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Abstract — Rainbow trout were exposed for 72 h to ['*C]anthracene alone and ['*C]anthracene in
an oil shale retort water. Tissue levels of ['*Clanthracene were analyzed at 24, 48 and 72 h to
determine non-steady-state bicconcentration factors (BCFs), and uptake and depuration rates were
“calculated from anthracene disappearance in exposure waters and metabolite appearance in depu-
ration waters. Uptake rates (14.6 to 16.9 h~') were similar to previously reported values; however,
depuration rates (0.00158 to 0.00188 h~') were very low. Consequently, measured non-steady-
state BCFs after 72 h (9,000 to 9,200) for anthracene were higher than expected, probably because
fish were not fed and had low excretion rates. Measured and estimated anthracene BCFs were lower
in retort water exposures than in single-compound exposures because of slower uptake and faster
depuration. We attribute slower uptake during retort water exposures to either decreased bioavail-
ability of anthracene or rate-limiting transport of contaminants from uptake sites to storage and
processing sites. Induction of mixed-function oxidases may have increased depuration from fish
exposed to retort water. We conclude that bioconcentration of individual compounds from com-

<

plex chemical mixtures may be difficult to predict based on single-compound kinetics.

Keywords—['“C]Anthracene

INTRODUCTION

Complex chemical mixtures enter aquatic envi-
ronments from many sources, including agricul-
tural and municipal runoff, industrial effluents,
treatment plant discharges and atmospheric depo-
sitions. Furthermore, numerous nonanthropogenic
chemicals occur naturally in surface waters. Gen-
erally, interactions between a chemical and other
contaminants or naturally occurring compounds
are ignored or assumed to be insignificant in envi-
ronmental fate studies and predictive models. But
evidence is slowly accumulating that chemical and
physical interactions within complex mixtures may
alter bioavailability, and hence alter the fate and
effects of individual contaminants.

For example, results of the relatively few bio-
concentration studies conducted to date using
chemical mixtures suggest that bioconcentration of
organic compounds is usually decreased by adsorp-
tion to humic acids [1-3] and by interactions with
other contaminants [4-6]. Hence, the bioconcen-
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tration factor (BCF) of an organic chemical pre-
dicted from classical, single-compound kinetic
models [7,8] may differ considerably from the real-
ized BCF following exposure to a complex chem-
ical mixture.

We report herein the BCF differences in rain-
bow trout for a polynuclear aromatic hydrocar-
bon, anthracene, during single-compound and
complex-mixture exposures. We argue that de-
creased uptake and increased depuration accounted
for the lower bioconcentration of anthracene from
oil shale retort water. We also propose a new
method for estimating uptake and depuration rates
in static, non-steady-state exposure systems.

MATERIALS AND METHODS
Experimental fish

Sexually immature rainbow trout (Sa/mo gaird-
neri) were obtained from the Wyoming Game and
Fish Department and maintained at the University
of Wyoming in flowing, aerated laboratory water
for 2 weeks prior to experimentation. We fed trout
chow (Silver Cup, Murray, UT) ad libitum to the
fish until 2 d before the contaminant exposures
were begun. Water temperatures ranged from 11
to 13°C during the preexperimental holding period.
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Table 1. Chemical characteristics of
laboratory dilution water

G. LINDER ET AL.

Table 2. Chemical characteristics of Oxy-6
oil shale retort water®

Parameter Value Parameter Value
Alkalinity, total (as CaCO;) 160 Alkalinity, total (as CaCO,) 6,700
Conductivity (uS/cm at 25°C) 820 Carbon, total organic 2,900
Hardness (as CaCO,) 470 Chemical oxygen demand 7,900
Oxygen, dissolved 6.5 Conductivity (uS/cm at 25°C) 12,800
pH (units) 8.3  Hardness (as CaCO,) 10
Nitrogen
Values expressed as mg/L, unless otherwise noted. Ammonia (as N) 800
Kjeldahl (as N) 1,000
pH (units) N 8.9
Solids, total dissolved 10,200

Photoperiod was maintained at 16 h light:8 h dark
during both the holding period and the subsequent
uptake and depuration studies.

Experimental design

The bioconcentration experiment consisted of
a 72-h uptake phase immediately followed by a
144-h depuration phase. Fish were tested in 15-
liter, static-renewal aquaria, with two replicate
aquaria per exposure treatment and a single con-
trol aquarium. Water was replaced every 24 h dur-
ing the uptake phase and every 8 h during the
depuration phase. We aerated all aquaria to main-
tain adequate dissolved oxygen concentrations, and
controlled temperatures at 12 + 0.5°C by placing
the aquaria in flow-through cooling baths. Fish
were not fed during the experiment. All aquaria
were covered with dark lids to reduce anthracene
photodecomposition; however, light still pene-
trated the transparent glass walls of the aquaria
so fish could perceive the diel photoperiod.

A mixture of well water and dechlorinated
Laramie city water was used in control and depu-
ration aquaria and for diluting single-compound
and complex-mixture exposure solutions. The char-
acteristics of this dilution water are given in
Table 1. During uptake and depuration phases we
frequently measured dissolved oxygen and total
ammonia concentrations using a Winkler-cali-
brated YSI Model 54A oxygen meter and an Orion
Model 407A Ionalyzer equipped with an ammonia
electrode. Other water quality parameters, includ-
ing pH, alkalinity, conductivity and hardness, were
analyzed using standard methods [9].

Uptake

For the uptake phase, fish were exposed to (a)
dilution water only, (b) anthracene in dilution
water (unlabeled anthracene, 98%, Aldrich Chem-
ical Co., and [9-'*Clanthracene, 3.3 mCi/mM,
98%, California Bionuclear Corp.), or (c) anthra-
cene [cold and radiolabeled, as in (b)] and a com-

Values expressed as mg/L, unless otherwise noted.
2Data from Marcus and Bergman [11].

plex chemical mixture in dilution water. The
complex mixture was an oil shale retort water col-
lected from the Occidental Oil Shale Company
modified in situ retorting facility at Logan Wash,
Colorado, and was designated Oxy-6.

Like most oil shale retort waters, Oxy-6 is
highly alkaline and contains high concentrations
of inorganic and organic solutes (Table 2). A
reversed-phase, high performance liquid chro-
matography (HPLC) gradient fingerprint illus-
trates the variety of organic chemical classes
present, ranging from relatively polar carboxylic
acids, phenolics and aliphatic amides to nonpolar
monocyclic and polycyclic aromatic hydrocarbons
(Fig. 1; see also ref. 10). Based on toxicity tests
conducted previously in our laboratory, Oxy-6
retort water is highly toxic to fish. For rainbow
trout, the 96-h LCS50 was 0.35%, and the no
observed effect concentration (NOEC), as deter-
mined in a 60-d embryo-larval growth test, was
0.0045% [11].

To start the experiment, unlabeled anthracene
was added to single-compound exposure aquaria
4 h before 15 fish were transferred to them, and
['*Clanthracene was added 3 h after unlabeled
anthracene. In complex-mixture exposures, Oxy-6
retort water was added at the same time as
the unlabeled anthracene. Analyzed anthracene
concentrations in all exposure aquaria were ap-
proximately 50 pg/L; the nominal retort water
concentration dosed in complex-mixture exposures
was 0.0045% (the NOEC for rainbow trout). In a
preliminary experiment we established that during
an 18-h period there was no detectable biodegra-
dation or volatilization of anthracene in control
water containing no fish.
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-Fig. 1. Reversed-phase HPLC gra- -
dient fingerprint of Oxy-6 retort
water. Chromatographic conditions
were as follows: 30-cm u-C,3 Bon-
dapak column; 50 ul injection; 60-
min linear gradient programmed
from 100% H,O to 100% CH,CN
(acetonitrile) at 2.0 ml/min; 254 nm
UV detector. Retention times of
five representative compounds are
indicated above the chromatogram:
1, resorcinol; 2, phenol; 3, benzene;
4, toluene; 5, naphthalene.

60

Water was sampled at 0, 1, 2, 3, 4, 6, 10, 16
and 24 h during every 24-h replacement interval
of the uptake phase. At 0, 24, 48 and 72 h, we
removed two fish per replicate for tissue residue
analyses.

Depuration

Immediately after the end of the 72-h uptake
phase, fish were transferred to aquaria containing
clean laboratory water so that clearance of anthra-
cene and metabolites could be monitored for 144 h.
We sampled water at the end of each 8-h replace-
ment period, and removed two fish per replicate
every 48 h.

Water analyses

Water samples were analyzed for radiolabeled
anthracene and metabolites using liquid scintilla-
tion counting (LSC) and HPLC techniques. First,
total '*C activity was determined on a Beckman
LS-100C liquid scintillation spectrophotometer
after dissolving 1-ml aliquots of each sample in a
toluene/Triton X-100/POP/POPOP cocktail [12].
We also fractionated the original water samples on
a Waters Associates Model 204 high performance
liquid chromatograph equipped with a 30-cm,
u-C,s reversed-phase column and a Model 440 UV
absorbance detector. Samples were eluted isocrat-
ically in 70% CH;CN/30% H,O at 2.0 ml/min,
and were monitored for anthracene at 254 nm on
the UV detector. From each water sample, we col-
lected the parent anthracene peak and divided

T T
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RETENTION TIME (min)

the eluate prior to anthracene’s retention time
into three 90-s fractions. Then, these anthracene
and preanthracene fractions were assayed for
14C activity to determine metabolite distributions.
Because organic compounds usually elute from
reversed-phase HPLC columns in order of de-
creasing polarity, we assumed that all anthracene
metabolites eluted prior to anthracene’s retention
time.

Fish analyses

After removal from uptake or depuration
aquaria, we killed the fish by severing their spinal
cords immediately posterior to the occipital region;
then we rinsed them in well water and blotted them
dry. We weighed the fish and either processed
them immediately for residue analysis or froze
them for later examination.

To extract anthracene and metabolites from
fish, we used an exhaustive steam distillation
(ESD) procedure originally described by Veith and
Kiwus [13] and modified by Meyer et al. [14].
Briefly, we homogenized the fish and boiled each
homogenate in 400 ml of 1% H,SO, under reflux
for 16 h. Condensed vapors passed through an
extraction solvent reservoir in the condenser col-
umn before returning to the boiling flask, thus
partitioning anthracene and its metabolites into the
extraction solvent. In a previous study, we demon-
strated that anthracene is extracted with 92% effi-
ciency using an ESD solvent mixture of 75%
n-butyl ether/20% cyclohexane/5% n-octanol [14].
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This solvent mixture was optimized to extract a
wide range of aromatic compound polarities,
including anthracene and polar metabolites.

After ESD refluxing was compieted, we ana-
lyzed all liquid phases (extraction solvent, extrac-
‘tion reservoir water layer and boiling flask liquid)
for [“Clanthracene and metabolites, using the
same HPLC and LSC techniques described above
for water samples. Mass balances were then com-
puted for each fish. Additionally, 0.1-g subsamples
of the original tissue homogenates were dissolved
in 2 ml of NCS Tissue Solubilizer (Amersham
Corp.) and assayed for total *C activity so that
ESD mass balances could be verified.

BCFs and rate constants

Anthracene BCFs were calculated two ways.
First, ["*C]anthracene levels determined in fish tis-
sue by ESD extraction were divided by the geomet-
ric means of the ['*C)anthracene concentrations in
exposure aquaria during the uptake phase. In the
following discussion, we refer to these ratios as
non-steady-state BCFs.

For the second BCF calculation, we assumed a
single-compartment, first-order kinetic model of
uptake and depuration, as proposed by Branson et
al. [7]. According to this model, the rate of change
in concentration of a chemical in a fish can be
expressed as

dc
‘ Tff =k,C,, - kyC; (1)

where C; is the concentration in fish, C, is the
concentration in water, k, is the uptake rate con-
stant, k4 is the depuration rate constant, and ¢ is
time. At steady state, Equation 1 rearranges to

Ce

BCF = C_w

ky
s )

Conventionally, if C,, is constant, then the uptake
rate can be estimated from the equation for the
tangent to the initial uptake curve:

Cf = C() + kucwt (3)
where C, is the concentration in fish at the begin-
ning of the uptake phase [3]. During depuration,

the first-order elimination rate can be expressed by

lﬂ Cf = ln Cf,() - kdt (4)
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where C; , is the concentration in fish at the be-
ginning of the depuration phase [3].

In static exposures such as we used in this
experiment, however, C,, is not constant. Thus
Equation | cannot be integrated to produce Equa-
tion 3. To circumvent this difficulty, we alterna-
tively express the concentration derivative as

dCy M, dC,
& M, 4 ©)

where M; is the mass of fish (g) and M,, is the
mass of exposure water (g) (note that for water this
is equivalent to volume, expressed in milliliters).
Substituting Equation 5 into Equation 1 and rear-
ranging yields

dC, M,
a - M, (kqC¢ — k,Cy) (6)

At the beginning of the uptake phase,
k,C, > k,C; (the same assumption used to
derive Equation 3 from Equation 1). Thus, inte-
grating Equation 6 produces

M;
InCy=1nCyo— k, ok ¢ 7
n nc,o Mw ()

where C,, , is the initial concentration in exposure
water. In this experiment, we estimated k, from
the least-squares regression slope of In C,, versus ¢
during the first 4 h of uptake, where C, is the
['*Clanthracene activity in exposure waters (dpm
ml~!). To determine these ['*C]anthracene activi-
ties, we fractionated the total '*C activity in expo-
sure waters using the HPLC technique described
above and then analyzed the anthracene fraction
by LSC. Thus, uptake rate estimates did not include
metabolites excreted into the exposure waters.

During the depuration phase, &, =0, and
Ce = C; o — Cy(M,,/M;). Substituting these rela-
tions into Equation 6 yields

dC M,
w c C w 8
it kd ( f,0 WA ,f ) ( )

For slowly depurated compounds, Cr o> C,, X

(M, /M;) initially. Therefore, integrating Equa-
tion 8 produces

Co=kyCio—t )]
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In this experiment, we estimated k4 from the least-
squares regression slope of C, (M, /M;) versus ¢
during the first 24 h of depuration, where C,, is
the 'C activity in depuration water (dpm ml~')
and C;, is the initial ["*CJanthracene activity in
the fish transferred to the depuration aquarium
(dpm g~!). During the clearance phase, we frac-
tionated the '*C activity in aquarium waters using
the HPLC technique described. However, since no
parent ['“Clanthracene could be detected, the
total C activity values used in depuration rate
calculations represent clearance of anthracene
metabolites only. Tissue extracts of fish were frac-
tionated similarly and only [**C]anthracene levels
in fish tissue were used to calculate Cy .
Finally, we computed BCF values from the
ratio k,/k4. In the following discussion, we refer
to these values as estimated steady-state BCFs.

RESULTS

Average non-steady-state BCFs computed from
rainbow trout tissue analyses after 24, 48 and
72 h of exposure were at least 25% lower for fish
exposed to anthracene in Oxy-6 retort water than
for fish exposed to anthracene alone (Fig. 2). At
72 h, the average BCFs were 571 in Oxy-6 retort
water and 779 in anthracene-only exposures. Mean
fish weights did not differ between treatments
(a =0.05; Student’s ¢ test), and variances were
homogeneous (Hartley’s test). For all 75 experi-
mental rainbow trout, mean weight and standard
deviation were 10.0 + 4.0 g.

800 - 41
6004
iq

400 -

ANTHRACENE BCF

200 -

24 48 72
EXPOSURE TIME (h)

Fig. 2. Bioconcentration of ['*Clanthracene in rainbow
trout during the 72-h uptake period for fish exposed to
either a single compound (anthracene alone, open
columns) or a complex chemical mixture (anthracene in
Oxy-6 retort water, stippled columns). Ranges for
bioconcentration factors (BCF) in replicate aquaria are
indicated for each exposure system.

To estimate steady-state BCFs, we computed
uptake and depuration rates based on aqueous
concentrations of ['“C]anthracene and its metabo-
lites. From initial slopes of In C,, versus ¢ (Figs. 3a
and 4a), we calculated k, to be 14.6 and 16.9 h~!
for replicate exposures to anthracene alone, and
k, to be 13.8 and 10.3 h~! for replicate exposures
to anthracene in Oxy-6 retort water (Table 3).

Table 3. Uptake and depuration rates and bioconcentration factors for anthracene in rainbow trout

Anthracene alone

Anthracene in retort water

Replicate 1

Replicate 2 Replicate 1 Replicate 2

Uptake .
M, (g) 136
M, (g) 1.5 x 104
InC,vs. t(h™")? -0.132
k,(h™" 14.6
Depuration
Cro(dpmg™) 1.37 x 10°
M
C”V: vs. t (dpm g~ h™")° 217
ky(h™h 1.58 x 103
Bioconcentration
BCF 9,200

133 165 167
1.5 x 10* 1.5 x 10* 1.5 x 10*
-0.150 -0.152 -0.115
16.9 13.8 10.3
1.16 x 10° 0.94 x 10° 0.75 x 10°
218 204 175
1.88x 1073 2.16 x 1073 2.34x 1073
9,000 6,400 4,400

*Initial slope of In C,, vs. ¢ was based on water analyses during the first 4 h of exposure to ['*C}anthracene.
®Initial slope of C,, (M,,/M;) vs. t was based on water analyses during the first 24 h of depuration.
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Fig. 3. Disappearance of ['*C]an-
thracene from exposure water (a)
and appearance of ['*C]metabo-
lites in depuration water (b) for one
replicate of fish exposed to anthra-
cene alone. See the text for equa-
tions.

Fig. 4. Disappearance of ['*C]an-
thracene from exposure water (a)
and appearance of ['*C]metabo-
lites in depuration water (b) for one
replicate of fish exposed to anthra-
cene in Oxy-6 retort water. See the
text for equations.
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Depuration rates were based on concentrations in
fish tissue after 72 h of exposure (Table 3) and on
initial slopes of C, (M, /M;) versus ¢ (Figs. 3b and
4b). These rates were k4 = 0.00158 and 0.00188
h~! for replicate exposures to anthracene alone,
and k; = 0.00216 and 0.00234 h~! for replicate
exposures to anthracene in Oxy-6 retort water
(Table 3). BCFs estimated from these uptake and
depuration rates are 9,200 and 9,000 for anthra-
cene alone, and 6,400 and 4,400 for anthracene in
Oxy-6 retort water.

DISCUSSION

After 72 h, the non-steady-state anthracene
BCF of 779 for rainbow trout at 12°C was already
greater than the steady-state anthracene BCF of
675 estimated by Spacie et al. [3] for bluegill sun-
fish at 23 to 24°C. Of course, BCFs are difficult
to estimate in static exposure systems, since the
exposure concentration is not constant. We divided
measured tissue levels of anthracene by the geo-
metric mean water concentration, which was 160
dpm ml~! for trout exposed to anthracene alone.
Although the initial exposure concentration at the
start of each 24-h replacement period was much
higher (>400 dpm ml~"), the ['*Clanthracene
activity was less than 200 dpm ml~! for 64 of the
72 h of exposure (Fig. 5). Therefore, we believe
that the geometric mean concentration was repre-
sentative of the exposure regime, and the relatively
large non-steady-state BCFs were not artifacts of
the calculation procedure.

To estimate steady-state BCFs, we have pro-
posed a new method that relies on analyses of
exposure and depuration water concentrations
rather than tissue concentrations of the contami-
nant. As one advantage, the uptake and depura-
tion experiments are conducted in static exposure
systems, thus reducing expense and maintenance,
as compared with flow-through exposures. Fur-
thermore, the amount of contaminant used is
minimized, thus helping to conserve radionuclides
that are potentially expensive or in limited supply.
In theory, no fish tissue analyses are needed to
compute the uptake rate, and only one tissue anal-
ysis (C; o, Equation 9) is needed to compute a
depuration rate. Even this tissue analysis can be
circumvented if the exposure period is short and all
of the contaminant that disappears from the expo-
sure water is assumed to accumulate in the fish
(i.e., depuration is still negligible). Then,

M,

=(C. o —
Cf,O ( w,0 Cw,t) Mf

(10)

555
2 T 400
- €
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Fig. 5. Disappearance of ['*Clanthracene during the
72-h uptake period from exposure waters containing
either a single compound (anthracene alone, filled circles)
or a complex chemical mixture (anthracene in Oxy-6
retort water, open circles). Means of replicate aquaria are
plotted for each exposure system.

where C,,, is the final concentration in exposure
water, and C; o, C,, .0, M,, and M; are as defined
earlier. In effect, uptake and depuration rates can
be estimated from water concentrations alone, thus
saving considerable time and expense. However,
analyzing fish tissue at the end of the uptake

“period would increase the reliability of calculations

based solely on water concentrations.

Uptake rates of anthracene in rainbow trout at
12°C (k, =14.6 to 16.9 h~!) computed by this
method compared favorably with anthracene
uptake rates reported by Spacie et al. [3] in blue-
gill sunfish at 23 to 24°C (k, = 36 h™!). Reduced
uptake in our experiment was probably caused by
species and temperature differences.

However, anthracene depuration rates in our
study (0.00158 to 0.00188 h~!) were less than
one-tenth the value reported by Spacie et al.
(kg =0.040 h~1) [3]. Consequently, our estimated
anthracene BCF (9,000 to 9,200) was much larger
than their experimentally estimated value of 675,
and the BCF of 1,200 predicted from anthracene’s
octanol/water partition coefficient [3].

These lower depuration rates are not an artifact
of calculations using Equation 9. Plots of In C;
versus ? illustrate the large decrease in elimination
of C activity from trout in our experiment as
compared with data for sunfish reported by Spacie
et al. [3] (Fig. 6). In fact, depuration rates based
on the slope of that plot are very similar to cal-
culations based on Equation 9. Therefore, there
appear to have been real differences in depuration
between the two studies.

As mentioned above in explanation of de-
creased uptake rates, species differences and lower
temperature may also account for some of the
decrease in depuration rate. Perhaps even more



556

100

1 (1)
[

L

S
p

p

° THIS STUDY

[ ]
(o]
1

1

. -~ SPACIE ET AL.
- 133

PERCENT !4C
REMAINING IN FISH

|0 1 1 ¥ 1
0 40 80

DEPURATION TIME (h)

Fig. 6. Comparison of elimination of **C activity from
rainbow trout in this study (filled circles) and from blue-
gill sunfish (open circles) as reported by Spacie et al. [3].

importantly, fish were not fed for 5 d prior to the
start of the elimination phase in our experiment,
whereas sunfish tested by Spacie et al. [3] were
starved for only 4 h prior to the start of the elimi-
nation phase. Walton et al. [15] observed decreased
activity of the hepatic aryl hydrocarbon hydroxy-
lase (AHH) enzyme system in cunner starved for
at least 5 weeks. However, we do not know if
direct effects on rainbow trout AHH are possible
after only 5 d of starvation.

Other effects of starvation were evident,
though. Roubal et al. [16] and Lech and Bend [17]
discuss the normal accumulation of high concen-
trations of metabolites in fish bile. Under starva-
tion conditions, rainbow trout in our experiment

retained unusually large volumes of bile in their-

gall bladders. At the same time, they defecated lit-
tle and had little urine in their bladders. Therefore,
we believe that metabolites were eliminated slowly
because they accumulated in the gall bladder.
Feeding would have stimulated release of bile,
and metabolites would subsequently have been
eliminated.

Our data do not allow us to differentiate
between potential mechanisms for explaining the
unusually low anthracene depuration rate. How-
ever, these results illustrate some of the problems
associated with testing rapidly metabolized com-
pounds that do not occur when testing persistent
organics such as chlorinated hydrocarbons. Metab-
olites can accumulate in fish to higher levels than
the parent compound if they are not eliminated

G. LINDER ET AL.

rapidly [18]. Therefore, bioconcentration studies
should be designed and interpreted with consider-
ation of both metabolite dynamics and feeding
rates.

Despite the potential dependence of depuration
rates and bioconcentration on feeding regimes, it
is apparent from measured non-steady-state BCFs
that less anthracene accumulated in fish exposed to
Oxy-6 retort water than in fish exposed to anthra-
cene alone. These differences were caused by
slower uptake of anthracene in the retort water and
faster depuration of anthracene metabolites fol-
lowing this exposure.

Slower uptake rates may be explained by two
hypotheses. First, anthracene bioavailability may
have been lower in the retort water exposure
because of physical-chemical binding to small, sus-
pended particles or to colloidal aggregations of
other organic chemicals. This effect would be simi-
lar to bioconcentration decreases reported by
Leversee et al. [1] for anthracene in the presence
of 2 mg/L humic acids, although Spacie et al. [3]
did not observe decreased anthracene bioconcen-
tration in the presence of 1 mg/L humic acids.

A second explanation for decreased uptake
rates involves potential rate-limiting transport of
anthracene from adsorption sites (e.g., gill) to tis-
sue storage and processing sites (e.g., liver). In a
mixture of organic chemicals, anthracene transport
may be reduced by competition with other organics
for carriers in the blood (e.g., erythrocytes and
nonspecific binding proteins). A similar mecha-
nism has been suggested for transport of car-
cinogens in mammalian blood [19]. However, we
currently cannot reject either of these hypotheses
to explain decreased uptake in the presence of
Oxy-6 retort water.

Higher anthracene depuration rates in fish
exposed to retort water may have been caused by
induction of the mixed-function oxidase (MFO)
enzyme system. For example, Payne and Penrose
{20] reported induction of hepatic AHH activity in
capelin and brown trout exposed to crude oil for
7to 8dand IS5 to 16 d, respectively. Gruger et al.
[21] also reported hepatic AHH induction after 6 d
in coho salmon exposed to a water-soluble fraction
of crude oil. In both studies, induction may have
occurred before fish were first sampled. Finally,
Walton et al. [15] showed that increases in hepatic
AHH activity in cunner lagged only 1 to 3 d behind
increases in exposure concentrations of crude oil.
Although such rapid induction periods have not
yet been demonstrated for rainbow trout, organic
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chemicals in retort water may have induced the
MFO system to metabolize anthracene faster and
thus increase the depuration rate after only 3 d of
exposure in our experiment.

Alternatively, decreased bioconcentration of
anthracene in the presence of Oxy-6 retort water
may be similar to the cosolvent effect that has been
reported in some single-compound bioconcentra-
tion studies [5]. However, the calculated total
organic carbon concentration at the Oxy-6 retort
water NOEC exposure level used in this experiment
was only approximately 0.13 mg/L. That organic
carbon concentration was approximately 100 to
10,000 times less than concentrations of cosol-
vents, such as acetone, that are used to maintain
lipophilic chemicals in solution for single-
compound bioconcentration studies. Therefore, we
do not believe that enough organic carbon was
present in the diluted Oxy-6 retort water exposures
for it to have behaved as a cosolvent.

In summary, measured non-steady-state BCFs
and estimated steady-state BCFs demonstrated
lower bioconcentration of anthracene in the pres-
ence of Oxy-6 retort water. We believe that ac-
cumulation of contaminants in-fish exposed to
complex chemical mixtures may in general be dif-
ficult to predict accurately from single-compound
bioconcentration studies. In this short-term exper-
iment, both uptake and depuration rates differed
between single-compound and complex-mixture
exposures. Results of our study and other pub-
lished studies [4-6] suggest that single-compound
bioconcentration experiments may provide conser-
vative estimates of BCFs in complex mixtures (i.e.,
single-compound BCFs may be higher than BCFs
that occur in complex mixtures). However, inhibi-
tion of degradation pathways by other chemicals

present in a mixture (e.g., metals) would also be.-

possible, thus leading to an underestimation of
BCFs in complex-mixture studies. Longer studies
are needed to test these possibilities and to inves-
tigate whether uptake and depuration rates can be
altered to even greater extents by induction or
inhibition of other biochemical systems in fish.
Furthermore, a variety of complex effluents and
defined chemical mixtures will have to be tested to
better understand the environmental fates of com-
plex chemical mixtures [4,6,14,22].
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