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Abstract

The objective of this study was to determine the potential for dietary transfer of sediment-
associated fluoranthene from tubificid oligochaetes (Monopylephorus rubroniveus) to
grass shrimp (Palaemonetes pugio). Grass shrimp, either in the presence or absence of
sublethal waterborne concentrations of the metabolic inhibitor, piperonyl butoxide
(PBO), were fed fluoranthene-dosed oligochaetes for 5 days. All grass shrimp
bioaccumulated fluoranthene; however, bioaccumulation was 3X higher in the presence
of PBO. Trophic transfer coefficients (TTCs) were 0.02 and 0.01 in the presence and
absence of PBO, respectively. Following the 5-day accumulation period, shrimp in both
treatments were allowed to depurate for 3 days. Depuration rates were significantly
higher in PBO-exposed shrimp. These results demonstrated that sediment-associated
fluoranthene can be transferred through the diet from oligochaetes to grass shrimp, and
the presence of PBO enhanced fluoranthene bioaccumulation. However, the
comparatively low TTCs suggest that biomagnification of fluoranthene in estuarine food
webs is low.

Keywords:  bioaccumulation, cytochrome P-450, dietary transfer, fluoranthene,
Monopylephorus rubroniveus, Palaemonetes pugio, polycyclic aromatic hydrocarbons,
piperonyl butoxide

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are common contaminants in estuarine

ecosystems. Primary sources of PAHs in these systems include the combustion of fossil
fuels and direct petroleum inputs (Ngabe, Bidleman & Scott, 2000; Ross & Oros, 2004).



Other sources include creosote oil leachates, historical industrial sites and tire dust (Bos,
Prinsen, van Rooy, Jongeneelen, Theuws & Henderson, 1987; Takada, Onda & Ogura,
1990; Walker, Dickhut, Chisholm-Brause, Sylva & Reddy, 2005). As a group, these
compounds are generally considered to be hydrophobic and lipophilic, with log Koy
values ranging from 3.31 for bicyclic naphthalene to 6.51 for hexicyclic
benzo[ghi]perylene (May, 1980; USEPA, 1982). Consequently, these compounds tend to
sorb to suspended particles and sediments where deposit feeding organisms may
subsequently bioaccumulate them through ingestion of sediments and/or contact with
sediments and pore water.

Recent studies in tidal creek and salt marsh complexes along the South Carolina
coast have found comparatively high levels of PAHs in intertidal sediments (mean total
PAHs =3.97 ng/g dry weight, range = 0.12-37.03 pg/g dry weight) within suburbanized,
urbanized and industrialized watersheds (Sanger, Holland & Scott, 1999). Fluoranthene
is one of the most common PAHs found in the environment. Sediment concentrations of
fluoranthene in South Carolina tidal creeks range from 5.69 ng/g dry weight in creeks
that drain urban watersheds (e.g., Vardell Creek) to 0.003pg/g dry weight in creeks that
drain forested or reference watersheds (e.g., Sawmill Creek) (Sanger, Holland & Scott,
1999).

Estuarine habitats are highly productive and serve as critical nursery and feeding
areas for many resident and transient species (Cain & Dean, 1976; Weinstein, 1979;
Wenner & Beatty, 1993). Benthic infaunal organisms, especially oligochaetes, are
abundant in tidal creeks and salt marshes, and are believed to play an important role in
coastal food webs. Oligochaetes have a high nutritional value and are a major food item
in the diet of juvenile fish and crustaceans (Giere & Pfannkucke, 1982). Many
oligochaetes also contain lipids which are critical for shrimp reproduction (Middleditch,
Missler, Ward, McVey, Brown & Lawrence, 1979). Grass shrimp are also abundant in
estuaries (Welsh, 1975) and have been shown to be important in food web dynamics by
serving as detritivores, primary consumers and secondary consumers (Bell & Coull,
1978; Kneib, 1985; Fleeger, Carman, Webb, Hilbun & Pace, 1999). Although grass
shrimp do not feed exclusively on oligochaetes, they do consume both macro- and
meiobenthos and seem to feed non-selectively, thereby consuming more of the most
dominant taxa (Bell & Coull, 1978).

The tubificid oligochaete Monopylephorus rubroniveus is the dominant
macroinfaunal organism in the upper reaches of tidal creeks in South Carolina (Sanger,
1998; Lerberg, Holland & Sanger, 2000; Gawle, 2002; Gillett, 2003). Densities of M.
rubroniveus can exceed 90,000 individuals/m” in some intertidal areas (Lerberg, 1997).
Previous laboratory toxicological studies involving M. rubroniveus have demonstrated
that this species is highly tolerant of fluoranthene, one of the predominant PAH
congeners found in the environment. In acute sediment exposures with fluoranthene, the
10-day LCs, for M. rubroniveus exceeded 3.91 pg/g dry weight (Weinstein, Sanger &
Holland, 2003). In addition, M. rubroniveus has the ability to bioaccumulate large
amounts of sediment-associated fluoranthene in its tissues. In the above mentioned
study, mean tissue concentrations of fluoranthene were as high as 6,431 pg/g dry weight
(Weinstein, Sanger & Holland, 2003). Using environmentally-relevant sediment
concentrations of PAHs (43.2 ng fluoranthene/g dry weight), the laboratory-derived



biota-sediment accumulation factor (BSAF) for M. rubroniveus was 8.4 (unpublished
data).

The high bioaccumulation potential of fluoranthene by M. rubroniveus suggests
the likelihood for dietary transfer of this compound to predators. This potential could be
enhanced by factors that affect rates of biochemical metabolism, such as environmental
quality, an organism’s physiological status, or chemicals like piperonyl butoxide (PBO).
PBO is a competitive inhibitor of cytochrome P-450, and a common additive of
thousands of pyrethroid pesticide products used in mosquito control (e.g., Scourge”,
Anvil®), agriculture (e.g., Pyrenone®™) and household pest control (e.g., Deep 6 Flea
Killer®, Raid Ant and Roach Killer™). Many PAH compounds, including fluoranthene,
are metabolized by cytochrome P-450 (Stegeman, Brouwer, DiGiulio, Forlin, Fowler,
Sanders & Van Veld, 1992; Akkanen & Kukkonen, 2003), thus inhibition of this enzyme
by PBO could result in increased bioaccumulation and dietary transfer of PAHs.

The objectives of the current study were two-fold. First, we wanted to evaluate
the potential for dietary transfer of fluoranthene between the oligocheate (M.
rubroniveus) and a model predator species, the grass shrimp (Palaemonetes pugio).
Second, we wanted to investigate the influence of PBO on dietary transfer of
fluoranthene between these two species.

2. Methods
2.1  Experimental Overview

To achieve the objectives of this study, two different experiments were
performed. First, the overall sensitivity of grass shrimp, Palaemonetes pugio, to PBO
was evaluated using a 96-hour acute toxicity test. Second, a fluoranthene dietary transfer
study was conducted using the oligochaete, Monopylephorus rubroniveus, as the prey
item and grass shrimp as the predator. Four treatments were performed. Treatment A
consisted of PBO-exposed shrimp fed fluoranthene-dosed oligochaetes. Treatment B
consisted of control shrimp fed fluoranthene-dosed oligochaetes. Treatment C consisted
of PBO-exposed shrimp fed control oligochaetes. Treatment D consisted of control
shrimp fed control oligochaetes (Table 1).

2.2 ~ Test Organisms

Grass shrimp for the toxicological test and the dietary transfer experiment were
collected with a dip net from Leadenwah Creek on Wadmalaw Island, SC, an unimpacted
reference site for PAHs (unpublished data). In the laboratory, shrimp were held for two
days in an aerated aquarium and were not fed. Adult shrimp that were free of external
parasites or other abnormalities were selected for the experiments.

Oligochaetes for the dietary transfer experiment were obtained from sediment that
was collected from the intertidal banks of the upper reach of Okatee Creek, near Bluffton,
SC. Sediment was collected in plastic bags, brought back to the laboratory and placed on
top of ice in a cooler for four hours. These oligochaetes demonstrate negative taxis to
cold and are easily collected from the sediment surface following cold exposure with
minimal sieving and sorting required.



2.3  Test Compounds

Technical grade PBO (90% purity) was obtained from ACROS Organics and was
used for the toxicological test and the dietary transfer experiment. Fluoranthene (98%
purity) was obtained from Sigma-Aldrich and was used to spike sediment in the
oligochaete culture for the dietary transfer experiment. Neither PBO nor fluoranthene are
soluble in water and ethanol and acetone were used as carriers, respectively.

2.4  Toxicological Test

Before its use in the dietary transfer experiment, the toxicity of PBO to grass
shrimp was assessed in a 96-hour acute toxicity test. Five nominal concentrations of
PBO were tested (0, 250, 500, 1000 and 2000 pg/L), in addition to an ethanol carrier
control. A constant volume of ethanol (equivalent to 0.003% of total solution volume)
was used in all treatments. All treatments were replicated three times. Replicates
consisted of 10 grass shrimp in 1000 mL test beakers. The test beakers were aerated
during the experiment and the grass shrimp were not fed. Solutions were renewed every
other day. Mortality and water quality parameters were assessed every 24 hours.

2.5  Oligochaete Dosing

Fluoranthene-dosed and control oligochaetes for the dietary transfer study were
produced by establishing two oligochaete cultures: one culture consisted of fluoranthene-
spiked sediment and the other culture contained control sediment that was not spiked
with fluoranthene. Sediment for both cultures was collected from the intertidal banks of
the upper reaches of Okatee Creek (near Bluffton, SC). Upon return to the laboratory,
sediment was wet sieved through a 500 um mesh screen, left to settle overnight, drained
and frozen to remove any unwanted biota. After 24 hours, sediment was thawed and
divided between the two cultures.

For the fluoranthene-spiked culture, ~1.5 kg wet weight sediment was spiked with
0.029 g fluoranthene that was dissolved in 5 mL of acetone. For the control culture, 5
mL acetone was added to ~1.5 kg wet weight sediment. Both fluoranthene-spiked and
control sediments were rolled overnight uncovered in a 2 L bottle to allow the acetone to
evaporate.

The fluoranthene-spiked and control sediment mixtures were placed in separate
glass trays (28 cmx 20 cm x 5 cm, 1 x w x h) and ~1 L of seawater (25 psu) was added.
The sediment and water mixtures were allowed to settle overnight prior to adding the
oligochaetes. Oligochaetes were added to the trays two days before the start of the
dietary transfer experiment, which allowed the oligochaetes in spiked sediment to
bioaccumulate fluoranthene. Previous experiments in our laboratory have demonstrated
that M. rubroniveus achieves steady state tissue residues of fluoranthene in spiked
sediment in <32 h (unpublished data).

2.6 Dietary Transfer Experiment



Dietary transfer of fluoranthene from oligochaetes to grass shrimp was assessed
under control conditions and in seawater fortified with PBO. The basic experimental
design consisted of a 5-day feeding (bioaccumulation) period, followed by a 3-day non-
feeding (depuration) period. There were four treatments, as previously described (see
Table 1).

Grass shrimp (60 individuals) were held separately in 600 mL beakers with 500
mL of seawater (25 psu). Beakers were aerated and covered with screen. PBO-exposed
shrimp (treatments A and C) were maintained in seawater fortified with 575 ng PBO/L
(nominal). This concentration of PBO represented the approximate LC;( value
determined from the toxicological study. Grass shrimp were introduced to test conditions
one day prior to the start of the experiment for acclimation. During the 5-day feeding
period, either 20 fluoranthene-dosed oligochaetes (treatments A and B) or 20 control
oligochaetes (treatments C and D) were fed to each grass shrimp once per day. During
the 3-day depuration period, grass shrimp were not fed. In all treatments, water was
changed every other day, and water quality parameters were monitored daily (Table 2).

During the feeding period, three grass shrimp in treatments A and B were sampled
for fluoranthene tissue residues each day between four and seven hours after feeding,
which allowed time for gut clearance (Hoyt, Fleeger, Siebeling & Feller, 2000). In
treatments C and D, three grass shrimp were sampled only on days 1 and 5 of the feeding
period. During the depuration period, three grass shrimp in treatments A and B were
sampled for fluoranthene tissue residues each day. Treatments C and D were not
continued into the depuration phase because no fluoranthene uptake was expected, as
these shrimp were only fed control oligochaetes.

2.7 Analytical Chemistry

The amount of fluoranthene that was transferred to grass shrimp through the diet
was quantified using the following procedure. Grass shrimp were rinsed with deionized
water, placed on aluminum foil, allowed to air dry at room temperature in the dark for
eight hours and weighed. Fluoranthene was extracted from grass shrimp by grinding
them in a Ten Broeck tissue homogenizer with 4 mL extraction fluid
[cyclohexane:acetone (2:1)] and quantified using reverse phase HPLC. Fifty uL of
sample or standard solution was injected directly onto an Alltech 3.9 mm x 15 cm
alphaBond C18 column. An isocratic elution was performed with acetonitrile:water (9:1)
at 1.0 mL/min. A Hewlett-Packard 1100 Series Fluorescence Detector was used at an
excitation wavelength of 360 nm with emission detection set at 460 nm. Peaks were
recorded and quantified using Agilent ChemStation software (version A.08.03). The
limit of detection for fluoranthene was 0.3 ug/L, or 15.0 pg total mass. The recovery of
fluoranthene in spiked grass shrimp tissue samples was 88.8 = 4.0% (n=3). All
fluoranthene tissue residues are reported on a dry weight basis.

Bioaccumulation of fluoranthene in oligochaetes from the sediment cultures was
determined for days 1 through 5 of the dietary transfer experiment. Oligochaete tissue
residues were determined in a manner generally similar to that described above for grass
shrimp with the following exceptions: 1) three oligochaetes were pooled to form one
sample, and 2) extractions were performed with only 1 mL extraction fluid. The recovery
of fluoranthene in spiked oligochaete tissue samples was 98.2 = 5.5% (n = 8).



Fluoranthene concentrations in the sediment cultures were determined by
removing ~0.2 g sediment on days 1 and 5. Sediment was placed on aluminum foil and
allowed to air dry at room temperature in the dark for eight hours. Once dry, the
sediment was homogenized using a mortar and pestle, and then ~50 mg of sediment was
subsampled and split into two replicate samples. Each sample was sonicated with 4 mL
extraction fluid, centrifuged at 3000 rpm for 20 min in glass centrifuge tubes, and
quantified using reverse phase HPLC as described above for tissue residues. The
recovery of fluoranthene in spiked sediment samples was 109.0 + 8.3% (n = 2).
Sediment concentrations are reported as the mean of the two replicate samples on a dry
weight basis.

2.8  Data Analysis

For the PBO acute toxicity test, the 96-hour LCsy and corresponding 95%
confidence intervals were determined using the trimmed Spearman Karber method (1.7%
trim) (ToxCalc version 5.0.23). For the dietary transfer experiment, bioaccumulation of
fluoranthene in grass shrimp was evaluated with a two-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference test. The two main effects tested
were treatment (only treatments A and B were tested) and day (1 through 5). Grass
shrimp depuration rates were evaluated by comparing the linear regression lines of
treatments A and B. Results were considered significant at a < 0.05.

Trophic transfer coefficients (TTCs) were calculated in order to assess whether
biomagnification of fluoranthene occurred in the presence and absence of PBO. A TTC
is the ratio of contaminant residue in the consumer tissue (grass shrimp) to that in the
prey tissue (oligochaete). Biomagnification is judged to take place if the TTC is > 1
(Suedel, Boraczek, Peddicord, Clifford, & Dillon, 1994). For this study, TTCs were
averaged for each treatment. Water quality data are presented as mean + standard
deviation (S.D.) and fluoranthene concentrations are expressed as mean + standard error
(S.E)).

3. Results
3.1  Toxicological Test

Grass shrimp mortality in both the control and carrier control treatments after 96-
hours was 1.6%. Mortality to PBO occurred in a concentration-dependent fashion and
ranged from 3.3% at the lowest concentration (250 pg/L) to 100% at the highest
concentration (2000 pg/L; Figure 1). The 96-hour LCsy was 1043 pg/L (95% CI=915-
1189 pg/L). Water quality parameters remained relatively constant throughout the
duration of the test (Table 2).

3.2 Dietary Transfer Experiment

Fluoranthene concentrations in the spiked sediment culture were 39.0 £ 7.5 pg/g
and 58.1 £2.5 pg/g dry weight on days 1 and 5 of the dietary transfer experiment,
respectively. These concentrations of fluoranthene are similar to the total PAH levels
found in tidal creeks with urbanized watersheds (Sanger, Holland & Scott, 1999).



Oligochaetes appeared to achieve steady-state tissue residues of fluoranthene after two
days of exposure to the spiked sediment during the acclimation period (Figure 2). During
the 5-day feeding period, the mean fluoranthene tissue residue in the oligochaetes was
671.6 = 32.0 ng/g dry weight. Fluoranthene concentrations in the control culture
sediment and the control oligochaetes were below the level of detection on both days 1
and 5.

During the 5-day feeding period, grass shrimp in treatments A and B
bioaccumulated fluoranthene in their tissues (Figure 3). Within each treatment,
fluoranthene tissue residues did not change over the course of the five feeding days (p =
0.6110). However, tissue residues were significantly different between treatments and
were three times higher in treatment A than treatment B (p < 0.0001). Grass shrimp in
treatment A (PBO exposed shrimp fed fluoranthene-dosed oligochaetes) had mean
fluoranthene tissue residues of 13.9 + 1.2 pg/g, and grass shrimp in treatment B (control
shrimp fed fluoranthene-dosed oligochaetes) had mean fluoranthene tissue residues of 4.9
+ 0.9 ng/g. The TTCs for dietary transfer of fluoranthene from oligochaetes to grass
shrimp were 0.02 and 0.01 in treatments A and B, respectively. Grass shrimp in
treatments C and D were fed control oligochaetes and had comparatively low levels of
fluoranthene in their tissues (Figure 4). Mean fluoranthene residues in grass shrimp in
treatment C (PBO exposed shrimp fed control oligochaetes) and D (control shrimp fed
control oligochaetes) were 0.07 + 0.02 pg/g and 0.03 £ 0.01 pg/g, respectively. These
low tissue residues of fluoranthene were probably the result of the volatilization of
fluoranthene from the fluoranthene-spiked oligochaete cultures, which were maintained
in the same laboratory. Throughout the feeding experiment, mortality in grass shrimp
was low (1.6%) and water quality parameters remained relatively constant (Table 2).

During the 3-day depuration period, mean fluoranthene tissue residues in grass
shrimp from treatments A and B decreased in a time-dependent fashion (Figure 5). Over
the three day period, fluoranthene tissue residues in grass shrimp decreased by 80.9% and
72.9% in treatments A and B, respectively. The rate of depuration was significantly
faster in treatment A (slope = -3.12 pg fluoranthene/g/day) than in treatment B (slope = -
1.79 pg fluoranthene/g/day) (p = 0.0300). However, at the end of the three day
depuration period, mean fluoranthene tissue residues from grass shrimp in treatment A
were still ~25 times higher than treatment B.

4. Discussion

The results of the present study demonstrate that PAHs in estuarine sediments can
be transferred from benthic infauna to shrimp through dietary transfer. Grass shrimp in
this study bioaccumulated fluoranthene from a diet of oligochaete worms that had been
cultured in fluoranthene-spiked sediments. These results corroborate those of previous
studies in marine systems which have demonstrated that sediment-associated PAHs can
be transferred to bottom-feeding organisms through the diet. For example, winter
flounder (Pseudopleuronectes americanus) fed polychaetes (Nereis virens) dosed with
benzo[a]pyrene accumulated both the parent compound and its metabolites (McElroy &
Sisson, 1989). Other studies have demonstrated that waterborne PAHs can also be
transferred in the diet. Rotifers (Brachionis plicatilis) fed algae (Isochrysis galbana)
cultured in phenanthrene-dosed water bioaccumulated phenanthrene in their tissues
(Wolfe, Schwartz, Singaram, Mielbrecht, Tjeerdema & Sowby, 1999). Likewise, clams



(Mercenaria mercenaria) fed diatoms (Thalassiosira pseudomana) cultured in
benzo[a]pyrene-spiked water bioaccumulated that PAH in their tissues (Dobroski &
Epifano, 1980). In fact, these authors concluded that dietary transfer and direct uptake
from water contributed equally to body burdens of benzo[a]pyrene in clams. This
suggests that dietary uptake can, in some cases, be a significant contributor to overall
PAH tissue residues in consumers.

The presence of the metabolic inhibitor, PBO, in the water resulted in a three-fold
increase in the bioaccumulation of fluoranthene in grass shrimp, demonstrating that PBO
enhanced the dietary uptake of fluoranthene. PBO is a general cytochrome P-450
inhibitor and is commonly used as a synergist in synthetic pyrethroid pesticide
formulations (Osimitz & Breathnach, 2001). In pyrethroid formulations, PBO impedes
the oxidative breakdown ability of cytochrome P-450, which reduces biotransformation
and allows the pesticides to accumulate to lethal levels. In addition to pesticides,
cytochrome P-450 is also responsible for the metabolism of PAHs in vertebrate and
invertebrate species (Stegeman, Brouwer, DiGiulio, Forlin, Fowler, Sanders, et al., 1992;
James. 1989; James & Boyle, 1998). Biotransformation of PAHs naturally occurs at a
slower rate in invertebrates than vertebrates due to lower concentrations of cytochrome P-
450 (James, 1989; James & Boyle, 1998; Lee, 1998). These rates of transformation are
further reduced by the presence of metabolic inhibitors like PBO. Water fleas (Daphnia
magna) exposed to PBO exhibited a reduction in the biotransformation of pyrene, which
was likely mediated through an inhibition of cytochrome P-450 (Akkanen & Kukkonen,
2003). In the current study, increased bioaccumulation of fluoranthene in PBO-exposed
grass shrimp was also likely the result of an inhibition of cytochrome P-450 and
subsequent reduction in the rate of fluoranthene biotransformation, although this was not
directly measured. Nevertheless, the results of the current study support the notion that
cytochrome P-450 plays an important role in the metabolism of PAHs in crustaceans.

Exposure to PBO during the accumulation period also influenced fluoranthene
depuration kinetics in grass shrimp. Depuration rates were significantly higher in the
PBO-exposed grass shrimp than in control grass shrimp, suggesting a rapid recovery of
those cytochrome P-450 isozymes that had been inhibited during the accumulation
period. Despite the faster rate of depuration, PBO-exposed grass shrimp had significantly
higher levels of fluoranthene in their tissues at the end of the 3-day depuration period
relative to control shrimp, whose fluoranthene tissue residues were similar to background
levels. The continued presence of fluoranthene in the PBO-exposed grass shrimp could
have profound physiological implications for dose-and time-dependent responses, such as
DNA strand breaks (Lee, Maruya & Bulski, 2004) and UV-enhanced photosensitization
reactions (Weinstein, 2003). Also, the continued presence of fluoranthene in the grass
shrimp tissues increases the likelihood that fluoranthene could be transferred to higher
trophic levels through the diet. The physiological and ecological implications of
lingering fluoranthene residues in PBO-exposed organisms certainly warrant further
investigation.

The acute toxicity of PBO has been evaluated in a variety of aquatic species, and
these studies have demonstrated that invertebrates are generally more sensitive to PBO
than fish (Osimitz & Hobson, 1998). Previous studies involving invertebrates have
demonstrated that PBO is highly toxic, with reported LCs values for water fleas
(Ceriodaphnia dubia) and amphipods (Hyalella azteca) of 330 pug/L and 530 pg/L,



respectively (Baily, Digiorgio, Kroll, Miller, Hinton & Starrett, 1996; Ankley &
Collyard, 1995). By comparison, studies involving fish have demonstrated that PBO is
only moderately toxic to this taxon, with reported LCs, values ranging from 3,940 pg/L
in sheepshead minnow (Cyprinodon variegatus) to 11,200 ug/L in rainbow trout (Salmo
gairdneri) (Erickson, Goodrich & Lech, 1988). The results of the current study suggest
that grass shrimp (LCso = 1,043 png/L) are somewhat less sensitive to PBO compared to
previously tested invertebrate species, but are not as tolerant as previously tested fish
species. This finding is corroborated by a study involving freshwater prawns (Palaemon
paucidens), which reported an LCs value of 3,500 ng/L (Kobayashi, Wang, Imada,
Oshima & Rompas, 1993).

Despite the fact that fluoranthene bioaccumulation was observed in grass shrimp
that were fed fluoranthene-dosed oligochaetes, the calculated TTCs suggest that
biomagnification of fluoranthene in the food chain is unlikely. Biomagnification is likely
to occur when the TTC values in predator-prey relationships are >1.0 (Suedel, Boraczek,
Peddicord, Clifford & Dillon, 1994). In the current study, TTC values between grass
shrimp and oligochaete worms were 0.02 and 0.01 in the presence and absence of PBO,
respectively, or 50 to 100-fold less than those values associated with biomagnification.
In a previous field study investigating dietary transfer of PAHs between zooplankton and
mussels (Mytilus edulis) Broman, Naf, Lundbergh and Zebuhr (1990) reported TTC
values of 0.2, 0.3 and 0.6 for phenanthrene, fluoranthene and anthracene, respectively.
These TTC values, which are higher than those reported in the current study, are probably
a reflection of the limited activity of cytochrome P-450 isozymes and other mixed-
function oxygenases in molluscs compared to crustaceans (Livingstone, 1991).
Nevertheless, these results collectively suggest that the potential for biomagnification of
PAHs in aquatic food webs is low.

Despite its widespread use in household and agricultural pesticides and mosquito
adulticides, few attempts have been made to measure concentrations of PBO in the
environment (Osimitz & Breathnach, 2001). Application rates of PBO range from
0.0036 Ib/acre and 0.021 Ib/acre in mosquitocide formulations (Anvil® and Scourge®,
respectively) (Bayer Environmental Science, 2002; Clarke Mosquito Control Products,
2005) to 0.037 Ib/acre in certain agricultural products (Kenega, 1973). Immediately
following mosquito spraying, PBO has been detected in surface water at concentrations
ranging from 0.7 to 15,000 ng/L (Zulkosky, Ruggieri, Terracciano, Brownawell &
McElroy, 2005; Amweg, Weston, Johnson, You & Lydy, 2006). Water samples collected
from urban creeks, where household pesticides may have been applied, generally had
undetectable levels of PBO (Amweg, Weston, Johnson, You & Lydy, 2006). At these
concentrations, PBO itself is not particularly toxic; however, it has the potential to
increase the toxicity of other compounds. Under most natural conditions, PBO is
relatively short-lived with half-lives in the water column and sediments of 1.6 days and
24 days, respectively (Arnold, 1998). However, under certain conditions, including the
absence of light and/or the absence of oxygen, PBO is extremely stable with half-lives in
water and sediments that exceeded one year (Arnold, 1998). Given that tidal creek-salt
marsh systems can occasionally be light and oxygen-limited, future studies investigating
the prevalence and persistence of PBO in the estuarine environment is warranted.

5. Conclusion



This study demonstrates that environmentally-relevant sediment concentrations of
fluoranthene can travel through trophic pathways to predatory species in tidal creek and
salt marsh complexes of the Southeastern U.S. The oligochaete Monopylephorus
rubroniveus is the most abundant macroinfaunal organism in intertidal creeks and has a
high toxicological tolerance to fluoranthene, and likely other PAHs. In general,
oligochaetes, and other invertebrates, have lower levels of cytochrome P-450 and cannot
rapidly metabolize and eliminate PAHs (Lee, 1998). As such, oligochaetes can
accumulate relatively high levels of contaminants and can pass them on to primary
consumers, including crustaceans and demersal fish. The presence of metabolic
inhibitors, like PBO, can enhance the dietary transfer of PAHs. However, dietary transfer
as a mechanism of PAH bioaccumulation in estuarine food webs is probably limited to
these primary consumers, due to their higher metabolic capacities for removing
contaminants from body tissues.
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Table 1: Experimental design used in dietary transfer experiment involving grass shrimp

Total
Treatment Oligochaete Diet ~ Water Exposure  Number Sampled
Exposed

Uptake: Days 1-5
A fluoranthene-dosed 750 ng PBO/L 24 Depuration: Days 6-8
B fluoranthene-dosed control 24 Uptake: 'Days 7’

Depuration: Days 6-8
C control 750 ug PBO/L 6 Uptake: Days 1 and 5
D control control 6 Uptake: Days 1 and 5




Table 2: Summary of water quality parameters from 96-h piperonyl butoxide (PBO) toxicological
test and 8-day dietary transfer experiment. Values are reported as means + standard deviations.

Experiment ~ Temperature (°C)  Salinity (psu) (stand:|: units) DBSO'(‘:ES/S)XYQGH
PBO T(Zli(;;:t()loglcal 21.0 (+ 0.6) 26.9 (+1.3) 7.9 (+0.1) 6.6 (£0.7)

Dietary Transfer 21.8 (£ 1.0) 26.6 (+1.4) 7.9 (+0.1) 5.8 (+0.7)




Figure Captions

Figure 1. Percent mortality of grass shrimp (Palaemonetes pugio) following a 96-hour
aqueous exposure to piperonyl butoxide (PBO). Error bars represent 1 standard error.

Figure 2. Mean concentration of fluoranthene (ug FLU/g) in whole tissues of
fluoranthene-dosed oligochaetes (Monopylephorus rubroniveus) fed to grass shrimp
during the 5-day bioaccumulation period. Error bars represent 1 standard error.

Figure 3. Mean concentration of fluoranthene (ug FLU/g) in whole tissues of grass
shrimp (Palaemonetes pugio) that were fed fluoranthene-dosed oligochactes. Grass
shrimp in Treatment A were exposed to piperonyl butoxide (PBO) and had significantly
higher fluoranthene tissue residues (p > 0.0001). Error bars represent 1 standard error.

Figure 4. Mean concentration of fluoranthene (ug FLU/g) in whole tissues of grass
shrimp (Palaemonetes pugio) that were fed control oligochaetes. Grass shrimp in
Treatment C were exposed to piperonyl butoxide (PBO). Error bars represent 1 standard
error.

Figure 5. Mean concentration of fluoranthene (ug FLU/g) in whole tissues of grass
shrimp (Palaemonetes pugio) during the last day of uptake (U5) and three days of
depuration (D1 - D3). Grass shrimp in Treatment A were exposed to piperonyl butoxide
(PBO). Error bars represent 1 standard error.
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