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".bu ract 

H,UIV eqllntions show that various aspects of the ecological fate of a 

COlltaminnnt are partI}' determined by chemical structure, but few studies 

combine such "qunntitative structure-activity relations" with envirorunental 

rroperties that may modulate those effects, 50 the importance of such 

prc1lwrties remainb unquantified. This study determines the effects of 

variations in suspended biomass, dissolved and colloidal organic carbon, and 

pH 011 tlw timE' course of 2,2' ,4,4' ,S,S'-hexachlorobiphenyl uptake by 

lLlbol"Dtory cultures of Selenastrum capricornutum. Variations in pH had no 

dfE'ct, but uptake was enhanced by higher levels of biomass (in ppm by volume) 

and dE:-pressed by higher levels of organic carbon (Abs, rn-l, measured as 

db.sorbance at 440 nm). The laboratory coefficients for these measured effects 

on hexachlorobi phenyl were combined wi th existing relations based on molecular 

(OI1IlE-ctivltv (X) or capacity ratio (K') to yield semi-empirical equations to 

pl'edict the instant.aneous rate of uptake (rate, % min'l) and bioconcentration 

LH'tor (BeF) of organic contaminants as: 

Log rate = ,3.30 + 0.32 X + 1.1 Log biomass - 0.42 Log Abs 

Lof BeF = 4.11 + 0.86 Log K' ,0.87 Log biomass - 0.22 Log Abs 

The ut l1ity of these equations was assessed by comparing time courses of 

!1l'xachlorob5phenyl uptake predicted from them with time courses observed in water 

f 1'\>1II E' lE'ven Quebec lakes. Plotb of observed vs predicted values from three 

1~rlic8te l'uns for each lake had a mean coefficient of determination (r2 ) of 

U 8~lrange = 0.64 to 0.95); the average slope (0.84) did not differ from unit y 

~J ilng,e = 0 4:1 to 1,75) I10r d:d the average intercept (2.1) differ from zero (range 



1 -6.2 ta 11.2). Simi1ar predictions which ignore the effects of co10r and 

biomass had simi1ar r 2 values (mean - 0.8, range - 0.51 ta 0.93) in plots of 

observed vs predicted uptake, but the higher slopes (mean - 2.80, range - 1.52 

to 3.73) and lower intercepts (mean - -6.7, range = -19 ta 6.5) indic,lt0c1 th.ll 

the prediction based only on contaminant properties underestimated observ0c1 

uptake. 



Résumé 

Plusieurs equations démontrent que de nombreux aspects de l'impact 

environnemental d'un contaminant sont partiellement déterminés par la structure 

chimique de ce dernier. Seules quelques études combinent les relatiol,'; 

quantitatives entre la strU< .. ture chimique d'un contaminant et ses .'lctivités 

hiologiques, avec les propriétés environnementales qui peuvent altérer ces 

~f[ets. L'importance de ces propriétés demeure donc trop souvent ignorée Cette 

étude évalue les effets occasionnés par une variation de la biomasse en 

~uspension, du carbone organique dissout et colloidal, et du pH sur la course 

temporelle d'assimilation d'hexachlorobiphényl-2,2' ,4,4' ,S,S' par une culture de 

l'algue verte Selenastrum capricornutum. La variation du pH n'a eu aucun effet, 

cependant, le taux d'assimilation a été rehaussé par les concentrations élevées 

en biomasse (en ppm par volume) et réduit par les concentrations élevées en 

c.:Jl'bone organique (Abs, rn-l, mesuree comme etant l' absorbance à 440 nm). Les 

coeffic ients expérimentaux de ces effets ont ete combinés aux re lations 

existantes basées sur la connectivité moléculaire (X) ou le facteur de capacite 

~K'). Des equations semi-empiriques ont ete crees pouvant prédire le taux 

ct'rlssimilation (rate, % min- 1 ) et le facteur de bioconcentration (BeF) des 

contaminants organiques; 

Log rate - -3.30 + 0.32 X + 1.1 Log biomasse - 0.42 Log Abs 

Log BeF - 4.11 + 0.86 Log K' - 0.87 Log biomasse - 0.22 Log Abs 

L'utilité de ces équations fut evaluée en comparant les courses temporelles 

d' "ss imi lation prédites par celles -c i avec les courses temporelles obbtorv~es en 

utilisant l'eau de onze lacs du Québec. Les graphiques représentant les valeur 

observées en fonction des valeurs prédites, issues de trois réplicats effectués 



en laboratoire pour chaque lac, avaient un coefficient de dctct'mindt ion 1110\'l'n 

(r2.) de 0.84 (variation = 0.64 à 0.95). une pente moyenne (0.8/1) non diff"l"l'lIll' 

de l'unité (variation = 0.49 à 1.75) et un 'lbcisse .1 l'ol'iglt1C' mOyC'lI ~.) \) IIOIl 

différent de zéro (variation -6.2 à 11.2). 

Les graphiques représentant les valeurs observees en fonctlon dC'!:. \'.1\"\11 '-. 

prédites utilisant les équations qui ignorent les effet~ de 1.1 couleur "t dl' LI 

biomasse avaient des valeurs de r 2 similaires (moyenne - 0.8, .'ariatlol1 ~ l) ')\ 

a 0.93) cependant leur pente était plus elevée (moyenne = 2.80, VdrLltion = 'J,) 

a 3.73) et leur val~ur d'abcisse à l'origine inférieure (1110V011n0 ,h 

variation = -19 à 6.5). Ces résultats indiquent que les predictiolls hd·,'·l", 

uniquement sur les propriétés du contaminant à l'étude SOll~'('still1e \d <.'O\\t'-." 

temporelle d'assimilation observee. 
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Preface 

ThQ regulations of the Faculty of Graduate Studies .1I1d RCSL',It"ch l)f :kl.;j 11 

Cnlversity require the following statements 

This thesis is presented in the form of one paper, ta bü CO-,Hlt ho!,'d Il\' IllV 

supervisor, Dr. R. H. Peters, for submission ta scienrlfic jOtltl\<lls ,1':0 !,Ptïnittt'd 

by Faculty regulations. 

This thesis constitutes a contribution to original kl\owl,'dge ,10, 101 lm"', 

(1) The environmental variables, biomass and colour affect the llbl .llll dl\('Oll ... 

rate of uptake and blOCOnCE'ntration factor (BeF) ut ~).':',I,:I'.').')'-

hexachlorobiphenyl by the grE'en alga Selenastrum C'<Ipricornutlltn '.-:hll" tlt,· 

pH does not affects either. 

(2) Predictive equations developed from relationships bet· .... ef'!1 ph'lsico-c1wlIIll.t1 

f 

t properties of pen and the instantaneous rate nf 

bioconcentration factor were improved by includill~ tlw l.t!Jf)I.llorj 

coefficients of th~ effects of biomass and COlOUl' Strnnp, ,-eH!"e·l dl Ion', 

exist between the observed instantaneous rate of uptake <Incl gel' f rom 11 

lakes of Québec and values predicted from the etj\ldtlon<.. EqUdt 1011', 'l',IIW. 

physico-chemical propertie~ alone were less effecllve 
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General introduc tion: 

In 1976, the UoS 0 EPA proposed regu1atory contraIs under the "toxie slIbst,ll\l'e<, 

contra1s act" to discontinue the use of peBs in heat transfer systcms ,me! t 0 

initiate the replacement of these systems with non-PCB unlts to prevent food 

contamination in industry (Cairns & al., 1986). Since then, PCB producLion nnd 

re1ease into the e-nvironment have deelined. However, significant quantitiL'~' 

are still in use Ln older e1ectrica1 equipment (Tanabe, 1988) and there 15 

good reason to worry about the present and future concentrations llf l'CI) in L!H' 

environment. PCBs are now globally distributed in the environment, as 

evidenced by th", ir detee tion in the atmosphere. hydrosphere, and b iosphere 

from the Arctie to the Antarctic (Tanabe & Tatsukawa, 1986). Recent stlldies 

have a1so demons trated thE: presence of highly toxic PCB congeners sllch as 

3,3' ,4,4' -tetrachlorobiphenyl, 3,3' ,4,4' ,S-pentach1orobiphenyl and 

3,3',4,4' ,S,S'-hexach10robipheny1 in commercial PCB mixtures and bioloEicdl 

sal"1p1 es, including humans tissues (Tanabe & al., 1987). 

Laboratory tests show PCBs to be carcinogenic and to affect normal [c,t'til il,!, 

pregnancy. birth and development (Fuller and Hobson, 1986) 0 Accidentell 

poisoning of human beings from PCB contaminated bran- ail shows tha t PCP, C <Ill 

cause acne-form eruptions and pigmentation of the skin, deformit 0 of lhe 

nails, increased eye discharge and. in severe cases, enlargement of '.lit' 

follicu1ar pores a11 over the body surface, ta name just a feV! syrnptom~ 

(Higuchi, 1976; Kuratsune, 1980; Chen & al, 1981). 
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PCBs are a class of synthetic chlorinated organic compounds. Biphenyl is the 

basic structural unit, and chlorine atoms may be added at positions 2 to 6 and 

2' to 6' resu1ting in the potential production of 209 species of 

chlorobipheny1s (Sawhney, 1986). PCB' s do not easily break down chemically or 

natura11y, and burn only at very high temperatures. Even then, they may form 

co-contaminants such as po1y-ch1orinated dibenzofurans (Tanabe & al., 1987). 

The aqueous solubility of all peB's is very low, but solubility decreases with 

increases in the degree of chlorination (Sawhney, 1986). Thus weakly 

chlorinated compounds have the wider distribution but highly chlorinated 

compounds accumulate more in biota. Mono, diA, and triehlorobiphenyls are 

c; ignificantly biodegraded and vo1atilized whereas PCBs with five or more Cl 

ntoms tend ta sorb ta suspended partieles and sediments (Tabak & al., 1981) 

To crea te models ta predict toxicity, sorption, distribution or any other 

biologieal activity of PCB and other organic contaminants, researchers have 

developed a series of quantitative structure-activity relationships (QSARs). 

Different QSARs predict the bioconcentration factor at equilibrium (Neely & 

al., 1974; Metcalf & al.. 1975) and the acute toxicity (Veith & al., 1983; 

Zitko, 1975) of organic contaminants. Recent QSARs studies have been used ta 

treat the time course of uptake of organic compounds by fish (Spacie & 

Hamelink, 1982), invertebrates (Lohner & Collins, 1987) and algae (Mailhot, 

1987) 

The purpose of this study is to improve the predictive power of the equations 

developed by Mailhot (1986, 1987) ta predict the short term dynamics of 

sestonic uptake of contaminant. To this end, l first quantified the impacts 
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the environmental variables 1 biomass 1 organic matter and pH 1 on PCB Llptdkl' bv 

algal in laboratory experiments and thus verified the application of thOS0 

results to the time course of uptake of PCB by natural seston . 

3 
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Determinants of the Short Term Dynamics of PCB Uptake by the Plankton 

Introduction 

Planktonic contamination by xenobiotic chemicals has b~en a growing concern 

sinee Woodweli et al. (1967) first described bioaccumulation in a Long Island 

marsh. Since the p1ankton is a point of entry of water borne contaminants 

into the local food web and the biosphere (Sodergren and Gelin, 1983; Hardy & 

JI., 1985; Mahanty, 1986), there is a need for tools that predict the sorption 

of po1lutants by living particles in aquatic environments (Hansen, 1979). The 

Long term fate of any xenobiotic part1y depends on whether it is in solution 

or bound to particles, and on the extent and speed of its binding. These 

properties, which also represent the short term fate of the contaminant, vary 

great1y among contaminants, absorbants (Kanazawa, 1988) and presumably 

cnvironments. 

Most studies of sorption dynamics consider t~e interaction nf che contaminants 

\.,.i th individual species of alp,ae, invertebrates. or fish in 1aboratory 

experiments. Comparative1y few studies have looked at the dynamics of sorption 

in natural systems (Paris et aL, 1977; Paris & Lewis, 1976; Biggs, 1980; 

Brown et al., 1982; LaI et al., 1987; Harding & Phil1ips, 1978). Of the 

different studies of contaminant dynamics, on1y the work of Mailhot (1987) was 

directed explicitly to the deve10pment of quantitative modeis to prediet the 

time course of contaminant sorption by p1anktonic organisms. She examined the 

rime course of biologieal uptake of nine organie contaminants by the green 

3lga Selenastrum capricornutum and described the parameters of those time 

~ourses, the bioaccumu1ation factors (BeF) and the instantaneous rates of 



t uptake, as functions 0f quantitative indices of chemical structure (Mailhot, 

1986, 1987) The instantaneous rates of uptake were best descrihed as a function 

of the first order connectivity index, a numerical measure of branch1ng in tllP 

molecular skeleton; BeF was best described as a function of th~ capacity ratio 

a measure of retention time in a reversed-phase HPLC column sysU·Ill. 

Mailhot's models were tested in the field using chlorinated benze~es (Mailhot 

& Peters. 1990) and sho~ed similar instantaneous rates for penta- and tetra­

chlorabenzenes. Unfortunately, their techniques depended on small sample 

volumes and an awkward concentration step, and did not measure the uptake by 

natural plankton re liably. As a resul t, nei ther the equil ibrium concpntratioll 

nor the BeF could be defined for oligo-chlorinated compounds. Rates of uptak~ 

for these oligo-chlorinated compounds were lower th an expected from 

e:.:tr[lpolation of the laboratory curves, but since the same compounds Wf2re nol 

used in the laboratory experiments, this comparison cannot be direct In 

addition. their field study did not include representarives of the most 

lipophilic and biologically active chlorinated organics. like DDT or peR, nor 

did the laboratory model include the effects of environmental factors, 1 ik(· 

blomass or dissol v~d organi c carbon, that might i nfluence ~orpt i U!l 

m,n-€ work i S l1E-eded 

CI p ..... rly, 

This study reevaluates the app:icability of Mailhot' s relatioTlships for ... HW 

form of PCB under a broader range of laboratory and field conditions 

2', 4, 4', 5, 5'-hexachlorobiphenyl configuration was selected becBuse of ils 

high biological activity and because Mailhot used i t in her laboratory 

studies. The effects of algal biomass, dissolved and colloidol orgnnic 

matter, and pH on the uptake of PCB by laboratory cultures of algae were 
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assessed first, to determine if these factors greatly influence the 

instantaneous rate of uptake or BeF. Biomass could dilute sestonic uptake of 

PCB so that the amount of contaminant per sestonic particle decreases as 

biomass inereases. (Neudorf & Kahn, 1975; Biggs, 1980; O'Connor and Connely, 

1980). Lake co10ur, which reflects dissolved and colloidal organic matter 

ineluding humic materials, may bind to organic contaminants (Rasmussen et al., 

1989; Servos et al., 1989; Leversep et al., 1983; Wershaw et al., 1969) or it 

could seem co enhance cheir solubility in water ( Chiou et al., 1987; Leversee 

et al. 1 1983) in either case reducing its biological availabi1ity. Finally, pH 

rnay affect the biologieal activity of organics by changing the physico-

chemical properties of the contaminant or the sorbing surface, as Kaiser and 

Valdmanis (1981) suggest pH may affect the uptake of ionizing organics, like 

pentachlorophenol. To test the relevance of these 1aboratory resu1ts to the 

field, l furcher examined the uptake of peB in Il 1akes to compare uptake in 

nature with predictions based on laboratory results. 

{ 
.~ 
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Materials and Methods 

Ta test and ex tend Mailhot' s model, her technique had ta be modified for th,-. 

field. The amount of radioactivity cannat be increased because PCB is 

ins::>luble at higher concentrations, sa sample volumes were incretlsed and the 

results from otherwise similar experiments compared to hers to ensure tlldt 

both techniques measure the same phenomena. l then assessed the influence of 

biomass, pH and organic matter on laboratory uptake and finally, compared 

these results ta uptake by natural Lake plankton. 

Radiochemical: 

Radioactively labelled 2,2' ,4,4' ,S,S' -hexachlorobiphenyl wss purchased in a 

14C-radiolabelled form from Sigma Chemical Company, Missouri, U S.A. The 

specific activity was 7.4 X 10 11 Bq Mol- l . This was diluted in dimE'thyl 

sulfoxide (DMSQ) and stored in 2-ml ampoules at a concentration of 

37 YBq ml- 1 

Algal cul tures: 

A stock culture of the test organism Selenastrum capricornl.ltum was obtailwd 

from Donald St- Laurent of Environment Canada (Longueuil, Quebec), and 

maintained in the synthetic media recommended in the ~. capricornutum Printz 

algal assay: bottle test (Miller et al., 1978). Flasks were shaken st 100 rpm 

at 25±loC and pH=7, illuminated from above at 400 foot-candles by cool white 

fluorescent light on a 1~hL:9hD llght cycle. Stock cultures were transEerred 

to fresh medium every 7 days. Cell density was determined by haemocytometer 

counts at day 7 and at the start of each Experiment. Biomass of the&u 
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(lI1 tlln~'" W[.~. calculated from these counts assuming an average algal volume of 

1.11 /l1Tl' cE'll- l h3cterial and fungal contamination was monitored by plating 

] ml :.1 i quot~ of stock on nutrient agar and incubating these plates wi th the 

culture~ Contaminated cultures were discarded. 

Uptnke experiments: 

'1 [1 begin each uptake experiment, le ~l of radioactive PCB were added to each 

of three 400-ml aliquots of algal suspension or lake water in Pyrex beakers, 

clos~d with rubher stoppers to minimize evaporation of the PCB. Thereafter, 

8 

;It intE'l.-vals from 20 mirl to Sh, two S-ml aliquots were withdrawn from each of 

tlH' triplicates and placed in scintillation vials ta determine the total 

conce'ntration of PCB in the flask. Simultaneously, IO-ml subsamples were also 

wltlldrawn and ubed to determine the portion of the radioactivity associated 

To thIS end. the IO-ml sample was centrifuged at 2,000 rpm 

for lU Il'ln, then S ml of supernatant were withdrawn and placed in a 

~(ln, i llat ion vial BecaUbe the pellet was tao small to be handled. the 

rl:'Ind Illcl.-)" Wé'lS vortexed to resuspend the pellet and also placed in a 

St 111tilliation vial. AlI samples then received la ml of scintillation 

c{lckta11 (RC'<Ïdy Safe. Beckman) and their radioactivities were determined by a 

1):1'. \,1.11 bc 121:' Rack Beta II liquid scintillation counter. If At is the 

d\'('l-i1f,c' total activit) as determined in the two 5 ml replicates, As is the 

.Id i vi ty in the supernatant as dE'termined in top S ml of the centrifugate and 

.\ tlw dct i\'ity in the lm,er 5 ml of centrifgate, then the percentage of 

dçtlvitv él&sociated with particles (Y,%) can be determined as: 

y ~ lOlJ;\ (A~ - A~)/At. This adjusts the total activity for any loss to the 

ç(ll1tainc'rs during handling. In these experiments the use of relatively 



l 

.... 

large volumes, short pxposures and glass containers reduced such losse~ to ~, 

,SO - 15', n - 89), These samplings were performed in duplicate at each 

!:.ample time and for each flask, and thE' results averaged for an.:llysis 

Lahoratorv manipulations' 

The effeet of biomass on uptake was tested in the laboratory using 

concentrations of Selenastrum ranging from 1 to 200 ppm by volum0 Al ga 1 

Q 

suspensions fOl eaeh uptake experiment were made by diluting tlll' cU1turt'b with 

sterile stock solutior. to yield triplicate 40Q-ml volumes at the applopriatp 

cell concentration The effects of variations in organic matter and pH w~r~ 

~~amined at a standard concentration of 25 ppm (6 x 10~ cells ml-II, To obtain 

dissolved and colloidal organic material, commercial peat moss was boiled in 

distilled water for several hours, then the mixture was filtered four times 

throut;h a 35 /lm Wf-sh apd finally through a GFjC glass fibre filter Sevt'fill 

~f-rlal dilutlons produeed a wid~ range of organie concentration!:. Leve1s of 

organic matter (DOC, mg l-~) were measured as absorbance at 440 mil (Abs, m'l) 

',·:hich cal1 be conv .. rted to Hazen uni ts from the regression in Bov.,1 ing pt al, 

d QB6) and thEdl to disso1ved organic carbon following RLlsmUSSPIl (t al <1C}W)) 

DOC= 1 86 + l 84 Abs -0 038 Abs 2 SaI ts were added to producc- él nlltric·nt 

so~utioll wllieh ·.· .. as iclE'lltic.:ü to th., a1gal B!:.Sél)' llIE-dium, e>:cppt for tilt­

FrE-~enCE' of tllf:' ort-anic watt"rial and th€' pH wab adjusted to 7 

To det~rrniné the eff.,ct~ of acidity, six different pH levels Wl,rp ohtnined by 

adaing 0 1 N KaOH or HCI to the diluted cell suspensions in th~ stnndnrrl 

synthetic medium to yield pH values ranging from 4 to 9, ab mcnsured with n 

Corning pH meter. 
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La~~ water was collected from the euphotic zone (defined as twicp the Secchi 

dl~C depth) of Il lakes in southern Quebec in July and August 1990 usipg a 

')-m long. 2 5-cm diameter Tygon tube. The samples were then filtered through a 

<' ~n 11111 rnpsh ta remove zooplankton or large phytoplankton that could increase 

vnrlobjlity in the amount of parriculate matter in the experiment without 

bignificL111t]yaffeeting thE' mean (Prepas and Rigler, 1982; Prepas and 

Samples were then transported in plastic earboys to the 

MotltrCo'al laboratory where they were analyzed and used in uptake experiments 

within 24 h of collHction. Concentrations of seston (mg dry weight 1- 1 ), 

raJour. total pho~phorus and chlorophyll a (mg m- 3 ) , and pH were routinely 

dC'lf'rmi Ilpd tCl charae terize the sample. Seston dry weight was measured 

f,I'dvilTIf·trically as the change in the dry mass of a preweighed, Whatman GF/C 

~ld~~ fibre filter, produced by filtering l l of lake water. Live bi~mass was 

E'stlfilated as seston dry mass/0.32 (Peters & Downing, 1984). Colour was 

m~aRurpd as absorbancp at 440 nm. Total phosphorus was estimated with the 

11101 vbdc'Ilurn blue procedure (Riley and Murphy, 1962), after digestion under 

Pl'l' ·,bUrE' wi th potassium persulphate (Menzel and Corwin, 1965). Chlorophyll a. 

1IIll'01"n'çlt-'cI [01' phaeophytin, \l1as measured following Ostrofsky (in Peters and 

p.( 1'!~III~ll1ll, ] 982) , 



Results and Discussion 

Each uptake experiment yielded a series of estimates of the percentagc of 

total radioactivity associated with particlps at each sampling time dv~rn~vd 

over the three replicate flasks. The results of three such experiments ilrc 

shown in Figure 1. 

11 

A number of models could be fit to such data 50 the dynamics of uptake in 

different experiments and under different conditions could be compared. 

Mailhot (1986, 1987) assessed linear (Y=a+bX), exponential (Y_a[l_e-bXj), and 

hyperbol ic (Y .. Xj [aX- b J) models of the change in percentage uptake of 

l~C-PCB (Y, in %) with time (X, in minutes). On the basis of coefficient of 

determination, the best two-parameter model was the square hyperbola: 

Y=aXj(b+X) 

\o}here the parameters a and b are fitted constants. Initial estimates of a ,md 

b were fit to the data by a basic program developed by Raynald Pomerienu 

(Formic Videotex System, personal communication). These estimatcs werc th(>1l 

used to find the best fit of the data to the model with the Statgrnphic!:' 

commercial statistical package. 

The parameters of the square hyperbola could chen be used to cnlculate two 

basic descriptors of the short term flux and fate of the initially dissolvpd 

contaminants: the instantaneous rate of uptake (%jmin) Dnd the equilibrium 

level as reflected by the bioconcentration factor 

(BCF, Bq ml- 1 algae + Bq ml- 1 solution). The instantaneous rate of uptnke' al 

PCB is the first derivative of equation l at time - 0: 

Instantaneous rate of uptake - ajb (2 ) 
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Figure l 

The uptake of pcn C-14 by Selenastrum capricornutum. The curve represents the 

time course predicted using equations from Mailhot (1987) and the symbols are 

the mean values of duplicate measurements fro~ each of these replicate 

experiments in this study. Biomass = 5ppm; pH - 7. 



t 

20 L • 1 
1 

..-... 1 

~ 1 
Â - ~ ~ 

15 • 
! 0. 1 ... • • 1 

:::;:, 1 1 • L .q- 10 • ,.- 1 

1 1 • 
Ü • Â 
al • • () 5 ... a. 

Â • 

60 120 180 240 

Time (min) 



( 

( 

13 

lhc bLoaccumulation factor is re1ated ta a, the asymptotic value of Y achieved 

.. s t Lille (X) approaches infinity and XI (b+X) approaches unit y : 

BeF - a/[(lOO-a)* individual cell volume * cell conce~trationl (3). 

It Ls thase variables that Mailhot (1987) used to describe and predict the 

~hort term dynamics of different organic contaminants as functions of the 

physical and chemical characteristics of the chemicals. The present study 

11"(,<; the same variables to compare its results to Mailhot's and to assess the 

pttect of biomass, dissolved organic material and pH on PCB uptake in bath 

lai ':<ltory cultures and natural waters. 

COlllparisons of Techniques 

Ir these experiments are ta be relevant to extending the predictive equations 

<levc loped by Mailhot (1987), then they should yield results comparable to hers 

when measured under otherwise identical experimental conditions. Figure 1 

comnnres the time course of PCB uptake by Selenastrum predicted from Mailhot's 

0quations with the data generated by the present study under the same 

cxperimental conditions. In general. the shape and the magnitude of 

predictions and observations were similar, but the predicted curVe tends ta 

overestimate the observed initial uptake and ta underestimate the observed 

.~qlli1ibrillm level. A similar bias OCCllrs when Mailhot' s own data are compared 

to the predictions of her relationships. Apparantly, Mailhot's general 

relations yield similar, slightly biased, descriptions of PCB dynamics and the 

results from the modified technique are consistent with her data. 



.' 

Figure 2 

Curves of best fit describing the uptake of C-14 PCB by ~. capricornutlll1l dt ,1 

concentration of Sppm (10 5 cells ml- 1 ) and pH - 7 as determined in four 

separa te experiments by Mailhot (1987) and in three separate experiments in 

this study. 



( 

20 

10 

o 
60 

( 

.-

.... 'ID •• ---- •• 

120 180 

Time (min) 

.. -.- .. -_.~ ---

.. __ ..... _ .. ~ 

This stUdy 
Mailhot 

240 



15 

Thus, it appears that the results of the two techniques are cons istent in thE' 

shape of the curve, in the absolute value of the instantaneous rates of uptllkc 

and BCF, and in their relation to quantitative structure activity 

relationships describing general patterns in organic contaminant uptdkc. 

Effects of Biomass on peB uptake by laboratory cultures: 

Each uptake experiment yielded three estimates of each parame ter of the squ3r0 

hyperbola (a and b in equation 1), each pair being based on the time course o[ 

uptake in a single flask. Because these triplicate estimates cou Id not be 

considered fully independent, they were used ta calculate average time courses 

of uptake (Fig 3) from average instantaneous rates of update and average BeF' s 

(Fig 4) for each C'ombination of experimental conditions. The indiviclual 

estimates from separate flask were used only to guage the amount of variation 

among replicates. 

Figure 3 shows the time courses of uptake calculated from the averaged 

parameters for each levei of aigai biomass. With the exception of experimentn 

at the lowest Selenastrum calcu1ations (1 ppm) , the fits to the individual 

replicates underlying these curves were quite good. Coefficients of 

determination increase from 0.92 to 0.97 (mean-0.95) at 5 ppm to 0.97 ta 1 0 

(mean-0.99) at 200 ppm. Estimates of instantaneous rates of uptake and BCF 

are similarly better defined at higher al gal concentrations, as is apparent in 

the lower standard deviation aS50ciated with these estimates at higher 

biomasses (Fig 4). This increased precision reflects the strength of the 

response at higher algai leveis. As Fig. 3 shows, bath the asymptote and tllC! 

speed at which this asymptote i5 achieved increase wi th b iomass. At tlw 
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Figure 3 

The average time course of PCB C-14 uptake by .§. capricornutum at different 

biomasses expressed in ppm by volume. Dotted lines j oin the proportion of 

uptake at the time of the earliest measurement to the intercept. 
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Figure 4 

The relationships between Log biomass and (A) the logarithm of the 

instantaneous rate of uptake and (B) the logarithm of BCF. Because the BeF at 

1 ppm was poorly defined (see text) , that regression is based only on the six 

BCF values from experiments at or above 5 ppm. The statistics associated with 

the regression in panel A needed to determine the confidence limits of the 

coe ffic ients and predic tions are SEslope ~ 0.09; SE1ntercept = O. 14; SXY = 0.12; 

mean Log biomass - 1.52 and ~x2 - 1.82. Statistics for the regression in pane 1 

B are SEslope - 0.10; SEintercept = 0.17; Sxy - 0.14; mean Log biomass = 1.52 and 
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highest biomass, the rate of approach to the asymptote is sa fast that the 

instantaneous rate of uptake is again less certain1y defined by these 

experiments. 

At the lowest levei of biomass (1 ppm). uptake curves were much more poor1y 

dcfined (r2~0.52 to 0.56) and the rate of uptake is 50 slow that the 

~symptotic levels could not be accurately described. Of the three asymptotes 

obtained, only one was of an order of magnitude consistant with those 

generated at higher concentrations; the other two exceedeè 100% and were not 

used. Instantaneous rates of uptake were more consistant, but still had 

greater uncertainty than those measured at higher biomasses. One negative 

value for the instantaneous rate at l ppm was exc1uded from further analyses. 

Desp1te the short-comings of the estimates at the 10west a1gal concentra tes , 

the effects of biomass on PCB uptake are very clear. As biomass increases, 

PCB 1s taken up more rapidly and more completely, although the proportionate 

increase in the asymptote is much less than the proportionate increase of 

biomass (Fig 3). Regression showed a significant, positive, but shallow, 

relation between asymptote (a) and biomass, such that loga = 1.4 + 0.14 log 

biomass. Thus the asymptote increased less than twice with the 40-fold 

increase in biomass from 5 ta 200 ppm and the total uptake over the 5 h of 

these experiments increased on1y 4-fold (Fig 3). As a result, the contaminant 

concentration in the cells, the amount per cell, and the BCF decline rapidly 

as biomass increases. In fact, the coefficient relating BCF ta biomass (Fig 

4a), is not significantly different from -1 suggesting that, over this range 

of algal concentrations, bioconcentration factor may be a simple inverse funetion 

of biomass. Instantaneous rates of uptake instead increase almost directly with 
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bjomass (Fig 4b). ln short, these laboratory experiments show that increased 

biomass resu1ts in proportionately more rapid uptake, moderate increases in the 

total arnount of uptake, but dramatic decreases in bioconcentration factor. 

Several authors have made similar observations on the effect of biornass on BCF 

and contaminant accumulation using different compounds, species and rnethods 

(Neudorf & Kahn, 1975; Biggs et al., 1980; Hardy et al., 1985). 

Quantitatively, a literature survey by Thornann et al. (1986) suggest that BeF 

will decline as biomass"l 2 to biomass·o 44 over this range of concentration of 

suspended solids. The observations in the present study are consistent with 

values reported earlier by O'Connor and Connolly (1980) and show that th~s~ 

values apply to living organisms. The effect of biornass on rate of uptake 

seems not to have been assessed previously. 

Effects of organic colour and pH 

Dilution of the peat moss infusions provided a series of Selenastrulll 

suspensions in nutrient medium that ranged from clear ta deeply staincd. 

Because absorption at short wavelengths is closely correlated with dissolved 

organic carbon (Moore, 1987), DOC could be estimated as lying between 3 and 20 

mg 1"1 from the equation developE'd earlier by combining regressions from 

Rasmussen et al. (1989) and from Bowling et al. (1986). Although this 

estimation cannat indicate if natural dissolved and colloidal material i& 

qualitatively similar to that in peat infusions, it does show that the 

infusions contained amounts of DOC that were quantitatively similar to those 

found in nature (Bowling et al, 1986; Rasmussen et al., 1989). 
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B(·cau!'.~ the intended repllcates in these experirnents varied ~ubstantially in 

ab&orbance. they could not be cornbined or averaged, so each flask was treated as an 

jndependcnt sample Both instantaneous rates of PCB uptake and BCF declined as 

absorbance inereased, but these relations did not appear to be linear. Comparison of 

~everal simple transformations (linear, log-linear, quadratic, log-log) showed that 

double logarithmic transforms were most effective in normalizing variance and 

] inearizing the relations. These regressions showed that instantaneous rate of 

uptake was reduced by 30% over the range of absorbances in our experirnents. BCF 

dl~o dpclined. but the effect was less strong and the decline less rnarked (Fig. 5). 

Thp&e results indicate that dissolved organic carbon can reduee both th~ rate and 

p'tent of contaminated uptake by planktonic organisms. Since the rate of uptake is 

more aifected than the equilibrium concentration, the main effect of DOC in this 

experirnent was to slow uptake. The equilibrium 1evel was 1ess affected, but the 

mode&t rpduction in BeF suggests that at least sorne PCB rernains bound to the DOC 

€'\,(:>11 at the end of the exp( riment. A nurnber of previous authors have suspected that 

DûC mlly influence contaminant dynamics (Mailhot and Peters, 1990; Evans, 1989; Chiou 

('( al. 1987; LE'verseef."tal., 1983). 

Al though aeute chanr,es in pH might be expeeted to influence the dynarnics of 

l'OllLlIllillant uptake (Sawhney, 1986) Table 1 indicates no effeet of pH on BeF' s or 

ln~tal1tanE'OUS rates of uptake by Selenastrum, Since the coefficients of variation of 

BC'}' ,iI1d instdntimeous rate across these experiments were on1y 28% and 31% 

r~~p~ctively. the lack of pattern in the response to changes in pH does not reflect 

largp unpxplained variation, but consistency in both parameters despite changes in 

pH undpr the conditions in these cultures. This does not e1iminate the possibi1ity 

" :t. t hdt pli may be important under other conditions, for example where the absorptive 

ç<~racity of natural dissolved organic carbon rnay be affected by changes in acidity. 



Figure 5 

The effect of c010ur measured as absorbance at 440 om on (A) the instantdnpous 

rate of uptake of PCB by Se1enastrum ar.d (B) the bioconcentration factor of 

PCB uptake. Absorbance has been approximate1y converted ta equiva1ent 

concentrations of DOC to yield the upper axis. The statistics for regrpssion 

in panel A are SEslopa - 0.08; SElntercept = 0.05; SX}' = 0.15; mean 

Log Abs =- 0.50 and ~x2 =- 3.80. Statistics for the regression in panel B dl'P 

SEsJope "" 0.10; SElntercept - 0.07; SKY "" 0.19; mean Log Abs - 0.50 and 2::-: 2 
= 

3.80 . 

.... 
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Table 1. Instantaneous rates of uptake (rate) and bioconcentrntion factors 

(BCF) of haxachlorobiphenyl in suspensions of Selenastrum observed OV0~ ~ 

range of acidities. Standdrd deviations at each pH reflect vari.ltiol1 .1111011g 

three replicates 1 those of the averages reflect variation .:1mollg tht' Illl'dll!-. nt 

those triplicates. 

pH Log rate 50 Log BCF SD 

4 -0.12 a 13 4 66 0 U 

5 0.02 0.18 4.28 0./16 

6 -0.20 0.12 4.61 0.25 

7 -0.24 0.10 4.45 0.33 

8 0.06 0.46 4.l,6 O. Jl, 

9 -0.15 0.21 4.45 0.18 

Average -0.10 o 12 4.48 0.13 

" .. 
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« Cpt~ke by natural plankton 

TIIP Il lakes used as sources of natural water were selected to represent the 

rilllg(' of na tural condi tions. Table 2 shows that this sampling was successful in 

tE'fms of biomass, for the waters varied by almost an order of magnitude, and in 

tf'rnls of lake trophic states, for transparency and CO"'l.centrations of both 

phosphorus and chlorophyll indicate that these waters range from oligotrophic to 

moderately eutrophie. Colour indicates a range from elear to moderately tea-

t-oloured. Values of DOC calculated from absorbance suggest concentrations between 

8 and 24 mg 1- 1 , which would inc1ude almost half of the lakes covered in the data 

collect ion of Rasmussen et al. (1989). The study lakes were more alkaline and 

le~s varied in pH than hoped, perhaps because they were sampled in mid-Summer. 

Slmple correlations showed no significant collinearities among these potential 

prpdictor variables. 

Th(· t im€' courses of PCB uptake in these samples followed the same p-'ltterns as 

litas€' observed in laboratory experiments and also fit the square hyperbola. 

Agnill, as biomass increased the asymptote and the speed at which this asymptote 

\,'.l~ approacheè increased, and the time courses were weIl defined at both low and 

lilgh hloma~se.s Indeed, the coefficient of determination (r2 ) for aIl lakes lay 

t rOI11 0 911 ta 1.00, but one estimate of uptake rate for Lac des Piles was negative 

dl\cl \:3<~ t!ler",[ore not used in these analyses. The parameters of the square 

h\'jlt>fuolas fit to these data were of the same magnitude as those observed in 

Iduoratory experiment and were used to generate estimates of instantaneous rates 

of uptilke and BeF of PCB bl' the plankton in these lakes, These latter variables 

\\'('l"l' lIsed to compare uptake in the field with chose predicted on the basis of 

( Idbol"atorv observations, 
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Table 2. Selected physical and chemical characteristics of the ldkes snmpled tor 

this study. Biomass (ppm by volume) is calculated as the dry tveight of suspended 

material divided by 0.32, Abs is absorbance (m- 1 ) at 440 nm as a lllûnSlIeü of 

dissolved organic carbon, TP is total phosphorus concentration (in mg m- J ). Chl 

is the concentration of chlorophyll a (chl, mg m- 3 ) and SD is thE' 

Secchi disc transparency in m. 

Lake Biomass Absorbance pH TP Chl Secchi 

des Piles l.4 0.58 6.5 2.3 0.2 12,5 

Hagog 2.4 0.90 8.0 19.9 1.9 L, .2 

Hemphremago~ 2.9 0.41 7.8 7.5 2.7 3 8 

Croche 4.0 l.l 6.1 4.0 1.0 '1. 2 

Brome 4.2 0.42 7.5 4.4 5.8 4.0 

Aylmer 4.4 2 3 7.3 10.9 2, l 2 5 

Hertel 5.0 0.8 9.2 14.8 l 5 l, 'J 

Lusignan 5.4 0.4 7.2 9.0 0.2 l, l, 

Coulombe 7.1 3.4 7.0 13.9 3.0 1.9 

Waterloo 9.0 l.1 7.4 28.7 L, . 5 2.2 

Argile 9.5 0.6 7.1 la 2 1.4 l, . ) 

---- ------- -
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Stepwise multiple regression showed that plankton biomass had a strong effect 

on bath instantaneous uptake and BCF (table 3). Qua1itatively, biomass had 

similar effects in both laboratory and field studies, for instantaneous rate 

rose and BCF declined as biomass increased. Variations in biomass exp1ained 

almost 011 the variation in BCF (r2_ 0.97), but was a less powerful 

determinant of the instantaneous rate of uptake (r2= 0.48). Since the 

coefficients of these predictor variables were not significantly different 

[rom land -1 respectively, the behaviour of PCB uptake by p1ankton also 

appenrs quantitatively similar to that by 1aboratory cultures. Neither 

absorbance nor pH had a significant effect in these analyses, but this might 

be expected, given the small number of data points available. Given that 

limitation, it is interesting that DOC, as measured by absorbance at 440 nm, 

hJd n negative effect on BCF that was almost significant (P<O.l). The 

consistency of this effect with the similar effect of absorbance in laboratory 

suggests that this negative relation may be rea1. By the same token, the very 

\~eak, positive effect of absorbance on instantaneous rate was not supported by 

the lnboratory results and should probably be ignored. Acidity had no 

noticnble effect in either field or laboratory experiments. 

The Inboratory regressions developed by Mailhot (1987) and in this study were 

combined to produce two semi-empirical relations that could be used to predict 

the uptake of organic contaminants in nature. Coefficients of the predictor 

variables were assumed to be those obtained in laboratory regressions and the 

01evdtion of each relation was calcu1ared from the laboratory means of this 

study, under the assumption that the semi-empirical regressions must pass 

through those meons and the observation that they were not significantly 

different from those of Mailhot's study. Connectivity index (X) and capacity 



Table 3. The resu1ts of stepwise regressions of the instantanoolls r.ltc of 

uptake and bioconcentration factor of PCB against p1ankton biol1l.\SS (biol1l.1'-;:-;, 

ppm) and absorbance at 440 nm (Abs 1 m- 1 ) .A1though pH was inc1uded in tl1C' 

ana1ysis it never approached significance in either mode1. 

Equation SD P 

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

1. log Rate = -0.80 

+0.63 log biomass 

2 log Rate = -0.55 

+0.56 log biomass 

+0.19 log Abs 

3. log BCF = 5.83 

-1.12 log biomass 

4. log BCF 5.70 

-1.08 1ùb biomass 

-0.051 log Abs 

0.15 

0.28 

0.23 

0.18 

0.048 

0.069 

0.079 

0.064 

0.051 

0.09 

0.04 

0.33 

0.17 

0.17 

0.00010.05l, 

0.0001 

0.0001 0.047 

0.0001 

0.093 

0.54 

o 97 

0.98 

------------------------------------------------------------ ----------

~------ -----~------
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ratio (K') were used in these relations because they are the predictors 

t1ailhot (1987) identified as the best variables to predict instantaneous rates 

and BCF's from indices of chemical structure. 

log Rate - -3.30 + 0.32 X + 1.1 log Biomass - 0.42 log Abs (4 ) 

log BCF - 4.11 + 0.86 log K' . 0.87 log Biomass - 0.22 log Abs (5) 

where biomass is expressed as ppm (volume/volume) and Abs is absorbance 

The predictive power of these relations was tested by plotting and regressing 

observed vs predicted values for the logarithms of bath instantaneous rate and 

BCF. Figure 6 compares these results with the ideal 1:1 relation obtained by 

pcrfect predictions. The predictions exp1ain a substantial part of the 

observed variations in both comparisons, the slopes approach tl.e ideal value 

of 1 and the intercepts are not significantly different from O. However, the 

instantaneous rates observed in Lac Lusignan and Lac d'Argile were so low that 

no significant relation existed between observed and predicted BCF when all 

Lakes were included in the regression. These two lakes were subsequently 

exc1l1ded from both regressions in figure 6, even though the BCF values for 

both lakes appear to follow the relation for other lakes. A similar analysis 

ln which absorbance was not used to develop the predictions was almost as 

effective (r2-O.83, slope-0.79 intercept-0.39 for Log rate; r 2=0.98, 

slope-l.3l, intercept--l.63 for Log BeF), so DOC need not to be considered to 

prodllce these approximate predictions. However, since the range of natural 

Lake color exceeds that studied, absorbance can be included in making the 

predictions until data from a larger range of DOC is used to assess its 

utility 

, 1 
\ 
l 
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Figure 6 

Comparison of (A) instantaneous rates of uptake and (B) bioconcentration 

factors observed in experirnents with the natural p1ankton of 1akes and th~t 

predicted fror .. 1aboratory relations derived from experirnents with Selenastlllrn 

cultures. The solid curve is the 1:1 1ine. The points represented by opell 

circles, from Lac D'Argile and Lac Lusignan, were not included in the 

regressions. 

'. 
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To determine the effectiveness of these predicted parameters in teconstructing 

the time course of PCB uptake, the predicted BCF's and rates were uscd tn 

develop a predicted time course which could be compared with the time courspc; 

observed in the plankton experiments and the predicted time course from 

Nailhot (1987). Plots of predicted vs observed values at a11 sampling times in 

each replicate for each of the Il lakes suggest that this approach is 

reasonablyeffective, for the explained variation was high (mean r 2 = 0 84; 

range = 0.64 to 0.95) and the slope (mean = 0.82; range = Oll9 to 1.75) and 

intercept (mean 2.10, range = -6.2 to Il.2) were not far from Ideal. 

Equations 4 and 5 are more effective in predieting observed time courbPS th~n 

are equations that ignore the effects of biomass and colour. Nailhot's (1987) 

equations yielded predicted values that were also well correlated with 

observed uptake (mean r 2 = 0.80; range = 0.51 to 0.93), but the slop!?s (1110,111 ~ 

2.8; range = 1.52 to 0.93) and the intercepts (mean ~ -6.7; range - -19.2 ta 

6.5) of the observed vs predieted regressions indicate that equations basad 

solely on indices of chemical structure tended to underestimate the obsprved 

uptake (fig. 6 & 7'. 

The effectiveness of the predictions is most apparent when the prc>dictPcl l illlt' 

courses are compared to the observed uptake values for lakes of h ieh and J 0'1/ 

hiomasses (Figure 7). However, the time course of uptake of Lac Lusignan and 

Lac D'Argile (fig.8) are nOl well represented by either curvcs prcdictccl [rom 

equations 4 or 5 or from Mailhot (1986, 1987). 1 have no explanation for this 

discrepancy: the individual values of the physico-chemical prop(·rties IIIcac,urcc! 

for these two lakes are not exceptional compared ta the ather lakc~ in lhi~ 

study. but there are so many unmeasured properties that many cxplanati0tls arc' 

still possible. For example, the high value~ of suspended solids and low 
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Figure 7 

Comparison of the time courses of PCB uptake caleulated from parameters 

predicted from equations 4 and 5 and from Mailhot (1987) with the uptake 

observed in waters from two lakes of very different biomasses, eutrophie Lake 

Waterloo and oligotrophic Lae des Piles. These two lakes represent extremes in 

terms of the biomass in the lake samples included in this study. The mean r 2 

for aIl eleven fits of this study was 0.84, that for Lake Waterloo was 0.81 

and that for Lac des Piles was 0.84. 
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Figure 8 

Comparison of time course of PCB uptake ca1culated from parameters predicted 

on the basis of equations (4) and (5) of this study and of equation by Mailhot 

(1987) with the uptake observed in waters from Lac Lusignan and Lac D'Argile. 

Uptake in these lakes was not well predicted by either set of equations. 

1 
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values of chlorophyll in both lakes may indicate the presence of suspended 

clays that may sorb less PCB than expected. Clays have lower carbon contents 

than living tissue and sorption rises with carbon level (Sawhney, 1986). 

Unfortunately, such speculations are empty without more information that must 

b~ a goal for further research. 

COllclusion: 

It is gratifying that predictions from the improved predictive equations for 

instantaneous rate of uptake and BCF's are highly correlated with the values 

ob5erved in nature for 2,2' ,4,4' ,5,5'-hexachlorobiphenyl and that these 

l"('gre-ssions allow quite good predictions of the time course of PCB uptake in 9 

of Il trials. Nevertheless, it is perfectly conceivable that these equations 

may not prove as powerful for another congener of PCB, or another family of 

compounds. For example, Leversee & al. (1983) found that the effects of a 

spHific concentration of humic acid may depend on the chemical studied and 

~0udorf & Khan (1975) indicate that the size or composition of the cells may 

dUf-ct uptakE' The' anomalous behavious of Lac D'Argile and Lac Lusignan in 

thi li stuel)' sugge5t that other environmental factors can significantly affect 

tllt- upt [lb· of ('ven this PCB. For all these reasons, the present relations must 

bp con~idpred tentative and ephemeral. Nevertheless, the present level of 

!:>UL'Ceb5 !:>hows that the short terln uptake of organic contaminants is a 

(ll·(·dictabl(> phenomenon if both contaminant and sorbent and their mutual 

environm~nt are- considered. 
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Date Lakes Nearest Town Latitude Long tLude 
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01. 06.90 Hertel St-Hilaire 45 33 ' N 73 10' W 

13.06.90 Croche St-Hippolyte 45 55' N 74 \.] 

15.06.90 des Piles Grand' Mère 46 40' N 72 55 ' \.] 

17.06.90 Lusignan St-Miche1-des 46 40' N 7 LI \.] 

Saints 
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05.08.90 D'Argile Notre-Darne- 45 50' N 75 32' w 
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Lakes 

Hertel 
Croche 
des Piles 
Lusignan 
Waterloo 
Memphre. 
Magog 
Aylmer 
Coulombe 
Argile 
Brome 

PHYSICO-CHEMICAL PROPERTIES OF LAKES SAMPLED IN THIS STUDY MEASURED 
IN LABORATORY 

chI a abs TP SP pp dry wt secchi 
(mg/1) (m ) (ug/1) (ug/I) ( ug/U (mg/l) (m) 

1.462 0.078 14.85 2.35 12.5 1.61 4.5 
0.965 0.113 3.97 3.24 0.73 1.27 4.25 

0.2 0.058 2.266 1.208 1.058 0.46 12.5 
0.16 0.04 8.98 0 8.98 1.72 4.4 
4.46 0.112 28.7 18.3 10.4 2.87 2.2 

2.659 0.041 7.507 1.877 5.63 0.94 3.75 
1.918 0.09 19.9 5.4 14.5 0.76 4.25 
2.12 0.228 10.89 5.18 5.71 1.41 2.5 

3.039 0.338 13.93 5.54 8.39 2.28 1.9 
1.41 0.061 10.179 2.5 7.68 3.05 4.5 

5.794 0.042 4.44 NA NA 1.35 4 

pH 

9.2 
6.1 
6.5 

7.18 
7.4 

7.84 
8.02 
7.33 
6.98 
7.08 

7.5 

-"'" 
N 

",.~ 



VALUES USED IN FIGURE 1 43 

mean values of dupl1 cate pred1cted 1, uptake uslng 
experiments at 5ppm of this equations from ~ailhot ( 1987) 
study 

Ti me (min) exp exp 2 exp 3 uptake (r.) 

2 NA NA NA 0.63))41 
15 ~A NA NA 3.585172 
19 ~A NA 3 4.222592 
20 2.8 NA NA 4.368212 
21 NA () NA 4.508896 
30 NA NA NA 5.588883 40 6.3 NA 4. 1 6.496602 44 ~A 4.9 NA ti.797707 
45 NA NA NA 6.868449 
60 NA NA NA 7.75635\ 
62 10.3 NA 3.2 7.854614 
68 NA 5.8 \;A 8.127157 
75 NA NA '<-\ 8.408547 
A2 NA NA R.9 8.657111 
84 8.9 NA :; -\ 8.722891 
88 NA 3.4 ~A fI.848186 
90 NA NA ~A 8.907897 

105 ~A NA NA 9.302496 
106 NA NA 1 1 9.325880 
107 1\ .5 NA ~A 9.348941 
1 13 "lA 6. 1 NA 9.480895 
120 ~A NA NA 9.622175 
130 NA NA 12.3 9.803583 
131 7.8 NA NA 9.820543 
136 NA 12.5 NA 9.902419 
150 NA NA NA 10.10850 151 NA NA 7 In.I2205 
154 9 NA NA 10.16186 
158 NA Il .5 NA 10.21 305 180 NA NA NA 10.46098 210 NA NA NA 10.72819 216 Il.7 NA 11 .9 10.77406 227 NA 19.8 NA 10.85276 240 NA NA NA 10.93773 261 15 NA NA Il.05939 265 NA NA 17. 1 Il.08065 279 NA 12. 1 NA 11.15084 300 NA NA NA Il.24522 
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( 

rime (min) 

2 
15 
19 
20 
21 
30 
40 
44 
45 
60 
62 
68 
75 
82 
84 
88 
90 

105 
106 
107 
1 1 3 
120 
130 
1 31 
136 
ISO 
151 
154 
158 
180 
210 
216 
227 
240 
261 
265 
279 
300 

VALUES USED IN FIGURE 2 

best fit at 5ppm in 
this study 

exp 1 exp 2 exp 3 

n.496045 0.183246 0.232103 
3.08237!) 1. ))8866 1.656955 
3.708653 1.682530 2.068169 
3.855536 1.767602 2.169\03 
3.998828 1.852339 2.269305 
5.146443 2.600266 3.139485 
6.181242 3.401419 4.044075 
6.539872 3.713455 4.388968 
6.625293 3.790733 4.473754 
7.736908 4.916087 5.680944 
7.864606 5.061500 5.833270 
8.223908 5.491469 6.278930 
8.602969 5.981527 6.778384 
8.944869 6.459559 7.257088 
9.036484 6.593992 7.390229 
9.212325 6.860060 7.651853 
9.296748 6.991715 7.780390 
9.865001 7.950839 8.698892 
9.899251 8.013060 8.757412 
9.933093 8.075071 8.815608 
10.12796 8.442812 9.158142 
10.33897 8.862676 9.543911 
10.61354 9.445996 10.07067 
10.63943 9.503293 10.12185 
1().76490 9.787021 10.37379 
11.()8455 10.55782 11.04616 
11.1057710.6115811.09241 
11.16823 10.77187 11.22980 
Il .24885 10.98328 Il.40990 
11.6443712.1008112.34119 
12.0801513.5112713.46912 
12.15598 13.77895 13.67746 
12.28677 14.25802 14.04595 
12.42902 14.80556 14.46032 
12.63452 15.64991 15.08559 
12.6706615.8054015.19896 
12.79045 16.33686 15.58239 
12.95270 17.09867 16.12125 

best fit at 5ppm in 
~ailhot (1987) 

exp 1 exp 2 

44 

exp 3 exp 4 

0.386201 0.492793 0.656548 0.693972 
2.643161 3.254055 4.356861 3.R34710 
3.260260 3.975549 5.329773 4.493359 
3.409514 4.147993 5.5626A2 4.642883 
3.556837 4.317430 5.7916714.787007 
4.8017115.719119 7.691376 5.882666 
6.033541 7.055276 9.511225 6.7891()Q 
6.487437 7.535411 10.167327.086929 
6.597734 7.651119 10.32560 7.1561194 
8.115484 9.206093 12.45918 8.025779 
8.3002659.390790 12.713408.121219 
8.832613 9.917473 13.43928 8.385167 
9.414984 10.48459 14.22245 8.656509 
9.959544 11.00653 14.94465 8.895212 
10.10869 11.14810 15.14078 8.958228 
10.39893 11.42190 15.52038 9.078081 
10.54015 11.55433 15.704129.135116 
Il.52386 12.46259 16.96666 9.510713 
Il.58506 12.51829 17.04422 9.532899 
11.64576 12.57343 17.121039.554771 
Il.99958 12.89310 17.56656 9.679771 
12.39121 13.24336 18.05534 9.813324 
12.91462 13.70571 18.70149 9.984384 
12.96478 13.74968 18.76299 10.00035 
13.21002 13.96380 19.0626510.07738 
13.85069 14.51659 19.83736 10.27084 
13.89404 14.5536519.8893610.28354 
14.02229 14.66305 20.04289 10.32083 
14.18917 14.80486 20.24199 10.36874 
15.03096 15.51073 21.23457 10.60031 
16.00514 16.30849 22.35946 10.84889 
16.17991 16.44950 22.55864 lO.89146 
16.48523 16.69431 22.90468 10.96442 
16.82288 16.96282 23.28458 11.04311 
17.32132 17.35501 23.84013 11.15559 
17.41030 17.42450 23.93866 Il.17523 
17.70817 17.65599 24.26703 1l.2400r 
18.11891 17.97235 24.71626 Il.32701 

1 
l 
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VALUES USED IN FIGURE 3 

avera~e time course of PCB uptake at aIl different biomasses 

UPTAKE OF PCB C-14 (%) 
Time Ippm 5ppm 10ppm 25ppm 50ppm Innppm 200ppm 
(min) 

20 0.189849 2.090566 5.000797 9.009249 16.18747 29.34495 30.11994 
40 0.379699 3.909714 8.601497 15.05995 24.69816 34.30239 37.51818 
60 0.569549 5.507080 11.31788 19.40392 29.94635 36.34930 40.86393 
80 0.759398 6.920890 13.44010 22.67401 33.50627 37.46718 42.77102 

100 0.949248 8.181065 15.14388 25.22464 36.07968 38.17153 44.00318 
120 1.139098 9.311356 16.54187 27.26971 38.02676 38.65600 44.86483 
140 1.328947 10.33086 17.70962 28.94598 39.55135 39.00964 45.50J25 
160 1.518797 11.25510 18.69967 30.34496 40.77750 39.27915 45.99054 
180 1.708647 12.09684 19.54972 31.53020 41.78504 39.49136 46.37843 
200 1.898496 12.86665 20.28751 32.54720 42.62764 39.66278 46.69349 
220 2.088346 13.57338 20.93389 33.42941 43.34274 39.80415 46.95447 
240 2.278195 14.22447 21.50487 34.20197 43.95724 39.92273 47.17419 
260 2.468045 14.82624 22.01290 34.88412 44.49098 40.02362 47.36172 
280 2.657895 15.38409 22.46786 35.49085 44.95890 40.11050 47.52365 
300 2.847744 15.Q0267 22.87765 36.03401 45.37246 40.18610 47.66489 



VALUES USED IN FIGURE 4 

panel A: mean data from all 
biomass experiments of this 
study 

Lo~ rate 
(%/min) 
-1.4652 

Log biom 
(mg/l) 

predicted from 
re,i1;ression 

-0.8532 
-0.4983 
-0.2427 

IÎ.I098 
0.7068 
0.9099 

n 
0.699 

1 
1. 3979 
1.699 

2 
2.301 

Regression Output: 
Constant 
Std Err of Y Est 
R Squa red 
~o. of Observations 
Degrees of Freedom 

X Coefficient(s) 
Std Err of Coef. 

1.049991 
0.()63263 

-1.5549 
-0.82095 

-0.5049 
-0.08710 

0.22905 
0.5451 

0.86115 

-1.55493 
0.123356 
0.982172 

7 
5 

Regression Output: 
Constant 
Std Err of Y Est 
R Squared 
:-.10. of Observations 
Degrees of Freedom 

X Coefficient(s) 
Std Err of Coe f • 

1.124271 
0.087879 

-1.68251 
O. 118934 
0.976143 

1) 

4 

46 



panel B: mean data from all 
biomass experiments of this 
study althou~h the regression 
exc1ude Ippm experiment results 

Log BCF Log biom 
(m~ Il ) 

4,7122 () 

5,1018 0.699 
:'.7194 1 
4.5469 1.3979 
':'.383') 1.699 
3.7747 2 

J. 726 2.301 

Regression 
Conseant 
Std Err of Y Est 
R Squa red 
~o. of Observations 
Degrees of rreedom 

predicted from 
regress ion 

5.084828 
4.8235 

4.478043 
4.216628 

3.9553 
3.693971 

Output: 
5.691715 
() • 139063 
0.946945 

6 
4 

X Coefficient(s) 
Sed Err of Coef. 

-0.86820 
0.1112751 

Regres<;ion 

Consti'l.nt 
~td Err nf Y Est 
R ~qlla red 
~o. of Observations 
De~rees of Freedom 

Output: 

X Coet'ficiends) 
Std Err of Coef. 

-0.53339 
0.157831 

5. 116682 
n. )n77'50 
1).695')18 

7 
'; 

'II 
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VALUES USED IN FIGURE 5 

p1 nel A: data from aIl 
colour effects experiments 
of this study 

Log abs Log rate regress10n 

-1.10790 -0.06073 -0.00467 
-1.05551 0.064764 -0.02668 
-1.05060 -0.13351 -0.02874 
-0.93554 -0.31621 -0.07707 
-0.86646 -0.18644 -0.10608 
-0.82390 -0.11650 -0.12395 
-0.73992 -0.25014 -0.15922 
-0.72353 0.002913 -0.16611 
-0.65955 0.116215 -0.19298 
-0.56543 -0.27803 -0.23251 
-0.52143 -0.22584 -0.25099 
-0.47366 -0.03143 -0.27106 
-0.07727 -0.59641 -0.43754 
-0.07007 -0.39737 -0.44057 
-0.05354 -0.39795 -0.44750 
0.232742 -0.79142 -0.56775 
0.245759 -0.45466 -0.57321 
0.274157 -0.58455 -0.58514 

Regression 
Constant 
Std Err of Y Est 
R Squared 

Output: 
-0.46513 
0.152516 
0.639170 

~o. of Observations 
Degrees of Freedom 

X Coefficient(s) -0.41631 
Std Err of Coef. 0.078199 

18 
16 

48 

panel B: data from aIl 
colour effects experiments 
of this study 

Log abs Log BCF regression 

-1.10790 4.427242 4.583739 
-1.05551 4.863132 4.572213 
-1.05060 4.566343 4.571134 
-0.93554 4.396704 4.545819 
-0.86646 4.651810 4.530621 
-0.82390 4.377979 4.521259 
-0.73992 4.759796 4.502784 
-0.72353 4.484769 4.499178 
-0.65955 4.525899 4.485102 
-0.56543 4.451617 4.464394 
-0.52143 4.207311 4.454715 
-0.47366 4.444716 4.444205 
-0.07727 4.425191 4.357000 
-0.07007 4.258589 4.355415 
-0.05354 4.298154 4.351780 
0.232742 4.752217 4.288796 
0.245759 4.177911 4.285932 
0.274157 4.043126 4.279685 

Regression 
Constant 
Std Err of Y Est 
R Squared 

Output: 
4.338866 
0.192856 
0.243434 

~o. of Observations 
Degrees of Freedom 

X Coefficient(s) -0.22436 
Std Err of Coef. 0.098882 

18 
16 

1 



VALUES USED IN FIGURE 6 

panel A: measured 1nstantaneous 
rate of uptake of nlne lakes 
sampled in this study and the 
predlcted values using the 
semi-empirical equation 

Lac des Piles 
Croche 
Memphremagog 
Magog 
Aylmer 
Hertel 
Brome 
Coulombe 
Waterloo 

Observed Predicted 
Log rate Log rate 

(%/min) (%/min) 

-0.8162 -0.92638 
-0.5108 -0.56362 
-0.4778 -0.52224 
-0.4447 -0.76650 
-0.3481 -0.64147 
-0.3269 -0.38292 
-0.1726 -0.35391 
-0.1577 -0.48372 
-0.0562 -0.17258 

Regression 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 

Output: 
0.101772 
0.122778 
0.7493]} 

q 
7 

X Coefficient(s) 0.878105 
5td Err of Coef. 0.191983 

~~ 

'0 

... ~Lr"''' __ ",j,>",~ 
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panel B: measured BCF from 
nlne lakes sampled in thls 
study and the predicted 
values usin~ the semi-empirical 
~quatlon 

Waterloo 
Cou Iambe 
Aylmer 
Hertel 
Croche 
8rome 
Memphremagog 
Magog 
Lac des Piles 

Observed Predicted 
Log BCF Log BeF 

4.7618 4.97024 
4.861 4.951445 

5.0285 5.170634 
5.0476 5.223346 
5.1193 5.277362 
5.1851 5.348885 
5.2642 5.487763 
5.4355 5.492434 
5.6553 5.724244 

Regression 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of Freedom 

Output: 
-0.53760 
0.060165 
O.'lS8S63 

<} 

7 

X Coefficient(s) 
Std Err of Coef • 

1.074515 
0.084439 

\.Jl 
a 

--

........ _~ ,--,,~!. ~~,~:,,-"" ~L..,....\.::c"""""_~~_"""'''''..YJ ................. Jw.....,;-....,-'''~~~ 



DATA USED IN FIGURE 1 

Ttme (min) 

22 
42 
62 
82 

103 
125 
147 
251 
287 

uptake (%) of PCB C-14 
ln Lake Waterloo water 

exp 1 exp 2 exp 3 

5.6 12.3 14.9 
17.4 14.8 18 

21.1 21.4 11 
24. J 22.2 25 
24.1 26.4 25.3 
25.4 31 .1 29.4 

28.6 30.7 27.5 
23.5 28.4 27.8 
31.9 21.2 28.5 

R Squart:'d: 

pred1cted uptake (%) of PCB C-14 
from Mailhot (1987) and this study 

Mailhot this study 

4.644892 1 1 • 16410 

6.650918 17.43179 

7.854614 21.76829 

8.657111 24.94700 

9.254133 27.48354 

9.715661 29.54828 

10.06696 31.19011 

11.00366 35.88413 

11.18624 )6.86787 

0.84 o.fil 

I..~ 



~ 

Time (min) 

21 
43 
63 
82 

101 
121 
141 
199 
253 

uptake (%) of PCB C-14 
in Lac des Piles water 

exp 1 exp 2 exp 3 

4.5 3.2 3 
2.7 1.2 7.1 
3.5 7.1 5.4 

10.5 5.3 R 

13 15.7 14.3 
18.3 12.7 16 
16.2 14.4 20 
18.1 16.5 26.6 
19.6 15.6 26.7 

R Squared: 

predicted uptake (t) of PCB C-14 
from Mailhot (1987) and this study 

Mailhot this study 

4.508896 2.353209 
6.725219 4.558802 
7.902286 6.367232 
8.657111 7.935424 
9.205596 9.375801 
9.641343 10.77037 
9.979721 12.05475 
10.63801 15.26455 
11.01511 17.71159 

0.76 0.84 

,-, 

U1 
N 



Ti me (mi n) 

19 
39 
58 
77 
97 

lin 
136 
215 
273 

DATA USED IN FIGURE B 

uptake (t) of PCB C-14 
in Lac LusIgnan water 

exp 1 exp 2 exp 3 

4.7 5.3 () 

8.4 12.3 6.4 
12. 1 7 13 

13 9.1 12.n 
Il .7 12.2 Il. ') 
17.4 16. 1 14 
10.7 16.4 15.4 
2i.3 19.8 16.9 
21.2 25.5 28.6 

R Sqtlared: 

predicted uptake (t) of PCB C-14 
from Mallhot (1987) and this study 

Mailhot this study 

4.222592 9.144592 
6.416439 15.71613 
7.653994 20.24339 
8.482653 23.70151 
9.102955 26.55690 
9.543016 28.74033 
9.902419 30.63107 
10.76657 35.62594 
Il.12153 37.88543 

0.76 Cl.RI 

.l 

l..~ 
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Time (min) 

19 
36 
54 
74 
94 

1 12 
132 
204 
252 

.'1 Ct .l"'}~i.l1".,.~",~{,. l. ........ h 

uptake (%) of PCBC-}4 
in Lac D'Argile water 

exp 1 exp 2 exp 3 

4.8 7 10.2 
12.7 10.6 7.5 
1 1 .2 10.5 16.2 

15 19.6 17.1 
13.1 12.5 19.9 
20.5 20.7 20.1 
21.5 21.2 23.2 
19.6 22.6 20.9 
25.7 27.3 2h.8 

R Squared: 

predicted uptake (%) of PCB C-14 
from Mailhot (1987) and this study 

Mailhot this study 

4.222592 13.02018 
6.162950 19.94912 
7.435930 24.88225 
8.370502 28.72138 
9.021892 31.51470 
9.459636 33.44916 
9.837303 35.15667 
JO.68005 39.10185 
11.00941 40.69662 

0.83 0.84 

~ 

VI ..,.. 

"'_::J?~l ..... ~~ 



D~~A USED IN FIGURE 9 IN APPENDIX 

uptake (%) of PCB C-14 
in Lake Aylmer water 

Time (min) exp 1 exp 2 exp 3 

20 Il.4 11.8 9.2 
40 10 .6 Il.9 11.2 
57 16.5 9.9 12 
77 18.5 11.0 18 
97 15.7 21.3 20.7 

1 1 7 13.7 11.4 13.3 
140 23.4 22.2 21 .5 
200 25 23.8 22.8 
2)() 31.4 23.8 20.4 

R Squared: 

predlcted uptake (%) from 
Mal1hot (1987) and th1s study 

Mailhot this study 

4.368212 4. 04f>9 38 
6.496602 7.344444 
7.601 199 9.702231 
8.482653 12.07043 
9.102955 14.09104 
9.563189 15.83692 
9.964608 17.57088 

10.64661 21.09574 
10.99788 23.27464 

0.62 0.7 

",,' 
\...1 



~ 

uptake (%) of PCB C-14 
in Lake Brome 

Time (min) exp 1 exp 2 

17 13.9 6.7 
37 15.8 12.3 
55 20.1 22.7 
74 20.4 \6.8 
95 21.8 23 

1\ 5 28.5 27.4 
137 23 27. 3 
\97 30 33.2 

exp 3 

7.2 
15.6 
20.3 

19 
21.4 
24.2 
20.6 
25.8 

R Squared: 

predicted uptake (%) from 
Mailhot (1987) and this study 

Mailhot this study 

3.915469 6.6232 
6.249700 12.42689 
7.492205 16.43251 
8.370502 19.80109 
9.049319 22.79064 
9.522580 25.\1434 
9.918233 27.23224 
\0.62078 31.45540 

0.9 0.88 

,-.. 

1.,,1 

0\ 

~~'--.~ 



Time (min) 

20 
42 
62 
81 

102 
12l 
141 
206 
263 

uptake (%) of PCB C-14 
in Lake Hertel water 

exp 1 exp 2 exp 3 

4.5 6.2 5.2 
14.3 17. 1 13.4 
15.4 14.7 18.7 
17.3 14.3 17.9 
20.2 :!O 20.4 
21.2 19.5 28 
25.5 21.3 24.8 
30. 1 27.3 27.5 
24.3 27 25.5 

R Squared: 

predlcted uptake (%) from 
Mailhot (1987) and this study 

Mailhot this study 

4.368212 7.015267 
6.650918 12.61372 
7.854614 16.46763 
8.623392 19.38515 
9.230340 22.00422 
9.641343 23.96530 
9.979721 25.71011 
10.69636 29.86025 
11.07009 32.31243 

0.89 0.88 

" 

I.J' 
"-.! 
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Time (min) 

20 
40 
62 
83 

102 
123 
141 
208 
253 

uptake (%) of PCB C-14 
in Lake Ma~og water 

exp 1 exp 2 exp 3 

8.4 5.7 4.6 
14.8 Il • 1 9.5 
11.7 10.9 14.1 
16.7 17.7 13.4 
13.8 20 20.8 
22.3 19.7 23.2 
24.2 20.3 23.5 
26.3 24.6 23.5 
25.3 26.3 29.8 

R Squared: 

predicted uptake (%) from 
Mailhot (1987) and this study 

Mailhot this study 

4.368212 3.954205 
6.496602 7.232478 
7.854614 10.24695 
8.690273 12.67772 
9.230340 14.57979 
9.678964 16.41681 
9.979721 17.80808 
10.71241 21.89174 
11.01511 23.94727 

0.87 0.91 

;.:- , 

Ut 
00 



.......... 

uptake (Z) of PCB C-14 predicted uptake (%) from 
in Lake Coulombe water Mailhot (1987) and this ~tudy 

Ti me (mi n) exp 1 exp 2 exp '3 ~ailhot this study 

17 R.o 12.7 7.5 3.915469 4.851824 

35 8.7 16.4 10 6.073825 8.829032 

'>5 16.8 18.8 19.1 7.492205 12.28857 

7') 11 .5 n.8 14.4 8.408547 15.03846 

<)3 16.6 21.9 15.2 R.994046 17.07183 

II '> 22.2 21.8 22.9 9.522580 19.13404 

\15 20.8 21.9 19.6 9.886422 20.7 

196 20.5 25.6 26.9 10.61202 24.25189 

253 12 21. L 27.3 Il.01511 26.52091 

R SQuared: 0.73 0.77 

~., 

<.0 



~ 

Time (min) 

20 
39 
59 
79 
98 

117 
137 
213 
280 

uptake (%) of PCB C-14 
in Lake Croche water 

exp r exp 2 exp 3 

4.5 5.9 5.1 
4.8 4.5 7 

Il.6 13.1 15.2 
15.2 16 12.1 
15.4 11.9 13.4 
20.4 21.2 14.1 
20.7 17.9 18.8 
27.1 20.1 25.8 
24.6 21.4 17.3 

R Squared: 

predicted uptake (7.) from 
Mailhot (1987) and thls study 

Mailhot thls study 

4.368212 4.884090 
6.416439 8.596 
7.705700 Il.79451 
8.554226 14.44859 
9.129181 16.58283 
9.563189 18.42 
9.918233 20.09645 
10.75140 24.80959 
11.15562 27.60183 

0.82 0.82 

~ 

0\ 
o 

~....."........v".~ 



uptake (%) of PCB C-14 
in Lake Memphremagog water 

Time (min) exp 1 exp 2 exp 3 

24 5.5 6.1 10.9 
44 12. 1 12.4 13.5 
66 10 I3 14.6 
R5 16.8 11.8 10.9 

\05 15. 1 16.4 15.9 
125 19.6 19. 1 21.2 
145 19.6 IR.3 19.3 
237 28.4 24. 1 22.9 
2ho 22.2 25.R 20.3 

R Squared: 

predicted uptake (%) From 
Mailhot (1987) and this study 

Mailhot this study 

4.903725 6.295690 
6.797707 10.39363 
8.039803 14.05237 
8.754979 10.67685 
9. 302496 19.02824 
9.715661 21.04609 
10.03852 22.79668 
10.91883 28.56030 
Il.08588 29.85739 

0.8 0.88 

""'~""1'"'''''*î'Z=_ 

~ 
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Figure 9 

Comrnrison of the time course of PCB uptake calculated from equations developed 

ln this study and from Mailhot (1987) when applied to all sampled lakes except 

Lac D'Argile and Lac Lusignan. 
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DATA FIWM ALL BIOHASS EXPEKIMI-.NTS 

uptake (%) of PCB C-)4 by 
Selenabtrum capricornutum dt lppm 

Time (min) exp exp 2 exp 3 exp 

19 NA NA -2.9 NA 
20 -3.2 NA NA 2.8 
21 NA -4.1 NA NA 
40 3 NA -2.5 6.3 
44 NA -9.9 NA NA 
62 2.4 NA - 3.1 10.3 
oH NA -1.3 NA NA 
82 NA NA -1.5 NA 
H4 1.2 NA NA 8.9 
88 NA 1.8 NA NA 

lOb NA NA !I.7 NA 
107 9.7 NA NA Il. ') 

113 Nt-. -1.3 NA NA 
130 NA NA 0.9 NA 
131 -1.8 NA NA 7.K 
136 NA 1.2 NA Ni\ 

151 NA NA -0.9 NA 
154 6.5 NA NA 9 
15~ NA 1 NA NA 
216 3.8 NA 2 11 .7 
227 NA 6.2 NA NA 
261 1.3 NA NA 15 
265 NA NA 5.5 NA 
279 NA 1.9 NA NA 

5ppm 

exp 2 exp 3 

NA 3 
N,'\ NA 

-3.6 rIA 
NA 4. 1 

4.9 NA 
NA 3.2 

5.H NA 
NA H.9 
NA NA 

3.4 NA 
NA Il 
NA NA 

6.1 NA 
NA 12.1 
NA NA 

12.5 NA 
NA 7 
NA NA 

11.5 NA 
NA Il.9 

19.8 NA 
NA NA 
Nf. 17.1 

12. 1 NA 

10ppm 

eKp exp 2 

NA NA 
5.3 NA 

NA -0.7 
10 .6 NA 

NA 8.2 
15.7 NA 

NA 13.6 
NA NA 

13.5 NA 
NA 9.4 
NA NA 

12.8 NA 
NA l3.1i 
NA NA 

L1.4 NA 
NA 22.5 
NA NA 
19 NA 
NA 21.9 

17.6 NA 
NA 21.6 

21.9 NA 
NA NA 
NA 21.2 

,..- '" 

exp 3 

'" w 

-1.1 
NA 
NA 

9.4 
NA 

10.5 
NA 
12 
NA 
NA 

18.4 
NA 
NA 

19.2 
NA 
NA 

18.4 
NA 
NA 

16.2 
NA 
NA 

21.4 
NA 



25ppm 50ppm h:, 

Ti me (min) exp 1 exp 2 exp 3 exp 1 exp 2 l.' l( P 

21 ~A ~A 1.9 'lA 17.R 1l.7 
27 -16.5 5.9 'lA S.Cl ~A '-;A 
45 ~A ~A 1l.6 'lA 3/i.9 ) 2. 1 
51 18.7 15.9 ~A .29.:' ~.\ 'iA 
fi7 ~A ~A 25 :-:,\ 41..~ HL~ 

77 2S 21 ~A 2'3.7 'i .. \ ~\ 

90 ~A :-:A 2~. 1 ~A -< 3.:' J).4 

1 f) 2 29.1 22.6 "A ) 5. 3 ':,\ 'i .\ 
1 14 ~A ~A 26.6 'lA 39.~ )). y 

124 29.4 ~2.6 "A 1~. 3 'i.\ \\ 

138 ;-lA ~A 29.9 'lA ' , 
.'1 .1 • ~ 

149 16.3 10.7 'lA 31 ~A 'i:\ 

161 'lA 'J\ 35.2 'lA 4/i. 1 .. .2 
173 15.9 27.1 ~A 41.4 ~:\ 'J.\ 

230 ~o\ 'lA 30.9 ~A ~5 ~44 • q 

242 35.9 JO.7 'lA 14.9 'lA ':A 

285 :-.lA :-:A 34 ~A 37.9 1,~. 8 

302 J 3.3 24.3 'lA 15.4 'lA 'lA 

100ppm 20nppm 

Ti me (min) e"<p 1 exp 2 exp 3 exp 1 exp 2 '!l(P 1 

22 31.4 28.2 2t1.9 44.9 39.4 32. q 
42 ~iA 33.6 3S.5 ~A 'lA 12.8 
48 31.2 ~A :-JA 44.6 41L 1 'JA 
65 NA 40.4 28.9 'lA ~IA 38.1i 
69 44.5 ~A ~A 43.2 !;fi.1 'lA 

86 :-JA 37.7 38 'lA ~:A 38. '3 
89 36.6 ~A ~A 44.3 44 ': r\ 

108 :-JA 37. 1 33.8 'lA 'lA ~I) • 7 

1 12 36.8 'lA 'lA 45. fi sn.3 'lA 
128 'lA 39.9 37. 3 'lA 'lA ~(). 1 

135 39.3 ~A ~~A 41.3 49.4 "A 
ISO ~IA 41.1 42.2 'lA ~A 4fi.2 
158 41.4 ~;A ~A 4,L 5 ')) "A 
222 40.8 ~A 'lA 44 48.8 ~IA 

226 ~A 35.3 35.4 'JA 'lA 4l. 2 
285 42.5 ~A ~A 4fi.3 ,2. (, '.,\ 

289 ~A 43.7 41. 1 'lA ~IA '.9.fi 
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65 

DATA FROM ALL COLOUR EXPERI~ENTS 

uptake (%) of peB C-14 by S.capricornutum 

absorbance lm at 440nm. 

Ume (min) 0.78 0.88 0.89 1.16 1. 36 t. 50 

19 4.9 ~A NA ~A ~A 6.A 
20 ~A ~A 5.3 NA 3.7 ~A 
21 ~A 0.8 NA NA ~A ~A 
27 ~A NA NA -5.4 ~A ~A 
40 20.8 NA NA NA ~A 20.2 
41 NA NA 19.1 NA 18.7 ~A 
42 ~A 35.8 NA NA NA ~A 
52 NA NA NA 27.5 ~A NA 
61 25.7 NA NA NA NA 18.9 
63 NA 34.7 NA NA NA NA 
64 NA NA 26.2 NA 26.4 NA 
79 22.2 NA NA NA ~A 18.7 
83 ~A 41.5 NA 20.9 NA NA 
86 NA NA 28.5 NA 27.8 NA 
98 26.4 NA NA NA NA 24.3 

106 NA 39.9 30.2 18. 1 34. 1 NA 
121 30.4 ~A NA NA NA 27.6 
127 NA NA 33.8 NA 34 NA 
128 ~A 42.5 NA NA NA ~A 
131 NA NA NA 22.4 ~A ~A 
139 24.6 NA NA NA NA 19.4 
148 NA 44.7 28.9 18. 1 31.5 NA 
166 ~A NA NA 19 ~A NA 
203 NA NA 36.2 NA 36.2 NA 
204 31.3 NA NA NA NA 30.7 
227 ~A NA NA 25.6 ~A ~A 
228 NA 47.4 NA NA ~A NA 
257 29.4 ~A NA NA ~A 26.3 
269 NA NA 36.6 NA 42 NA 
280 NA 46.8 NA 13. 1 NA ~A 

( 



absorbance lm dt 4411nm. 

Ti me (min) 1.82 l. .,9 2.19 :.. 72 3.01 Jo Jn 

19 ~A ~:A 9.5 'lA -;\ 1).9 
21 ll).4 t 1.4 'iA fi.5 'iA ';A 
27 ~A ~A '-:A ~A 11.9 'lA 
38 :-;A ~A 30 ~A ~JA 17 .. ~ 
42 l 3. ') 2 L. ') ~A 14.1 ~A ~IA 
52 "A :-<A :iA ~A \f>.f> 'lA 
59 'iA. ~A 30. 1 'lA :-lA JO. 2 
63 \ 9. 1 31. 1 ~A 19.4 ~A ~A 
78 "A ~A 37 'lA ~A 2R.3 
83 25.2 ~A :iA ~A 15.4 'lA 
84 ~A 28.7 ~A 24.2 :-lA 'lA 
97 'lA ~A 29. 3 ~A ~A 27.7 

104 ~A 27.8 :iA 25 ~A ~A 
106 26.8 ~A ~A ~A 12.3 'lA 
1 19 ~A ~A 37.4 ~A ~A 29.2 
123 ~A 31.9 :iA 26 ~A ~A 
128 26.9 ~A :iA ~A NA ~A 
131 SA ~A :iA ~A 17.9 'lA 
141 NA ~A 39.6 ~A NA 32. 1 
143 NA 26.8 :iA 18.2 NA ~A 
148 31.6 ~A ~A 'lA 19.4 ~A 
166 NA ~A ~A :-lA 16.2 'lA 
204 NA NA 42. '3 ~A NA lR.4 
218 NA 38.8 ~A 27 'lA ~A 
227 NA NA :iA ~IA 19.2 'lA 
228 35. 1 ~A ~A 'lA NA 'lA 
255 NA NA 38.9 'lA NA 30.4 
279 NA 36.8 ~A 15.1 'lA ~A 
280 34.4 NA ~A ~A 28.2 'lA 



absorbance lm at 440nm. 67 
( 

rime (mi n ) 8.37 8.51 G.84 17.09 17.61 18.80 

19 ~A NA 4.7 NA NA 0.5 
20 ~A 2.5 NA NA NA NA 
21 -22 ~A NA NA 4.3 NA 
27 NA NA NA -23.2 NA NA 
3R NA NA NA NA NA 3 
40 NA NA 12. 1 NA NA NA 
41 NA 3.7 NA NA NA NA 
42 7 NA NA NA 6. 1 NA 
52 NA NA NA 11.7 NA NA 
59 NA NA NA NA NA 13.8 
61 NA NA 15 NA NA NA 
63 10. 1 NA NA NA 13.5 NA 
64 NA 1 1. 5 NA NA NA NA 
78 ~A NA NA NA NA 14 
79 NA NA 11.4 NA NA NA 
R3 12.9 NA NA 14. 1 NA NA 
R4 NA NA NA NA 14.3 NA 
86 NA 16 NA NA NA NA 
97 NA NA NA NA NA 9.3 
98 NA NA 16.2 NA NA NA 

104 NA NA NA NA 16.2 NA 
106 14. l 16.7 NA 13.3 NA NA 
119 NA NA NA NA NA 9.2 
121 NA NA 18.9 NA NA NA 
123 NA NA NA NA 14.8 NA 
127 NA 18.2 NA NA NA NA 
128 17.2 NA NA NA NA NA 
131 NA NA NA 1 5. 1 NA NA 
139 NA NA 20.7 NA NA NA 
141 NA NA NA NA NA 12.8 
143 NA NA NA NA Il .7 NA 
148 18.3 20.6 NA 13.2 NA NA 
166 NA NA NA 15.2 NA NA 
203 NA 23 NA NA NA NA 
204 NA NA 25.2 NA NA 21.3 
218 NA NA NA NA 17.3 NA 
227 NA NA NA 24.2 NA NA 
228 19.5 NA NA NA NA NA 

1{ 255 NA NA NA NA NA 10 
" 2Si' NA NA 19.9 NA NA NA 

269 NA 26.5 NA NA NA NA 
279 NA NA NA NA 17.9 NA 
280 17.5 NA NA 25.7 NA NA 
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DATA FROM ALL THE pH EXPERIMEr-;TS 

uptake (%) of PCB C-14 by S.caprtcornutum ln 
medium at dtfferent pH 

pH4 

Time exp 1 Time exp 2 Time 
(min) (mi n) (mi n) 

19 8.1 20 11.3 lB 
40 15.1 43 19.1 37 
61 17.8 64 23.7 58 
82 23.7 9 1 26.2 79 

104 25 1 1 () 24.7 100 
126 32 130 27.7 121 
148 32.1 152 31.3 143 
213 32.9 214 30.2 197 
276 32.8 2h'; 36.2 2h5 

pH') 

Time exp 1 Time exp 2 Time 
(min) (mi n) (mi n) 

21 12 21 R.9 19 
41 IR 41 21.5 39 
62 32 f,2 23.3 58 
84 31.9 84 20.1 79 

106 31. 3 106 28.1 97 
128 39.3 128 30.6 117 
143 30.9 143 27.2 141 
222 37.8 222 33.2 207 
277 37 277 38 276 

pl-l6 

Time exp 1 Ti me exp 2 Time 
(min) (min) (mi n) 

19 4.2 20 7.7 18 
40 13.6 43 21.1 37 
61 16.3 64 24.1 58 
82 19.6 91 35.8 79 

104 27 1 10 27.2 100 
126 27.5 130 31.5 121 
148 24.8 152 37.8 143 
213 29.3 214 37.7 197 
276 32.4 265 39 265 

h8 

l'Xp '3 

q.B 
2q 

2q.2 
11.q 
38.8 
40.8 
3R.l 
4').2 
48.4 

exp '3 

7.4 
9.9 

12.8 
Il.8 
8.7 

1 1 • 1 
12.0 
7.5 

12.9 

exp '3 

7. 1 
14 

21.3 
24.3 
19.7 
22. 1 
28.3 
30. 1 
25.7 
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( 
pH7 

Time exp 1 Time exp 2 Time exp 3 
(min) (min) (min) 

21 4.2 19 10.5 20 1 .8 
41 18.8 39 13. 1 40 1 1 .5 
62 31.3 58 10.1 64 16.6 
84 23.8 79 21 87 1 3.9 

106 40 97 21 • 1 106 22.2 
12R 39.7 117 22.7 127 21.3 
143 36.2 141 21.8 148 1 7.3 
222 41.3 207 27.1 212 20.5 
277 42.6 276 25.1 265 19.9 

pH8 

Time exp 1 Time exp 2 Time exp 3 
(min) (min) (min) 

21 4.5 19 3.5 20 3.1 
41 10.3 39 51.2 40 8.9 
62 30.7 58 13 64 16.9 
84 37.1 79 17.8 87 19.7 

106 40.2 97 lR.4 106 14.8 
128 41.1 117 20.4 127 17 
143 39 141 23.2 148 19.1 
222 40.6 207 23.2 212 17.6 
277 43.9 276 15 265 16.8 

pH9 

Time exp 1 Time exp 2 Time exp 3 
(min) (min) (min) 

19 5.9 20 10 18 3.4 
40 1 1 43 28.2 37 10.7 
61 16.2 64 23.7 58 18.6 
82 25.4 91 29.9 79 26.1 

104 25.9 110 26.4 100 18.5 
126 30.5 130 36.9 121 22.7 

f 148 24.4 152 29 143 24.7 
213 30.3 214 27.2 197 31 .1 , 
276 27.3 265 37.1 265 27.6 

L 


