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ABSTRACT 

Experiments were conducted to probe the interactions between natural dissolved organic matter (DOM) 

and two xenobiotics, and to determine how DOM influences their bioavailability. The experimental set-up, 

using dialysis bags, was designed to expose test organisms to the same constant concentration of free 

dissolved chemical, while increasing the concentration of the bound-to-DOM fraction. Daphnia magna S. 

were exposed to pyrene or 2,2’,5,5’-tetrachlorobiphenyl in the presence of 0, 1, 2, 5, 10 or 20 mg L-’ of a 

reference riverine humic acid (Suwannee River Humic Acid). The physico-chemical parameters were well 

constrained in the microcosm, demonstrating its potential usefulness. However bioaccumulation by D. 

magna showed important variability between replicate treatments, sufficient to mask any trends as a 

function of DOM concentration. The organic-carbon-normalised partition coefficients (Koc) ranged from 

52000 to 92000 L kg-’ for pyrene and from 8200 to 89000 L kg-’ for 2,2’,5,5’-tetrachlorobiphenyl, with a 

marked “concentration effect” for the latter compound. 01998 Elsevier Science Ltd. All rights resewed 

INTRODUCTION 

Natural dissolved organic matter (DOM) can bind to individual organic compounds and this has important 

consequences for their environmental fate. Many studies have established that the binding generally 

reduces the bioavailability of chemicals (including [ 1,2,3,4]). For example, Aldrich humic acid reduced the 

bioaccumulation and acute toxicity to Duphniu magna of synthetic pyrethroid insecticides [5], and the 

uptake of benzo(a)pyrene and 2,2’,5,5’-tetrachlorobiphenyl by Sulmo guirdneri [6]. On the other hand, 

enhanced ecotoxicological effects of contaminants in the presence of humic material have also been 
335 
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reported on occasion. Methyl parathion and carbaryl elicited an enhanced toxicity to a bacterial 

bioluminescence assay in the presence of Aldrich humic acid, while other compounds of the same classes 

showed a reduced toxicity [7]. Likewise, there are reports of enhanced toxicity of fenveralate and lindane 

to D. magma exposed in solutions containing lake humic matter [8], slight increase in the accumulation of 

2,2’,4,4’,5,5’-hexachlorobiphenyl by D. magna in the presence of DOM from a lake [93, and increased 

accumulation of methylcholanthrene by Duphnia in the presence of Aldrich humic acid [lo]. 

The reasons for this inconsistent behaviour are unclear. In some cases, there may be insufficient binding 

between the chemical and the DOM for quantitative effects to be observed: it is estimated that the effect of 

DOM is significant only for chemicals with a octanol-water partition coefficient, I&, greater than lo4 [ 111. 

Where a quantitatively important binding takes place, it is unlikely that the bound fraction could be 

available for bioaccumulation. Indeed, studies of the steric factors influencing bioaccumulation point to a 

molecular cut-off of 600 Da [ 121, or a cross-section cut-off of 9.5 8, [13]. Other hypotheses involve direct 

effects of the DOM on the biota (e.g., see [ 141). For example, humic material has a positive effect on acid- 

stressed D. magna [15]. DOM may effect the physiology of the animal, and thus the uptake rate of a 

contaminant. A greater uptake rate means that the test species will die faster or at a lower concentration of 

chemical, thus yielding a higher measured acute toxicity. Such effects might well be unpredictable since 

the properties of DOM may vary regionally and seasonally [2, 161. 

In the above studies, it is usually difficult to understand the mechanisms at play because both the freely 

dissolved and the bound fraction of the contaminant vary between tests. The purpose of this paper is to 

describe and evaluate an experimental set-up to assess the relative bioavailability of the freely dissolved 

and the DOM-bound fraction of a xenobiotic. The hypothesis tested is that the bioaccumulation of each 

xenobiotic is controlled by the free unbound aqueous concentration and is independent of the humic acid 

concentration. The test organism is exposed to a fixed concentration of freely dissolved pyrene or 2,2’,5,5’- 

tetrachlorobiphenyl, and at the same time to increasing concentrations of the compounds bound to a 

reference riverine humic acid. Dialysis bags are used to segregate treatments with different concentrations 

of humic acid in the same microcosm. This allows the determination of both the binding coefficient to 

DOM and the bioaccumulation of the xenobiotic. 

MATERIALS AND METHODS 

Test species 

The test species we used is the waterflea Daphnia magna Strauss, a micro-crustacean of the Cladoceran: 

order that can reach 5 to 6 mm in length. D. magna is found in many freshwater bodies in the North and the 

West of North America and constitutes an important link in many aquatic foodwebs, notably as an 

important source of food for juvenile salmonids [17]. Test specimens were obtained from the culture 

maintained by the ecotoxicology unit of the Quebec Ministry of the Environment. Homogenous 
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populations aged 4-6 days after hatching were used to ensure that the animals were sexually immature and 

to minimise variations in physiology that might interfere with the uptake of contaminants. The average dry 

weight was 550 pg for 10 individuals. Before exposure, the animals were left for 1 hour in clean synthetic 

medium to allow them to clear their gut content. 

Water chemistry 

The culture media for the Duphniu was a reconstituted water obtained by adding inorganic salts to 

deionised (milli-Q grade) water (organic free, DOC c 0.2 mg L“): NaHCOs, 200 mg L-l; CaC12.2H20, 297 

mg L-l; KzS04, 27 mg L-‘. The pH was 7.6 (no adjustment), the ionic strength was 7.5 10e3 M and the 

temperature was kept at 20 f 1 “C. The accumulation experiments were conducted in the same media 

supplemented with the studied compounds. 

Model compounds 

Table 1 lists the physico-chemical properties of the two model compounds studied. The chemicals chosen 

were pyrene, a polycyclic aromatic hydrocarbon (PAH) and PCB IUPAC No 52 (2,2’,5,5’- 

tetrachlorobiphenyl). We will refer to these compounds as PYR and PCB. The acute toxicities of these 

compounds are not very high, but both families of compounds are an environmental threat because of their 

global distribution in the environment. Some PAHs are known or suspected carcinogens and PCBs are a 

threat to wildlife, particularly marine mammals. Radio-labelled compounds (14C) were obtained from the 

National Cancer Institute Chemical Carcinogen Reference Standard Repository, Chemsyn Science 

Laboratories (Lenexa, KS) for [4,5,9,10-14C]pyrene (14.2 mCi mmol-’ specific activity) and from Sigma 

Chemical Company (St. Louis, MO) for 2,2’,5,5’-tetrachlorobiphenyl-UL (32.3 mCi mmol-’ specific 

activity). Both compounds were of purity >98 % and were used as received without further purification. 

The chemicals were solubilised with a generator column as has been recommended for this type of study 

[ 18, 191. Solutions of sparingly soluble organic substances are obtained by this method with a minimum of 

losses and without the drawbacks of using a co-solvent as carrier. The method used here involved coating 

the chemical onto glass beads (0.60-0.85 mm) in a column (15 cm long, 1 cm diameter) and letting water 

flow at a rate slow enough for saturation to be approached (22 mL min“). The concentrations obtained 

were close to the reported solubility of the chemicals (Table 1). 

Dissolved Organic Matter 

We chose to work with humic acids which have been shown to interact with apolar organic compounds. 

Various authors have cautioned against the use of poorly referenced commercial humic material as DOM 

[20]. The properties of these materials can be different from those of natural organic matter and their 

characteristics or properties may be variable from batch to batch. Furthermore, the characteristics and 

properties of natural DOM isolated from individual water bodies may also be variable. Hence we chose a 
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reference humic acid from the Suwannee River (lRlOlH), isolated and distributed by the International 

Humic Substances Society (Golden, CO). Elemental analysis indicates 54% C, 4% H, 41% 0,0.7% N and 

0.82% ash. We will refer to this material as HA. 

Table I: Physico-chemical properties of the chemicals studied. 

Experimental set-up 

The principle of the experimental system (Fig. 1) was to maintain a constant free dissolved concentration 

of the chemical, while submitting the test organisms to varying concentrations of HA and hence to varying 

concentrations of bound chemical. Equilibrium dialysis was employed to this effect, which also allowed the 

determination of the binding coefficient of the chemical to HA. Dialysis has been shown to be one of the 

best techniques to estimate the bioavailability of organics [21]. Dialysis bags (SpectraiPor 6, molecular 

weight cut-off 1000 Da) were filled with 40 mL of deionised water with varying concentrations of HA and 

put into a large (35 L) glass aquarium. Prior to use, the bags were rinsed thoroughly with deionised water to 

remove the sodium benzoate preservative. A saturated solution of the PYR or PCB was added to the 

aquarium. The large quantity of water in the aquarium outside the dialysis bags ensured that there was a 

large reservoir of chemical. Prior to the Duphniu exposure, the system was left to equilibrate so that the 

pollutants could reach equilibrium with each of the concentrations of HA. After four days the Daphniu 

were added to the bags. A large Teflon magnetic stirrer (10 cm) rotated slowly to ensure a gentle 

homogenisation of the system. A glass lid was used to limit evaporative losses. To avoid photodegradation 

of PYR, the system was kept in the dark and a gold fluorescent light (>SOO nm) was used for illumination 

when necessary (when adding the test chemical, or the Daphnia). 

In this system, the bioconcentration factor (BCF: the ratio of the concentration accumulated by Daphnia, 

Cd (ng kg-‘, wet weight), to the free dissolved aqueous concentration, Cr (ng L-l), BCF = Cd/Cr) should be 

the same for all treatments because the free dissolved concentration is the same in all dialysis bags. 

Accumulation experiments 

The concentrations of chemicals were kept very low (30 to 110 ng L“) to ensure that they were close to 

environmentally realistic conditions. These concentrations were lower than those reported to be toxic to 

Daphnia [22, 231. The concentrations of humic acid (O-20 mg L-‘) bracketed the concentrations of DOM 
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normally encountered in the aquatic environment: l-5 mg C L-’ for freshwater, up to 20 mg C L-’ for very 

humic streams draining peatbogs [24]. 
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Figure I : Schematic representation of the experimental set-up. D. magna are exposed to increasing 

concentrations of bound chemical corresponding to increasing concentrations of humic acid, 

while the level of free dissolved chemical remains the same among the treatments. 

Following previous authors [6], the chemicals and the DOM were allowed to equilibrate for four days. 

Then 5 or 10 animals (depending of the experiment) were added to each dialysis bags and sampled at 5 
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time steps over the course of a 24-hour bioaccumulation experiment. This duration minimises the depletion 

of lipid reserves in Duphnin that is known to result from prolonged starvation. At five time intervals a 

dialysis bag was recovered, the animals removed on a net, and water samples taken from the bulk solution 

of the microcosm as well as inside the bag. The exact conditions of the four experiments referred to as 

PYRl, PCB 1, PYRE and PCB2 are summarised in Table 2. 
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Table 2: Experimental conditions for the four experiments. 

PYRl PCBl PYR2 PCBZ 

Start (ng L-l) 760 850 1500 1700 

concentration 

Meau (ng L”) exposure 31 67 77 110 

concentration (nM) 0.15 0.23 0.38 0.36 

HA (mg L’) 0, 1,2,5, 0, 1 ,259 0,2,5, 10 /0,2,5, 10 

10,20 10,20 in duplicate in duplicate 

Number of Daphnia 5 10 10 10 

Time steps tl 3.75 h 4.25 h 3.50 h 4.50 h 

f2 6.58 h 7.00 h 7.25 h 8.00 h 

t3 10.50 h 10.50 h 11.75 h 14.00 h 

f4 18.33 h 14.50 h 19.00 h 18.75 h 

t5 24.50 h 24.00 h 24.00 h 24.00 h 

Comparison of dead and living Daphnia 

Differences in accumulation by living and dead Duphnia were evaluated. The organisms were killed by 

addition of NaN3 (0.5-l%). Batch exposure experiments were conducted in triplicate with 20 organisms 

dead or alive, for both PYR and PCB. Dialysis bags or DOM were absent from this experiment. The 

exposure concentrations of the chemicals were as follow : PYR dead 780,760, 780 ng L-‘; PYR alive 550, 

510,500 ng L-‘; PCB dead 3500,3600,3700 ng L-‘; PCB alive 2200,2200,2100 ng L-‘. The exposure was 

limited to 4.5 h to minimise the degradation of the dead animals. The latter were checked for damage under 

a microscope after exposure and there was no noticeable change in their appearance. 

Chemical analysis 

For the aqueous samples, 10 mL of scintillation cocktail (Aquasol fluor) were added to 10 mL samples and 

the resulting emulsion analysed using a liquid scintillation counter (LKB Wallac 1215 Rackbetta). The 

counting error was ~2%. The daphnia were not left to dry to minimise the possible loss of contaminants. 

They were netted, washed rapidly with milli-Q water (10 mL), blotted dry, crushed with a Pasteur pipette 

and added to 5 mL of milli-Q grade water and 10 mL of scintillation cocktail.. This mixture was counted 

using the same apparatus. Due to the low level of radioactivity of the samples, they were counted for an 

hour each in order to obtain a satisfactory precision (<2%). Blanks (10 mL water + 10 mL scintillation 

cocktail) were run each time to measure the background level that was subtracted from the results. 

Quenching was corrected by measuring the response for an external standard (‘4C-hexadecane) for each of 

the treatments (varying concentrations of humic acid). 
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Quenching and background corrections were used to transform the measured counts per minute (cpm) into 

disintegrations per minute (dpm). Knowing the specific activity of the chemicals, their molecular weight, 

and the dry weight of the animals, we could then calculate the concentrations of exposure and the quantities 

that had been bioaccumulated (ng L-’ and pg kg-‘). 

RESULTS AND DISCUSSION 

Behaviour of the experimental microcosm 

The generator column was well adapted to deliver an aqueous solution of the chemicals. However, shortly 

after introduction into the aquarium, most of the aqueous solute had left the water column, presumably 

through evaporation and adsorption to the walls of the aquarium and to the dialysis bags. These losses were 

monitored. For example for PYRl, the original concentration of 760 ng L-’ dropped to 95 ng L-’ after 12 

hours and to 46 ng L-’ after 65 hours. After the four days of equilibration, the decrease in concentration 

reached an asymptote and could be considered constant during the subsequent 24 hours accumulation phase 

(e.g. for PYRl, the exposure concentration varied from 35 ng L-’ to 29 ng L“, with a mean of 31 ng L-l). 

The mean exposure concentration (Table 2) is the average of the concentrations measured over the time of 

the accumulation experiment (from b to ts). 

The evolution of the concentrations inside and outside the bags was monitored and was found to evolve in 

parallel, indicating a rapid equilibration of the system. The binding of PAHs by DOM is rapid [25, 261. The 

results of the duplicate water samples for PYR2 and PCB2 are in close agreement (Table 3). The system is 

therefore suitable for the study of the interactions of chemicals and DOM. 

Binding of PYR and PCB by dissolved organic matter 

Table 3 lists the analytical results for the aqueous phase for the four sets of experiments. The outside 

concentration (bulk of the microcosm) is the freely dissolved organic contaminant Cf (ng L-l). The 

difference between the inside of the bag (Q and the outside is assumed to be the concentration of the 

chemical bound to HA, Cb (ng L-l). The partition coefficient normalised to organic carbon, Koc, is : Kc = 

Cd(Cf x DOC), where DOC is the concentration of dissolved organic carbon in kg C L-‘, with DOC = 0.54 

[HA]. K, is expressed in units of L kg-‘. 

Table 4 displays the Koc values calculated for both series of experiments (PYRl/FCBl and PYRZ/PCBZ) 

for each HA concentration and at each sampling time (tl to ts). Because the amount of bound contaminant 

is small for the humic acid concentration of 1 mg LA’, the determination of the bound fraction by difference 

is likely to be distorted by an important error; this is apparent in the observation that the standard deviation 

of the & is larger for the lower concentrations of HA. Thus we only report Koc for the experiments at 2, 

5, 10 and 20 mg L-’ HA. The Koc ranges from 52000 to 92000 L kg-’ for PYR and from 8200 to 89000 L 
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kg” for PCB. The Koc values reported in the literature (Table 5) vary greatly with the type of organic 

matter and the measurement technique employed, nevertheless our results fall within the same range. 

Table 3: Total aqueous (free + bound) concentrations of PYR or PCB (ng L-l) in the dialysis bags. 

Concentration of I-IA (mg L”) 

Sampling 

t1 

t2 

t3 

t 

t5 

0 0 

32 - 

32 - 

32 - 

32 - 

29 - 

1 2 2 5 5 10 10 20 

PYRl (ng L”) 

35 34 - 37 - 48 - 57 

34 34 - 40 - 50 - 54 

35 36 - 41 - 47 - 53 

34 35 - 41 - 48 - 53 

32 35 - 34 - 42 - 48 

PCRl (ng L”) 

11 77 

t2 76 

ts 69 

t 57 

ts 56 

85 79 - 80 - 87 - 89 

79 76 - 72 - 78 - 85 

67 72 - 72 - 72 - 72 

68 70 - 69 - 73 - 71 

57 55 - 57 - 67 - 63 

PYR2 (ng L”) 

tl 75 66 - 78 85 75 87 98 97 - 

t2 74 74 - 74 78 89 88 98 110 - 

13 77 78 - 84 83 89 89 100 100 - 

t 93 76 - 87 81 89 93 95 110 - 

ts 84 79 - 72 80 89 7.5 98 98 - 

PCB2 (ng L”) 

t1 125 120 - 130 120 120 110 140 120 - 

t2 110 120 - 125 130 130 120 110 125 - 

t3 100 87 - 96 83 96 97 97 93 - 

t4 94 100 - 93 98 110 96 105 110 - 

t5 100 97 - 90 96 97 96 99 100 - 
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Zizbk 4: Organic-carbon-normalised partition coefficients of pyrene and PCB IUPACNo 52 

with Suwannee River humic acid. 

HA 

(mg L-3 
2 @xp 1) 

2 (exp 2) 

5 (exp 1) 

5 (exp 2) 
10 (exp 1) 

10 (exp 2) 

20 (exp 1) 

2 (exp 1) 

2 (exp 2) 

5 (exp 1) 

5 (exp 2) 

10 (exp 1) 

10 (exp 2) 

20 (exp 1) 

1.d.: not det 

Average Std.-Dev. n 

35000 60000 110000 98000 16OQOO 92000 48000 5 

160000 25000 72000 nd. nd. 52000 24000 3 

49000 96000 95000 110000 58000 81000 26000 5 

58000 75000 57000 26000 nd. 54000 20000 4 

90000 100000 84000 91000 80000 89000 7900 5 

74000 70000 57000 35000 39000 55000 18000 5 

71000 65000 60000 61000 58000 63000 5100 5 

PCB IUPAC No 52 

21000 n.d. 41000 210000 

n.d. 80000 n.d. nd. 

11000 n.d. 18000 75000 

n.d. 25000 12000 19000 

23000 4600 7500 50000 

7500 4800 4000 21000 

15000 11000 4900 21000 

nd. 89000 100000 3 

n.d. 80000 - 1 

8800 28000 31000 4 

n.d. 19000 6800 3 

36000 24000 19000 5 

3800 8200 7200 5 

12000 13000 6000 5 

nined (the counts in the dialysis bags with HA were lower than in the bags without HA) 

1 

Interestingly, PCB seems to have a lower Koc for Suwannee River humic acid than does PYR. The PYR2 

and PCB2 experiments are directly comparable as they have very similar exposure concentrations (0.38 nM 

and 0.36 nM respectively). The only result showing KocpcB > KocpyR is for [HA] = 2 mg L-t, but as we 

have seen the determination of Koc is not very reliable for the lower concentrations of HA. The KoCPCB < 

KocpyR trend holds true if we compare PYRl and PCB 1, even though the molar concentration of pyrene is 

lower than that of PCB (0.15 nM and 0.23 nM respectively). One might have expected the extent of 

binding to be related to the respective Kow values of the chemicals (log Kow = 5.2 for PYR and 6.1 for 

PCB). The discrepancy could be due to steric factors (PYR is smaller than PCB) and/or to selective 

chemical affinity between the compounds and the Suwannee River humic acid. Indeed it has been shown 

that benzo(a)pyrene and PCB bind selectively to different fractions of fractionated organic matter [27]. 

Similarly, the binding of benzo(a)pyrene to DOM of boreal origin is stronger than that of 3,3’,4,4’- 

tetrachlorobiphenyl [2]. 
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Table 5: I& values (L kg-‘) in the literature for pyrene and PCB IUPAC No 52. 

KOC 

PYRENE 

17000 

Type of humic material Experimental Ref. 

technique 

Suwannee river humic Fluorescence quenching 1261 
acid 

170000 Podzolic soil humic acid Fluorescence quenching WI 
81000-180000 Aldrich HA Reverse phase separation 131 

170000 Soil HA Fluorescence quenching [371 

PCB IUPAC No 52 

25ooo Total DOC, stream river Dialysis 1271 

58000 Aldrich HA Reverse phase separation [61 

35000 Aldrich HA Reverse phase separation [291 

26000 Aldrich HA Dialysis [291 

24000-64000 Soil and water humic acids Volatilisation [381 

In the case of PCB, there is a marked “concentration effect” where the partition coefficient decreases with 

increasing amounts of HA. Other authors have reported this phenomenon [28, 29, 301. The most likely 

explanation is that there is increased humic-humic interaction as the HA concentration increases, which 

reduces the number of sites available for contaminant binding. In contrast, there seems to be little or no 

concentration effect with pyrene. This result can be interpreted in the light of the earlier arguments that 

pyrene and PCB do not bind to the same fractions of HA: these fractions do not necessarily interact with 

themselves in the same way. 

Note too that, on average (mean of all the values measured at different time steps for a given [HA]), the 

Koc values measured for different concentrations of HA are systematically higher for the first series (PYRl 

and PCBl) than the second (PYR2 and PCB2), the first series having been carried out at slightly lower 

contaminant concentrations. This is a little surprising since the concentration of HA in our experiments is 

from 20000 to 300000 times greater than the pyrene or PCB concentrations on a mass basis. Since the 

standard deviation of our results is large, we can only make a suggestion which warrants further 

investigation: there might be a saturation of the hydrophobic sites. This could explain why Schlautman and 

Morgan [26] measured a lower Koc for pyrene (Table 5) with the same HA (concentrations between 0 and 

25 mg L-l), as they used a much higher pyrene concentration (0.41 uM compared with 0.15 nM and 0.38 

nM in the present experiments). This also has ecological relevance as it means that the proportion of bound 
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contaminants in the environment could be higher than suggested by laboratory experiments, since these are 

almost always done with contaminant concentrations that exceed ambient environmental levels. 

Table 6: Bioconcentration factor in D. magna. BCF is the ratio of the concentration in Daphnia, 

Cd (ng kg” wet weight), to the free dissolved aqueous concentration, Cr (ng L’). 

Concentration of HA (mg K’) 

0 0 1 2 2 5 5 10 10 20 

PYRl 

t1 490 

t2 750 

t3 530 

t4 2800 

ts 1400 

570 1200 - 840 - nd. - 620 

570 1200 - 1300 - 930 - 1000 

800 930 - 890 - 1100 - 620 

n.d. 2000 - 2600 - 1900 - 2300 

1900 1900 - n.d. - 1700 - 2800 

PCBl 

t1 430 - 250 380 - 350 - 460 - 470 

B 350 - 670 480 - 370 - 690 - 770 

t3 770 - 820 1200 - 820 - 660 - 970 

t 1100 - 640 960 - 790 - 830 - 930 

ts 1700 - 1100 1500 - 1300 - 2400 - 1700 

PYR2 

920 1300 - 890 1200 1100 780 1100 1000 - 

1500 1400 - 770 1700 840 960 1100 1300 - 

1800 960 - 970 1800 1100 1100 1100 2100 - 

1900 1100 - 530 1600 1700 1600 1800 510 - 

1400 n.d. - 820 990 640 380 890 710 - 

PCB2 

tl 540 690 - 610 330 690 690 940 1100 

t2 1300 690 - 980 960 960 1400 1500 1400 

t3 2400 2600 - 1600 1900 1500 1200 2400 2100 

t 2500 990 - 3100 2300 1800 2700 2600 2500 

ts 2400 2100 - 2300 2200 1900 2700 2300 3700 

1.d.: not determined (some animals were trapped in the closures of the dialysis bags 

tnd could not be recovered). 
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Accumulation of PYR and PCB by Daphnia 

The bioconcentration factors (BCF) of PYR and PCB by Duphnia were calculated by using a dry 

weight/wet weight ratio for D. magna of 0.1 following Kukkonen er al. [31]. For each ti and each HA 

treatment, the free aqueous concentration used to calculate the BCF was taken to be the total concentration 

in the dialysis bag for the treatment [HA] = 0. The average wet weight BCF (all treatments) after 24 h is 

1900 f 550 (n = 5) and 840 + 330 (n = 7) for PYRl and PYR2 respectively, and 1600 + 450 (n = 6) and 

2400 f 550 (n = 8) for PCBl and PCB2. These latter values are close to the BCF of 2000 reported by 

Dillon er al. [23] for the same PCB. 

The variation of BCF values over time for various concentrations of HA is shown in Table 6. If the free 

dissolved contaminants only were bioavailable, the BCFs would be similar in all dialysis sacs, with no 

trends as a function of the HA concentration. If on the other hand the BCFs were higher with higher 

concentrations of HA, this could indicate that some bound chemical is bioavailable (unlikely), or that the 

presence of HA has an influence on the uptake rate (e.g. by affecting membrane permeability). In this latter 

case, one should see a higher uptake at the beginning of the exposure period, but the equilibrium BCF 

values should be the same. Under the present experimental conditions, there is no obvious pattern in the 

differences in BCF values among treatments. Thus, we cannot confirm or infirm the hypothesis that only 

the freely dissolved contaminant is bioavailable. There is sufficient scatter in the bioaccumulation data for 

the Duphnia to mask any subtle differences that might exist in accumulation among the treatments: in the 

second series of experiments, where duplicates were sampled, the variations between the BCF values for 

the same HA concentration are as high as the differences between treatments (Table 6). Other authors [32] 

have reported a high biological variability in the accumulation of polychlorinated biphenyls by Duphnia. 

Table 7: Average and standard deviation (n = 3) of the BCF (wet weight basis) for the accumulation of 

pyrene and PCB by dead and living D. magna after 4.5 h in separate batch experiments. 

Alive 

PYR PCB 

2200 f 270 2600 f 130 

I Dead I 170*9 130+ 10 I 

To gain some understanding of this biological variability, we studied the differential accumulation of PYR 

and PCB by living and dead Duphniu. The results (Table 7) demonstrate that the uptake of both chemicals 

by dead Daphniu is much lower than by living Daphnia. Heat-killed Duphnia had a slower uptake rate for 

benzo(a)pyrene [34]. In this latter experiment, the difference for BCF values between living and dead 

animals was similar to our observations: from 4600 to 500. This presumably reflects the importance of 

water filtration in the bioaccumulation process. Variations in filtration rate among individual Duphniu (e.g. 

in animals stressed from lack of food) could explain some of the variability in our BCF values. The marked 
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difference between living and dead organisms also suggests that, in the absence of ingestion of food, the 

uptake of the chemicals is predominantly via the filtration of water and that the transfer of PYR or PCB 

through the external carapace/membrane, and their adsorption on the surface of the animal, are negligible. 

Changes in the average BCF values (all treatments) with time (Fig. 2) differ between PYR and PCB. The 

accumulation curve for PCB increases over time and suggests that steady-state is not yet reached after 24 h, 

whereas the BCF for PYR shows a clear tendency to increase initially and then decrease with time. This 

decrease could be a sign of metabolic breakdown of PYR by Duphnia, with subsequent excretion of polar 

metabolites. Polar metabolites of benzo(a)pyrene represented 20 % of the 14C activity in D. magna after 24 

h exposure and 15 % of the activity of anthracene [34]. 

BlOACCUMUl.ATlON OF PYRENE AND PCB (IUPAC No 52) 
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Figure 2: Bioaccumulation of pyrene and PCB IUPAC No 52 by D. magna. Mean BCF after each time 

step (for all [HA]) for each of the experiments. 

CONCLUSION 

The experimental set-up described was successfully employed to study the interactions of chemicals and 

DOM. In particular the physico-chemical factors were well constrained. It could be possible, for instance, 

to use this procedure to study simultaneously different types of DOM, while ensuring that other parameters 

such as the freely dissolved aqueous concentration of the chemical remain constant. Using Daphniu as test 

organism proved however to be a challenge because of the great variability in the measured 

bioconcentration factors. Other organisms (e.g., phytoplankton) might be more appropriate for 

demonstrating subtle differences among treatments. The accumulation of the chemicals by Daphniu 
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appears to be linked to water filtration, in the absence of ingestion, since the BCF values for dead animals 

are very small. The Kow value was not the only predictor of the extent of binding between DOM and 

xenobiotics, and specific chemical affinity has to be considered to account for the greater Koc of pyrene 

than that of 2,2’,5,5’-tetrachlorobiphenyl. 
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