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ABSTRACT: The toxicity and bioavailability of a mixture of 13 sediment-associated chlorinated
hydrocarbons were determined for the amphipod Pontoporeia hoyi. The processes were traced
with two radiolabeled compounds, '*C-2,2’,4,4’ -tetrachlorobiphenyl (2244TCB) and °H-ben-
zo(a)pyrene (BaP). The toxicity of the chlorinated hydrocarbon mixture resulted primarily from
the lindane and dieldrin components. The 72-h LCs was 14.5 nmol g~' as the sum of the added
chlorinated hydrocarbons and 4.7 nmol g™! as the sum of the lindane and dieldrin. At 144 h the
LCss had dropped to 1.51 and 0.53 nmol g™, respectively. At the lowest dose, 2.4 nmol g~!
sediment, the time to yield 50% mortality (LTs;) was 119 h. The toxicokinetics for the radiolabeled
compounds yielded sediment uptake clearance constants of 0.0018 and 0.018 g dry sediment g~'
animal h™' for BaP and 2244TCB in the absence of added chlorinated hydrocarbons. At the lowest
chlorinated hydrocarbons dose, the clearance constants of both BaP and 2244TCB were approxi-
mately doubled. The clearance constants were not proportional to the freely dissolved concentra-
tion of the radiolabeled compounds in the interstitial water but were presumed to be proportional
to the compound desorption rates. For the chlorinated hydrocarbons, the uptake clearances were
inversely proportional to the log of the octanol-water partition coefficient. The bioaccumuiation
factor (BAF, concentration in the organism divided by the concentration in the sediment) ap-
peared to peak at about a log octanol-water partition coefficient of 6. However, the BAF ranged’
from less than 1 to greater than 30 for compounds with a log K, near 6.

KEY WORDS: bioavailability, toxicokinetics, sediments, partitioning, toxicity, LCs;, amphipod,
mixture, chlorinated hydrocarbons, bioaccumulation, Pontoporeia hoyi

Contaminated sediments, considered a major problem in many areas throughout the Great
Lakes Basin, are associated with biological effects such as tumors in bullheads [7] or changes in
benthic species composition [2]. Further, sediment-associated contaminants are an important
source of contaminants to benthic organisms [2, 3] for potential food chain bioaccumulation.
Understanding the degree of biological availability is important since sediment-associated con-
taminants can remain present in the biologically inhabited portions of the sediments for de-
cades. However, the significance of these contaminated sediments as contaminant sources to
the benthic food chain or to the pelagic system via resuspension is not known [4]. This is partic-
ularly true for mixtures of xenobiotics in sediments. Previous laboratory studies exposing Pon-
toporeia hoyi to sediment-associated polycyclic aromatic hydrocarbons (PAH) indicate that the
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accumulation is dependent on the specific compound desorption rate from the sediment matrix
with subsequent accumulation from the interstitial water. Additional accumulation occurs
through ingestion of contaminated particles by P. hoyi [5]. A similar conclusion was reached for
the accumulation of hexachlorobenzene by the clam Macoma nasuta [6] and oligochaetes [7-9].

The objectives were: (@) to seek a no effect level for the chlorinated hydrocarbon mixture at
which to measure the toxicokinetics of these sediment-associated chlorinated hydrocarbons;
(b) to compare the toxicokinetics for selected compounds in the mixture with previous kinetics
determined on single compounds; and (c) to compare the uptake kinetics with partitioning be-
tween sediments and interstitial water. Measures of the partitioning between the sediment inter-
stitial water and particules for the radioactive tracers, in combination with relationships be-
tween the bioavailability and the physical chemical properties of the different chlorinated
hydrocarbons, are used to examine the equilibrium partitioning approach, one of the primary
means for the development of sediment quality criteria by EPA [10-13].

Materials and Methods

Collection of Environmental Samples

P. hoyi were collected from Lake Michigan off Grand Haven, Michigan at a depth of 24 m
with a PONAR grab sampler. The P. hoyi were gently removed from the sediment with a screen,
placed in clean lake water, and kept cold with ice during transport to the laboratory. P. hoyi
were kept in aquaria containing about 1 in. of sediment and 4 in. of lake water at 4°C [14].

Water used throughout the work was Lake Michigan surface water (collected about 1 m be-
low the surface) and stored at 4°C.

Lake Michigan sediment used in the experiment was obtained by PONAR grab approxi-
mately S miles off Grand Haven, Michigan at a 45-m depth. The sediment was sieved at 1 mm to
remove animals and large pieces of debris and kept at 4°C. The sediment was characterized by
wet sieving a subsample to determine the amount of material, on a dry weight basis, passing an
88-um sieve. The organic carbon content of the sediment and the sieved fractions were deter-
mined {15].

Dosing of Sediments

The sediment was dosed with two radioactive tracers, 4C-2,2,4,4’ -tetrachlorobipheny!
(2244TCB, universally labeled, specific activity 15.33 mCi mmol~!) and H-benzo(a)pyrene
(BaP, specific activity 33.1 Ci mmol~!), and an additional 13 cold chlorinated hydrocarbons:
hexachlorobenzene (HCB), lindane) (LIN), 2,2’,5-trichlorobiphenyl (225TCB), 2,4,4’-tri-
chlorobiphenyl (244TCB), 2,2’,6,6 -tetrachlorobiphenyl (2266TCB), 2,2’,3,4-tetrachloro-
biphenyl (2234TCB), 3,3’,4,4’-tetrachlorobiphenyl (3344TCB), 2,2',4,4’,6,6’-hexachloro-
biphenyl (224466HCB), 2,2’.,4,4’,5,5'-hexachlorobiphenyl (224455HCB), dieldrin (DIEL),
p,p’'-DDE, p,p’-DDT, and octachlorodibenzo-p-dioxin.

A solution of chlorinated hydrocarbons was prepared by dissolving S to 6 mg of each the
nonlabeled compounds in acetone (10.5-mL total). The mixture was filtered through glass fiber
filters to remove undissolved crystals of some of the compounds. The dioxin proved to be so
insoluble that it was effectively removed by the filtering; no dioxin was subsequently detected by
gas chromatography in either sediments or the test organisms.

The 1-mm sieved sediment was mixed until it aﬂ)eared to be homogeneous. An amount of

wet sediment corresponding to 700 g dry weight was placed in a 4-L beaker, and 2500-mL lake
water was added. The following solutions were added dropwise while the mixture was stirred
vigorously at room temperature: 700 uL methanol containing *C-2244TCB (3.15 pCi/700 g dry
sediment); 800 uL methanol containing SH-BaP (15.8 uCi/700 g dry sediment); and 7.11 mL
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acetone containing the appropriate amount of the above chlorinated hydrocarbon solution for
the contaminant level being prepared. The amount of acetone and methanol carriers added to
each solution was held constant. The mixture was stirred at room temperature for 4 h and kept
at 4°C thereafter.

The nonlabeled compounds were tested at five different dose levels (Table 1) with the radio-
tracers added at the same concentration for each dose level, 0.31 + 0.02 nmol g™ ! for 2244TCB
and 0.75 + 0.04 pmol g~! for BaP. The ‘“‘control” level contained the same amount of radio-
tracers as did all the other levels but only the natural background concentrations of the nonla-
beled chlorinated hydrocarbons (Table 1).

Experimental Procedure

Two days after dosing the sediment, the overlaying water was decanted, removing most of the
acetone and methanol carriers, the sediment was stirred for homogeneity, and 40-g wet sedi-
ment transferred to 400-mL beakers. The amount of acetone (<325 yL L™') and methanol
(<32 uL L") remaining were not expected to affect the toxicokinetics [/6]. The estimate of the
amount of carrier assumes 80% of the water was decanted, and there was no loss to volatiliza-
tion. The following samples were taken in triplicate from each dose level at the start, middle,
and end of the distribution of sediment to beakers: 2-g sediment for analysis of nonlabeled
chlorinated hydrocarbons by gas chromatography (GC); 2-g sediment for wet to dry weight de-
termination; and 5-g sediment dessicated with sodium sulfate, extracted with ethyl acetate, and
counted for radioisotope activity. Lake water (250 mL) was then carefully added to each beaker,
minimizing the disturbance of the sediment; on the following day (three days after dosing the
sediment) an initial water sample was taken and 20 test organisms added to each beaker.

Groups of 20 Pontoporeia hoyi were exposed to each sediment in triplicate for each sample
point, 3, 6, 12, 19, and 31 days. Thus, the total number of beakers was 15 per dose level. Two
additional beakers at each concentration containing no organisms were sampled on Days 15
and 31 for radiotracer concentration in sediment interstitial water.

TABLE 1—Concentration* of contaminants in dosed sediments ed by gas chromatography.
Compound Moiecular
Recovery” Weight Level0  Levell  Level2 Level3 Level4  Level S
HCB 82.4(1.9) 284.8 0.05 0.14 1.34 1.80 6.77 17.97
LIND 82.4(2.2) 290.9 0.32 0.71 3.95 5.23 11.45 16.05
225TCB 76.6(1.4) 256 0.13 0.12 0.28 1.42 8.11 19.36
2266TCB 77.4(1.5) 290 0.02 0.17 0.27 1.70 7.77 18.19
244TCB 80.3(1.8) 256 0.02 0.22 0.88 1.30 5.72 11.74
2234TCB 81.7(1.5) 290 0.22 0.25 1.34 1.60 9.09 19.95
224466HCB 77.9(1.4) 358 ND 0.18 0.94 1.36 6.40 13.49
DIEL 82.3(1.4) 381 ND 0.13 0.60 0.81 S.11 9.92
p.p’-DDE 98.8(1.2) 318.5 ND 0.22 0.99 1.31 7.76 14.00
3344TCB 95.3(3.6) 290 ND 0.07 0.92 1.51 6.48 7.31
224455HCB 95.1(1.5) 358 0.03 0.08 0.59 0.77 6.45 10.13
p.p’'DDT 101.2(1.3) 354.5 0.15 0.06 0.35 0.63 4.56 8.38
Total nmoles g~ 0.94 2.4 12.5 19.9 87.9 171.6
LIND Plus DIEL
Total nmoles g™’ 0.32 0.84 4.6 6.0 16.6 26.0

“Concentrations in nmoles g~'. Level 0 was the natural sediment concentration.
4Percent recovery for spiked specimens with coefficient of variation (%) in parentheses. All concentra-
tions are corrected for percent recovery.
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Distribution of the radiolabeled compounds in the overlaying water was determined from an
initial water sample of 25 mL, in duplicate, from each dose level; 2 mL were counted for total
activity, 20 mL were filtered for particle bound contaminant, with a back-up filter to correct for
sorption and 2 mL of filtrate counted, 15 mL was run through a C-18 Sep Pak (Waters Associ-
ates) and subsequently eluted with 3 mL of methanol that was counted to determine the amount
of freely dissolved compound in the water column [17,18].

Three beakers from each dose level were sampled at random at each time point (3, 6, 12, 19,
and 31 days) and the following information obtained:

1. Overlying water—total, free, bound radioisotope activity as described above and oxygen
concentration [19].

2. Test organisms—the number in overlying water was recorded to check for sediment avoid-
ance behavior, number surviving was recorded for LCs, determinations, and the radioisotope
concentration of two individuals (wet weight basis) was measured for toxicokinetic determina-
tions; another two individuals were measured for lipid content [20], and the remaining live
organisms were combined weighed and extracted by homogenizing in a tissue grinder with ace-
tone and cyclohexane for GC determination of their chlorinated hydrocarbon content.

3. Sediment—a sample for wet to dry weight ratio, a sample for later extraction and determi-
nation of chlorinated hydrocarbon content via GC, and a sample was dessicated, extracted, and
counted for radioisotope activity as indicated above.

4. Pore water—on Days 15 and 31 the overlaying water was removed by aspiration from
beakers having no organisms, the sediment was transferred to centrifuge tubes and centrifuged
at approximately 1000 X g for 10 min, and the total, free, and bound concentration of the two
radioisotopes was determined for the resulting pore water as described above for the overlying
water.

Pesticide Toxicity Experiment

In a separate experiment, ten test organisms were exposed to sediment (45 g) containing
various combinations of the nonlabeled chlorinated hydrocarbons to determine which were
largely responsible for the observed mortality. Sediment was prepared similarly to the above
procedure at the nominal concentration equivalent to Contaminant Level 3, 0.6 ug g ! for each
constituent. The following combinations were tested: acetone carrier only; each of the PCB
congeners listed above combined; and each of the following in the presence of the combined
PCB congeners—HCB, DDE, DDT, LIN, and DIEL. Mortality data were collected after six
and nine days exposure to the sediments. All LCs, values were calculated using a probit analysis
routine [21].

Analyses

Approximately 2 g (dry) of sediments were soxhlet extracted for 24 h in a 2:1 mixture of
hexane and methanol. The extracted specimens, sediments and P. hoyi (extraction described
above), were washed twice with an equal amount of hexane-extracted distilled water. The
washed extract was rotary evaporated to less than 1 mL. The sample was transferred to a 2-mL
glass bottle, brought to final volume of 1 mL with cyclohexane, and stored at 4°C until analysis.
Four microlitres were splitless auto-injected into a Hewlett-Packard 5880A capillary gas chro-

matograph fitted with a 25-m DB-1 fused silica capillary column and electron capture detector.
The temperature program of the analysis ran from 100 to 270°C at 4°C min~!.

Scintillation counting was performed on an LKB 1217 liquid scintillation counter using RPI
scintillation cocktail 3a70B. The data were corrected for quench using the external standards
ratio method after correcting for background.
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Sediment Characteristics

The bulk dry sediments for these studies had an organic carbon content of 1.0 & 0.2%. The
ashfree dry weight was 1.9 + 0.2% of the dry weight. The sediment particle size was distributed
between 43.6% for >88 um and 56.4% for <88 um on a dry weight basis. The organic carbon
content of the fractions was 0.26 + 0.06% for >88 um and 2.1 *+ 0.3% for < 88 um fraction.

The homogenity of the mixed sediments was determined through the analysis of the radio-
tracers for samples taken at the beginning, middle, and end of the distribution of sediment to
the exposure beakers. The coefficients of variation were low 3.5 £ 2.4% (mean =+ 1 SD) for the
BaP and 3.1 = 0.5% for the 2244TCB at the various dose levels. The recoveries for these ra-
diolabeled compounds were high and averaged 103 + 9% for BaP and 98.4 + 7.1% for
2244TCB. Thus, because of the high recoveries and the low coefficients of variation at time
zero, the sediment was assumed to be homogenously dosed.

The overlying water contained low amounts of radiolabel with higher quantities in the sam-
ples containing organisms. The overlying water in the samples with the organisms was some-
what cloudy. Greater than 75% of the activity for the >H-BaP and nearly 90% of the '*C-
2244TCB were either on particles or associated with dissolved organic matter. Previous studies
have shown that P. hoyi do not obtain a substantial amount of their body burden from the
overlaying water when the sediment is the major source [5,22].

Toxicity

No overt avoidance of the sediment was found with the chlorinated hydrocarbons. Only one
or two amphipods maximum were found per beaker swimming above the sediments at any of
the dose levels, and there was no pattern to the potential avoidance as a result of dose or dura-
tion. Throughout the experiment the oxygen concentration remained above 6 mg L' except for
the last sample at Day 31 where the oxygen content was 5.0 = 0.4 mg L~! for animals exposed
to the radiolabeled compounds only. The oxygen concentration was higher in the water wheére
the concentration of toxicant was greater. The lipid content of the P. hoyi was27.9 + 2.2% on a
dry weight basis after three days exposure, and no significant difference was found on Day 31
for the controls or on Day 6 for Level 1 exposed organisms. The one organism from Level 1, Day
12 had a higher lipid content of 46.3%. From this data, it was concluded that the organisms
were not suffering from nutrient limitations.

Independent toxicity experiments with either the PCB mixture or the PCB mixture with one
of the pesticides indicated that the toxicity was likely due primarily to the presence of LIN and
DIEL in the chlorinated hydrocarbon mixture (Table 2). All of the other combinations of mix-
tures produced no mortality except one acetone control. However, the second acetone control
did not replicate the high mortality.

Toxicity of the total mixture of chlorinated hydrocarbons was determined by examining the
mortality data in two ways (Table 3). First, the LCs, was determined across the range of concen-
trations tested. The control, Level 0, mortality was 5% or less for all the samples except at Day
31 when the control mortality ranged from 0 to 16%. The probit calculations accounted for the
percent mortality in the controls. The log concentrations used in the probit analysis were for the
total number of nmol g~ ! dry sediment for all the nonlabeled chlorinated hydrocarbons added
and the total of the number of nmol g~! dry sediment of LIN and DIEL only. The mixture
yielded 72-h LCsps of 14.45 and 4.68 nmol g ~! for the total for the organic contaminants and the
sum of LIN and DIEL, respectively. The data had considerable variability at 72 h, and the
confidence limits were not estimated by the probit analysis program [2]]. At 144 h the respective
LCss were 1.51 [0.73 to 2.21, 95% confidence interval (CI)] and 0.53 (0.26 to 0.78, 95% CI)
nmol g~! dry sediment from the two methods of identifying the dose.
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TABLE 2—Toxicity screen for portions of the mixture.

Exposure Duration, percent mortality

Toxicants* 6 Days 9 Days
Control sediment only 0 0
Acetone carrier control 60 0
PCBs and HCB 0 Lost
PCBs and Lindane 90 90
PCBs and Dieldrin 20 60
PCBs and DDE 0 0
PCBs and DDT 0 0
PCBs and OCS 0 0
PCBs only 0 0

“The concentrations used were nominally equivalent to the amount of
the compounds found at Level 3 in Table 1. The amount of carrier used
to dose the sediments was the same proportion as for the kinetics experi-
ments.

TABLE 3—Mortality of Pontoporeia hoyi Exposed to a Mixture of Chlorinated Hydrocarbons.

Duration of Exposure, h

Dose

Level" Replicate 72 144 288 456 744

0 A 20% 19 18 20 16
B 20 19 19 20 16
C 17 20 19 20 20

1 A 17 S 10 0 0
B 19 5 1 0 0
C 18 8 0 0 0

2 A 18 1 0 0 0
B 20 1 0 0 0
C 18 0 0 0 0

3 A 1 0 0 0 0
B 1 0 0 0 0
C 1 0 0 0 0

4 All dead at all exposure durations

5 All dead at all exposure durations

“Concentrations for each dose level can be found in Table 1 plus the concentration of the radiotracers,
0.31 nmol g~' dry sediment for 2244TCB and 0.075 pmol g~' dry sediment for BaP.
*Number alive out of 20 per group.

The second method of analyzing the data was to determine the time required for 50% mortal-
ity at the lowest dose, 2.4 nmoles g~' nonlabeled chlorinated hydrocarbons (0.84 nmoles g !
LIN and DIEL). The LTs, was 118.97 h with no confidence limits calculated by the probit analy-
sis program [2]]. Therefore, the toxicokinetics, discussed below, determined for the nonlabeled

compounds were estimated for organisms that were respon(img to tLe toxic eMecis J {Le
mixture.

Since the concentration of the compounds in the live organisms was determined for toxico-
kinetic purposes, the body burden that produced the resultant LCsy could be determined for
comparison with the LCss calculated from sediment concentrations. The 72-h body burden
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LCsowas 13.3 (12.0 to 15.1 95% CI) and 6.3 (5.7 to 7.3 95% CI) nmol g~' wet weight organism
for the nonlabeled chlorinated hydrocarbons and the sum of LIN and DIEL, respectively. Vari-
abilities in the experiment were better defined on a body burden basis for the short-term re-
sponse than was obtained using the sediment concentrations as a basis for calculating the LCsgs.
For the LTso, the body burden required to produce the effect was 11.8 and 4.0 nmol g™! wet
weight organism for the total mixture and the sum of LIN and DIEL, respectively. Variability in
the data was sufficiently great that the program could not estimate the confidence intervals
around the LTs, estimates. The amount of compound required to produce the two 50% mortal-
ity estimates are quite similar for the 72-h LCsy and the 118.97-h LTs,.

Bioaccumulation

With the extent of toxicity encountered for this mixture of chlorinated hydrocarbons, the
bioaccumulation was estimated only for the radiolabeled compounds at Levels 0 and 1 and for
the nonlabeled compounds at Level 1. Estimations of the uptake clearances were generally per-
formed using a simplification of a general sediment uptake model [5].

dCa/dt = K,.Cse ™ — K Ca

where

Ca = the concentration in the animal (nmol g~!),
K, = the uptake clearance constant (g dry sediment g~! wet weight organism h~!),
A\ = the rate constant at which compounds become biologically unavailable (h™),
K, = the elimination rate constant (h™'),
Cs = the concentration in the sediment (nmol g~!) and
t = the duration of the experiment (h).

For most cases, the model could be simplified to a one- or two-compartment donor dependent
model with A\ equal to zero [5].

Uptake clearance from sediments for the radiolabeled compounds, determined in the pres-
ence and absence of the nonlabeled chlorinated hydrocarbons, were 0.018 * 0.001 g dry sedi-
ment g~ ! organism h™! (note that all clearances used in this manuscript will use these units of g
dry sediment g~' organism h™') and 0.029 + 0.003 for 2244TCB and 0.0018 + 0.0002 and
0.0024 + 0.0005 for BaP at Levels 0 and 1, respectively. Clearances for both compounds in-
creased significantly, approximately doubled, between the two exposure conditions, with no
added chlorinated hydrocarbons and the lowest level of added chlorinated hydrocarbons. Up-
take clearance constants increased proportionately, implying a general change in the compound
bioavailability or physiology under the differing exposure conditions.

The potential of the carrier to effect the toxicokinetics and mortality data was expected to be
minimal. The *‘control” sediment was dosed with the same total amount of carrier as the other
dose levels but exhibited minimal or no toxicity except possibly at 744 h (Table 3). The presence
of low levels of water-missible solvents had previously been found not to affect kinetics data
[16]. Further, the rate constant for BaP accumulation was not statistically different from pre-
vious determinations [23] that had estimated carrier concentrations of <4 uL L~1.

Radiotracer concentration in interstitial water was measured for the controls, no animals,
only because the samples containing animals had to be screened to insure that all organisms
were found for accurate mortality data. The amount of the two radiolabeled compounds, added
at constant concentration to all study levels, yielded nearly constant fractions of freely dissolved,
sorbed to suspended particles and bound to dissolved organic carbon (DOC) across the concen-
tration range of nonlabeled chlorinated hydrocarbons (Table 4). Radiotracer partitioning be-
tween the freely dissolved interstitial water concentration was not different at the various expo-
sure levels (Table 4). Further, the partitioning was not at equilibrium when the experiment
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TABLE 4—Fractionation of 2,2',4,4’ -tetrachlorobiphenyl and benzo(a)pyrene in
interstitial water and partitioning to sediment.

Category,

Sample Day Benzo(a)pyrene 2,2'4,4’ -tetrachlorobiphenyl
15-DAY SAMPLE

Percent freely dissolved 43.0 - 10.3 30.2 + 7.0

Percent dissolved organic 44.7 + 4.2 575+ 175

carbon bound

Percent particle bound“ 13.0 = 5.2 14.1 + 10.8

K, 378 + 18.4 884 + 147

Koc* 37 800 + 1840 88 400 + 14 700
31-DAy SamPLE

Percent freely dissolved 32.7+ 5.0 17.8 + 10.0

Percent DOC bound 56.0 + 10.9 51.6 *+ 10.2

Percent particle bound 6.4 + 3.0 8.6 + 2.7

K.’ 578 + 42 1673 + 107

Koc 57 800 + 4200 167 300 £+ 10 700

“Percent of compound remaining on unsedimented particles.
*Partition coefficient between the freely dissolved compound in the interstitial water and the sedimentary

solid material.
“Partition coefficient normalized to the organic carbon content of the sediment. Organic carbon content
of the sediment was 1.0 + 0.2%.

started and increased by a factor of approximately two between the two sample times. For both
1S days and 31 days, the calculated K, (sediment concentration/interstitial water concentra-
tion) of 2244TCB was greater than BaP by a factor of about 2.5. In spite of the higher partition-
ing, the 2244TCB had the higher uptake clearance by approximately an order of magnitude
compared to BaP.

Average radiotracer concentrations in the organisms were not statistically different at Day 3
at exposure Levels 0, 1, and 2 but declined sharply to between 20 and 30% of the control value
(Level 0) for the animals in Level 3. At this exposure the mortality was at 95%.

Uptake clearance for the nonlabeled chlorinated hydrocarbons (Table 5) ranged from the low
of 0.006 for 224455HCB to a high of 0.15 for 3344TCB. Most of the data were fit to the one-
compartment donor dependent simplification of the general model, while LIN appeared to
reach a steady state and was fit to a two-compartment model with a resultant K, of 0.029 +
0.007 h~!. The variability in the data for p,p’-DDE, 3344TCB and 224455HCB was so great
that only an estimate of the uptake clearance could be made. The estimate employed initial rate
assumptions and the slope of the uptake between time equal zero and the first sample at three
days to find an estimated uptke clearance. In addition to estimating the uptake clearance, a
bioaccumulation factor (BAF) was determined for each compound from Level 1 after twelve
days exposure (Table 5). The uptake clearances and BAF data were determined only from live
organisms, and the twelve days was the longest exposure time used for calculations. At twelve
days the mortality even at Level 1 was on average greater than 50%, LTsy 5.5 days.

The log of the uptake clearance (K;) for the chlorinated hydrocarbons was inversely propor-
tional to the log K,,, for the chlorinated hydrocarbons (Fig. 1). There are a few outliers in the

data set. These outliers occur, in part, for two reasons. First, some of the uptake clearances
were only rough estimates; this is particularly true for 3344TCB. Second, BaP is from a differ-
ent class of compounds than the chlorinated hydrocarbons. If just these two compounds are
removed from the data set, then the regression of log K| versus log K,,,, is significant (log K, =
—0.38 + 0.57 — 0.22 + 0.10 log K,,,, » = 12, ¥* = 0.33, p < 0.05). Leaving these two



LANDRUM ET AL. ON AMPHIPOD 323

TABLE 5—Uptake clearance and twelve-day bioaccumulation factor.

Compound Log K,,, Ks BAF
Lindane 3.24% 0.085 + 0.017 4.2
Dieldrin 4.56% 0.032 £+ 0.015 12.2
225TCB 5.44¢ 0.012 + 0.005 7.9
HCB 5.474 0.043 + 0.004 15.8
244TCB 5.51¢ 0.008 + 0.004 3.3
p:p’-DDE 5.69¢ 0.022 £ 0.013 2.4
2234TCB 5.84¢ 0.060 * 0.004 31.7
2266TCB 5.92¢ 0.057 + 0.014 16.0
2244TCB/ 5.92¢ 0.030 + 0.003 8.8
3344TCB 5.95¢ 0.15 + 0.07 111
p,p’-DDT 6.19¢ 0.014 £ 0.008 17.9
BaP/ 6.24 0.0024 + 0.0005 0.8
224455HCB 6.77¢ 0.006 + 0.004 3.5
224466HCB 6.88¢ 0.012 + 0.006 3.5

«Uptake clearance has units of g dry sediment g~! organism h—',

bRef 32.

“Ref 33.

4Ref 34.

<Ref 35.

/Radiolabeied compounds.
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FIG. 1—Scatter plot of log K, against log K, shows the inverse relationship between the uptake clear-
ance and hydrophobicity of test compounds (log K, = —0.38 — 0.22 log Ko, t? = 0.33 when 3344TCB and
BaP are omitted from the regression calculation). The uptake clearance from sediment was estimated from
a one- or two-compartment di dependent model for compounds with dark circles. The uptake clearance
for the compounds with the open circles was estimated from the first uptake sample time. The open triangle
represents benzo(a)pyrene, the only compound that is not a chlorinated hydrocarbon. The uptake clearance

for BaP was from the one-compartment model.
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compounds as part of the data set does not statistically change the slope or the intercept but
reduces the significance of the regression to p < 0.15.

For the BAF, an apparent “‘peak” was observed at about a log K, of 6. The data at the
‘“‘peak’ BAF ranged from 2 to 31 or about one order of magnitude (Fig. 2) for the chlorinated
hydrocarbons. The 12-day BAF for BaP was 0.75 and much lower than any of the chlorinated
hydrocarbons.

Discussion

At least two mechanisms of action for acute toxicity, narcosis [24, 25] and neurotoxicity [26],
have been attributed to various chlorinated hydrocarbons used in this study. The toxicity of the
mixture was assessed by evaluating the sediment molar concentration of the nonlabeled chlori-
nated hydrocarbons and the molar concentration of LIN and DIEL as a pair on the assumption
that the toxicity of mixtures of organic contaminants likely occur from additive molar concen-
trations of compounds acting with the same mechanism of action. Based on the independent
experiments, the toxicity of the mixture to the amphipod, P. hoyi, apparently results primarily
from the toxicity of the LIN and DIEL. When P. hoyi were exposed independently to LIN and
DIEL, the ten-day LCsys were 0.38 and 0.09 nmo! g—! dry sediment for a sediment with a mean
organic carbon content of 0.3 *+ 0.07% [27]. However, the other compounds in the mixture
may contribute significantly to the toxicity. Concentrations in the organism required to produce
50% mortality in 72 h yielded a better effects estimate than the concentrations in sediment for
which no confidence limits could be generated by the probit analysis program due to the vari-
ability in the data. Further, the concentration of the LIN and DIEL in the organism relative to
the rest of the compounds in the mixture was greater than the LIN and DIEL concentrations in
the sediment at 72 h and 50% mortality. Therefore, part of the reason LIN and DIEL exhibit
greater toxicity than the other chlorinated pesticides in the mixture may occur because of en-
hanced bioavailability relative to the other mixture components. The concentrations in the or-
ganism required to produce toxicity were two and a half orders of magnitude lower than that
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FIG. 2—The scatter plot of the bioaccumulation factor (BAF) concentration in the organism divided by
the concentration in the sediment against log K., tends to exhibit a peak in BAF. However, the data are
quite scattered. The open triangle represents benzofa)pyrene, the only compound that is not a chlorinated
hydrocarbon.
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estimated to produce acute toxicity by a narcotic mechanism of action [28]. This helps confirm
that the mechanism of toxic action is likely a specific mechanism of action and likely the neuro-
toxic action of the pesticides LIN and DIEL.

The time required to yield S0% mortality at even the lowest dose level was short, 118.97 h.
The chlorinated hydrocarbon concentrations in the organisms required to yield 50% mortality
at 118 h were only slightly less than that required to yield S0% mortality at 72 h with a similar
result for the sum of the LIN and DIEL. Slopes of the acute mortality curves were steep and the
effect of the compounds dropped off rapidly with reduction in concentration. These data fur-
ther support the hypothesis of a specific mechanism of action producing the mortality.

In spite of all the data available on the toxicity of the mixture, determination of the exact
compounds responsible for the mortality was not possible. Although it seems clear that inclu-
sion of LIN and DIEL in the mixture accounts for most of the mortality, it was also not possible
to determine what fraction of the toxicity was attributable to these compounds. The apparent
enhanced biological availability compared to the rest of the compounds does suggest that these
compounds will be ones of environmental concern.

Since the freely dissolved interstitial water radiotracer concentration was essentially constant
across the various exposure levels, the freely dissolved chlorinated hydrocarbon concentrations
were expected to depend on their individual partitioning to sediments and would reflect the
total amount of materials at each dose. The implication of this partitioning, in this single sedi-
ment system, is that toxicity is proportional to the freely dissolved interstitial water concentra-
tion. However, the relative contribution of LIN and DIEL at the LCs; is about 50% lower in the
sediment than in the organisms. Thus, a differential accumulation of LIN and DIEL is impor-
tant for eliciting the toxic response. This differential accumulation does not support the hypoth-
esis of equilibrium partitioning with subsequent uptake from interstitial water but supports
differential desorption from the sorbed phase. Therefore, reliance on the interstitial water con-
centrations for prediction of a toxic response would be an inappropriate assumption.

The basic purpose of the toxicity data was to find a no effect level for the added compounds
and to determine the toxicokinetics at the no effect level. Since even the lowest level of added
chiorinated hydrocarbons produced effects, the toxicokinetics data for the nonlabeled com-
pounds was that of organisms under stress. Uptake clearance for BaP, determined in the ab-
sence of added chlorinated hydrocarbons, was not different from that previously determined for
P. hoyi from sediment [23]. The uptake clearance for both BaP and 2244TCB in the absence of
added chlorinated hydrocarbons was about half that found in the presence of the lowest level of
added chlorinated hydrocarbons. The rate for the 22445SHCB at level one was not different
from previous determinations in the absence of added chlorinated hydrocarbons [5]. However,
the 224455HCB is not a very good compound for comparison of effects because the uptake
estimate had to be made from the first sample point due to the extreme variability in the analyti-
cal data. Therefore, the uptake clearances for these stressed organisms are apparently an esti-
mated factor of two greater than would be observed if no toxic effects occurred. Increased clear-
ances imply either some stimulation of the organism or increased bioavailability. Determining
which potential mechanism is responsible for the increases is not possible from the data. How-
ever, stimulation may be a reasonable mechanism because chlorinated hydrocarbons, particu-
larly the chlorinated pesticides, are known to enhance the firing rate of neurons, and animals
exhibiting toxic symptoms often show elevated activity levels [29]. Elevations in activity may
result in increased contact with fresh interstitial water and/or increased ingestion of contami-
nated particles that would yield increased clearances. The potential of enhanced bioavailability
as a mechanism for the increased clearances was not testable with the current data because of
the mortality at higher dose levels.

The absence of proportionality between the freely dissolved compound in the interstitial water
and the uptake clearance indicates that the accumulation of the compounds cannot occur
strictly as a result of accumulation from sediment interstitial water. These data support our
previous model of the accumulation of sediment-associated compounds by benthic organisms
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(Fig. 3) [5]. Accumulation of sediment-associated compounds is thought to occur from inges-
tion of contaminated particles and uptake of freely dissolved compound from the sediment in-
terstitial water. The sediment interstitial water pool of compound is perceived to be of limited
size and not well mixed; as a result the concentration of compounds in the interstitial water is
easily depleted by the organism. To the extent that the organism moves from one area of the
sediments to another, it should encounter fresh sediment interstitial water. However, the main
mechanism for maintaining the sediment interstitial water concentration is compound desorp-
tion from the particles and the dissolved organic matter pools. The particle pool is the largest,
on a mass basis, and should provide the greatest mass of compound. The particle pool is, how-
ever, thought to be divided into two subpools, a readily reversible pool and a slowly reversible
pool [30,31]. Previous data suggest that the material in the slowly reversible pool is biologically
unavailable [5] over the short time scales of laboratory experiments. Thus, the rate of desorp-
tion from the rapidly reversible pool will dictate the rate of supply to the interstitial water and
subsequently the rate of accumulation from the interstitial water by the biota. Accumulation
through ingestion will depend on the rate of particle ingestion, gut throughput, and assimila-
tion efficiency. Estimates for P. hoyi suggest that, for the more nonpolar compounds, the inges-
tion route could supply S0 to 100% of the accumulated dose, while the interstitial water is more
important for the more water-soluble compounds with approximately 10% from the ingested
sediments for compounds such as phenanthrene and anthracene [5].

If desorption rate is an important feature of sediment-associated compound accumulation by
benthos, the rate of accumulation (uptake clearance) should be proportional to sediment parti-
tioning within a compound class. This proportionality assumes that compounds within a class
associate with the same sites and bind with the same mechanism. Different classes of com-
pounds may have different binding mechanisms or binding sites for particles, and a relationship
with partitioning between classes may not hold. This difference between classes is suggested
from the clearance and partition data of BaP and 2244TCB in this work. Since partitioning is
strongly related to the nonpolar molecular character, there should be a relationship between
uptake clearance and the octanol-water partition coefficient (K,,,). The regression line for log
K, versus log K,,, for the chlorinated hydrocarbons confirms that the partitioning to sediments
for a single compound class should be proportional to the hydrophobicity of the molecules while
the desorption rate is inversely proportional to the hydrophobicity of the contaminants and is
driving the accumulation rate. The range of the data is still large and may reflect, in part,
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FIG. 3—Conceptual model of the sources of sediment-associated contaminants to benthic organisms.
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differences in binding among the different chlorinated hydrocarbons, some of which are alicy-
clic and some aromatic.

The result of these complex interactions between accumulation and the toxicokinetics of the
organisms results in a complex picture of the relative accumulation of compounds by P. hoyi as
represented by the BAF. The BAF was quite variable for compounds at any specific log X, .
This variability reflects the variability in the accumulation processes including desorption from
particles as well as the variability in the ability of the organism to eliminate compounds. The
end result of these interactions is a suggested peak in the BAF at approximately log X,,, of 6.
However, even at log K,,, of 6 the range in BAF for the chlorinated compounds was greater than
an order of magnitude. Some of this variability may have resulted from not attaining steady
state since the BAFs were determined after only 12-day exposure. Thus, compound concentra-
tions in the organism may have been at different fractions of steady state. Variability may also
have been enhanced because of the effects of the compounds on the organisms. This suggested
peak in BAF is similar to that found for oligochaetes feeding on both laboratory-dosed and
natural sediments [7,8].

In summary, toxicity of the chlorinated hydrocarbon mixture was high even at the lowest
concentration employed and resulted from the presence of the chlorinated pesticides, LIN and
DIEL. 1dentification of the pesticides as the most probable toxicants was based on the body
burden required to produce the toxicity and the independent experiments. In spite of the effects
at the lowest level of exposure, estimates of the chlorinated hydrocarbon uptake clearances were
obtained. These clearances were estimated to be about two times greater than would have oc-
curred at a no effect level based on the BaP and 2244TCB kinetics in the presence and absence
of the other added chlorinated hydrocarbons. The accumulation appeared to be driven by the
desorption rate of the compounds from sediment. For a single class of compounds within a
single sediment, the clearance is approximately inversely proportional to X,,,,. The K,,, repre-
sents the strength of binding to sediments and therefore the inverse of the desorption rate.
These data, in addition to that previously reported [5], indicate that the equilibrium partition-
ing approach to bioavailability of sediment-associated pollutants is inappropriate and the
bioavailability is likely driven by the desorption rate. Further, the BAF is a complex measure of
both sediment desorption, organism accumulation, and elimination and appears to result in an
apparent BAF maximum for chlorinated hydrocarbons at approximately a log K,,, of 6.
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