 6.1 8. 3. 16.0 11.0 11. 9. 
2.1 5.1 8. 3. 20.0 14.0 11. 9. 
5.6 0.0 8. 3. 20.0 22.0 11. 9. 

13.0 16.7 8. 3. 23.0 21.0 11. 9. 

5.2 3. 2, 8. 3. 77.0 67.0 11. 9. 

1.6 2.0 8. 3. 132.0 52.0 11. 9. 
1.5 1.0 8. 3. '0.0 19.0 11. 9. 0 

110.0 96.6 8. 3. 17.0 106.0 11. 9. 

133.0 132.6 8. 3. 700.0 2. 11. 9. 

12.5 9.5 8. 3. 248.0 12.0 11. 9. 

11.0 9.9 8. 3. 75.0 -4 • 11. 9. 

2.7 Il.3 8. 3. 15. 22:0 ". 9. 

13.5 1 5.lI 8. 3. 22 0 107.0 11. 9. 

41.0 "45.6 8. 3. 17 • 47.0 11. 9. 1" 

52.0 71.9 8. 3. 4. 51.0 11. 9. 
8 •. , 14.6 8. 3. 1.9 1.9 '/ 5. 1. 

1.7 14.0 8. 3. , .0 1.0 3· 2. 

10.4 12.0 8. 3. 27.0 25.0 1. 1. 

23.0 27.7 8. ~ 25.0 27 .0 1. 1. 

23.5 26.lI 8. 3. 28.0 26.0 1. 1. 

3.7 9.3 8. 3. 25.0 31.0 1. 1. 

4.1 4.8 8. 3. 16.0 20.0 1. 1. 

26.0 36.1 8. 3. 20.0 28.0 1. 1. 

5.6 7.1 8. 3. 35.0 38.0 1. 1. 

16.1 17.3 8. 3. 35.0 43.0 1. 1. 

44.0 59.5 8. 3" 88.0 90.0 1. 1. 

- 6.3 10.4 8. 3. 39.0 40.0 ( 'r 1. 1. 

...... ' 2.1 11.9 8. 3. 92.0 90.0 1. 1 • 

16.0 18.5 8. 3. 343.0 329.0 1. 1. 

97.0 130.0 6. 3. 187.0 160.0 1. 1. 
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Appendix D 
,1 

T'ota1 pho sphor us, SRP a nd ch 1 0 rophy Il (Ch 1 0 r oph.) 

concentration before Cbef) and after (aft) fa11 turnover and 

maximum cohéentrations of TP and SRP in the hypo1imnion Chypo) 
, 

during summer stratification. 

Source: 1 - Phi11ips (1977); 2 - Mothes (981); 3 -

Stauffer (1974); 4 - Stewart and Markel10 (1974); 5 - LaZerte 
-

(1978); 6 - Ryding (1980); 7 - Kortmann (1980); 8 - Serruja 

(1978); 9 - Sonzogni (1974); 10 - Fricker (1980); Il -

Kothandaraman and Evans (1978); 
41 

12 - Imboden and Emerson 

(1978); 13 - Mitchell and Burns 0981>; 14 - 1. Ah1gren (1967) 

and G. Ahlgren (1970); 15 - B10esch et al. (1977); 16 - Emery 

et al. ,(1973); 17 - Burns and Ross (1972); 18 - this thesis. 
~ 
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, 
,') - .. 

Lake Year Total Phosphorus SRP Ch1oroph. Source 

bef aft hypo bef aft hypo bef att 

Alderfen Broad 72 100 380 10 270 40 95 (1) 
. 

73 100 250 10 67 40 115 (1) 

74 100 450 10 4QO 40 90 (1) 

75 100 540 10 420 49 110 (1) 

Dagow See 71 200 700 1500 (2) 
1\) 
CI.) 74 400 700 1500 (2) ...., 

Delavan 60 164 1114 (3) 

Java 69 30 55 475 ( 4) , 

Lime 69 20 18 125 - ( 4) 

6 Frains 76 30 60 655 ( 5) 

Devils 72 Il 12 225 (3) 
. 

Fish 72 14 66 - (3) .. 
Gjersjoen 72 23 25 (6) 

./ 
73 16 20 (6) 

74 16 17 (6) 



~ ..... ,_ ... _ .. _~~~'71"""~I""""~-;:""'fl""""'_"""":!'"'''1f''''''$~trf''''1'., ............ ~ .. f.,-~~" ,- , ~'''''' 

o 

Dunham Pond 2 7 13 (7) 

Kinneret 69 12 14 60 ( 8) 

70 22 12 30 ~ 
, 

( 8) 

71 14 13 32 ( 8) 
..,~ 

72 14 20 30 (8) 

73 20 30 65 (8) 

74 20 '27 32 ( 8) 

Mendota 71 40 150 850 (9) 

72 
l\) 

50 160 550 ( 9) 

.. ~ 
73 90 CD 160 750 (9) 

p-
Nehrnitzsee 71 35 100 300 (2) ., 

72 25 100 300 (2) 

73 35 100 3~0 (2) 
, 74 35 100 300 (2) 

~ Ba1deggersee 74 268 445 163 330 (l0) 

Esr9rn 74 139 222 131 208 3 4 (6) 

75 200 250 175 225 6 10 (6) 

Catherine 75 80 200 900 10 10 900 Cl1) 

Ceder 75 50 300 0 140 - Cll) 



~-, - '" ..... ~ .... .,. .. ~ ."' ... 'f..,. ... ~ < ..... , ..... , "'Y' _ 

- 1 
1 - , 

J 

Greifensee 75 152 333 - 90 281 (la) .. 76 106 329 900, 57 287 ( 10) 

Ha11wi1ersee 73 41 171 68 209 (12) .., , Lac Leman 76 48 79 23 55 (12) 
.". 

Hayes 70 5 48 500 7 30' (13) 

71 1 40 350 - (13) 

Johnson ~. 70 5 46 630 5 15 (13) 
Norrviken 61 200 370 2100 5 290 1600 140 49 Cl4) 

Rotsee 69 94 542 1QOO 8 228 1000 - (15) 
1\) 

Sammarnish 64 12 110 80 (16) (,) 
co 

65 12 190 (16) 

70 15 27 100 (16) 

Ztlrichsee 76 19 35 6 25 (10) 

krie 70 14 12 99 2 4 62 Cl7) 

Fitch Bay 0-5 m .79 14 21 370 10.4 8.2 (18) 

0-3 m 80 12 19 322 3.0 8.9 (18) 

5 m 80 14 20 322 2 331 2.7 7.5 ( 18) 

8 m 80 12 20 322 1.9 7.1 (18) 

0-5 m 81 13 21 241 a 1 196 Cl8) 
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