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ABSTRACT: Bioaccumulation of polycyclic aromatic hydrocarbons (PAHs) from field-contaminated
sediments by 2 infaunal invertebrates, Rhepoxynius abronius (a non-deposit feeding amphipod) and
Armandia brevis {a non-selective, deposit-feeding polychaete), was examined. Sediments were
selected over a large geographical area of the Hudson-Raritan estuary (New York, USA) to assess the
potential for bioaccumulation from a typical urban estuary. Assessment of bicaccumulation in these
invertebrates is important because of the need to understand their health and role in ecosystem func-
tioning and because they are vectors of sediment-associated contaminants to demersal fish. Our study
compared the response of these 2 species over a wide range of PAH concentrations to learn how feed-
ing mode may affect contaminant accumulation. After 10 d of exposure to sediments, we assessed the
tissue concentrations of 24 PAHs and found no significant differences for the low molecular weight
PAHs (LPAHs) between R. abronius and A. brevis. There was, however, a large differential observed
between species for bioaccumulated high molecular weight PAHs (HPAHSs). Because we assumed that
the amphipod was not feeding and most of its tissue burden was received through ventilation of inter-
stitial water (IW), we concluded that I[W was probably the major route of uptake for the LPAHSs for both
species and that sediment ingestion was a much more important uptake route of HPAHs for the poly-
chaete. Analysis of correlations between amphipod and polychaete tissue burdens found that the spe-
cies were responding similarly to a gradient of PAH concentrations in sediment; however, when the
associations between concentrations in tissue and exposure matrix (e.g. sediment, IW} were examined
the interpretations were less clear. Concentrations of PAHs in [W and sediment indicated that the par-
tition coefficient (K,.) was generally 2 orders of magnitude higher than expected for LPAHs and highly
variable between sites for HPAHs. When K. was re-calculated using free PAH, it became much less
variable and was uniformly elevated above the predicted values. The BAF,,. (lipid/organic carbon nor-
matlized bioaccumulation factor) in the polychaete was generally consistent over the series of PAHSs, as
expected, and when metabolism and pre-steady state conditions were considered, partitioning of PAHs
between tissue and sediment was relatively close to the theoretical maximum. Despite much lower than
predicted IW concentrations, the LPAH bioconcentration factors (BCF) for the amphipod were close to
expected, but the HPAH BCFs were close to the predicted values only when expressed in terms of the
free PAH. From these data, and previous studies, we conclude that there was a significant reduction in
bioavailability of HPAHSs to R. abronius due to partitioning of HPAHs to dissolved organic carbon.
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INTRODUCTION system. Furthermore, concerns of contaminant transfer

to humans can be assessed by understanding the

Contaminated sediments in urban areas are a con- processes which control bioaccumulation and foodweb
cern for living marine resources and human health. transfer to economically important species.

The ability to assess bioaccumulation in these urban In aquatic toxicology it is important to determine

areas is important for understanding food-web dynam- what proportion of the total toxicant is available to an

ics and transfer of contaminants throughout the eco- organism in order to adequately characterize the
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degree to which bioaccumulation and adverse effects
can occur. Some benthic surveys indicate that organics
and metals occur at high levels (ng g~!) in sediment
and may be factors in the elimination of certain popu-
lations of fish or invertebrates (Gray 1979, Swartz et al.
1986, Swartz et al. 1994). In other situations, contami-
nants may be high, but determination of adverse
effects may not be obvious. With knowledge about
environmental concentrations, the factors controlling
bioavailability, the route of exposure, and the dose-
response relationship, we should be able to predict tis-
sue concentrations and the potential for a toxic
response.

The route of uptake of a chemical to the organism will
have a major influence on the bicaccumulation of many
chemical contaminants. It has been shown that when
sediment is present, accumulation and toxicity of a
chemical can be reduced many-fold for some organisms
(Knezovich & Harrison 1988, Schrap & Opperhuizen
1990) due to the ability of sediment to sorb or complex
the chemical and reduce its free concentration. Other
studies have shown an increase in tissue concentration
when exposed to sediment over that from water-only
exposures, which is probably due to sediment ingestion
(Lynch & Johnson 1982, McLeese & Burridge 1987). Re-
cently, it has been postulated that interstitial water (IW]
exposure is the main route of uptake of sediment-asso-
ciated contaminants for marine animals that live under
the sediment's surface (infauna) or are closely associ-
ated with it (Adams 1987). The consequences are that
even though waterborne concentrations of hydropho-
bic chemicals in the presence of sediment will be much
reduced, bicaccumulation based on total water concen-
tration is basically the same whether in a water-only
system or an interstitial water/sediment system. Inter-
estingly, it has also been proposed that the route of ex-
posure may not be important for infaunal organisms be-
cause, given enough time, their tissues should come
into steady state with both the water and sediment
phases (Bierman 1990) (assuming that water and sedi-
ment are in equilibrium). Conversely, for a non-sedi-
ment ingester, steady-state tissue concentrations may
be very different reflecting exposure to overlying-wa-
ter and diet. Of course, the prey's exposure and ability
to regulate or metabolize contaminants will greatly in-
fluence tissue burdens in the target species.

Recently, Equilibrium Partitioning Theory (EPT) was
developed to assess the potential for deleterious effects
on animals exposed to contaminants associated with
sediment. The basis of EPT is that chemicals in sedi-
ment and IW come into equilibrium, and thus IW con-
centrations can be predicted if we know organic car-
bon and bulk sediment concentrations. With the ability
to predict IW concentrations, toxicity assessment can
be conducted by employing the large acute-response,
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water-quality database that has been generated over
the years for various species in water-only tests. Recent
literature indicates that EPT accurately predicts the [W
concentration for most organic compounds and some
metals (Di Toro et al. 1991). EPT is valid, of course, only
if sediment-water partitioning behavior is as expected.
This method of assessing sediment toxicity is currently
being pursued by the U.S. EPA (Di Toro et al. 1991) and
by agencies in other countries (Van Der Kooij et al.
1991) and may be used to generate Sediment Quality
Criteria, which are contaminant-specific numerical
values for protection of aquatic life.

In our experiments we compared the abilities of 2
infaunal species, an amphipod (Rhepoxynius abronius)
and a polychaete (Armandia brevis), to bioaccumulate
polycyclic aromatic hydrocarbons (PAHs) from 10
field-contaminated sediments. Our intent with this
study was to compare the body burden of these 2 spe-
cies with bulk sediment and IW concentrations and to
explore patterns of accumulation over a hydrophobic
series of PAHs. Many studies have been performed
with PAHs spiked onto sediment, but very few
have examined field-contaminated sediments. A few
authors have expressed concern about the comparabil-
ity of bioaccumulation results from studies using
spiked sediments with those using field sediments
(Varanasi et al. 1985, McElroy et al. 1989) because of
possible differences in contaminant partitioning
behavior and hence altered bioavailability.

Rhepoxynius abronius is an omnivore that feeds on
meiofauna, diatoms, and detritus (Oliver et al. 1982,
Oakden 1984) and generally does not ingest sediment
for nutrition. Because the standard sediment bicassay
for estuarine amphipods (ASTM 1990) does not include
feeding, and bioassay sediments may be screened
for native infauna or may be dewatered for 1 to 2 wk,
prey species for these amphipods are generally not
expected. The polychaete is a member of the family
Opheliidae, whose members are considered to be non-
selective deposit feeders (reviewed by Fauchald &
Jumars 1979). In the present study we expected, a pri-
ori, that amphipod tissue burdens of PAHs would
reflect input from IW because of their feeding habits
and lack of suitable dietary input, and that the poly-
chaete tissue burdens would reflect the bulk sediment
concentrations of PAHs because of its indiscriminate
ingestion of sediment.

METHODS

Sediment was collected using a 0.1 m? Smith-MacIn-
tyre grab at 8 sites in the Hudson-Raritan estuary, New
York, USA, during May 1991. We chose samples over a
large area (~4000 km?) of the Hudson-Raritan estuary
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which may represent conditions in similar large urban
estuaries. These sites were selected from a larger group
of sites based on screening-level concentrations (Krahn
et al. 1991) of sediment PAHs in order to provide a range
In concentration. We know of no unusual sources of
PAHs to these sediments, such as coal particles. At each
site, the top 2 cm of sediment was removed from grab
samples and placed in 11 glass jars rinsed with methyl-
ene chloride and secured with Teflon-lined lids. Each jar
was purged with nitrogen, inverted, and placed on ice
for shipment to Seattle, Washington, USA. Upon arrival,
sediments were held at 4 + 1°C for 6 to 8 wk prior to the
tests. A review of the environmental characteristics of
Raritan Bay can be found in Jeffries (1962) and the site
locations in Rice et al. (1995). Two additional sites, 1
highly contaminated (Elliott Bay) and 1 very clean (West
Beach), from Puget Sound, Washington, were included
as positive and negative controls, respectively. We con-
sidered all sites as ‘treatment’ sites except West Beach
and Rockaway, which were used as negative controls
because they contained very low concentrations of
PAHs. Only treatment sites were used to calculate accu-
mulation factors and generate correlations.

Individuals of the amphipod Rhepoxynius abronius
(Phoxacephalidae) were collected during June 1991 on
West Beach, Whidbey Island, Washington, by dredg-
Ing in about 7 m of water [-4 m mean lower low water
(MLLW)]. The polychaete Armandia brevis was col-
lected during June 1991, on the intertidal mudflats of
Mitchell Bay on San Juan Island, Washington. Both
species were kept in the lab for 10 d before the bio-
assay was started. The salinity, temperature, and pH
for each beaker in each experiment reflected ambient
conditions are were in the range of 30 to 32%., 10 to
11°C, and 7.8 to 8.1, respectively. Neither species was
fed in the laboratory or during the experiments.
Because the sediments were dewatered and stored
under nitrogen for 6 to 8 wk, we assumed that there
would be no invertebrate prey for the amphipod. A
previous study (Meador 1993) found declining total
lipid content in R. abronius due to laboratory holding,
which indicated that individuals were receiving less
than adequate dietary input.

Separate 10 d experiments were conducted to assess
bicaccumulation for each species and for determina-
tion of PAH concentrations in interstitial water. To
avoid particle sorting, sediments were not homoge-
nized, stirred, or screened. On Day 0, 200 ml (~300 g
dry weight) of sediment was added to 11 glass Pyrex
beakers along with 800 ml of 5 um filtered seawater
and allowed to sit undisturbed overnight. On Day 1,
the overlying water was carefully drained and fresh
overlying water was added. In the bicaccumulation
tests, 20 adults were added to each beaker on Day 3.
The polychaete test contained duplicate beakers and

the amphipod test was run with 5 replicates. Overlying
water in the beakers was not changed (static), and the
beakers were gently aerated and covered with a watch
glass. A 16 h light:8 h dark cycle was maintained. On
Day 13, invertebrates were sieved from sediment,
placed in clean water and allowed to evacuate their
guts for 6 h. Purge water was changed hourly, and
there was no sediment visible in the guts at the end of
the purge period. For the polychaetes, a mucous-sedi-
ment mass was found in the purge water and dis-
carded. In the amphipod bioaccumulation bioassay,
mortality was under 10%, except for The Battery site
which produced 15 % mortality. Mortality for the poly-
chaete test never exceeded 12.5%. Test beakers were
examined twice daily and individuals were never
observed on the sediment surface. Approximately 75
amphipods and 30 polychaetes for each sediment site
were frozen at —80°C until analyzed for organic chem-
icals. Sample sizes for organic chemical determination
were ~0.2 to 0.5 g wet weight. The bioaccumulation
tests were conducted for 10 d because our intent was to
compare species and it was felt that a longer-term
exposure would be complicated by declining lipid lev-
els in amphipods (Meador 1993). Due to insufficient
sediment, biloaccumulation of PAHs in the polychaete
was not determined for Elliott Bay and Ward Point.

For determination of PAHs in IW, 250 to 400 ml of
sediment was added to duplicate beakers. On Day 1,
the overlying water was exchanged in each beaker,
which were then aerated and allowed to stand in a
water bath for 13 d total. Throughout the 13 d, no
beaker showed any signs of having anoxic sediment.
Twenty polychaete worms were added to each beaker
on Day 3 to mimic conditions in the bioaccumulation
tests. Interstitial water was recovered from sediment
by centrifugation. A polycarbonate (PC) bottle (250 ml)
was fashioned into a separation device by cutting off
the bottom and placing dual polystyrene petri-dish
bottoms (Falcon number 1006) with drill holes, back to
back, inside the PC bottle near the screwcap end. A
layer of Nitex netting was placed on top of the petn
bottoms. Sediment was placed inside the container and
centrifuged at 4°C, with the screwcap end down, at
900 x g for 20 min. Four devices were used concur-
rently. Interstitial water was collected and centrifuged
again in clean, unmodified polycarbonate bottles at
2400 x g for 20 min, which was sufficient to remove
particles larger than 0.1 nm, and then extracted for
PAHs. Approximately 90 to 150 ml of IW was separated
from the sediment for each site and all but 10 ml was
used for PAH analysis. All contaminated sites were
sampled for IW except for Union City which had insuf-
ficient sediment volume.

We allowed invertebrates to evacuate their guts for
6 h because we felt that this was sufficient time for
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emptying and because of the risk of low molecular
weight PAHs (LPAHSs) being rapidly eliminated (Lyes
1979, Widdows et al. 1983). To assess the possibility of
sediment in the guts, we conducted a separate experi-
ment of gut purging in Armandia brevis with "C
radiolabeled polychlorinated biphenyl (PCB) (Arolcor
1254). Amphipods were not studied because sediment
ingestion was assumed not to occur (authors' pers.
obs.). Polychaetes were allowed to feed on “C PCB-
spiked sediment for 10 d and then placed in clean
seawater for purging. Tissues were then assayed at 0,
6, and 24 h. There was a general decline in body bur-
den from O to 6 h, and less so for 6 to 24 h; however,
the variance for each group was relatively large (coef-
ficient of variation 33 to 100%). The mean tissue bur-
dens of *C PCB between 6 and 24 h were not signifi-
cantly different. To further address gut purging, we
redigested the original tissue digests of both species
with hydrofluoric acid in order to release possible sed-
imentary iron for determination of sediment in the
gut. We determined the iron content of polychaetes
and amphipods starved 5 d to be 630 and 168 ng g~*
dry wt, respectively. Analysis of the redigested tissue
indicated that there may have been small amounts of
sediment contributing to the body burden. The range
in percentage of the total tissue dry weight that could
have been due to sediment was 0 to 13.9% over all
sites [mean (SD) 6.0% (4.1)] for the polychaete and 0
to 2.6% over all sites [0.4% (0.9})] for the amphipod.
For the polychaete, individuals exposed to sediment
from the Union City site had the highest value
(13.9%) and sample means from the rest of the sites
were mostly below 6%, Because the polychaete is a
non-selective deposit feeder (Fauchald & Jumars
1979, authors’ pers. obs.), we feel that any potential
contribution of PAHs in small amounts of sediment to
the overall tissue burden would be negligible.

Amphipod dry:wet weight ratios were determined
according to Meador et al. (1993). The mean (SD)
dry:wet ratio for Rhepoxynius abronius was 0.26 (0.02)
and for Armandia brevis was 0.22 (0.02). Total lipid
was determined by homogenizing approximately 75
amphipods or 15 polychaetes (~33 to 66 mg dry wt) in
a Tekmar Tissuemiser and extracting lipids according
to a modified Bligh and Dwyer technique (Herbes &
Allen 1983) which was designed for small sample sizes.
Residues were weighed to 0.01 mg on a Mettler AT261
balance. Mean (SD) lipid content for A. brevis was
5.6% (0.5) and for R. abronius was 6.9% (1.2) of dry
weight.

Dissolved organic carbon (DOC) was sampled with a
glass syringe, and solutions were filtered with a pre-
ashed 0.45 pm filter, stored frozen in a glass vial
(cleaned of organics) with a Teflon lid and analyzed by
the ultraviolet promoted persulfate oxidation tech-

nique (Standard Methods No. 505a) (APHA 1985)
using a Shimadzu Total Organic Carbon Analyzer
(Model 5000). Total organic carbon (TOC) in sediments
was measured according to the method of Hedges &
Stern (1984) using a Carlo Erba CHN analyzer Model
1106. The certified standard was acetanilide from
Sanda, Inc. Sediment grain size composition was
determined by the pipette method as described by
Buchanan & Kain (1971).

Chemical analyses. LPAHs are low molecular
weight PAHs consisting of 2 and 3 ring compounds,
and HPAHSs are high molecular weight PAHs which
in this study consisted of 4, 5, and 6 ring compounds.
Sediment and tissue samples were analyzed for PAHs
using the procedures of Sloan et al. (1993). Briefly, sed-
iment and tissue were solvent extracted by homoge-
nization with dichloromethane plus sodium sulfate for
absorbing the water and surrogate standards for mea-
suring the recovery of the analytes. The solvent extract
was separated from the solid matrix by centrifugation,
then filtered through gravity-flow columns of silica/
alumina to remove highly polar compounds. The fil-
tered extracts were concentrated to 1 ml for sediments
or 300 ul for tissues. A 250 pl aliquot of each extract
was fractionated by a Model 8800 HPLC (high-perfor-
mance liquid chromatograph) (Spectra-Physics, Moun-
tain View, CA, USA) using two 22.5 x 250 mm, 100 A
Phenogel™ size-exclusion columns (Phenomenex,
Inc., Torrance, CA) with 7 ml min~! of dichloromethane
as the mobile phase, to isolate the PAHs from the
higher molecular weight compounds such as biogenic
matter. The resulting fraction containing the PAHs was
exchanged into hexane and concentrated to a final vol-
ume of 250 pl for sediment or 120 pl for tissue, includ-
ing a gas chromatography (GC) internal standard. The
PAHs were determined by GC with mass spectromet-
ric detection (GC/MS) using a 30 m x 0.25 mm DB-5
capillary column (J & W Scientific, Rancho Cordova,
CA) in a Model 5890 I1 GC interfaced to a Model 5970B
MSD with a UNIX Chemstation data system and a
Model 7673 injector (Hewlett-Packard, Avondale, PA,
USA]). A 3 ul aliquot of the concentrated HPLC fraction
was injected splitless, with the split valve opened after
0.5 min. After a 1 min hold at 50°C, the oven tempera-
ture was increased at 4°C min~! to 300°C then was
held for 10 min. Data was acquired using full-scan
mode for sediment samples and using sequenced
selected-ion monitoring for tissue samples. For quality
assurance, sets of approximately 12 samples included a
method blank and a sample of NIST (National Institute
of Standards and Technology) Marine Sediment Stan-
dard Reference Material (SRM) 1941 or NIST Mussel
SRM 1974. For both HPLC and GC/MS quality control,
calibration solutions were analyzed at the beginning,
middle and end of each set of samples. The quantita-
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tion range of the GC/MS was demonstrated by analyz-
ing multi-level calibration solutions with each set of
samples.

Water samples were solvent extracted by agitation
with dichloromethane along with surrogate standards
for measuring the recovery of the analytes. The solvent
extract was separated from the water using a separa-
tory funnel, then dried by mixing it with sodium sul-
fate. The extract was exchanged into hexane during
concentration to a final volume of 150 nl, including a
GC internal standard. The PAHs were determined by
GC/MS as described above using sequenced selected-
ion monitoring. For quality assurance, a method blank
and a sample of spiked deionized water were also ana-
lyzed. For GC/MS quality control, a calibration solu-
tion was analyzed at the beginning, middle and end of
the set of samples. The quantitation range of the
GC/MS was demonstrated by analyzing multi-level
calibration solutions.

The precision and accuracy of replicate analyses
were high. The mean (SD) coefficient of variation
(CV) for replicate analyses over all 24 PAH analytes
(i.e. 24 CVs calculated for PAHs per replicate) was
39% (25) (n = 2) for IW using 2 treatment replicates,
15.9% (11.3) (n = 3) for NIST sediment SRM 1941, and
13.3% (13.8) (n = 5) for NIST mussel SRM 1974. The
mean (SD) percentage recoveries of the surrogate
standards naphthalene-d8, acenaphthalene-d10, and
benzo[a]pyrene-d12 were as follows: 73.9% (4.9),
82.5% (4.1), and 97.5% (8.9) for IW; 82.1% (5.1),
88.5% (4.3), and 94.2% (4.9) for sediment; and 80.3 %
(7.2), 82.5% (6.3), and 103.3% (11.8) for tissue. The
surrogate standards were also used as internal stan-
dards to correct for losses during analytical determi-
nations. The concentrations of analytes from naphtha-
lene through 2-methylnaphthalene were corrected
with the percent recovery of naphthalene-d8, analytes
from biphenyl through fluoranthene were corrected
with acenaphthene-d10, and analytes from chrysene
through indeno[1,2,3-cd] pyrene were corrected with
benzo[a]pyrene-d12. The limit of detection (LOD) for
our smallest sediment (dry wt), tissue (dry wt), and IW
samples was in the range of 1 to 4 ng g%, 5 to 50 ng
g~', and 0.0005 to 0.001 ng ml~' for LPAHs and 0.3 to
0.5 ng g~', 0.5 to 3.5 ng g™}, and 0.0002 to 0.0004 ng
ml~! for HPAHSs, respectively.

Statistical analyses. To compare the body burden
between species for each PAH, a paired t-test for
dependent samples was performed. The significance
level was corrected for the number of comparisons
made by setting the o level to 0.05 divided by the
number of comparisons (Milliken & Johnson 1984).
Product-moment correlations (r) (Pearson correlations)
were computed for log-transformed concentrations
because these data were generally log-normally dis-

tributed. Standard deviations (SD) are reported to
show the range in the data and the standard error of
the mean (SEM) is reported when comparisons of
means are intended.

The following formulae were used to determine the
organic-carbon normalized sediment concentration
(Sed,.), the octanol-water partition coefficient (K.),
the sediment-water partition coefficient (K,.) based on
total and free PAH in IW, the DOC-IW partition coeffi-
cient (Ky,), the concentration of freely dissolved PAH
in interstitial (IWy..), the bioconcentration factor
(BCF), and the lipid and sediment organic carbon (oc)
normalized bioaccumulation factor (BAF,,.).

Sed,. = ([sediment]/fy) (1)
Kyw = [octanol]/[water] (2)
Koc,total = ([Sediment]/foc)/”wtotal] (3)
Koc frec = ([Sediment]/foc)/[lwfree] (4)
Kaoc = Whounal/ ([MWiree] - faoc) (5)
Wiree = [thotal]/(l + faoe * Kdoc) (6)
BCFigia1 = [tissue]/[IWigq) (7)
BCFree = [tissue]/[ITWi ee] (8)
BAF . = ([tissue]/f,;)/[Sed,]) (9)

where f,. and f,, are the fractions of organic carbon in
sediment (g g ' dry wt) and IW (g ml™'), respectively;
IW is interstitial water, IW 4., Wi, @and [Wyouna are
the concentrations of total, freely dissolved, and bound
PAH in IW; and f;, is the fraction of tissue dry weight
that is lipid (g g ' dry wt). We used a Ky, of 0.1 Ky,
which was chosen from studies where this parameter
was empirically determined (Landrum et al. 1985,
Chiou et al. 1987, McCarthy et al. 1989). We used the
acronym BAF,,. [also known as the accumulation factor
(AF)] because of the historical usage of BAF to denote
bioaccumulation. All sediment and tissue concentra-
tions expressed as ng g~! dry weight, except where
noted. We are unsure how close our exposures were to
steady-state conditions; however, recent work indi-
cates that 10 d is sufficient to be at steady state for the
LPAHs and within a factor of 2 to 3 for most HPAHs
(Lee et al. 1993, Landrum et al. 1994; for a review see
Meador et al. 1995).

The predicted steady-state BCFs for PAHs were
taken from Landrum (1988) and Landrum et al. (1994)
for amphipod species (Diporeia spp.) which are known
to exhibit very weak or nonexistent biotransformation
activity towards PAHs. Therefore, these predicted
BCFs, which are expected to be positively correlated to
K, (Mackay 1982), are assumed to represent maxi-
mum steady-state values. Our predicted BCF for
benzo|a]pyrene is the mean of the steady-state BCFs
given in Landrum et al. (1994) for benzo[a]pyrene and
tetrachlorobiphenyl which have logkK,,, values of 5.98
and 5.85, respectively. The predicted BCF for biphenyl
was determined with the ratio of the uptake and elimi-
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Table 1 Sites of collection and miscellaneous measurements. Fines: particles less than 63 pm (silt plus clay). TOC: total organic
carbon as a percentage of sediment dry weight. DOC: dissolved organic carbon in interstitial water (IW}). Bold values for DOC
were considered ‘low’ for determination of the DOC-IW partition coefficient (Ky,). Ambient SW: seawater flowing into the lab.
Sum PAHSs: concentration (in nmol g~! dry wt) of all 24 polycyclic aromatic hydrocarbon (PAH) analytes in tissue. Ratio P/A: poly-
chaete/amphipod for summed PAHs. Amphipod: Rhepoxynius abronius; polychaete: Armandia brevis. —: data not available

Site Latitude Longitude Fines

(N) W) (%)
Battery 40°42.3' 74°01.5 53
Chapel Hill 40° 33.9' 74° 03.0° 3
Elliott Bay 47° 355" 122°21.¢ -
Narrows 40° 38.6' 74° 03.3 5
Newark 40° 42.4° 74°07.1 38
Rockway 40° 30.0' 73°58.6' 1
Shooters 40° 38.7' 74°10.3' 87
Union City 40° 47.0' 73°59.5' 49
Ward Point 40° 30.5' 74° 154" 20
West Beach 48°23.5  122°40.0¢ 2
Ambient SW

TOC DOC Sum PAHs Ratio
(%) (mg 17} Amphipod  Polychaete P/A
2.2 257 7.1 22.1 3.1
0.53 7 3.0 111 3.7
2.2 231 80.3 - -
0.30 16 4.7 14.5 3.1
1.04 58 30.1 65.9 2.2
0.07 - 1.1 1.7 1.5
4.1 210 19.7 42.3 2.1
3.2 - 6.2 18.1 2.9
1.46 14 54 - -
0.08 - 1.5 3.7 2.5
2.3

nation constants in Landrum (1988). Only biphenyl
was used from Landrum (1988) because the elimina-
tion constants given for other PAHs exhibited coeffi-
cients of variation greater than 40 %.

RESULTS

The site locations and selected sediment properties
are listed in Table 1. The sediment samples contained

a range of PAHs commonly found in contaminated
urban waterways. These sediments contained alkyl-
substituted PAHSs, indicating input from petroleum
products, and relatively large amounts of high molecu-
lar weight non-substituted PAHs, indicating input from
combustion products or creosote (Fig. 1). All figures
with PAHs on the abscissa were plotted in terms of
increasing chemical hydrophobicity as determined by
K, (Meador et al. 1995). All of the PAHs in sediment
were highly correlated because all pair combinations
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Fig. 1. Polycyclic aromatic hydrocarbons (PAH]) in sediment. Plotted by increasing hydrophobicity as determined by the octanol-

water partition coefficient (K,,,). Sites: The Battery (BATT), Chapel Hill (CHPL). Elliott Bay (EB), The Narrows (NRRW), Newark

Bay (NWRK), Rockaway (RCKWY), Shooters [sland (SHTR), Union City (UNCTY), Ward Point (WARD), and West Beach (WB). All

from Hudson-Raritan estuary (New York, USA) except Elliott Bay and West Beach (Washington, USA). Low molecular weight

PAHs (LPAHs) from naphthalene through 1-methylphenanthrene and high molecular weight PAHs (HPAHs) from pyrene
through indeno(1,2,3-cd|-pyrene. LPAHs and HPAHSs are sums. PAH abbreviations given in Table 2
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Fig. 2. Sum of low molecular weight polycyclic —6‘3.1— [)
aromatic hydrocarbons (LPAH) in sediment plot- 2 3
ted against percentage total organic carbon NRRW
(TOC). Sites as in Fig. 1. The sites NWRK, CHPL, 2.9
and NRRW constitute a group of low TOC sites 28 , .
whose PAHs correlated to sediment TOC differ- 0 0.5 1

ently than the remaining sites

of the 12 LPAHs over sites (e.g. fluorene vs anthracene,
over all 10 sites) exhibited correlation coefficients (r)
greater than 0.95 (n = 66) and correlations for all pair
combinations of the 12 HPAHs were greater than 0.99
(n = 66).

Due to the proximity of sites, a linear correlation
between sediment TOC and PAH concentration was
expected due to either: (1) an association of water-
borne PAHs with the organic carbon of sediment; or
(2) an accumulation of fine particles laden with PAHs.
Instead we observed 2 distinct groups for the sum of
LPAHs (Fig. 2) and HPAHs versus TOC (HPAHs not
shown, but similar). Because the low TOC sites dis-
played possible different accumulation patterns for
PAHs in sediment, we suspected that they may pro-
duce PAH partitioning behavior different from the
other sites. Conversely, local variability in sources of
PAHs may contribute to such a pattern; however, these
sites were interspersed with the high TOC sites in this
study. Other studies, such as Stainken et al. (1983),

have found a high correlation between grain size and
extractable hydrocarbons which is probably due to an
association with increasing TOC. Grain size and TOC
in our study were highly correlated (r = 0.93); hence,
either factor can be used for correlational analysis.
Tissue burdens of LPAHs were similar for both spe-
cies, but for HPAHs they were much higher in Arman-
dia brevis (Table 2). A paired t-test for each chemical
determined that many of the HPAHSs were significantly
higher in the polychaete when compared to the amphi-
pod. The sum of all PAHs expressed as nmol g * is
shown for both species in Table 1. When the mean
BAF,,. was examined (Fig 3), the difference between
species appeared to be slight for the LPAHs, but was
dramatic for the HPAHs. Within the HPAHs series, the
amphipod BAF),. declined precipitously with increas-
ing chemical hydrophobicity; however, the polychaete
maintained essentially equal partitioning over all
HPAHSs, but displayed a declining trend for the most
hydrophobic HPAHSs. The ratios of mean BAF,. (poly-
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Fig. 3. Armandia brevis and Rhep- . % % % :
oxynius abronius. Bioaccumulation 0.01 closed=A. D’QV’S_ % |
factor. Mean and SEM of Day 10 ] open =R abronius |
BAF|, (lipid normalized tissue con- 0.005 T T T T T T T T T T T T T T T T T T T T T T T
centration of PAH divided by organic £EES35EE5E55252SE55355662588
) ) o O o o0 c © © I T
carbon normalized sediment concen- c T oL %-85 o c § ©5 Q3 S E_%% s ii :-’.-gé i
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corrected. Order of chemicals as in € E © g £ Qc E T o
Fig. 1 LPAHs and HPAHs are sums A © =
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Table 2. Polycyclic aromatic hydrocarbons (PAH). Log K, log, octanol-water partition coefficient; values from Meador et al.
(1995). Log K. 0.t l0gyg organic carbon normalized partition coefficient using total PAH in interstitial water (IW) (n = 7). Amphi-
pod and polychaete tissue concentrations for all matching treatment sites (n = 6). Bold polychaete tissue concentrations are
significantly (o = 0.002) greater than those for amphipod tissue based on paired t-test between species and corrected for the
number of comparisons. % IW free: IWyo/IW,,; x 100 (n = 7). In this table, IW. from Eq. (6) with standard DOC-IW partition

coefficient (Kg). —: insufficient data. See ‘Results’ for details

Chemical Abbrev Log Koo Log Koctotal Tissue (ng g~ ' dry wt) % IW free

Mean  SD Amphipod Polychaete Mean  SD

Mean SEM Mean SEM

LPAHSs
Naphthalene naph 3.34 556 0.28 - - - - 97.6 2.4
1-Methylnaphthalene 1methnaph 3.88 559 0.29 15 12 17 9 92.6 7.2
2-Methylnaphthalene 2methnaph 3.91 578 0.24 20 15 28 10 92.1 7.6
Biphenyl biphen 3.98 6.00 0.22 7 4 13 - 91.0 8.7
Acenaphthylene acnaphyl 4.08 578 0.30 8 7 46 14 89.0 10.5
Acenaphthene acnaphen 4.08 6.06 0.32 14 10 12 3 89.0 10.5
Fluorene fluorn 4.22 6.06 0.18 14 8 17 4 86.0 13.1
2,6-Dimethylnaphthalene dmethnaph 4.42 592 0.32 6 3 14 4 80.5 177
Anthracene anthren 4.53 6.46 0.27 33 24 63 21 772 202
Phenanthrene phenanth 4.53 6.55 0.33 37 13 48 9 771 203
2,3,5-Trimethylnaphthalene tmethnaph 4.83 522  0.29 23 12 21 4 66.5 26.9
1-Methylphenanthrene methphen 5.15 6.19 0.11 18 9 28 6 544 311
HPAHSs
Pyrene pyrene 5.07 6.42 0.44 944 925 1622 568 574 304
Fluoranthene fluoran 5.24 6.47 0.15 676 715 797 289 50.9 315
Chrysene chrys 5.77 6.96 041 224 202 635 191 31.3 269
Benz[a]anthracene bla]anth 5.90 7.05 0.55 96 102 389 114 27.0 244
Benzo[e]pyrene ble|pyr 6.10 6.88 0.51 103 92 701 196 20.5 199
Benzo[a]pyrene b(a|pyr 6.23 6.92 0.56 32 36 408 130 16.8  17.0
Perylene peryl 6.39 7.02  0.58 9 4 150 18 13.0 136
Dibenz[a,h]anthracene dibenzan 6.47 6.97 046 7 5 64 20 11.3 120
Benzo[b]fluoranthene b[b]fluor 6.52 7.08 0.54 115 105 593 154 102 110
Benzo[k]fluoranthene bk]fluor 6.73 6.80 0.51 22 21 437 122 6.9 7.6
Benzo[ghi]perylene benzpery 7.03 6.85 0.56 21 13 260 72 3.7 4.2
Indeno(1,2, 3-cd]pyrene indpyr 7.43 6.98 0.57 13 10 167 45 1.6 1.8
Sum LPAHs - 596 0.27 177 67 262 56 - -
Sum HPAHs - 6.57 031 2261 2213 6222 1887 - -

chaete/amphipod) in Table 3 show that the amphipod
and polychaete were relatively close for the LPAHSs but
that the polychaete BAF),. values for the HPAHs were
considerably higher. The ratio between species for the
summed HPAH BAF,,. values was only 3.3 (Table 3)
because of pyrene and fluoranthene, which accounted
for a large portion of the summed HPAHSs in tissue.
Because the amphipod probably received most of its
tissue PAHs from ventilated IW and the polychaete
received its body burden through IW and sediment
ingestion, a ratio of the concentrations of PAHs in
amphipod:polychaete may indicate the proportion of
tissue burden in the polychaete due to uptake through
IW (Table 2).

For both species, the 3 sites with low TOC (Fig. 2)
produced reduced BAF,,. values compared to the other
4 sites. If these anomalous BAF,,. values were recalcu-
lated (data not shown) by dividing Sed,. by a factor of

5, the values for these sites would have increased to
follow the pattern set by the high TOC sites. By using
this correction, the overall BAF,,. mean for each site
would have increased slightly and a much lower varia-
tion about the mean would occur (SD reduced >40%
for most PAHs). Because this correction is somewhat
ad hoc, we present all BAF,. values as uncorrected in
order to show the strength of the overall pattern.
Interstitial water concentrations of PAHs were gener-
ally low and relatively uniform for most sites (Fig 4).
Even though the HPAHs were more abundant in sedi-
ment than the LPAHs, they were expected to partition to
a lesser degree than the LPAHs which led to similar IW
concentrations over the entire range of PAHs for some of
the sites. In general the sediments with high concentra-
tions of PAHs (e.g. Elliott Bay and Shooters Island} pro-
duced the highest IW concentrations. Two of the HPAH
compounds (pyrene and fluoranthene) were high in sed-
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iment and IW for all sites and 2 others (dibenz[a,h]an-
thracene and perylene) were generally very low.

When the organic carbon normalized partition coef-
ficients (Ko 10ta)) Were calculated, an interesting pattern
emerged (Fig. 5a, Table 2). Based on the octanol-water
partition coefficient (K,.,) as a predictor of K. (Di Toro
et al. 1991) our LPAH K, o values were approxi-
mately 2 orders of magnitude higher than expected,
which was caused by lower than expected IW concen-
trations. When calculated in terms of the free com-
pound in IW (using Eq. 6 with Ky, = 0.1K,,,), the K¢ free
displayed consistently higher values over the entire
range of HPAHs and the variability between sites for a
given PAH was reduced over all PAHs (Fig. 5b). From

this data we calculated the percentage of the total
compound that would be freely dissolved in IW
(Table 2).

The BCF,,, was plotted for each species and a
strong pattern emerged (Fig. 6a). (One notable excep-
tion was benzo[b]fluoranthene which behaved like a
PAH with less hydrophobicity.) It appears that there
was little difference between the 2 species in the LPAH
series, but when HPAHs were considered, the amphi-
pod showed a sharp decline with increasing chemical
hydrophobicity. Because we assumed that the amphi-
pod received most of its body burden from IW and that
some of the PAH would be sorbed to DOC in the IW
and not available to the amphipods, we calculated the

Table 3. Rhepoxynius abronius and Armandia brevis. Polycyclic aromatic hydrocarbons (PAH). Correlation is product-moment
correlation coefficient (r) for amphipod and polychaete tissue concentrations to interstitial water (IW) and sediment concentra-
tions (n = 5 to 10). For all correlations, IW y, is total and IWy,,. is free concentration in IW [using 2 DOC-IW partition coefficients
(Kdoc): 0.1 x the octanol-water partition coefficient (K,,,) for most sites and 1.0 K, for low DOC sites in Table 1]. First 4 chemicals
had low sample size (n = 2 to 4} for most measurements. P-A: correlation between polychaete and amphipod tissue concentrations
for all matched sites (n = 6). Sed-IW,,,.: correlation between sediment and free IW concentrations (n = 8). All correlations based
on log, treatment concentrations. BAF,.: lipid and sediment organic carbon normalized bioaccumulation factor; P/A: ratio of the
polychaete and amphipod BAF,,. values. BCF,..: mean log,, bioconcentration factor (dry wt) on Day 10 based on 1W,, (using
only the standard Ky, = 0.1 K,,,) for treatment sites (n = 8). SD: standard deviation; SEM: standard error of the mean. —: insuffi-
cient data. See text for details and equations

Chemical — Correlations (r) BAF .. BCFiree
Amphipod tissue Polychaete tissue FP/A amphipod
IWiam [Weeo Sed Wi Wi Sed  Sed P-A Sed-IW, . Mean SD SEM
LPAHSs
Naphthalene - - - - - - - - 0.02 - - - -
1-Methylnaphthalene -0.62 -0.70 -0.22 - - - - - 0.79 1.7 3.36 035 0.14
2-Methylnaphthalene -0.76 -0.80 -0.31 - - -0.39 -0.28 - 0.15 1.8 343 0.51 0.21
Biphenyl -0.40 -0.42 0.17 - - -0.61 -0.25 - 0.61 31 3.69 039 0.20
Acenaphthylene 0.44 049 071 028 035 072 0.01 0.61 0.66 7.0 3.36 0.27 0.11
Acenaphthene 0.76 0.80 0.64 0.62 070 0.54 -0.11 083 075 1.1 397 026 0.11
Fluorene 059 062 0.24 -0.59 -0.52 -0.13 -0.13 038 0.92 1.7 3.64 0.28 0.10
2,6-Dimethylnaphthalene 0.64 045 0.06 -0.14 -0.20 -0.43 -0.29 0.87 0.71 1.7 3.47 0.18 0.07
Anthracene 0.96 0.94 0.81 0.86 0.86 068 -036 098 0.97 2.0 4.10 0.21 0.08
Phenanthrene 070 077 0.6 0.38 0.46 0.05 -082 022 087 2.2 396 0.17 0.07
2,3,5-Trimethylnaphthalene  0.24 -0.04 0.66 046 021 062 -059 088 022 1.5 3.63 047 0.18
1-Methylphenanthrene 064 022 067 022 -0.08 043 -089 094 045 2.3 4.17 049 0.18
HPAHs
Pyrene 0.94 090 0.89 089 074 073 -027 099 095 2.0 5.05 032 012
Fluoranthene 090 0.84 0.79 096 086 062 -032 099 085 1.6 509 046 0.17
Chrysene 093 094 090 084 095 082 -0.15 099 093 3.6 564 037 014
Benz|a]anthracene 088 0.92 0.27 0.67 081 0.62 -0.26 0.98 0.91 53 551 0.47 0.18
Benzo[e]pyrene 0.87 090 093 0.57 079 080 0.14 0.96  0.92 7.8 569 0.48 0.18
Benzola]pyrene 0.89 094 0.89 0.56 0.80 0.70 -0.01 0988  0.89 12.9 539 061 0.23
Perylene 061 076 0.71 -0.01 004 041 -033 062 084 18.6 544 048 0.18
Dibenz[a,h|anthracene 0.84 091 094 045 064 074 002 086 0.89 9.3 565 0.56 021
Benzo[b)fluoranthene 0.84 086 093 046 085 078 0.18 0.97 0.84 5.6 6.24 067 0.25
Benzo|k]fluoranthene 090 095 093 063 083 069 005 083 095 15.6 560 0.58 0.22
Benzo|ghi|perylene 0.75 090 0.82 021 050 075 014 093 0.86 14.5 6.00 055 0.21
Indeno(1,2,3-cd|pyrene 0.84 095 090 0.24 046 068 0.01 0.74 0.86 12.5 6.32 0.61 0.23
Sum LPAHs 0.65 067 0.75 0.16 0.19 0.47 -0.67 0.11 0.76 2.2 3.40 0.24 0.09
Sum HPAHs 096 092 0.47 087 084 077 -0.15 099 096 3.3 513 036 0.14
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concentration of free PAH in the IW (using our stan-
dard Kyoc = 0.1K,) (see ‘Methods'). Although still vari-
able, the values and trend for the observed BCFy,,, for
amphipods are in much better agreement with the val-
ues and trend for the predicted BCF than that deter-
mined for the observed BCF,,, (Fig. 6b). When BCFj,e.
was plotted with the standard Ky, value of 0.1K,,, the
3 sites considered to have 'low’ DOC (Table 1) pro-
duced anomalously low BCF;,.. values over the
HPAHSs. If a stronger Kyo. (= 1.0K,,,) was used to calcu-
late BCFy. for only these 3 sites, the BCFs for these
sites would improve considerably and follow the pat-
tern set by the majority of the sites; hence, reducing

variability about the mean (data not shown). Although
not exhaustive, values greater or less than 1.0 for this
second Ky, produced poorer fits to the predicted BCF.

Because our determinations for the K,. and BCF val-
ues greatly improved by using free PAH concentra-
tions in IW, we plotted amphipod tissue burdens
against free PAHs in IW to see if the high correlations
held. An example is plotted in Fig. 7, and all correla-
tions are listed in Table 3. Even with the DOC correc-
tion to compute free PAH, the high correlations were
maintained, but only by using the 2 Ky, values
described above. Although the 4 sites (Battery,
Newark, Shooters, and Elliott Bay) with higher DOC
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values were calculated with our standard Ky,. which values) to highlight how similarly the species

gave a good fit, if the IW concentrations for the low
DOC sites (Ward Pt, The Narrows, and Chapel Hill) in
Table 1 were calculated with a stronger Ky (= 1.0K,,,)
the correlation improved greatly. The correlations for
amphipod and W, using only the standard Ky, pro-
duced similar correlations over the LPAHs, but much
lower correlation coefficients (0.2 to 0.6) for most
HPAHSs, hence the best correlations were with [W,,,, or
Wy using the 2 Ky, values (Table 3).

We examined correlations between tissue PAH con-
centrations and those concentrations in bulk sediment,
organic carbon normalized sediment, total IW, and free
IW for both species to find the highest values which
may indicate the probable route of exposure (Table 3).
We also show the correlations between tissue concen-
trations of each species and the correlations between
sediment and [Wy,.. concentrations (using both Ky,

responded to the sites and the similarity in concentra-
tions between compartments (Table 3). The correla-
tions for LPAHs were generally not as strong as those
seen for the HPAHSs, which may be due in part to the
LPAHs having variable concentrations close to the
limit of detection. Other correlations were weak, prob-
ably due to the narrow range in concentration for sed-
iment, tissue, and IW over sites (e.g trimethylnaphtha-
lene). As expected, the strongest correlation for the
amphipod was between IW;,, and tissue concentra-
tions. For the polychaete the pattern was less clear
with sediment and IW trading off in importance. Even
though there was a high correlation between amphi-
pod and polychaete tissue concentrations, especially
within the HPAHs series, the polychaete body burden
was generally much higher than that in the amphipod.
One example, which is characteristic of all HPAHs, is
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plotted in Fig. 8. The 1:1 ratio was also plotted showing
how much higher the polychaete body burden was rel-
ative to the amphipod body burden.

DISCUSSION

In this comparative study, we found similar concen-
trations of LPAHs and very different concentrations of
HPAHSs in the tissues of 2 infaunal invertebrates with
different modes of feeding. The BCFs for both species
over the LPAHs were very similar probably because
both acquired the majority of their PAH burdens from
interstitial water. Even though sediment-water parti-
tioning was approximately 2 orders of magnitude less
than expected, the BCFs for the amphipod were much
closer to expectation {after correcting for metabolism
and pre-steady-state conditions), but only when free
PAH was considered. Because it is possible to find sed-
iments dominated by PAHs from several sources, it
may be necessary to measure IW directly to predict
sediment toxicity and determine bioaccumulation for
sediment-dwelling invertebrates. In order to assess the
utility of EPT, many additional studies with field col-
lected sediments are needed.

Sediment-water partitioning

The low IW concentrations for these PAHs and the
lack of predictable K, values is very important.
Because equilibrium partitioning theory depends on
predicting [W concentrations for sediment quality cri-
teria, reliable and predictable K. values are essential.
In our study, Ky see values for PAHs were elevated by
about a factor of 100 because of lower than expected
IW concentrations, whereas in another study of these
same sediments, the K, ; values for PCBs (tri-, tetra-,
penta-, and hexachlorobiphenyls) were close to expec-
tation (Meador unpubl.). Other authors have also
found higher than expected K, values for PAHs or par-
titioning behavior other than expected and alluded to
the possibility that combustion PAHs may behave dif-
ferently than other organic contaminants in their pre-
dicted desorption to water (Farrington et al. 1983, Prahl
& Carpenter 1983, Varanasi et al. 1985, Pruell et al.
1986, Readman et al. 1987, Socha & Carpenter 1987,
McGroddy & Farrington 1995). Although the origin of
PAHSs in our samples could not be unequivocally estab-
lished, the predominance of HPAHs suggests the
sources are combustion products (vis-a-vis petroleum
sources). These observations on PAH partitioning
behavior are important because many studies
(LaFlamme & Hites 1978, Hites et al. 1980, Bieri et al.
1986, Readman et al. 1987) have found that combus-

tion PAHs often predominate in sediments from
around the world. Many studies of PAH partitioning
report IW concentrations as expected; however, most
of these lab studies were performed by spiking the
sediment with individual chemicals and then allowing
the sediment and interstitial water PAHSs to approach
equilibrium. Laboratory experiments indicate that a
large percentage of the partitioning of hydrophobic
organic contaminants between sediment and IW
occurs within 1 wk, with a longer time required for
complete equilibrium (Karickhoff 1980, Karickhoff &
Morris 1985, Connaughton et al. 1993). Because our
sediments displayed partitioning that was much less
than predicted, equilibrium between sediment and IW,
as predicted by EPT, may not occur or may take several
times longer than expected.

Due to strong sorption with DOC, the concentration
of HPAHSs in IW will be higher than predicted in water
without DOC. It has been shown previously that
DOC in IW can enhance dissolved concentrations of
hydrophobic compounds (Brownawell & Farrington
1986, Socha & Carpenter 1987, Di Toro et al. 1991)
which may explain the disparity in observed and pre-
dicted K, 1014 values for LPAHs and HPAHSs in Fig. 5a.
In our study, when we determined the amount of
free PAH in IW and calculated the K, ... the values
became uniformly elevated above the predicted values
and the variability among sites for each compound was
greatly reduced (Fig. 5b). These results indicate that
IW DOC has a strong influence on PAH concentrations
in IW and also shows more clearly the expected parti-
tioning behavior between sediment and IW PAHs. Our
data for the percentage of freely dissolved benzo[a]-
pyrene in IW agrees with that reported by Landrum et
al. (1989).

Tissue burdens

Tissue PAH concentrations for the amphipod and
polychaete were very similar over the LPAH series but
markedly divergent over the HPAHs which we believe
was due to different feeding modes. Interestingly, the
correlation between PAH concentrations in polychaete
and amphipod tissue was extremely high for the
HPAHs (Fig. 8, Table 3), indicating that both species
were responding similarly to the sediments, but
because the route of exposure was different, vastly dif-
ferent tissue concentrations were attained. The high
tissue-to-tissue correlations may be explained by the
high correlations between concentrations of PAHs in
sediment and IW. The strongest correlations between
tissue and environmental exposure for the amphipod
occurred with the free PAH concentrations in IW
(Table 3), which is consistent with the assumed major
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route of uptake. In most cases, however, the correla-
tions for IW and sediment to tissue were similar. Corre-
lations for Armandia brevis were strong for all expo-
sures except sediment concentration normalized to
organic carbon. The correlations for each matrix (IW
and sediment) to tissue were not greatly different pri-
marily due to the finding that sediment and IW con-
centrations were highly correlated with each other,
which caused relatively high correlations of tissue to
each of these matrices. Because of the closeness in cor-
relations for different exposure routes, we feel that cor-
relations are not a useful indication of the route of
exposure, especially when there is high co-correlation
between compartments.

Because of the modes of feeding and the assumption
that the amphipod was receiving the majority of its
PAH tissue burden via ventilated IW, we can infer that
the 2 species acquired nearly identical body burdens of
LPAHs through IW uptake, and that any contribution
of LPAH tissue burden by sediment ingestion to the
polychaete was insignificant. Because there was such a
strong differential in body burden for the HPAHs, it
seems clear that for these very hydrophobic com-
pounds, sediment ingestion is the dominant route of
exposure in Armandia brevis. This is in contrast to
other studies which concluded that [W is the dominant
route of exposure for infaunal invertebrates (Adams
1987, Oliver 1987, Knezovich & Harrison 1988) but in
agreement with those concluding that ingestion can be
a major contributor to body burden of hydrophobic
compounds (Lynch & Johnson 1982, McLeese & Bur-
ridge 1987, Boese et al. 1990, Weston 1990). It appears
that both deposit and non-deposit feeding infaunal
invertebrates will acquire most of their body burden of
LPAHs through IW; however, sediment ingestion may
be the dominant route of uptake for deposit feeders
when hydrophobic compounds exceed a log K, of
ca 5.5. Because this was a short-term test and because
we are unsure if the amphipod was feeding (Meador
1993), the dietary route of exposure for this species
under field conditions may or may not be significant in
the determination of tissue burdens. L.ess than optimal
feeding is an artifact of laboratory holding which must
be considered in these types of bioassays.

At this time we cannot rule out the possible contribu-
tion of PAH uptake due to contact with the sediment;
however, the large difference between tissue burdens
for the HPAHSs indicates that this type of contribution
to tissue burden is probably small. If sediment contact
were important, it is unlikely that a mechanism would
exist that would allow similar LPAH uptake by sedi-
ment contact in both species and little uptake of
HPAHs in amphipods.

Although these experiments were conducted for
only 10 d, we expected the LPAHs in tissue to be close

to steady-state conditions and the HPAHSs to be within
a factor of 2 or 3 of steady state (Lee et al. 1993, Lan-
drum et al. 1994, Meador et al. 1995). Even though sed-
iment-water equilibrium partitioning was much lower
than expected, partitioning between tissue and water
was expected to behave according to prevailing the-
ory. Other studies have demonstrated rapid uptake
and close to steady-state conditions within 10 d for
deposit feeding polychaetes exposed to PAHs (Lake et
al. 1985, Weston 1990). Considering the overall pat-
terns observed in our data, a reduction from steady
state by a factor of 2 to 3 would not change our overall
conclusions.

Even though there were very large differences in
body burdens for most HPAHs, when expressed in
terms of summed PAHs, the tissue concentrations
between species were relatively close. The mean (SD)
ratio between species of summed PAHs over sites was
only 2.6 (0.7} (Table 1). Because the HPAHs pyrene
and fluoranthene behaved more like LPAHSs, in that
their main route of uptake was probably through IW
and their concentrations were relatively high in IW,
both species accumulated similar high tissue concen-
trations (Table 2). The lethal body burden for narcotic
chemicals such as parent PAHs is believed to be in the
range of 5 to 30 umol g~! dry weight (McCarty 1991).
In our study, summed PAHs in tissue were more than
125 times lower than this critical body burden. Because
sediment PAH profiles can vary, one with abundant
HPAHs will probably produce a different toxicity
response in these 2 species compared to a sediment
with a PAH profile skewed towards the LPAHSs.

An important point when attempting to assess bioac-
cumulation is the relative ability of a species to metab-
olize the compound of interest. A related study with
these 2 species found that metabolites accounted for
65% of the total body burden for the polychaete
Armandia brevis and 85% for the amphipod Rhep-
oxynius abronijus after 10 d of continuous exposure to
benzofa]pyrene in sediment (E. Casillas, J. P. Meador,
P. D. Plesha & C. A. Rice unpubl.). Supporting evi-
dence comes from Reichert et al. (1985), who found
similar biotransformation results for R. abronius
exposed to benzola]pyrene in spiked sediment.
Increasing the amphipod body burden for similar par-
ent HPAHs by a factor of 2.3 (35%/15%,; total com-
pound as parent compound in polychaete/amphipod)
would make the comparison between species more
equitable. We feel that this 2.3-fold difference in meta-
bolic capacity between species for benzo[a]pyrene will
be similar for other PAHs. A review of the literature on
marine invertebrate species that metabolize PAHs
found only minor differences in elimination rates
(expressed as half-lives) within species over a range of
HPAHs (Meador et al. 1995). Using this correction for
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all PAHSs, the ratio of polychaete to amphipod tissue
concentrations would be close to unity for the LPAHs
and 5- to 9-fold higher for the HPAHs.

We believe that the observed differences in PAH ac-
cumulation between the amphipod and polychaete
were not due to possible toxicokinetic differences but
are consistent with mode of feeding and chemical
bioavailability. Because of the similar LPAH BCFs ob-
served for these 2 species we can conclude that the ra-
tio between the uptake (k;) and elimination (k) rates
(which can define BCF; = k,/k,) for these PAHSs is simi-
lar. In light of the review by Meador et al. (1995) that in-
dicates small within species differences in elimination
rates for different HPAHs and a study showing that
within speciles uptake rates may increase by a factor of
2 or 3 with increasing hydrophobicity (Landrum 1988),
major differences between the amphipod and poly-
chaete in uptake and elimination rates leading to large
differences in HPAH tissue burdens were not expected.
When amphipod tissue burdens are corrected for me-
tabolism and less than steady-state conditions (increase
by a factor of 6.6 for metabolism and 2 to 3 for steady
state), many BCFs are very close to the predicted BCFs
calculated with data for an amphipod species with
weak metabolic capacity for PAHs, indicating that IW is
the probable route of exposure. We would like to em-
phasize that the observed results for tissue burdens are
consistent with our assumptions about bicavailability
and toxicokinetic processes and that future work on the
rates of uptake and elimination of these hydrophobic
contaminants in infaunal invertebrates will greatly im-
prove our understanding of bioaccumulation.

Accumulation factors

The BAF), values reported here for polychaetes are
similar to those reported by others for infaunal inverte-
brates from field collected samples (Foster & Wright
1988, Bierman 1990, Ferraro et al. 1990). Some of the
variability in BAF,. for a given PAH over sites may be
due to different ingestion rates of sediment, which has
been demonstrated for an infaunal polychaete (Weston
1990). However, in our study there was no uniform pat-
tern over PAHs. One consistent source of variability in
BAF,,;s came from the low TOC sites (The Narrows,
Chapel Hill, and Newark) (Fig. 2). Our low TOC sites
(0.31t00.5% TOC) produced low BAF,. values (about 5
times below the mean for sites with TOC > 0.5%),
which is contrary to other studies that found high
BAF),. (or AF) for low TOC sites (Foster & Wright 1988,
Weston 1990). In our case, these low TOC sites pro-
duced tissue burdens that were lower than they should
have been for a given Sed,,. This is contrary to Weston
(1990), who found higher tissue burdens for a given

Sed,. when TOC was low, presumably due to in-
creased feeding in low TOC sediment. In our study, the
lower than expected body burdens may be due to the
lack of an enhanced feeding rate by the non-selective
deposit feeder and possible stronger sorption of PAH
on sediment organic carbon. We conclude that PAHs in
the low TOC sites may have been more tightly sorbed
and less available to the organisms than PAHs at the
high TOC sites. Further evidence of strong sorption by
organic carbon at the low TOC sites can be seen by
comparing IW concentrations for Newark (low TOC
group) and The Battery (high TOC group) (Fig. 2).
Even though sediment PAH concentrations were
higher for Newark (Fig. 1), The Battery produced gen-
erally higher IW concentrations for all PAHs (Fig. 4)
including free HPAHs (with the notable exception of
pyrene and fluoranthene).

If tissue concentrations in Armandia brevis were cor-
rected for metabolism (increase tissue concentration
by 2.9), the median BAF,,. values would be within 20 %
(LPAHSs) to 50% (HPAHS) of the theoretical maximum
of 1.7 (Bierman 1990, Lee 1992, Lee et al. 1993). Our
LPAH values were low possibly due to higher elimina-
tion than assumed or rapid depuration during the 6 h
gut purge. These data indicate that even though parti-
tioning of sediment PAHs to IW was 1 to 2 orders of
magnitude less than expected, partitioning into a
deposit feeding organism was in much better agree-
ment with the expected model (see Lee 1992). Hence,
even though hydrophobic PAHs may be more tightly
bound to the sediment particles in an aqueous envi-
ronment, when these same particles are in a poly-
chaete gut, the bound PAHs appear to be more labile
to the organism.

As hydrophobicity increased, the apparent BCF
(BCF\oa1; based on total PAH in IW) for Rhepoxynius
abronius decreased, which was probably due to the
increased fraction of PAHs in the IW that was not avail-
able for uptake due to sorption on DOC. It is well
known that PAHs associated with DOC will decrease
the amount of the total PAH that is available to organ-
isms (Landrum et al. 1985, 1987, McCarthy 1989) and
is probably important only for very hydrophobic com-
pounds at natural DOC levels. By correcting for DOC
partitioning, the BCFs for the amphipod became more
predictable, although still variable (Fig. 6b). It is inter-
esting to note that even though sediment concentra-
tions for these HPAHs were high (ppm range), the
amphipod was responding to IW concentrations in the
range of 0.1 to 1.0 part per trillion.

The use of 2 Ky, values vastly improved the variability
around the mean BCF (data not shown) and the tissue-
matrix correlations were greatly improved. We conclude
that there may have been some qualitative difference in
DOC between sites (such as variable humic acid content)
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or thal HPAHSs exhibit stronger affinity to DOC when
concentrations were low. Several studies have shown
that Ky, values vary substantially, which could be re-
lated to DOC composition (Landrum et al. 1984, Gau-
thier et al. 1986, 1987, Caron & Suffet 1989, McCarthy et
al. 1989, Kukkonen et al. 1991). Another possible cause
of variable Ky, is redox state. Hunchak-Kariouk (1992)
found Ky, values for tetrachlorobiphenyl about an order
of magnitude higher in oxic porewater compared to
those observed in anoxic porewater. In our study, pore-
water producing higher Kj,. values were from sites with
coarser sediment, which would tend to have porewater
that is more oxic than sediments with a higher percent-
age of finer particles,

In conclusion, the higher the percentage of fine par-
ticles in a sediment the more organic carbon it will con-
tain, and, when exposed to urban sources, these sedi-
ments will have higher contaminant loads because of
their complexing and sorption capacity (Marcus et al.
1988, Olsen et al. 1993). Because of the strong differ-
ential of body burdens of HPAHs, we feel that the fine-
grain muds with high TOC and high IW DOC that
often contain high contaminant loads may be some-
what protective to infauna that are not sediment
ingesters (e.g. suspension-feeding clams), while at the
same time posing the greatest hazard to those that do
ingest sediment. Consequently, an accurate determi-
nation of a sediment’s bicaccumulation and toxicity
potential in an artificial, non steady-state laboratory
exercise or in a highly dynamic urban estuary, is com-
pletely dependent on choosing the most appropriate
organism for the hypothesis to be tested.
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