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ABSTRACT: In a pilot study for the U S. EPA, bioaccumul ation and growh
in mussels (Mytilus trossulus) were used to assess the bioavailability
of contam nants and potentially adverse bioeffects in water overlying
cont am nated sedi nents. Caged juvenile and adult nussels were
transplanted to 12 | ocations around a Superfund Site (Harbor Island),
and a reference site (Carr Inlet) in Puget Sound, Washington. The
exposure period was 82 days and aninmals were held 1 nmeter fromthe
bottom Accumul ation of contami nants in adult nussel tissues was used
to help identify the extent and nagni tude of contam nation in the
overlying water. Reduced growh in juvenile nussels was used as an

i ndi cator of adverse bioeffects. Sites were ranked for these
potentially adverse biological inmpacts. Juvenile nmussel growh rates
conbined with toxicity-normalized sedi nent chemi stry and toxicity-
normal i zed tissue chem stry, provided a first-order approxi mation of
potential biological effects associated with chemicals of concern in
sedi ment and nussel tissues. Missels from Harbor |sland accunul ated

hi gher concentrations of contam nants and had significantly | ower growh
rates than the reference site nussels. Sone differences were detected
anong the Harbor Island sites. Missels fromone site were nuch nore
contam nated than the others and, based on extrenely |ow growh rates,
exhibited the greatest potential for adverse biol ogical effects. TBT
and copper were the contam nants of greatest concern in both tissues and
sedi ments; |lead and zinc were an additional concern in sedinments. A
statistically significant inverse relationship was found between growh
rate, toxicity-normalized tissue accumul ation, and toxicity-normalized
sedi ment contami nation. Based on our results, we recommend the
followi ng integrated approach for eval uati ng contam nated sedi ments: (1)
conduct in-situ bioassays, (2) estimate bioaccurmulation in addition to
bi oeffects, and (3) evaluate water overlying the sedinents.
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I NTRCDUCT! ON

Harbor Island is a 400-acre industrial island which was added to
the Superfund National Priority List in 1983. It is |located at the
mout h of the Duwami sh River and adjacent to Elliott Bay, in Seattle,
Washi ngton (Fig. 1). The Island was constructed with dredged sedi nents
fromthe Duwam sh River at the turn of the century. 1In 1982, the U S
Envi ronnental Protection Agency (EPA) conpleted a prelimnary assessnent
to identify sources of industrial contam nants and the potential for
human exposure. Potential sources of industrial contam nants included a
secondary |l ead snelter, shipyards, netal recycling operations,
foundries, a nmetal plating facility, ship and railroad cargo operations,
and petrol eum bul k fuel storage and transfer operations (Weston 1993).

Many studi es have shown hi gh concentrations of contanmi nants in
both sedi ments and biota fromthe Harbor I|sland area, as well as
associ at ed adverse biol ogical effects. Long and Chapman (1985) report
that, among urban wat erways in Puget Sound, the concentrations of netals
and organi ¢ conpounds were anong the highest in the Duwam sh Wat erway.
Adverse effects in sedi nent bioassays have been reported for anphipods,
worns, and fish (Chapnan et al. 1985). The Elliott Bay Action Program
(EBAP) used sedi ment chemi stry, |aboratory bioassays, effects on benthic
i nfauna, bioaccumul ati on potential, and persistence in the environnment
to assess contam nated sedinent. This EBAP study identified PAHs, PCBs,
and trace elenments as the contam nants of concern (PTI and Tetra Tech
1988). There is strong evidence that contam nants in sedinment are
accunul ated by, and are affecting fish in this area. For exanple,
relative to other contam nated Puget Sound sites, the concentrations of
PCBs in English sole and chlorinated hydrocarbons in juvenile Chinook
sal non, have been anong the highest in the vicinity of the Duwam sh
Waterway (Malins et al. 1987; MCain et al. 1990; Varanasi et al. 1993).
Ti ssue accumul ations at simlar sedinment concentrati ons have been
associ ated with reduced i nmunoconpet ence and reproduction (Varanasi et
al . 1993). The highest incidences of fin erosion and liver |esions have
been repeatedly found in bottomdwelling fish collected fromthe
Duwam sh River (Malins et al. 1987; Stein et al. 1992; Varanasi et al
1992).

In 1992, EPA conpleted a Phase Il Renedial Investigation (RI) for
Har bor Island which included sanpling sedinments at 119 | ocati ons and
anal yzing themfor priority pollutants. The objective of that study was
to define the areas of sedi nent contami nation which exceed the State of
Washi ngt on sedi ment managenent standards (SMS) (Washington State
Department of Ecol ogy 1991) and identify those areas that require
renedi ati on. The SM5 are based on the Apparent Effects Threshold (AET)
concept that identifies sedi nent contam nant concentrati ons above which
statistically significant biological effects are expected to occur in
mari ne organi sns (Barrick et al. 1989). This approach was devel oped
usi ng Puget Sound data. As in the EBAP study, the Phase I
i nvestigation concluded that sedinments in a | arge nunber of areas around
Har bor Island contai ned el evated concentrations of several contam nants.
In contract to the EBAP data, cadm um concentrations frequently exceeded
the state managenent standard. Tributyltin (TBT) contam nation was
wi despread and usual ly exceeded reference area concentrations (\Wston
1993), but TBT was not neasured as part of EBAP

As part of the Phase Il Renedial Investigation, caged nussels
were transpl anted around Harbor Island to assess the potential for
bi oaccunul ati on and adverse bi ol ogi cal effects. The value of biologica
testing in assessing contamnation is well known and bi oaccumnul ati on
studi es using transpl anted bival ves can denonstrate the extent to which
chemicals have mgrated into food webs (Lee et al. 1993). Laboratory
bi oassays have been used to identify toxic sedinments at Superfund sites
i n Puget Sound (Chapman and Long 1983; Pastorok and Becker 1990). The
i nportance of |aboratory bioassays and integrated approaches have been
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enphasi zed in the Sedinent Quality Triad, which includes sedi nent

chem stry, |aboratory bioassays, and benthic community assenbl ages (Long
and Chaprman 1985). The use of in-situ bioassays is gaining w der
acceptance as a potentially powerful tool because it conbines the
control of laboratory studies with the realismof field evaluations

(Sal azar and Sal azar this volune), and the eval uati on of sedinments nust
ultimately be based on an ability to predict or nmeasure biol ogica
effects at specific sites (Long and Chapman 1985; U. S. EPA 1992).

Qur primary objective was to evaluate the utility of transpl anted
nmussel s i n augnenting standard approaches to ranki ng contam nated
sedi ments for regulatory purposes. |In this paper we propose holistic
assessnents by conbi ning nussel growth rates with estimtes of potenti al
sedi ment and tissue toxicity; thereby expandi ng sedi ment evaluations to
i nclude the overlying water. W also answer the following: 1) Did
nmussel s accunul ate the contam nants of concern associated with the
sediments?; 2) Did the stations differ with respect to bi oaccumul ation
and growth in nussels?, 3) Was there a rel ationship between sedi nent
contam nati on, bioaccumul ati on, and nmussel growh?, and 4) Wich sites
and whi ch contami nants are of npbst concern?

EXPERI MENTAL METHODS

Mussel Deploynent & Retrieval

Juvenil e and adult nussels (Mytilus trossulus) were collected from
t he Penn Cove Mussel Farm Coupeville, Washington (Fig. 1). Mussels
were separated fromthe growout lines by carefully cutting the byssa
threads. Since previous studi es have shown that excessive handling can
reduce nussel survival and growh rate, extreme care was taken to avoid
injury that could stress the test animals (Salazar and Sal azar this
volune). Adult nussels in the 50 to 60 mmlength size range were
selected with sizing bars (i.e., a sorting device with two sets of fixed
bars, the interval between representing the | ower and upper acceptable
size limts). This approach does not provide individual nmeasurenents.
One hundred (100) adult mnussels were selected at random and then pl aced
into each of 33 bags of flexible vexar nesh tubing (Norplex Industries,
Auburn, WA) approximately 1.5 mlong. To control crowding and all ow
equal exposure of all individuals, each bag was subdivided into 10
clunps of 10 nussels each by constricting the nmesh with plastic cable
ties. Anple slack was provided within each clunmp to allow sufficient
space for valve opening and growh during the test.

Juvenil e nussels (24 to 30 nmlength) were al so sel ected by
l ength, but individuals were neasured with vernier calipers to the
nearest 0.1 mm |In addition to recording | ength data, whole-animal wet-
wei ght measurenments (nearest 0.01 gm) were nmade for each juvenile
nmussel . Eighteen (18) juvenile nussels were placed into each of 24
cages. Cages were made of rigid plastic nesh cutlery trays (20 x 30 x
4.5 cm Hutzler Manufacturing, Canaan, CT) nodified to provide 18
separate conpartnents. W placed one individual per conpartment to
facilitate tracking survival and growh of individuals during the study.
To ensure an equi val ent distribution of juveniles anong cages, the T,
wei ght and I ength data were subjected to statistical analyses before
depl oyment. No significant differences were found(™ = 0.05). On a per-
cage basis, nean whol e-ani mal wet weights ranged from1.46 to 1.61 g
(overall range of individuals: 1.05 to 2.28 g), and nean |length from
26.3 to 26.7 mm (overall range 23.9 to 29.7 mm.

After distribution to their respective cages, all adults and
juveniles were tied to a pier and suspended in Penn Cove over night.
After this 12-hour holding period, animals were put into ice chests
wi t hout seawater and transported to the 13 test sites: 12 sites around
Har bor |sland (EO5, E18, K01, K09, NO2, NO6, NO7, W6, W1, W81, W38,
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and WI5) and the Carr Inlet (CAR) reference site (Fig. 2). Deploynent
site selections were based on the areal extent of elevated sedi nent
contam nation, as described in the R, and the |ocation of known
cont am nati on sources on Harbor Island. Using the convention of the R
areas around the Island are designated as West (W or East (E)Waterways,
and North (N), or Kellogg Island (K). CAR was used as a reference site
because this area is conmonly used as a sedinent reference site for
other investigations in Puget Sound (Washi ngton State Departnent of

Ecol ogy 1991). Test animals were out of seawater between three to six
hours during depl oynment by divers. Around Harbor Island, nussels were
depl oyed by divers approximately 1 m above the bottomin the vicinity of
stormwater outfalls, shipyards, and other industrial activities. The
exposure period was 82 days (16 Cctober 1991 to 7 January 1992). Two
bags of 100 adult nussels (200 total) and one cage of juvenile nussels
(18 total) were placed at nobst sites. Replication was used at the CAR
reference site as well as KO1 and K09 (the Harbor Island sites with the
| owest concentrations of contaminants in sedinments as neasured in

previ ous studies), and NO7 (the Harbor Island site suspected of being
the nobst contaminated). Three bags of 100 adult nussels (300 total) and
three cages of 18 juvenile nussels (54 total) were transplanted at these
sites. A total of 3000 adult nussels and 378 juvenile nussels were
transpl anted during this study.

Cages were either attached to nylon lines secured between adjacent
pilings or to buoyed weights. At the end of the exposure period,
nmussel s were retrieved by divers. Wile underwater and near the bottom
nmussel s were placed in plastic bags to isolate test animals from
contam nation in surface water as they were brought to the surface.
Aboard the boat, nmesh bags with adult nussels were opened and the
nmussel s were sorted. Dead aninmals were discarded, and the nunber of
survivors was recorded. Survivors, contained in plastic zip-lock bags
with < 100 animal s per bag, were then placed in a large plastic trash
can for transport. Cages with juvenile nussels were renoved fromthe
| arge plastic transfer bags and placed directly into the plastic trash
can without any field processing. Al adult and juvenile nmussels were
transported to the | aboratory within 6 hours of collection. They were
hel d overnight at the laboratory in a constant tenperature room (4°C)
wi t hout seawater, until processing the next day.

Adult mussel processing consisted of renoving and honogeni zi ng
ti ssues according to the Puget Sound Estuary Protocols (Tetra Tech
1989). Each sanple used for chem cal analysis was a conposite of
tissues from 100 individuals. Tissue honbgenates were frozen until
anal yzed. Adult nussel tissues were analyzed for trace netals, PAHs,
pesticides, PCBs, and tributyltin (TBT). Analytical methods and
detection limts are summarized in the sanpling and anal ysis pl an
(Weston 1991). Contami nants of concern used in our ranking process were
sel ected based on three criteria: (1) they were identified as
contam nants of concern in previous studies of the Duwam sh Wt erway,
Elliott Bay, and Harbor Island, (2) an anbient water quality criterion
or equival ent existed for each contam nant of concern, and (3) there was
at least a factor of two between the highest and | owest concentration in
adult nussel tissues.

Juveni | e nussel processing consisted of whol e-animal | ength and
wei ght measurenments, and tissue collection. Juvenile nmussel growh
rates were estimated from changes in whol e-ani mal wet wei ghts and
| engths. These neasurenents were nmade before and after depl oynent.
Differences in growh were also estinmated by conparing the final weights
and | engths anong sites at the end of the test.
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Rl & EBAP Sedi nent Data

To provide the best estinmate of sedinment contam nation at each
nmussel deploynent site, we cal cul ated the nean concentration of
contam nants using data for sanpling stations |ocated within a 150-m
radi us of each nussel deploynent site. Both RI and EBAP (PTlI and Tetra
Tech 1988) sedinment chem stry data were used in these calculations. W
sel ected the sanme suite of contami nants that net our selection criteria
for tissue contam nants of concern. Three to ten sedinment sanpling
stations fromeither the EBAP or RI data sets fell within the 150-m
radi us for each nussel station. These neans were used in normalization
ranki ng, and statistical analyses. Details regarding sedinent sanpling,
handl i ng, and anal ytical techniques are provided in Weston (1991, 1993).

Potential problens have recently been identified for the R
sedi ment data including: changes in detection limts anmong sanples, |ow
recovery of chem cals in sone spi ked sanples, and the presence of high
cont am nant concentrations in the blanks. The cadm um and TBT data
presented in the Rl were inexplicably higher than previously reported
values. This is particularly inportant because in many areas around
Har bor Island the cl eanup rankings are being driven by both cadm um and
TBT. Although the concentration of cadmumin sedi nent was reported as
an order of nmagnitude higher relative to previous studies, the tissue
cadmi um concentrations did not vary enough to neet our selection
criteria, so we did not use cadmiumin the rankings. W used TBT in the
ranki ngs because concentrations were el evated in both sedi nent and
ti ssue.

Toxicity Normalization & Statistical Analysis

Gowh in juvenile nmussels (ng/wk/mussel) and bi oaccumul ation in
adult nmussel tissues (fromthe present study) were conbined with
previously coll ected sedi nent chem stry data and used in a
pr eponder ance- of - evi dence approach to rank contam nated sites. Juvenile
mussel growth rates, as estinmated by increases in weight (nmg/wk) were
ranked from1l (low) to 13 (high). W used growth rate based on wei ght
rather than growth rate based on length, final weights, or final Iengths
because wei ght-growth nmeasurenments have been nore informative in
previ ous studies (Sal azar and Sal azar this volune). For replicated
stations, significant differences in growth anong stations were
determned with an Anal ysis of Variance (ANOVA) and Duncan's New
Mul ti pl e Range Test (Zar 1974; STATISTICA, StatSoft Inc., Tulsa, OK
1991).

The tissue chenmistry data fromadult nussels were toxicity-
nornal i zed and ranked. To nornalize the data, the concentrations of
contam nants in tissues were divided by their respective Chronic Anbient
Water Quality Criteria (AWXC (U S. EPA, 1986) to estimate relative
potential toxicity. W chose these criteria because: (1) there are no
tissue-based toxicity criteria, (2) concentrations of contam nants in
nmussel tissues have been related to water concentrations (Sal azar and
Sal azar this volune), (3) there is a relationship between tissue
concentrations and bioeffects in nussels (Sal azar and Sal azar this
vol une), and (4) there is some support for this procedure (Cook et al
1992). In the tissue residue approach, maxi num all owabl e tissue
concentrations (MATCs) are estimated by multiplying chronic water
quality criteria by bioconcentration factors (Cook et al. 1992),
recogni zi ng these MATCs may underestinmate or overestimte neasured
tissue concentrations that elicit adverse effects (MKimand Schm eder
1991; McCarty, 1991). Since there is no AWX for TBT, we used the
proposed State of California criterion (Water Resources Control Board
1991). Ensuing quotients for nmetals (arsenic, copper, lead, silver, and
zinc), total PAHs (TPAHs = sum of Acenapht hyl ene, Ancenapht hene,

Ant hr acene, Benzo(a)ant hracene, Benzo(a)pyrene, Benzo(b)fl uoranthene,
Benzo(g, h,i)peryl ene, Benzo(k)fl uoranthene, Chrysene, Fl uoranthene,
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Fl uorene, 1deno(1, 2, 3-cd) pyrene, Phenant hrene, and Pyrene), PCBs (sum of
si x congeners), and TBT were summed for each station. Stations were
then ranked fromlowest (1) to highest (13) using the sunmed quotients
of these tissue contam nation units. A tissue contam nation unit >1
suggests potential adverse effects.

Rel ative sedinent toxicity was estimated by dividing the nean
cont am nant concentrations at each station by their respective Effects
Range - Median (ERM concentration (Long and Morgan 1991; Long and
MacDonal d 1992). These ERM gui del i nes were devel oped using three basic
met hods to eval uate data gathered in a variety of geographic areas:
equi libriumpartitioning, sedinent bioassays, and synoptic chenical and
bi ol ogi cal data fromfield surveys. The ERMis the concentration
approximately mdway in the range of reported val ues associated with
bi ol ogi cal effects. Since there was no published ERM for TBT, we used
t he Puget Sound Dredged Di sposal Analysis (PSDDA 1989) screening
guideline which is simlar to that suggested by MacDonal d (persona
conmuni cation). W normalized the data because contamination is not a
bi oef fect and ranki ngs based on absol ute concentrati ons do not account
for potential sedinment toxicity. A potential sedinent toxicity
contam nation unit > 1 indicates possible adverse effects. Potential
sediment toxicity units for metals (arsenic, chrom um copper, |ead,
mercury, and zinc), total PAHs, total PCBs, and TBT were summed for each
station and ranked fromlowest (1) to highest (13).

Overal | conmpari sons anong stations based on sedi nent chem stry,
ti ssue chem stry, and grow h were made using ranks, scatterplots, and
regressi on analyses. An overall rank was cal cul ated for each station by
summ ng the individual ranks for sedinent chem stry, tissue chem stry,
and growth. The relationship between growth, sedinment toxicity, and
tissue toxicity was exam ned using a three-dinensional scatterplot. The
sedi ment data were log-transformed to spread out the data points al ong
that axis. Various nodels of growh, as a function of potenti al
sedi ment and tissue toxicity, were evaluated to determ ne which
transformati ons would provide (1) inproved normality and linearity,
(2) the highest r? (greatest overall significance), and (3) significant
i ndependent contributions by toxicity-normalized sedinent and tissue
data. A nmultiple linear regression was perforned and residuals were
tested for normality and outliers. The correlation coefficient relating
normal i zed ti ssue and sedi nent data was cal cul ated (STATI STI CA, St at Sof t
Inc., Tulsa, OK, 1991).

RESULTS

Sedi nent _Chem stry

The concentrations of alnost all contam nants were significantly
hi gher in sedinments around Harbor Island than in sedinments fromthe Carr
Inlet reference site (Table 1). The biggest differences occurred with
TBT and | ead where the nost contaminated sites had concentrations that
were factors of 920 and 230 above reference. Several of the |east-
contam nated Harbor Island sites were simlar to CARwith respect to
sedi ment contam nation. The potential for toxicity associated with
t hese contam nated sedinments is shown in Table 2, where Station NO7 has
t he hi ghest ranking using ERMnormalized data. Station NO7 had the
great est exceedances of the ERM for nore contani nants than any ot her
station and exhibited the greatest separation between both the other
Harbor Island sites and the reference site. The ranking process was
driven primarily by TBT. Oher contam nants also contributed to
potential sedinment toxicity. PCBs, for exanple, were highest in the
East Waterway stations (EO5 and E18).
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Tabl e 1--Cont anmi nant concentrations (ng/kg)
Island and the Reference Site in Carr

hi ghest and | owest

Har bor

I nl et

in sedi nents from Har bor

(CAR) .

Al so shown are
I sland values relative to CAR and the ERM used
to create normali zed concentrations in Table 2.

As o cu | Pb Hg Zn | TPAH | PCBs TBT

CAR 2.4 40 | 18 | 1.3 | 0.035 | 42 | 3.9 ] 0.033 | 0.02
E05 12 56 | 127 77 | 0.844 | 159 16 | 0.655 | 1.42
E18 12 76 | 119 96 | 0.442 | 187 9 [0.638 | 1.16
KO1 8 44 | 142 22 | 0.134 | 107 8 |0.17/8 | 0.18
K09 10 81 | 85 | 34 | 0.128 | 117 11 | 0.296 | 0.21
NO2 11 51 | 66 | 31 | 0.213 | 127 50 | 0.177 | 0.40
NOG 23 92 | 275 | 88 | 0.679 | 280 28 | 0.094 | 5.21
NO7 57 55 | 965 | 297 | 1.950 | 592 37 | 0.503 | 18. 41
V06 9 47 | 90 | 60 | 0.331 | 121 8 | 0.148 | 0.62
Wl 16 84 | 166 | 86 | 0.538 | 222 19 | 0.168 | 2.01
V1 22 84 | 276 | 261 | 0.582 | 362 20 | 0.209 | 3.37
V38 23 93 | 221 | 221 | 0.739 | 299 15 | 0.292 | 0.38
W5 24 89 | 228 | 194 | 0.888 | 281 15 | 0.280 | 1.07
Hi gh 24 2 | 53| 230 56 | 14 13 20 920
CAR

Low 3 1 ] 17 ] 3 2 3 9
CAR

ERM 85 | 145 | 390 | 110 1.3 | 270 35 0.4 | 0.03

Tabl e 2--ERM nornmal i zed cont am nant concentrations in sedinments from

249

Harbor Island and the Reference Site in Carr Inlet (CAR. TPAH and PCBs
as in Table 1. R = overall rank; YNC = sum of normalized
concentrati ons.

As Cr Cu Pb Hg Zn |TPAH|PCBs | TBT | ¥NC| R
CAR | 0.03|0.28|0.05|0.01|0.03/0.16|0.11|0.08 | 0.67 1 1
KO1 | 0.10|0.30|0.36|0.20| 0.10|0.40|0.23|0.45 6 8 2
KO9 |0.12]|0.56{0.22|0.31]0.10(0.43]0.32|0.74 7 10 3
N0O2 | 0.13|0.35|0.17|0.28 | 0.16 |0.47 |1.42|0.44 13 17 4
WB8 | 0.27 | 0.64|0.57|2.01|0.57|1.11|0.43]0.73 13 19 5
W6 | 0.10]0.32(0.23|0.54|0.25|0.45/|0.23|0.37 21 23 6
W5 | 0.290.61(0.59|1.76|0.68|1.04|0.43]0.70 36 42 7
E18 | 0.15]|0.52|0.30|0.87]0.34|0.69|0.26|1.60 39 43 8
EO5 | 0.14]|10.39|0.32|0.70| 0.65|0.59|0.45 | 1.64 47 52 9
W1l | 0.19|0.58|0.42|1.35|0.41|0.82|0.530.42 67 72| 10
W1 | 0.260.58|0.71|2.37|0.45]|1.34|0.57|0.52 112 | 119 | 11
NO6 | 0.26|0.63|0.70|0.80(0.52|1.04({0.80|0.24| 174 | 179 | 12
NO7 | 0.67]0.38(2.48|2.70|1.50/2.19|1.05|1.26| 614 | 626 | 13
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Ti ssue Chenm stry

The differences in tissue concentrations of contam nants anong
sites (Table 3) were not nearly as great as those for sedinent, even
followi ng normalization (Table 4). The snmall differences observed were
| argely due to copper and TBT, but PCBs were also a factor. |In general
nmussel s at the nost contam nated sites accunul ated nore contam nants
than the reference animals (note that arsenic and zinc were higher in
reference nussel s than those depl oyed at the | east contami nated sites).
As with sedinment, station NO7 had the highest concentrations of nost
contam nants as well as the highest ranking with AWQC- normal i zed dat a.
Ti ssue concentrations of TBT and copper (both before and after
normal i zati on) were highest at NO7. Adult nussels at the nost
contam nated sites had the greatest el evations above reference for PCBs
(18 times higher) and TPAHs (17 times higher), but these contani nants
were only considered to have a low toxicity potential based on our
normal i zations (Table 4). Normalized TPAHs were orders of nagnitude
bel ow predicted toxicity thresholds. PCBs were highest in nusse
tissues at EO05, E18, and NO7, but normalization suggested these
concentrations were not potentially toxic. It was surprising that
ti ssue concentrations of TBT in nussels transplanted to Harbor Island
were only up to three tines higher than reference nussels (Table 3),
because sedi nent concentrations of TBT were up to three orders of
magni t ude hi gher than reference sedi nent concentrations (Table 1).
After normalization (Table 4), tissues accumul ated TBT at potentially
toxi c concentrations at all stations, even the reference site. The
toxicity-normal i zed data suggest that nmercury was a problemas well, but
neasurenents were all at or belowthe limts of detection

Mussel G owth

For mussel s depl oyed at CAR, final whol e-ani mal wet weights,
growm h rates expressed as ng/wk, final lengths, and growh rates
expressed as mMmmwk were significantly higher (' = 0.05) when conpared
wi th nussel s deployed at the Harbor Island sites. Mean growh rates
(mg/ wk/ nmussel) for juvenile nussels at CAR were approximately 3 to 5
ti mes higher than for nussels transplanted to any of the Harbor Island
sites (Table 5). Mussels at NO7 had the | owest growh rates. However
the Multiple Range Test did not detect significant differences in growth
anong any of the cages depl oyed around the Harbor |sland sites when al
sites were conpared. Because the growth rates were not different anong
replicate cages, data were pooled for the four stations where replicate
cages were depl oyed.

Anal ysi s of pooled data for the four sites showed the sanme
significant differences anong sites in all four nussel netrics; i.e.
final weights, final |lengths, growmh rate based on | ength, and growth
rate based on weight (n = 190, p < 0.001). Duncan's New Miltiple Range
Test (Zar, 1974; STATISTICA, StatSoft Inc., Tulsa, OK 1991) separated
gromh rates for these sites into the follow ng three groups:

CAR > KO01 = K09 > NO7
Sur vi val

Conpared to nost standard | aboratory bioassays which run from four
to 21 days, this 82-day exposure was a relatively long-termfield
experiment. Even so, survival was high and wthin standards comonly
accepted for |aboratory bioassays. Adult survival by station ranged
from72 to 88% w th a nean of approximately 80% Juvenile survival by
station ranged from78 to 100%wWth a nean of approximately 90% This
di fference in survival between juvenile and adult nussels is
statistically significant (' = 0.05). Since survival is not a sensitive
measure of bioeffects, it was not surprising that there were no
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Tabl e 3--Contam nant concentrations (ng/kg ww) in tissues from Harbor
Island and the Reference Site in Carr Inlet (CAR. Also shown are the
hi ghest and | owest Harbor |sland values relative to CAR and the chronic
anbient water quality criteria. TBT value is fromthe State of
California proposed water quality criterion.

As Cr Cu Pb Hg Zn TPAH PCBs TBT

CAR 1.71) 0.15] 0.92| 0.072| 0.04| 17.2 0.036| 0.0012 0. 017
EO5 0.54, 0.27| 0.93] 0.232, 0.04| 16.9 0.134| 0.0081 0. 042
E18 0.98, 0.22f 0.97, 0.112, 0.04| 14.7 0.121| 0.0048 0. 047
K01 1.67| 0.17) 1.07| 0.176| 0.04| 17.4 0. 165| 0.0024 0.034
K09 1.10| 0.16] 1.01| 0.172| 0.04| 16.0 0.118| 0.0019 0. 023
NO2 1.34| 0.18] 1.09| 0.132| 0.04| 18.0 0.227| 0.0222 0. 019
NO6 1.20| 0.23] 1.18] 0.155| 0.04| 17.8 0.169| 0.0021 0. 025
NO7 1.52| 0.23| 3.00| 0.186| 0.04| 22.1 0.210| 0.0017 0. 046
W6 1.75| 0.20] 1.17| 0.252| 0.04| 16.4 0.289| 0.0026 0.021
W21 1.69| 0.23] 1.46| 0.269| 0.04| 18.5 0.597| 0.0016 0. 026
W1 0.67, 0.26| 1.31| 0.298| 0.04f 20.0 0.279| 0.0020 0. 029
W38 1.47) 0.25] 1.35] 0.521| 0.04| 20.6 0.196| 0.0017 0. 032
W5 1.25| 0.20] 1.11| 0.329| 0.04| 20.0 0.379| 0.0027 0. 032
Hi gh 1.0 1.9 3.3 7.2 1.0 1.3 16. 6 18.0 2.8
CAR

Low 0.3 1.1 1.0 1.6 1.0 0.9 3.3 1.3 1.1
CAR

AWQC 36 50 1.5 8.5/ 0.03 86 150 0.03 0.01

Tabl e 4-- AWQC-normal i zed cont am nant concentrations in tissues from
Harbor Island and the Reference Site in Carr Inlet (CAR).
R = overall rank; YNC = sum of normalized concentrations.

As Cr Cu Pb Hg Zn TPAH PCBs |[TBT|)NC| R
CAR | 0.048| 0.003| 0.612] 0.008| 1.6| 0.200f 0.000f 0.041 1.7|4.21] 1
W6 | 0.049| 0.004| 0.780| 0.030| 1.6| 0.191] 0.002| 0.088]| 2.1|4.84| 2
KO9 | 0.031] 0.003] 0.670| 0.020( 1.6 0.186| 0.001| O0.062| 2.3|4.87| 3
NO6 | 0.033] 0.005| 0.787| 0.018| 1.6 0.207| 0.001| 0.071| 2.5|5.22, 4
NO2 | 0.037| 0.004| 0.727| 0.016| 1.6 0.209| 0.002| 0.740| 1.9|5.23| 5
W21 | 0.047| 0.005| 0.973| 0.032| 1.6| 0.215| 0.004| 0.054| 2.6| 5.53| 6
WB1 | 0.019| 0.005| 0.873| 0.035| 1.6| 0.233] 0.002| 0.068| 2.9|5.73| 7
W5 | 0.035| 0.004| 0.740| 0.039| 1.6| 0.233| 0.003| 0.091] 3.2|5.94| 8
KO1 | 0.046| 0.003] 0.715| 0.021| 1.6 0.202| 0.001| 0.080| 3.4|6.07, 9
WB8 | 0.041| 0.005| 0.900| 0.061| 1.6| 0.240| 0.001| 0.057| 3.2|6.10| 10
EO5 | 0.015] 0.005| 0.618| 0.027| 1.6 0.197| 0.001| 0.271] 4.2|6.93| 11
E18 | 0.027| 0.004| 0.647| 0.013| 1.6 0.171| 0.001| 0.159| 4.7|7.32| 12
NO7 | 0.042] 0.005] 2.003| 0.022| 1.6] 0.256] 0.001] 0.058] 4.6| 8.59| 13
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Tabl e 5--Juvenile nmussel growmh data. Also shown are the hi ghest and
| onwest Harbor Island values relative to the Reference Site in Carr Inlet
(CAR). Initial n = 432; survival ranged from78 to 100% (x = 90% .
©
>
> To Te
> Wol e Whol e
@ | Animal | Aninmal T, T: G ow h
_ S [ wveight | weight |Gowh Rate|Length |Length Rat e
Site|n| X (9) (9) ( g/ wk) (mm (mm (1 wk) Rank
CAR |54 83 1.49 4.74 276 26.5 39.2 1.09 1
W5 |18 89 1.53 2.54 89 26.6 31.6 0. 44 2
N02 |18| 94 1.50 2.51 84 26. 6 32.0 0. 45 3
K01 |54 92 1.53 2.47 82 26. 6 31.3 0.41 4
K09 |54 | 94 1.52 2.47 82 26.5 31.3 0. 42 5
W8 |18| 94 1.48 2.38 77 26. 6 31.3 0. 40 6
NO6 |18| 94 1.51 2.39 76 26. 6 30.9 0. 36 7
W81 |18| 89 1.57 2.44 74 26. 6 30.7 0. 35 8
W6 |18 94 1.49 2.34 71 26.4 30.6 0. 37 9
EO5 |18|100| 1.61 2.37 64 26.6 30.4 0.32 10
E18 |18| 94 1.53 2.30 64 26.5 30.1 0. 30 11
W1l |18 78 1.51 2.21 62 26.3 30.0 0. 33 12
NO7 |54 81 1.50 2.19 59 26.5 29.6 0. 26 13
CAR 1.87 3.10 1.2 2.42
Hi gh
CAR 2.16 4.68 1.3 4.19
Low
statistically significant differences in survival anmong sites. Unlike

grow h, where the highest growmh rates were associated with | ow sedi nment

and tissue contam nation,
concentrations in either

Sur vi val

Overall

Rel ati onshi p bet ween Bi oaccunul ati on

tissue or

no associ ati ons wi th cont am nant
sedi rent coul d be nmade for
was actually |l owest at the CAR reference site.

Growt h and Sedi nent

toxicity,

first

and first

hi ghest

toxicity (Table 2),
toxicity (Table 4),

potenti al

in terns of

| onest

Based on the conbi ned rankings for grow h,
and normalized tissue toxicity (Table 6),
di fference was found between the CAR reference site and NO7.
nornal i zed sedi nent and tissue contam nation
in ternms of highest growth rates.
sedi ment and tissue toxicity,
There are two orders of magnitude difference in potenti al
a factor of two difference in potenti al
and a factor of five difference in juvenile nusse

By contrast,

nornal i zed sedi ment
t he bi ggest

sedi nent
tissue

survi val

CAR r anked

NO7 had the
and | owest growth rate.
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Tabl e 6--Overall ranks by station conputed from sum of ranks for
normal i zed sedi nent toxicity, normalized tissue toxicity, and growth
rate (nmg/wk/ nussel).

Sedi ment | Ti ssue | Gowth Overal |
Site Rank Rank Rank Y Rank Rank
CAR 1 1 1 3 1
K09 3 3 5 11 2
NO2 4 5 3 12 3
K01 2 9 4 15 4
W6 6 2 9 17 5
W5 7 8 2 17 6
B8 5 10 6 21 7
NO6 12 4 7 23 8
WB1 11 8 26 9
W21 10 6 12 28 10
EO5 9 11 10 30 11
E18 8 12 11 31 12
NO7 13 13 13 39 13

gromh rate (Table 5). CAR and NO7 are al so separated fromthe other
Harbor Island sites. It is difficult to separate the remai ning Harbor

I sland sites based on the overall rankings. K09 and NO2 appear to be
two of the |east potentially toxic sites, while EO05, E18, and NO7 are
the nost potentially toxic. Gowth, normalized sedinment toxicity, and
normal i zed tissue toxicity are plotted in Figs. 3 and 4 to provide a
graphi cal representation of separation anong sites. Both figures show
the largest differences attributable to normalized sedi nment

contam nation and the | east difference attributable to nornalized tissue
contam nation. Some stations with higher sedi nent contam nation were
lower in overall ranking due to a conbination of higher growth rate and
| ower tissue contam nation (Table 6).

The scatterplot of growth, normalized sedinent, and tissue
toxicity (Fig. 4) helps visualize the separation of stations into three
maj or groups: CAR, NO7, and the rest of the Harbor Island sites. As
shown in all the previous data, the biggest difference anong test sites
by far, using any data set, normalized or non-nornalized, is between CAR
and NO7. These sites also appeared different than the other Harbor
Island sites. Sites EO5 and E18 are potentially less toxic than NO7,
but nore toxic than the remaining sites. This is based primarily on
tissue and growth rankings with the sedi nent ranki ng having | ess inpact.
Mussel s at EO5 and E18 accumul ated rel atively high concentrations of
PCBs.

Regr essi on Anal ysi s

The regression of potential sedinent toxicity (inverse
transformati on, S!') and potential tissue toxicity (T) on juvenile
nmussel growth (inverse transformation, G?) is highly significant
(r2 =0.89, n =13, overall nodel p < 0.0001). This indicates that
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Potential

10 x Potential
Tissue Toxicity

Fig. 3--Bar graph showing potential sediment and tissue toxicity and
juvenile mussel growth rates (mg/wk/mussel). Stations are ranked in
ascending sediment order.
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Fig. 4--Three dimensional scatterplot showing growth rate, potential
tissue toxicity, and log potential sediment toxicity.
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al nrost 90% of the observed variability in growh across stations could
be accounted for by our estimates of potential sedinment and tissue
toxicity. The resulting equation is:

G! = 0.009 - 0.012(S?) + 0.00087(T) (1)

The i ndependent contributions of S! and T are al so both significant

(p < 0.001 and p < 0.05, respectively). The squared sem parti al
correlations, which indicate the proportion of total variability in G%
expl ai ned by these two paraneters are 40% and 8% respectively. These
results suggest that potential sedinment toxicity is nore closely associated
with growth than potential tissue toxicity. Potential tissue and sedi nment
toxicity were significantly, but noderately correlated (r?2 = 0.46, n = 13,
p <0.05. Aplot of residuals versus del eted residuals showed that the
regression was influenced by CAR data, but not by NO7 data. Wthout the
CAR data, the overall regression analysis nodel was still significant
(r2=10.53, n =12, p < 0.05) and the regression equation was very simlar
However, the ability to account for variability in growh decreases to 53%
and the independent contributions of St and T are not significant

(p =0.14, p=0.08). 1In addition, the proportion of total variability in
G! explained by St and T changed to 13% and 21% respectively.

DI SCUSSI ON

In this pilot study for EPA, we developed a first-order estinmation
of potential biological harmfrom contam nated sedi nents and tissues
using direct neasurenents of animals exposed in-situ. W evaluated the
utility of transplanted nmussels to augnment standard approaches to
eval uate contami nated sedi nents. Missels accunul ated contani nants of
concern associated with sedinents, stations differed with respect to
bi oaccunul ati on and growth, there was a statistically significant
rel ati onshi p between sedi ment chem stry, tissue chem stry, and grow h,
and we identified the sites and contam nants of nobst concern. Based on
these results, we reconmend that standard approaches to eval uating
cont am nat ed sedi nents be augnented to include: (1) in-situ bioassays,
(2) bioaccumulation in addition to bioeffects neasurenments, and (3)
eval uati ons of water overlying the sedinments. W used transpl anted
nmussel s to acconplish this, but any simlar approach could be used.

Bi oaccumul ati on

The tissue chenmistry data denonstrate that there is a connection
bet ween contam nants in the sedinents and contaminants in the water
colum around Harbor Island. Qur results show that the biota in the
wat er colum are exposed to and can accumnul ate these contanm nants.
Simlar results have been reported by others (Young et al. 1976; W ddows
et al. 1990; Wddows and Donkin 1992). Even though we have not proven
that the contami nants in the nussel tissues came fromthe sedinent (the
experiment was not designed to show this) nor investigated the relative
contribution of dissolved versus particul ate-associ ated contam nants, we
have shown a significant correlation between contam nants in the
sedi ments and contami nants in the tissues. Although it is unclear if
bott om sedi ments or | and-based activities were the primary source of
cont am nants neasured in nussel tissues, the accunul ation was from one
of these sources. Source control has greatly reduced or elimnated
contam nati on fromstormdrains and many other |and-based activities on
Harbor Island. This circunstantial evidence conbined with the strong
statistical relationships suggests that contam nated sedi ments were the
source of the contam nants nmeasured in nussel tissues.

It is well established that suspended particul ates adsorb a nunber
of contam nants and that this process reduces the bioavailability of
t hose contam nants to organisns that do not utilize those particles as
food. Missels have been used to estimate potentially bioavail able
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contam nants because of their ability to filter seawater for dissolved,
phyt opl ankt on- associ at ed, and sedi nent - sorbed contam nation (Hernsen et
al . 1994; Ekelund et al. 1987; Wddows and Donkin 1992; Sal azar 1986).
One of the reasons that many of these sedinent-sorbed contaninants are
available to nmussels is that nussels are able to utilize the organic
coatings on these particles as food (Kiorboe et al. 1981). The presence
of suspended sedinents in | aboratory bioassays has been shown to enhance
t he bi oaccunul ati on of TBT (Wl dock and Thain 1983; Laughlin et al

1986) and other chemcals (Hernmsen et al. 1994; Ekelund et al. 1987).

Because the nussels in our study were not depurated after field
exposure and retrieval, bioaccumul ati on may have been overesti mated.
Previ ous investigators have shown that the nussel gut can contain
significant amounts of sedi nent-sorbed contam nants (Lobel et al. 1991
Metcalfe-Smith et al. 1992; Robinson et al. 1993). It is not clear to
what extent this may have biased our results, but the limted data
avai | abl e suggests that this may not be a problemfor all of the
contam nants measured in our study. Furthernore, even if the
cont am nants were not bi oavail able and had not been incorporated into
nmussel tissues, the transplanted animals served as effective
accunul ators of contam nated, suspended sedinent. Unless the
contam nants were adsorbed on particles to be rejected as pseudof eces,
t hese accunul at ed contam nants coul d be avail able. Nevertheless, the
significant correlation between growh and tissue accumul ati on suggests
that the contami nants were available to nussels and that this
measurenent may be nore appropriate for predicting bioeffects than
measuring contam nants in sedinment.

G owt h

We used juvenile nmussel growh as an indicator of water colum
effects associated with contam nated sedi nents. As in previous studies,
our results (Table 5) show that growh is a nore sensitive indicator of
bi ol ogi cal effects than survival and that growh based on increase in
weight is nore discrimnating than growh based on increase in |ength
(Sal azar and Sal azar this volunme). For the replicated sites, juvenile
nmussel growth could discrimnate bioeffects between the control site and
some contam nated sites around Harbor Island (Table 2). This suggests
that increased replication could help discrimnate differences anong
ot her Harbor |sland sites.

It is possible that growth rates around Harbor Island could be
significantly lower than those in Carr Inlet because of differences in
t he natural physical and chem cal factors that affect mussel growth
rates such as tenperature, salinity, current speed, etc. Simlarly,
factors such as sedinment grain size, diet, and pre-exposure conditions
can affect the results of |aboratory bioassays. However, despite the
i nfl uence of other factors that could affect growmh, we are convinced
that contam nants played a major role in affecting growh since the
hi ghest growt h rates were associated with the | owest toxicity-nornalized
sedi ment and tissue contamination, and vice versa. |In addition, after
controlling for sedinent toxicity, higher growh rates were
significantly (p < 0.05) associated with | ower concentrations of
contam nants (Equation 1).

Since nmussel growth is such an inportant conponent of this
assessnment procedure and there are so many natural factors affecting
growm h, these factors should be nore thoroughly evaluated in future
studies. To evaluate site-specific effects, in situ neasurenents of
appropriate natural factors should be included. To help explain the
effects of these factors on growth, |aboratory bioassays controlling
these factors should al so be included.
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Nor mal i zi ng and Conbi ni ng Sedi nent and Ti ssue Concentrations

There are inherent problens in any schene used to estimate the
conbi ned potential toxicity attributable to a suite of contam nants.
Despite this Iimtation, we have denonstrated the utility of producing a
single estimate of potential tissue or sedinent toxicity for conparison
with nussel growth rates. The extent to which this approach may have
bi ased the results is unknown, because the toxicity of our selected
contam nants may not be additive. W attenpted to weight contam nants
on the basis of available and biologically relevant factors. Because
the ERMs include sedi ment chem stry, comunity effects, |aboratory
bi oassays, and equilibriumpartitioning, they are one of the nost
i ntegrative guidelines that can be used to normalize sedi nent
concentrations. Further, the ERMis only the 50'" percentile (nedian)
effects |l evel and as such provides a mdpoint estimate of the potenti al
for toxicity. W did not feel it was reasonable to use el evations above
reference to rank tissue chem stry data (as previously reported in the
renmedi al investigation [Wston 1993]) because the concentration of
several contaminants in tissues fromour reference site sonetines
exceeded those fromthe Harbor Island site. Wthout relating these
exceedances to biol ogical effects, one could devel op erroneous concerns
about the contam nants that mght reasonably be associated w th various
sites. Myving the basis for evaluating effects of contam nants from
el evati on- above-reference values to toxicity-based val ues shoul d i nprove
sedi ment quality assessnments. Shifting fromestimating toxicity with
established criteria to actual site-specific bioeffects neasured in-situ
shoul d provide the necessary field validation for |aboratory bioassays.

We agree with previous investigators in suggesting that nore
careful |y designed studies are needed to rel ate bi oaccurmul ati on and
toxicity (Cook et al. 1992; MKimand Schm eder 1991). Dose-response
rel ati onshi ps for TBT, copper, and zinc based on field exposures of
nmussel s in San D ego Bay (Sal azar and Sal azar this vol une) suggest that
the concentrations of these contami nants accunul ated in adult nussels at
the nobst contanmi nated sites around Harbor Island were not high enough to
adversely affect nussel growh rates. This suggests that: (1) Dividing
by the AWQC may have been reasonable to rank potential tissue toxicity,
but dose-response data provide the best indicators; (2) It is inportant
to devel op these rel ationships from nmeasuri ng dose and response in the
same species and the sane individuals (we used adults for
bi oaccunul ati on and juveniles for growth in this Puget Sound study); and
(3) There are differences between juveniles and adults in
bi oaccunul ati on, growth, survival, and dose-response that should be
considered in any assessnment of this type (Sal azar and Sal azar this
vol urme; data fromthis EPA pilot study not presented). A better
normal i zati on m ght be achi eved by using a bioconcentration factor
along with a nussel -specific water quality criterion, to estimte
maxi mum al | owabl e ti ssue concentrations (MATC). Dividing the nusse
ti ssue concentrations by this MATC could nore cl osely approxi mate tissue
toxicity.

Site-Specific D fferences

I mportant information can be gained fromour results that
regul ators could use in prioritizing cleanup. The highest sedi nment
contam nation, tissue contam nation, and the | owest nmussel growh rates
were all found at NO7 and justify a ranking of highest concern. O her
wor k supports this conclusion. Previous studies have denonstrated high
sedi ment toxicity around Harbor Island and near NO7 in particular. For
exanple, NO7 is the only site where four different evaluation criteria

were not met (i.e., less than 50% of reference abundance for
pol ychaet es, crustaceans, and nolluscs, and failure of the anphi pod
bi oassays [Weston 1993]). In two separate | aboratory bioassay studies

wi th Neant hes arenaceodentata | asting 63 and 108 days, juvenile growh
and reproductive success were significantly reduced in exposures to
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sediment fromsite NO7 when conpared to a Carr Inlet Control (Johns and
G nn 1990; Johns et al. 1991).

| nprovi ng Assessnent Tool s

This EPA pilot study conducted in Puget Sound has denonstrated how
nmussel transplants can suppl ement the chem cal analysis of sedinments to
prioritize contam nated sites and enphasi ze the inportance of
bi ol ogi cal | y-based criteria. The concept that direct neasurenents of
bi oavai l ability and bi oeffects provide information beyond routine
anal ysis of contam nated sedi nments has been repeatedly enphasi zed by
others. For exanple, the U S. Arny Corps of Engineers added a
bi oef fects conponent to their regulatory programin 1977 when they
i ncluded a requirenent for |aboratory bioassays of dredge material for
di sposal (U.S. EPA 1990). This approach was inproved with the
devel opnent of a Sedinment Quality Triad for the eval uation of
cont am nat ed sedi nents that conbi ned bul k sedi nent chemi stry, |aboratory
bi oassays and assessnent of benthic comunity structure (Chapman et al
1985). Recently, the State of Washi ngton adopted a regul atory program
based on the Apparent Effects Threshol d whi ch conbi nes bul k sedi nment
chem stry with effects fromlaboratory bi oassays and benthic effects
measur enent s (Washington State Department of Ecol ogy 1991; Barrick et
al . 1988, 1989). The approach proposed here and tested in this pilot
project can be used to suppl enment these other approaches.

We have shown how replication at some of the sites increased the
di scrimnating power of the approach in detecting differences anong
sites. Wth replication, we were able to detect a statistically
significant difference in juvenile nussel growth where sites were only
separated by 23 ng/wk (KO1=K09 > NO7; see Table 5). Further, any
statistically significant difference in growth could have effects at the
popul ation | evel (Bayne et al. 1985). Just as we have shown how
increased replication can inprove the ability to detect differences
anong sites based on growh, additional transplants at various depths
and horizontal distances from suspected sources can identify and | ocate
sources on a finer scale. Because the nussel transplant approach
provi des a great deal of experinental control, it could be used nore
i ntensively around Harbor Island to clarify pathways and exposure routes
of contam nants. By transplanting nussels at various depths and
di stances from suspected sources (sedinents, outfalls or landfills) the
| ocation of sources can be nore clearly identified. This gradient
approach, used in San Di ego Bay showed that ship hulls rather than
sedi mrent were the primary of copper and TBT in the water colum. The
details of this approach are provided in a conpanion article in this
vol une (Sal azar and Sal azar) and el sewhere (Sal azar and Sal azar 1991
1994).

Assessnments of water overlying contam nated sedi nents have been
conduct ed previously. Several other studies have transplanted bival ves
near contam nated sedi ment and nade various neasurenents, such as
bi oaccunul ati on and bi oceffects (Wddows and Donkin 1992; Roesijadi et
al. 1984). For exanple, in addition to the San Di ego Bay study
menti oned above, results fromnussels transplants in the southern
California Bight denmonstrated that DDT in bottom sedi ment was the source
of DDT in mussel tissues (Young et al. 1976). |In Bernuda, TBT and PAHs
in sedinent were shown to accunulate in nussel tissues and cause
reductions in scope for growmh (Wddows et al. 1990). W believe, ours
is the first study to use synoptic neasurenments of bioaccumul ati on and
bi oeffects in transplanted nussels to assess contam nated sedi nents in
Puget Sound or at any EPA Superfund site.
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CONCLUSI ONS

By using transplanted nussels, we denonstrated that conbining
nmussel growth, tissue chemi stry, and sedinent chem stry was effective in
differentiating areas of contam nation and potential bioeffects. Qur
limted synoptic measurenments of nussel growth rates and tissue
chem stry could only distinguish between the nost contamninated and the
| east contaminated sites. However, we were able to show an associ ation
bet ween toxicity-normalized tissue and sedi ment concentrations. There
was a statistically significant rel ationship between nussel growth and
both tissue and sedi nent chem stry, and rnussels accunul ated nmany of the
cont am nants neasured in sedinments.

Qur original purpose was to determine the utility of measuring
bi oaccunul ation and growth in transplanted mussels as a supplenent to
st andard approaches used to eval uate contam nated sedi ments. Wen we
attenpted to rank the sedi ment and tissue concentrations, we were
di ssatisfied with approaches such as el evati ons above reference, so we
normal i zed for toxicity. The normalization and ranking system presented
here should be regarded as prelimnary. W encourage continuing efforts
to devel op a nmethod for normalizing based on toxicity.

More inportantly, our results could be used as part of an
ecol ogi cal risk assessnent. Assessnents of sedinent toxicity could
benefit greatly from (1) using in-situ bioassays, (2) evaluating
overlying water, and (3) neasuring bioaccurul ati on and bioeffects. In
the context of environnental toxicology and risk assessnent, we believe
that the sedi ment conpartment should be viewed as a dynamic, interactive
system As such, sedinents should be evaluated for potenti al
bi oaccunul ati on and bi oeffects in the ecosystem W have provided one
approach that could be used for such an holistic assessnent.
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