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Abstract- Amphipods, Diporeia sp., were exposed to a reference sediment dosed with two radio- 
labeled polycyclic aromatic hydrocarbons (PAHs) and sediments dosed with a mixture of PAHs at 
four concentrations: 21.4, 41.0, 119.6, and 327.0 nmol g-I dry sediment, as the molar sum of the 
PAH congeners. Diporeia sp. were sampled for mortality and toxicokinetics for up to 26 d. Signif- 
icant sediment avoidance was observed at the highest dose out to 6 d of exposure. The toxicity for 
the mixture was 38 * 3% after 19 d of exposure at the highest dose, 327 nmol g-I dry sediment as 
the molar sum of the PAHs. The measured organism concentration required to produce the mor- 
tality at day 19 was 2.9 pmol g-I as the sum of the bioaccumulated PAHs. The uptake clearance 
(g dry sediment g-' organism h-I) from sediments for the radiotracers increased with dose to an 
apparent plateau. Uptake clearance is the conditional constant relating the contaminant flux into 
the organism to the contaminant concentration in the referenced environmental compartment, in 
this case the sediment. This enhanced bioavailability with dose occurred even in the absence of overt 
effects and in the absence of changes in the measured partition coefficients for phenanthrene 
(273 + 98) and pyrene (540 + 212), between the freely dissolved radiotracers in interstitial water and 
the sediment particles. These changes in bioavailability with changes in PAH concentration suggest 
that predictions of bioaccumulation of PAH congeners from sediments under different field con- 
centration conditions will not be possible with standard partitioning relationships. 
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INTRODUCTION major factors that modify the toxicity and bioavail- 

contaminated sediments represent the legacy of ability of sediment-associated contaminants? 
past and current discharges of contaminants to our address some the questions, the 
freshwater and marine aquatic environments. The amphipod Diporeia sp. -the major Great Lakes 

extent of the problem is not yet completely de- benthic invertebrate on a mass basis [5] -was ex- 

fined, but highly contaminated sites have been re- posed to a range of laboratory-dosed sediments 

ported for both marine [I] and freshwater [2,3] containing a mixture of ~ o l ~ c ~ c l i c  aromatic hydro- 

systems. These contaminated sediments represent carbons (PAHs). The amphipod for 
a large potential source and in some cases the only these studies has previously been named Pan- 

apparent source of to the food ,-hain. toporeia hoyi; the change to Diporeia s ~ .  is recent 
Field studies have provided evidence that sediment- [61). High levels of PAHS have been reported in the 
associated contaminants are affecting portions of Great Lakes 171 and have been with a 
the ecosystem such as the benthic community high tumor incidence in bottom-dwelling fish [8,9]. 

structure in portions of the Great Lakes [4]. In spite metabolize PAHs [10,111 and high 

of this evidence, questions remain: what amount concentrations have been measured for Diporeia 

of sediment-associated contaminants are biologi- collected lakes Michigan and Erie [12,131, 

tally available? What levels of sediment-associated thus this amphipod may constitute a major vector 

contaminants produce intoxication? What are the for the transport of PAHs to fish. Exposure of 
Diporeia to PAHs dosed into sediments either as 

*To whom correspondence may be addressed. single compounds or in pairs at low concentrations 
GLERL Contribution No. 697. (0.001-2 nmol g-') indicated that the uptake was 
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apparently independent of the presence of other 
PAH or native contaminants and was inversely 
proportional to the log of the octanol-water 
partition coefficient (K,,) [14]. The objective of 
this study was to extend our understanding of the 
bioavailability of sediment-associated PAHs to 
benthos by (a) examining the uptake clearance of 
multiple PAH congeners exposed in a mixture, (b) 
examining the role of PAH sediment concentration 
on the uptake clearance, and (c) determining the 
toxicity of a mixture of PAHs by examining mor- 
tality and sediment avoidance. (Note: The uptake 
clearance is the conditional constant relating the 
contaminant flux into the organism to the contam- 
inant concentration in the referenced environmen- 
tal compartment, in this case the sediment.) 

MATERIALS AND METHODS 

Collection of environmental samples 

Diporeia were collected from Lake Michigan 
off Grand Haven, Michigan, at a depth of 24 m 
with a PONAR grab sampler. Diporeia collected 
from this site have very low background concentra- 
tions of PAH [13]. The Diporeia were gently re- 
moved from the sediment with a screen, placed in 
clean lake water, and kept cold with ice during 
transport to the laboratory. Diporeia were kept in 
aquaria containing about 2 to 3 cm of sediment 
and 7 to 10 cm of lake water at 4°C [lo]. 

Water used throughout the work was Lake 
Michigan surface water (collected about 1 m below 
the surface) and stored at 4°C. Lake Michigan sed- 
iment was obtained by PONAR grab approxi- 
mately 5 mi off Grand Haven, Michigan, at a 45-m 
depth. This sediment has somewhat higher back- 
ground concentrations of PAH than the site from 
which the Diporeia were collected; however, the 
organic carbon level is much higher, and thus the 
sediment would have a more consistent food sup- 
ply for the longer exposure [13]. The sediment was 
sieved at 1 mm to remove animals and large debris, 
and kept at 4OC. The sediment was characterized 
by wet sieving a subsample to determine the 
amount of material, on a dry weight basis, that 
passed an 88 pm sieve. The organic carbon content 
of both the whole sediment and the sieved fractions 
was determined by a wet oxidation method on an 
Oceanography International carbon analyzer [15]. 

Sediment dosing 

The sediment was dosed with two radioactive 
tracers, [I4C]phenanthrene (PHE, universally la- 
beled, specific activity 14 mCi mmol-') and [3H]- 
pyrene (PY, specific activity 34 Ci mmol-') and 

an additional nine nonlabeled PAHs: anthracene, 
fluorene, fluoranthene, chrysene, benzo[a]pyrene, 
benzo[e]pyrene, perylene, benzo[b]fluoranthene, 
and benzo[ghi] perylene. 

A PAH solution was prepared by dissolving 30 
mg of each of the nonlabeled compounds in 50 ml 
acetone. The appropriate amount of this mixture 
was added to make a dosing solution of 25 ml in 
an acetone carrier. The dosing solution was then 
added to approximately 3 L of a 1:4 sediment to 
water slurry (w:v) as follows: The 1 mm sieved sed- 
iment was thoroughly mixed. An amount of wet 
sediment corresponding to 600 g dry weight was 
placed in a 4-L beaker, and 2500 ml lake water was 
added. The following solutions were added drop- 
wise while the mixture was stirred vigorously at 
room temperature: 42:O p1 methanol containing 
[I4C]PHE (2.76 pCi/600 g dry sediment); 880 p1 
methanol containing [3H]PY (13.5 pCi/600 g dry 
sediment); and 25 ml acetone containing the appro- 
priate amount of the above PAH solution for each 
contaminant level. The amount of acetone and 
methanol carriers added to each sediment was held 
constant. The sediment containing only the radio- 
labeled compounds was also dosed with the same 
amount of carrier solvent as those containing the 
nonlabeled PAHs. The mixture was stirred at room 
temperature for 4 h and kept at 4°C thereafter. 
The small amount of water-soluble carrier should 
have only a minimal effect on the PAHs partition- 
ing to the sediments [16]. 

The nonlabeled compounds were tested at four 
different dose levels (Table 1) with the radiotracers 
added at the same concentration for each dose 
level: 0.13 * 0.02 nmol g-' for PHE and 0.25 + 
0.01 pmol g-' for PY. The reference sediment 
concentration contained the same amount of radio- 
tracers as did all the other dose levels, but con- 
tained only the natural background concentrations 
of the nonlabeled PAHs (Table 1). 

Experimental procedure 
Two days after the sediment was dosed, the 

overlying water, containing most of the acetone 
and methanol carriers, was decanted. The sediment 
was stirred for homogeneity, and 45 g of wet sed- 
iment was transferred to 400-ml beakers. The 
amount of acetone (<1.6 pl ml-') and methanol 
(<0.01 p1 ml-I) remaining was not expected to af- 
fect the toxicokinetics, based on previous studies 
investigating the role of cosolvents on uptake ki- 
netics [17]. The estimate of the amount of carrier 
assumes that 80% of the water was decanted, that 
there was no loss due to volatilization, and that the 
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Table 1. Concentration of PAHs (nmol g-') in exposure sediment 

Dose level 

P AH log KOwa Ob 1 2 3 4 Vo Recoveryc 

Fluorene 4.18 ND 2.1 5.7 16 39.3 28.7 
Phenanthrene 4.57 0.13 0.13 0.13 0.13 0.13 6 1 
Anthracene 4.54 ND 2.4 5.6 15.4 47.7 31.6 
Fluoranthene 5.2 ND 2.2 4.8 13.9 39.2 31.8 
Pyrened 5.2 0.25 0.25 0.25 0.25 0.25 38 
Chrysene 5.79 ND 2.0 4.6 12 34.2 33.6 
Benzo [ b ]  fluoranthene 5.9ge 0.11 2.0 3.5 10.9 29.5 32.4 
Benzo [el pyrene 5.98e 0.32 2.3 3.9 12.7 31.3 37.4 
Benzo [ a ]  pyrene 5.98 0.18 2.1 3.8 11.4 32.1 34.8 
Perylene 6.5 0.15 4.4 6.2 18.1 50.8 45 
Benzo [gh i ]  perylene 7.1 ND 1.8 2.8 9.1 22.8 30.8 

Total PAHs 0.89 21.4 41.0 119.6 327 

ND = not detected. 
aFrom Miller et al. [32]. 
bReference Sediment only radiotracers added to sediment. 
CMean recoveries of PAHs for all dose levels based on expected nominal concentrations dosed to the sediments. 
dConcentration in pmol g-I. 
'Log KO, estimated from a regression of molecular weight vs. log KO,. 

carriers dispersed into the fresh overlying water. 
The following samples were taken in triplicate 
from each dose level at the beginning, middle, and 
end of the sediment distribution to the exposure 
beakers: 2 g sediment for analysis of nonlabeled 
PAHs by gas chromatography (GC); 2 g sediment 
for wet and dry weight determination; and 5 g sed- 
iment desiccated with sodium sulfate, extracted 
with ethyl acetate, and counted for radioisotope 
activity. Lake water (250 ml) was then carefully 
added to each beaker with minimal sediment dis- 
turbance. On the following day (3 d after dosing 
the sediment), an initial water sample was taken 
and 20 test organisms were added to each beaker. 

Groups of 20 Diporeia were exposed to each 
sediment dose in triplicate for each sample point: 
3, 6, 12, 19, and 26 d. Thus, the total number of 
beakers was 15 per dose level. Two additional bea- 
kers at each concentration, containing no organ- 
isms, were sampled on day 15 for measurement of 
the radiotracer concentration in sediment intersti- 
tial water. 

The distribution of the radiolabeled compounds 
in the overlying water was determined from an ini- 
tial water sample of 25 ml, taken in duplicate from 
each dose level: 2 ml was counted for total activ- 
ity, 20 ml was filtered to determine particle-bound 
contaminant (with a back-up filter to correct for 
sorption), and 2 ml of filtrate was counted. Fifteen 

milliliters of filtrate was run through a C-18 Sep 
Pak (Waters Associates). The Sep-Pak was subse- 
quently eluted with 3 ml of methanol, which was 
counted to determine the amount of freely dis- 
solved compound in the water column [18,19]. 

Three beakers from each dose level were sam- 
pled at random at each time point (3, 6, 12, 19, 
26 d) to obtain the following: 

Overlying water-Total, free, and bound radio- 
isotope activity, as described above, and oxygen 
concentration [20] were measured. 
Test organisms - The number of Diporeia in over- 
lying water was recorded to check for sediment- 
avoidance behavior. The number of surviving 
Diporeia was recorded for toxicity determina- 
tions. The radioisotope concentration of two in- 
dividuals (wet weight basis) was measured for 
toxicokinetics. The individual lipid content of 
two organisms was determined by microgravi- 
metric analysis [21]. The remaining live organ- 
isms were combined, weighed, and extracted by 
homogenizing in a tissue grinder with methylene 
chloride for determination of their PAH content 
by gas chromatography. 
Sediment-A subsample was taken for wet and 
dry weight. A second subsarnple was taken for 
later extraction and PAH determination via gas 
chromatography. A third subsample was desic- 
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cated with anhydrous sodium sulfate and ex- 
tracted with ethyl acetate, and the radioisotope 
activity was determined. 
Pore water-On day 15, the overlying water was 
removed by aspiration from beakers containing 
no organisms. The sediment was transferred to 
centrifuge tubes and centrifuged at approxi- 
mately 1,000 g for 10 min. The total, free, and 
bound concentration of the two radioisotopes 
was determined for the resulting pore water as 
described above for the overlying water. 

Partition coefficients 

The partition coefficients were determined as 
the ratio of the PAH congener concentration on 
the sediment particles divided by the "freely dis- 
solved" PAH congener concentration in the inter- 
stitial water. The freely dissolved concentration 
could be measured only for the radiolabeled com- 
pounds. The freely dissolved concentration was de- 
termined in a manner similar to a previous study 
that examined the distribution of compounds be- 
tween suspended particles, dissolved organic car- 
bon, and freely dissolved fractions [22]. The freely 
dissolved concentration is determined as the sum of 
twice the compound that sorbed to the back-up fil- 
ter, which accounts for fiter sorption when remov- 
ing the suspended particles from the interstitial 
water, divided by the total volume of interstitial 
water filtered plus the difference in the concentra- 
tions of the filtrate and the concentration of bound 
compound determined after passing the filtrate 
through a Sep Pak [18]. The freely dissolved con- 
centration is an operationally defined value and an 
estimate of the truly dissolved compound. 

Analyses 

Approximately 2 g (dry) of sediments was soxh- 
let-extracted for 4 h in methanol; 200 ml methylene 
chloride was then added and extraction continued 
overnight. The extracted specimens, sediments, 
and Diporeia were washed twice with an equal 
amount of hexane-extracted distilled water. The 
washed extract was rotary-evaporated to a few mil- 
liliters, and 50 ml of pentane was added. The sam- 
ple was further concentrated to approximately 1 ml 
on the rotary evaporator. The extract, now in pen- 
tane, was introduced to an activated silica gel col- 
umn (12 x 1 cm), and the saturated hydrocarbons 
were eluted with 12 ml of pentane. The PAHs were 
eluted with 12 ml of pentane:methylene chloride 
(5:l). The PAH sample was rotary evaporated to 
approximately 1 ml, and approximately 2 ml of 
hexane was added. The resultant mixture was then 

evaporated to 1 ml under a gentle stream of nitro- 
gen for gas chromatographic analysis. Extraction 
yields were calculated by using the [14C]- and 
[3H]-labeled PAHs. (Extraction recoveries for the 
various PAHs were fluorene, 94%; anthracene, 
100%; fluoranthene, 101 %; chrysene, 103%; 
benzo[b] fluoranthene, 102%; benzo[e]pyrene, 
92%; benzo[a]pyrene, 94%; perylene, 96%; and 
benzo[ghi]perylene, 116%; based on a spiked 
sample.) 

Gas chromatographic analysis was performed 
on an HP 5880 gas chromatograph equipped with 
automated dual injection ports (280°C) and two 
HNU Model PI-52 photoionization detectors (10.2 
eV lamps at 280°C). The capillary columns were 
25-m BP-1 and BP-5. The samples were run from 
120 to 270°C at 4"C/min. Carrier (H,) flow was 
approximately 1 ml/min. Compound identification 
required that retention times on both columns be 
within 0.5% of standard runs for the same day. A 
program was developed for this instrument that 
used both peak area and height to calculate final 
concentrations. 

Radioactivity was measured with 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. 

Statistics 

Student's t test was used when comparing 
means or slopes of regression lines. Differences be- 
tween means and slopes were considered significant 
when p < 0.05. Probit analyses for biological dose 
response were calculated using the probit routine 
in SAS@ [23]. 

RESULTS 

Sediment characteristics 

The bulk dry sediments had an organic carbon 
content of 1.0 k 0.2%. The ash-free dry weight 
was 1.9 + 0.2% of the dry weight. Slightly greater 
than half of the sediment mass (56.4%), on a dry- 
weight basis, passed through an 88-pm screen, 
while 43.6% was retained by the 88-pm screen. The 
organic carbon content of the fractions was 0.26 + 
0.06% for >88 pm and 2.1 + 0.3% for c88  pm 
fraction. 

The homogeneity of the mixed sediments was 
assessed by analyzing the radiotracers in samples 
taken at the beginning, middle, and end of the sed- 
iment distribution to the exposure beakers. The 
coefficients of variation were low: 4.7 _+ 2.1% 
(mean + 1 SD) for the PHE and 4.8 + 2.6% for the 
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PY at the various dose levels, The low coefficients 
of variation suggest that the sediment was homo- 
geneously dosed on a bulk sediment basis. 

Based on the amount of compound dosed to 
the sediment slurry, only 61 k 8% of the PHE and 
38 k 1.8% of the PY sorbed onto the sediment. 
The amount sorbed for the nonlabeled PAHs was 
similar to that of the PY, based on the amount 
dosed to the sediments (Table 1). The modest sorp- 
tion of PHE to the sediment is similar to that in 
previous studies [14] and is likely due in part to the 
decanting of the overlying water and the loss of 
some of the fine material and PHE associated with 
it. The reason for the lower amount of PY sorbed 
to the sediment is not clear, because previous stud- 
ies that dosed PY into sediments resulted in much 
higher sorption [14]. The amount of carrier re- 
quired to produce the dosed sediments may have 
been sufficient to increase the solubility of the 
PAHs, resulting in greater amounts of PAHs de- 
canted with the overlying water. Reductions in the 
partitioning of organic contaminants to soils have 
been found when the amount of cosolvent was at 
concentrations of a few percent or greater [16]. 
Why there should have been a difference between 
PHE and all the other PAH congeners in the extent 
of partitioning to the sediment is not clear. (Note: 
The uptake kinetic and LC50 values were calcu- 
lated from the measured sediment values. Thus, the 
failure of the PAHs to sorb to the sediments as ex- 
pected would not affect our results or conclusions.) 

The measured radiotracer concentrations in the 
sediments were generally not statistically different 
between the initial measurement at day 0 and day 
26 except at the highest dose, where PY concentra- 
tion decreased approximately 12% and PHE de- 
creased approximately 20%. Such differences were 
not observed for the concentrations of the nonla- 
beled compounds. This may have been due in part 
to different extraction procedures for the two types 
of samples. The coefficient of variation for the 
sediment analyses was 23 k 7% across the range of 
compounds; the coefficient of variation for the 
animals was similar among compounds and among 
dose levels: 14.9 * 10.4% except for the lowest 
dose, level 1, where the coefficient of variation was 
28.4 k 24%. 

The partition coefficients, ratio of the concen- 
tration on the sediment particles divided by the 
freely dissolved concentration in the interstitial wa- 
ter for the radiolabeled PAH congeners, were mea- 
sured at each dose level on day 15 of the exposure, 
and were nearly constant across dose levels. How- 
ever, the partition coefficient for PHE at higher 

Table 2. Partitioning between the interstitial water 
and the sediment particles for phenanthrene and 

pyrene on day 15 of exposure 

PAH concentration 
(nmol g-') KO (PHE) KD (PY) 

0.88 (reference sediment) 317 420 
21.3 374 454 
41.1 338 42 1 

119.5 162 487 
327 175 916 

concentrations of total PAHs declined while PY in- 
creased at the highest total PAH concentration 
(Table 2). The partition coefficient between sedi- 
ment interstitial water and the sediment particles 
for benzo[a]pyrene determined under similar con- 
ditions was 378 _+ 18 1241. Thus, the partition co- 
efficients between sediment interstitial water and 
sediment particles were similar among the PAHs 
for 15-d adsorption and do not exhibit a regular re- 
lationship with the hydrophobicity, as represented 
by the compounds' octanol-water partition coeffi- 
cient (KO, ) . 

The concentration of oxygen averaged 8.4 k 1.2 
pg ml-' at day 3 of exposure and 8.02 _+ 0.88 pg 
ml-' at day 19. The amount of radiotracer in the 
overlying water was only about twice background, 
and more than 95% of both PY and PHE were as- 
sociated with particles and dissolved organic mat- 
ter. Although even a small amount of dissolved 
material might greatly influence the accumulation 
of a contaminant based on the previously deter- 
mined water uptake clearances [ll], previous stud- 
ies with dosed sediments have shown that overlying 
water is unimportant when the contaminant is 
sorbed to sediment for laboratory exposures [14]. 

Bioaccurnulation 

The measured concentration of PAHs in Di- 
poreia generally increased with increasing sediment 
dose and exposure time (Table 3). Perylene and the 
benzo[ghi]perylene concentrations were very in- 
consistent in the organisms. Their apparent ab- 
sence in several cases and the inconsistent 
concentrations, when the concentration of the 
other nonpolar compounds such as benzo[a]pyrene 
(BaP) were very consistent, suggested that the 
peaks detected by gas chromatography may con- 
tain co-eluting interferences. These two com- 
pounds are eliminated from further discussion, as 



it is not clear whether they were biologically avail- 
able from sediments. 

In addition to the general increase in total or- 
ganism PAH concentrations with increasing length 
of exposure, the relative concentrations of the 
more lipophilic components -compounds with the 
larger log Kow's (Table 1) -increased in compari- 
son to the less lipophilic components (Table 3). 
This change in relative concentrations of PAH 
congeners occurs because (a) the more water- 
soluble/less lipophilic contaminants become less bi- 
ologically available more rapidly than the less 
water-soluble/more lipophilic compounds [14], 
and (b) the more water-soluble congeners are more 
rapidly eliminated by the Diporeia than the less 
water-soluble compounds [l 11. The change in bio- 
availability occurs in spite of the essentially con- 
stant chemically measured concentrations in the 
sediments. 

The bioavailability of the PAHs from sediment 
was determined as the uptake clearance (previously 
defined) of the PAH by Diporeia from sediment. 
The uptake clearance was calculated using the fol- 
lowing general model: 

where K, is the uptake clearance (g dry sediment 
g-' organism h-'), C, is the concentration in the 
sediment (nmol g-' dry sediment), X is the rate 
constant (h-') for reduction in the bioavailable 
concentration of the specific PAH congener [14], 
Kd is the depuration rate constant (h-I), and Ca is 
the concentration in the animal (nmol g-I). For 
some of the congeners, the Kd value had not pre- 
viously been determined and was estimated from a 
regression between Kd and log KO, [ l l] .  The data 
for compounds with a log KO, < 5 were fit to the 
integrated form of Equation 1 using NLIN [24] 
and the average depuration rate constant [l 11 sup- 
plied. For compounds with a log KO, > 5 the 
model could be simplified to a one- or two- 
compartment donor-dependent model with X equal 
to zero [14]. 

The K, values for the radiotracers, PHE and 
PY, at the reference concentration (Table 4) were 
similar to those previously determined [14]. As the 
concentration of the total PAHs added to the sed- 
iment increased, the K, values increased to an ap- 
parent plateau for both PHE and PY (Fig. 1). The 
K, values for the highest dose were somewhat 
lower (but not statistically lower) than those for the 
next lower dose. Similar changes in the K, values 

Table 3. The concentrations of PAHs in Pontoporeia hoyi (nmol g-') 

Dose Time 
level (d) Flu Ant Fla Chry BbFl BeP BaP Per BghiPer 

1 3 8.9 7.3 6.7 3.7 1.3 2.5 3.0 3.1 2.1 
1 6 12 12 11 ND ND 6.4 8.2 1.8 5.9 
1 12 11 14 14 6.0 ND 4.2 7.9 0.6 3.1 
1 19 7.3 9.4 15 8.0 7.2 3.9 8.3 ND 3.9 
1 26 7.9 11 25 8.9 8.5 7.4 4.8 10 5.7 
2 3 49 42 35 10 ND 10 5.9 ND 8.4 
2 6 57 67 62 20 2 1 20 20 ND 10 
2 12 44 6 1 81 30 20 22 18 ND 6.3 
2 19 40 48 70 29 22 23 13 ND ND 
2 26 28 45 74 40 25 28 19 ND 25 
3 3 116 115 119 19 16 14 10 22 5.5 
3 6 149 163 175 35 44 42 32 92 ND 
3 12 119 177 213 59 74 64 58 101 15 
3 19 99 205 361 8 1 72 77 53 ND ND 
3 26 68 153 327 93 84 102 82 101 ND 
4 3 614 383 628 62 107 101 94 66 47 
4 6 577 426 707 77 126 92 100 ND 51 
4 12 607 474 891 105 184 141 152 93 128 
4 19 446 459 1,300 116 255 205 204 ND ND 
4 26a 7 1 92 158 33 12 41 42 5.7 8.7 

ND = not detected. Fluorene (Flu), Anthracene (Ant), Fluoranthene (Fla), Chrysene (Chry), Benzo [b ]  fluoranthene 
(BbFI), Benzo [el pyrene (BeP), Benzo [ a ]  pyrene (BaP), Perylene (Per), and Benzo [ghi] perylene (BghiPer). 

=The low values for level 4 on day 26 reflect a recovery problem for this sample. 
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Fig. 1. Uptake clearance of phenanthrene (A) and pyrene 
(B) by Diporeia as a function of the total concentration 
of PAHs in the sediment. 

with PAH sediment concentrations were observed 
for the nonlabeled compounds. Within a fixed sed- 
iment concentration, the log K, values were in- 
versely proportional to the log KO, values (Fig. 2). 
The slopes of the regression lines for the various 
dose levels were not significantly different. Regres- 
sion coefficients for the higher concentrations were 
lower than those previously determined at low 
PAH concentrations and generally reflect the 
added variability of the gas chromatographic anal- 
ysis compared to radiotracer analysis (Fig. 2). 

Toxicity 
The PAH toxicity was detected in two ways: 

sediment avoidance and mortality. Sediment avoid- 
ance was observed only early in the experiment, 
with 17 ~f: 8% avoidance observed at 72 h and 17 + 
10% avoidance observed at 144 h for the highest 
sediment dose, 327 nmol g-' dry sediment as the 
sum of molar concentrations. After 144 h, the 
number of Diporeia found above the sediment sur- 
face ranged from 0 to 4 with most of the samples 
in the 0 to 2 range (Table 5). Although there were 
consistently more animals avoiding the sediment at 
the highest dose, the mean was not statistically dif- 
ferent from the reference sediment, level 0, which 
was generally zero avoidance during the later por- 
tions of the experiment (Table 5). 

Table 4. Uptake clearance (K , )  values for PAH congeners at several dose levels 

PAH congener 

K, (g dry sediment g-I h-I) 
Dose level 

oa 1 2 3 4 

Fluorene ND 0.077 0.152 0.137 0.27 
(0.014)b (0.028) (0.017) (0.06) 

Phenanthrene 0.051 0.139 0.137 0.233 0.189 
(0.004) (0.01 1) (0.017) (0.023) (0.029) 

Anthracene ND 0.057 0.139 0.112 0.12 
(0.009) (0.019) (0.013) (0.023) 

Fluoranthene ND 0.036 0.165 0.112 0.205 
(0.012) (0.01) (0.03) (0.07) 

Pyrene 0.019 0.045 0.048 0.098 0.079 
(0.002) (0.006) (0.006) (0.014) (0.014) 

Chrysene ND 0.023 0.037 0.023 0.03 
(0.007) (0.001) (O.OOO5) (0.005) 

Benzo [ b] fluoranthene ND 0.0113 0.117 0.0322 0.042 
(0.002) (0.089) (0.003) (0.01 1) 

Benzo [el pyrene ND 0.0021 0.0069 0.0094 0.0093 
(0.0018) (0.002) (0.002) (0.002) 

Benzo [a] pyrene ND ND 0.0051 0.0093 0.0094 
(0.002) (0.002) (0.001) 

aReference concentration-only radiotracers added to the sediment. 
bNumbers in parentheses represent the standard error of the regression fit for the data to the appropriate kinetic model. 
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Fig. 2. Log of the uptake clearance at the various dose 
levels as a function of log KO,. The level zero was taken 
from Landrum [14] (log K, = -0.48 + 0.04 log KO, + 
0.59 + 0.21; r Z  = 0.90, n = 19). The range for the slopes 
at the higher doses was -0.58 to -0.68, and the inter- 
cepts ranged from 1.77 to 2.39 with r 2  values ranging 
from 0.70 to 0.77. 

The mortality estimates were determined in sev- 
eral ways, based on concentration in the sediments, 
the time required to produce mortality at the high- 
est dose, and the concentration of PAHs in the or- 
ganisms measured at day 26. Whereas the mortality 
at the highest dose, 327 nmol g-' dry sediment, 
averaged 38 and 28070, respectively, on days 19 and 
26, it is useful to estimate an LC50 for compara- 

tive purposes (Table 5). The LC50 at day 26 was 
estimated to be 601 (389-1,739, 95% C.I.) nmol 
g-' dry sediment as the molar sum of the added 
PAH. 

The cumulative concentration in Diporeia re- 
quired to elicit 38 + 3% mortality at day 19 was 
2.9 nmol PAH g-' organism measured as the sum 
of the molar concentrations of the individual PAH 
(Table 3). A 26-d LC50 can be estimated from the 
measured PAH concentrations in Diporeia by 
probit analysis if the concentration at day 19 is 
used for the highest PAH dose, because calculated 
concentrations from the gas chromatographic anal- 
ysis of the day 26 sample were anomalously low, 
presumably due to a low recovery for this sample. 
Substituting the concentrations on day 19 for those 
on day 26 for the highest dose may not be too un- 
reasonable, because the concentrations in the or- 
ganisms did not change much between 19 and 26 d 
at the next lower concentration that exhibited sim- 
ilar accumulation kinetics to the highest concentra- 
tion. Again, the concentrations of perylene or 
benzo[ghi]perylene in Diporeia were not included 
for reasons described above. With these restric- 
tions, the estimated 26-d LD5O-the cumulative 
concentration in the organisms for 50% mortal- 
ity-was 6.1 (3.7-21.3, 95% C.I.) pmol g-' or- 
ganism. This estimate is useful for comparative 
purposes, but must be considered no more than an 
estimate because the total toxicity did not exceed 

Table 5. Toxic response of Diporeia sp. to PAHs in sediments as sediment avoidance and mortality 

Sediment avoidance Number surviving of 20 
Dose level Dose level 

Exposure 
(days)= 0 1 2 3 4 0 1 2 3 4 

3-A 0 0 5 0 5 20 18 18 20 18 
3-B 1 0 1 2 2 20 19 19 19 20 
3-C 1 0 0 1 3 20 20 18 19 19 
6-A 0 1 0 2 5 17 20 20 20 38b 
6-B 0 0 1 3 1 19 19 19 20 19 
6-C 1 0 0 1 4 17 19 18 19 19 

12-A 0 1 1 4 0 18 19 20 18 20 
12-B 0 0 2 0 1 17 19 18 18 17 
12-C 2 0 0 1 2 18 20 20 19 17 
19-A 0 0 1 0 1 17 19 17 17 12 
19-B 0 0 0 0 0 19 17 19 19 13 
19-C 0 0 0 0 2 17 19 20 20 12 
26-A 0 0 2 0 3 18 18 20 15 13 
26-B 0 0 0 0 0 19 18 20 19 14 
26-C 0 0 0 0 2 2 1 18 20 19 16 

=The letters A-C associated with the exposure times indicate the various replicates taken. 
b40 animals (2 x 20) were inadvertently added to this replicate. 



Toxicokinetics and toxicity of sediment-sorbed PAHs 43 

50% mortality and the concentration in the organ- 
isms for the highest dose had to be estimated due 
to analytical problems. 

DISCUSSION 

Homogeneous doses were necessary to ensure 
that exposures were uniform. The small coefficients 
of variation for the initial PHE and PY concentra- 
tions suggest that the doses were homogeneous on 
a bulk sediment basis at the beginning of the exper- 
iment. The absence of apparent concentration 
changes between day 0 and day 26 for most dose 
levels suggests that the exposures, as measured 
chemically, remained fairly constant over the 
course of the studies. Further, the excellent concen- 
tration comparisons between the beginning and the 
end of the experiment are further support that the 
sediment was homogeneously dosed on a bulk sed- 
iment basis. 

Calculation of a bioaccumulation factor (BAF) 
(concentration in the organism divided by the con- 
centration in the sediment) after 26-d exposure re- 
sults in a range generally higher than that found in 
the field [12] for the same PAH congeners, except 
for BaP (Table 6). The PHE and PY at level zero 
were lower by approximately a factor of three than 
the values for the remainder of the dataset and 
generally were closer to those values found under 
field conditions. This may reflect the generally 
lower concentrations in the sediments from the 
field collections of Diporeia compared to the ex- 
perimental conditions, parts per billion in the field 

Table 6. Bioaccumulation factors for Diporeia 
exposed to PAH-contaminated sediments 

Compound This study at 26 da Fieldb 

Fluoranthene 11 -23 1.5 
Chrysene 4.4 - 7.7 1.2 
Benzo [ a ]  pyrene 2.3 - 6.9 2.3 
Phenanthrene 

No added PAHc 3.4 + 0.3 3.3 
Added PAHd 7.0 - 26.9 

Pyrene 
No added PAHc 5.1 + 0.8 2.5 
Added PAHd 13.1 - 28.6 

aOmits the highest dose for all the PAH congeners mea- 
sured by gas chromatography due to analytical 
difficulties. 
bFrom Eadie et al. [13]. 
%edirnents dosed only with the radiotracers, only one 
sediment with three replicates. 
dSediments dosed with the radiotracers and various 
levels of nonlabeled PAHs. 

samples versus parts per million in the sediments 
with nonlabeled PAHs, or the fact that these are 
mean values for organisms collected from a wide 
range of sediment types [12]. Differences between 
BAFs calculated from field results and BAFs cal- 
culated from sediments containing the nonlabeled 
PAHs might also occur, in part, because steady 
state had not necessarily been achieved, particu- 
larly for the field results in which changing envi- 
ronmental and physiological conditions altered the 
toxicokinetics [ll]. The similarity of the PY and 
PHE, in the absence of nonlabeled PAHs, to the 
field data suggests that the kinetics in the field are 
similar to the kinetics measured in the laboratory 
at concentrations similar to those in the environ- 
ment. This finding suggests that predictions at high 
concentrations cannot be made from kinetics mea- 
sured at low concentrations. 

In previous studies performed at lower con- 
centrations and in simpler mixtures, the uptake 
clearance appeared to be independent of the con- 
centration of other contaminants [14]. Thus, the 
increase in the uptake clearances with increasing 
PAH concentrations was unexpected. The increase 
occurred even in the absence of any apparent toxic 
effects for the mixture as measured by either mor- 
tality or sediment avoidance, e.g., the difference in 
the kinetics between level 0 and level 1 (Table 4). 
The reason for this increase is not clear but may be 
due to sublethal effects even at the lowest dose of 
the nonlabeled mixture, increasing the overall ac- 
tivity of the organism, including increased respira- 
tion, ingestion, and movement through the 
sediment. A similar change in uptake clearances of 
chlorinated hydrocarbons was observed with Di- 
poreia. However, for the chlorinated hydrocarbon 
mixture, acute mortality was observed [22]; thus, 
the changes in the uptake clearances were attrib- 
uted to the changes in the physiological state of the 
organisms. 

At each specific PAH concentration, the uptake 
clearances were inversely proportional to the log 
KO,. Because the slopes of the regression lines 
were not significantly different (Fig. 2), the mech- 
anisms for accumulation of these contaminants 
from sediment at the different concentrations are 
assumed to be via the same routes. Therefore, 
changes in the observed uptake clearances between 
doses may result from changes in the fraction of 
the total dose that is bioavailable. This apparent 
change in bioavailability occurs despite an appar- 
ently constant partition coefficient between the in- 
terstitial water and sediment particles. 

A recent mechanistic simulation model suggests 



that one of the important variables affecting the 
accumulation of sediment-sorbed contaminants, 
other than ingestion of contaminated matter and 
desorption of contaminants from sediment parti- 
cles, is the volume of interstitial water that benthic 
organisms contact [25]. Because desorption is very 
slow, organisms rapidly deplete the interstitial wa- 
ter in their immediate vicinity of dissolved contam- 
inant; subsequently, the rate of uptake from the 
interstitial water becomes dependent on the rate of 
desorption from sediment particles. However, if 
the organism moves to new patches of interstitial 
water that are in equilibrium with the sediment 
particles, uptake can be enhanced because the dis- 
solved compound is readily available. As a result, 
increasing the movement of organisms through the 
sediment should increase the rate of accumulation. 
This behavioral process would yield increased up- 
take clearances without requiring any change in the 
partitioning between sediments and interstitial wa- 
ter. Further, as the organisms become intoxicated, 
movement would be expected to decline, resulting 
in lower uptake clearances as is observed for the 
highest dose. 

A second explanation for the enhanced bio- 
availability with increasing PAH dose may be the 
binding of contaminants to different sites on the 
sediment particles. Multiple binding sites of differ- 
ent affinities for the PAH may exist. If a set of 
higher affinity, less bioavailable, sites is available 
but limited in number, then, at lower concentra- 
tions, a larger fraction of the PAHs would be less 
available. This explanation could account in part 
for the changes in uptake clearances with changes 
in concentration, but such a speculative explana- 
tion would seem to require a change in the mea- 
sured partition coefficient to lower values at higher 
concentrations. The partition coefficient for PHE 
did seem to decline slightly at the higher concentra- 
tions, but that for PY did not; nor was the relative 
decline of the same magnitude as the relative in- 
creased uptake clearance. Thus, this speculative ex- 
planation requires more supporting data before it 
can be seriously considered. 

It is not possible from this dataset to define the 
mechanism for the apparent enhanced bioavailabil- 
ity. However, the hypothesis that the organisms' 
physiology is changing is more plausible than that 
the binding sites are different, particularly as the 
partition coefficients do not change markedly 
among the different sediment doses. Improving 
our understanding of this issue will require im- 
proved data on the ingestion and assimilation ef- 

ficiency of particulate-associated contaminants, the 
desorption rates from sediment particles, and the 
behavior of organisms in the sediment matrix. 

The observed avoidance of the sediments, al- 
though small at the doses tested, was much greater 
than that observed for exposure to a chlorinated 
hydrocarbon mixture that produced a much greater 
level of mortality [22]. Perhaps the organisms can 
sense the PAHs but not the chlorinated hydrocar- 
bons. Whereas more organisms were generally 
found above the sediment at the highest concentra- 
tion, even though the number was not statistically 
significant compared to the reference sediment at 
the later parts of the experiment, the decline in the 
number of Diporeia found above the sediment with 
increased exposure suggests that Diporeia cannot 
completely avoid contact with undesirable sedi- 
ments if no alternative sediment is available. 

The oxygen concentrations in the exposure bea- 
kers were relatively high and remained at 61 to 
65% of saturation. Thus, the observed mortality 
was not a result of low oxygen in the exposure 
chambers. The toxicity of the PAH mixture re- 
quired relatively high sediment concentrations, sug- 
gesting that the PAH bioavailability was relatively 
low. The most likely mechanism for toxicity was 
nonpolar narcosis, supported by the high organism 
PAH concentration required to produce mortality 
(2.9 nmol g-' for 38% mortality at day 19). Be- 
cause the organisms were continuously exposed, 
the dose to Diporeia accumulated over the entire 
exposure period. Therefore, the use of the concen- 
tration in the organism at the end of the exposure 
as the total dose to the organism will be an upper 
limit of the dose required to produce the toxic 
effect. 

The cumulative concentration estimated to 
achieve 50% mortality was similar to that sug- 
gested by McCarty [26], as required for an acute 
toxic response by the nonpolar narcotic action of 
organic compounds in fathead minnows. McCarty's 
data are all single-compound values; the Diporeia 
concentrations are the sum of the molar concen- 
trations in the organisms. Although comparisons 
of concentrations required to produce mortality 
may vary due to species sensitivity, the similarities 
between the levels help support the concept that the 
observed toxic effect results from nonpolar nar- 
cosis. It is interesting to note that the lipid con- 
tent for fathead minnows, the organism used for 
McCarty's work, is in the range of 7 to 15% of dry 
weight [27-301, only about a factor of 2 lower than 
the range for Diporeia [21]. Thus, storage of the 
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contaminants in lipid pools should not be radically 
different, and should result in similar concentra- 
tions available at the receptor to produce effects. 

The comparison between the single-compound 
concentration required to produce 50% mortality 
and that of the sum of the molar concentrations re- 
quired to produce mortality for the mixture sug- 
gests that, for toxicity measured as 26-d mortality, 
the PAHs are approximately additive with no overt 
evidence of synergism or antagonism. The sugges- 
tion of additivity can be further supported by the 
measured PY LD50 at 31-d exposure for Diporeia 
of 5.8 pmol g-" organism (4.3-36.8, 95% C.I.; P. 
Landrum, unpublished data). Thus, the same mo- 
lar concentrations for a single congener and the 
mixture were required to produce mortality with 
approximately the same duration of exposure. 

CONCLUSION 

High sediment concentrations of total PAHs in 
the range of 100 pg g-' dry sediment are required 
to produce mortality in 26 d. Such levels occur in 
rivers and embayments where PAH discharges 
have occurred [3 11 but are not generally found in 
the open water sediments of the Great Lakes- the 
habitat of Diporeia (sp) 16,311. Further, the amount 
of accumulated PAHs in Diporeia for mortality 
suggests that the PAHs are acting as a nonpolar 
narcotic. The PAH action appears to be additive, 
but this will require further testing for confirma- 
tion. The rate of PAH accumulation is dependent 
on the concentration of PAHs in the sediment and 
is not predictable through measured partitioning 
between interstitial water and sediment particles. 
The BAFs estimated from 26-d exposures were 
generally greater than those found in the field sam- 
ples, except for the exposures in which only radio- 
tracers were added to sediments. The elevated BAF 
values may result in part from excitatory effects of 
the PAHs on the organisms enhancing the accumu- 
lation. The partition coefficients measured between 
the sediment particles and the interstitial water did 
not change markedly among the doses, further sug- 
gesting that changes in organism behavior may be 
responsible for the observed changes in bioavail- 
ability. These behavioral changes may be from in- 
creased ingestion or contact with larger than 
expected quantities of interstitial water. However, 
additional research will be required to elucidate the 
mechanism, whether physical or biological, respon- 
sible for the increased bioavailability with increas- 
ing PAH concentration. 
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