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Abstract—Dietary accumulation of 23 hydrophobic organochlorines (OCs) by juvenile rainbow trout (Oncorhynchus mykiss) was
studied with the objective of obtaining relationships between bioaccumulation parameters and the octanol/water partition coefficient
(Kow). A wide range of OCs were used including 16 polychlorinated biphenyls (PCBs 18, 28, 44, 52, 66, 101, 105, 118, 128, 138,
153, 187, 189, 195, 206, and 209), hexachlorobenzene, mirex, tris(4-chlorophenyl)methane (TCPMe), tris(4-chlorophenyl)methanol
(TCPMeOH), and three toxaphene congeners (Cl7-chlorobornane [CHB] [Hp-sed], Cl8-CHB [T2], and Cl9-CHB [T12]). Tris(4-
chlorophenyl)methane (half-life [t1/2] 5 65 d) was more persistent than TCPMeOH (t1/2 5 20 d), and TCPMe was not biotransformed
to TCPMeOH by rainbow trout. Cl7-chlorobornane (t1/2 5 32 d) was more rapidly eliminated, and appears to be more readily
metabolized, than Cl8-CHB (t1/2 5 43 d) and Cl9-CHB (t1/2 5 42 d). With the exception of TCPMeOH, Cl7-CHB, and PCB 18, all
of the OCs had biomagnification factors (BMFs) .1, implying a potential to biomagnify. Half-lives had a significant curvilinear
relationship with Kow (R2 5 0.85, p , 0.001), with a maximum t1/2 for OCs with log Kow ; 7.0. Decreasing t1/2 for OCs of log Kow

. 7.0 may be related to slow kinetics of these super hydrophobic OCs and the short exposure phase, which results in insufficient
time for the super hydrophobic OCs to reach slower clearing compartments of the rainbow trout. Assimilation efficiency was not
as well described by Kow as by t1/2 and BMF, although a significant curvilinear relationship was observed (R2 5 0.53, p 5 0.004).
The BMF had a significant curvilinear relationship with log Kow (R2 5 0.84, p , 0.001). Recalcitrant OCs with a log Kow of ;7.0
would appear to have the greatest potential for food chain biomagnification in fish.

Keywords—Dietary accumulation Octanol/water partition coefficient Hydrophobic organochlorines Toxaphene congeners
Tris(4-chlorophenyl)methane

INTRODUCTION

Fish, and many aquatic invertebrates, accumulate organo-
chlorine compounds (OCs) from water (bioconcentration) and
from food (biomagnification). The relative importance of these
pathways varies with the water solubility of the OC and the
trophic position of the organism. With decreasing water sol-
ubility [1–3] and increasing trophic position [1,4,5] there is
greater accumulation from food. Greater than 99% of the po-
lychlorinated biphenyls (PCBs) (log octanol/water partition
coefficient [Kow] . 5.0) in Lake Michigan lake trout have been
estimated to be accumulated through the food chain [6]. Also,
Thomann et al. [7] concluded that OCs of log Kow . 5 in Lake
Ontario sculpin are almost entirely derived from the food
chain. Food has also been identified as the most important
exposure route for PCBs in the aquatic food chain from the
western basin of Lake Erie [8].

Bioaccumulation parameters, such as bioconcentration fac-
tor (BCF) or biomagnification factor (BMF), are important for
the prediction of exposure to OCs in the aquatic environment.
The relationship between the bioconcentration (BCF) of hy-
drophobic OCs and Kow has been extensively studied [9–15].
However, application of BCF–Kow relationships may not pro-
vide adequate data for fate and exposure assessment of recal-
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citrant hydrophobic OCs (log Kow . 5) in the environment.
Laboratory-derived BCF–Kow comparisons were only useful
in predicting field-derived BCFs for Lake Ontario rainbow
trout (Oncorhynchus mykiss) for OCs of short half-lives (t1/2 s),
but not for OCs of longer half-life [2]. Swackhamer and Hites
[16] concluded that laboratory-derived BCF–Kow models gave
a poor approximation of the bioaccumulation of hydrophobic
OCs in lake trout and whitefish. Further, Thomann and Con-
nolly [6] determined that PCB levels in Lake Michigan lake
trout were not predicted by the BCF–Kow relationship. Sur-
prisingly, few attempts have been made to develop relation-
ships between dietary accumulation of hydrophobic OCs and
Kow.

The lack of dietary accumulation–Kow relationships is prob-
ably due to the scarcity and variability of kinetic data [17].
Dietary accumulation data obtained for hydrophobic OCs in
laboratory-derived experiments are more variable than data
from BCF experiments [18]. This variability is a function of
the differences in food, the logistics of feeding fish, and dif-
ferences in experimental methodology [19]. Dietary compo-
sition may also influence adsorption efficiency of organochlo-
rines. Efficiency may be less in low-digestibility diets that are
low in fat and protein and high in fiber [20]. Fish of different
species, age, size, and sex will feed and digest food at different
rates, which could influence assimilation efficiency. Although
size and species differences also affect uptake of OCs from
water, their influence on dietary accumulation parameters may
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Table 1. Concentrations (ng/g, wet weight) of organochlorines (mean
6 1 SE, n 5 3) in the control, low, and high treatment food

Compounda Control Low High

Miscellaneous organochlorines
TCPMe
TCPMeOH
Mirex
HCBz

54.1 6 27.6b

,0.01
1.1 6 0.3
1.3 6 0.1

54.9 6 22.0
33.7 6 4.7
20.6 6 0.3
13.7 6 0.3

185 6 3.2
276.1 6 4.9
144.6 6 4.4
102.6 6 5.6

Toxaphene congeners
Cl7-CHB
Cl8-CHB
Cl9-CHB

0.2 6 0.0
2.6 6 0.1
3.8 6 0.3

20.8 6 0.7
17.6 6 0.1
17.2 6 0.1

135.6 6 2.0
120.6 6 3.4
134.1 6 2.4

Polychlorinated biphenyls
PCB 18
PCB 28
PCB 44
PCB 52
PCB 66
PCB 101
PCB 105
PCB 118

,0.01
,0.01

0.9 6 0.0
3.4 6 0.2
1.0 6 0.0
4.3 6 0.3

,0.01
2.0 6 0.1

28.9 6 0.9
15.9 6 0.5
17.8 6 0.4
21.6 6 0.7
21.1 6 0.2

20 6 0.4
17 6 0.6

20.3 6 0.2

182 6 11.4
108.1 6 8.8

129 6 6.7
125 6 6.9
158 6 7.8
148 6 14.0
133 6 3.4
133 6 9.1

PCB 128
PCB 138
PCB 153
PCB 187
PCB 189
PCB 195
PCB 206
PCB 209

,0.01
8.8 6 0.3
7.1 6 0.3
3.2 6 0.1
0.1 6 0.0
0.2 6 0.0
0.4 6 0.0
0.2 6 0.0

8.3 6 1.1
31.3 6 1.4
22.2 6 0.3
19.4 6 0.1
18.7 6 0.2
24.0 6 0.3
20.1 6 0.3
61.5 6 0.8

99.4 6 2.7
176 6 7.0
124 6 5.7
122 6 5.1
138 6 2.5
176 6 3.1
141 6 3.0
688 6 56.4

a TCPMe 5 tris(4-chlorophenyl)methane; TCPMeOH 5 tris(4-chlo-
rophenyl)methanol; HCBz 5 hexachlorobenzene; CHB 5 chloro-
bornane.

b TCPMe was not quantifiable in one control food subsample but had
high levels in the other two subsamples. Control fish did not ac-
cumulate TCPMe to the extent expected from a concentration this
high, which suggests that the high concentration reported for the
control food is not accurate.

be greater. Feeding rates (i.e., grams of food per day) estab-
lished by the investigator can influence parameters. An in-
crease in the rate of feeding was found to decrease the ab-
sorption efficiency of OCs [21]. Also, high concentrations in
the food may cause fish to stop feeding through avoidance or
because of a toxic response in the fish. In either case the fish
are no longer being exposed, whereas fish exposed to high
water concentrations cannot avoid the OCs.

Our objective was to develop physicochemical property–
dietary bioaccumulation relationships using a wider range of
hydrophobic OCs than had been studied previously. We ex-
posed juvenile rainbow trout to dietary concentrations of 23
OCs, including 16 PCB congeners, hexachlorobenzene
(HCBz), mirex, three toxaphene congeners (Cl7-chlorobornane
[CHB], Cl8-CHB and Cl9-CHB), tris(4-chlorophenyl)methane
(TCPMe), and tris(4-chlorophenyl)methanol (TCPMeOH), to
determine bioaccumulation parameters. We choose PCB con-
geners with 3 to 10 chlorines to provide a range of Kows that
include the most hydrophobic of the PCBs. To reduce the
influence of metabolic transformation, PCB congeners with
meta and para chlorine substitution were chosen. Toxaphene,
TCPMe, and TCPMeOH are global contaminants [22–24], but
have not been studied in laboratory dietary bioaccumulation
experiments. Toxaphene, and in particular Cl8-CHB and Cl9-
CHB [25], have been found to bioaccumulate and biomagnify
in aquatic food chains [26,27]. The PCB congeners, mirex,
and HCBz have well-established Kows, and for many of these
OCs data are available on dietary accumulation by fish. By
exposing the rainbow trout to a mixture of all the OCs we
have sufficient data to develop dietary accumulation param-
eter–Kow relationships without many of the confounding prob-
lems of compiling data from different experiments and ex-
posures.

METHODS AND MATERIALS

Chemicals and food preparation

Hexachlorobenzene, mirex, and the 16 PCB congeners
(PCBs 18, 28, 44, 52, 66, 101, 105, 118, 128, 138, 153, 187,
189, 195, 206, and 209) were purchased from Ultra Scientific
(North Kingstown, RI, USA). Tris(4-chlorophenyl)methane
and TCPMeOH were synthesized at Carleton University (Ot-
tawa, ON, Canada). The three toxaphene congeners (Cl7-CHB
[2-exo,3-endo,5-exo,6-endo,8c,9b (or 8b,9c),10a-heptachlo-
robornane], Cl8-CHB [2-exo,3-endo,5-exo,6-endo,8,8,10,10-
octachlorobornane], and Cl9-CHB [2-exo,3-endo,5-exo,6-
endo,8,8,9,10,10-nonachlorobornane]) were isolated and pu-
rified from Arctic mammal blubber using methods outlined
previously [28,29].

Food was spiked by mixing a known quantity of each of
the 23 organochlorines (listed above), dissolved in 150 ml of
hexane, with 60 g of commercial fish food (Martin’s Feed
Mills, Elmira, ON, Canada) and slowly evaporating to dryness.
Control food was treated in an identical manner but without
the addition of the organochlorine compounds. Food was air-
dried for 24 h and stored at 108C. The fish food consisted of
41% protein, 14% lipid, and 3% fiber. Concentrations of each
OC were determined in control and spiked food using the same
analytical techniques used to determine concentrations in the
rainbow trout tissue (Table 1).

Experiments

Juvenile rainbow trout (initial weights 2–4 g) were exposed
to the spiked food (containing all OCs) for 30 d followed by

160 d of depuration. Rainbow trout were maintained in fiber-
glass aquarium (40 L) with flow-through, ultraviolet and car-
bon dechlorinated, City of Winnipeg (MB, Canada) water
(;108C) with a 12 h light:12 h dark schedule. The daily rate
of feeding was equal to 1.5% of the mean weight of the rainbow
trout, corrected after each sampling period. All food was con-
sumed in ,1 min after being offered to the fish. Three fish
were sampled from each treatment for organochlorine analysis
on days 5, 10, 20, and 30 of the uptake period, and days 5,
10, 20, 40, 80, and 160 of the depuration period. One-liter
water samples were also taken 1 h and 24 h after feeding on
day 30 of the uptake phase. Sampled fish were separated into
liver, gastrointestinal (GI) tract (includes stomach, pyloric cae-
ca, spleen, intestines, and adipose fat associated with these
organs, as well as gut contents), and carcass (whole fish minus
liver and GI tract). Only results from the carcass samples were
used for calculation of bioaccumulation parameters.

A second experiment exposed juvenile rainbow trout to
trout food spiked with high concentrations of TCPMe to de-
termine if TCPMe is biotransformed to TCPMeOH. After 21
d of feeding three rainbow trout were sacrificed and analyzed
for TCPMe and TCPMeOH.

Organchlorine compound analysis

Tissue samples were weighed, frozen, freeze-dried, and ho-
mogenized in toluene. Polychlorinated biphenyl 30 was added
to samples before the extraction step as a surrogate recovery
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Table 2. Growth parameters (mean 6 1 standard error) of juvenile rainbow trout exposed to 25 organochlorines (significant differences [t test,
p , 0.05] in body and liver growth rates between treatments are indicated by capital letters)

Treatment

Growth ratea

Body
(1023/d)

Liver
(1023/d)

% Lipid

Day 30 Day 190b

Liver somatic index

Day 30 Day 190
%

Mortality

Control
Low
High

12.9 6 1.3 (0.75)A

12.6 6 1.4 (0.73)A

10.4 6 1.5 (0.60)A

9.8 6 1.4 (0.61)B

9.3 6 1.3 (0.62)B

8.0 6 1.5 (0.47)B

3.4 6 0.5
3.4 6 0.3
4.1 6 0.6

2.5 6 0.4
5.9 6 0.3
6.3 6 2.7

1.6 6 0.2
1.5 6 0.1
1.5 6 0.1

1.0 6 0.1
0.9 6 0.1
1.1 6 0.2

0
7.7
7.7

a The growth rates were calculated using the equation ln weight 5 a 1 b time (d), where b is the growth rate (coefficient of determination for
the model is shown in parentheses).

b Lipid percentages were similar between the three treatments throughout the experiment with the exception of day 190.

standard. Samples were centrifuged and the toluene superna-
tant was decanted and the toluene extraction was repeated and
combined with the first extraction. The toluene was exchanged
for 2 ml of hexane, and 250 ml was used to determine lipids
gravimetrically. Lipids were removed from the sample by gel
permeation chromatography (GPC). The GPC columns (inner
diameter, 29.5 mm; length, 400 mm, reservoir, 500 ml) were
packed with 60 g (dry weight) of 200- to 400-mesh Bio-Beedst
S-X3 beads (Bio-Rad Laboratories, Hercules, CA, USA). The
column was eluted with 300 ml of dichloromethane (DCM):
hexane; the first 125 ml contained lipids and was discarded.
The lipid-free eluate, containing the OCs, was evaporated to
1 ml and applied to a Florisil (Fisher Scientific, Whitby, ON,
Canada) column (8 g, 1.2% deactivated). The OCs were re-
covered by consecutive elution with 35 ml hexane (fraction 1
[F1]), 38 ml of 85% hexane:15% DCM (fraction 2 [F2]), and
52 ml of 50% hexane:50% DCM (fraction 3 [F3]). Fraction 1
contained 5% of the Cl7-CHB; 90% of the HCBz, mirex, Cl8-
CHB, and Cl9-CHB; and 100% of all the PCBs. Fraction 2
contained 10% of the HCBz, mirex, Cl8-CHB, and Cl9-CHB;
95% of the Cl7-CHB; and 100% of the TCPMe. Fraction 3
contained 100% of the TCPMeOH. All fractions were evap-
orated, transferred to 2,2,4-trimethyl pentane, and evaporated
to approximately 100 ml. Aldrin was added as a volume cor-
rector.

Water samples (1 L) were extracted with 300 ml of DCM:
hexane in a 2-L glass flask. The solvent was decanted, evap-
orated to 1 ml, and applied to a Florisil column using the same
methods that were used for the fish tissue.

Samples were analyzed on a Varian 3600 gas chromato-
graph (GC; Varian Canada, Mississauga, ON, Canada)
equipped with a 60-m DB-5 column (Chromatographic Spe-
cialties, Brockville, ON, Canada) and an 63Ni-electron capture
detector (ECD) [30]. The carrier gas was H2 and N2 was used
as the make-up gas for the ECD.

Octanol/water partition coefficient

The Kows of PCB congeners were obtained from Hawker
and Connell [31], of HCBz from Mackay et al. [32], and of
mirex from Suntio et al. [33]. No published data are available
on the Kows of TCPMe, TCPMeOH, or any toxaphene con-
geners; therefore, fragment constants were used to estimate
their Kows [34]. The Kows of TCPMe and TCPMeOH were
determined by adding and subtracting the appropriate frag-
ments from dichlorodiphenyltrichloroethane (DDT). The Kows
of the toxaphene congeners were determined by adding all the
fragments and correcting by appropriate rules [34].

Data analysis

Growth rates were determined by fitting all fish and liver
weight data to an exponential model (ln fish weight 5 a 1 b
3 time [d]; where a is a constant and b is the growth rate)
[35]. All concentrations were corrected for growth dilution by
multiplying the fish concentrations by a factor of (1 1 b 3
time). Many of the compounds used (TCPMe, Cl8-CHB, Cl9-
CHB, mirex, HCBz, and PCBs 52, 101, 118, 128, 138, 153,
and 187) were found to have significant concentrations in the
nonspiked food (Table 1) and control rainbow trout. For chem-
icals that were at steady state between food and control fish,
and did not significantly increase in the control fish over the
course of the experiment, a mean concentration was deter-
mined in the control fish and subtracted from the exposed fish
concentration. For OCs that showed a significant increase in
concentration in the control fish over the length of the exper-
iment, concentrations in the exposed fish were corrected by
subtracting the mean concentration of the control fish for the
same collection day.

Depuration rate constants (kds) were determined by fitting
the data to a first order decay curve (ln concn. 5 a 1 b·time
[d], were a is a constant and b is the kd). The t1/2 value is 5
ln 2/kd. Assimilation efficiency (a) was determined by fitting
the concentration data to the integrated form of the kinetic rate
equation for constant dietary exposure using iterative nonlinear
regression [18]

Cfish 5 (aFCfood/kd) 3 [1 2 exp(2kdt)]

where F is the feeding rate (F 5 0.015 g food/g of fish/d, lipid
corrected), Cfish is the concentration in the fish (lipid corrected),
Cfood is the concentration in the food (lipid corrected), and t
is the time (d). Equilibrium BMFs were predicted from the
equation BMF 5 aF/kd.

Differences between growth rate constants among treat-
ments, and depuration rates among treatments, were examined
by testing the homogeneity of slopes in an analysis of co-
variance. Student’s t test was used to compare pairs of elim-
ination rate and growth rate constants at the p , 0.05 level
of significance.

RESULTS AND DISCUSSION

Effects

No significant differences in whole fish or liver growth rates
were found between control and exposure juvenile rainbow trout
populations (Table 2). Liver somatic indices (LSI) were similar
between treatment populations on days 30 and 190, although
they decreased between days 30 and 190 (Table 2). Three out
of 39 rainbow trout died in the low- and high-exposure treat-
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Fig. 1. Accumulation and depuration of 16 polychlorinated biphenyl congeners through dietary exposure to juvenile rainbow trout. Each point
is the mean concentration 6 1 standard error of three fish carcasses (minus gastrointestinal tract and liver). Exposure concentrations (wet weight)
are provided beside each organochlorine compound.

ments; no fish died in the control population. Lipid percentages
in the fish increased with time and were similar between treat-
ment populations on all sampling days except day 190, when
lipid levels in the control were lower (Table 2).

Bioaccumulation parameters

All OCs were detected in the carcass after 5 d of exposure
to spiked food (Figs. 1 and 2). None of the compounds reached
steady state after 30 d (Figs. 1 and 2), and uptake curves and
assimilation efficiencies were similar for most compounds
(Figs. 1 and 2 and Table 3). Unfortunately, for OCs that had
concentrations in the nonspiked food exceeding 1.0 ng/g (wet
weight) (TCPMe, mirex, Cl8-CHB, Cl9-CHB, PCBs 52, 101,
118, 138, 153, and 187), the results for the lower concentration
exposures could not be used. Because significant quantities of
OCs were present in the nonspiked food used during the dep-
uration phase, the rainbow trout continued to accumulate OCs
during this phase. This resulted in an apparent, slower depu-
ration rate and consequently higher assimilation efficiencies
and BMFs that are incorrect. The source of the OCs in the
food is probably from fish oils used by the manufacturer in
the preparation of food. Concentrations of OCs in the non-
spiked food were 17 to 300 times lower than those in the high-

exposure food concentrations, and therefore had only a minor
influence on the depuration rates from the high exposure.

For OCs not confounded by the presence of concentrations
in the nonspiked food, bioaccumulation parameters were in
good agreement between the two exposure treatments. Poly-
chlorinated biphenyl 30 recoveries were 75.6 6 5.9% (mean
6 1 SE), and no corrections were made for these recoveries.
No OCs were detectable in the water (,1 pg/L), 1 and 24 h
after feeding.

Polychlorinated biphenyls

All of the PCBs used in this study were selected based
on the criteria of maximum, or near maximum, meta and para
chlorine substitution. These PCBs represent a subset that
should have the slowest elimination and greatest bioaccu-
mulation potential [17,18,36]. With the exception of PCB 18,
all PCBs in this experiment had BMFs .1. Polychlorinated
biphenyls with similar meta and para chlorine substitution
have been found to biomagnifiy in laboratory experiments
using fish [17,18,21], and in aquatic food chains [4,37]. How-
ever, PCB BMFs from this study are as much as a factor of
five lower than BMFs determined for adult Lake Ontario lake
trout (4.1–5.2 kg) [38]. The difference in PCB BMFs could
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Fig. 2. Accumulation and depuration of tris(4-chlorophenyl)methane (TCPMe), tris(4-chlorophenyl)methanol (TCPMeOH), Cl7-chlorobornane
(CHB), Cl8-CHB, Cl9-CHB, hexachlorobenzene (HCBz), and mirex through dietary exposure to juvenile rainbow trout. Each point is the mean
concentration 6 1 standard error of three fish carcasses (minus gastrointestinal tract tract and liver). Exposure concentrations (wet weight) are
provided beside each organochloric compound.

be due to the small fish used in our study. As discussed below,
PCB depuration rates are greater in smaller fish, which would
result in lower BMF.

Assimilation efficiencies of PCBs (31–49%) and HCBz
(34%) are similar to those reported by Gobas et al. [39] for
goldfish and Sijm et al. [17] for guppies, but are much lower
than those reported for rainbow trout (PCBs: 63–85% [36];
HCBz: 73–88% [40]). In both of Niimi and Oliver’s [36,40]
studies, trout were exposed to PCBs and HCBz in herring oil
by gavage, which suggests that the high lipid content may
have resulted in greater assimilation. In a gavage exposure,
all lipid and most of the chemical is absorbed because there
is no fecal elimination. Gobas et al. [39] found that increasing
the lipid content of the food used for exposure resulted in a
decrease in assimilation efficiencies of HCBz and PCBs,
which they attributed to greater digestibility of the lower lipid
food. Based on the results of Gobas et al. [39], the high lipid
diet used in this experiment (14%) would underestimate the
assimilation efficiency of these compounds in the environ-
ment. The digestibility of the food used to administer the
contaminant to the fish must therefore be considered, partic-
ularly when comparisons are made to wild fish.

Generally, PCB t1/2s increased with chlorine number up
to a maximum t1/2 for PCBs with 7 or 8 chlorines, but de-
creased for congeners with 9 and 10 chlorines. Niimi and
Oliver [36] concluded that the t1/2s of PCB congeners in whole
rainbow trout was positively correlated with chlorine number,
but also found that t1/2s in muscle tissue were not as strongly
correlated with chlorine number. In fact, Niimi and Oliver
[36] found t1/2s to decrease at high chlorine number (more
than six chlorines), which they attributed to redistribution of
the PCB congeners to other tissues and reduced lipid in the
muscle. The Kow, which is influenced by both chlorine number
and substitution pattern, was also correlated with the t1/2 of
the PCB congeners in this study. Coristine et al. [41] con-
cluded that the elimination of PCB congeners in rainbow trout
is influenced by hydrophobicity and chlorine position.

Comparing the results reported by Oliver and Niimi [36]
and Coristine et al. [41] with this work showed that PCB
t1/2s in rainbow trout are positively related to rainbow trout
size (Fig. 3). Half-lives of similar PCB congeners were con-
sistently highest in the study of Oliver and Niimi [36], who used
900-g rainbow trout, and lowest in the 10-g rainbow trout used
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Table 3. Bioaccumulation parameters for 25 organochlorines for dietary exposures using juvenile rainbow trout data for carcass concentrations

Compounda
Food concn.b

(ng/g)
Depuration ratec

(1022/d)
t1/2

d

(d) BMFe
Assimilation efficiencyf

(%)

Miscellaneous organochlorines
TCPMe 55

185
0.4 6 0.1 (0.45)
1.1 6 0.1 (0.77)

178 6 45
65 6 5.9

4.6
2.3

25 6 2
36 6 2

TCPMeOH 34
276

3.6 6 0.5 (0.81)
3.3 6 0.4 (0.85)

19 6 2.6
21 6 2.5

0.6
0.5

32 6 1
23 6 2

Mirex 21
145

1.7 6 0.3 (0.77)
0.9 6 0.1 (0.70)

42 6 7.4
78 6 8.7

1.8
2.9

41 6 3
37 6 2

HCBz 14
103

1.6 6 0.2 (0.77)
1.7 6 0.3 (0.60)

43 6 5.4
42 6 7.4

2.3
1.4

50 6 7
34 6 2

Toxaphene congeners
Cl7-CHB 21

136
1.6 6 0.3 (0.61)
2.2 6 0.4 (0.63)

43 6 8.1
32 6 5.8

0.8
0.9

18 6 2
28 6 2

Cl8-CHB 18
121

0.7 6 0.1 (0.84)
1.6 6 0.2 (0.85)

95 6 14
43 6 5.4

4.9
2.1

49 6 5
51 6 3

Cl9-CHB 17
134

0.8 6 0.1 (0.86)
1.7 6 0.2 (0.87)

83 6 10
42 6 4.9

4.6
2.6

53 6 3
63 6 4

Polychlorinated biphenyls
PCB 18 29

182
2.0 6 0.2 (0.79)
2.9 6 0.1 (0.96)

36 6 3.6
24 6 0.8

1.2
0.7

32 6 2
31 6 2

PCB 28 16
108

1.6 6 0.2 (0.85)
1.5 6 0.2 (0.77)

44 6 5.5
46 6 6.1

2.1
1.8

45 6 4
39 6 2

PCB 44 18
129

1.4 6 0.1 (0.87)
1.8 6 0.1 (0.90)

49 6 3.5
38 6 2.1

2.1
1.3

42 6 7
34 6 2

PCB 52 22
125

1.1 6 0.2 (0.74)
1.8 6 0.1 (0.91)

65 6 12
39 6 2.2

2.9
1.5

43 6 5
38 6 2

PCB 66 21
158

0.9 6 0.1 (0.83)
1.3 6 0.2 (0.74)

82 6 9.1
55 6 8.5

4.0
1.9

47 6 6
35 6 2

PCB 101 20
148

0.5 6 0.1 (0.62)
1.2 6 0.1 (0.86)

131 6 26
56 6 4.7 2.0 37 6 2

PCB 105 17
133

1.4 6 0.2 (0.77)
1.4 6 0.1 (0.85)

48 6 6.9
50 6 3.6

2.8
2.3

55 6 5
47 6 3

PCB 118 20
133

0.7 6 0.1 (0.65)
1.3 6 0.1 (0.84)

103 6 15
53 6 4.1

6.0
2.2

55 6 8
42 6 2

PCB 128 8
99

0.9 6 0.1 (0.79)
1.2 6 0.1 (0.79)

75 6 8.3
59 6 4.9

5.8
2.8

75 6 8
49 6 3

PCB 138 31
176

0.5 6 0.1 (0.59)
1.1 6 0.1 (0.81)

139 6 28
64 6 5.8

7.1
2.4

49 6 10
38 6 2

PCB 153 22
124

0.3 6 0.1 (0.40)
1.0 6 0.1 (0.80)

224 6 75
69 6 6.9

16
3.3

68 6 15
48 6 3

PCB 187 19
122

0.5 6 0.1 (0.68)
1.0 6 0.1 (0.78)

131 6 26
71 6 7.1

6.1
2.8

45 6 8
40 6 2

PCB 189 19
138

1.1 6 0.1 (0.82)
1.2 6 0.2 (0.76)

64 6 5.8
58 6 9.7

2.0
2.4

30 6 2
42 6 3

PCB 195 24
176

1.0 6 0.1 (0.81)
1.1 6 0.2 (0.76)

67 6 6.7
61 6 11

2.4
2.4

34 6 2
40 6 3

PCB 206 20
141

1.6 6 0.2 (0.79)
1.3 6 0.2 (0.72)

45 6 5.6
53 6 8.2

1.6
1.8

34 6 4
34 6 2

PCB 209 62
688

1.3 6 0.2 (0.81)
1.3 6 0.2 (0.74)

52 6 8.0
52 6 8.0

1.1
1.1

21 6 1
22 6 2

a TCPMe 5 tris(4-chlorophenyl)methane; TCPMeOH 5 tris(4-chlorophenyl)methane; HCBz 5 hexachlorobenzene; CHB 5 chlorobornane.
b Food concentration is wet weight.
c Depuration rate constants (kds) were calculated using the model ln concentration (lipid weight basis) 5 a 1 b (time) for the elimination of

toluene-extractable radioactivity for 120 d of depuration (coefficient of determination for the model is shown in parentheses).
d The half-life (t1/2) is calculated from the equation t1/2 5 0.693/kd.
e The biomagnification factor (BMF) is calculated from the equation BMF 5 aF/kd where F is the feeding rate on a lipid basis.
f The assimilation efficiency (a) is determined by fitting the data to the integrated form of the kinetic rate equation for constant dietary exposure

using iterative nonlinear regression: Cfish 5 (aFCfood/kd)·[1 2 exp(2kdt)] where Cfish is the concentration in the fish (lipid basis and growth
corrected), Cfood is the concentration in the food (on a lipid basis), and t is the time of uptake (d).

in this work. Sijm and van der Linde [42] have also observed
a positive correlation between PCB t1/2 and fish size.

Mirex and HCBz

Mirex had a greater t1/2 in juvenile rainbow trout than did
HCBz, which agrees with similar studies on HCBz and mirex
in rainbow trout [43]. Based on BMFs .1 (Table 3), both
HCBz and mirex would biomagnify in aquatic food chains.

Clark and Mackay [21] concluded that mirex would biomagni-
fy but that significant biomagnification of HCBz is unlikely
based on dietary uptake studies using guppies. Mirex has been
found to biomagnify in aquatic food chains [44].

Tris(4-chlorophenyl)methane and TCPMeOH

The depuration rate of TCPMeOH was significantly greater
than that of TCPMe; TCPMe was much more persistent in
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Fig. 3. Half-lives of polychlorinated biphenyl (PCB) congeners in
rainbow trout versus log octanol/water partition coefficient (Kow) for
three sizes of rainbow trout V, 900 g from [2] M, 100 g [41] v, 10
g (this work). The PCB Kows are from [31].

juvenile rainbow trout (Table 3). Tris(4-chlorophen-
yl)methanol differs from TCPMe by a single hydroxyl group
on the methane carbon, which may explain the significant dif-
ferences in their bioaccumulation parameters. The assimilation
efficiency of TCPMeOH (a 5 23–32%) was slightly less than
that of TCPMe (a 5 36%), although this could be an artifact
of the higher depuration rate of TCPMeOH. Tris(4-chloro-
phenyl)methane had a BMF .1, implying that it may bio-
magnify in aquatic food chains. The BMFs of TCPMeOH were
0.5 and 0.6, which suggests that this compound will not bio-
magnify but food chain transfer may still play an important
role in the accumulation of TCPMeOH by aquatic organisms.
This contrasts with the results of de Boer et al. [24], who
concluded that TCPMeOH biomagnifies, based on concentra-
tions in mussels, cod liver, and marine mammals.

In a separate experiment, TCPMeOH was not detectable in
juvenile rainbow trout (liver and GI tract included) that had
been exposed to TCPMe for 21 d and had accumulated TCPMe
to high concentrations (;1,000 ng/g). Jarman et al. [22] hy-
pothesized that TCPMeOH found in birds and mammals could
be a derivative of either TCPMe or a chemically related com-
pound not identified. Although our work does not rule out the
biotransformation of TCPMe to TCPMeOH in birds and mam-
mals, it suggests that salmonids cannot perform this biotrans-
formation.

Toxaphene congeners

Toxaphene has been observed to biomagnify in aquatic food
webs [26,27]; however, data is available on the bioaccumu-
lation of individual toxaphene congeners. The data of Glass-
meyer et al. [25] suggest that higher chlorinated toxaphene
homologues (eight and nine chlorines) biomagnify in Great
Lakes lake trout, but that lower chlorinated homologue groups
do not. Bidleman et al. [23] reported that more highly chlo-
rinated (octachloro- and nonachloro-) toxaphene congeners
were selectively accumulated by Arctic biota. This is in agree-
ment with the BMFs calculated for Cl8-CHB (octachloro-) and

Cl9-CHB (nonachloro-) in rainbow trout (BMFs 5 2.1 and 2.6,
respectively) in this study. It is also in general agreement with
the BMF of 0.8 to 0.9 for Cl7-CHB, which suggests that tox-
aphene congeners with fewer than eight chlorines are not likely
to biomagnify in aquatic food webs, although food will still
play an important role in the accumulation of TCPMeOH by
aquatic organisms. Other heptachloro-toxaphene congeners
with different chlorine substitution patterns may have greater
accumulation than this Cl7-CHB. The congeners Cl8-CHB and
Cl9-CHB have BMFs similar to PCBs with five chlorines, but
have t1/2s closer to PCBs with only four chlorines.

Bioaccumulation parameter–Kow relationships

Bioaccumulation parameter–Kow relationships were devel-
oped from the high-concentration treatment data only due to
problems with the lower concentration treatment (discussed
above). Bioaccumulation parameters (t1/2, BMF, and assimi-
lation efficiency) were log transformed for comparisons with
log Kow.

The OCs used to develop these relationships are slowly, if
at all, metabolized in fish. Organochlorine compounds with
t1/2s and assimilation efficiencies that are lower than predicted
are probably biotransformed by the fish [45,46]. For example,
Fisk et al. [47], using an experimental protocol nearly identical
to this work, reported a t1/2 of approximately 45 d for a chlo-
rinated n-alkane (C16H31Cl3) in juvenile rainbow trout despite
a log Kow of 6.9. Based on our t1/2–Kow relationship, C16H31Cl3

has a t1/2 approximately one half of what is expected for an
nonmetabolized OC with this Kow. However, caution must ex-
ercised when using data from other studies. Fish species, fish
size, and experimental protocol may all influence laboratory-
derived bioaccumulation parameters [42,48].

Depuration rate constant–Kow relationships

Depuration rate constants (kds) of the OCs were strongly
related to the Kows. This is exemplified by the curvilinear re-
lationship between log t1/2 (t1/2 5 0.693/kd) and log Kow (R2 5
0.85, p , 0.001) (Fig. 4), with a maximum t1/2 for OCs of log
Kow 5 7.2. More rapid depuration above log Kow . 7 is difficult
to rationalize because greater Kow implies less partitioning out
of the fish lipids, and therefore greater retention in the tissue
and longer t1/2s. The tissue used to determine concentrations
and bioaccumulation parameters did not include the GI tract;
therefore, superhydrophobic OCs accumulated in lipid or
sorbed to the epithelial cells of the GI tract and eliminated
through subsequent cell turnover cannot explain this phenom-
ena. Fox et al. [14] also observed a similar curvilinear rela-
tionship between Kow and kds of PCBs by zebrafish (Brachy-
danio rerio), but made no attempt to explain this relationship.
Gobas et al. [49] observed a linear relationship between log
kd and log Kow for OCs with log Kows between 4 and 7, and a
leveling off of elimination rates for OCs of log Kow . 7.0.
Although Gobas et al. [49] discuss the importance of fecal
elimination as an additional elimination pathway of superhy-
drophobic OCs (log Kow . 7.0) and its affect on BCF, no
explanation was offered for the leveling off of depuration rates.
A number of explanations are possible for the curvilinear re-
lationship observed between kd and Kow.

Insufficient data. Only four compounds were used that had
log Kow . 7.2, and the curve could be interpreted as leveling
off and not decreasing. However, PCBs 206 and 209 (log Kow

5 8.09 and 8.18, respectively) had significantly more rapid kd

than mirex and PCBs 153 and 187 (log Kow 5 6.9, 6.2, and
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Fig. 4. Log half-life (t1/2) of hydrophobic organochlorine compounds
(OCs) in juvenile rainbow trout versus log octanol/water partition
coefficient (Kow). Solid circles represent OCs with published Kow val-
ues. Open circles represent OCs that do not have published Kow values
but were estimated using the Kow fragment-constant method [34]. The
quadratic regression (solid line) was derived from the OCs that have
published Kow values (closed circles) (log t1/2 5 23.7 1 (1.5·log Kow)
2 (0.1·log Kow

2), r2 5 0.85, p , 0.001). The dashed line represents
the 95% confidence intervals, and the dotted line carries the data past
the last points to the axis. The Kows of polychlorinated biphenyls were
taken from [31], of hexachlorobenzene (HCBz) were from [32], and
of mirex were from [33].

Fig. 5. Log assimilation efficiency of hydrophobic organochlorine
compounds (OCs) by juvenile rainbow trout versus log octanol/water
partition coefficient (Kow). Solid circles represent OCs with published
Kow values. Open circles represent OCs that do not have published
Kow values but were estimated using the Kow fragment-constant method
[34]. The quadratic regression (solid line) was derived from the OCs
that have published Kow values (closed circles) (log assimilation ef-
ficiency 5 21.8 1 (1.0·log Kow) 2 (0.08·log Kow

2), r2 5 0.53, p 5
0.004). The dashed line represents the 95% confidence intervals, and
the dotted line carries the data past the last points to the axis. The
Kows of polychlorinated biphenyls were taken from [31], of hexa-
chlorobenzene (HCBz) were from [32], and of mirex were from [33].

7.2, respectively) (analysis of covariance [ANCOVA], p ,
0.05). The kd of octachlorodibenzo-p-dioxin (OCDD) and oc-
tachlorodibenzofuran (OCDF), compounds with very high
Kows (8.2 and 8.0, respectively [32]), in juvenile rainbow trout
were also much more rapid than the maximum rates observed
in this study [50,51]. Therefore, it seems unlikely that insuf-
ficient data are the cause of the curvilinear relationship be-
tween kd and Kow, although it may influence the magnitude of
equation coefficients.

Inaccurate Kow. Two problems arise for the Kow of super-
hydrophobic compounds. Measurement of an accurate Kow of
very hydrophobic compounds is difficult due to their extremely
low water solubility [52], and estimates of high Kows are con-
sidered less accurate for compounds with higher Kow [53].
Also, at high Kow, a loss of linearity occurs between Kow and
lipidwater partition coefficients [45]. Chessells et al. [54] con-
cluded that lower than expected BCFs of superhydrophobic
OCs were partially due to relative lower lipid solubility that
is not reflected in Kow. Because our relationships were devel-
oped mainly from PCB data it is unlikely that inaccurate Kows
could account completely for the curvilinear relationship be-
tween t1/2 and Kow, but they may have influenced the magnitude
of equation coefficients.

Disequilibrium between fish compartments (experiment
length). The time to reach steady state concentrations between
compartments in the rainbow trout should be negatively cor-
related with water solubility. Therefore, by the end of the
uptake phase, superhydrophobic OCs (log Kow . 7; e.g., PCBs
206 and 209) would be further from steady state between com-

partments of the fish than moderately hydrophobic OCs (log
Kow 5 5–7). These superhydrophobic OCs may not have
reached slower clearing compartments during the uptake phase
(30 d), and may therefore be in faster clearing compartments
when compared with moderately hydrophobic OCs. Faster
clearing compartments could include lipids and proteins of the
blood system or even cell membranes. With a greater per-
centage of total burden in faster clearing compartments, su-
perhydrophobic OCs are more available for elimination during
the depuration phase compared to moderately hydrophobic
OCs (log Kow 5 5–7). Conversely, OCs with intermediate Kows
may have a greater percentage of their total body burden in
slower clearing compartments and therefore may be less avail-
able for elimination than superhydrophobic OCs. Sijm et al.
[17] observed a negative linear relationship between PCB
elimination rates, including those of PCB 209, and Kow in
guppies that had been exposed for 210 d. Also, de Boer et al.
[24] observed no apparent elimination of higher chlorinated
PCB congeners in wild populations of eels (Anguilla anguilla).
Therefore, the length of exposure in bioaccumulation exper-
iments using superhydrophobic OCs can be an experimental
artifact, and may influence their kds and t1/2s. Also, storage in
various lipid compartments may vary depending on the method
of exposure (feeding, gavage, or intraperitoneal injection) and
should be considered when comparing results of different ex-
periments.

Assimilation efficiency–Kow relationships

Assimilation efficiency had a significant curvilinear rela-
tionship with Kow (R2 5 0.56, p 5 0.04) (Fig. 5), but this
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Fig. 6. Log biomagnification factor (BMF) of hydrophobic organo-
chlorine compounds (OCs) in juvenile rainbow trout versus log oc-
tanol/water partition coefficient (Kow). Solid circles represent OCs with
published Kow values. Open circles represent OCs that do not have
published Kow values but were estimated using the Kow fragment-
constant method [34]. The quadratic regression (solid line) was de-
rived from the OCs that have published Kow values (closed circles)
(log BMF 5 28.7 1 (2.6·log Kow) 2 (0.2·log Kow

2), r2 5 0.84, p ,
0.001). The dashed line represents the 95% confidence intervals, and
the dotted line carries the data past the last points to the axis. The
Kows of polychlorinated biphenyls were taken from [31], of hexa-
chlorobenzene (HCBz) were from [32], and of mirex were from [33].

Table 4. Estimated log octanol/water partition coefficients (Kows) of tris(4-chlorophenyl)methane
(TCPMe), tris(4-chlorophenyl)methanol (TCPMeOH), Cl7-chlorobornane (CHB), Cl8-CHB, and Cl9-
CHB using the fragment-constant method [54] and bioaccumulation parameter–Kow relationships (Figs
4, 5, and 6). Because the bioaccumulation–Kow relationships are curvilinear, two estimates have been

given were appropriatea

Organochlorin
compound

Fragment-
constant
method t1/2–Kow relationship a–Kow relationship BMF–Kow relationship

TCPMe
TCPMeOH
Cl7-CHB
Cl8-CHB
Cl9-CHB

7.1
5.0
6.2
6.5
6.6

6.8 or 7.6
5.0
5.4
5.8
5.8

6.4 or 7.7
4.9
5.4
6.7b

6.7b

6.4 or 7.5
5.0
5.2

6.9 or 7.1
6.3 or 7.7

a t1/2 5 half-life; a 5 assimilation efficiency; BMF 5 biomagnification factor.
b The assimilation efficiencies of Cl8-CHB and Cl9-CHB are greater than the a–Kow equation and therefore

the Kow estimate represents the greatest a.

relationship was not as strong as the t1/2–Kow and BMF–Kow

relationships. This result suggests that hydrophobicity does not
have as strong an influence on uptake and assimilation as it
does on t1/2 and BMF. Bruggeman et al. [18] observed that the
uptake rates of di-, tri-, and tetra-PCBs from food by goldfish
were similar. Also, Gobas et al. [19] reported that absorption
efficiencies for a range of hydrophobic OCs were constant up
to a log Kow 5 7, but decreased for OCs of greater Kow. There-
fore, the bioaccumulation of OCs with log Kows , 7 are not
as strongly influenced by the uptake rate or assimilation ef-
ficiency as they are by the kd. However, at very high Kows (.7),
a reduction in assimilation efficiency occurs, perhaps due to

reduced bioavailability in the food or steric hindrance in cross-
ing biological membranes.

Biomagnification factor–Kow relationships

A significant curvilinear relationship was found between
log BMF and log Kow (R2 5 0.84, p , 0.001) (Fig. 6), which
is more easily rationalized than the t1/2–Kow relationship. At
steady state the BMF is equal to the uptake rate divided by
the kd. Because the uptake is essentially constant, and the
elimination rate decreases, for OCs with log Kows , 7, the
BMF should increase with Kow up to a log Kow 5 7. Oliver
and Niimi [4] reported such a relationship for OCs, including
PCBs, in Lake Ontario salmonids. For OCs with log Kows .
7.0, lower assimilation efficiencies or lower uptake rates give
rise to lower BMFs. Also, the kds increase above log Kow 5
7, further reducing BMFs.

A curvilinear relationship has been observed numerous
times with BCF–Kow relationships, where BCFs for compounds
with log Kow . 7 fall below the expected 1:1 relationship
[1,14,49,55,56]. The curvilinear BCF–Kow phenomenon has
been attributed to a number of factors including overestimation
of bioavailable water concentrations (or reduced bioavailabil-
ity) [1,49], reduced membrane passage of the larger super-
hydrophobic chemicals [1,57], inaccurate Kows [54], and elim-
ination into feces [49]. By exposing fish to dietary concentra-
tions we have eliminated any problems associated with water
uptake pathways, but the issues of disequilibrium, reduced
membrane passage, inaccurate Kows, and elimination into feces
remain.

Comparison of estimated Kows: Fragment constant versus
bioaccumulation parameter–Kow relationships

Half-life–Kow relationships were used to predict the Kow of
TCPMe, TCPMEOH, Cl7-CHB, Cl8-CHB, and Cl9-CHB. The
Kows for TCPMe and TCPMeOH predicted by this relationship
agreed with Kows determined by the fragment constant method
(Table 4). This suggests that there is little, or no, metabolism
of TCPMe or TCPMeOH by the juvenile rainbow trout. The
Kows determined by the fragment-constant method for Cl7-
CHB, Cl8-CHB, and Cl9-CHB are lower than those predicted
by the t1/2–Kow relationship. The fragment-constant method
possibly overestimated the Kows of the toxaphene congeners.
Greater uncertainty occurs with the fragment-constant method
for highly hydrophobic compounds [34]. Alternatively, these
toxaphene congeners are metabolized by the rainbow trout,
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and therefore the t1/2–Kow relationship cannot accurately predict
their Kow. Based on a greater distance from the t1/2–Kow curve,
Cl7-CHB is more readily metabolized than Cl8-CHB and Cl9-
CHB.

CONCLUSIONS

We have reported the first data on laboratory-derived bioac-
cumulation parameters of TCPMe, TCPMeOH, and three tox-
aphene congeners in juvenile rainbow trout. These compounds
have high BMFs, confirming observations from field data. Di-
etary bioaccumulation parameter–Kow relationships, derived
from 18 recalcitrant OCs, revealed that assimilation efficiency,
t1/2, and BMF all have curvilinear relationships with Kow. Or-
ganochlorine compounds that a have a log Kow of approxi-
mately 7, and are not biotransformed, had the greatest persis-
tence and biomagnification in fish. The curvilinear relationship
of t1/2 and Kow suggests that internal kinetics of contaminants
in fish play a significant role in their fate, and that the length
of exposure of superhydrophobic OCs (log Kow . 7) will affect
their kds and t1/2s. Variation in the t1/2s of PCB congeners in
various sizes of rainbow trout suggests that additional research
is needed on the influence of fish size on bioaccumulation
parameters. Also, differences in the composition of food effect
the assimilation of PCB congeners in the digestive tract of fish
but relationships are not clear and require further study.

Acknowledgement—We would like to thank Gary Stern and Mark
Loewen for providing the toxaphene congeners, and Bruno Rosenberg
for advice on GC-ECD analysis. We would also like to thank Art
Niimi and Scott Brown for insightful reviews of an early manuscript,
and Frank Gobas for useful discussions on the t1/2–Kow relationship.
This work was supported in part by an National Sciences and Engi-
neering Research Council of Canada strategic grant held by D.C.G.
Muir and by the Department of Fisheries and Oceans, Canada.

REFERENCES

1. Bruggeman WA, Opperhuizen A, Wijbenga A, Hutzinger O. 1984.
Bioaccumulation of super-lipophilic chemicals in fish. Toxicol
Environ Chem 7:173–189.

2. Oliver BG, Niimi AJ. 1985. Bioconcentration factors of some
halogenated organics for rainbow trout: Limitations in their use
for prediction of environmental residues. Environ Sci Technol 19:
842–848.

3. Connolly JP, Pedersen CJ. 1988. A thermodynamic-based eval-
uation of organic chemical accumulation in aquatic organisms.
Environ Sci Technol 22:99–103.

4. Oliver BG, Niimi AJ. 1988. Trophodynamic analysis of poly-
chlorinated biphenyl congeners and other chlorinated hydrocar-
bons in the Lake Ontario ecosystem. Environ Sci Technol 22:
388–397.

5. Rasmussen JB, Rowan DJ, Lean DRS, Carey JH. 1990. Food
chain structure in Ontario lakes determines PCB levels in lake
trout (Salvelinus namaycush) and other pelagic fish. Can J Fish
Aquat Sci 47:2030–2038.

6. Thomann RV, Connolly JP. 1984. Model of PCB in the Lake
Michigan lake trout food chain. Environ Sci Technol 18:65–71.

7. Thomann RV, Connolly JP, Parkerton TF. 1992. An equilibrium
model of organic chemical accumulation in aquatic food webs
with sediment interaction. Environ Toxicol Chem 11:615–629.

8. Koslowski SE, Metcalfe CD, Lazar R, Haffner GD. 1994. The
distribution of 42 PCBs, including three coplanar congeners, in
the food web of the western basin of Lake Erie. J Great Lakes
Res 20:260–270.

9. Veith GD, DeFoe DL, Bergstedt BV. 1979. Measuring and esti-
mating the bioconcentration factor of chemicals in fish. J Fish
Res Board Can 36:1040–1048.

10. Mackay D. 1982. Correlation of bioconcentration factors. Environ
Sci Technol 16:274–278.

11. Connell DW, Hawker DW. 1988. Use of polynomial expressions
to describe the bioconcentration of hydrophobic chemicals by fish.
Ecotoxicol Environ Saf 16:242–257.

12. Isnard P, Lambert S. 1988. Estimating bioconcentration factors
from octanol–water coefficient and aqueous solubility. Chemo-
sphere 17:21–34.

13. Bintein S, Devillers J, Karcher W. 1993. Nonlinear dependence
of fish bioconcentration on n-octanol/water partition coefficient.
SAR QSAR Environ Res 1:29–39.

14. Fox K, Zauke G, Butte W. 1994. Kinetics of bioconcentration
and clearance of 28 polychlorinated biphenyl congeners in ze-
brafish (Brachydanio rerio). Ecotoxicol Environ Saf 28:99–109.

15. Devillers J, Bintein S, Domine D. 1996. Comparison of BCF
models based on log P. Chemosphere 33:1047–1065.

16. Swackhamer DL, Hites RA. 1988. Occurrence and bioaccumu-
lation of organochlorine compounds in fishes from Siskiwit Lake,
Isle Royale, Lake Superior. Environ Sci Technol 22:543–548.

17. Sijm DTHM, Seinen W, Opperhuizen A. 1992. Life-cycle bio-
magnification study in fish. Environ Sci Technol 26:2162–2174.

18. Bruggeman WA, Martron LBJM, Kooiman D, Hutzinger O. 1981.
Accumulation and elimination of di-, tri- and tetra chlorobiphen-
yls by goldfish after dietary and aqueous exposure. Chemosphere
10:811–832.

19. Gobas FAPC, Muir DCG, Mackay D. 1988. Dynamics of dietary
bioaccumulation and faecal elimination of hydrophobic organic
chemicals in fish. Chemosphere 17:943–962.

20. Parkerton TF. 1993. Estimating toxicokinetic parameters for mod-
eling the bioaccumulation of non-ionic organic chemicals in
aquatic organisms. PhD thesis. Rutgers State University, New
Brunswick, NJ, USA.

21. Clark KE, Mackay D. 1991. Dietary uptake and biomagnification
of four chlorinated hydrocarbons by guppies. Environ Toxicol
Chem 10:1205–1217.

22. Jarman WM, Simon M, Norstrom RJ, Burns SA, Bacon CA,
Simonelt BRT, Risebrough RW. 1992. Global distribution of
tris(4-chlorophenyl)methanol in high trophic level birds and
mammals. Environ Sci Technol 26:1770–1774.

23. Bidleman TF, Walla MD, Muir DCG, Stern GA. 1993. Selective
accumulation of polychlorocamphenes in aquatic biota from the
Canadian Arctic. Environ Toxicol Chem 12:701–709.

24. de Boer J, Wester PG, Evers EHG, Brinkman UAT. 1996. De-
termination of tris(4-chlorophenyl)methanol and tris(4-chloro-
phenyl)methane in fish, marine mammals and sediment. Environ
Pollut 93:39–47.

25. Glassmeyer ST, de Vault DS, Myers TR, Hites RA. 1997. Tox-
aphene in Great Lakes fish: A temporal, spatial, and trophic study.
Environ Sci Technol 31:84–88.

26. Evans MS, Noguchi GE, Rice CP. 1991. The biomagnification of
polychlorinated biphenyls, toxaphene, and DDT compounds in a
Lake Michigan offshore food web. Arch Environ Contam Toxicol
20:87–93.

27. Kidd KA, Schindler DW, Muir DCG, Lockhart WL, Hesslein RH.
1995. High concentrations of toxaphene in fishes from a subarctic
lake. Science 269:240–242.

28. Stern GA, Muir DCG, Ford CA, Grift NP, Dewailly E, Bidleman
TF, Walla MD. 1992. Isolation and identification of two major
recalcitrant toxaphene congeners in aquatic biota. Environ Sci
Technol 26:1838–1840.

29. Stern GA, Loewen MD, Miskimmin BM, Muir DCG, Westmore
JB. 1996. Characterization of two major toxaphene components
in treated lake sediment. Environ Sci Technol 30:2251–2258.

30. Muir DCG, Ford CA, Rosenberg B, Norstrom RJ, Simon M,
Beland P. 1996. Persistent organochlorines in beluga whale (Del-
phinapterus leucas) from the St Lawrence River estuary—I. Con-
centrations and patterns of specific PCBs, chlorinated pesticides
and polychlorinated dibenzo-p-dioxins and dibenzofurans. En-
viron Pollut 93:219–234.

31. Hawker DW, Connell DW. 1988. Octanol–water partition coef-
ficients of polychlorinated biphenyl congeners. Environ Sci Tech-
nol 22:382–387.

32. Mackay D, Shiu WY, Ma KC. 1992. Illustrated Handbook of
Physical–Chemical Properties and Environmental Fate for Or-
ganic Chemicals, Vol 1. Lewis, Chelsea, MI, USA.

33. Suntio LR, Shiu WY, Mackay D, Seiber JN, Glotfelty D. 1988.
Critical review of Henry’s law constants for pesticides. Rev En-
viron Contam Toxicol 103:1–59.

34. Lyman WS, Reehl WF, Rosenblatt RH. 1982. Handbook of Chem-
ical–Physical Property Estimation Methods. McGraw-Hill, New
York, NY, USA.



Accumulation and depuration of hydrophobic organochlorines Environ. Toxicol. Chem. 17, 1998 961

35. Neely WB. 1980. Chemicals in the Environment. Marcel Dekker,
New York, NY, USA.

36. Niimi AJ, Oliver BG. 1983. Biological half-lives of polychlori-
nated biphenyl (PCB) congeners in whole fish and muscle of
rainbow trout (Salmo gairdneri). Can J Fish Aquat Sci 40:1388–
1394.

37. Porte C, Albaiges J. 1993. Bioaccumulation patterns of hydro-
carbons and polychlorinated biphenyls in bivalves, crustaceans,
and fishes. Arch Environ Contam Toxicol 26:273–281.

38. Niimi AJ. 1996. Evaluation of PCBs and PCDD/Fs retention by
aquatic organisms. Sci Total Environ 192:123–150.

39. Gobas FAPC, McCorquodale JR, Haffner GD. 1993. Intestinal
absorption and biomagnification of organochlorines. Environ
Toxicol Chem 12:567–576.

40. Niimi AJ, Oliver BG. 1988. Influence of molecular weight and
molecular volume on dietary adsorption and assimilation effi-
ciency of chemicals by fishes. Can J Fish Aquat Sci 45:222–227.

41. Coristine S, Haffner GD, Ciborowski JJH, Lazar R, Nanni ME,
Metcalfe CD. 1996. Elimination rates of selected di-ortho, mono-
ortho, and non-ortho substituted polychlorinated biphenyls in
rainbow trout (Oncorhynchus mykiss). Environ Toxicol Chem 15:
1382–1387.

42. Sijm DTHM, van der Linde A. 1995. Size-dependent bioconcen-
tration kinetics of hydrophobic organic chemicals in fish based
on diffusive mass transfer and allometric relationships. Environ
Sci Technol 29:2769–2777.

43. Niimi AJ, Palazzo V. 1985. Temperature effect on the elimination
of pentachlorophenol, hexachlorobenzene and mirex by rainbow
trout (Salmo gairdneri). Water Res 19:205–207.

44. Kiriluk RM, Servos MR, Whittle DM, Cabana G, Rasmussen JB.
1995. Using ratios of stable nitrogen and carbon isotopes to char-
acterize the biomagnification of DDE, mirex, and PCB in a Lake
Ontario pelagic food web. Can J Fish Aquat Sci 52:2660–2674.

45. Gobas FAPC, Shiu WY, Mackay D. 1986. Factors determining
partitioning of hydrophobic organic chemicals in aquatic organ-
isms. In Kaiser KLE, ed, QSAR in Environmental Toxicology—
II. Reidel, Dordrecht, The Netherlands, pp 107–124.

46. de Wolf W, de Bruijn JHM, Seinen W, Hermens JLM. 1992.
Influence of biotransformation on the relationship between bio-

concentration factors and octanol–water partition coefficients. En-
viron Sci Technol 26:1197–1201.

47. Fisk AT, Cymbalisty CD, Bergman A, Muir DCG. 1996. Dietary
accumulation of C12 and C16 chlorinated alkanes by juvenile rain-
bow trout (Oncorhynchus mykiss). Environ Toxicol Chem 15:
1775–1782.

48. Fisk AT, Yarechewski AL, Metner DA, Lockhart WL, Evans RE,
Muir DCG. 1997. Accumulation, elimination and hepatic mixed-
function oxidase enzyme induction in juvenile rainbow trout and
lake whitefish exposed to dietary 2,3,7,8-tetrachlorodibenzo-p-
dioxin. Aquat Toxicol 37:201–220.

49. Gobas FAPC, Clark KE, Shiu WY, Mackay D. 1989. Biocon-
centration of polybrominated benzenes and biphenyls and related
superhydrophobic chemicals in fish: Role of bioavailability and
elimination into feces. Environ Toxicol Chem 8:231–245.

50. Muir DCG, Yarechewski AL, Knoll A, Webster GRB. 1986. Bio-
concentration and disposition of 1,3,6,8-tetrachlorodibenzo-p-di-
oxin and octachlorodibenzo-p-dioxin by rainbow trout and fat-
head minnows. Environ Toxicol Chem 5:261–272.

51. Muir DCG, Fairchild WL, Yarechewski AL, Whittle MD. 1992.
Derivation of bioaccumulation parameters and application of food
chain models for chlorinated dioxins and furans. In Gobas FAPC,
McCorquodale JA, eds, Chemical Dynamics in Fresh Water Eco-
systems. Lewis, Chelsea, MI, USA, pp 185–208.

52. Chiou CT. 1985. Partition coefficients of organic compounds in
lipid–water systems and correlations with fish bioconcentration
factors. Environ Sci Technol 19:57–62.
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