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Abstract

As part of acontrolled release of oil on an intertidal beach in Delaware Bay,
130 oysters (Crassostrea virginica) were transplanted at each of 11 intertidal sites.
Oyster survival was over 96 percent. Exposure was characterized by measuring the
accumulation of polynuclear aromatic hydrocarbons (PAHS) in oyster tissues on days
0,1, 8, 15, and 28. Effects were characterized by measuring oyster weights and
lengths at the beginning and end of the test to estimate growth. End-of-test (EOT)
tissue weights were found to be the most discriminating effects endpoint, and
statistically significant differences were found when comparing treatment and control
groups of oysters. A satistically significant relationship was aso found between Day
1 tissue PAHs and EOT tissue weights. This suggests that bivalve tissue burdens
measured after only one day of exposure can be used to predict potentially adverse
effects over alonger period of time. This relationship demonstrates potential
applications for monitoring oil spills on areal-time basis for both exposure and effects.

1.0 Introduction

In the summer of 1994, EPA conducted an experimental oil spill on the
shoreline of Fowler Beach, Delaware Bay to evaluate the effects of various
bioremediation techniques (Venosa et al., 1996). A series of |aboratory bioassays
were a so conducted on sediment and pore water sampled at various intervals within
the oiled and control plots as part of the assessment (Mearns et al., 1995). These tests
included Microtox, sea urchin and grass shrimp embryo tests, and amphipod surviva
tests. They were primarily intended to evaluate toxicity, under controlled laboratory
conditions, of sediment-sorbed oil and pore water samples collected from the oiled
plots at various intervals. Thiswould also provide valuable information on toxicity at
various stages of the oil degradation process. These traditional approaches provided
little information on fate and effects of the applied oil in the water column adjacent to
the oiled plots under natural conditions. Therefore, this field bioremediation
experiment aso provided a unique opportunity to conduct a study to evaluate the use
of caged bivalvesin the intertidal zone to characterize exposure and effects of the
experimental shoreline spill. The intertidal transplant had three objectives:. (1)
Evaluate the use of transplanted bivalves for monitoring oil spills; (2) Quantify
temporal and spatial variability in exposure and effects associated with the oil release;
and (3) Assess relationships between PAH tissue burdens and oyster growth.
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There is a need to develop and standardize protocols for using caged bivalves
as afield bioassay for oil spills because traditional field monitoring and laboratory
bioassays do not adequately characterize exposure and associated biological effects.
Using transplanted bivalves as in-situ bioindicators bridges the gap between lab and
field by combining the environmenta realism of field monitoring with the experimental
control of laboratory bioassays (Figure 1). This concept of experimental control has
also been used to justify the use of experimental oil spills (Lindstedt-Siva, 1994).
More useful information can be gained by characterizing exposure and effects under
redlistic field conditions than just by using traditional laboratory bioassays, field
monitoring, or even microcosm or mesocosm tests.

Field Field
Bioassays Monitoring

Increasing Environmental Realism

>
Y o

Increasing Experimental Control

Figure 1. Bridging the Gap between Laboratory Bioassays and Field Monitoring

Thisfield bioassay approach using caged bivalves also facilitates the synoptic
measurement of chemical exposure and bioeffects on areal-time basis during an oil
spill. Integrated sampling over space and time s critical to monitoring oil spillsin
progress due to the ephemeral nature of spills. Most of the basic methodologies,
including exposure and effects assessments, currently exist to conduct in-situ
monitoring of oil spills. Although useful relationships have been established for
relating exposure, dose, and response, very few studies have utilized these
methodol ogies to provide useful information for either spill response, damage
assessment or ecological risk assessment applications. Caged mussels have been used
to monitor other chemical releases, such as during dredge disposal operations. This
has facilitated near real-time decisions regarding project scope and duration by
measuring chemical exposure endpoints and effects endpoints like bioaccumulation
and growth or scope-for-growth (Nelson et al., 1987; Nelson, 1991; Nelson and
Hansen, 1991). However, emphasis has traditionally been on using bivalves to
characterize exposure rather than effects.

Bivaves can be strategically deployed along physical and chemical gradients
and in assessment areas where they might not normally settle, either within or outside
the intertidal zone (Figure 2). Thisis particularly important in evaluating exposure
and potentia effects of ail spills removed from shorelines where it is more difficult to
measure natural populations of organisms. Transplant studies conducted with caged
animals aso facilitate repetitive measurements of the same animals or different groups
of the same animals. Repetitive measurements help to identify the fine structure of
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tempora and spatia variability (Salazar and Salazar, 1995) and have potential
applications for real-time monitoring (Salazar and Chadwick, 1991).

Bivalves are probably the most commonly used in-situ bioindicators because
they are ubiquitous, sedentary, and responsive to their environment at both micro- and
macro-geographical scales and at all levels of biologica organization (Green et al.,
1985). They integrate biologically available PAHs through filter feeding. Bivalves are
also relatively easy to collect and maintain. Thereis atremendous amount of
background data available based on bioaccumulation in the field and in the [aboratory.

Chemical Gradient

PAHs
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Chemical Gradient

Contaminated Sediment

Figure 2. Sampling Space and Time with Caged Bivalves

Measuring bioaccumulation in bivalve tissues provides integrated information
about environmental conditions that cannot be defined with chemical measurements of
discrete water samples. Bioavailable chemicals like PAHs are accumulated by the
tissues of bivalves at concentrations much greater than, and in proportion to
concentrations found in the environment. Thisiswhy bivalves are commonly used in
bioaccumulation studies to estimate exposure and why they can be used to assess oil
spills. PAHs have been measured in the tissues of transplanted bivalves when
concentrations were below the limits of detection in seawater. Even if PAHS were
detectable and bioavailability could be estimated by chemica analysis of water
samples, the number of samples that would be necessary to adequately describe
exposure to PAHs in the water column would be cost prohibitive. Bivalves have also
been shown to be more effective PAH accumulators than lipid bags or other artificia
concentration devices (Shigenaka and Henry, 1995). Transplanted mussels were used
to show that particulate oil was biologically available well below the surface after the
Exxon Valdez ail spill (Short and Harris, 1996). This useful information would not
have been acquired using indigenous popul ations because mussels are not naturally
found suspended in the water column.
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20 Materialsand Methods

Both mussels (Mytilus edulis) and oysters (Crassostrea virginica) were
transplanted to evaluate exposure to and effects after the release of oil in the intertidal
zone. Two null hypotheses were tested: (1) there is no difference in accumulation of
total PAHs by oysters between treatment and control sites, and (2) thereisno
difference in oyster growth between treatment and control sites. Approximately 540
galons of light crude oil were released by the U.S. EPA on a 400 meter section of
beach in arandomized block design (Venosa et al., 1996). The U.S. EPA oil spill
experiment was initiated on June 30,1994 and lasted 14 weeks. Although al of this ail
was released on day one, chemical measurements demonstrated that some residual oil
continued to be released to the environment during the 28-day oyster study (Mearns et
al., 1997).

Only the oyster portion of the study will be described here since mussels
suffered high mortalities, which were associated with high temperatures outside of
their normal range and the high intertidal position. From the randomly assigned
oysters, separate groups were deployed for effects (i.e., growth) measurements and
exposure (i.e., bioaccumulation) measurements. Disease-free oysters were provided
by the State of Delaware. Oysters for the growth study ranged in length from 49 to
104 mm and in weight from 19.4 to 133.1 g-wet (Table 1). Oystersfor the
bioaccumulation study ranged in length from 63 to 103 mm and in weight from 45.8 to
166 g-wet (Table 2). There was no statistical difference in either oyster length or
whole-animal wet-weight among sites at the start of the test (« = 0.05) for either the
growth or bioaccumulation groups. Oysters were held in coarse mesh plastic sleeves
(oyster culch netting) with each oyster confined to an individual compartment.
Compartmentalization facilitates paired growth measurements on the same individuals
at the beginning and end of the test, reduces variability when compared to unpaired
measurements, and increases the statistical power of the test. Growth metrics
included whole-animal weights and lengths, tissue weights, and shell weights. Due to
the stressful conditionsin the intertidal zone in the summer, weight and length
increases were extremely small and end-of-test (EOT) tissue weights proved to be the
most reliable growth metric. Only EOT tissue weight results will be discussed here.

Oysters were prepared for deployment by randomly assigning individuals to
bags. The systematic distribution process described in Salazar and Salazar (1995) was
used to minimize differences in oyster lengths and weights at the beginning of the test.
Statistical analyses were performed before deployment to ensure that there were
differences in oysters weights or lengths before the experiment began. No differences
were found. Plastic cable ties were used to separate individuals in the mesh sleeves.
Bags of oysters were attached to a PV C frame in the field so that the bags were
parallel to the beach; the legs of the PV C frame were driven into the sediment to
secure the deployment array in the intertidal zone at approximately +1 meter MLW.
This high intertidal position combined with high summer temperatures provided an
additional stress to the oysters. Mussels were sorted on the first day, oysters on the
second day and both were attached to the PV C frames on the third day.
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Table 1. Oyster Metrics on Animalsin Growth Experiment

Control Group 1

Treatment Group

Control Group 2

Site Site Site | Site Site Site Site Site | Site Site Site
1 2 3 4 5 6 7 8 9 10 11

Initial Length (mm)
Min 49 52 50 51 51 50 50 53 50 52 53
Max 88 104 97 96 86 96 91 94| 93 92 91
Mean 714 733 724 731 70.7 725 718 73.1 725 714 717
St Dev 86 94 88 87 82 89 85 84| 87 8.6 9.1
N 80 80 80 80 80 80 80 80| 80 80 80
EOT Length (mm)
Min 54 51 52 52 52 55 52 53 50 54 53
Max 92 101 96 96 89 94 91 92 88 94 93
Mean 73.8 75.7 74.0| 753 728 741 712 738 741 738 728
St Dev 81 90 84 84 76 86 82 83 84 7.8 8.6
N 79 77 77 80 77 78 70 76 79 79 79
Initial WA Weight (g-wet)
Min 22.7 229 205| 241 250 232 194 20.4| 199 273 299
Max 118.1 133.1 127.4| 127.0 107.9 122.1 103.9 124.3|116.9 1145 107.6
Mean 66.2 69.4 68.2| 67.8 64.4 68.7 64.7 69.9| 67.0 66.7 65.8
St Dev 20.8 22.3 20.6| 20.0 18.3 20.3 19.0 20.7| 21.0 185 199
N 80 80 80 80 80 80 80 80| 80 80 80
EOT WA Weight (g-wet)
Min 243 243 221 249 282 248 19.6 20.7| 201 29.8 30.6
Max 117.3 132.5 120.5| 129.3 107.9 122.1 101.6 122.4|115.7 115.4 108.2
Mean 66.5 69.8 68.0/ 69.1 65.1 68.8 624 69.1| 68.0 67.3 66.4
St Dev 20.2 214 195| 196 176 19.9 186 20.1| 204 17.8 19.7
N 79 77 77 80 77 78 70 76 79 79 79
EOT Tissue Weight (g-wet)
Min 24 25 26 26 21 31 22 17| 20 2.6 2.6
Max 13.0 13.7 8.2 142 94 108 95 105 9.7 8.9 9.1
Mean 6.7 7.2 538 58 58 64 49 55| 55 54 6.3
St Dev 19 22 13 17 16 17 14 19| 17 14 13
N 79 77 76 80 77 78 70 76 79 79 78
Percent Survival 99% 96% 95%)| 100% 96% 98% 88% 95%| 99% 99% 98%

WA = Whole Animal
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Table 2. Oyster Metrics on Animals in Bioaccumulation Experiment

Initial Length (mm)

Min
Max
Mean
St Dev
N

Initial WA Weight (g-wet)

Min
Max
Mean
St Dev
N

Control Group 1 Treatment Group Control Group 2
Site Site Site Site Site Site Site Site | Site Site Site
1 2 3 4 5 6 7 8 9 10 11
73 67 67 70 69 71 63 68 68 68 65
96 103 96 96 96 93 97 96 95 98 95
84.7 83.4 83.9| 828 845 831 849 828 83 842 844
54 7.51 6.96 7.3 537 644 636 641 71 691 6.46
50 50 50 50 50 50 50 50 50 50 50
52.8 58.3 49.2| 59.2 559 513 59.3 675 458 623 574
150 147 146 160 141 141 160 166| 155 153 145
99.5 95 96.8| 98.1 97 95.7 102 102 103 101 103
22.4 19.3 21.8| 233 219 181 23 218 22 203 214
50 50 50 50 50 50 50 50 50 50 50

WA = Whole Animal

A total of 130 oysters (80 for growth measurements and 50 for

bioaccumul ation measurements) and 150 mussels (100 for growth and 50 for
bioaccumulation) were deployed on June 29,1994 at each test site. A total of 280
bivalves were deployed at each of 11 sites along an intertidal transect (Figure 3): five
treatment sites in the immediate vicinity of the oil treatment plots, and three control
sites on either side of the oil treatment plots. The three control sites toward the head
of the bay are designated Control Group 1 (C1), and the three sites toward the mouth
of the bay Control Group 2 (C2). Each of the treatment sites was separated by 100

meters.

Oil Treatment Plots

Control Group 1 Treatment Group f. Control Group 2

Site 1 Site2 Site3 Site4  Site5 Site6 Site7 Site8 Site9 Site10 Site1l

55656660006

100m 25m 65m -—> > <> <> 5m 25m 100m
100 m separation

an Mouth Bay Head

@ =130 oysters (80 growth + 50 bioaccumulation)
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Figure 3. Intertidal Oyster Deployment Configuration

All oystersin the growth group were measured for weights and lengths at the
beginning of the test and at the end of the test after 28-days exposure. At the end of
the test, the tissues were removed from all surviving individuals and weighed. During
the exposure period, subsets of oysters from the bioaccumulation group were sampled
on days 1, 8, 15, and 28 to assess the rate of accumulation and depuration of PAHSs.
Although tissues were analyzed for individual PAH compounds, only total PAHs will
be discussed here because the data for individual PAHs are still being analyzed.

Temperature was measured at 6-minute intervals for the Control Site 1 (closest
to the bay mouth), Treatment Site 7 (in the middle of the oiled plots), and Control Site
11 (nearest the bay head) throughout the 28-day exposure period. These
measurements were made with three in-situ monitors that recorded measurements
electronically and provided over 6,500 temperature data points. This allowed usto
confirm the time of air exposure and water immersion on adaily basis and calculate
mean water and air temperatures over the exposure period. Although these data are
still being analyzed, there are some generalizations that can be made with regard to
possible temperature effects.

3.0 Results

Mean oyster survival was over 96 percent and ranged from 88 to 100 percent
at each site. There was some apparent growth, both in terms of length and whole-
animal wet-weight, but there were no statistically significant differences among sitesin
either of these parameters. Significant differences among sites were found for EOT
tissue weights. Mean EOT tissue weights for Control Group 1 (C1=6.6 g-wet) were
significantly higher (p< 0.001) than either Control Group 2 (C2=5.7 g-wet) or the
Treatment Group (TG=5.7 g-wet). However, pooling the two control groups showed
that mean EOT tissue weights in the controls (C1+C2=6.1 g-wet) was significantly
higher than the Treatment Group (TG=5.7 g-wet). Summary statistics for the oyster
metrics are provided in Table 1.

All oysters used in this study accumulated elevated concentrations of PAHs in
thelr tissues when compared to tissue burdens at the start of the test. For the first
sampling interval (Day 1), oysters at C1 had significantly less PAHs in thelir tissues
than either C2 or TG (p = 0.0014). The accumulation and depuration of total PAHs in
oyster tissues over timeis shown in Table 3 and Figure 4. By the second sampling
interval (Day 8), there was no difference in the concentration of PAHs in oyster tissues
among C1, C2, and TG (p = 0.2845). By thethird sampling interval (Day 15), oysters
from TG had significantly higher concentrations of PAHs in their tissues than either
Clor C2 (p=10.0012), and this relationship persisted until the last sampling interval
(Day 28) (p = 0.0036). The statistical comparisons of PAHs in oyster tissues are
summarized in Table 4. Oystersin the treatment group did not depurate PAHs to pre-
exposure levelsin 28 days. A statistically significant relationship was shown between
total PAHs in oyster tissues at day 1 and end-of-test oyster tissue weights (Figure 5).
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Table 3. Total PAHs (ng/g-dry) in Oyster Tissues at Sampling Intervals

Day 1 Day 8 Day 15 Day 28

—
g Site 1 18.34 28.47 21.56 2.63
8 % Site 2 32.18 30.62 32.89 8.29
% Site 3 18.38 37.90 35.52 2.38
)
= Site 4 133.11 53.50 52.71 14.10
8 Site 5 131.02 279.57 95.25 29.25
9 ‘Gc:"; Site 6 69.82 75.68 84.25 15.46
% Site 7 149.93 95.94 99.49 22.37
E Site 8 124.07 51.01 73.87 15.58
N
s Site 9 112.13 55.77 31.64 6.27
8 § Site 10 86.69 40.33 33.81 4.53
g Site 11 78.82 57.34 16.05 4.20
=
3

There were no statistically significant differences in temperatures among sites.
Except for two occasions during the 28-day exposure period when the water
temperature dropped to 17°C and 19°C respectively, water temperatures generally
remained above 21°C. Mean exposure temperature (air and water) was about 26.5°C
for al sites. On three occasions, air temperature exceeded the limits of the
temperature monitor (38°C). Separate measurements on those days reveded air
temperatures near 40°C. On three other occasions air temperatures exceeded 35°C.
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Table 4. Statistical Comparisons of PAHs in Oyster Tissues at Sampling Intervals

20
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Figure 4. Accumulation/Depuration of Total PAHs in Oyster Tissues Over Time
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Figure 5. EOT Tissue Weight vs Total PAHs in Oyster Tissues on Day 1
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4.0 Discussion

This study provided useful information on rates of accumulation and
depuration of PAHs in oysters, the relationship between tissue PAH concentrations
and oyster growth, and the effects of temperature on survival and growth of oysters
and mussels in Delaware Bay. The relationship established between oyster growth
based on EOT tissue weights and tissue PAHs after only one day of exposure suggests
that the initial exposure may be associated with subsequent reductions in growth, even
after body burdens have declined. It should be added, however, that even though the
primary dose of PAHs came as a single pulse at the beginning of the test, some
residual PAHs continued to be released from the oiled plots (Mearns et al., 1997).
Nevertheless, this study provides evidence that tissue PAH concentrations can be used
to predict potential effects, particularly if tissue burdens are measured near their
maxima. Further, in the context of oil spill monitoring, it provides some evidence that
a short-term exposure and bicaccumulation associated with atissue dose, can be used
to predict subsequent effects. Although this study only provided information on
general PAH uptake and depuration, it identified several areas of thein situ
methodology that would benefit from modification.

The most encouraging result from this study was the relationship between
EOT tissue weights and tissue concentrations of total PAHs after only one day of
exposure. A number of investigators have emphasized the importance of using
chemical tissue burdensto predict potentially adverse effects. McCarty (1991) has
suggested the combining exposure and effects endpoints in standard laboratory
bioassays, and we have routinely used this approach in our caged bivalve studies
(Sdlazar and Salazar 1995, 1996, 1997a, 1997b, in review) because of the ease of
measuring bioaccumulation and growth in caged bivalves.

Donkin et al. (1989) not only developed similar relationships for mussel
(Mytilus edulis) tissue burdens and feeding rates, but they actually measured them. [t
was as aresult of thiswork and the pioneering work of Long and Chapman (1985)
that we devel oped the exposure-dose-response triad (Figure 6). This approach is
consistent with the both damage assessment and risk assessment formats that
emphasize a characterization of exposure and effects.

Characterizing Water. Sediment PAHs Exposure

Exposure ..................
Tissue PAHSs Dose

Bioassays Communities

Field Field Response
Lab Lab

Characterizing
Effects

Figure 6. The Exposure-Dose-Response Triad emphasizing Tissue PAH Burdens
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In most of our previous studies, multiple measurements of whole-animal wet-
weights and lengths have been more discriminating than EOT tissue weights.
Generdly, two or more measurements on the same individual (paired measurements)
reduces the variance when compared to two measurements made on random samples
from the same two groups (unpaired measurements), as well as the variance associated
with single measurements (Salazar and Salazar, 1995). Recently however, this and
other studies have shown that EOT tissue weights can be equally or more
discriminating than multiple measurements on the same individua (Salazar and
Sdlazar, in review). This seemsto be particularly true when growth rates are small
(Sdlazer et al., 1996; URS, 1994, this study). Furthermore, our most recent analyses
suggest that since shell growth and tissue growth are decoupled and occur at different
rates and sometimes in a different sequence (Hilbish, 1986), measuring tissue growth
can provide a different perspective on different aspects of whole mussel growth
(Sdlazar and Salazar, in review). We have always advocated measuring as many
different mussel metrics as possible to provide a more complete assessment of mussel
growth.

Results of this study also emphasized the importance of temperature in mussel
physiology and conducting pilot studies before transplanting bivalvesin a study of this
importance. Due to time constraints and the need to work within a pre-defined study
design, the bivalve study was conducted during the summer when air and water
temperatures were at amaximum. The primary risk in using Mytilus edulis were
associated with high summer temperatures at the study site near the southern limit of
its range on the east coast of North America (Wells and Gray, 1960). Growth
reductions have been previously associated with temperatures >20°C (Incze et al.,
1980; Almada-Vildla, 1982; Salazar and Salazar, 1996). This situation was
exacerbated by transplanting the bivalves high in the intertidal zone so they were close
to the oiled plots. While it was predicted that the test animals would be immersed in
water 17 to 19 hours per day, it is not clear that this actually happened. Itisaso
possible that warm temperatures >20°C in the holding facilities contributed to pre-
deployment stress, decreasing their chance for survival. In a subsequent experiment,
mussels from the same collection site were transplanted to the same test site in
Delaware Bay without being held or processed in the lab and they suffered high
mortalities aswell. This study confirms that intertidal transplants add more stress on
test animals than animals held subtidally. This must be considered during the study
design phase.

Previoudly we have shown how caged bivalves can be used to demonstrate
site-specific differences, short- and long-term trends, temporal and spatia variability,
source identification, and dose-response relationships (Salazar and Salazar, 1995).
Not al of those capabilities were demonstrated here because of the short test duration.
However, this study has shown the versatility of caged bivalves in assessing exposure
and effectsin avariety of environments. It has also highlighted the ability to use
interval sampling on a short time scale to provide information that could be used in
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spill response. Repetitive sampling of tissues can also document the duration of the
exposure and the duration of the effects. Thisisa potentially powerful tool for both
damage assessments and risk assessments. Widdows and Donkin (1992) have provided
aformat for using similar approaches to establish cause and effect relationships.
Clearly, this single experiment in Delaware Bay has not demonstrated cause and effect
since other variables could have contributed to the observed decreases in oyster
growth with increasing tissue burdens of total PAHs. Nevertheless, aframework has
been established for using this method in assessing oil spills on areal-time basis.

As aresult of this and other studies (Salazar et al., 1996; URS, 1994), the
significance of using EOT tissue weights to estimate growth and associated effects has
become more apparent. We suggest that the standard protocols include measuring as
many tissue weights at the start of the test as there are for each replicate during the
test. For example, in our most recent studies which contained three replicates of 100
animals each at each site, three replicates of 100 animals each were measured at the
start of the test for tissue weights and shell weights in addition to whole-animal wet-
weights and lengths. The tissues from these animals were then used to obtain
background tissue burdens of the chemicals of concern. This approach provides a
better estimate of tissue weights for al individuals at the start of the test. Although it
isimpossible to obtain true tissue weight changes for deployed individuals, by having a
larger number of T, tissue weight measurements, it is possible to identify significant
increases or decreases in tissue weights which are necessary when eva uating the tissue
chemistry data.

5.0 Conclusions

(1) Time scales of exposure and effects monitoring need to be commensurate
with those changes that occur naturally in the field and with species selected for the
assessment. (2) The exposure-dose-response triad provides a framework for
collecting useful information to support spill response, damage assessment, and
ecological risk assessment. (3) Caged bivalves are a potentially powerful tool for
characterizing exposure and effects under natural conditions within environmentally-
relevant time scales.

6.0  Acknowledgments

We wish to thank Alan Mearns of the NOAA Hazardous Materials Response
Division for making us aware of this project; Al Venosa, U.S. EPA, for analyzing the
tissues for PAHs and allowing us to participate, and Doug Helton of the NOAA
Damage Assessment Center for securing funding to complete the project. Specia
thanks are due to Pat Gaffney and the students from the University of Delaware for
collecting and holding the animals, assisting with the growth measurements and the
deployments, and mobilizing the entire experiment on extremely short notice. We
thank Alan Mearns and Bruce Duncan for reviewing the manuscript on short notice
and providing insightful comments for revisions.

672



7.0 References

Almada-Villela, P. C., J. Davenport, and L. D. Gruffydd, "The Effects of Temperature
on the Shell Growth of Y oung Mytilus edulisL.", J. Exp. Mar. Biol. Ecol. Vol. 59,
pp. 275-288, 1982.

Donkin, P., J. Widdows, S. V. Evans, C. M. Worrall, and M. Carr, "Quantitative
Structure-activity Relationships for the Effect of Hydrophobic Organic Chemicals on
Rate of Feeding by Mussals Mytilus edulis’, Aquat. Toxicol. Vol. 14, No. 3, pp. 277-
294, 1989.

Green, R. H., S. M. Singh, and R. C. Bailey, "Bivalve Molluscs as Response Systems
for Modelling Spatial and Temporal Environmenta Patterns’, Sci. Tot. Environ., Val.
46, pp.147-169, 1985.

Hilbish, T. J., "Growth Trajectories of Shell and Soft Tissue in Bivalves. Seasonal
Variation in MytilusedulisL.", J. Exp. Mar. Biol. Ecol. Vol. 96, pp. 103-113, 1986.

Incze, L. S, R. A. Lutz, and L. Watling, “Relationship Between Effects of
Environmental Temperature and Seston on Growth and Mortality of Mytilus edulisin
a Temperate Northern Estuary”, Mar. Biol. Vol. 57, pp. 147-156, 1980.

Lindstedt-Siva, J., “The Need for Experimenta Oil Spills’, Spill. Sci. Technol. Bull.,
Vol. 1, No. 2, pp. 97-100, 1994.

Long, E. R. and P. M. Chapman, “A Sediment Quality Triad: Measures of Sediment
Contamination, Toxicity and Infaunal Community Composition in Puget Sound”, Mar.
Pollut. Bull., Vol. 16, No. 10, pp. 405-415, 1985.

McCarty, L. S, "Toxicant Body Residues. Implications for Aquatic Bioassays with
some Organic Chemicals', in Aquatic Toxicology and Risk Assessment, ed(s), M. A.
Mayes, and M. G. Barron, American Society for Testing and Materia's, Philadelphia,
pp. 183-192, 1991.

Mearns, A. J,, K. Doe, W. Fisher, R. Hoff, K. Lee, R. Siron, C. Mueller, and A.
Venosa, "Toxicity Trends During an Oil Spill Bioremediation Experiment”, in 18th
Arctic and Marine Oil Spill Program (AMOP) Technical Seminar, Environment
Canada, Edmonton, Alberta, Canada, pp. 1133-1145, 1995.

Mearns, A. J., A. D. Venosa, K. Lee, and M. Salazar, "Field Testing Bioremediation
Treating Agents: Lessons from an Experimenta Shoreline Oil Spill”, in Proceedings,
1997 International Oil Spill Conference: Improving Environmental Protection -
Progress, Challenges, Responsibilities, Fort Lauderdale, Florida, American Petroleum
Institute, Washington, D.C., pp. 707-712, 1997.

673



Nelson, W. G., “An Application of * Real-time" Monitoring in Decision-making: the
New Bedford Harbor Pilot Dredging Project”, in Proceedings of the Seventeenth
Annual Aquatic Toxicity Workshop, ed(s) P. Chapman, F. Bishay, E. Power, K. Hall,
L. Harding, D. McLeay, M. Nassichuk, Vancouver, B.C., pp. 76-99, 1991.

Nelson, W. G. and D. J. Hansen, “Development and Use of Site-specific Chemical and
Biological Criteriafor Assessing New Bedford Harbor Pilot Dredging Project”,
Environ. Manag., Vol. 15, No. 1, pp. 105-112, 1991.

Nelson, W. G., D. K. Phelps, W. B. Galloway, P. F. Rogerson, and R. J. Pruell.
“Effects of Black Rock Harbor Dredged Material on the Scope for Growth of the Blue
Mussel, Mytilus edulis, after Laboratory and Field Exposures’, US Army Corps of
Engineers, Waterways Experiment Station, Field Verification Program (Aquatic
Disposal), Technical Report D-8, 1987.

Sdlazar, M. H. and D. B. Chadwick, “Using Rea-time Physical/chemica Sensors and
In-situ Biological Indicators to Monitor Water Pollution”, in Water Pollution:
Modelling, Measuring and Prediction. First International Conference on Water
Pollution Modelling, Measuring and Prediction., ed(s), L. C. Wrobel and C. A.
Brebbia, Elsevier Applied Science, London, pp. 463-480, 1991.

Salazar, M. H. and S. M. Salazar, “In-Stu Bioassays Using Transplanted Mussels: 1.
Estimating Chemical Exposure and Bioeffects with Bioaccumulation and Growth”, in
Environmental Toxicology and Risk Assessment - Third Volume, ed(s), Hughes, J. S.,
G. R. Biddinger, and E. Mones, American Society for Testing and Materias,
Philadelphia, pp. 216-241, 1995.

Sdlazar, M. H. and S. M. Salazar, “Mussels as Bioindicators. Effects of TBT on
Survival, Bioaccumulation and Growth under Natural Conditions’, in Tributyltin:
Environmental Fate and Effects, ed(s), M. A. Champ and P. F. Seligman, Chapman
and Hall, London, pp. 305-330, 1996.

Salazar, M. H. and S. M. Salazar, “Using Caged Bivalves for Environmenta Effects
Monitoring at Pulp and Paper Mills. Rationale and Historical Perspective’, in
Proceedings of the 23rd Annual Aquatic Toxicity Workshop, ed(s) J.S. Goudey, S.M.
Swanson, M.D. Treissman, and A.J. Niimi, Canadian Technical Report of Fisheries
and Aquatic Sciences No. 2144, Calgary, Alberta, pp. 129-136, 1997a.

Sdlazar, M. H. and S. M. Sadlazar, “Using Caged Bivalves to Characterize Exposure

and Effects Associated with Pulp and Paper Mill Effluents’, Wat. Sci. Tech., Vol. 35,
No. 2-3, pp. 213-220, 1997b.

674



Sdlazar, M. H. and S. M. Salazar, “Using Caged Bivalves as Part of an Exposure-
Dose-Response Triad to Support an Integrated Risk Assessment Strategy”, in
Proceedings, Conference on Ecological Risk Assessment, SETAC Special
Publication, in review.

Salazar, S. M.; N. Beckvar; M. H. Salazar, and K. Finkelstein. “An In-Situ Assessment
of Mercury Contamination in the Sudbury River, MA, Using Bioaccumulation and
Growth in Transplanted Freshwater Mussels (Elliptio complanata)”, National Oceanic
and Atmospheric Administration (NOAA) Technica Memorandum NOS ORCA 89,
Seattle, Washington, 66 pp, 1996.

Shigenaka, G. and C. B. Henry, “Use of Mussels and Semipermeable Membrane
Devicesto Assess Bioavailability of Residua Polynuclear Aromatic Hydrocarbons
Three Y ears after the Exxon Valdez Oil Spill”, in Exxon Valdez Oil Spill: Fate and
Effects in Alaskan Waters, ed(s) P. G. Wells, J. N. Butler, and J. S. Hughes, ASTM
STP 1219, American Society for Testing and Materias, Philadel phia. pp. 239-260,
1995.

Short, J. W. and P. M. Harris, "Petroleum Hydrocarbons in Caged Mussels Deployed
in Prince William Sound after the Exxon Valdez Oil Spill”, in Proceedings of the
Exxon Valdez Oil Spill Symposium, ed(s) S.D. Rice, R. B. Spies, D. A. Wolfe, and B.
A. Wright, American Fisheries Society, Anchorage, Alaska, pp. 29-39, 1996.

URS Consultants, “Phase | Technical Memorandum, Remedial Investigation-
Feasbility Study (RI/FS), Operable Unit B, Puget Sound Nava Shipyard, Bremerton,
Washington, CTO 0131, Volume 1", Prepared for Department of the Navy,
Engineering Field Activity, Northwest, Southwestern Division, Naval Facilities
Engineering Command, Poulsbo, Washington. Contract Task Order 0131, 1994.

Venosa, A. D., M. T. Suidan, B. A. Wrenn, K. L. Strohmeier, J. R. Haines, B. L.
Eberhart, D. King, and E. Holder, "Bioremediation of an Experimental Oil Spill on the
Shoreline of Delaware Bay", Environ. ci. Technol., Vol. 30, pp. 1764-1775, 1996.

WEeélls, H. W. and I. E. Gray, "The Seasonal Occurrence of Mytilus edulis on the
Carolina Coast as a Result of Transport Around Cape Hatteras', Biol. Bull, Vol. 119,
pp. 550-559, 1960.

Widdows, J. and P. Donkin, "Mussels and Environmental Contaminants:
Bioaccumulation and Physiological Aspects’, in The Mussel Mytilus: Ecology,
Physiology, Genetics and Culture, ed(s), E. Gosling, Elsevier Science Publishers,
Amsterdam, pp. 383-424, 1992.

675



