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Abstract. The phototoxicity potential of PAH-contaminated  Phototoxicity research at our laboratory using the marine
field sediment was evaluated and compared to standard sedimphipodRhepoxynius abroniusxposed to a wide variety of
ment toxicity test results. Marine sediments were collectecharent and alkylated PAHs in 10-day toxicity tests suggested
from 30 sites along a presumed PAH sediment pollutionthat toxicity increases by about fivefold when amphipods are
gradient in Elliot Bay, WA. Standard 10-day acute and 28-dayremoved from contaminated sediments and exposedH of
chronic sediment toxicity tests were conducted with the infau-y ragiation (Boeset al. 1998; Swartzt al. 1997). Our most

nal amphipod&hepoxynius abroniuandLeptocheirus plumu-  yocent research suggested that the phototoxicity of mixtures of
losususing mortality and the ability to rebury as endpoints. Thefarent and alkylated PAHs was roughly additive if normalized

Survivors .Of th?se tests were then squecteq to 1-h EXPOSUTES {8 interstitial water molar concentrations (Boeteal. 1999).
UV radiation with mortality and reburial again determined. The -, . L .
This result was surprising, as we expected photo-induced

most highly toxic sediments identified in these experlm(_:‘mstoxicity to vary with the contaminants molecular structure.(

were evaluated further for toxicity and phototoxicity by serially . . .
diluting them with uncontaminated sediment and repeating thé—|OMO-LUMO gap) and bioaccumulation potential (Ankley

toxicity tests. Standard 10-day toxicity test results indicated tha‘f"l' 199_5_’_1997; Mekenyaret aI 1994). However, if PAH
over 70% of the sites sampled in Elliot Bay exhibited measurPhotoxicities are roughly additive and related by a constant
able toxicity with nine sites being highly toxic to both species of factor to sediment toxicities derived from standard (no UV)
amphipods. Results of standard 28-day chronic sediment toxidOXicity tests, then evaluating the environmental risk of sedi-
ity tests were similar. In contrast, almost all of the sites werements contaminated with photo-activated compounds would be
found to be highly phototoxic. Results indicated that exposuregreatly simplified. In addition, it might be possible to estimate
to UV increased toxicity five- to eightfold. This suggests thatthe phototoxic potential of a sediment that contained mixtures
standard toxicity tests underestimate the potential ecologicadf phototoxic and nonphototoxic PAHs by using the existing
risk of PAH-contaminated sediments in animals exposed t&PAH model (Swartzt al. 1995).

sunlight. However, only when PAH contamination was between The goals of the present research were (1) to determine
0.05 and 1.0 toxic units would conducting a phototoxicity if marine amphipods exposed to a PAH-contaminated field
evaluation add information to that gained from conducting asediment exhibited enhanced toxic effects when exposed to
standard sediment toxicity test alone. UV radiation, and (2) to evaluate the relationship between the
results of standard (no UV) 10-day amphipod sediment
toxicity tests to the phototoxicity of the same sediment.

Photoactivation by ultraviolet radiation (UV) of bioaccumu-
lated sediment-associated polynuclear aromatic hydrocarbo
(PAHSs) has been shown to cause up to an order of magnitud
increase in toxicity (Ankleyet al. 1994; Monsoret al. 1995;
Swartzet al. 1997; Boeseet al. 1998). This enhanced toxicity Sediments
poses problems for sediment toxicity testing as standard
sediment teste(g., ASTM 1996a) are conducted under labora- sediment samples were collected subtidally from Elliott Bay (Seattle,
tory lighting conditions, which contain little or no UV, and thus wa) within 1 km of the Wyckoff Wood Treatment Facility (West
may underestimate the environmental risk of petroleum-Seattle, WA), a creosote (PAH)-contaminated Superfund site (Cubbage
contaminated sediments. 1989). Grab samples were taken using a 02lvam Veen grab at 30
stations (Figure 1). The top 10 cm were sampled for toxicity testing and
geochemical analyses using three 7.6-cm diameter plastic corers, the
contents of which where extruded into half-gallon glass jars and
Correspondence td®. L. Boese covered with Teflon-lined lids. These composite samples were then
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the Wyckoff Wood Treatment Facility
(West Seattle, WA), a creosote (PAH)-
contaminated Superfund site

transported on ice to the Coastal Ecology Branch Laboratory (NewportQrganic carbon (OC) content of test and control sediments were

OR) where they were stored at 4°C until testing or analysis. determined by combustion (Perkin Elmer 2400 CHN Elemental
These sediments were used in two standard sediment toxicitnalyzer, Norwalk, CT) after carbonate removal by acidification

evaluations (ASTM 1996a; DeWit al. 1997). The first of these was  (Plumb 1981).

designed to determine which of the collected sediments were the most

toxic. For this site survey toxicity evaluation, sediments were mixed by

gentle stirring and used directly for toxicity testing within 7 days of

c_oIIection. Ir_1 the se_cond experim_ent, sedimen_ts from the most tO_XiGFOXiC Unit Calculations

sites were diluted with control sediment to obtain concentration series.

This dilution was accomplished by determining tB&U of each of . . o

these highly toxic sediments using organic carbon (OC) and papSediment PAH concentrations of 13 individual PAHs (Table 1) were

concentrations (Swartet al. 1995). The concentration and the bulk converted to TU values using the method of Swaetzal. (1995).

density of these field sediments where then used with the bulk densit§riefly, a TU for an individual PAH is defined as:

and OC content of the diluent sediment to compute initial dilution to

four toxic units (TUs) (see Equation 1) assuming equilibrium of the TU; = Cw/10-day LC5Qy (Eq. 1)

combined OCs and PAHs. These mixtures were then placed in

2,000-ml glass jars and mixed by rolling for 2 days (4°C). These highwhere G, is freely dissolved interstitial water concentration of an

concentrations were then split into six portions, five of which wereindividual contaminant; and 10-day LC&Qis freely dissolved IW

diluted using the same methodology with additional control sedimenioncentration needed to kill 50% of amphipods in a 10-day sediment

to obtain a series of diluted test sediments. All these sediments wergyxicity test. For marine amphipods, Swagtal. (1995) determined

then rolled (2 days) and aged in the rolling mill jars for at least 28 daysthe relationship between octanol water partition coefficient, JK

(4°C) before test initiation. ) ~values and LC5Q, for these 13 PAHSs (Table 1) to be
Uncontaminated sediment, which was used for controls and to dilute

field-collected sediments, was collected from McKinney Slough (Wald- Log 10-day LC5 M) =592— 1.33] Eq. 2

port, OR). An additional negative control sediment was collected from o9 ay Ru(HM) ' 33log ko (Eq.2)

Yaquina Bay (Newport, OR). These sediments were sieved (0.5 mm) R?2 = 0.96, p< 0.001

into 28%. sea water and allowed to settle for 24 h at which time the

overlying water was depantepl and discarded. . . s IW concentrations were not measured directly, IW concentrations
PAH concentrations in sediments were determined using the metho r each PAH were estimated from the bulk sediment concentrations

of Ozretich and Schroeder (1986). Sediment subsamples (2 g) werg .

spiked with deuterated surrogate compounds at 500 pg/kg (wet weight)”

and extracted by sonication in acetonitrile with C-18 cleanup, then

exchanged into isooctane. Standard reference material (SRM) 1647c, Cw = Cd(Koc X foc) (Eq.3)
Priority Pollutant Polycyclic Aromatic Hydrocarbons (NIST, Gaithers- ] ] ] ]
burg, MD), containing 16 PAHs was spiked into locally obtained Where G equals sediment concentration (umol/kg dry weighty; i
sediment (100-500 pg/kg wet weight). Aliquots (1 g) of SRM 1941, the organic carbon-PAH/water partition coefficient (L/kg OC); apd f
Organics in Marine Sediment (PAHs 200—1,000 pg/kg dry weight),is the fraction organic carbon (kg OC/kg dry weight), Kalues were
were also extracted. Extracts were amended with deuterated phena@stimated from I, values using the relationship of DiToro (1985):
threne (recovery standard) and quantified by GC/MS using the detector

response of the analytes relative to the surrogate internal standards. Log Koc = 0.00028+ 0.983 log Ko (Eq. 4)
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Table 1. Thirteen PAHs and their physical and toxicological characteristics, which were used to determine their toxic unit (TU) values

Predicted 10-d

PAH Log Kow Log Koy LC50,, (1g/L) Solubility Limit (ug/L) TU Limit Potentially Phototoxic
Naphthalene 3.37 3.31 3,500 31,690 9.1 No
Acenaphthylene 4.07 4.00 490 3,930 8.0 No
Acenaphthene 3.85 3.78 970 3,420 35 No
Fluorene 4.18 4.11 270 1,685 6.2 No
Phenanthrene 4.36 4.29 240 1,002 4.2 No
Anthracene 4.45 4.37 180 44.6 0.25 Yes
Fluoranthene 5.09 5.00 29 206 7.1 Yes
Pyrene 5.32 5.23 14 132 9.4 Yes
Benz[a]anthracene 5.61 5.51 6.6 9.4 1.4 No
Chrysene 5.61 5.51 6.6 1.8 0.27 No
Benzo[b]fluoranthene 6.57 6.46 0.38 15 3.9 Yes
Benzolk]fluoranthene 6.84 6.72 0.17 15 8.8 Yes
Benzo[a]Pyrene 6.04 5.94 1.9 3.8 2.0 No

Table from Swartzt al. (1995). Potential for phototoxicity estimated from chemical structure (HOMO-LUMU gap) (Mekeztysdn 994)

If the calculated IW concentration exceeded the solubility limit for that Table 2. Physical and chemical characteristics for each of the
PAH, then the TU limit value was used for that contaminant (Table 1).contaminated and control sediments

Site %0OC 3PAH (uM/kg) %Sand  %Silt  %Clay
Chronic and Acute Toxicity Tests % ;'g 7 i;g ég"r; i%‘% gj
] ) o ) ) 3 12.8 15,823 29.8 40.0 29.8
Standard 28-day chronic sediment toxicity tests udiegtocheirus 4 8.2 832 45.6 33.8 20.6
plumulosugDeWitt et al. 1997) and standard 10-day sediment toxicity g 6.8 899 57.7 35.3 7.0
tests (ASTM 1996a) were performed usirig abronius and L. 6 3.1 1,095 53.8 39.1 7.1
plumulosus Each sediment replicate consisted of a 1,000-ml beaker 7 292 344 52.9 42.0 5.1
containing test or control sediment (approximately 2 cm deep), which g 4.4 372 63.1 30.5 6.3
was covered with 775 ml of sea water (28%o). For the site survey test ag 28 1,517 66.3 29.3 4.4
single replicate was prepared for each species from sediment collecteg 21 285 55.2 39.8 5.0
at a given site. An additional contaminated sediment replicate fromyq 22 205 19.9 705 9.6
each site was prepared for chemical analysis. For the sediment dilutiopy 29 367 19.7 69.7 10.6
experiment, single replicates were again prepared for each species ¢§ 3.6 388 68.4 233 8.3
each of the dilution treatments. Chemistry replicates for these latte 4 12.4 12,015 54.6 23.4 22.0
tests were prepared for only the highest concentrations used from eagl 16.0 98,725 228 445 32.7
site with the exception of site 14, where a chemistry replicate was; g 7.9 6,441 20.8 47.0 23.3
prepared for all of the sediment dilutions used in the test. For both thg 7 0.9 35 62.1 30.9 7.0
site survey and sediment dilution tests, five control sediment replicategg 28 151 38.0 47.9 14.2
were prepared. Each replicate was given a randomly assigned beakegg 20 56 13.6 77.8 8.5
number and placed overnight in a water bath (15 or 25°C), with gentlgyg 29 225 33.6 45.2 21.3
aeration (via 1-ml glass pipet), and covered with a watch glass. 21 3.2 685 37.4 43.9 18.7
A maximum of 10 days before test initiatiol?. abroniuswere 5o 15 75 51.0 36.6 12.4
collected subtidally with a small biological dredge from Yaquina Bay 53 15 118 50.1 37.4 12.5
(Newport, OR).L. plumulosuswere collected by sieving (0.5 mm) o4 4.0 3,234 55 80.1 14.4
them from cultures maintained at our facility. Collected amphipodsyg 51 4,092 16.1 62.6 21.3
were maintained in sediment from the collection site and acclimated tgg 3.4 665 16.5 61.2 22.3
bioassay salinity (28%. folR. abronius,25%. for L. plumulosuy 27 29 1,321 7.7 77.4 14.9
temperature (15°C foR. abronius,25°C for L. plumulosuy and 28 38 376 95 78.9 11.6
fluorescent lighting conditions (continuous). At the start of each 28-day,g 3.0 255 256 56.0 18.4
or 10-day toxicity test (§, 20 amphipods of a given species were added 3 3.1 237 32.3 53.5 14.2
to single contaminated sediment replicates. At the same time 2§pg ontrol 0.2 <LLD 985 0.3 1.2
amphipods of each species were added to each of the negative contigls control 23  <LLD 16.0 63.0 21.0

beakers. McKinney Slough sediment was used as a negative control

sediment for thé.. plumulosugests and a sediment collected from the 2 Mean value for this sediment (Caé¢ al. 2000)

R. abroniuscollection site in Yaquina Bay was used as the negative%OC = % organic carbonyPAH = total concentration of the 13

control sediment in tests using that species. Control and experiment&AHs, YB control= Yaquina Bay control sediment collected frdRa

sediment physical and chemical characteristics are presented in Table&oroniuscollection site and used in the. abronius10-day test as a
After amphipod additions, beakers were returned to the water batmegative control sediment. MS contrel McKinney Slough sediment,

covered with a watch glass, and aeration resumed. The remaining tegthich was used as a negative control sedimeht plumulosud 0-day

and carrier control replicates were sampled for bulk sediment anaénd 28-day tests and also used as the dilution sediment in the sediment

interstitial water contaminant concentrations. dilution experiment<LLD = below lower limit of detection
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Positive controls were water-only tests (no added sediment) preparddstitute Inc., Cary, NC). Statistical comparisons among these values
at t,. R. abroniuspositive controls consisted of seven 1,000-ml beakerswere accomplished using the standard method for comparing LC50
containing CdGI (5, 2.5, 1.25, 0.62, 0.31, 0.16, and 0 mg/L) dissolved values of the American Public Health Association (APHA 1989).
in 975 ml of sea water (28%o).. plumulosuspositive controls were
similarly prepared using lower Cdglosage levels (3, 1.5, 0.75, 0.375,

0.188, 0.094, and 0 mg/L) in 25%. sea water. These concentrationResults

were verified by flame atomic absorption spectrometry (Perkin Elmer

Model 5100, Norwalk, CT) using a previously published methodology
(Boeseet al. 1998). As with the sediment-containing beakers, positive
control beakers were randomly assigned a number, amphipcee2(Q)
were added to each, the beakers covered with a watch glass, placed#ediment2TUs for the site survey (Table 3) were calculated
the water bath (15 or 25°C) and aerated during the test. Only on&lsing measured bulk sediment PAH concentrations for the 13
replicate was prepared at each Cgdincentration. PAHSs of interest (Table 1). The2&TU values ranged from 0.31

During the tests, visual observations were made daily and obviougp 28.85, indicating that there was measurable PAH contamina-
mortalities and unusual conditions noted. Amphipods that had becomon at all of the sites in the study area. Sedim&RAH
entrapped at the air—water interface were gently tapped bgneath t%ncentrations were highly correlated=r0.72) with their OC
water.surface to allow them a.chance to rebu.ry. Amphipods in 28'da¥:ontent. OC content ranged from 0.9 to 16.0% (Table 2) with
chronic tests were fed three times weekly with 400-ml portions of a, . . -
mixed algal culture consisting oPseudoisochrysis paradoxand the sediments collected from th_e Sha.”OWESt sites having the
Phaeodactylum tricornutun@l X 10° cells/ml). An equal volume of ~9reatest OCand PAH contamination (Figure 1 and Table 2). The
overlying water was removed from each replicate before algal culturdnOst highly contaminated sediments contained visible traces of
addition. creosote, which likely contributed to their greater PAH and OC

At the end of each chronic and acute tegidt t,g), amphipods were  content. Control sediment TU values were below detection
gently sieved (0.5 mm) from the test and control sediment, thelimits for each of the 13 PAHs used in the TU calculations. The
survivors counted and placed into glass culture dishes (10 cm diametegletection limits ranged from 2 to 28 pg/kg for these compounds,
4 cm deep), each of which contained approximately 200 ml of controlyhjch corresponds to 0.00002 to 0.0003 TUs.
sediment covered by approximately 2 cm of sea water (28%.). After 1, - \15t of the sites sampled in Elliott Bay exhibited measurable
the _number unable to rebury were counted. Positive controls Wer?OXiCity when compared with controls (Table 3). F&.
similarly sampled and evaluated after 4 days of exposyref(¢ach ; . . . .
bioassay). apronlus using reburial as an epdpomt, 13 of the sites were

highly toxic (50-100% of amphipods affected), 6 of the sites

were moderately toxic (20—45% of amphipods affected), with
UV Exposure 11 sites being relatively nontoxic (0-15% of amphipods

affected). In theL. plumulosusacute test, 17 sites were highly
After the initial burial tests, survivors, including those that did not toxic, 8 S|tes_were moderately toxic, and only 5 sites appeared
rebury, were sieved (0.5 mm) from the burial sediment with eacht® P& nontoxic (Table 3). Data from the plumulosus28-day
replicate placed into individual plastic petri dish lids (95 mm diameter, Chronic test were not reliable as control survival did not meet
7 mm deep) containing 3050 ml sea water at the salinity used in théhe quality control standards of 80% survival (DeWétt al.
previous 10- or 28-day toxicity tests. Replicates were exposed to UML997). However, even given the questionable quality of the data
light for 1 h in agrowth chamber (Model GC15-H, Environmental set {.e., poor control survival), sediments which were the most
Growth Chambers, Chagrin Falls, OH) maintained at the temperaturgoxic in the 10-day acute tests also killed all of the amphipods in
used in the preceding toxicity test. Following UV exposures, mortali-the chronic test.
ties anc_j the surviyors’ ability to bury in control sedimept_were a_g_a_in Results of the sediment dilution experiment (Table 4), show
determined following the same protocol used for determining the |n|t|a|that as TUs are reduced by dilution, toxicities became pro-

test endpoints (ASTM 1996a). velv | In the initial : t sedi ts with
UV radiation and visible light were produced in the growth chamber 9"€SSIVEly 1€SS. In he Inilial Survey experiment sediments wi

by a combination of UV-A 340 and UV-B 313 fluorescent lamps (The > 1Y < 1 were generally nontoxic, those with<1 XTU < 2
Q-Panel Company, Cleveland, OH) and standard fluorescent lamps. T¢€re moderately to highly toxic, and those wEfiU > 2 were
reduce UV intensities to levels that mimicked full sunlight, the petri @lways highly toxic (Table 3). There were several instances in
dishes were covered with nylon window screening. An additional layerboth tests (especially in the sediment dilution experiment)
of cellulose acetate was added to remove any UV-C produced by thevhere sediments wittETU values slightly larger than one
lamps. Previous experiments using this apparatus and lighting regimesaippeared to be nontoxic (Table 4). In the sediment dilution
did not noticeably affect contré. abroniussurvival or reburial (Boese experiment, all of these anomalies were from sediments in
et al. 1998; Swartzet al. 1997). Light intensities (LW/ch were  yhich PAH concentrations were estimated from the sediment
measured (250-800 nM at 1-nM intervals) at eight evenly dls.trlbuteddiIution factor rather than directly measured (Table 4). Al-

points within the growth chamber using a spectroradiometer (Optronic: : ; .
model 752, Optronics Laboratories, Inc., Orlando, FL). MeasuremenfhOUgh some errors were undoubtedly introduced by estimating

and calibration procedural details have been previously published U Values from dilution factors, in those cases wh2fgUs
(Boeseet al. 1998). were directly measured, values were generally within 25% of

that estimated by dilution.
LC50 and EC50 values were determined on the combined
LC50 and EC50 Calculations results of acute sediment toxicity tests from the site survey and
dilution experiments (Table 5). The initial LC50 and EC50
For each species, the results of both the site survey and dilution 10-dayalues were greater than the expected TU value of 1.0 (range:
tests were combined to determine LC50 and EC50 values by Probit.56-2.14), and.. plumulosuswas slightly but statistically
analysis (Finney 1971) using a PC SAS statistical package (SA$nore sensitive thamR. abronius(Table 4). LC50 and EC50

Initial Acute and Chronic Toxicity Tests



278 B. L. Boeseet al.

Table 3. Initial site survey: amphipod initial toxicity using 10-day acute and 28-day chronic sediment toxicity tests followed by a phototoxicity
assessment using a 1-h exposure to UV radiation

R. abroniusAcute Test L. plumulosu#cute Test L. plumulosusChronic Test
10-day Initial 1-hour Photox 10-day Initial 1-hour Photox 10-day Initial 1-hour Photox
% % Unable % % Unable % % Unable % % Unable % % Unable % % Unable
Site 3TU  Mortality to Rebury Mortality to Rebury Mortality to Rebury Mortality to Rebury Mortality to Rebury Mortality to Rebury
1 0.55 5 5 5 35 10 10 15 100 50 50 50 70
2 881 100 100 100 100 100 100 100 100 100 100 100 100
3 774 100 100 100 100 100 100 100 100 100 100 100 100
4 1.16 0 30 90 100 65 85 100 100 100 100 100 100
5 155 5 15 80 100 30 40 65 100 85 85 90 100
6 3.71 25 25 95 95 60 80 85 100 70 70 75 100
7 196 0 20 75 95 30 30 45 100 70 70 70 100
8 1.01 15 30 45 100 30 60 90 100 75 75 75 100
9 4.19 65 85 95 100 65 80 95 100 95 95 95 100
10 1.73 5 10 60 100 20 30 35 100 45 45 45 100
11 1.62 75 80 100 100 70 70 100 100 100 100 100 100
12 154 20 35 90 100 50 55 70 100 95 95 95 100
13 1.22 0 10 75 100 10 25 100 100 35 35 35 100
14 7.10 100 100 100 100 100 100 100 100 100 100 100 100
15 28.85 100 100 100 100 100 100 100 100 100 100 100 100
16 7.20 100 100 100 100 100 100 100 100 100 100 100 100
17 0.46 0 0 0 15 0 5 5 100 60 60 60 60
18 0.58 5 5 5 85 20 30 20 95 40 40 40 40
19 0.31 30 35 30 65 0 0 0 90 40 40 45 45
20 0.75 5 5 5 85 0 5 10 95 50 50 50 80
21 211 55 70 100 100 90 95 100 100 70 80 80 100
22 0.53 0 5 10 90 5 20 15 100 35 35 35 35
23 091 10 10 10 50 0 0 0 95 40 40 40 40
24 6.54 100 100 100 100 100 100 100 100 100 100 100 100
25 731 100 100 100 100 100 100 100 100 100 100 100 100
26 1.86 90 90 100 100 65 90 100 100 80 80 90 100
27 457 100 100 100 100 100 100 100 100 100 100 100 100
28 1.25 75 85 90 100 60 65 70 100 80 80 80 100
29 1.03 10 15 45 100 15 20 30 100 60 60 60 90
30 0.70 5 5 45 100 15 25 30 100 55 55 55 95
Negative controls
1 <LLD O 0 0 0 0 0 0 0 45 45 45 45
2 <LLD O 0 0 0 0 0 0 0 55 55 55 55
3 <LLD O 0 0 0 0 0 0 0 40 40 40 45
4 <LLD O 10 0 15 0 0 5 5 30 30 30 35
5 <LLD 5 5 10 10 5 5 5 5 45 45 45 45

a Toxicity values are the percent of amphipods that did not survive or were unable to rebury out of the original 20 organisms placed into each beaker
at the start () of the initial 10- or 28-day sediment toxicity te&TU = sum of toxic units:< LLD = below lower limit of detection)

values were not determined from theplumulosushronic test  For the site survey experiments mean UV-B (280-320 nm),
because the high mortalities in control sediments precludeV-A (321-400 nm), and visible (401-700 nm) radiation
reliable LC50 and EC50 determinations. intensities were 122+ 1 pW/cn? (mean= SE), 282+ 6
Cadmium toxicity (positive control) LC50 values fdr. pwi/cn?, and 3,090+ 75 pW/cn?, respectively. For the
abroniusand L. plumulosusin the site survey and sediment sediment dilution experiment these same respective values
dilution experiments were within acceptable quality controlwere 96 + 3 puwi/cnt, 227 + 18 uw/cn?, and 2,350+ 38
limits for these two species.¢., 95% CI values overlap with puw/cn?. These values roughly correspond to 85% of UV-B,
previous positive control tests conducted at our laboratory)and 10% of UV-A and visible radiation present in full sunlight
Control survival in the acute tests met the established criterianeasured using the same instrument on a cloudless day
for test acceptance (ASTM 1996a). (October 3, 1996, &m Pacific Daylight Time) at our location.
Exposure to UV radiation greatly enhanced toxicity in both
the site survey and sediment dilution experiments. In contrast to
Phototoxicity Tests the initial 10-day toxicities, almost all of the sites were found to
be highly phototoxic tdR. abroniuswith only one moderately
Light measurements within the growth chamber indicated thatoxic and one nontoxic site identified using reburial as an
no radiation was present in the UV-C range (below 280 nm)endpoint (Table 3). In acute tests usingplumulosusall sites
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Table 4. Sediment dilution experiment: amphipod initial toxicities using 10-day sediment exposures followed by phototoxicity assessments using
1-h exposures to UV radiatién

R. abroniusAcute Test L. plumulosu#cute Test
10-day Initial 1-h Phototoxicity 10-day Initial 1-h Phototoxicity
% % Unable % % Unable % % Unable % % Unable
Site %0C 3TU Mortality to Rebury Mortality to Rebury Mortality to Rebury Mortality to Rebury
2 3.3 2.98 95 95 95 95 100 100 100 100
ND 1.19 65 70 85 100 90 95 100 100
ND 0.48 20 20 35 40 30 30 25 100
ND 0.19 5 20 30 95 10 15 25 90
ND 0.08 0 0 0 10 5 5 10 50
ND 0.03 20 20 20 20 0 0 0 0
3 3.1 3.48 100 100 100 100 100 100 100 100
ND 1.39 5 10 25 100 20 35 80 100
ND 0.56 0 0 15 100 20 20 20 75
ND 0.22 5 5 5 50 5 5 5 40
ND 0.09 5 5 10 10 10 10 20 20
ND 0.04 5 5 20 50 0 0 5 25
14 2.6 1.92 45 75 80 100 60 60 85 100
25 0.69 0 0 0 100 35 35 60 100
25 0.23 5 10 5 70 0 0 0 95
2.3 0.13 15 15 15 15 25 25 30 60
25 0.05 5 5 5 20 0 0 5 15
25 0.03 5 5 5 65 0 0 0 0
15 3.1 3.45 100 100 100 100 100 100 100 100
ND 1.42 75 80 100 100 45 45 75 100
ND 0.57 5 5 15 100 5 5 5 95
ND 0.23 10 10 10 70 0 0 0 85
ND 0.09 0 0 5 20 10 10 10 35
ND 0.04 15 15 15 15 0 0 0 5
16 35 3.88 100 100 100 100 100 100 100 100
ND 1.55 70 80 100 100 60 70 85 100
ND 0.62 10 10 15 95 5 5 5 100
ND 0.25 5 5 15 65 15 15 20 65
ND 0.10 15 15 15 20 5 5 5 5
ND 0.04 15 15 15 15 5 5 15 15
24 25 3.22 100 100 100 100 95 100 100 100
ND 1.29 10 10 25 70 45 55 85 90
ND 0.52 10 10 20 95 10 15 20 100
ND 0.21 0 0 0 15 5 5 20 100
ND 0.08 0 0 0 0 0 0 0 15
ND 0.03 10 10 10 10 0 0 10 10
25 3.6 2.61 100 100 100 100 80 100 100 100
ND 1.04 5 15 65 100 20 30 40 100
ND 0.42 20 20 20 85 15 15 15 95
ND 0.17 5 5 15 20 10 10 15 65
ND 0.07 15 15 15 15 10 10 15 30
ND 0.03 10 15 10 20 0 0 0 25
27 2.4 1.27 15 25 40 100 15 15 75 100
ND 0.51 5 10 5 75 5 10 20 100
ND 0.20 25 25 25 35 0 0 0 85
ND 0.08 10 10 10 10 0 0 0 5
ND 0.03 10 5 5 5 0 0 0 0
Negative controls
1 ND ND 0 0 0 0 0 0 0 0
2 ND ND 5 5 5 5 5 5 5 5
3 ND ND 10 10 10 10 5 5 5 5
4 ND ND 5 5 5 5 0 0 0 0
5 ND ND 0 0 0 0 0 0 0 5

aToxicity values are the percent of amphipods that did not survive or were unable to rebury out of the original 20 organisms placed into each beaker
at the start () of the initial 10- or 28-day sediment toxicity test

b Only five dilutions tested due to lower toxicity of site 27 whole sediment and the limited amount of sediment collected from each site

%0OC = % total organic carborE,TU = sum toxic units, italicize@®TU values are estimates based on sediment dilution factorszMb data as

%O0OC was not measured on all samples
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Table 5. Initial and photo-induced LC50 and EC50 (reburial) values exposed under similar experimental conditions (Boesal.
for R. abroniusandL. plumulosugxposed to PAH contaminated Elliott 1998, 1999; Swartet al. 1997). This degree of enhancement is

Bay sediments in acute 10-day sediment toxicity tests also similar to that observed in freshwater crustacean species
R. abronius L. plumulosus ~ (Ankley et al. 1994; Monsoret al. 1995).
10-day Acute 10-day Acute Although the results of thie. plumulosughronic toxicity test

are suspect due to low control survival, amphipods exposed for

|9n5|2|/al 10-day L.C50 214 1.87 28 days to sediments appeared to be less sensitive to photo-
6 fiducial ClI 2.01-2.30 1.76-1.99 . s "

Initial 10-day EC50 1.88 1.56 induced thmty than those |n_|t|ally exposed forll_O days.to the
95% fiducial Cl 1.76-2.02 1.47-1.66 same sediment (Table 2). This result was surprising as increas-
Phototoxicity 1-h LC50 1.15 1.13 ing the duration of the initial exposure from 10 to 28 days
95% fiducial Cl 1.08-1.22 1.07-1.20 would tend to increase tissue residues of most contaminants,
Phototoxicity 1-h EC50 0.37 0.20 especially those with high &, values, which are not likely to
95% fiducial Cl 0.33-0.41 0.18-0.22 attain steady-state tissue residues in acute tests (ASTM 1996b).
Values are in toxic units, which were determined using the combinecll Other factors equal, greater tissue residues of phototoxic
results of the site survey and sediment dilution bioassays compounds should have resulted in increased phototoxicity

aSignificant difference betwedn plumulosusindR. abroniuslO-day ~ (Ankley et al. 1997). However, it is possible that these
acute toxicity responses using the standard method for comparingmphipods did not attain higher tissue residues in the longer
LC50 values of the American Public Health Association (APHA 1989) duration tests. In past comparisons conducted at our laboratory
b Significant difference between initial and phototoxicity LC50 and using 10-day and 28-day tests, there was little difference in
LC50 values (APHA 1989) LC50 values (Richard Swartz, personal communication), sug-
gesting that increased exposure time did not result in increased
tissue residues. Amphipods in chronic tests were fed algae and,
were highly phototoxic. Unexpectedly high phototoxicity was a5 a result, some overlying water was exchanged. Feeding
observed irR. abroniugeburial in the most diluted replicate of ,ncontaminated food and exchanging overlying water would
Site 14 sediment (Table 4). However, this high phototoxicity tang to lower contaminant exposures to the gills and gut when
was not observed in the plumulosuseplicate using the same  compared to the unfed amphipods in 10-day tests, which are
sediment, leading us to suspect that Bveabroniusreplicate  ¢onqucted without overlying water exchanges. Fed amphipods
was mislabeled and was most Ilkely_an mtermedlate_ dllutlongrew during the 28-day test and were noticeably larger than the
Although theL. plumulosusexposed in 28-day chronic tests | yteq adults that survived the 10-day acute tests suggesting the
were Iess.sens.ltlve to UV enhanced toxicity, ,76% of thepossibility that tissue concentration may have been diluted by
replicates in which there was at least one survivor from thegrowth (see ASTM 1996b). Test organisms that survived and
28-day exposure, exhibited an increase in toxicity following 1 hgrew in the 28-day tests may have done so because they were
of UV exposure (Table 3). able to depurate contaminants at a faster rate, resulting in

exl[J)erri]nqnetrT{es C(t)r?; b|1n$]d erfsggjrgf tt:eUf/Iteinilrjé\é?é da':gx(ijé:t';'oalrelatively lower tissue residues. These larger amphipods were
measured by both mortality and the ability to rebury. LC50alSO noticeably more pigmented than the nearly transparent and

values decreased by 1.9- and 1.6-fold, respectively Ror smaller 10-day acute test survivors. Their larger size and

abroniusandL. plumulosusvhile EC50 TU values decreased _p|gm_entat|on may have se_rv_ed fo reduce the penetration pf v
into tissues were phototoxicity occurs. Unfortunately, as tissue
5.1- and 7.8-fold (Table 5). . : .
residues were not determined in the present study, none of these
hypotheses can be further evaluated.
Discussion Although standard 10-day sediment toxicity tests do not
address phototoxicity, the consistent five- to tenfold enhance-

Although most of the sediments tested in the present experinent between 10-day toxicity and subsequent phototoxicity
ments were highly phototoxic, this UV-enhanced toxicity wasobserved in this and past experiments (Swagtizal. 1997;
most apparent in reburial (EC50) comparisons. MortalityBoeseet al. 1998, 1999) suggests that it might be possible to
(LC50) was only moderately enhanced (Table 5). This observapredict which sediments may need to be tested for phototoxicity
tion is consistent with previous experiments conducted at oubsing=TU calculations. As indicated in Figure 2A and 2B, it
laboratory. In general, test organisms that survived initialmay be unnecessary to photo-evaluate test sediments which
(before UV) 10-day tests usually survived the 1-h exposures thaveXTU > 1.0 as standard 10-day toxicities would indicate
UV radiation (Boesest al. 1998, 1999). However, if they have that these sediments are highly toxic. Although outliers are
bioaccumulated an effective dose of a phototoxic contaminangresent (especially in thie. abroniussediment dilution experi-
they exhibited characteristic symptoms of phototoxicity (Boesement), contamination levels below 0.05 TU were generally not
etal. 1998, 1999), are unable to rebury in control sediment, andghototoxic and little information beyond that obtained from
usually die within 24 h (Boeset al. 1998). Even if these standard sediment tests is gained. Only when3f# values
affected amphipods could recover, infaunal amphipods thaare between 0.05 and 1.0 would conducting an evaluation of the
cannot bury in nature would be easy prey items and are thughototoxicity potential of a PAH-contaminated sediment appear
ecologically dead. to add useful information.

The increase in toxicity following UV exposure was approxi- Although this idea is promising, it needs further study for a
mately five- to eightfold, which is consistent with the results of variety of reasons. Sediments used in the present study were
other studies that utilized marine amphipods exposed to sedéontaminated from a single source and likely contained the
ments spiked with single and multiple PAH contaminants andsame suite of contaminants in similar ratios. PAH-contaminated
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