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AVS/SEM —
AED —
B[a]P—
BNA —
CAS-—
CLIS—
COH —
csL -

CV -
DCM —
DMSO -
EAP -
EC50 —

ERL —
ERM —
LC50 —
LOEC -
LPL —
MEL —
MSD
MSMT —
NaCl
NOAA —
NOEC -
NS&T —
PAH —
PCB —
PSAMP —
QL -
RGS -
RLU —
SDI -
SDS-—
SMS -
SQS-

TAN —
TCDD —
TEQ-
TOC -
UAN —
UPL —

Acronyms and Abbreviations

acid volatile sulfides/ simultaneously-extracted metals
atomic emission detector

benzo[a]pyrene

base/neutral/acid organic compound analysis

Columbia Analytical Services

Central Long Island Sound

chlorinated organic hydrocarbons

cleanup screening level (Washington State Sediment Management Standards — chapter
173-204 WAC)

coefficient of variation

dichloromethane

dimethylsulfoxide

Environmental Assessment Program

50% effective concentration; concentrations of the extract that inhibited luminescence by
50% after a 5-minute exposure period (Microtox™ analysis)
effectsrange low (Long et a., 1995)

effects range median (Long €t al., 1995)

lethal concentration for 50% of test animals

lowest observable effects concentration

lower prediction limit

Manchester Environmental Laboratory

minimum significant difference

Marine Sediment Monitoring Team

sodium chloride

National Oceanic and Atmospheric Administration

no observabl e effects concentration

National Status and Trends Program

polynuclear aromatic hydrocarbon

polychlorinated biphenyl

Puget Sound Ambient Monitoring Program

guantitation limit reported by Manchester Environmental Laboratory for chemistry data
reporter gene system

relative light unit

Swartz's Dominance Index

sodium dodecyl sulfate

Sediment Management Standards

sediment quality standard (Washington State Sediment Management Standards — chapter
173-204 WAC)

total ammonia nitrogen

tetrachl orodibenzo-p-dioxin

total equivalency quotients

total organic carbon

un-ionized ammonia

upper prediction limit
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Abstract

As acomponent of athree-year cooperative effort of the Washington State Department of
Ecology and the National Oceanic and Atmospheric Administration, surficial sediments from
100 locations in central Puget Sound were tested in 1998 to determine their relative quality. The
purpose of this survey was to determine the quality of sedimentsin terms of the severity, spatia
patterns, and spatial extent of chemical contamination, toxicity, and adverse alterations to benthic
infauna. The survey encompassed an area of approximately 732 km?, ranging from Port
Townsend south to Des Moinesin the central region of Puget Sound. Data from the chemical
analyses indicated that toxicologically significant contamination was restricted in scope to a
relatively minor portion of the region. However, sediments from several sampling locations
within Elliott Bay and other locations had relatively high chemical concentrations. Data from
toxicity tests indicated that many of the samples from inner Elliott Bay, including the lower
Duwamish River, and Sinclair Inlet were relatively toxic. Toxicity also was observed in
additional samples from locations scattered throughout the region. Wide rangesin severd
numerical indices of benthic infaunal structure were observed, but the majority of samples had
diverse and abundant populations of benthos representative of conditionstypical of the area.
Eighteen samples in which chemical concentrations were relatively high, toxicity was apparent,
and benthic communities appeared to be affected represented 1.1% of the study area. Samplesin
which chemical contamination and toxicity were observed, but the benthos was relatively
abundant and diverse, represented 12.5% of the study area. Samples that were not contaminated,
not toxic, and had abundant benthic communities represented 49.1% of the survey area, while
samples which displayed either toxicity or chemical contamination (but not both) and abundant
benthic communities represented 37.3% of the survey area. Generally, upon comparison, the
number of stations displaying degraded sediments based upon the sediment quality triad of data
was dlightly greater in the central Puget Sound than in the northern Puget Sound study, although
the percent of the total study area degraded in each region was similar (1.3 and 1.1%,
respectively). In comparison, the Puget Sound sediments were considerably less degraded than
those from other NOAA sediment surveys conducted nationwide.
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Executive Summary

Numerous studies of Puget Sound have documented the degree of chemical contamination and
associated adverse biological effects within many different urbanized bays and harbors. Data
from previous research has shown that contamination occurred in sediments, water, sea surface
microlayers, fishes, benthic invertebrates, sea birds, and marine mammals in parts of Puget
Sound. Additionally, the occurrence of severetoxicity of sedimentsin laboratory tests,
significant aterations to resident benthic populations, severe histopathological conditionsin the
organs of demersal fishes, reduced reproductive success of demersal fishes and marine mammals,
acute toxicity of sea surface microlayers, uptake and bioaccumulation of toxicantsin seabirds
and marine mammal's suggested that chemical contamination was toxicologically significant in
Puget Sound. However, none of the previous surveys attempted to quantify the areal or spatial
extent of contamination or toxicant-related effects. Therefore, although numerous reports from
previous studies indicated the severity or degree of contamination and adverse effects, none
reported the spatial scales of the problems.

The overall goal of the cooperative program initiated by the Washington State Department of
Ecology (Ecology) as a part of its Puget Sound Ambient Monitoring Program (PSAMP) and the
National Oceanic and Atmospheric Administration (NOAA) as a part of its National Status and
Trends Program (NS& TP) was to quantify the percentage of Puget Sound in which sediment
quality was significantly degraded. The approach selected to accomplish this goal wasto
measure the components of the sediment quality triad at sampling locations chosen with a
stratified-random design. One hundred sediment samples were collected during June/July, 1998,
at locations selected randomly within 32 geographic strata that covered the area from Port
Gardner Bay near Everett and Port Townsend south to Des Moines. Strata were selected to
represent conditions near major urban centers (e.g., Seattle, Bremerton) and marine areas
adjacent to less developed areas. The 32 strata encompassed an area of approximately 732 km?.

Chemical analyses were performed on all samplesto quantify the concentrations of trace metals,
petroleum constituents, chlorinated pesticides, other organic compounds, and the
physical/sedimentological characteristics of the sediments. Chemical concentrations were
compared to applicable numerical guidelines from NOAA and state criteria for Washington to
determine which samples were contaminated. A battery of four toxicity tests was performed on
all samplesto provide information from a variety of toxicological endpoints. Results were
obtained with an acute test of survival among marine amphipods exposed to solid phase
sediments. Thetoxicity of sediment pore waters was determined with atest of fertilization
success among sea urchin gametes. A microbia bioluminescence test of metabolic activity was
performed in exposures to organic solvent extracts along with a cytochrome P450 HRGS activity
test in exposures to portions of the same solvent extracts. Resident benthic infauna were
collected to determine the rel ative abundance, species richness, species composition, and other
characteristics of animalsliving in the sediments at each site.

The areain which highly significant toxicity occurred totaled approximately 0.1% of the total
areain the amphipod survival tests; 0.7%, 0.2%, and 0.6% of the areain urchin fertilization tests
of 100%, 50%, and 25% pore waters, respectively; 0% of the areain microbial bioluminescence
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tests; and 3% of the areain the cytochrome P450 HRGS assays. The estimates of the spatial
extent of toxicity measured in three of the four testsin central Puget Sound were considerably
lower than the “national average” estimates compiled from many other surveys previously
conducted by NOAA.. Generdly, they were comparable to the estimates for northern Puget
Sound. However, in the cytochrome P450 HRGS assays, arelatively high proportion of samples
caused moderate responses. Collectively, these data suggest that central Puget Sound sediments
were not unusually toxic relative to sediments from other areas. The large mgority of the area
surveyed was classified as non-toxic in these tests. However, the datafrom the RGS assays
indicated a slight to moderate response among many samples.

The laboratory tests indicated overlapping, but different patternsin toxicity. Several spatial
patterns identified with results of all the tests were apparent in this survey. First, highly toxic
responses in the sea urchin, Microtox, and P-450 tests were observed in many samples from inner
reaches of Elliott Bay. Toxicity in these tests decreased considerably westward into the outer and
deeper regions of the bay. Second, many of the samples from the Liberty Bay and Bainbridge
basin area were toxic in the Microtox and P-450 assays. The degree of toxicity decreased
steadily southward down the Bainbridge basin to Rich Passage, where the sediments were among
the least toxic. Third, samples from two stations located in asmall inlet off Port Washington
Narrows were among the most toxic in two or more tests. Fourth, several samples from stations
scattered within Sinclair Inlet indicated moderately toxic conditions; toxicity diminished steadily
eastward into Rich Passage. Finally, samples from the Admiralty Inlet/Port Townsend area and
much of the central main basin were among the least toxic.

The surficia areain which chemical concentrations exceeded effects-based sediment guidelines
was highly dependent upon the set of critical values that were used. There were 25 samplesin
which one or more Effects Range-Median (ERM) values were exceeded. They represented an
area of about 21 km?, or about 3% of the total survey area. In contrast, there were 94 samplesin
which at least one Washington State Sediment Quality Standard (SQS) or Cleanup Screening
Level (CSL) value was exceeded, representing about 99% of the survey area. Without the data
for benzoic acid, only 44 samples had at least one chemical concentration greater than a SQS
(representing 25.2% of the area) and 36 samples had at |east one concentration greater than a
CSL (21% of the area).

The highest chemical concentrations invariably were observed in samples collected in the
urbanized bays, namely parts of Elliott Bay and Sinclair Inlet. Often, these samples contained
chemicals at concentrations that equaled or exceeded numerical guidelines or state standards.
Concentrations generally decreased steadily away from these two bays and were lowest in
Admiralty Inlet, Possession Sound, Rich Passage, Bainbridge Basin, and most of the central
basin.

Although the study was not intended to determine the causes of toxicity in the tests, a number of
statistical analyses were conducted to estimate which chemicals, if any, may have contributed to
toxicity. Asexpected, strong statistical associations between measures of toxicity and complex
mixtures of PAHS, pesticides, phenols, other organic compounds, and several trace metals were
observed. However, there was significant variability in some of the apparent correlations,
including samplesin which chemical concentrations were elevated and no toxicity was observed.
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Therefore, it ismost likely that the chemical mixtures causing toxicity differed among the
different toxicity tests and among the regions of the survey area.

Severa indices of the relative abundance and diversity of the benthic infaunaindicated very wide
ranges in results among sampling stations. Much of this variability could be attributed to large
differences in depth, sediment texture, organic carbon content, proximity to rivers, and other
natural habitat-related factors.

Statistical analyses of the toxicity data and benthic data revealed few consistent relationships.
Some indices of benthic community diversity and abundance decreased with increasing toxicity
and others increased. Also, the relationships between measures of benthic structure and chemical
concentrations showed mixed results.

Datafrom the chemical analyses, toxicity tests, and benthic community analyses, together,
indicated that, of the 100 stations sampled, 36 had sediments with significant toxicity and
elevated chemical contamination. Of these, 18 appeared to have benthic communities that were
possibly affected by chemical contaminants in the sediments. They included stationsin Sinclair
Inlet, Dyes Inlet, Elliott Bay and the Duwamish River. These stations typically had moderate to
very high total abundance, including high numbers of Aphelochaeta species N1 and other
pollution-tolerant species, moderate to high taxa richness, low evenness, and low Swartz’'s
Dominance Index values, and often, pollution-sensitive species such as arthropods and
echinoderms were low in abundance or absent from these stations. These 18 stations represented
an area of 8.1 km?, or about 1.1% of the total survey area, while the remaining other 18 stations
represented 12.5% of the area. Twenty-five stations located in Port Townsend, Admiralty Inlet,
Possession Sound, the central basin, Port Madison, Liberty Bay, the Bainbridge Basin, Rich
Passage, Dyes Inlet, and outer Elliott Bay, were identified with no indications of significant
sediment toxicity or chemical contamination, and with abundant and diverse populations of
benthic infauna. These stations represented an area of 359.3 km?, equivalent to 49% of the total
survey area. The remaining thirty-nine stations, located in Port Townsend, Possession Sound, the
central basin, Eagle Harbor, Liberty Bay, the Bainbridge Basin, and Elliott Bay and the
Duwamish River, displayed either signs of significant chemical contamination but no toxicity, or
significant toxicity, but no chemical contamination, and for the majority, the benthic populations
were abundant and diverse. Together, these stations represented an area of 272.6 km?, equivalent
to 37% of the total central Puget Sound study area.

The distribution of the “triad” results was somewhat different from that determined for 100
northern Puget Sound samples (Long et a., 1999a). There were 18 samples from central Puget
Sound (1.1% of the study area) and 10 samples from northern Puget Sound (1.3% of the study
area) in which all three components of the triad indicated degraded conditions. Sixteen and 18
(10.6 and 12.5% of the study areas) samples from north and central Puget Sound, respectively,
displayed both toxicity and chemical contamination, but diverse benthos. Twenty-five (49.1%)
of the central Puget Sound and 21 (19.6%) of the samples from northern Puget Sound indicated
non-degraded conditions. Finally, there were 53 samples collected from northern Puget Sound
(68.5% of the study area) that displayed either significant chemistry or toxicity results (but not
both), and whose infaunal assemblages were varied, while only 39 stations (37.3% of the study
area) showed these characteristicsin central Puget Sound.
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Data from this central Puget Sound study will, in the future, be merged with those from northern
(sampled in 1997) and southern (sampled in 1999) Puget Sound to provide an area-wide

assessment of the quality of sedimentsin the entire Puget Sound Basin. These data also provide
the basis for comparison of Puget Sound sediment data with sediment data collected nationwide

during other NOAA surveys.
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Introduction

Project Background

In 1996 the Washington Department of Ecology (Ecology) and the National Oceanic and
Atmospheric Administration (NOAA) entered into athree-year Cooperative Agreement to
guantify the magnitude and extent of toxicity and chemical contamination of sedimentsin Puget
Sound. This agreement combined the sediment monitoring and assessment programs of the two
agencies into one large survey of Puget Sound.

Ecology’ s Marine Sediment Monitoring Team has conducted the Sediment Monitoring
Component of the Puget Sound Ambient Monitoring Program (PSAMP) since 1989. This
program used the sediment quality triad approach of Long and Chapman (1985) to determine
relative sediment quality in Puget Sound. Preceding the joint surveys with NOAA, Ecology
established baseline data for toxicity and chemical contamination of Puget Sound sediments
(Llanso et al., 1998a) and characterized infaunal invertebrate assemblages (Llanso et al., 1998b)
at 76 selected monitoring stations throughout Puget Sound. A portion of this baseline work is
continuing as a subset of ten stations at the present time.

The National Status and Trends (NS& T) Program of NOAA has conducted bioeffects assessment
studies in more than 30 embayments and estuaries nationwide since 1990 (Long et al., 1996).
These studies followed a random-stratified sampling design and the triad approach to estimate
the spatial extent, magnitude, and spatial patternsin relative sediment quality and to determine
the relationships among measures of toxicity, chemical contamination, and benthic infaunal
structure within the study areas. NOAA chose to continue these studies in Puget Sound because
of the presence of toxicantsin sufficiently high concentrations to cause adverse biological

effects, the lack of quantitative data on the spatial extent of toxicity in the area, and the presence
and experience of a state agency partner (Ecology) in performing the study.

The current joint project of Ecology and NOAA utilizes NOAA'’ s random-stratified sampling
design and the sediment quality triad approach for the collection and analyses of sediment and
infaunain northern Puget Sound sampled in 1997 (Long et a., 1999a), central Puget Sound
sampled in 1998 (described in this report), and southern Puget Sound sampled in 1999.

Site Description

The three-year study area encompassed the basins and channels from the U.S./Canada border to
the southern-most bays and inlets near Olympia and Shelton and included the waters of
Admiralty Inlet and Hood Canal (Figure 1). Thisregion, located in northwestern Washington, is
composed of avariety of interconnected shallow estuaries and bays, deep fjords, broad channels
and river mouths. It is bounded by three major mountain ranges; the Olympics to the west, the
mountains of Vancouver Island to the north, and the Cascade Range to the east. The northern
end of Puget Sound is open to the Strait of Juan de Fuca and the Strait of Georgia, connecting it
to the Pacific Ocean. The estuary extends for about 130 km from Admiralty Inlet at the northern
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end of the main basin to Olympia at the southern end, and ranges in width from 10 to 40 km
(Kennish, 1998).

The main basin of Puget Sound was glacially scoured with depths up to 300 m, has an area of
2600 km? and a volume of 169 km?® (Kennish, 1998). Circulation in Puget Sound is driven by
complex forces of freshwater inputs, tides, and winds. Puget Sound is characterized as a two-
layered estuarine system, with marine waters entering the Sound at the sill in Admiralty Inlet
from the Strait of Juan de Fuca at depths of 100 to 200 m, and freshwater entering from a number
of large streams and rivers. Major rivers entering Puget Sound include the Skagit, Snohomish,
Cedar, Duwamish, Puyallup, Stillaguamish, and Nisqually (Figure 1). The Skagit, Stillaguamish,
and Snohomish rivers account for more than 75% of the freshwater input into the Sound
(Kennish, 1998). The mean residence time for water in the central basin is approximately 120-
140 days, but is much longer in the isolated inlets and restricted deep basins in southern Puget
Sound.

The bottom sediments of Puget Sound are composed primarily of compact, glacially-formed, clay
layers and relict glacid tills (Crandell et al., 1965). Maor sources of recent sediments are
derived from shoreline erosion and riverine discharges.

Puget Sound is a highly complex, biologically important ecosystem that supports major
populations of benthic invertebrates, estuarine plants, resident and migratory fish, marine birds,
and marine mammals. All of these resources depend upon uncontaminated habitats to sustain
their population levels. The Sound is bordered by both relatively undevel oped lands and highly
urbanized and industrialized areas. Major urban centersinclude the cities of Seattle, Tacoma,
Olympia, Everett, Bremerton, and Bellingham.

The portion of the Puget Sound study conducted in 1998 focused upon the central region of the
study area, from Admiralty Inlet and the southern boundary of the 1997 study area(i.e.,
Mukilteo) to Maury Island (Figure 1). The 1998 study area, therefore, included portions of Port
Townsend Bay, Admiralty Inlet, southern Possession Sound, the main (or central) basin of Puget
Sound, Port Madison, Eagle Harbor, Liberty Bay, Dyes Inlet, Port Washington Narrows, Sinclair
Inlet, Rich Passage, Elliott Bay, the lower Duwamish River, East Passage, and the area
surrounding Blake Island.

Toxicant-Related Research in Central Puget Sound

Puget Sound waters support an extremely diverse spectrum of economically important biological
resources. In addition to extensive stocks of salmon, a variety of other species (e.g. cod,
rockfish, clams, oysters, and crabs) support major commercia and recreational fisheries. Studies
have shown that high concentrations of toxic chemicals in sediments are adversely affecting the
biota of Puget Sound via detritus-based food webs. Studies of histopathological, toxicological,
and ecological impacts of contaminants have focused primarily on biota collected in areas
potentially influenced by port activities and municipal or industrial discharges (Ginn and Barrick,
1988). Therefore, the majority of effects studies have focused on both Elliott and
Commencement Bay in central Puget Sound.
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Considerable research has been conducted on the presence, concentrations, and biological
significance of toxicants in the central region of Puget Sound. Much of this research was
conducted to quantify chemical concentrations in sediments, animal tissues, water, marine
mammals, marine birds, and sea surface microlayers. Some studies also were conducted to
determine the history of chemical contamination using analyses of age-dated sediment cores.

The objectives of these studies often included analyses of the biological significance of the
chemical mixtures. Biological studies have been conducted to determine the frequency of lesions
and other disordersin demersal fishes; the toxicity of sediments; the toxicity of water and sea
surface microlayers; reproductive dysfunction in fishes, birds, and mammals; and the degree of
effects upon resident benthic populations.

Much of the previous research on toxicant effects in central Puget Sound focused upon areas of
Elliott Bay, the lower Duwamish River, Sinclair Inlet, and Eagle Harbor as well as the centra
basin in the vicinity of the West Point wastewater discharge. Port Madison often was used as a
reference areafor studies of toxicant effects elsewhere. NOAA, the U. S. Environmental
Protection Agency, and Seattle METRO funded much of the work.

Studies performed by NOAA through the MESA (Marine Ecosystems Analysis) Puget Sound
Project determined the concentrations of toxic substances and toxicity in sediments with a battery
of acute and chronic tests performed on samples collected throughout most of the Puget Sound
region. The sediment toxicity surveys were conducted in a sequence of four phasesin the early
1980's. Inthefirst phase (Chapman et al., 1982), samples collected from 97 locations were
tested with several bioassays. Samples were collected mainly at selected locations within Elliott
Bay, Commencement Bay, and Sinclair Inlet. Tests were performed to determine survival of
oligochaetes, amphipods, and fish; respiration measurements of oligochaetes; and chromosomal
damage in cultured fish cells. The results of multiple tests indicated that some portions of Elliott
Bay near the Denny Way CSO and severa of the industrialized waterways of Commencement
Bay were highly toxic and samples from Port Madison were among the least toxic.

In the second phase of the Puget Sound sediment toxicity surveys, tests were performed to
identify diminished reproductive success among test animals exposed to sediments (Chapman et
a., 1983). Thesetestsinvolved oyster embryo development, surf smelt development, and a
polychaete worm life cycle bioassay. Samples from the lower Duwamish River and the
Commencement Bay waterways were the most toxic. In the third phase, 22 samples were
collected in Everett Harbor, Bellingham Bay, and Samish Bay in northern Puget Sound and
tested with the same battery of tests used in the first phase of the studies (Chapman et a., 1984a).
Toxicity was less severe in these 22 samples than in comparable samples from Elliott and
Commencement bays. However, the sediments from Everett Harbor demonstrated greater
toxicity than those from Bellingham Bay and samples from Samish Bay were the |east toxic.

In the fourth and final phase, sediment quality was determined with the introduction of the
sediment quality triad approach (Chapman et al., 1984b; Long and Chapman, 1985). Matching
chemical, toxicity, and benthic data were compiled to provide aweight of evidence to rank
sampling sites. Datafrom several locationsin Elliott and Commencement bays and Sinclair Inlet
were compared with data from Case Inlet and Samish Bay. As observed in the previous phases,
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the data clearly showed a pattern of low sediment quality in samples from the urbanized areas
relative to those from the more rural aress.

Histopathol ogy studies that included central Puget Sound indicated that biological impacts such
as hepatic neoplasms, intracellular storage disorders, and lesions in fish were pollution-rel ated.
These disorders were found most frequently near industrial urban areas, including portions of
Elliott Bay, Sinclair Inlet, and Eagle Harbor (Malins et al., 1980, 1982, 1983, 1984; U.S. EPA,
Region X, 1986). Fish with such disorders often had the highest concentrations of organic
compounds and trace metalsin their tissues.

Studies in which toxicity tests were performed confirmed histopathological findings that
pollution-induced biotic impacts are more likely to occur near industrial urban areas (Chapman et
al., 1982; Mdlins, et a., 1982; Malins, 1985; Clark, 1986; Malins et a. 1985; Llansd et al.,
1998a). Numerous analyses of contaminant exposures and adverse effectsin resident demersal
fishes were conducted in most of the urbanized bays and harbors (Malins et al. 1980, 1982a,
1984). Datafrom these studies demonstrated that toxicant-induced, adverse effects were
apparent in fish collected in urban harbors of Puget Sound and the prevalence of these effects
was highest in areas with highest chemical concentrations in the sediments to which these fish
were exposed. The incidence of neoplastic lesions was highest among fish from Eagle Harbor.
Similar kinds of analyses were performed on resident marine birds and marine mammals,
demonstrating that chemical levelsin these animals were elevated in regions of Elliott and
Commencement bays relative to animals from the Strait of Juan de Fuca and elsewhere
(Calambokidis et al., 1984).

A summary of available datafrom sediment toxicity tests performed in Puget Sound through
1984 (Long, 1984) indicated that sediments from the waterways of Commencement Bay, Elliott
Bay off the Denny Way CSO, inner Sinclair Inlet, lower Duwamish Waterway, Quilcene Bay,
Bellingham Bay, and inner Everett Harbor were among the most toxic in the entire area.
Significant results were reported in acute survival tests with amphipods, sublethal assays of
respiration rate changes, tests of mutagenic effects in fish cells, and oyster embryo development
tests.

Studies of invertebrate communities conducted in central Puget Sound have indicated significant
losses of benthic resources in some areas with high chemical concentrations (Malins, et al., 1982;
Kisker, 1986; Chapman et al., 1984a,b; Broad et al., 1984; Llanso et al., 1998b). The longest
term and most extensive sampling of infaunal invertebrate communities was conducted by the
Puget Sound Ambient Monitoring Program, established in 1989. The program sampled 28 sites
in northern Puget Sound, 13 of which were sampled yearly from 1989-95 and 15 that were
sampled once in 1992 and once again in 1995.

The colonization rates and species diversity of epifaunal communities that attached to vertical
test surfaces were lowest at locations in the lower Duwamish River as compared to sites
elsewhere in Puget Sound (Schoener, 1983). Samples of sea surface microlayers from Elliott Bay
were determined to be contaminated and toxic in acute tests done with planktonic life stages of
marine fish (Hardy and Word, 1986; Hardy et al., 1987a,b). Historical trendsin chemical
contamination were reviewed and the physical processes that influence the fate and transport of
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toxicantsin regions of Puget Sound were summarized in a variety of reports (Brown et al., 1981;
Dexter et a., 1981; Barrick, 1982; Konasewich et al., 1982; Long 1982; Crecelius et al ., 1985;
Quinlan et. al, 1985).

Following the work by NOAA, additional studies of chemical contamination were supported by
the Puget Sound National Estuary Program (PSEP). The PSEP studies further identified spatial
patterns in sediment contamination, toxicity, and benthic effects in selected urban embayments
and reference areas throughout Puget Sound (PTI, 1988; Tetra Tech, 1988). The PSEP also
formulated tentative plans for cleaning up some of the more contaminated sites. Although
extensive deep portions of Puget Sound and most rural bays were relatively contaminant-free,
parts of the bays bordering urban, industrialized centers contained high concentrations of toxic
chemicals (Long and Chapman, 1985; Llansd et al., 1998a). Other programs and studies,
including the Puget Sound Dredged Disposal Analysis Program (PTI, 1989) and the Puget Sound
Ambient Monitoring Program (Llanso et al., 1998a,b), characterized baseline sediment quality
conditions and trends throughout Puget Sound.

In addition to these large-scale studies, federal, state and local government, as well as private
industry, have conducted a vast number of smaller, localized studies on Puget Sound sediments,
primarily for regulatory purposes. These studies have focused on the level of chemical
concentrations in sediments, the incidence of abnormalities and diseases in fish and benthic
invertebrates, the level and degree of sediment toxicity to various bioassay organisms, the
relationship between sediment contamination and the composition of benthic invertebrate
communities, and to alesser extent, the associations between sediment contamination, toxicity,
and resident marine bird and mammal populations.

Information gathered from the surveys of toxicity in sediment, water, and microlayer, and the
studies of adverse effectsin resident benthos, fish, birds and mammals confirmed that conditions
were most degraded in urbanized embayments of Puget Sound, including Elliott Bay (Long,
1987). All of the datafrom the historical research, collectively, served to identify those regions
of Puget Sound in which the problems of chemical contamination were the worst and in which
management actions of some kind were most needed (NOAA, 1987). However, although these
previous studies provided information on the degree and spatial patternsin chemical
contamination and effects, none attempted to quantify the spatial extent of either contamination
or measures of adverse effects.

The Sediment Quality Information System (SEDQUAL) Database

Ecology's Sediment Management Unit has compiled a database that includes sediment data from
over 400 Puget Sound sediment surveys of various size and scope. The Sediment Quality
Information System (SEDQUAL) database includes approximately 658,000 chemical, 138,000
benthic infaunal, and 36,000 bioassay analysis records from over 12,000 sample collection
stations throughout Puget Sound. For the central Puget Sound study area defined in this report,
the SEDQUAL database currently contains sediment data from 2063 samples (148 surveys)
collected from 1950-1999. Using the analytical tools available in SEDQUAL, these data can be
compared to chemical contaminant guidelines, the Sediment Quality Standards (SQS) and Puget
Sound Marine Sediment Cleanup Screening Levels (CSL), set forth in the Washington State
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Sediment Management Standards (SMS), Chapter 173-204 WAC. Of the 2063 SEDQUAL
samples from central Puget Sound, 1034 have chemical contaminant levels that exceeded at |east
one SQS or CSL value. The majority of these stations are located near population centers, urban
and industrial areas, and ports, including Elliott Bay and the Duwamish River, Sinclair Inlet,
Dyes Inlet, Liberty Bay, and Eagle Harbor (Figure 2). A summary of the chemicalsfound in
these central Puget Sound SEDQUA L samples which exceeded SMS values, including their
sample location and total number of samples, isgivenin Appendix A. In central Puget Sound,
all 47 chemicals with SM S values were exceeded on at least one occasion.

Goals and Objectives

The shared goal of this study for both the PSAMP Sediment Monitoring Component and
NOAA'’s nationwide bioeffects assessment program was to characterize the ecotoxicological
condition of sediments, as well as benthic infaunal assemblage structure, as a measure of adverse
biological effects of toxic chemicalsin central Puget Sound. Based upon chemical analyses of
sediments reported in previous studies, it appeared that there were relatively high probabilities
that concentrations were sufficiently high in some regions of the study area to cause acute
toxicity and infaunal assemblage aterations. Data from toxicity tests were intended to provide a
means of determining whether toxic conditions, associated with high concentrations of chemical
pollutants, actually occurred throughout any of the area. Examination of infaunal assemblages
was intended to determine whether sediment chemistry and toxicity conditions are correlated
with patternsin infaunal community structure. Underlying these goals was the intent to use a
stratified-random sampling design that would allow the quantification of the spatial extent of
degraded sediment quality.

Based on the nature of sediment contamination issues in Puget Sound, and the respective
mandates of NOAA and the state of Washington to address sediment contamination and
associated effectsin coastal waters, the objectives of the cooperative assessment of bioeffectsin
Puget Sound were to:

1. Determine the incidence and severity of sediment toxicity;
2. ldentify spatial patterns and gradients in sediment toxicity and chemical concentrations;

3. Estimate the spatial extent of toxicity and chemical contamination in surficial sediments as
percentages of the total survey arega;

4. Describe the composition, abundance and diversity of benthic infaunal assemblages at each
sampling location;

5. Estimate the apparent relationships between measures of sediment toxicity, toxicant
concentrations, and benthic infaunal assemblage indices; and

6. Compare the quality of sediment from northern, central, and southern Puget Sound measured
in the three phases of this study.
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This report includes a summary of the data collected in 1998 and correlation analyses to examine
toxicity, chemistry, and infaunal relationships. Results of further analyses relating toxicity,
chemistry, and infaunal structure throughout the entire survey areawill be reported in a
subsequent document.
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Methods

Standardized methods described in the Puget Sound Estuary Program protocols (PSEP, 1996a),
previously used in the 1997 survey of northern Puget Sound (Long et al., 1999a), and previously
followed in surveys of sediment quality conducted elsewherein the U.S. by NOAA (Long et al.,
1996) were followed in this survey. Any deviations from these protocols are described below.

Sampling Design

By mutual agreement between Ecology and NOAA, the study area was established as the area
extending from Point Wilson near Port Townsend to Maury Island (Figures 1 and 3a). Regions
and basins that were included in the survey areaincluded the central basin of Puget Sound;
Admiralty Inlet; Port Madison; Liberty Bay, Dyes Inlet, Sinclair Inlet, and inter-connecting
waterways west of Bainbridge Island; Eagle Harbor; and Elliott Bay and the adjoining lower
Duwamish River. All sampleswere collected in depths of 6 ft or more (mean lower low water),
the operating limit of the sampling vessdl.

A stratified-random sampling design similar to those used in previous surveys conducted
nationwide by NOAA (Long et al., 1996) and in the first year of this study in northern Puget
Sound (Long et al., 1999a), was applied in central Puget Sound. This approach combines the
strengths of a stratified design with the random-probabilistic selection of sampling locations
within the boundaries of each stratum. Data generated within each stratum can be attributed to
the dimensions of the stratum. Therefore, these data can be used to estimate the spatial extent of
toxicity with a quantifiable degree of confidence (Heimbuch, et al., 1995). Strata boundaries
were established to coincide with the dimensions of major basins, bays, inlets, waterways, etc. in
which hydrographic, bathymetric and sedimentological conditions were expected to be relatively
homogeneous (Figure 3a). Datafrom Ecology's SEDQUAL database were reviewed to assist in
establishing strata boundaries.

The study area was subdivided into 32 irregul ar-shaped strata (Figure 3a-f). Large strata were
established in the open waters of the area where toxicant concentrations were expected to be
uniformly low (e.g., Admiralty Inlet, Puget Sound central basin). This approach provided the
least intense sampling effort in areas known or suspected to be relatively homogeneous in
sediment type and water depth, and relatively distant from contaminant sources. In contrast,
relatively small strata were established in urban and industrial harbors nearer suspected sources
in which conditions were expected to be heterogeneous or transitional (e.g., Elliott Bay, Eagle
Harbor, Sinclair Inlet, and other basins west of Bainbridge Island). Asaresult, sampling effort
was spatially more intense in the small stratathan in the large strata. The large strata were
roughly equivalent in size to each other as were the small strata to one another (Table 1). Areas
with known topographic features which cannot be sampled with our methods (i.e., vanVeen grab
sampler) were excluded from the strata design (e.g., the area between Useless Bay and
Possession Sound (south of Whidbey Island), which was known to have rocky substrate).

Within the boundaries of each stratum, all possible latitude/longitude intersections had equal
probabilities of being selected as a sampling location. The locations of individua sampling
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stations within each stratum were chosen randomly using GINPRO software devel oped by
NOAA applied to digitized navigation charts. In most cases three samples were collected within
each stratum; however, four stations were sampled in several strata expected to be heterogeneous
in sediment quality. Four alternate locations were provided for each station in a numbered
sequence. The coordinates for each aternate were provided in tables and were plotted on the
appropriate navigation chart. In afew cases, the coordinates provided were inaccessible or only
rocks and cobble were present at the location. 1n these cases, the first set of station coordinates
was rejected and the vessel was moved to the next alternate. In the mgority of the 100 stations,
the first alternate location was sampled. Stratum 3 in Admiralty Inlet was abandoned when only
rocks and cobble were encountered at all locations (Figure 3b). Final station coordinates are
summarized in the navigation report (Appendix B).

Sample Collection

Sediments from 100 stations were collected during June 1998 with the 42" research vessdl
Kittiwake. Each station was sampled only once. Differential Global Positioning System (DGPYS)
with an accuracy of better than 5 meters was used to position the vessel at the station coordinates.
The grab sampler was deployed and retrieved with a hydraulic winch.

Prior to sampling each station, all equipment used for toxicity testing and chemical analyses was
washed with seawater, Alconox soap, acetone, and rinsed with seawater. Sediment samples were
collected with a double 0.1 m?, stainless steel, modified van VVeen grab sampler. Sediment for
toxicity testing and chemical analyses was collected simultaneously with sediment collected for
the benthic community analyses to ensure synopticity of the data. Upon retrieval of the sasmpler,
the contents were visually inspected to determine if the sample was acceptable (jaws closed, no
washout, clear overlying water, sufficient depth of penetration). If the sample was unacceptable,
it was dumped overboard at alocation away from the station. If the sample was acceptable,
information was recorded on station coordinates and the sediment color, odor, and typein field
logs.

One 0.1 m? grab sample from one side of the sampler was collected for the benthic infaunal
analyses. All infaunal sampleswere rinsed gently through nested 1.0 and 0.5 mm screens and the
organisms retained on each screen were kept separate. Organisms were preserved in the field
with a 10% aqueous solution of borax-buffered formalin.

From the other side of the sampler, sediment was removed for chemical and toxicity testsusing a
disposable, 2 mm deep, high-density polyethylene (HDPE) scoop. The top two to three cm of
sediment was removed with the scoop and accumulated in a HDPE bucket. The sampler was
deployed and retrieved from three to six times at each station, until a sufficient amount (about 7
I) of sediment was collected in the bucket. Between deployments of the grab, ateflon plate was
placed upon the surface of the sample, and the bucket was covered with a plastic lid and to avoid
contamination, oxidation, and photo-activation. After 7 | of sediment were collected, the sample
was stirred with a stainless steel spoon to homogeni ze the sediments and then transferred to
individual jarsfor the various toxicity tests and chemical analyses.
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Precautions described above were taken to avoid contamination of the samples from engine
exhaust, atmospheric particulates, and rain. A double volume sample was collected at five
stations for duplicate chemical analyses. All samples were labeled and double-checked for
station, stratum, and sample codes; sampling date; sampling time; and type of analysisto be
performed.

Samples for chemical and toxicity tests were stored on deck in sealed containers placed in
insulated coolersfilled with ice. These samples were off-loaded from the research vessel every
1-3 days, and transported to the walk-in refrigerator at Ecology HQ building in Olympia. They
were held there at 4°C until shipped on ice to either the NOAA contractors for toxicity tests or
the Manchester Environmental Laboratory for chemical analyses by overnight courier. Chain of
custody forms accompanied all sample shipments. After aminimum of 24 hours following
collection and fixation, the benthic samples were rescreened (i.e., removed from formalin) and
exchanged into 70% ethanol.

Laboratory Analyses
Toxicity Testing

Multiple toxicity tests were performed on aliquots of each sample to provide a weight of
evidence. Testswere selected for which there were widely accepted protocols that would
represent the toxicologica conditions within different phases (partitions) of the sediments. The
tests included those for amphipod survival in solid-phase (bulk) sediments, sea urchin
fertilization success in pore waters, and microbia bioluminescence activity and cytochrome P450
HRGS induction in an organic solvent extract. Test endpoints, therefore, ranged from survival to
level of physiological activity.

Amphipod Survival - Solid Phase

The amphipod tests are the most widely and frequently used assays in sediment evaluations
performed in North America. They are performed with adult crustaceans exposed to relatively
unaltered bulk sediments. Ampelisca abdita has shown relatively little sensitivity to nuisance
factors such as grain size, ammonia, and organic carbon in previous surveys. In surveys
performed by the NS& T Program (Long et al., 1996), thistest has provided wide rangesin
responses among samples, strong statistical associations with elevated toxicant levels, and small
within-sample variability.

Ampelisca abdita is a euryhaline benthic amphipod that ranges from Newfoundland to south-
central Florida, and along the eastern Gulf of Mexico. Also, it isabundant in San Francisco Bay
along the Pacific coast. The amphipod test with A. abdita has been routinely used for sediment
toxicity tests in support of numerous EPA programs, including the Environmental Monitoring
and Assessment Program (EMAP) in the Virginian, Louisianian, Californian, and Carolinian
provinces (Schimmel et al., 1994).

Amphipod survival tests were conducted by Science Applications International Corporation
(SAIC), in Narragansett, R.I. All tests wereinitiated within 10 days of the date samples were
collected. Samples were shipped by overnight courier in one-gallon high-density polyethylene
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jugs which had been washed, acid-stripped, and rinsed with de-ionized water. Sample jugs were
packed in shipping coolers with blueice. Each wasinspected to ensure they were within
acceptable temperature limits upon arrival and stored at 4°C until testing was initiated. Prior to
testing, sediments were mixed with a stainless steel paddle and press-sieved through a 1.0 mm
mesh sieve to remove debris, stones, resident biota, etc.

Amphipods were collected by SAIC from tidal flats in the Pettaguamscutt (Narrow) River, a
small estuary flowing into Narragansett Bay, RI. Animals were held in the laboratory in pre-
sieved uncontaminated (“home”) sediments under static conditions. Fifty percent of the water in
the holding containers was replaced every second day when the amphipods were fed. During
holding, A. abdita were fed |aboratory-cultured diatoms (Phaeodactylum tricornutum). Negative
control sediments were collected by SAIC from the Central Long Island Sound (CLIS) reference
station of the U.S Army Corps of Engineers, New England Division. These sediments have been
tested repeatedly with the amphipod survival test and other assays and found to be non-toxic
(amphipod survival has exceeded 90% in 85% of the tests) and un-contaminated (Long et al.,
1996). Sub-samples of the CLIS sediments were tested along with each series of samples from
northern Puget Sound.

Amphipod testing followed the procedures detailed in the Standard Guide for conducting 10 day
Static Sediment Toxicity Tests with Marine and Estuarine Amphipods (ASTM, 1993). Briefly,
amphipods were exposed to test and negative control sediments for 10 days with 5 replicates of
20 animals each under static conditions using filtered seawater. Aliquots of 200 ml of test or
control sediments were placed in the bottom of the one-liter test chambers, and covered with
approximately 600 ml of filtered seawater (28-30 ppt). Air was provided by air pumps and
delivered into the water column through a pipette to ensure acceptable oxygen concentrations,
but suspended in a manner to ensure that the sediments would not be disturbed.

Temperature was maintained at ~20°C by atemperature-controlled water bath. Lighting was
continuous during the 10-day exposure period to inhibit the swimming behavior of the
amphipods. Constant light inhibits emergence of the organisms from the sediment, thereby
maximizing the amphipod’ s exposure to the test sediments. Information on temperature, salinity,
dissolved oxygen, pH and ammoniain test chambers was obtained during tests of each batch of
samples to ensure compliance within acceptable ranges. Ammonia concentrations were
determined in both pore waters (day O of the tests) and overlying waters (days 2 and 8 of the
tests). Concentrations of the un-ionized form of ammonia were calculated, based upon measures
of total ammonia, and concurrent measures of pH, salinity and temperature.

Twenty healthy, active animals were placed into each test chamber, and monitored to ensure they
burrowed into sediments. Non-burrowing animals were replaced, and the test initiated. The jars
were checked daily, and records were kept of animals that had died, were on the water surface,
had emerged on the sediment surface, or were in the water column. Animals on the water surface
were gently freed from the surface film to enable them to burrow, and dead amphipods were
removed.

Tests were terminated after ten days. Contents of each of the test chambers were sieved through
a0.5 mm mesh screen. The animals and any other material retained on the screen were
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examined under a stereomicroscope for the presence of amphipods. Total amphipod mortality
was recorded for each test replicate.

A positive control (reference toxicant) test was used to document the sensitivity of each batch of
test organisms. The positive control consisted of 96 hr water-only exposures to sodium dodecyl
sulfate (SDS). The LC50 (lethal concentration for 50% of the test animals) values were
calculated for each test run with results from tests of five SDS concentrations.

Sea Urchin Fertilization - Pore Water

Tests of sea urchin fertilization have been used in assessments of ambient water and effluents
and in previous NS& T Program surveys of sediment toxicity (Long et al., 1996). Test results
have shown wide ranges in responses among test samples, excellent within-sample homogeneity,
and strong associ ations with the concentrations of toxicants in the sediments. This test combines
the features of testing sediment pore waters (the phase of sediments in which dissolved toxicants
are highly bioavailable) and exposuresto early life stages of invertebrates (sperm cells) which
often are more sensitive than adult forms. Tests of sediment pore water toxicity were conducted
with the Pacific coast purple urchin Strongylcentrotus purpuratus by the U.S. Geologica Survey
laboratory in Corpus Christi, Texas.

Sediments from each sampling location were shipped by overnight courier in one-gallon high-
density polyethylene jugs chilled in insulated coolers packed with blueice. Upon arrival at the
|laboratory, samples were either refrigerated at 4°C or processed immediately. All samples were
processed (i.e., pore waters extracted) within 10 days of the sampling date.

Pore waters were extracted within ten days of the date of collection, usually within 2-4 days.
Pore water was extracted from sediments with a pressurized squeeze extraction device (Carr and
Chapman, 1995). After extraction, pore water samples were centrifuged in polycarbonate bottles
(at 1200 G for 20 minutes) to remove any particulate matter. The supernatant was then frozen at
-20°C. Two days before the start of atoxicity test, samples were moved from afreezer to a
refrigerator at 4°C, and one day prior to testing, thawed in atepid (20°C) water bath.
Experiments performed by USGS have demonstrated no effects upon toxicity attributable to
freezing and thawing of the pore water samples (Carr and Chapma, 1995).

Tests followed the methods of Carr and Chapman (1995); Carr et a. (1996a,b); Carr (1998) and
USGS SOP F10.6, developed initialy for Arbacia punctulata, but adapted for use with S,
purpuratus. Unlike A. punctulata, adult S. purpuratus cannot be induced to spawn with electric
stimulus. Therefore, spawning was induced by injecting 1-3 ml of 0.5 M potassium chloride into
the coelomic cavity. Testswith S purpuratus were conducted at 15°C; test temperatures were
maintained by incubation of the pore waters, the dilution waters and the tests themselvesin an
environmental chamber. Adult S. purpuratus were obtained from Marinus Corporation, Long
Beach, CA. Pore water from sediments collected in Redfish Bay, Texas, an arealocated near the
testing facility, were used as negative controls. Sediment pore waters from this location have
been determined repeatedly to be non-toxic in thistest in many trials (Long et al., 1996). Each of
the pore water samples was tested in a dilution series of 100%, 50%, and 25% of the water
quality (salinity)-adjusted sample with 5 replicates per treatment. Dilutions were made with
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clean, filtered (0.45 um), Port Aransas |aboratory seawater, which has been shown in many
previous trials to be non-toxic. A dilution series test with SDS was included as a positive control.

Sample temperatures were maintained at 20£1°C. Sample salinity was measured and adjusted to
30£1 ppt, if necessary, using purified deionized water or concentrated brine. Other water quality
measurements were made for dissolved oxygen, pH, sulfide and total ammonia. Temperature
and dissolved oxygen were measured with Y Sl meters; salinity was measured with Reichert or
American Optical refractometers; pH, sulfide and total ammonia (expressed as total anmonia
nitrogen, TAN) were measured with Orion meters and their respective probes. The
concentrations of un-ionized ammonia (UAN) were calculated using respective TAN, salinity,
temperature, and pH values.

For the sea urchin fertilization test, the samples were cooled to 15+1°C. Fifty pl of appropriately
diluted sperm were added to each vial, and incubated at 15+1°C for 30 minutes. Oneml of a
well-mixed dilute egg suspension was added to each vial, and incubated an additional 30 minutes
at 15+ 2°C. Two ml of a 10% solution of buffered formalin was added to stop the test.
Fertilization membranes were counted, and fertilization percentages calculated for each replicate
test.

The relative sensitivities of S. purpuratus and A. punctulata were determined as a part of the
1997 northern Puget Sound survey (Long et al., 1999a). A series of five reference toxicant tests
were performed with both species. Tests were conducted with copper sulfate, PCB aroclor 1254,
o,p’-DDD, phenanthrene, and naphthalene in seawater. The data indicated that the two species
generaly were similar in thelr sensitivities to the five selected chemicals.

Microbial Bioluminescence (Microtox[d) - Organic Solvent Extract

Thisisatest of the relative toxicity of extracts of the sediments prepared with an organic solvent,
and, therefore, it is unaffected by the effects of environmental factors, such as grain size,
ammonia and organic carbon. Organic toxicants, and to alesser degree trace metals, that may or
may not be readily bioavailable are extracted with the organic solvent. Therefore, thistest can be
considered as indicative of the potential toxicity of mixtures of substances bound to the sediment
matrices. In previous NS& T Program surveys, the results of Microtox'™ tests have shown
extremely high correlations with the concentrations of mixtures of organic compounds.
Microtox™ tests were run by the U. S. Geological Survey Laboratory in Columbia, MO, on
extracts prepared by Columbia Analytical Services (CAS) in Kelso, WA.

The Microtox™ assay was performed with dichloromethane (DCM) extracts of sediments
following the basic procedures used in testing Puget Sound sediments (PSEP, 1995) and
Pensacola Bay sediments (Johnson and Long, 1998). All sediment samples were stored in the
dark at 4°C for 5-10 days before processing was initiated. A 3-4 g sediment sample from each
station was weighed, recorded, and placed into a DCM-rinsed 50 ml centrifuge tube. A 159
portion of sodium sulfate was added to each sample and mixed. Pesticide grade DCM (30 ml)
was added and mixed. The mixture was shaken for 10 seconds, vented and tumbled overnight.

Sediment samples were allowed to warm to room temperature and the overlying water discarded.
Samples were then homogenized with a stainless steel spatula, and 15-25 g of sediment were
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transferred to a centrifuge tube. The tubes were spun at 1000 G for 5 minutes and the pore water
was removed using a Pasteur pipette. Three replicate 3-4 g sediment subsamples from each
station were placed in mortars containing a 15¢g portion of sodium sulfate and mixed. After 30
minutes, subsamples were ground with a pestle until dry. Subsamples were added to 50 ml
centrifuge tubes and 30 ml of DCM were added to each tube and shaken to dislodge sediments.
Tubes were shaken overnight on an orbital shaker at a moderate speed and then centrifuged at
500 G for 5 min and the sediment extracts transferred to Turbovap™ tubes. Then, 20 ml of
DCM was added to sediment, shaken by hand for 10 seconds and spun at 500 g for 5 minutes.
The previous step was repeated once more and all three extracts were combined in the
Turbovap™ tube. Sample extracts were then placed in the Turbovap™ and reduced to a volume
of 0.5 ml. The sides of the Turbovap™ tubes were rinsed down with methylene chloride and
again reduced to 0.5 ml. Then, 2.5 ml of dimethylsulfoxide (DM SO) were added to the tubes
that were returned to the Turbovap™ for an additional 15 minutes. Sample extracts were placed
in clean vialsand 2.5 ml of DM SO were added to obtain afinal volume of 5 ml DMSO. Because
organic sediment extracts were obtained with DCM, a strong non-polar solvent, the final extract
was evaporated and redissolved in DMSO. The DM SO was compatible with the Microtox™
system because of its low test toxicity and good solubility with a broad spectrum of apolar
chemicals (Johnson and Long, 1998).

A suspension of luminescent bacteria, Vibrio fischeri (Azur Environmental, Inc.), was thawed
and hydrated with toxicant-free distilled water, covered and stored in a4°C well on the
Microtox™ analyzer. An aliquot of 10 pl of the bacterial suspension was transferred to a test
vial containing the standard diluent (2% sodium chloride (NaCl)) and equilibrated to 15°C using
atemperature-controlled photometer. The amount of light lost per sample was assumed to be
proportional to the toxicity of that test ssmple. To determine toxicity, each sample was diluted
into four test concentrations. Percent decrease in luminescence of each cuvette relative to the
reagent blank was calculated. Light losswas expressed as a gamma value and defined as the
ratio of light lost to light remaining. The log of gamma values from these four dilutions was
plotted and compared with the log of the samples’ concentrations. The concentrations of the
extract that inhibited luminescence by 50% after a 5-min exposure period, the EC50 value, was
determined and expressed as mg equivalent sediment wet weight. Data were reduced using the
Microtox ™ Data Reduction software package. All EC50 values were average 5 minutes
readings with 95% confidence intervals for three replicates.

A negative control (extraction blank) was prepared using DM SO, the test carrier solvent. A
phenol standard (45mg/I phenol) was run after re-constitution of each vial of freeze-dried V.
fischeri. Tests of extracts of sediments from the Redfish Bay, TX site used in the urchin tests
also were used as negative controls in the Microtox '™ tests.

Human Reporter Gene System (Cytochrome P450) Response - Organic Solvent
Extract

Sediment samples were also analyzed with the Human Reporter Gene System (cytochrome P450)
response assay (P450 HRGS). Thistest is used to determine the presence of organic compounds
that bind to the Ah (aryl hydrocarbon) receptor and induce the CY P1A locus on the vertebrate
chromosome. Under appropriate test conditions, induction of CYP1A is evidence that the cells
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have been exposed to one or more of these xenobiotic organic compounds, including dioxins,
furans, planar PCBs, and several polycyclic aromatic hydrocarbons (Jones and Anderson, 1999).
Differences in the ability of the P450 enzyme to metabolize chlorinated and non-chlorinated
compounds allow for differentiation between these classes of compounds in environmental
samples. Since most PAHSs are rapidly metabolized, they exhibit a maximum responsein 6
hours, at which point the response beginsto fade. Chlorinated hydrocarbons (dioxins, furans,
and certain PCBs), on the other hand, do not show a maximum response until 16 hours after
exposure (Jones and Anderson, 2000). The P450 HRGS assay provides an estimate of the
presence of contaminants bound to sediment that could produce chronic and/or carcinogenic
effectsin benthic biota and/or demersal fishes that feed in sediments. These tests were run by the
Columbia Analytical Services, Inc. in Vista, CA with solvent extracts prepared by their
laboratory in Kelso, WA.

The details of thistest are provided as U.S. EPA Method 4425 (EPA, 1999), Standard Method
8070 by the American Public Health Association (APHA, 1998), and ASTM method E 1853M-
98 by the American Society for Testing and Material (ASTM, 1999). The test uses atransgenic
cell line (101L), derived from the human hepatoma cell line (HepG2), in which the flanking
sequences of the CY P1A gene, containing the xenobiotic response el ements (XRES), have been
stably linked to the firefly luciferase gene (Anderson et al. 1995, 1996). Asaresult, the enzyme
luciferase is produced in the presence of compounds that bind the XREs.

After removal of debris and pebbles, the sediment sample was homogenized, dried with
anhydrous sodium sulfate, and 20 g of sediment was extracted by sonication with
dichloromethane (DCM), aso known as methylene chloride. The extract was carefully
evaporated and concentration under aflow of nitrogen, and exchanged into mixture of
dimethylsulfoxide (DM SO), toluene and isopropyl alcohol (2:1:1) to achieve afina volume of 2
mL. The 2 mL extracts were split into two 1 mL vials for testing with the Microtox and P450
HRGS assays. The extraction procedure is well suited for extraction of neutral, non-ionic
organic compounds, such as aromatic and chlorinated hydrocarbons. Extraction of other classes
of toxicants, such as metals and polar organic compounds, is not efficient. DM SO is compatible
with these tests because of its low toxicity and high solubility with a broad spectrum of non-polar
chemicals.

Briefly, a small amount of organic extract of sediment (up to 20 uL), was applied to
approximately one million cellsin each well of a 6-well plate with 2 mL of medium. Detection
of enzyme induction in this assay isrelatively rapid and simple to measure since binding of a
xenobiotic with the Ah receptor results in the production of luciferase.

After 16 hours of incubation with the extract, the cells are washed and lysed. Cell lysates are
centrifuged, and the supernatant is mixed with buffering chemicals. Enzyme reaction isinitiated
by injection of luciferin. The resulting luminescence is measured with aluminometer and is
expressed in relative light units (RLUS). A solvent blank (using a volume of solvent equal to the
sample’' s volume being tested) and reference toxicants (TCDD, dioxin/furan mixture, B[a]P) are
used with each batch of samples.
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Mean RLU, standard deviation, and coefficient of variation of replicate analyses of each test
solution are recorded. Enzyme fold induction (times background) is calculated as the mean RLU
of the test solution divided by the mean RLU of the solvent blank. From the standard
concentration-response curve for benzo[alpyrene (B[a]P), the HRGS responseto 1 ug/mL is
approximately 60. Data are converted to ug of B[a]P equivalents per g of sediment by
considering the dry weight of the samples, the volume of solvent, the amount added to the well,
and the factor of 60 for B[a]P. If 20 pL of the 2 mL extracts are used, then fold induction is
multiplied by the volume factor of 100 and divided by 60 times the dry weight. Since testing at
only onetimeinterval (16 h) will not allow discrimination between PAHs and chlorinated
hydrocarbons, the data are also expressed as Toxic Equivalents (TEQs). Based on a standard
curve with a dioxin/furan mixture, fold induction is equal to the TEQ (in pg/mL). Therefore,
fold induction is multiplied by the volume factor (e.g., 100), and divided by the dry weight times
1000 to convert pg to the TEQ in ng/g.

Quality control tests are run with clean extracts spiked with tetrachlorodibenzo-p-dioxin (TCDD)
and B[a] P to ensure compliance with results of previoustests. From along-term control chart,
the running average fold induction for 1 ng/mL of dioxin is approximately 105, and fold
induction for 1 pg/mL of B[aPis60. Testsare rerun if the coefficient of variation for replicates
is greater than 20%, and if fold induction is over the linear range (100 fold). HRGS tests
performed on extracts from Redfish Bay, Texas, are used as a negative control.

For a given study area, the B[a] P equivalent data are used to calculate the mean, standard
deviation and 99% confidence interval for all samples (Anderson et a., 1999a). Samples above
the 99% confidence interval are generally considered to pose some chronic threat to benthic
organisms. The values from one investigation are compared to the overall database to evaluate
the magnitude of observed concentration. From analysis of the database, values less than 11 pg/g
B[alP equivaents (B[a]PEq) are not likely to produce adverse effects, while impacts are
uncertain between 11 and 37 ug B[a]PEg/g. Moderate effects are expected at 37 ug/g, and
sediment with over 60 g B[a] PEg/g have been shown to be highly correlated with degraded
benthic communities (Fairey, et al., 1996). Previous studies have shown a high correlation of the
HRGS responses to extracts of sediments and tissues to the content of PAHs in the samples
(Anderson et al. 19993, 1999b).

In afew samples from Elliott Bay in which enzyme induction responses were relatively high,
analyses were conducted after both 6 and 16 hours of exposure. Because PAHSs produce peak
responses at 6 hours, while chlorinated compounds produce a maximum response at 16 hours,
the ratio of the two responses allows a quick estimation of the primary contaminant typein the
samples. Five of these samples were analyzed, in addition, for PCB congeners by EPA method
8082 and for polynuclear aromatic hydrocarbon (PAH) compounds by GC/MS SIM method.

Chemical Analyses

Laboratory analyses were performed for 157 parameters and chemical compounds (Table 2),
including 133 trace metals, pesticides, hydrocarbons and selected normalizers (i.e., grain size,
total organic carbon) that are routinely quantified by the NS& T Program. An additional 20
compounds were required by Ecology to ensure comparability with previous PSAMP and
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enforcement studies. Seven additional compounds were automatically quantified by Manchester
Environmental Laboratory during analysis for the required compounds. Analytical procedures
provided performance equivalent to those of the NS& T Program and the PSEP Protocols,
including those for analyses of blanks and standard reference materials. Information was
reported on recovery of spiked blanks, analytical precision with standard reference materials, and
duplicate analyses of every 20th sample.

The laboratory analytical methods and reporting limits for quantitation of the 157 chemistry
parameters analyzed for are summarized in Table 3 and described in detail below. Methods and
resolution levels for field collection of temperature and salinity are included in Table 4.

Grain Size

Analysisfor grain size was performed according to the PSEP Protocols (PSEP, 1986). The PSEP
grain size method is a sieve-pipette method. In this method, the sample is passed through a
series of progressively smaller sieves, with each fraction being weighed. After this separation,
the very fine material remaining is placed into a column of water, and allowed to settle. Aliquots
are removed at measured intervals, and the amount of material in each settling fraction is
measured. This parameter was contracted by Manchester to Hart Crowser, Seattle, Washington.

Total Organic Carbon (TOC)

Total organic carbon analysis was performed according to PSEP Protocols (PSEP, 1986). The
method involves drying sediment material, pretreatment and subsequent oxidation of the dried
sediment, and determination of CO, by infra-red spectroscopy.

Metals

To maintain compatibility with previous PSAMP metals data, EPA Methods 3050/6010 were
used for the determination of metalsin sediment. Method 3050 is a strong acid (aqua regia)
digest that has been used for the last severa years by Ecology for the characterization of
sediments for trace metal contamination. Method 3050 is also the recommended digestion
technique for digestion of sedimentsin the recently revised PSEP protocols (PSEP, 1996¢). This
digestion does not yield geologic (total) recoveries for most anaytes including silicon, iron,
aluminum and manganese. It does, however, recover quantitatively most anthropogenic metals
contamination and deposition.

For comparison with NOAA’s national bioeffects survey’s existing database, Manchester
simultaneously performed atotal (hydrofluoric acid-based) digestion (EPA method 3052) on
portions of the same samples. Determination of metals values for both sets of extracts were
made vialCP, ICP-MS, or GFAA, using avariety of EPA methods (Table 3) depending upon the
appropriateness of the technique for each analyte.

Mercury
Mercury was determined by USEPA Method 245.5, mercury in sediment by cold vapor atomic

absorption (CVAA). The method consists of a strong acid sediment digestion, followed by
reduction of ionic mercury to Hg®, and analysis of mercury by cold vapor atomic absorption.
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This method is recommended by the PSEP Protocols (PSEP, 1996c) for the determination of
mercury in Puget Sound sediment.

Butyl Tins

Butyl tinsin sediments were analyzed by the Manchester method (Manchester Environmental
Laboratory, 1997). This method consists of solvent extraction of sediment, derivitization of the
extract with the Grignard reagent hexylmagnesium bromide, cleanup with silica and alumina, and
analysis by Atomic Emission Detector (AED).

Base/Neutral/Acid (BNA) Organic Compounds

USEPA Method 846 8270, a recommended PSEP method (PSEP, 1996d), was used for semi-
volatile analysis. Thisisacapillary column, GC/MS method.

Polynuclear Aromatic Hydrocarbons (PAH) (extended list)

At NOAA's request, the extended analyte list was modified by the inclusion of additional PAH
compounds. The PAH analytes were extracted separately using the EPA method SW846 3545.
This method uses a capillary column GC/M S system set up in selective ion monitoring (SIM)
mode to quantify PAHs. Quantitation is performed using an isotopic dilution method modeled
after USEPA Method SW 846 8270, referenced in PSEP, 1996d.

Chlorinated Pesticides and Polychlorinated Biphenyl (PCB) Aroclors

EPA Method 8081 for chlorinated pesticides and PCB was used for the analysis of these
compounds. This method is a GC method with dual dissimilar column confirmation. Electron
capture detectors were used.

PCB Congeners

PCB methodology was based on the NOAA congener methods detailed in Volume 1V of the
NS& T Sampling and Analytical Methods documents (Lauenstein and Cantillo, 1993). The
concentrations of the standard NOAA list of 20 congeners were determined.

Benthic Community Analyses

Sample Processing and Sorting

All methods, procedures, and documentation (chain-of-custody forms, tracking logs, and data
sheets) were similar to those described for the PSEP (1987) and in the PSAMP Marine Sediment
Monitoring Component — Final Quality Assurance Project and Implementation Plan (Dutch et al.,
1998).

Upon completion of field collection, benthic infaunal samples were checked into the benthic
laboratory at Ecology’ s headquarters building. After a minimum fixation period of 24 hours (and
maximum of 7-10 days), the samples were washed on sieves to remove the formalin (1.0 mm
fraction on a0.5 mm sieve, 0.5 mm fraction on a 0.25 mm sieve) and transferred to 70% ethanol.
Sorting and taxonomic identification of the 0.5 mm fraction will be completed separately by a
NOAA contractor outside of the scope of work of this effort. The results of these separate
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analyses will be reported elsewhere by NOAA. After staining with rose bengal, the 1.0 mm
sample fractions were examined under dissection microscopes, and al macroinfaunal
invertebrates and fragments were removed and sorted into the following major taxonomic
groups: Annelida, Arthropoda, Mollusca, Echinodermata, and miscellaneous taxa. Meiofaunal
organisms such as nematodes and foraminiferans were not removed from samples, although their
presence and relative abundance were recorded. Representative samples of colonia organisms
such as hydrozoans, sponges, and bryozoans were collected, and their relative abundance noted.
Sorting QA/QC procedures consisted of resorting 25% of each sample by a second sorter to
determine whether a sample sorting efficiency of 95% remova was met. If the 95% removal
criterion was not met, the entire sample was resorted.

Taxonomic Identification

Upon completion of sorting and sorting QA/QC, the mgjority of the taxonomic work was
contracted to recognized regional taxonomic specialists. Organisms were enumerated and
identified to the lowest taxonomic level possible, generally to species. In general, anterior ends
of organisms were counted, except for bivalves (hinges), gastropods (opercula), and ophiuroids
(oral disks). When possible, at least two pieces of literature (preferably including original
descriptions) were used for each speciesidentification. A maximum of three representative
organisms of each species or taxon was removed from the samples and placed in a voucher
collection. Taxonomic identification quality control for all taxonomists included re-
identification of 5% of all samplesidentified by the primary taxonomist and verification of
voucher specimens generated by another qualified taxonomist.

Data Summary, Display, and Statistical Analysis
Toxicity Testing
Amphipod Survival — Solid Phase

Data from each station in which mean percent survival was less than that of the control were
compared to the CLIS control using a one-way, unpaired t-test (alpha < 0.05) assuming unequal
variance. Results were not transformed because examination of data from previous tests has
shown that results of tests performed with A. abdita met the requirements for normality.

"Significant toxicity" for A. abdita is defined here as survival statistically less than that in the
performance control (alpha< 0.05). In addition, samples in which survival was significantly less
than controls and less than 80% of CLIS control values were regarded as “ highly toxic”. The
80% criterion is based upon statistical power curves created from SAIC's extensive testing
database with A. abdita (Thursby et a., 1997). Their analyses showed that the power to detect a
20% difference from the control is approximately 90%. The minimum significant difference
(i.e., “MSD” of <80% of control response) was used as the critical value in calculations of the
gpatial extent of toxicity (Long et al., 1996, 1999a).

Sea Urchin Fertilization - Pore Water

For the sea urchin fertilization tests, statistical comparisons among treatments were made using
ANOVA and Dunnett's one-tailed t-test (which controls the experiment-wise error rate) on the
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arcsine square root transformed data with the aid of SAS (SAS, 1989). The trimmed Spearman-
Karber method (Hamilton et al., 1977) with Abbott's correction (Morgan, 1992) was used to
calculate EC50 (50% effective concentration) values for dilution seriestests. Prior to statistical
analyses, the transformed data sets were screened for outliers (Moser and Stevens, 1992).
Outliers were detected by comparing the studentized residuals to a critical value from at-
distribution chosen using a Bonferroni-type adjustment. The adjustment is based on the number
of observations (n) so that the overall probability of atype 1 error isat most 5%. The critical
value (CV) is given by the following equation: cv= t(df Error, .05/[2 x n]). After omitting outliers

but prior to further analyses, the transformed data sets were tested for normality and for
homogeneity of variance using SAS/LAB Software (SAS, 1992). Statistical comparisons were
made with mean results from the Redfish Bay controls. Reference toxicant concentration results
were compared to filtered seawater controls and each other using both Dunnett’ s t-test and
Duncan’s multiple range test to determine lowest observable effects concentrations (LOECSs) and
no observable effects concentrations (NOECS).

In addition to the Dunnett’ s one-tailed t-tests, data from field-collected samples were treated with
an analysis similar to the MSD analysis used in the amphipod tests. Power analyses of the sea
urchin fertilization data have shown MSDs of 15.5% for apha <0.05 and 19% for alpha <0.01.
However, to be consistent with the statistical methods used in previous surveys (Long et a.,
1996, 1999a), estimates of the spatial extent of toxicity were based upon the same critical value
used in the amphipod tests (i.e., <80% of control response).

Microbial Bioluminescence (Microtoxd) - Organic Solvent Extract

Microtox™ data were analyzed using the computer software package developed by Microbics
Corporation to determine concentrations of the extract that inhibit luminescence by 50% (EC50).
This value was then converted to mg dry weight using the calculated dry weight of sediment
present in the original extract. To determine significant differences of samples from each station,
pair-wise comparisons were made between survey samples and results from Redfish Bay control
sediments using analysis of variance (ANOVA). Concentrations tested were expressed as mg dry
weight based on the percentage extract in the 1 ml exposure volume and the calculated dry
weight of the extracted sediment. Statistical comparisons among treatments were made using
ANOVA and Dunnett’ s one-tailed t-tests on the log transformed data with the aid of SAS (SAS,
1989).

Three critical values were used to estimate the spatial extent of toxicity in these tests. First, a
value of <80% of Redfish Bay controls (equal to 8.5 mg/ml) was used; i.e., equivalent to the
values used with the amphipod and urchin tests. Second and third, values of <0.51 mg/ml and
<0.06 mg/ml calculated in the 1997 northern Puget Sound study were used, based upon the
frequency distribution of Microtox ™ data from NOAA’s surveys nationwide (as per Long et al.,
1999a).

Human Reporter Gene System (Cytochrome P450) Response - Organic Solvent
Extract

Microsoft Excel 5.0 was used to determine the mean RGS response and the 99% confidence
interval of the B[a]P equivalent values for all 100 samples. Mean responses determined for all
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100 samples were compared to the upper prediction limits calculated in the 1997 northern Puget
Sound study (Long et al., 1999a): >11.1 pg/g and >37.1 pg/g.

Incidence and Severity, Spatial Patterns and Gradients, and Spatial Extent of
Sediment Toxicity

The incidence of toxicity was determined by dividing the numbers of samplesidentified as either
significantly different from controls (i.e., "significantly toxic") or significantly different from
controls and <80% of control response (i.e., “highly toxic”) by the total number of samples tested
(i.e., 100). Severity of the responses was determined by examining the range in responses for
each of the tests and identifying those samples with the highest and lowest responses. Spatial
patternsin toxicity were illustrated by plotting the results for each sampling station as symbols or
histograms on base maps of each mgjor region.

Estimates of the spatial extent of toxicity were determined with cumulative distribution functions

in which the toxicity results from each station were weighted to the dimensions (km2) of the
sampling stratum in which the samples were collected (Schimmel et a., 1994). The size of each

stratum (km2) was determined by use of an electronic planimeter applied to navigation charts,
upon which the boundaries of each stratum were outlined (Table 1). Stratum sizes were
calculated as the averages of three trial planimeter measurements that were all within 10% of
each other. A critical value of less than 80% of control response was used in the cal culations of
the spatial extent of toxicity for al tests except the cytochrome P450 HRGS assay. That is, the
sample-weighted sizes of each stratum in which toxicity test results were less than 80% of
control responses were summed to estimate the spatial extent of toxicity. Additional critical
values described above were applied to the Microtox™ and cytochrome P450 HRGS results.

Concordance Among Toxicity Tests

Non-parametric, Spearman-rank correlations were determined for combinations of toxicity test
results to quantify the degree to which these tests showed correspondence in spatial patternsin
toxicity. None of the data from the four toxicity tests were normally distributed, therefore, non-
parametric tests were used on raw (i.e., nontransformed) data. Both the correlation coefficients
(rho) and the probability (p) values were cal culated.

Chemical Analyses
Spatial Patterns and Spatial Extent of Sediment Contamination

Chemical datafrom the sample analyses were plotted on base maps to identify spatial patterns, if
any, in concentrations. The results were shown with symbols indicative of samplesin which
effects-based numerical guideline concentrations were exceeded. The spatia extent of
contamination was determined with cumulative distribution functions in which the sizes of strata
in which samples exceeded effects-based, numerical guidelines were summed.

Three sets of chemical concentrations were used as critical values. the SQS and CSL values
contained in the Washington State Sediment Management Standards (Chapter 173-204 WAC)
and the Effects Range-Median (ERM) values developed by Long et al. (1995) from NOAA'’s
national sediment data base. Two additional measures of chemical contamination also examined
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and considered for each sample were the Effects Range-Low (ERL) values developed for NOAA
(Long et a., 1995), and the mean ERM quotient (Long and MacDonald, 1998). Samples with
chemical concentrations greater than ERLs were viewed as slightly contaminated as opposed to
those with concentrations less than or equal to the ERLS, which were viewed as uncontaminated.
Mean ERM quotients were calculated as the mean of the quotients derived by dividing the
chemical concentrations in the samples by their respective ERM values. The greater the mean
ERM quotient, the greater the overall contamination of the sample as determined by the
concentration of 25 substances. Mean ERM quotient values of 1.0 or greater, equivalent to ERM
unity, were independently determined to be highly predictive of acute toxicity in amphipod
survival tests (Long and MacDonald, 1998). Mean SQS and CSL quotients were determined
using the same procedure.

Chemistry/Toxicity Relationships

Chemistry/toxicity relationships were determined in a multi-step sequence. First, the
concentrations of different groups of chemicals were normalized to their respective ERM values
(Long et a., 1995) and to their Washington State SQS and CSL values (Washington State
Sediment Management Standards — Ch. 173-204 WAC), generating mean ERM, SQS, and CSL
guotients. Non-parametric, Spearman-rank correlations were then used to determine if there were
relationships between the four measures of toxicity and these normalized mean values generated
for the different groups of chemical compounds.

Second, Spearman-rank correlations were aso used to determine relationships between each
toxicity test and each physical/chemical variable. The correlation coefficients and their statistical
significance (p values) were recorded and compared among chemicals to identify which
chemicals co-varied with toxicity and which did not. For many of the different semivolatile
organic substances in the sediments, correlations were conducted for all 100 samples, using the
limits of quantitation for values reported as undetected. If the majority of concentrations were
qualified as either estimates or below quantitation limits, the correlations were run again after
eliminating those samples. No analyses were performed for the numerous chemicals whose
concentrations were below the limits of quantitation in all samples.

Third, for those chemicals in which a significant correlation was observed, the data were
examined in scatterplots to determine whether there was a reasonabl e pattern of increasing
toxicity with increasing chemical concentration. Also, chemical concentrationsin the
scatterplots were compared with the SQS, CSL, and ERM values to determine which samples, if
any, were both toxic and had elevated chemical concentrations. The concentrations of un-ionized
ammonia were compared to lowest observabl e effects concentrations (LOEC) determined for the
sea urchin tests by the USGS (Carr et al., 1995) and no observable effects concentrations
(NOEC) determined for amphipod survival tests (Kohn et al., 1994).

The objectives of this study did not include a determination of the cause(s) of toxicity or benthic
alterations. Such determinations would require the performance of toxicity identification
evaluations and other similar research. The purpose of the multi-step approach used in the study
was to identify which chemicals, if any, showed the strongest concordance with the measures of
toxicity and benthic infaunal structure.
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Correlations were determined for all the substances that were quantified, including trace metals
(both total and partial digestion), metalloids, un-ionized ammonia (UAN), percent fines, total
organic carbon (TOC), chlorinated organic hydrocarbons (COHs), and polynuclear aromatic
hydrocarbons (PAHSs). Concentrations were normalized to TOC where required for SQS and
CSL values.

Those substances that showed significant correlations were indicated with asterisks (*= p<0.05,
** = p<0.01, ***=p<0.001, and ****= p<0.0001) depending upon the level of probability. A
Bonferroni's adjustment was performed to account for the large number of independent variables
(157 chemical compounds). This adjustment is required to eliminate the possibility of some
correlations appearing to be significant by random chance aone.

Benthic Community Analyses

All benthic infaunal data were reviewed and standardized for any taxonomic nomenclatural
inconsistencies by Ecology personnel using an internally devel oped standardization process.
With assistance from the taxonomists, the final species list was also reexamined for identification
and removal of taxathat were non-countable infauna. Thisincluded (1) organisms recorded with
presence/absence data, such as colonial species, (2) meiofaunal organisms, and (3) incidental
taxa that were caught by the grab, but are not a part of the infauna (e.g., planktonic forms).

A series of benthic infaunal indices were then calculated to summarize the raw data and
characterize the infaunal invertebrate assemblages identified from each station. Indices were
based upon all countable taxa, excluding colonial forms. Five indices were calculated, including
total abundance, mgjor taxa abundance, taxa richness, Pielou’s evenness (J'), and Swartz's
Dominance Index (SDI). Theseindices are defined in Table 5.

Benthic Community/Chemistry and Benthic Community/Toxicity Analyses

Nonparametric Spearman-rank correlation analyses were conducted among all benthic indices,
chemistry, and toxicity data. The correlation coefficients (rho values) and their statistical
significance (p values) were recorded and examined to identify which benthic indices co-varied
with toxicity results and chemistry concentrations. Comparisons were made to determine
similarities between these correlation results and those generated for the chemistry/toxicity
correlation analyses.

Sediment Quality Triad Analyses

Following the suggestions of Chapman (1996), summarized data from the chemical analyses,
toxicity tests, and benthic analyses were compiled to identify the sampling locations with the
highest and lowest overall sediment quality and samples with mixed or intermediate results. The
percent spatial extent of sediment quality was computed for stations with four combinations of
chemical/toxicity/benthic results. Highest quality sediments were those in which no chemical
concentrations exceeded numerical guidelines, toxicity was not apparent in any of the tests, and
the benthos included relatively large numbers of organisms and species, and pollution-sensitive
species were present. Lowest quality sediments were those with chemical concentrations greater
than the guidelines, toxicity in at |east one of the tests, and arelatively depauperate benthos.
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The benthic data analyses and interpretations presented in this report are intended to be
preliminary and general. Estimates of the spatial extent of benthic alterations are not made due
to absence of awidely accepted critical value at thistime. A more thorough examination of the
benthic infauna communitiesin central Puget Sound and their relationship to sediment
characteristics, toxicity, and chemistry will be presented in future reports.
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Results

A record of all field notes and observations made for each sediment sample collected is presented
in Appendix C. The results of the toxicity testing, chemical analyses, and benthic infaunal
abundance determination are reported in various summarized tables in this section of the report
and in the appendices. Due to the large volume of data generated, not all raw data has been
included in thisreport. All raw data can be obtained from Ecology’ s Sediment Monitoring Team
database or Ecology’ s Sediment Management Unit SEDQUAL database. The web site addresses
linking to both these databases are |ocated on the inside cover of this report.

Toxicity Testing

Incidence and Severity of Toxicity
Amphipod Survival - Solid Phase

Tests were performed in 13 batches that coincided with shipments from the field crew. Testson
all samples were initiated within 10 days of the date they were collected. Amphipods ranged in
sizefrom 0.5 to 1.0 mm, test temperatures ranged from 19°C to 20.2°C, and mean percent
survival in CLIS controls ranged from 88% to 99%. The LC50 values determined for 96-hr
water-only exposures to SDS ranged from 5.3 mg/l to 9.8 mg/l. All conditions were within
acceptable limits. Control charts provided by SAIC showed consistent resultsin tests of both the
positive and negative controls.

Results of the amphipod survival tests for the 100 central Puget Sound sediments are reported in
Table 6. Mean percent survival was significantly lower than in controls in seven of the 100
samples (i.e., 7% incidence of “significant” toxicity), and also less than 80% of controlsin one of
these seven samples (i.e., 1% incidence of “high” toxicity) (station 167, Port Washington
Narrows). Asameasure of the severity of toxicity, mean survival for the test sediments,
expressed as percent of control survival, ranged from 47% (station 167, Port Washington
Narrows) to 109% (station 189, Mid Elliott Bay), with results >100% for 44 samples.

Sea Urchin Fertilization — Pore Water

Tests were run in three batches. Only 5 samples required adjustments of salinity to 29-31 ppt.
Sulfide concentrations were | ess than the detection limit of 0.01 mg/I in al samples. Dissolved
oxygen concentrations in pore water ranged from 6.91 to 8.87 mg/l. Valuesfor pH ranged from
6.77 to 7.57. Total ammonia concentrations in pore waters ranged from 1.27 to 6.49 mg/| and
un-ionized ammonia concentrations ranged from 3.8 to 62.8 pug/l. The EC50 values for tests of
SDSwere 2.32 mg/l, 5.36 mg/l, and 4.03 mg/I, respectively, for the three test series (equivalent
resultsin 1997 were 2.41, 3.23, and 3.51 mg/l in three tests). All conditions were within
acceptable limits.

Mean responses for each sample and each porewater concentration are shown in Table 7, along
with mean responses normalized to control responses. Four measures of statistical significance
areindicated. If percent fertilization was significantly reduced relative to controls (Dunnett’ s t-
test), but fertilization was less than the minimum significant difference (M SD) calculated for A.
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punctulata, significance is shown as + for alpha <0.05 and shown as ++ for alpha <0.01. If
percent fertilization was significantly reduced relative to controls (Dunnett’ s t-test) and percent
fertilization exceeded the minimum significant difference (i.e., <80% of control response),
significance is shown as* for alpha <0.05 and ** for alpha<0.01. The MSD value for A.
punctulata was used, because none is available thus far for S. purpuratus.

Results of the urchin fertilization tests for the 100%, 50%, and 25% porewater concentrations
from the central Puget Sound sediments indicate that mean percent fertilization was significantly
lower than in controlsin 16, 14, and 12 of the 100 samples (i.e., 16%, 14%, and 12% incidence
of “significant” toxicity) for 100, 50, and 25% pore water, respectively. Percent fertilization
success was also both significantly lower and less than 80% of controlsin 15, 5, and 9 of the 100
samples (i.e, 15, 5, and 9% incidence of “high” toxicity) for 100, 50, and 25% pore water,
respectively. “High” toxicity occurred for all three porewater fractions at stations 115 and 182
(Elliott Bay) and 160 (Sinclair Inlet). Twelve other samples displayed “high” toxicity for 100%
porewater, including stations 165 (Sinclair Inlet); 167 and 168 (Port Washington Narrows); 176,
177, 179, 180, 184, and 197 (Elliott Bay); and 199-201 (near Harbor Island). The sample from
station 172 (Elliott Bay) also displayed “high” toxicity for both 50 and 25% porewater. Severity
of toxicity, based on mean percent fertilization (as % of control), ranged from 2% and 6% in the
most toxic samples (station 160, Sinclair Inlet; 115, Elliott Bay; respectively) to 120% (station
185, Elliott Bay), with results > 100% for 202 of the 300 tests (all porewater concentrations).

Microbial Bioluminescence (Microtox™) and Human Reporter Gene System
(Cytochrome P450) Response - Organic Solvent Extract

The Microtox™ mean EC50 and cytochrome P450 HRGS results are displayed in Table 8. In the
Microtox™ tests the mean EC50 value calculated for the Redfish Bay control was 10.57 mg/l.
Results for 57 of the Puget Sound stations scattered throughout the study area were statistically
significantly reduced relative to the controls and also less than 80% of controls (i.e., a57%
incidence of “high” toxicity). However, none of the Microtox™ tests produced results less than
0.51 mg/l or 0.06 mg/l, the critical lower prediction limit (LPL) values derived for this test during
the 1997 survey of northern Puget Sound sediments (Long et a., 1999a). Asameasure of the
severity of toxicity, EC50 values (as % of control) ranged from 6% (station 168, Port
Washington Narrows) to 1697% (station 191, Elliott Bay), with results > 100% for 35 of the 100
stations.

The cytochrome P450 HRGS toxicity tests of the 100 sediment samples produced a mean
response in the Redfish Bay controls of 0.2 B[a]PEQ (ug/g). Results from tests of the central
Puget Sound samples ranged from 0.4 (station 116, Admiralty Inlet) to 223 B[a] PEq (ug/g)
(station 184, Elliott Bay). Statistical significance of these data compared to the controls was not
determined. However, there were 62 and 27 samples in which the responses exceeded,
respectively, the 11.1 and 37.1 B[a] PEq (ug/g) upper prediction limit (UPL) critical thresholds
derived for the 1997 northern Puget Sound study (Long et a., 1999a). The 27 samples were
located primarily in the areas of West Point, Eagle Harbor, Sinclair Inlet, Elliott Bay, and the
Duwamish.
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Asacorollary to and verification of the cytochrome P450 HRGS toxicity tests results, Columbia
Analytical Services performed further chemical testing on a select number of the central Puget
Sound samples (Jack Anderson, CAS, personal communication). Ten of the samples were
selected for cytochrome P450 HRGS analyses at two time periods, exposures of 6 hours and 16
hours. Experimentation with this assay has revealed that the RGS response is optimal at 6 hours
of exposure when tests are done with PAHS, whereas the response is optimal at 16 hours when
tests are done with dioxins. All ten samples selected for these two time series tests (stations 182,
184, 193, 198-204) were collected in Elliott Bay or the lower Duwamish River. Inall the
samples except 184, the response was stronger at 6 hours than at 16 hours, indicating the
presence of PAHsin the extracts. In most cases, the ratios between the two responses were
factors of about five-fold.

Five of the samples (from stations 184, 193, 199, 200, and 204) were selected for chemical
analysesfor PAHs and PCBs. The correlation between total PAH concentrations in the extracts
of five samples and RGS responses was significant (R? = 0.75). Total PAH concentrations (sums
of 27 parent compounds) equaled 240 to 5975 ppb.

In the sample from station 184, the responses at the two time periods were equivalent, suggesting
that both chlorinated organics and PAHs were present. However, chemical analyses of the
extracts for the five samples indicated that the sums of PCB congeners were very low: 0 to 14
ppb. The highest concentration of PAHs (5975 ppb) was found in sample 184 and the total PCB
concentration was 0, contradictory to what was expected. The data suggest that chlorinated
organics other than planar PCB congeners may have occurred in sample 184.

Spatial Patterns and Gradients in Toxicity

Spatial patterns (or gradients) in toxicity were illustrated in three sets of figures, including maps
for the amphipod and urchin test results (Figures 4-8), Microtox™ results (Figures 9-13), and
cytochrome P450 HRGS test results (Figures 14-18). Amphipod and urchin test results are
displayed as symbols keyed to the statistical significance of the responses. Stations are shownin
which amphipod survival was not significantly different from CLIS controls (p>0.05, (i.e.,non-
toxic)), was significantly different from controls (p<0.05, (i.e., significantly toxic)), or was
significantly different from controls (p<0.05), and less than 80% of control survival, (i.e., highly
toxic). Also, stations are shown on the same figures in which urchin fertilization in 100% pore
water was not significantly different from Redfish Bay controls (p>0.05, (i.e., non-toxic)), or was
significantly different from controls (p<0.05) and less than 80% of controls (i.e., highly toxic) in
100% pore water only, in 100% + 50% pore water concentrations, and in 100% + 50% + 25%
porewater concentrations. Samples in which significant results were observed in al three
porewater concentrations were considered the most toxic.

Microtox™ and cytochrome P450 HRGS data are shown as histograms for each station.
Microtox™ results are expressed as the mean EC50 (mg/ml), therefore, asin the report for the
1997 survey, the height of the bar decreases with increasing toxicity. Dark bars indicate
nonsignificant results (i.e., not significantly different from Redfish Bay controls (p>0.05, (i.e.,
non-toxic)), while light bars indicate results were significantly different from controls (p<0.05)
and less than 80% of controls (i.e., toxic response). In the cytochrome P450 HRGS assays, data
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are expressed as benzo[ a] pyrene equivalents (pg/g) of sediment. For these results, high values
indicate the presence of toxic chemicals (i.e., the height of the bar increases with increasing
toxicity).

Amphipod Survival and Sea Urchin Fertilization

Among the samples collected in Port Townsend, Admiralty Inlet, lower Possession Sound, and
the central basin (strata 1-12), there was a general trend of non-toxic conditions, with only three
significantly toxic responses in the test for amphipod survival, and no significant responses in the
urchin fertilization tests (Figures 4-6). Amphipod survival was significantly reduced in the
samples from station 106 (South Port Townsend), station 123 (Central Basin), and station 134
(near Blake Island).

None of the results were statistically significant (i.e., all samples were non-toxic) in either of
these two tests for samples from Liberty Bay (stratum 13), Keyport (stratum 14), the Bainbridge
basin (strata 15, 16), Rich Passage (stratum 17), and Dyes Inlet (stratum 22) (Figures 5 and 7).
Amphipod survival, however, was significantly toxic in one sample from stratum 18 (station 158,
Port Orchard) and highly toxic (the only sample in the survey with this result) in one sample
from stratum 21 (station 167, Port Washington Narrows). Urchin fertilization also displayed
significant toxicity in 100% pore water at stations 165 (Sinclair Inlet), and 167 and 168 (Port
Washington Narrows), and was highly toxic in al porewater concentrations in the sample from
station 160 (Sinclair Inlet) (Figure 7).

There were only two significantly toxic responsesin the test for amphipod survival in Elliott Bay,
at stations 181 (shoreline) and 202 (east Harbor Island) (Figure 8). Toxicity in the sea urchin
tests was much more apparent among the samples collected in Elliott Bay. Samples from strata
24-26 aong the Seattle shoreline and strata 30 and 31 (east and west Harbor Island) displayed
varying degrees of toxicity to the sea urchin fertilization tests.

Microbial Bioluminescence (Microtox™)

With afew exceptions, samples from the northern region of the study area (strata 1,2,4, and 5)
demonstrated minimal responses (i.e., high bars) in the Microtox™ tests (Figure 9). Four
stations, 106 and 107 (south Port Townsend), station 112 (south Admiralty Inlet), and station 118
(Possession Sound) all displayed highly significant levels of toxicity in response to the test for
microbial bioluminescence.

Continuing farther south in Puget Sound, samples from strata 6-12 displayed both significant and
nonsignificant Microtox™ results (Figures 10 and 12). There was no clear spatial pattern in these
results from the central basin area, with the exception of stratum 9 (Eagle Harbor), in which
samples from all three stations displayed significant Microtox™ resullts.

Samples from strata 13-16 and 18-22 in the Bainbridge Basin all displayed significant responses
to the Microtox™ tests with the exception of station 165 in Sinclair Inlet (Figures 10 and 11).
None of the stations from stratum 17 (Rich Passage) displayed significant responses. The
relatively high toxicity levelsin samples from stations 148-150 (Figure 10) continued southward
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to station 151, then decreased steadily southward through stations 153, 152 and 156 (Figure 11).
Toxicity then again increased toward and into Sinclair Inlet.

In Elliott Bay, significant results of the Microtox™ tests were seen in stratum 23 (outer Elliott
Bay) and at nearby station 190 (mid Elliott Bay); at shoreline stations 176, 177, 115, and 183; at
stations 114 and 197 (west Harbor Island) and station 201 (east Harbor Island); and at stations
203-205 (Duwamish River). Five of these stations also displayed toxicity with the sea urchin
tests. Asstated earlier, none of the Microtox™ test results indicated significant toxicity when
compared to the 80 and 90% Lower Prediction Limit (LPL) critical values generated for the 1997
dataset (Long, et a., 1999a).

Human Reporter Gene System (Cytochrome P450)

Results of thistest are illustrated as histograms for each station (Figures 14-18). High values are
indicative of aresponse to the presence of organic compounds, such as dioxins, furans, and
PAHSs in the sediment extracts. Data are shown as benzo[a] pyrene equivalents (ug/g). Using the
nationwide NOAA database and the 1997 PSAMP/NOAA Northern Puget Sound Sediment
Quality study, critical values of >11.1 and >37.1 ug/g benzo(a)pyrene equiva ents/g sediment
were calculated as the 80% and 90% upper prediction limit critical values for thistoxicity
parameter (Long, et a., 1999a).

Minimal responses were observed in all samples from strata 1,2,4, and 5 in the northern region of
the study area (Figure 14), and strata 6-7 (Figure 15). With the exception of the sample taken at
station 141 (East Passage), stations in stratum 9 (Eagle Harbor); strata 8, 11, and 12 (Central
Basin); and station 135 in stratum 10 all displayed a response above the > 80% upper prediction
limit critical value. Results from three of these 14 stations also exceeded the 90% upper
prediction limit critical values (Figures 15, 17).

Slightly elevated responses (between the 80 and 90% upper prediction limits) were apparent in
samples from Liberty Bay (stations 143, 144, 146) and stations 148, 151, and 153 (Figures 15-
16). The cytochrome P450 HRGS responses in samples from stratum 16 diminished southward
into stratum 17 (no elevated results) and then increased again in strata 18-22 (Dyes and Sinclair
Inlets, and Port Washington Narrows) (Figure 16). Samples from 11 of the 15 stationsin these
strata displayed cytochrome P450 HRGS responses above either the 80 or 90% upper prediction
[imits.

Minimal cytochrome P450 HRGS responses were displayed in outer Elliott Bay (strata 23 and
24) (Figure 18). In contrast, samples from inner Elliott Bay and the Duwamish (strata 25-32)
gave the highest P-450 responses among all study samples. Cytochrome P450 HRGS assay
results exceeded either the 80 or 90% criteria values, with the exception of the sample from
station 190.

Summary
Severa gspatial patternsidentified with results of al the tests were apparent in this survey. First,

samples from the Admiralty Inlet/Port Townsend area and much of the central main basin were
among the least toxic. Second, many of the samples from the Liberty Bay and Bainbridge basin
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areawere toxic in the Microtox™ and cytochrome P450 HRGS assays. The degree of toxicity
decreased steadily southward down the Bainbridge basin to Rich Passage, where the sediments
were among the least toxic. Third, samples from two stations (167 and 168) located in a small
inlet off Port Washington Narrows were among the most toxic in two or more tests. Fourth,
several samples from stations scattered within Sinclair Inlet indicated moderately toxic
conditions; toxicity diminished steadily eastward into Rich Passage. Finally, and perhaps,
foremost, were the highly toxic responses in the sea urchin, Microtox™, and cytochrome P450
HRGS tests observed in the strata of inner Elliott Bay and the lower Duwamish River. Toxicity
in these tests generally decreased considerably westward into the outer and deeper regions of the

bay.
Spatial Extent of Toxicity

The spatial extent of toxicity was estimated for each of the four tests performed in central Puget
Sound with the same methods used in the 1997 northern Puget Sound study (Long et al., 1999a),
and reported in Table 9. The critical values used in 1997 were also applied to the 1998 data. The
33 strata were estimated to cover atotal of about 732 km? in the central basin and adjoining bays.

In the amphipod survival tests, control-normalized survival was below 80% in only one sample
(station 167 Port Washington Narrows), which represented about 1.0 km?, or about 0.1% of the
total area. In the sea urchin fertilization tests of 100%, 50%, and 25% pore waters, the spatial
extent of toxicity (average fertilization success <80% of controls; i.e., highly toxic) was 5.1, 1.5,
and 4.2 km?, respectively, or 0.7%, 0.2%, and 0.6% of the total area. Usually, in these tests the
percentages of samples in which toxic responses are observed decrease steadily as the pore
waters are diluted. However, in this case the incidence of toxicity and, therefore, the spatial
extent of toxicity, was higher in tests of 25% pore waters than in the tests of 50% pore waters.
There is no apparent explanation for this discrepancy from past performance.

The spatial extent of toxicity relative to controls in the Microtox™ tests was 349 km?,
representing about 48% of the total area. However, there were no samples in which mean
EC50’ swere less than 0.51 mg/L or 0.06 mg/L, the statistically-derived 80% and 90% lower
prediction limits of the existing Microtox™ database. 1n the cytochrome P450 HRGS assays,
samples in which the responses exceeded 11.1 pg/g and 37.1 pug/g (the 80% and 90% upper
prediction limits of the existing database) represented about 237 km? and 24 km?, respectively.
These areas were equivalent to 32% and 3%, respectively, of the total survey area.

Concordance among Toxicity Tests

Non-parametric Spearman-rank correlations were determined for combinations of the four
different toxicity tests to determine the degree to which the results co-varied and, therefore,
showed the same patterns. It iscritical with these correlation analyses to identify whether the
coefficients are positive or negative. Amphipod survival, urchin fertilization success and
microbial bioluminescence improve as sediment quality improves. However, cytochrome P450
HRGS responses increase as sediment quality deteriorates. Therefore, in the former three tests,
positive correlation coefficients suggest the tests co-varied with each other. In contrast, co-
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variance of the other tests with results of the cytochrome P450 HRGS assays would be indicated
with negative signs.

The datain Table 10 indicate that the majority of the correlations between toxicity tests were not
significant, indicating poor concordance among tests. However, cytochrome P450 HRGS
responses increased as percent urchin fertilization decreased and this relationship was highly
significant (p<0.0001). In both of these tests, samples from many of the stations in the northern
reaches of the study area and the central basin of the Sound were least toxic, whereas many of the
sampl es collected around the perimeter of Elliott Bay and afew in Sinclair Inlet were highly
toxic.

Chemical Analyses

Grain Size

The grain size data are reported in Appendix D, Table 1, and frequency distributions of the four
particle size classes, % gravel, % sand, % silt, and % clay, are depicted for all stationsin
Appendix D, Figure 1. From these data, sediment from the 100 stations were characterized into
four groups (sand, silty sand, mixed sediments, and silt-clay) based on their relative proportion of
% sand to % fines (silt + clay)(Table 11). Among the 100 samples from central Puget Sound, 30
were composed primarily of sand, 15 of silty sand, 23 had mixed sediments, and 32 were made
up primarily of silt-clay particles.

Total Organic Carbon (TOC), Temperature, and Salinity

Total organic carbon (TOC) and temperature measurements taken from the sediment samples,
and salinity measurements collected from water in the grab, are displayed in Appendix D, Table
2. Vauesfor TOC ranged between 0.1 and 4.2%, with a mean of 1.4%. Eight of the 100
stations had TOC values lower than 0.2% which should be considered when comparing TOC
normalized data from these stations to Washington State sediment criteria (Michelsen, 1992).
Temperature ranged between 11.0 and 14.5 °C, with amean of 12.4 °C. Salinity values ranged
between 25-34 ppt, with a mean of 30.5 ppt.

Metals and Organics

Appendix D, Table 3 summarizes metal and organic compound data, including mean, median,
minimum, maximum, range, total number of values, number of undetected values, and the
number of missing values. Valuesfor tin (partial digestion) and monobutyl tin were not obtained
due to contamination of samples during the digestion and analysis processes at the lab. The
majority of compounds quantified were reported as undetected at method quantitation limitsin
one or more samples. These compounds included 6 of 24 metals (strong acid digestion), 23 of 23
metals (hydrofluoric acid digestion method), 1 of 1 miscellaneous elements, 2 of 2 organotins, 23
of 23 organic compounds quantified through BNA analyses, 33 of 46 low and high molecular
weight polynuclear aromatic hydrocarbons, and all 56 chlorinated pesticides and polychlorinated
biphenyl (PCB) compounds.
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Spatial Patterns in Chemical Contamination

The spatial (geographic) patternsin chemical contamination were determined by identifying on
maps the locations of sampling stations in which numerical sediment quality guidelines (ERM,
SQS, and CSL values) were exceeded (Figures 19-23). Tables 12 and 13 provide detail regarding
the specific chemical compounds that exceeded these guideline values at each station. The
number of compounds exceeding the ERL values and the mean ERM quotient calculated for each
station, are also provided in Tables 12 and 13, and discussed below.

Spatial patternsin chemical contamination in strata 1,2,4, and 5 near Port Townsend, southern
Admiralty Inlet, and in Possession Sound, are displayed in Figure 19 and summarized in Table
12. None of the ERM values were exceeded in these 12 sediment samples. The ERM quotients
for all samples except those from stations 107 and 118 were less than 0.1, suggesting that very
little contamination occurred in thisarea. For samples 107 and 118, three chemicals exceeded
the ERL values, and mean ERM quotients were 0.24 and 0.13, respectively, suggesting a slight
degree of contamination. One chemical, 4-methylphenol, exceeded state SQS and CSL values at
six stations within strata 1,2,4, and 5. Five of these samples were collected in Port Townsend
(stations 106-109, 111) and the other near M ukilteo (station 118) in Possession Sound.

None of the chemical concentrations in samples from strata 6-8 in the central basin and Port
Madison, and in strata 13-15 (Liberty Bay/Keyport/Bainbridge Island) exceeded ERM values
(Figure 20, Table 12). Mean ERM quoatients in these samples were low (0.04 to 0.26). Samples
with chemical concentrations exceeding ERL values included those from stations 128 (16
compounds); 142-144, 146 (4 each); 148 (3); 129 (2); and 122, 123(1 each). Asin strata 1,2,4,
and 5, the SQS and CSL values for 4-methylphenol were exceeded in samples 113, 122, 123, and
148, again suggesting these samples were only slightly contaminated.

In the samples collected in the southern reaches of the central basin and Eagle Harbor, al
chemical concentrations were below the ERM values (Figure 21, Table 12). However, in
samples 130 and 131 from Eagle Harbor, mean ERM quotients were 0.33 and 0.36 and 17 and 19
ERL s were exceeded, respectively, in these samples, suggesting a slight degree of contamination.
The CSL concentration for 4-methylphenol was again exceeded in the sample from station 140.
No other samples from strata 9-12 had chemical concentrations exceeding Washington State
sediment standards.

Figure 22 and Table 12 summarize spatial patterns for chemical contamination in the sediments
collected near Bainbridge Island, Port Orchard, and Bremerton (strata 16-22). Contaminant
levelsin the samples collected from strata 16 through 18, 21, and station 169 (Dyes Inlet) were
all measured below ERM values, with low mean ERM quotients (0.04 - 0.19). The ERL values
were exceeded at stations 151 and 153 (SW Bainbridge Island), and 168 (Port Washington
Narrows), while the CSL values for benzyl alcohol was exceeded only at station 151.

Samples from stations 170 and 171 in Dyes Inlet a so displayed no contaminant levels above
ERM values, with the exception of nickel at station 170. Long et a. (1995), however, suggested
that there was a limited degree of reliability in the ERM value for nickel, and that nickel does not
play amajor role in causing toxicity. The mean ERM quotient values were higher, 0.25 and 0.26,
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respectively, and each station had 10 compounds exceeding ERL values. Again, the SQS value
for benzyl alcohol was exceeded at both stations, while both SQS and CSL values for mercury
were exceeded at station 171. With the exception of station 161, al six samples collected from
Sinclair Inlet exceeded the ERM value for mercury. Mean ERM quotients at these stations were
high, ranging from 0.27 to 0.55, and ERL values were exceeded for 7 to 11 compounds in each
sample. All six samples exceeded the SQS and CSL values for mercury.

Spatial patterns in chemical contamination in the sediments collected in Elliott Bay and the
Duwamish River are summarized in Figure 23 and Table 13. The degree of chemical
contamination increased steadily and considerably from the outer to the inner reaches of the bay.
Sediment samples collected from the outer bay (strata 23, 24, and 28) had no chemical
concentrations exceeding ERM values, mean ERM quotients ranging between 0.06 and 0.45, and
ERL values were exceeded for 0 to 16 compounds. Sediments from stations 174, 176, and 190
did, however, have concentrations of butylbenzylphthalate (stations 174, 176), di-n-

butyl phthal ate (station 190), and mercury, benzo(g,h,i)perylene, and phenanthrene (station 176)
above the SQS levels.

Samples collected along the Seattle shoreline and inner bay (strata 25-27,29) and in the lower
Duwamish River (strata 30-32) were the most contaminated among the 100 tested in central
Puget Sound. In the samples from these seven strata, many chemica compounds (up to 25 per
station) had concentrations exceeding ERL levels, and mean ERM quotients ranged from 0.37 to
3.93. Notable among these 25 samples were those from 11 stations (i.e., 181, 182, 184, 188, 194,
198, 114, 200, 201, 202, and 205) in which chemical concentrations exceeded 20 to 25 ERL
values, and mean ERM quotients exceeded 1.0 (1.05-3.93).

Within these seven strata, a variety of compounds (up to 10 per station) had concentrations
exceeding ERM, SQS, and CSL values. Some unique patterns were discerned with regard to the
chemical compounds that exceeded national guidelines and state criteria. Mercury values
exceeded only the state criteria, and only at some of the shoreline and mid-Elliott Bay stations,
while other metal s were detected above state criteria (arsenic) and national guidelines (arsenic
and zinc) near West Harbor Island only (station 197). The majority of the samples exceeding
HPAH national guidelines and state criteria were collected from shoreline and mid-Elliott Bay
stations. With one exception (station 198), total LPAH values exceeded only national guidelines.
However, one LPAH compound (phenanthrene) exceeded both state criteria and national
guidelines at some shoreline and mid-Elliott Bay stations, while four other LPAH compounds (2-
methylnaphthal ene, acenaphthene, fluorene, and naphthalene) exceeded both sets of values at the
three West Harbor Island stations (stratum 30). Total PCBs exceeded ERM valuesonly. They
did not exceed SQS and CSL values. Phenol concentrations (primarily 4-methylphenol),
however, exceeded only state criteria, and were found primarily in the Harbor Island and
Duwamish River samples. The phthalate esters bis(2-ethylhexyl)phthalate and

butylbenzylphthal ate were found only in the East Harbor Island and Duwamish River samples.
Four other compounds which exceeded state criteria only included dibenzofuran (station 183 and
198), benzyl acohol (station 188), 1,4-dichlorobenzene (station 200), and pentachl orophenol
(station 205).

Page 33



Summary

The majority of compounds for which chemical analyses were conducted on the 100 sediment
samples from central Puget Sound were measured at levels below state criteria and national
guidelines (i.e.,, ERM, SQS, and CSL values). Eleven stations, located in Port Townsend,
Possession Sound, the central basin, the Bainbridge basin, and East Passage, all exceeded
Washington State SQS and CSL levels for the compound 4-methylphenol. Three stations, one
west of Bainbridge Island and two in Dyes Inlet, exceeded state criteriafor benzyl alcohol. One
of these, in Dyes Inlet, also exceeded state criteriafor mercury. The six stationsin Sinclair Inlet
also exceeded SQS and CSL levels for mercury, while five of the six also exceeded the ERM
level for mercury. Sediment samples collected at stations located in Elliott Bay and the
Duwamish River clearly showed an increase in the number of compounds exceeding state criteria
and national guidelines from outer to inner Elliott Bay, and into the Duwamish River. The suites
of compounds exceeding criteria differed between the shoreline/mid-Elliott Bay samples and
those collected around Harbor Island and further up the Duwamish River, reflecting differing
sources of contamination. In general, spatial patterns of chemical contamination indicated that
the highest chemical concentrations invariably occurred in samples collected in
urban/industrialized embayments, including Elliott Bay, Sinclair Inlet, Dyes Inlet, and Port
Townsend. Often, these samples contained chemicals at concentrations previously observed to
be associated with acute toxicity and other biological effects. Concentrations generally decreased
steadily away from these embayments and were lowest in Admiralty Inlet, Possession Sound,
Rich Passage, Bainbridge Basin, and most of the central basin.

Spatial Extent of Chemical Contamination

Table 14 summarizes the numbers of samplesin which ERM, SQS, and CSL concentrations were
exceeded and an estimate of the spatial extent of chemical contamination (expressed as the
percentage of the total survey area these samples represent) for all compounds with chemical
guidelines. For some compounds, the data were qualified as “undetected” at method quantitation
limits that exceeded the chemical guideline values. In these cases, the spatial extent of chemical
contamination was recal culated after omitting the data that were so qualified (shown as“>QL
only” on Table 14).

Among the trace metals, the concentration of arsenic exceeded ERM, SQS, and CSL values at
station 197, West Harbor Island (0.04% of the study area). The level of zinc also exceeded the
ERM value at this station. Mercury exceeded al three sets of criteriain sediment collected from
9to 14 stationsin Sinclair and Dyes Inlets, and in Elliott Bay, representing 1.1 (ERM), 2.0
(SQS), and 1.9% (CSL) of the study area. The ERM value for nickel was exceeded in four
samples. As stated earlier, however, Long et al. (1995) suggested that there was a limited degree
of reliability in this value. For all trace metals (excluding nickel), there are atotal of 10 (ERM),
15 (SQS), and 13 (CSL) samples exceeding guidelines or criterialevels, encompassing atotal of
2.5, 2.0, and 1.9%, respectively, of the total study area.

Many of the low and high molecular weight polynuclear aromatic hydrocarbons (LPAH and
HPAH) were found at concentrations that exceeded the guidelines in samples from Elliott Bay,
West Harbor Island, and the Duwamish River. As noted earlier, different suites of PAHs
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exceeded state criteriaand national guidelines at different locations, with the majority of the
LPAH compounds detected above these values in the West Harbor 1sland samples, and the
majority of the HPAH compounds found in the Elliott Bay and Duwamish River samples. There
were 6, 15, and 3 samples in which the concentration of at least one PAH compound exceeded
the ERM, SQS, or CSL values, respectively, representing areas equivalent to 0.4%, 0.7%, and
0.07% of thetota survey area.

The concentrations of phenols were low in the central Puget Sound stations, with the exception
of 4-methylphenol, which was elevated above the SQS and CSL values in 22 samples scattered
throughout the study area (23% of thetotal area). The concentration of the compound 2,4-
dimethylphenol was elevated above SQS and CSL levels at station 188 in Elliott Bay (0.14% of
the study area), while the concentration of pentachlorophenol was elevated above the SQS value
at station 205 in the Duwamish River (0.03% of the study area).

Phthalate ester concentrations, including bis(2-ethylhexyl)phthalate, butylbenzlphthalate, and di-
n-butylphthalate, were detected above state criterialevels only in the stations from Elliott Bay,
East Harbor Island, and the Duwamish River. There were atotal of 7 samples with phthalate
ester concentrations exceeding SQS criteria (0.76 % of study area), and 1 sample exceeding the
CSL criteria (0.03% of the study area).

The concentrations of chlorinated pesticides for which national guidelines exist were found to be
below ERM levelsfor both 4,4 -DDE and total DDT. Total PCB congeners (>QL data)
exceeded the ERM value in 12 samples, located in Elliott Bay, East and West Harbor Island, and
the Duwamish River, and covered 0.55% of the total study area. In contrast, total PCB Aroclor
concentrations exceeded the SQS value in 36 samples and the CSL in one sample, but all of these
concentrations were measured at or below the method quantitation limits reported by MEL, and
these limits exceeded the guideline values.

Five of the nine compounds in the remaining suite of miscellaneous compounds were not found
above guideline levelsin any samples, or were measured at or below method quantitation limits
that exceeded the guideline values. The compound 1,4-dichlorobenzene was measured above its
SQS value at station 200 (0.02% of the study area), collected east of Harbor Island. Benzyl
acohol was measured above its SQS value at stations collected near Bainbridge Island, in Dyes
Inlet, and Elliott Bay (1.7% of the study area), and above its CSL concentration at the Bainbridge
Island station (0.5% of the study area). Dibenzofuran was measured above its SQS value at one
station in Elliott Bay and three stations collected west of Harbor Island (0.13% of the study area),
and above its CSL value at one of the West Harbor Island stations (0.04% of the study area).
High concentrations of benzoic acid were found almost ubiquitously throughout the central Puget
Sound study area, exceeding the SQS and CSL concentrations in 89 samples. These samples
represented about 81% of the total study area.

When all the chemical concentrations for which ERM values were derived (excluding nickel)
were compared to their respective guidelines, 21 samples had at least one reliable chemical
concentration greater than an ERM value. These 21 samples represented about 1.6% of the total
survey area. In contrast, there were 95 and 94 samples in which at least one SQS or CSL value
(respectively) was exceeded, representing about 99% of the survey area. Excluding the datafor
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both nickel and benzoic acid, 44 samples had at |east one chemical concentration greater than an
SQS value (25.2% of the area) and 36 samples had at |east one concentration greater than a CSL
value (21.1% of the area).

Summary

The spatial extent of chemical contamination, expressed as the percent of the total study area,
was determined for the 54 compounds for which chemical guidelines or criteriaexist. Twenty of
these compounds were measured at levels that were below the SQS and CSL guidelines, and
were at or below the ERM guidelines, for al 100 stations sampled in central Puget Sound.
Thirty-four (33 excluding nickel) were measured at or above at |least one of the guideline values
in at least one station. For 29 of these 34 compounds (including arsenic, zinc, LPAHs, HPAHS,
phthalate esters, PCB congeners, 1,4-dichlorobenzene, and dibenzofuran), the spatial extent of
chemical contamination represented less than 1% of the total study area and was confined to the
stations sampled in the urban/industrialized areas of Elliott Bay and the Duwamish River. Four
of the five remaining compounds were measured above guideline levelsin greater than 1% of the
study area, including mercury (1.11-1.98%, Dyes and Sinclair Inlets, Elliott Bay), nickel (1.31%,
Liberty Bay, Bainbridge Island, Dyes Inlet), 4-methylphenol (23%, Port Townsend, Possession
Sound, Central Basin, East Passage, Bainbridge Island, Elliott Bay, and the Duwamish River),
and benzyl alcohol (0.47-1.67%, Bainbridge Island, Elliott Bay, and the Duwamish River).
Again, the mgjority of these compounds exceeding criteria values were located in samples
collected from urban/industrialized locations. High concentrations of benzoic acid were found in
about 81%, located around the central Puget Sound study area.

Relationships between Measures of Toxicity and Chemical Concentrations

The associations between the results of the toxicity tests and the concentrations of potentially
toxic substances in the samples were determined in severa steps, beginning with simple,
non-parametric Spearman-rank correlation analyses. This step provided a quantitative method to
identify which chemicals or chemical groups, if any, showed the strongest statistical relationships
with the different measures of toxicity.

Toxicity vs. Classes of Chemical Compounds

Spearman-rank correlation coefficients (rho) and probability (p) values for the four toxicity tests
versus the concentrations of four different groups of chemicals, normalized to the respective
ERM, SQS, and CSL values, are listed in Table 15. None of the correlations were significant for
tests of amphipod survival. In thisstudy, significant statistical correlations between amphipod
survival and chemical concentrations would not be expected because percent survival was very
similar among most samples. Results of the Microtox tests were correlated (Rho = 0.37, p<0.01)
only with summed concentrations of low molecular weight PAHs normalized to the SQS and
CSL guidelines.

In contrast, percent urchin fertilization and cytochrome P450 HRGS induction were highly
correlated with many of the chemical groups when normalized to all three sets of guidelines.
Percent urchin fertilization was significantly correlated with all but the trace metals groups at
probability levels <0.0001. Correlations with the concentrations of PAHs were consistent and
highly significant. Correlations with trace metals were weaker. In the cytochrome P450 HRGS
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assays, enzyme induction was very highly correlated with trace metals, chlorinated organics,
PAH concentrations, and mean ERM quotients for all 25 substances.

Among all the possible toxicity/chemistry correlations, the strongest statistical association was
between the cytochrome P450 HRGS responses and the concentrations of 13 PAHs normalized
to their respective ERM values (Rho = 0.928, p<0.0001) as shown in Table 15. These data are
shown in a scatterplot (Figure 24) to illustrate the relationship. In general, cytochrome P450
HRGS responses increased as PAH concentrations increased. Induction was greatest in the
sample from station 184 which also had the highest concentrations of PAHS; thereby,
contributing to the highly significant statistical correlation.

Toxicity vs. Individual Chemicals

Correlations between measures of toxicity and concentrations of individual trace metals
determined with partia digestions are summarized in Table 16. Most metal concentrations were
highly significantly correlated (p<0.0001) with cytochrome P450 HRGS induction, while afew
were correlated to alesser extent with percent urchin fertilization and microbia
bioluminescence. None were correlated with amphipod survival. Urchin fertilization was most
significantly correlated with lead, suggesting that fertilization success diminished as the lead
concentration increased. However, the scatter plot of this data (Figures 25), indicated that there
was not a clear pattern of decreasing percent fertilization corresponding with increasing lead
concentrations. Furthermore, none of the samples had lead concentrations above the state
standards. Better correspondence was seen in the scatter plot of microbial bioluminescence
EC50s and cadmium concentration, with EC50 values decreased to their lowest level at cadmium
concentrations greater than 0.5ppm (Figure 26).

Because the microbial bioluminescence and cytochrome P450 HRGS tests are performed with
organic solvent extracts, trace metals are not expected to contribute significantly to the biological
responses in these tests. The correlations between results of these two tests and concentrations of
trace metals (Table 16) that appeared to be highly significant may reflect the co-variancein
concentrations of metals and the organic toxicants that were eluted with the solvents.

Correlations between measures of toxicity and concentrations of individual trace metals
determined with total digestions are summarized in Table 17. Again, no significant correlations
are seen with Amphipod survival. Similar to the results observed for the partial digestions,
percent fertilization and microbial bioluminescence were correlated with the concentrations of
just afew metals determined with total digestions, while cytochrome P450 HRGS induction was
highly correlated with most of the metals. The urchin tests were performed with pore waters,
instead of organic solvent extracts. Also, these animals are known to be sensitive to trace metals.
Therefore, if the presence of trace metalsin the samples contributed to toxicity observed in these
tests, the correlation coefficients between urchin fertilization and metals concentrations might be
expected to increase with the data for total digestions relative to those for partial digestions,
because the concentrations would be higher in the total digestions. However, the correlationsin
Tables 16 and 17 showed only dlight differences, and the examination of the scatter plot of the
relationship between urchin fertilization results and tin concentrations showed that the highly
significant negative correlation was driven by the results from just a few samples (Figure 27).
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Both percent urchin fertilization and cytochrome P450 HRGS induction were significantly
correlated with the concentrations of most individual low molecular weight PAHs (LPAH) and
the sums of these compounds (Table 18). The correlations with cytochrome P450 HRGS
induction were very similar among the LPAHS, suggesting these compounds co-varied with each
other to alarge degree. The highest correlation of any toxicity test with any chemical parameter
was between the cytochrome P450 HRGS and the HPAHSs (rho = 0.718-0.946, p<0.0001)(Table
19). The cytochrome P450 HRGS assay is known to be sensitive to, and was designed to detect,
the presence of HPAH. Correlation coefficients, while also highly significant, were lower with
urchin fertilization (rho = -0.413- -0.623, p<0.0001). Microbial bioluminescence generally was
not highly correlated with the concentrations of these compounds, and amphipod survival, as
with the metals, was not correlated with either LPAH or HPAH results (Table 19).

The concentrations of the sums of 13 dry-weight normalized PAHs (national guidelines; Long et
a., 1995) and 15 TOC-normalized concentrations (Washington State Sediment Management
Standards; Chapter173-204 WAC, 1995) were highly correlated with percent urchin fertilization
and cytochrome P450 HRGS results. Fertilization success was highest among samples with the
lowest concentrations (Figures 28, 29). However, fertilization success did not decrease steadily
with increasing concentrations and the only sample in which the total PAH concentration
exceeded the ERM was not toxic; thereby suggesting that fertilization success was not controlled
by these substances.

In contrast to the data from the urchin tests, enzyme induction in the cytochrome P450 HRGS
tests was consistently lowest in samples with lowest total PAH concentrations, increased steadily
as concentrations increased above the ERL levels, and generally was highest in samplesin which
the ERM was exceeded (Figure 30). Normalization of the PAH concentrationsto TOC content
decreased the correlation (Figure 31) due to increased variability in the association.

Results of the four toxicity tests were also examined for relationship with the concentrations of
various butyltins, phenols, and miscellaneous organic compounds (Table 20). No significant
correlations were seen between amphipod survival and these compounds. Fertilization success
was highly significantly correlated with the two butyltin compounds, and began to diminish as
the concentrations of dibutyltin exceeded 60 ppb and as tributyltin concentrations exceeded 200
ppb (Figures 32, 33). Percent fertilization, however, was very high in the sample from station
187 in which the tributyltin concentration was highest. Fertilization success was also
significantly correlated with dibenzofuran. In the microbial bioluminescence tests,
bioluminescence activity was highly correlated to, and decreased steadily with, increasing
concentrations of benzoic acid (Figure 34). Similar to resultsin the urchin tests, cytochrome
P450 HRGS induction showed a strong degree of correspondence with concentrations of both
dibuyltin and tributyltin, and dibenzofuran. Cytochrome P450 HRGS induction seemed to
increase when dibutyltin concentrations exceeded about 80 ppb, and tributyltin and dibenzofuran
concentrations exceeded about 100 ppb (Figures 35-37).

Cytochrome P450 HRGS induction was significantly correlated with the concentrations of 4-4’
DDE and total DDT. Both percent urchin fertilization and cytochrome P450 HRGS induction
were significantly correlated (cytochrome P450 HRGS to a greater degree) with the
concentrations of individual PCB compounds, and the sums of these concentrations (Table 21).
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Isomers of DDT and most PCB congeners are not known to induce the cytochrome P450 HRGS
enzyme response, therefore, it is likely that these compounds co-varied with the PAHs and other
organic substances that more likely induced the response.

Summary

The toxicity bioassays performed for urchin fertilization, microbia bioluminescence, and
cytochrome P450 HRGS enzyme induction indicated correspondence with complex mixtures of
potentially toxic chemicalsin the sediments. Often, the results of the urchin and cytochrome
P450 HRGS tests showed the strongest correlations with chemical concentrations. As expected,
given the nature of the tests, results of the cytochrome P450 HRGS assay were highly correlated
with concentrations of high molecular weight PAHs and other organic compounds known to
induce this enzymatic response. In some cases, samples that were highly toxic in the urchin or
cytochrome P450 HRGS tests had chemical concentrations that exceeded numerical, effects-
based, sediment quality guidelines or the state criteria, further suggesting that these chemicals
could have caused or contributed to the observed biological response. However, there was
significant variability in some of the apparent correlations, including samples in which chemical
concentrations were elevated and no toxicity was observed. Therefore, it is most likely that the
chemical mixtures causing toxicity differed among the different toxicity tests and among the
regions of the survey area. These chemica mixtures may have included substances not targeted
in the chemical analyses.

Benthic Community Analyses

Community Composition and Benthic Indices

A total of 700 benthic infauna taxa were identified in the 100 samples collected in central Puget
Sound (Appendix E). Of the 700 taxa identified, 517 (74%) were identified to the specieslevel.
Among the 517 species identified, 243 (47%) were polychagete species, 147 (28%) were
arthropods, 78 (15%) were molluscs, and 49 (10%) were miscellaneoustaxa (i.e., Cnidaria,
Platyhelminthes, Nemertina, Sipuncula, Phoronidae, Enteropneusta, and Ascidiacea) and
echinoderms. Several of the species encountered in this survey may be new to science.

As described in the Methods section, five benthic infaunal indices were calculated to aid in the
examination of the community structure at each station. These indices included total abundance,
major taxa abundance (calculated for Annelida, Arthropoda, Mollusca, Echinodermata, and
miscellaneous taxa), taxarichness, Pielou’ s evenness (J'), and Swartz's Dominance Index (SDI),
and were cal culated based on the abundance data collected for the 700 taxa found (Tables 22 and
23). Total abundanceis displayed in both tables to facilitate comparisons among indices. All
data were based on analysis of a single sample collected at each station.

Total Abundance

Total abundance (number of individuals per 0.1 m?) of benthic invertebrates at each station
(Tables 22 and 23) ranged from 3,764 organisms at station 203 (Duwamish) to 110 organisms at
station 118 (Possession Sound). In approximately half (15 of 32) of the strata, total abundance
was relatively consistent among the samples collected within each stratum. However, among
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samples within several stratathere were differencesin total abundance up to an order of
magnitude of ten. These strataincluded South Admiralty Inlet (stratum 4), Central Basin
(stratum 6), Sinclair Inlet (stratum 19), Elliott Bay (strata 24, 25, 28, and 29), and the Duwamish
(stratum 32). In most of these cases, high numbers of a single polychaete species (Aphel ochaeta
species N1) accounted for the inflated abundance in one of the samples within the stratum.

Major Taxa Abundance

Total abundance and percent total abundance of five major taxonomic groups (Annelida,
Arthropoda, Echinodermata, Mollusca, and miscellaneous taxa) are shown in Table 22. Results
also are compared among stations in stacked histograms (Appendix F).

The total abundance of annelids ranged from 2,970 animals (station 203, Duwamish) to 30
animals (station 123, Central Basin). Annelid abundance calculated as the percentage of total
abundance ranged from 94% (station 115, Shoreline Elliot Bay) to 6% (station 177, Shoreline
Elliot Bay). In 36% of the 100 stations sampled, fifty percent or more of the total benthic
infaunal animals were annelids. In 67% of the samples, one-third or more of the animalsin the
benthic communities were annelids.

Total abundance of arthropods ranged from 1,349 animals (station 112, South Admiralty Inlet) to
3 (station 160, Sinclair Inlet). Percent total abundance of arthropods ranged from 58% in South
Admiralty Inlet (station 112) to 1% in Elliott Bay (station 115), the Duwamish (station 205), and
East Harbor Island (station 202). Arthropods made up 50% or more of the total benthic infaunal
assemblage in only 5% of the 100 stations sampled (stations 134 and 121, Central Basin; 171,
Dyes Inlet; 190, Mid Elliott Bay; and 112, South Admiralty Inlet), and 33% of the total
abundance in only 20% of the samples.

Total abundance of molluscs ranged from 822 animals at station 177 (Shoreline Elliott Bay) to 4
at station 142 (Liberty Bay). Percent total abundance of molluscs ranged from 75% (station 155,
Rich Passage) to 1% at station 142 (Liberty Bay). Molluscs were numerically dominant (i.e.,
made up 50% or more of the total assemblage) in 13% of the samples, including those from
stations in Port Townsend (110), Port Orchard (157), west of Bainbridge Island (149, 152),
Shoreline (177) and Mid Elliott Bay (186-188, 193-194, 196), and Rich Passage (154-155).
Thirty-eight percent of the samples had a 33% or greater portion of their infaunal assemblage
composed of molluscs.

Total abundance of echinoderms ranged from 421 at station 108 (South Port Townsend) to O at
20 stations, sampled primarily in the central basin (strata 6, 8, and 11) and Elliott Bay (strata 23,
25, and 28-32). These stations also represented the highest and lowest percent total echinoderm
abundance, ranging from 60% (South Port Townsend, station 108) to 0% at the suite of 20
stations in the central basin and Elliott Bay. There were no echinoderms in 20% of the samples,
and five or fewer individualsin 60% of the samples. Echinoderms made up greater than 50% of
the total benthic infaunal assemblage in only 2 of the 100 stations sampled, stations 146
(Keyport) and 108 (South Port Townsend), and 33% of the total abundance in only 5 of the
stations (stations 146, 108, and stations 148, 150, and 151 (northwest of Bainbridge Island).
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Total abundance of miscellaneous taxa (i.e., Cnidaria, Platyhelminthes, Nemertina, Sipuncula,
Phoronidae, Enteropneusta, and Ascidiacea) ranged from 59 organisms at station 112 (South
Admiralty Inlet)) to none at five stations (station 120, Possession Sound; station 143, Liberty
Bay; station 146, Keyport; and stations 115 and 196, Elliott Bay. Percent total abundance of
miscellaneous taxa ranged from 6% to 0%.

Taxa Richness

Taxarichness (total number of recognizable speciesin each sample, Table 23) ranged from 176
taxain South Admiralty Inlet (station 112) to 21 taxain Sinclair Inlet (station 160). Stations with
highest taxa richness (>100 taxa) included stations at Port Townsend (stations 109 and 111),
Rich Passage (station 156), Port Orchard (station 158), and Elliott Bay (stations 174, 175, 183,
and 189). Stations with lowest taxa richness (<30 taxa) included Liberty Bay (stations 142-144),
Keyport (station 146), and Sinclair Inlet (station 160).

Evenness

Pielou’ sindex of evenness (Table 23) ranged from 0.910 (high homogeneity or good evenness)
in Possession Sound (station 118) to 0.255 (low homogeneity or poor evenness) in Elliott Bay
(station 115). Relatively high evenness values (J >0.800) were calculated from samples
collected in Port Townsend (stations 106, 107, and 109); South Admiralty Inlet (station 117);
Possession Sound (station 118), the central basin (stations 122, 135-138), and East Passage
(stations 140-141); the waterways west of Bainbridge Island (stations 145, 153, 156, 159); and
outer and shoreline Elliott Bay (stations 172, 174, 175, 181). Low evenness values (J <0.400)
occurred in samples from inner Elliott Bay (station115); the Duwamish (114, 201, and 204), and
Sinclair and Dyes Inlets (161 and 168).

Swartz’'s Dominance Index (SDI)

Swartz’'s Dominance Index (SDI) values (Table 23) ranged from 48 taxa making up 75% of the
total abundance in outer Elliott Bay (station 175) to 1 dominant taxon at inner Elliott Bay
(stations 115) and Dyes Inlet (station 168). Approximately one-half of the stations sampled
(52%) had a SDI value of 10 or less. Some of these stations were distributed throughout the
sampling area, but most were concentrated in Liberty Bay, Sinclair Inlet, Dyes Inlet, inner Elliott
Bay, and the Duwamish. Nineteen percent of the samples had SDI values of 20 or greater, and
were collected in Port Townsend Bay (stations 106, 107, 109, 111); the central basin and East
Passage (stations 135, 141); Rich Passage and Port Orchard (station 154, 156, 158, 159); Dyes
Inlet (station 166), and portions of outer and inner Elliott Bay (stations 174-176, 178, 181-184).
SDI values generally followed the same pattern as Pielou’ s Evenness values, with low evenness
values co-occurring with low SDI values.

Summary

Generally, the samples collected in central Puget Sound exhibited moderately high total
abundance accompanied by relatively high taxa richness, evenness, and SDI. However, stations
with the highest total abundance often had low taxa richness, evenness, and SDI values. In most
cases, this was due to high numbers of the cirratulid polychaete, Aphelochaeta species N1. These
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samples were collected primarily in Sinclair and Dyes Inlets, inner Elliott Bay, and the
Duwamish.

Relationships between Benthic Infaunal Indices and Sediment
Characteristics, Toxicity, and Chemical Concentrations

The statistical relationships between indices of benthic community structure and selected
sediment characteristics were calculated using Spearman rank correlations. These correlations
were used to determine if any of the measures of benthic community structure co-varied with any
of the sediment characteristics quantified in this study. Measures of naturally occurring sediment
variables such as grain size and total organic carbon (Table 24), toxicity (Table 25), and
concentrations of chemical contaminants (Table 26-32) were included in the correlations with
benthic infauna indices.

Benthic Infauna Indices vs. Grain Size and Total Organic Carbon

Typically, concentrations of trace metals tend to increase with increased percent fines, and high
concentrations of organic compounds are related to higher total organic carbon (TOC)
concentrations. Since higher concentrations of toxic compounds such as trace metals and organic
compounds are generally expected to be related to decreased benthic community abundance and
variability, higher concentrations of fines and organic carbon are also expected to be related to
decreased abundance and diversity. Most of the indices of benthic infauna abundance and
diversity followed the expected pattern, with statistically significant decreases correlated with
increasing percent fine-grained particles and TOC content (Table 24). Taxarichness, Swartz's
Dominance Index, mollusc abundance, and miscellaneous taxa abundance displayed the highest
significant negative correlations with both percent fines and TOC (rho=-0.358 to -0.374, p<0.001
and rho=-0.41 to -0.66, p<0.0001). Inverse correlations were also apparent between total
abundance vs. percent fines, evenness vs. TOC, and arthropod abundance vs. both percent fines
and TOC, but at alower level of significance (rho=-0.219, p<0.05 and —0.26 to —0.316, p<0.01).
Rel ationships between total abundance vs. TOC, Pielou’s evenness vs. percent fines, and annelid
and echinoderm abundance vs. both percent fines and TOC were not significant.

Benthic Infauna Indices vs. Toxicity

Examination of Table 25 indicated the following relationships between benthic infaunaindices
and toxicity. None of the indices of benthic structure were significantly correlated with percent
amphipod survival. Percent urchin fertilization showed a highly significant negative correlation
with annelid abundance (rho=-0.391, p<0.0001) and to alesser extent with total abundance
(rho=-0.29, p<0.01). That is, as percent fertilization decreased in laboratory tests (i.e., increasing
toxicity), the abundance of annelids and all organisms in the benthic samplesincreased. These
negative correlations were counter to what would be expected, and may be related to very high
numbers of toxicant-tolerant species of annelids, such as Aphelochaeta, in some of the samples.

Results of the microbial bioluminescence tests were positively correlated with taxa richness
(rho=0.306, p<0.01), Swartz's Dominance Index (rho=0.257, p<0.01), and the abundance of
molluscs (rho=0.286, p<0.01), but negatively correlated with the abundance of echinoderms
(rho=-0.285, p<0.01). These correlations indicated that as Microtox™ EC50 values decreased
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(i.e., increasing toxicity), there were decreases in taxa richness, the numbers of species that were
dominant, and the abundance of molluscs. Echinoderm abundance, however, decreased as
toxicity decreased.

Benthic indices would be expected to decrease as cytochrome P450 HRGS induction increased
(i.e., toxicity increased). Significant negative correlations were apparent for Pielou’s Evenness
Index (rho=-0.38, p<0.0001), Swartz’s Dominance Index (rho=-0.351, p<0.001), and the
abundance of arthropods (rho=-0.241, p<0.05) and miscellaneous taxa (rho=-0.319, p<0.01).
However, as with the urchin fertilization results and counter to what would be expected, the
abundance of annelids (rho=0.427, p<0.0001) and all organisms (rho=0.263, p<0.01) in the
benthic samples increased significantly with increasing toxic responses. Again, these results may
be related to very high numbers of toxicant-tolerant species of annelids, such as Aphelochaeta, in
some of the samples.

Benthic Infauna Indices vs. Classes of Chemical Compounds

Spearman-rank correlations were calculated for benthic indices vs. concentrations of chemical
groups normalized to their respective sediment guidelines (Table 26) to determine if they
corresponded with each other. The dataindicated that there was considerable correspondence
between benthic measures and several groups of chemicals in the sediments. The chemical
classes that were correlated with the benthic indices differed among the benthic endpoints and
some correlations were positive while others were negative.

Total abundance, taxa richness, annelid abundance, and mollusca abundance all were positively
correlated (to varying degrees) with mean SQS and CSL quotients for LPAH, HPAH, and total
PAHs. Annelid abundance was also positively correlated with mean ERM quotients for
chlorinated organic hydrocarbons, PAHs, and 25 compounds. Taxarichness, Pielou’s evenness,
Swartz’' s Dominance, and miscellaneous taxa abundance were significantly negatively correlated
with mean ERM, SQS, and CSL quotients for metals. Pielou’s evenness and Swartz's
Dominance were also significantly negatively correlated with mean ERM quotients for
chlorinated organic hydrocarbons, PAHs, and 25 compounds.

Benthic Infauna Indices vs. Individual Chemical Compounds

Measures of taxa richness were highly negatively correlated (p<0.0001) with many individual
trace metals quantified with partial digestions (Table 27), decreasing with increasing
concentrations of many metals, including those that are essential elements (e.g., calcium, iron,
and sodium) and those that are potential toxins (e.g., cadmium, silver, and zinc). The correlation
between taxa richness and sel enium was the highest one observed (rho = -0.721, p<0.0001). All
other indices showed primarily weaker and non-significant negative correlations with the
concentrations of various partial digestion metals.

The correlations between benthic measures and concentrations of trace metals determined with
total digestions often were weaker than those observed with partia digestions (Table 28). Taxa
richness and Swartz's Dominance Index displayed the largest number of significant negative
correlations with many of the same elements determined with partial digestions, including
arsenic, cadmium, chromium, copper, lead, nickel, vanadium, and zinc. The majority of
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correlation results for the other indices showed weaker and non-significant negative correlations
with the concentrations of various total digestion metals, including both essential and potentially
toxic metals.

Table 29 summarizes the results of correlations between benthic indices and concentrations of
individual and sums of LPAH compounds. While the mgjority of correlation results were
nonsignificant, afew positive and negative significant correlation results were seen for the
different indices. Annelid abundance displayed the greatest number of positive correlations
when compared with these LPAH values.

Table 30 summarizes the results of correlations between benthic indices and concentrations of
individual HPAH compounds. As with LPAH compounds, the mgjority of the correlation results
were nonsignificant, although Peilou’ s evenness values were significantly negatively correlated,
while annelid abundance values were strongly positively correlated with HPAH concentrations.

Correlations between benthic indices and concentrations of DDT isomers, PCB congeners and
aroclors, organotins, phenols, and miscellaneous compounds showed few significant results
(Tables 31 and 32). Pielou’s evenness and Swartz’ s dominance displayed the majority of
significant negative correlations with various PCBs, while taxa richness was strongly correl ated
with phenol (rho=-0.728, p<0.0001), and miscellaneous taxa abundance was strongly correlated
with 4-methylphenol (rho=-0.503, p<0.0001).

Summary

The majority of benthic infaunal indices displayed a statistically significant inverse relationship
with the percent of fine-grained particles and TOC content of the sediments, while afew (annelid
and echinoderm abundance) showed non-significant relationships with these two sediment
characteristics. Relationships between benthic indices and toxicity test results varied from one
test to another. Benthic indices were not significantly correlated with percent amphipod survival.
Abundance of annelids was strongly correlated with urchin fertilization success and the response
of the cytochrome P450 HRGS bioassay, possibly in response to the presence of high numbers of
toxicant-tolerant species of annelids, such as Aphelochaeta. Pielou’s evenness was also strongly
correlated with the cytochrome P450 HRGS bioassay. Correlations between benthic measures
and groups of chemicalsin the sediments indicated that differing suites of indices were correlated
(to varying degrees) with mean ERM, SQS, and CSL quotients for metals, chlorinated organic
hydrocarbons, and PAHs. Annelid abundance was strongly positively correlated with all but the
metals quotients, while taxa richness and Swartz’'s Dominance were strongly negatively
correlated with metals values. Correlations of benthic indices with individual chemical
compound values again indicated that taxa richness was strongly correlated with metals values,
while annelid abundance was again strongly correlated with HPAH values. No single chemical
or chemical class was uniquely correlated with the measures of benthic structure. Rather, many
different chemicals and chemical classes, obviously co-varying with each other, indicated strong
associations with many of the benthic measures of abundance and diversity. This observation
was similar to that for the data from the toxicity tests, that is, indicative of the presence of
complex mixtures correlated with toxicity.
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Triad Synthesis: A Comparison of Chemistry, Toxicity, and Infaunal
Parameters

To generate a more comprehensive picture of the quality of the sediments throughout the study
area, a weight-of-evidence approach was used to simultaneously examine al three sediment
“triad” parameters measured. Data from the toxicity testing, chemical analyses, and benthic
community analyses from all stations were combined into one table (Appendix H) for review.

From this data compilation, thirty-six stations were identified in which at least one chemical
concentration exceeded an ERM, SQS, or CSL value and at least one of the toxicity tests
indicated statistically significant results relative to controls (Table 33). These stations were
located in Port Townsend (1), the central basin (3), the Bainbridge Basin (2), Dyes Inlet (2),
Sinclair Inlet (6), and Elliott Bay and the Duwamish River (22). Together, these stations
represented an area of 99.73 km? or about 14% of the total survey area

Twenty-five stations showed no indications of significant sediment toxicity or chemical
contamination (Table 34). These stations were located in Port Townsend (1), Admiralty Inlet (3),
Possession Sound (2), the central basin (3), Port Madison (3), Liberty Bay (3), the Bainbridge
Basin (4), Rich Passage (3), Dyes Inlet (1), and outer Elliott Bay (2). These 25 stations
represented an area of 359.31 km?, equivalent to 49% of the total survey area. Both sets of
stations are highlighted in Figures 38-42.

The remaining thirty-nine stations displayed either signs of significant chemical contamination
but no toxicity, or significant toxicity, but no chemical contamination. These stations were
located in Port Townsend (4), Possession Sound (1), the central basin (10), Eagle Harbor (3),
Liberty Bay (3), the Bainbridge Basin (6), and Elliott Bay and the Duwamish River (12).
Together, these stations represented an area of 272.62 km?, equivalent to 37% of the total central
Puget Sound study area.

The complete suite of triad parameters for al stations was examined to determine whether the
infaunal assemblages, as characterized by benthic indices, appeared to be impacted by the
presence or absence of toxic compounds. Details regarding the “triad” relationship for all 100
stations are summarized below.

Examination of the six stations from the two stratain Port Townsend indicated that one station,
106, had both significant toxicity results and elevated chemical contamination, and one station,
110, had no significant results. Sediments from stations 106-108 (stratum 1) and stations 109-
111 (stratum 2), situated in southern and northern Port Townsend respectively (Figure 38), were
collected from depths ranging from 13-34m, with sediment types ranging from primarily sand to
primarily silt-clay particles. All (with the exception of station 110) had levels of 4-methylphenol
above state SQS and CSL criteria. No toxicity was displayed at these stations, with the exception
of significantly reduced amphipod survival at station 106. Measures of infaunal diversity at these
6 stations were, in most cases, high and similar between stations, with little similarity in the
dominant species list from station to station. Station 106, which displayed both impacted
toxicity and chemical measures, aso displayed the lowest total abundance (302 individuals), but
exhibited arelatively high SDI (20). Several of the 10 numerically dominant species were those
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known to be pollution tolerant, including Paraprionospio pinnnata, Scoletoma luti, and
Prionospio steenstrupi, but the overall numbers of these organisms were low. Examination of
the triad of datafor station 106 does not strongly suggest pollution impact at this station.

In the six large strata (strata 4-6, 8,11,12) located in southern Admiralty Inlet through the central
basin to the southern-most end of the study area, three of the 19 stations displayed both
significant toxicity results and elevated chemical contamination (stations 123, 113, 140), while 7
stations had no significant results (stations 112, 116, 117, 119-121, 141) (Tables 33-34, Figures
38-40). Samples collected from stations 112, 116, and 117 (stratum 4) in south Admiralty Inlet
(Figure 38), displayed no significant toxicity results or elevated chemical concentrations. The
infaunal communities from these samples varied in composition, with the community sampled
from station 112 (Oak Bay) differing from the communities sampled from stations 116 and 117
(Useless Bay), which were very similar to one another. Community differences are probably
associated with differing natural conditions including station depths (station 112-25m; station
116, 117-64 and 45m, respectively), grain size (station 112-28 % fines; station 116,117- 5% and
4% fines, respectively), and station proximity to one another. Most of the infaunal indices are
similar for stations 116 and 117, and they share six of their 10 dominant species, while the
indices are quite different at station 112, and no dominant species are shared with stations 116
and 117.

Similar to stratum 4, two of the samples (stations 119 and 120) collected from stratum 5,
Possession Sound (Figure 38), which were in close proximity to one another, displayed no
significant toxicity results or elevated chemical concentrations, and had similar infaunal index
values. The sediments at both stations were sandy (6% and 5% fines, respectively), had similar
highly diverse benthic indices, and shared 6 of 10 dominant species. The infaunal community
from station 118 in stratum 5, geographically distant from stations 119 and 120, displayed a
differing range of infaunal indices and shared no dominant species with the other two stations.
Sediments from this station did have levels of 4-methylphenol exceeding both state criteria, but
the difference in infaunal assemblage structure could be attributed to the differing sediment type
at station 118 (92% fines), rather than chemical contamination. All three stations were at similar
depth ranges (190-211m).

In general, examination of the infaunal community structure in sediments collected from Port
Townsend through Admiralty Inlet and Possession Sound revealed no clear patternsrelated to
chemistry and or toxicity data. Instead, similarities of infaunal indices and species composition
between stations appeared to be related to similarity in station depth, grain size, and geographic
proximity of stations.

The next four strata results presented (6, 8, 11, and 12), include 13 stations that were located in
Puget Sound’s central basin (Figures 39 and 40). While the majority of these stations were
located in deep water (190-250m) and were composed of primarily silt-clay sediment particles
(81-98% fines), afew were shallower and/or had more mixed sediments. Three stations (123,
113, and 140) in these central basin strata had sediments with some degree of both chemical
contamination and toxicity.
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Stratum 6, in Puget Sound’ s central basin (Figure 39), included stations 121-123, with levels of
4-methylphenol exceeding both state criteria at stations 122 and 123, and significant reduction in
amphipod survival at station 123. Comparison of infaunal assemblages between stations
indicated similarities in species composition at stations 122 and 123, collected from 200-220 m
depth. Sediments from both of these deep stations were composed of 86% fines. Assemblages
from these two stations shared 6 of 10 dominant species and had relatively similar infaunal
indices. Theinfaunal indices generated for station 121, located in 10 m of water, with sediments
composed of 5% fines, differed from the other two stations. Station 121 had a higher total
abundance of 1272 (verses 240 and 314 for stations 122 and 123, respectively), higher abundance
of arthropods (677) and molluscs (475) (verses 53/92 and 127/147 for stations 122 and 123,
respectively), and no dominant species shared with stations 122 and 123 in this stratum. There
was no clear association between triad parameters at station 123, rather, it appeared that the
infaunal assemblage at this station was structured by depth and grain size.

Four samples were collected in stratum 8, near West Point (Figure 39), in depths ranging from
168m to 239m. Sediment from these stations ranged from a mixed grain-size composition (42%
and 72% silt-clay — stations 129 and 128, respectively) to silt-clay (85% and 90% silt-clay —
stations 113 and 127, respectively). Infaunal composition was more similar between stations
127-129 than in station 113, which had the lowest total, annelid, arthropod, and mollusc
abundance. Station 113 did have levels of 4-methylphenol exceeding both state criteria, and
displayed significant cytochrome P450 HRGS toxicity response.

The three stations (136-138) collected from 213-250m in Puget Sound’ s central basin (stratum
11) (Figure 40) were homogeneous in sediment composition (81-94% fines), toxicity (all
displayed significant cytochrome P450 HRGS toxicity response), chemistry (no chemical
concentrations in the sediments exceeded state or national guidelines), and infaunal indices,
displaying moderate total abundance and taxa richness values and sharing 6 out of 10 dominant
species. There was no clear association among triad parameters at these stations.

Thefinal three stations (139, 140, and 141) collected from Puget Sound’ s central basin (stratum
12) (Figure 40) were quite dissimilar from one another, being collected at differing depths
(235m, 190m, and 97m, respectively) and possessing differing grain sizes (54%, 98%, and 12%
fines, respectively). Station 139 and 140 displayed significant cytochrome P450 HRGS toxicity
response and shared 7 of their 10 dominant species, although infaunal indices between the two
stations differed. Station 140 also displayed chemica contamination (4-methylphenol
concentration measured above both state and national guidelines). Station 141, located the
farthest south of the three stations, displayed very different infaunal indices and species
composition, and had no significant toxicity results or elevated chemical concentrations. No
clear relationships could be seen among the three triad parameters at station 140.

As with the more northern stations in this study area, examination of the benthic infaunal
community structure in sediments collected from Puget Sound’s central basin stations revealed
no clear patterns related to chemistry or toxicity data. Instead, similarities of infaunal indices and
species composition among stations appeared to be correlated with similarity in station depth,
grain size, and distance between stations.
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Examination of the next three strata (7, 9, and 10) including three smaller, shallow embayments
adjacent to the central basin (Figures 39 and 40), revealed no stationsin which all three triad
parameters appeared to be impacted. None of the three stations (124-126) located in Port
Madison (stratum 7) (Figure 39) displayed any toxicity or chemical contamination. These
stations were located at 28-45m depth, and were comprised of silty-sand (14-26% fines).
Infaunal communities were both abundant (637-852 individuals) and taxarich (73-93 total taxa),
and shared 9 of their 10 dominant species.

Sediments from stations 130-132, located in stratum 9, Eagle Harbor (Figure 40), were collected
from 11-14m depths, and ranged in composition from silty sand (station 132, 20% fines) to
mixed sediments (stations 130 and 131, 44% and 80% fines, respectively). All three stations
displayed significant toxicity with the cytochrome P450 HRGS assay, but no chemicals exceeded
state or national guidelines. Sediment from these stations however, did exhibit strong petroleum
(from all 3 stations) and sulfur (from stations 131-132, only) odors, and were olive gray in color,
indicating possible chemical contamination and/or anoxic conditions. Infaunal indices showed
few consistencies among the three stations, although the benthic infaunal assemblages did share
3 of their 10 dominant species, including the pollution-tolerant polychaete, Aphelochaeta sp. N1.
Although it is possible that the infaunal communities were responding to some type of
unmeasured chemical contaminant or adverse natural condition (e.g., low dissolved oxygen) in
the sediments, and/or were associated with the significant toxicity displayed, the triad of
evidence pointing to pollution-impacted stations was not complete at these three stations.

The three shallow stations (stations 133-135; 27 — 47 m depth) in stratum 10, to the south and
west of Blake Isand (Figure 40), were composed of predominantly silt and clay particles (81-
94% fines). None of the three stations had chemical concentrations in the sediments exceeding
state or national guidelines, although station 134 displayed significantly reduced amphipod
survival, and station 135 displayed significant cytochrome P450 HRGS toxicity response. No
clear pattern of correspondence could be seen between these parameters and the infaunal
assemblage composition, with all three stations possessing relatively abundant and taxarich
assemblages, and sharing 4 of their dominant species.

Examination of the thirty stations from the 10 stratawest of Bainbridge Island, including Liberty
Bay, and Dyes and Sinclair Inlets, indicated that ten stations (stations 148, 151, 160-165, 170,
171) had both significant toxicity results and elevated chemical contamination. Eight of these ten
stations were located in Dyes and Sinclair Inlets. Eleven of these thirty stations (stations 142,
145, 147, 149, 150, 152, 154-156, 166, 169) had no significant results; none were located in
Sinclair Inlet, and only onein Dyes Inlet (Figures 39, 41).

Examination of stationsin strata 15 and 16 (west of Bainbridge Island) (Figures 39 and 41)
indicated high levels of 4-methylphenol and benzyl alcohol at stations 148 and 151, respectively.
Both stations also displayed significant toxicity with the cytochrome P450 HRGS assay. Depths
of the 6 stations in these two strata were shallow, ranging from 6 to 35m. Sediment types for
these stations included silt-clay at stations 148, 151, and 153 (90%, 95%, and 87% fines,
respectively), mixed at station 150 (51% fines), silty sand at station 152 (22 % fines), and sand at
station 149 (6% fines). Infaunal indices and dominant species composition (i.e., 5 shared
dominant species) were similar among the three stations with silt-clay sediments, suggesting that
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grain size, rather than the toxicity and chemical composition of the sediments, had alarge
influence on community structure at these stations. In addition, station 148 (90% fines,
significant chemistry and toxicity) displayed infaunal indices and species composition (i.e.,
sharing 8 of 10 dominant species) similar to station 150 (51% fines), which had no significant
toxicity results or elevated chemical concentrations. Stations 149 (6% fines) and 152 (22 % fines)
displayed no significant toxicity results or elevated chemical concentrations, and little similarity
to any of these 6 stations in their community composition and infaunal indices, probably due to
their sediment grain size composition.

The sediments from all six stations (160-165) in strata 19 and 20 (Sinclair Inlet) were composed
primarily of silt-clay (87-96% fines), and were collected from 8.6 to 13.5m depths. These
sediments also had a strong sulfur smell, and were gray to black in color, possibly indicating
anoxic conditions. All stations exhibited mercury concentrations exceeding state and, with the
exception of station 161, national standards, accompanied by significant toxicity with the
cytochrome P450 HRGS assay at all stations, and significantly reduced urchin fertilization at
stations 160 and 165. All of the stations had relatively high benthic infaunal abundance (except
for station 160, which also had the highest toxicity level based on percent urchin fertilization)
and relatively high taxarichness, but low Swartz’'s Dominance Index (2-7 taxa). The benthic
communities at stations 160, 161, 163, and 164 were dominated by Aphelochaeta speciesN1. At
station 160, however, total abundance and abundance of all taxa groups was significantly
reduced. Stations 162 and 165 were dominated by Eudorella pacifica and Amphiodia species.
These 3 taxa, along with the decapod crustacean Pinnixa schmitti, were present in 5 of the 6
stationsin Sinclair Inlet. It is possible that the composition of the infaunal communities at these
6 stations, dominated by these 4 taxa, was aresult of adverse chemical and toxicological impact
from the sediments at these stations, indicating triad support for classification of these stations as
impacted by pollution. It is also possible, however, that the infaunal composition at these stations
was the result of other environmental factors that have not been measured, such as naturally
occurring anoxic conditions in the sediments. In comparison, station 131, in Eagle Harbor,
possessed many characteristics similar to the stationsin Sinclair Inlet, including olive gray
sediments with a strong sulfur odor, shallow depth (11m), high percent fines (80%), significant
toxicity with the cytochrome P450 HRGS assay, and relatively high benthic infaunal abundance
and taxarichness but low Swartz’'s Dominance Index (8 taxa). The dominant species list
included both Aphelochaeta sp. N1 and Eudorella pacifica. No chemistry concentrations
exceeded state or national standards, however, unlike the stationsin Sinclair Inlet, which might
indicate that the possible anoxic conditions at these stations were a naturally occurring factor
influencing community structure.

Stratum 21, located in the Port Washington Narrows (Figure 41), contained three stations (166-
168) in 18m, 8.2m, and 26m of water, respectively. Sediments at stations 166 and 167 consisted
primarily of sand (7% and 8% fines, respectively), while station 168 consisted of silty sand (35%
fines) and had a strong sulfur smell. Station 166 displayed no significant toxicity results or
elevated chemical concentrations, while station 167 had highly significant amphipod mortality
and urchin fertilization was significantly reduced. Station 168 displayed both significant urchin
and cytochrome P450 HRGS toxicity results. Stations 166 and 167 shared similar infaunal
indices, possibly due to their similar sediment grain size composition. All three stations shared
two dominant taxa, the mollusc Alvania compacta and the polychaete Aphelochaeta sp. N1. In
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station 168, as with two of the stationsin Sinclair Inlet, Aphelochaeta sp. N1 was found in high
numbers (1023) in a shallow station with a strong sulfur odor, although this station had lower
percent fines (35%) than thosein Sinclair Inlet (93% and 87%). Aphelochaeta sp. N1 was aso
found in sandy stations 166 and 167, but in much lower densities (29 and 100 individuals,
respectively). Conversely, Alvania compacta was found in higher densities at the two sandy
stations (79 and 193, respectively), and in lower numbers (35 individuals) at the silty sand
station. Although there are similarities in the significant toxicity measures and infaunal indices
and species composition among station 168 and stations 161 and 164 in Sinclair Inlet, the lack of
significant chemistry results does not provide a clear association among triad parameters at these
stations. However, as was speculated for the datafrom Sinclair Inlet, it is possible that other
environmental measures such as dissolved oxygen concentrations in the sediment pore water and
overlying waters may play arole in influencing infaunal community composition at this station.

The three stations in stratum 22, Dyes Inlet (169-171) (Figure 41), consisted of one station (169)
with no significant toxicity results or elevated chemical concentrations, and two stations with
both significant levels of chemica contamination and toxicity results. The sample from station
169, collected from 7m, was primarily sandy (8% fines), had no significant toxicity results or
elevated chemical concentrations, and displayed extremely high total abundance and species
richness. The high total abundance (1123 individuals) was due primarily to alarge abundance of
the polychaetes Phyllochaetopterus prolifica (455 individuals), Circeis sp. (240 individuals), and
asmall number of Aphelochaeta sp. N1 (137 individuals).

Stations 170 and 171, located in approximately 13.5m depths, both were composed of a high
percent silt clay (93 and 88% fines, respectively), and both had dark olive gray or brown
sediments with a strong sulfur smell. Both stations had significant levels of chemical compounds
(benzyl acohol and either nickel or mercury), and displayed significant cytochrome P450 HRGS
toxicity results. These two stations shared 8 of 10 dominant species, including the same four
species that dominated the stations in Sinclair Inlet, the crustaceans Pinnixa schmitti and
Eudorella pacifica, the brittle star Amphiodia urtica/periercta complex, and the polychaete
Aphelochaeta sp. N1. Similar to station 165 in Sinclair Inlet, the crustacea and brittle stars
dominated the two contaminated and toxic stations in Dyes Inlet, with a much-reduced number of
Aphelochaeta sp. N1 present. Aswith station 165, it is possible that the composition of the
infaunal communities at these two stations, dominated by these four taxa, isaresult of the
relatively high contamination and toxicity in the sediments at these stations, indicating triad
support for classification of these stations as affected by pollution. It is also possible, however,
that the infaunal composition at these stations may be the result of other environmental factors
existing at these stations that have not been measured, such as naturally occurring anoxic
conditions in the sediments. Alternatively, benthic community effects may also be due to an
unmeasured chemical, or acombination of chemicals that were measured at lower levels.

Examination of the thirty-six stations from the 10 stratain Elliott Bay and the Duwamish
indicated that 22 stations, located primarily along the bay’ s northeastern shoreline, in both the
east and west waterways around Harbor Island, and in the Duwamish Waterway, had both
significant toxicity results and elevated chemical contamination. Only two of these thirty-six
stations (stations 175 and 178, both in outer Elliott Bay) had no significant toxicity results and no
elevated chemical contamination (Figure 42).
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Eight samples collected along the shoreline of Elliott Bay (115, 176, 179-184) had highly
contaminated and relatively toxic sediments. Sediment guidelines for mercury, several PAHS,
butyl benzyl phthal ate and 4-methylphenol were exceeded in one or more of these stations. The
most extreme case was the sediment from station 184, which exceeded seven ERM and seven
SQSvaues. At adl eight stations, significant toxicity was observed in at |east two of the tests.
Cytochrome P450 HRGS enzyme induction was very high (>107ug/g) at stations 115 and 182-
184, and the urchin fertilization tests were significant at all stations except 181. Despite the
presence of relatively high chemical concentrations and the occurrence of toxicity in the
laboratory tests, the benthic indices suggested an abundant and diverse benthic community at
seven of these eight stations (i.e., all except station 115). Total abundance at these seven stations
ranged from 457 to 876; taxa richness ranged from 69 to 113. Evenness values were between
0.731 to 0.833, while the Swartz's Dominance Index (SDI) values ranged from 12 to 27. Many
of the dominant species, however, were organisms known for their tolerance to pollution,
including Parvilucina tenuiscul pta, Euphilomedes producta, Scoletoma luti, Axinopsida
serricata, Prionospio steenstrupi, and Aphelochaeta species N1. Theinfaunal community at
station 115 had both significant chemistry and toxicity results, and an infaunal community
composition which suggested triad support for classification of this station asimpacted by
pollution. Total abundance at this station was higher than at the other shoreline stations (1161
individuals), but taxa richness was depressed (43 taxa), and evenness and SDI values were
extremely low (0.255, 1 taxon). Theinfaunal community was dominated by the pollution-
tolerant polychaete Aphelochaeta sp. N1, had no echinoderms or miscellaneous taxa, and very
few arthropods.

Relatively high chemical concentrations occurred in five of the twelve stations in the middle of
Elliott Bay (185, 186, 188, 194, and 196). Up to five sediment guidelines were exceeded at each
of these stations, and mean ERM quotients ranged from 0.4 to 1.5. Among these five stations,
the sediments at station 188 were most contaminated, primarily with several PAHs. The mean
ERM quotient in this sample was 1.5. Cytochrome P450 HRGS enzyme induction was
significantly high (20 to 153 pg/g) in all five samples, but none of the other toxicity tests had
significant results. Total abundance, taxarichness, evenness, and SDI values for two of these
stations (stations 185 and 186) were relatively high, indicating moderately abundant and diverse
communities, with 3 species shared between the stations' top 10 dominant species, including
Axinopsida serricata, Euphilomedes producta, and Levinsenia gracilis. These two stations
displayed infaunal community structure that appeared to be only modestly influenced by the
chemical and/or toxicological contamination of the sediments. The other 3 stations in mid-Elliott
Bay, however, displayed infaunal indices that are more strongly suggestive of possible triad
correspondence with the chemistry and toxicity results. Theinfaunal indices at stations 188, 194,
and 196 displayed high total abundance and taxa richness values (456-825, and 42-67,
respectively), but lowered evenness and SDI values (0.451-0.539, and 2-5), and supported
communities with 4 shared dominant species, including Axinopside serricata, Levinsenia
gracilis, Aricidea lopez, and Scoletoma luti. There also were few arthropods and echinoderms
(i.e., the typically more pollution-sensitive taxa) in these samples.

All seven stations sampled in the vicinity of Harbor Island (114, 197-202) had elevated
concentrations of trace metals and/or a number of organic compounds and other toxicants.
Toxicity was significant in the amphipod survival at station 202 (90.11% of controls), in the
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urchin fertilization test for stations 197 and 199-201(62-73% of controls), and in the cytochrome
P450 HRGS assays for all seven stations (96.6 — 153.5 pug/g). The cluster of three stations at the
mouth of the western fork of the Duwamish River (stations 197-199) were similar in their
infaunal community composition, with high abundance and taxa richness values (806-1391, and
71-90, respectively), and moderately high evenness and SDI values (0.633-0.679, and 9-12,
respectively. Infaunal assemblages at these stations shared only two species from the dominant
species, including Euphilomedes carcharodonta and Parvilucina tenuisculpta. The more diverse
and abundant infaunal assemblages at these three stations do not strongly support the triad of
sediment parameters suggesting pollution-induced degradation at these stations. The benthic
communities at station 114 and at the three East Harbor Island stations (200-203), however, all
provide better support for the triad weight-of-evidence suggestion of pollution-induced
degradation at these stations. Benthic assemblages at these four stations supported high
abundance and richness values (980-1572, and 42-57 taxa, respectively), but low evenness and
SDI values (0.386-0.598, and 2-5, respectively). Numbers of pollution-sensitive taxa, including
arthropods and echinoderms were low (21-37 arthropod taxa) or absent (0 echinoderms) in these
samples. Infauna abundance was high in al four samples due primarily to very high numbers of
pollution-tolerant species including Aphelochaeta species N1, Heteromastus filobranchus,
Scoletoma luti, and Axinopsida serricata.

In the Duwamish, two of the three stations (204 and 205) had significant levels of chemical
contamination and toxicity. These stations had high concentrations of up to 7 toxicants,
including PCBs, HPAHSs, 4-methylphenol, pentachlorophenol, and butyl benzyl phthal ate.
Cytochrome RGS values were significantly elevated (47 — 77) at these two stations. Aswith the
4 stations around Harbor Island, these two stations had abundant benthic infauna (1155-1561)
and high taxa richness values (52-65), but lowered evenness (0.373-0.454) and SDI (2-3) values.
The infaunal communities at these stations were composed of high numbers of the pollution-
tolerant species Aphel ochaeta species N1, Scoletoma luti, and Nutricola lordi. Again, thetriad
wel ght-of -evidence appears to support the identification of pollution induced degradation at these
two stations.

In total, it appeared that 18 of the 36 stations in which both chemistry and toxicity measures were
significantly elevated also possessed benthic infauna assemblage structure that may have been
influenced by the chemical and toxicological parameters measured at each station. These 18
stations were located in Sinclair Inlet (6), Dyes Inlet (2), Elliott Bay (4), in the waterways west
(1) and east (3) of Harbor Island, and in the lower Duwamish River (2). These 18 stations
represented an area 8.1 km?, or about 1.1% of the total survey area.

Summary

A review of the compiled set of triad data of toxicity, chemistry, and benthic infaunaindicated
that of the 100 stations sampled, 36 had sediments with significant toxicity and el evated
chemical contamination. These stations were located in Port Townsend (1), the central basin (3),
the Bainbridge Basin (2), Dyes Inlet (2), Sinclair Inlet (6), and Elliott Bay and the Duwamish
River (22). Together, these stations represented an area of 99.73 km? or about 14% of the total
survey area. Of these 36 stations, 18 appeared to have benthic communities that were possibly
affected by chemical contaminantsin the sediments. They included stations 160-165 (Sinclair
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Inlet), 170-171 (Dyes Inlet), 115 (Shoreline Elliott Bay), 188, 194, and 196 (Mid-Elliott Bay),
114 (West Harbor I1sland), 200-202 (East Harbor Island), and 204 and 205 (Duwamish River).
These stations typically had moderate to very high total abundance, including high numbers of
Aphelochaeta species N1 and other pollution-tolerant species, moderate to high taxa richness,
low evenness, and low Swartz's Dominance Index values. Often, pollution-sensitive species
such as arthropods and echinoderms were low in abundance or absent from these stations. These
18 stations represented an area of 8.1 km?, or about 1.1% of the total survey area. Twenty-five
stations were identified with no indications of significant sediment toxicity or chemical
contamination (Table 34). All of the benthic indices at these stations indicated abundant and
diverse populations of most or all taxonomic groups. Arthropods were abundant in al samples;
however, echinoderms were not found in afew of these samples. These stations were located in
Port Townsend (1), Admiralty Inlet (3), Possession Sound (2), the central basin (3), Port Madison
(3), Liberty Bay (3), the Bainbridge Basin (4), Rich Passage (3), Dyes Inlet (1), and outer Elliott
Bay (2). These 25 stations represented an area of 359.3 km?, equivalent to approximately 49% of
the total survey area. The remaining thirty-nine stations displayed either signs of significant
chemical contamination but no toxicity, or significant toxicity, but no chemical contamination. In
the majority of these samples, the benthic populations were abundant and diverse, and
represented the types of biota expected in the habitats that were sampled. These stations were
located in Port Townsend (4), Possession Sound (1), the central basin (10), Eagle Harbor (3),
Liberty Bay (3), the Bainbridge Basin (6), and Elliott Bay and the Duwamish River (12).
Together, these stations represented an area of 272.6 km?, equivalent to approximately 37% of
the total central Puget Sound study area.
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Discussion
Spatial Extent of Toxicity

The survey of sediment toxicity in central Puget Sound was similar in intent and design to those
performed elsewhere by NOAA in many different bays and estuariesin the U. S. using
comparable methods and to the survey conducted in northern Puget Sound (Long et al., 1999a).
Data have been generated for areas along the Atlantic, Gulf of Mexico, and Pacific coasts to
determine the presence, severity, regional patterns and spatial scales of toxicity (Long et al.,
1996). Spatial extent of toxicity in other regions ranged from 0.0% of the area to 100% of the
area, depending upon the toxicity test.

The intent of this survey of central Puget Sound was to provide information on toxicity
throughout all regions of the study area, including a number of urbanized/industrialized areas.
The survey area, therefore, was very large and complex. This survey was not intended to focus
upon any potential discharger or other source of toxicants. The data from the laboratory bioassays
were intended to represent the toxicological condition of the survey area, using a battery of
complimentary tests. The primary objectives were to estimate the severity, spatia patterns, and
gpatial extent of toxicity, chemical contamination, and to characterize the benthic community
structure. A stratified-random design was followed to ensure that unbiased sampling was
conducted and, therefore, the data could be attributed to the strata within which samples were
collected.

Four different toxicity tests were performed on all the sediment samples. All tests showed some
degree of differences in results among the test samples and negative controls. All showed spatial
patterns in toxicity that were unique to each test, but also overlapped to varying degrees with
results of other tests. There were no two tests that showed redundant results.

Amphipod Survival — Solid Phase

These tests of relatively unaltered, bulk sediments were performed with juvenile crustaceans
exposed to the sediments for 10 days. The endpoint was survival. Datafrom severa field
surveys conducted along portions of the Pacific, Atlantic, and Gulf of Mexico coasts have shown
that significantly diminished survival of these animals often is coincident with decreasesin total
abundance of benthos, abundance of crustaceans including amphipods, total species richness, and
other metrics of benthic community structure (Long et al., 1996). Therefore, thistest oftenis
viewed as having relatively high ecological relevance. In addition, it is the most frequently used
test nationwide in assessments of dredging material and hazardous waste sites.

The amphipod tests proved to be the least sensitive of the tests performed in central Puget Sound.
Of the 100 samples tested, survival was significantly different from controlsin 7 samples.
Samplesin which test results were significant were collected at stations widely scattered
throughout the study area. The data showed no consistent spatial pattern or gradient in response
among contiguous stations or strata. There was one sample in which survival was statistically
significant and mean survival was less than 80% of controls; the response level was determined
empirically to be highly significant (Thursby et al., 1997).
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The results in the amphipod tests performed in central and northern Puget Sound differed from
those developed in studies with A. abdita conducted elsewhere in the U.S. The frequency
distributions of the data from both areas are compared to that for data compiled in the
NOAA/EMAP national database (Table 35). Whereas amphipod survival was less than 80% of
controlsin 12.4% of samples from studies performed elsewhere, only one of the samples from
central Puget Sound showed survival that low. None of the northern Puget Sound samples
indicated survival of lessthan 80%. In the national database 47% of samples indicated survival
of 90-99.9%. Similarly, in central Puget Sound 48% of samples had survival within the range of
90-99.9%. In northern Puget Sound, 76% of samples showed comparable survival. In both
Puget Sound areas, the lower “tail” of the distribution (i.e., samplesin which survival was very
low) was absent.

With the results of the amphipod tests weighted to the sizes of the sampling strata within which
samples were collected, the spatial scales of toxicity could be estimated. A critical value of
<80% of control response was used to estimate the spatial extent of toxicity in this test.
However, because only one of the test samples indicated less than 80% survival relative to
controls, the spatial extent of toxicity was estimated as 0.1% of the central Puget Sound survey
area.

To add perspective to these data, the results from central and northern Puget Sound were
compared to those from other estuaries and marine bays surveyed by NOAA inthe U.S. The
methods for collecting and testing the samples for toxicity were comparable to those used in the
Puget Sound surveys (Long et al., 1996). In surveys of 26 U. S. regions, estimates of the spatial
extent of toxicity ranged from 0.0% in many areas to 85% in Newark Bay, NJ (Table 36). The
central and northern Puget Sound areas were among the many regions in which the spatial extent
of toxicity in the amphipod tests was estimated to be 0% to 0.1%. With the data compiled from
studies conducted through 1997, the samples that were classified as toxic represented about 5.9%
of the combined area surveyed. The datafor both regions of Puget Sound fell well below the
national average. These data suggest that acute toxicity as measured in the amphipod survival
tests was neither severe nor widespread in in sediments from the northern and central Puget
Sound study areas.

Sea Urchin Fertilization - Pore Water

Several features of the sea urchin fertilization test combined to make it arelatively sensitive test
(Long et al., 1996). Inthesetests, early life stages of the animals were used. Early life stages of
invertebrates often are more sensitive to toxicants than adult forms, mainly because fewer
defense mechanisms are devel oped in the gametes than in the adults. The test endpoint -
fertilization success - is a sublethal response expected to be more sensitive than an acute
mortality response. The gametes were exposed to the pore waters extracted from the samples;
the phase of the sediments in which toxicants were expected to be highly bioavailable. Thistest
was adapted from protocols for bioassays originally performed to test wastewater effluents and
has had wide application throughout North Americain tests of both effluents and sediment pore
waters. The combined effects of these features was to develop arelatively sensitive test - much
more sensitive than that performed with the amphipods exposed to solid phase sediments.
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In central Puget Sound, the stratain which toxicity was highly significant (i.e., <80% of controls)
totaled about 0.7%, 0.2%, and 0.6% of the total areain tests of 100%, 50%, and 25% porewater
concentrations, respectively. These estimates are slightly lower than those calculated for the
northern Puget Sound area where the estimated areas were 5.2%, 1.5% and 0.8% of the total,
respectively.

NOAA estimated the spatial extent of toxicity in urchin fertilization or equivalent tests
performed with pore water in many other regions of the U. S. (Long et a., 1996). These
estimates ranged from 98% in San Pedro Bay (CA) to 0.0% in Leadenwah Creek (SC) (Table
37). Asinthe amphipod tests, northern Puget Sound ranked near the bottom of this range, well
below the “national average” of 25% calculated with data accumulated through 1997. Equivalent
resultsin thistest were reported in areas such as St. Simons Sound (GA), St. Andrew Bay in
western Florida, and Leadenwah Creek (SC), in which urbanization and industrialization were
restricted to relatively small portions of the estuaries. Therefore, as with the amphipod tests,
these tests indicated that acute toxicity was neither widespread nor severe in sediments from the
northern and central Puget Sound study areas.

Microbial Bioluminescence (Microtox™) - Organic Solvent Extract

The Microtox™ tests were performed with organic solvent extracts of the sediments. These
extracts were intended to elute all potentially toxic organic substances from the sediments
regardiess of their bioavailability. Thetests, therefore, provide an estimate of the potential for
toxicity attributable to complex mixtures of toxicants associated with the sediment particles,
which normally may not be available to benthic infauna. Thistest is not sensitive to the presence
of ammonia, hydrogen sulfide, fine-grained particles or other features of sediments that may
confound results of other tests. The test endpoint is a measure of metabolic activity, not acute
mortality. These features combined to provide arelatively sensitive test - usually the most
sensitive test performed nationwide in the NOAA surveys (Long et al., 1996).

In northern Puget Sound, the data were difficult to interpret because of the unusual result in the
negative control sample from Redfish Bay (TX). Test results for the control showed the sample
to be considerably less toxic relative to previous tests of sediments from that site and to tests of
negative control sediments from other sites used in previous surveys. Therefore, new analytical
tools were generated with the compiled NOAA data to provide a meaningful critical value for
evaluating the northern Puget Sound data (Long et al., 1999a).

Using acritical value of <0.51 mg/ml, it was estimated that the spatial extent of toxicity in the
central Puget Sound represented 0% of the survey area. This estimate ranked central Puget
Sound at the bottom of the distribution for data generated from 18 bays and estuaries surveyed by
NOAA (Table 38). Thisestimate for central Puget Sound (0%) was less than the estimate for
northern Puget Sound (1.2% of the study area). Also, it was considerably less than the estimate
for the combined national estuarine average of 39% cal culated with data compiled through 1997.
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Human Reporter Gene System (Cytochrome P450) Response - Organic
Solvent Extract

Thistest isintended to identify samples in which there are elevated concentrations of mixed-
function oxygenase-inducing organic compounds, notably the dioxins and higher molecular
weight PAHSs. It is performed with a cultured cell line that provides very reliable and consistent
results. Tests are conducted with an organic solvent extract to ensure that potentially toxic
organic compounds are eluted. High cytochrome P450 HRGS induction may signify the
presence of substances that could cause or contribute to the induction of mutagenic and/or
carcinogenic responses in local resident biota (Anderson et al., 1995, 1996).

In central Puget Sound, the cytochrome P450 HRGS assay indicated that samples in which
results exceeded 11.1 and 37.1 pg/g B(a)P equivalents represented approximately 32.3% and
3.2%, respectively, of thetotal survey area. In contrast, the equivalent estimates for northern
Puget Sound were 2.6% and 0.03% of the study area (Long et a., 1999a). Relatively high
responses were recorded in many samples from large strata sampled in central Puget Sound,
thereby resulting in larger estimated areas. In northern Puget Sound the samples with elevated
responses were collected primarily in the small stratain Everett Harbor.

These tests were performed in NOAA surveysin 8 estuaries where estimates of spatial extent
could be made: northern and central Puget Sound (WA), northern Chesapeake Bay (MD), Sabine
Lake (TX), Biscayne Bay (FL), Delaware Bay (DE), Galveston Bay (TX), and a collection of
Southern California coastal estuaries (CA). Based upon the critical values of 11.1 and 37.1ug/g,
the samples from central Puget Sound ranked third highest among the 8 study areas for which
there are equivalent data (Table 39). Toxic responses greater than 11.1 ug/g were most
widespread in samples from northern Chesapeake Bay and Southern California estuaries. Toxic
responses greater than 37.1 pug/g were most widespread in northern Chesapeake Bay followed by
Delaware Bay and central Puget Sound. In the central Puget Sound area, RGS responses greater
than 11.1 pug/g were more widespread than in the combined national average (20%), whereas
responses greater than 37.1 pug/g were less widespread than the national average of 9.2%.

In central Puget Sound, RGS assay responses ranged from 0.4 pg/g to 223 ug/g and there were 27
samples in which the responses exceeded 37.1 ug/g. In northern Puget Sound, responses ranged
from 0.3 pug/g to 104.6 pg/g and only four samples had responses greater than 37.1 ug/g. In
analyses of 30 samples from Charleston Harbor and vicinity, results ranged from 1.8 ug/g to 86.3
Hg/g and there were nine samples with results greater than 37.1 pg/g. In the 121 samples from
Biscayne Bay, results ranged from 0.4 to 37.0 pg/g B[a]P equivalents. Induction responsesin 30
samples from San Diego Bay were considerably higher than those from all other areas. Assay
results ranged from 5 pg/g to 110 pg/g B[a] P equivalents and results from 18 samples exceeded
37.1 pg/gin San Diego Bay. Responsesin eight samples exceeded 80 ug/g.

The percentages of samples from different survey areas with cytochrome P450 HRGS responses
greater than 37.1 ug/g were: 60% in San Diego Bay, 30% in Charleston Harbor, 27% in central
Puget Sound, 23% in Delaware Bay, 11% in Sabine Lake, 4% in northern Puget Sound, 1% in
Galveston Bay, and 0% in both Biscayne Bay and Southern California estuaries. Based upon
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datafrom all NOAA surveys (n=693, including central and northern Puget Sound), the average
and median RGS assay responses were 23.3 ug/g and 6.7 pg/g, somewhat lower than observed in
central Puget Sound - average of 37.6 pg/g and median of 17.8 ug/g.

The data from these comparisons suggest that the severity and spatial extent of enzyme induction
determined in the RGS test were roughly equivalent to those determined as the national average.
There were severa survey areas in which toxicity was more severe and widespread and several
areasin which it wasless so. The responses were clearly more elevated than those in samples
from northern Puget Sound.

Levels of Chemical Contamination

In central Puget Sound, there were 11 samples in which the mean ERM quotients exceeded 1.0.
These samples represented an area of 3.6 km?, or about 0.5% of the total survey area. In the
northern Puget Sound study, none of the mean ERM quotients for 100 samples exceeded 1.0. In
comparison, 6 of 226 samples (3%) from Biscayne Bay, FL, had mean ERM quotients of 1.0 or
greater (Long et al., 1999b). Among 1068 samples collected by NOAA and EPA in many
estuaries nationwide, 51 (5%) had mean ERM quotients of 1.0 or greater (Long et al., 1998).

In central Puget Sound, there were 21 samples in which one or more ERM values were exceeded.
These samples represented an area of about 11.4 km? or 1.6% of thetotal area. In northern Puget
Sound, there were 8 samples (8%) representing about 9.5 km? (or 1.2% of the total area) in which
one or more ERMs were exceeded. In Biscayne Bay, 33 of 226 samples (15%) representing
about 0.7% of the study area had equivalent chemical concentrations (Long et al., 1996b). In
selected small estuaries and lagoons of Southern California, 18 of 30 randomly chosen stations,
representing 67% of the study area, had chemical concentrations that exceeded one or more
Probable Effects Level (PEL) guidelines (Anderson et al., 1997). In the combined NOAA/EPA
database, 27% of samples had at |east one chemical concentration greater than the ERM (Long et
a., 1998). Inthe Carolinian estuarine province, Hyland et al. (1996) estimated that the surficia
extent of chemical contamination in sediments was about 16% relative to the ERMs. In data
compiled from three years of study in the Carolinian province, however, the estimate of the area
with elevated chemical contamination decreased to about 5% (Dr. Jeff Hyland, NOAA). In data
compiled by Dr. Hyland from stratified-random sampling in the Carolinian province, Virginian
province, Louisianian province, northern Chesapeake Bay, Delaware Bay, and DelMarVa
estuaries, the estimates of the spatial extent of contamination in which one or more ERM values
were exceeded ranged from about 2% to about 8%.

Collectively, the chemical data indicated that most of the central Puget Sound sediment samples
were not highly contaminated. Relative to effects-based guidelines or standards, relative to
previous Puget Sound studies, and relative to data from other areasin the U.S., the
concentrations of most trace metals, most PAHs, total PCBs, and most chlorinated pesticides
were not very high in the mgjority of the samples. However, the concentrations of nickel,
mercury, 4-methyl phenol, benzoic acid, some PAHs, and PCBs were relatively high in some
samples.
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The highest concentrations of mixtures of potentially toxic chemicals primarily occurred in
samples from Elliott Bay and Sinclair Inlet, the two most highly urbanized and industrialized
bays within the 1998 study area. Similarly, the sediments analyzed during the 1997 survey of
northern Puget Sound indicated that chemical concentrations were highest in Everett Harbor,
which was one of the most urbanized bays in that survey.

Toxicity/Chemistry Relationships

It was not possible to identify and confirm which chemicals caused toxic responses in the urchin
fertilization, Microtox™, and RGS tests in the samples from either central or northern Puget
Sound. Determinations of causality would require extensive toxicity identification evaluations
and spiked sediment bioassays. However, the chemical data were analyzed to determine which
chemicals may have contributed to toxicity.

Typically in surveys of sediment quality nationwide, NOAA has determined that complex
mixtures of trace metals, organic compounds, and occasionally ammonia showed strong
statistical associations with one or more measures of toxicity (Long et al., 1996). Frequently, as
aresult of the toxicity/chemistry correlation analyses, some number of chemicals will show the
strongest associations leading to the conclusion that these chemicals may have caused or
contributed to the toxicity that was observed. However, the strength of these correlations can
vary considerably among study areas and among the toxicity tests performed.

In both central and northern Puget Sound, the data were similar to those collected in several other
regions (e.g., the western Florida Panhandle, Boston Harbor, and South Carolina/Georgia
estuaries). Severetoxicity in the amphipod tests was either not observed in any samples or was
very rare, and, therefore, correlations with toxicity were not significant or were weak. However,
correlations with chemical concentrations were more readily apparent in the results of the
sublethal tests, notably tests of urchin fertilization and microbial bioluminescence, as conducted
in Puget Sound.

The sea urchin tests performed on pore waters extracted from the sediments and the Microtox™
and RGS tests performed on solvent extracts showed overlapping, but different, spatial patterns
in toxicity in central Puget Sound. Because of the nature of these tests, it is reasonable to assume
that they responded to different substances in the sediments. The strong statistical associations
between the results of the sea urchin and RGS tests and the mean ERM quotients for 25
substances provides evidence that mixtures of contaminants co-varying in concentrations could
have contributed to these measures of toxicity. Percent sea urchin fertilization was statistically
correlated with the guideline-normalized concentrations of all chemical classes of contaminants.
Furthermore, the highly significant correlations between enzyme induction in the RGS assays and
the concentrations of PAHs normalized to effects-based guidelines or criteria suggest that these
substances occurred at sufficiently high concentrations to contribute to the responses.

The data showed that urchin fertilization was statistically associated with several trace metals

(notably arsenic, lead, mercury, tin and zinc) some of which occurred at concentrations above

their respective ERL and SQS levels. The data from the northern Puget Sound study indicated
very similar results, i.e., urchin fertilization was highly correlated with the concentrations of
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many trace metals either analyzed with partial or total digestions. Similarly, fertilization success
was strongly correlated with the concentrations of PCBs in both central and northern Puget
Sound. However, urchin fertilization was highly correlated with the concentrations of both high
and low molecular weight PAHs in central Puget Sound, but not in northern Puget Sound.

Because the solvent extracts would not be expected to elute trace metals, Microtox™ and RGS
results were expected to show strong associations with concentrations of PAHs and other organic
compounds. The data indicated that microbial bioluminescence decreased with increasing
concentrations of most individual PAHs and most PCB congeners in the northern samples, but
not in the central samples. Microtox™ results were correlated with benzoic acid in both areas. In
both survey areas, RGS enzyme induction increased with increases in the concentrations of most
of the organic compounds, notably including al of the individual PAHSs, al classes of PAHSs, and
many of the PCBs, some pesticides, and dibenzofuran.

There were afew similarities between the two study areas in the relationships between benthic
indices and chemical concentrations, but there were more differences. For example, the data
indicated highly significant correlations between the guideline-normalized concentrations of
trace metals and taxarichnessin both areas. Also, Swartz’'s Dominance Index was highly
correlated with trace metals and mean ERM quotients for 25 substances in both surveys.
However, total abundance was correlated with PAHs in central Sound, but not in northern Sound
sediments. The very high correlations observed between mollusc abundance and many chemical
classes in northern Sound were not apparent in central Sound. In contrast, annelid abundance
was correlated with many chemical classesin central Sound, but not in northern Sound.

There were almost no similarities between the two studies in the correlations between benthic
indices and toxicity results. The highly significant correlation between echinoderm abundance
and urchin fertilization in northern Puget Sound was not observed in central Sound. The
significant correlation between cytochrome P450 HRGS induction and Pielou’ s Evenness Index
was positive in northern sediments and negative in central sediments. Annelid abundance
increased significantly with increasing cytochrome P450 HRGS induction and decreasing urchin
fertilization in central Sound, but not in northern Sound samples.

Although the chemicals for which analyses were performed may have caused or contributed to
the measures of toxicity and/or benthic alterations, other substances for which no analyses were
conducted also may have contributed. Definitive determinations of the actual causes of toxicity
in each test would require further experimentation. Similarly, the inconsistent relationships
between measures of toxicity and indices of benthic structure suggest that the ecological
relevance of the toxicity tests differed between the two regions of Puget Sound.

Benthic Community Structure, the “Triad” Synthesis, and
the Weight-of-Evidence Approach

The abundance, diversity, and species composition of marine infaunal communities vary
considerably from place to place and over both short and long time scales as aresult of many
natural and anthropogenic factors (Reish, 1955; Nichols, 1970; McCauley et al., 1976; Pearson
and Rosenberg, 1978; Dauer et al., 1979; James and Gibson, 1979; Bellan-Santini, 1980; Dauer
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and Conner, 1980; Gray, 1982: Becker et al., 1990; Ferraro et al., 1991; Llansd et al.,1998b).
Major differences in benthic communities can result from wide ranges in water depths, oxygen
concentrations at the sediment-water interface, the texture (grain size) and geochemical
composition of the sediment particles, porewater salinity as afunction of proximity to ariver or
stream, bottom water current velocity or physical disturbance as aresult of natural scouring or
maritime traffic, and the effects of large predators. In addition, the composition of benthic
communities at any single location can be afunction of seasonal or inter-annual changesin larval
recruitment, availability of food, proximity to adult brood stock, predation, and seasonal
differences in temperature, freshwater runoff, current velocity and physical disturbances.

In this survey of central Puget Sound, samples were collected in the deep waters of the central
basin, in protected waters of shallow embayments and coves, in scoured channels with strong
tidal currents, and in the lower reaches of ahighly industrialized river. Asaresult of these major
differences in habitat, the abundance, diversity, and composition of benthic communities would
be expected to differ considerably from place to place.

Analyses of the benthic macroinfaunain the central Puget Sound survey indicated that the vast
majority of samples were populated by abundant and diverse infaunal assemblages. The numbers
of species and organisms varied considerably among sampling locations, indicative of the natural
degree of variability in abundance, community structure, and diversity among benthic samplesin
Puget Sound. Calculated indices of evenness and dominance showed variability equal to that for
species counts and abundance.

With huge ranges in abundance, species composition, and diversity as aresult of natural
environmental factors, it is difficult to discern the differences between degraded and un-degraded
(or “healthy”) benthic assemblages. Some benthic assemblages may have relatively low species
richness and total abundance as aresult of the effects of natural environmental factors. There
were a number of stations in which the benthos was very abundant and diverse despite the
presence of high chemical concentrations and high toxicity.

Both Long (1989) and Chapman (1996) provided recommendations for graphical and tabular
presentations of data from the Sediment Quality Triad (i.e., measures of chemical contamination,
toxicity, and benthic community structure). The triad of measures was offered as an approach for
developing a weight-of-evidence to classify the relative quality of sediments (Long, 1989).
Chapman (1996) later suggested that |ocations with chemical concentrations greater than effects-
based guidelines or criteria, and evidence of acute toxicity in laboratory tests (such as with the
amphipod survival bioassays), and alterations to resident infaunal communities constituted
“strong evidence of pollution-induced degradation”. In contrast, he suggested that there was
“strong evidence against pollution-induced degradation” at sites lacking contamination, toxicity,
and benthic alterations. Severa other permutations were described in which mixed or conflicting
results were obtained. In some cases, sediments could appear to be contaminated, but not toxic,
either with or without alterations to the benthos, or sediments were not contaminated with
measured substances, but, nevertheless, were toxic, either with or without benthic alterations.
Plausible explanations were offered for benthic “alterations’ at non-contaminated and/or non-
toxic locations possibly attributable to natural factors, such as those identified above.
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In this survey of central Puget Sound, 36 of the 100 stations sampled had sediments with
significant toxicity and elevated chemical contamination, while 18 appeared to have benthic
communities that were possibly affected by chemical contaminantsin the sediments, including
stationsin Sinclair Inlet, Dyes Inlet, Elliott Bay, and the Duwamish River. These stations
typically had moderate to very high total abundance, including high numbers of Aphelochaeta
species N1 and other pollution-tolerant species, moderate to high taxa richness, low evenness,
and low Swartz's Dominance Index values. Often, pollution-sensitive species such as arthropods
and echinoderms were low in abundance or absent from these stations. These 18 stations
represented an area of 8.1 km?, or about 1.1% of the total survey area. These 18 stations, all
located in urban/industrial areas, provide possible “evidence of pollution-induced degradation” as
defined by Chapman, 1996.

In contrast, 25 stations were identified with no indications of significant sediment toxicity or
chemical contamination. All of the benthic indices indicated abundant and diverse populations
of most or al taxonomic groups. These stations, located in Port Townsend, Admiralty Inlet,
Possession Sound, the central basin, Port Madison, Liberty Bay, the Bainbridge Basin, Rich
Passage, Dyes Inlet, and outer Elliott Bay, represented an area of 359.3 km?, equivalent to
approximately 49% of the total survey area, and provide “strong evidence against pollution-
induced degradation” as defined by Chapman, 1996.

The remaining thirty-nine stations, with either significant chemical contamination but no toxicity,
or significant toxicity but no chemical contamination, were located in Port Townsend, Possession
Sound, the central basin, Eagle Harbor, Liberty Bay, the Bainbridge Basin, and Elliott Bay and
the Duwamish River, and represented an area of 272.6 km?, equivalent to about 37% of the total
central Puget Sound study area. Benthic assemblages varied considerably in structure at these
stations, presumably as aresult of many factors, including natural environmental variables.
Additional statistical analyses are required to fully describe the multivariate relationships among
the sediment quality triad data, and other variable data collected at all 100 stations.

Comparison of the results of the sediment quality triad analyses for this survey was made with
the 1997 survey of northern Puget Sound (Table 40). In both surveys, the percent of the total
study areas displaying toxicity, chemical contamination and altered benthos was similar (1.3 and
1.1% area, respectively). Of the area surveyed in 1997 (773.9 km?), ten stations representing
10.34 km? (1.3% of the area) could be considered as having pollution-induced degradation. Nine
of these samples were collected in Everett Harbor and one from Port Gardner. The estimate of
1.3% areawas similar to the estimate of 1.1% for the 18 "degraded" stationsidentified in the
central Puget Sound study area. In addition, 10.6% of the 1997 northern area had both high
chemical contamination and high toxicity, but, was accompanied by high benthic abundance and
diversity. For central Puget Sound, this estimate was similar (12.5%). In contrast, the samples
with no contamination and no toxicity represented 19.6% of the northern area and 49% of the
central area. Conversely, the balance of samplesin which results were mixed (i.e., either
chemistry or toxicity was significant, benthos was abundant and diverse) was almost twice as
high in the northern study area (68.5%) than in the central study area (37%).

Because of the natural differencesin benthic communities among different estuaries, it is
difficult to compare the communities from Puget Sound with those from other regionsin the U.S.
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However, benthic data have been generated by the Estuaries component of the Environmental
Monitoring and Assessment Program (EMAP) using internally consistent methods. A summary
(Long, 2000) of the data from three estuarine provinces (Virginian, Louisianian, Carolinian)
showed ranges in results for measures of species richness, total abundance, and a multi-parameter
benthic index. The samples with relatively low species richness represented 5%, 4%, and 10% of
the survey areas, respectively. Those with relatively low infaunal abundance represented 7%,
19%, and 22% of the areas, respectively. Samples with low benthic index scores represented
23%, 31%, and 20% of the areas. In the Regional EMAP survey of the New Y ork/New Jersey
harbor area, samples classified as having degraded benthos represented 53% of the survey area
(Adamset a., 1998). In contrast, it appears that benthic conditions that might be considered
degraded in central Puget Sound occurred much less frequently than in al of these other areas.
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Conclusions

The conclusions drawn from the analysis of 100 sediment samples collected from central Puget
Sound during June 1998 for toxicity, chemical concentrations, and benthic infaunal composition
study, included the following:

A battery of laboratory toxicity tests, used to provide a comprehensive assessment of the
toxicological condition of the sediments, indicated overlapping, but different, patternsin
toxicity. Severa spatial patternsidentified with results of all the tests were apparent in this
survey. First, highly toxic responses in the sea urchin, Microtox™, and cytochrome P450
HRGS tests were observed in the inner strata of Elliott Bay and the lower Duwamish River.
Toxicity in these tests decreased considerably westward into the outer and deeper regions of
the bay. Second, many of the samples from the Liberty Bay and Bainbridge basin area were
toxic in the Microtox™ and cytochrome P450 HRGS assays. The degree of toxicity
decreased steadily southward down the Bainbridge basin to Rich Passage, where the
sediments were among the least toxic. Third, samples from two stations (167 and 168)
located in asmall inlet off Port Washington Narrows were among the most toxic in two or
more tests. Fourth, several samples from stations scattered within Sinclair Inlet indicated
moderately toxic conditions; toxicity diminished steadily eastward into Rich Passage. Finaly,
samples from Port Townsend, southern Admiralty Inlet, and much of the central main basin
were among the |east toxic.

The spatial extent of toxicity was estimated by weighting the results of each test to the sizes
of the sampling strata. Thetotal study areawas estimated to represent about 732 kilometer?.
The areain which highly significant toxicity occurred totaled approximately 0.1% of the total
areain the amphipod survival tests; 0.7%, 0.2%, and 0.6% of the areain urchin fertilization
tests of 100%, 50%, and 25% pore waters, respectively; 0% of the areain microbial
bioluminescence tests; and 3% of the areain the cytochrome P450 HRGS assays. The
estimates of the spatial extent of toxicity measured in three of the four tests in central Puget
Sound were considerably lower than the “national average” estimates compiled from many
other surveys previously conducted by NOAA. Generally, they were comparable to the
estimates for northern Puget Sound. However, in the cytochrome P450 HRGS assays, a
relatively high proportion of samples caused moderate responses. Overall, the data from
these four tests suggest that central Puget Sound sediments were not astoxic relative to
sediments from many other areas nationwide. The large majority of the area surveyed was
classified as non-toxic in these tests. However, the data from the RGS assays indicated a
slight to moderate response among many samples.

Chemical analyses, performed for awide variety of trace metals, aromotic hydrocarbons,
chlorinated organic hydrocarbons, and other ancillary measures, indicated that the surficial
areain which chemical concentrations exceeded effects-based sediment guidelines was
highly dependent upon the set of critical values that was used. There were 21 samplesin
which one or more ERM values were exceeded. They represented an area of about 21 km?,
or about 3% of the total survey area. In contrast, there were 94 samplesin which at least one
SQS or CSL value was exceeded, representing about 99% of the survey area. Without the
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data for benzoic acid, 44 samples had at least one chemical concentration greater than a SQS
(25.2% of the area) and 36 samples had at |east one concentration greater than a CSL (21% of
the area).

The highest chemical concentrations invariably were observed in samples collected in the
urbanized bays, namely Elliott Bay and Sinclair Inlet. Often, these samples contained
chemicals at concentrations previously observed to be associated with acute toxicity and
other biological effects. Concentrations generally decreased steadily away from these two
bays and were lowest in Admiralty Inlet, Possession Sound, Rich Passage, Bainbridge Basin,
and most of the central basin.

Toxicity tests performed for urchin fertilization, microbia bioluminescence, and cytochrome
P450 HRGS enzyme induction indicated correspondence with complex mixtures of
potentially toxic chemicalsin the sediments. Often, the results of the urchin and cytochrome
P450 HRGS tests showed the strongest correlations with chemical concentrations. As
expected, given the nature of the tests, results of the cytochrome P450 HRGS assay were
highly correlated with concentrations of high molecular weight PAHs and other organic
compounds known to induce this enzymatic response. In some cases, samples that were
highly toxic in the urchin or cytochrome P450 HRGS tests had chemical concentrations that
exceeded numerical, effects-based, sediment quality guidelines, further suggesting that these
chemicals could have caused or contributed to the observed biological response. However,
there was significant variability in some of the apparent correlations, including samplesin
which chemical concentrations were elevated and no toxicity was observed. Therefore, itis
most likely that the chemical mixtures causing toxicity differed among the different toxicity
tests and among the regions of the survey area.

Several indices of the relative abundance and diversity of the benthic infaunaindicated very
wide ranges in results among sampling stations. Often, the samples collected in portions of
the central basin, Port Townsend Bay, Rich Passage, and outer reaches of Elliott Bay had the
highest abundance and diversity of infauna. Often, annelids dominated the infauna, especialy
in samples with unusually high total abundance. Arthropods often were low in abundancein
samples with low overall abundance and diversity. Samplesin which the indices of
abundance and diversity were lowest were collected in the lower Duwamish River, inner
Elliott Bay, and Sinclair Inlet.

Statistical analyses of the toxicity data and benthic data revealed few consistent patterns.
Some indices of benthic community diversity and abundance decreased with increasing
toxicity and othersincreased. Also, the relationships between measures of benthic structure
and chemical concentrations showed mixed results. Total abundance and annelid abundance
often increased significantly in association with increasing chemical concentrations. In
contrast, indices of evenness, dominance, diversity, and abundance of several of the major
taxonomic groups decreased with increasing concentrations of most individual chemicals and
chemical classes. No single chemical or chemical class was uniquely correlated with the
measures of benthic structure.
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Datafrom the chemical analyses, toxicity tests, and benthic community analyses, together,
indicated that of the 100 stations sampled, 36 had sediments with significant toxicity and
elevated chemical contamination. Of these, 18 appeared to have benthic communities that
were possibly affected by chemical contaminantsin the sediments. They included stationsin
Sinclair Inlet, Dyes Inlet, Elliott Bay and the Duwamish River. These stations typically had
moderate to very high total abundance, including high numbers of Aphelochaeta species N1
and other pollution-tolerant species, moderate to high taxa richness, low evenness, and low
Swartz’'s Dominance Index values. Often, pollution-sensitive species such as arthropods and
echinoderms were low in abundance or absent from these stations. These 18 stations
represented an area of 8.1 km?, or about 1.1% of the total survey area, while the remaining
other 18 stations represented an area of 91.6 km?, or about 12.5% of the total survey area
Twenty-five stations located in Port Townsend, Admiralty Inlet, Possession Sound, the
central basin, Port Madison, Liberty Bay, the Bainbridge Basin, Rich Passage, Dyes Inlet, and
outer Elliott Bay, were identified with no indications of significant sediment toxicity or
chemical contamination, and with abundant and diverse populations of benthic infauna.
These stations represented an area of 359.31 km?, equivalent to 49% of the total survey area.
The remaining thirty-nine stations, located in Port Townsend, Possession Sound, the central
basin, Eagle Harbor, Liberty Bay, the Bainbridge Basin, and Elliott Bay and the Duwamish
River, displayed either signs of significant chemical contamination but no toxicity, or
significant toxicity, but no chemical contamination, and for the majority, the benthic

popul ations were abundant and diverse. Together, these stations represented an area of 272.6
km?, equivalent to 37% of the total central Puget Sound study area.

A comparison of the "triad" results from both the northern and central Puget Sound study
areas showed some similarities and some differences. Although the spatial extent of toxicity
in the urchin fertilization tests and microbial bioluminescence tests was greater in the
northern area, the cytochrome P450 HRGS tests indicated degraded conditions were more
widespread in the central area. In both surveys, the percent of the total study areas displaying
toxicity, chemical contamination and altered benthos was similar (1.3 and 1.1% area,
respectively). Of the area surveyed in 1997 (773.9 km?), ten stations representing 10.34 km?
(1.3% of the area) could be considered as having pollution-induced degradation. The
estimate of 1.3% area was similar to the estimate of 1.1% for the 18 "degraded" stations
identified in the central Puget Sound study area. In addition, 10.6% of the 1997 northern area
had both high chemical contamination and high toxicity, but, was accompanied by high
benthic abundance and diversity. For central Puget Sound, this estimate was similar (12.5%).
In contrast, the samples with no contamination and no toxicity represented 19.6% of the
northern area and 49% of the central area. Conversaly, the balance of samplesin which
results were mixed (i.e., either chemistry or toxicity was significant, benthos was abundant
and diverse) was almost twice as high in the northern study area (68.5%) than in the central
study area (37%).
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Figure 14. Resultsof 1998 cytochrome P450 HRGS assays (as B[a]P equivalents (ug/g)) for
stationsin Port Townsend to Possession Sound (strata 1 through 5). (Stratanumbersare
shown in bold. Stationsareidentified as sample number).
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Figure 19. Sampling stationsin Port Townsend to Possession Sound (strata 1 through 5)
with sediment chemical concentrations exceeding numerical guidelinesand Washington
Statecriteria. (Stratanumbersareshown in bold. Stationsareidentified as sample
number).
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Figure 21. Sampling stationsin Eagle Harbor, central basin, and East Passage (strata 9
through 12) with sediment chemical concentrations exceeding numerical guidelinesand
Washington Statecriteria. (Strata numbersare shown in bold. Stationsareidentified as
sample number).
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Figure22. Sampling stationsin Bremerton to Port Orchard (strata 16 through 22) with
sediment chemical concentrations exceeding numerical guidelinesand Washington State
criteria. (Strata numbersareshown in bold. Stationsare identified as sample number).
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Figure 23. Sampling stationsiﬁ Elliott Bay and the lower Duwamish River (strata 23
through 32) with sediment chemical concentrations exceeding numerical guidelines and

Washington Statecriteria. (Strata numbersare shown in bold. Stationsareidentified as
sample number).
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Figure 24. Relationship between cytochrome P450 HRGS and the mean ERM quotientsfor

13 polynuclear aromatic hydrocarbonsin 1998 central Puget Sound sediments.
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Figure 25. Relationship between sea urchin fertilization in porewater and concentrations
of lead (partial digestion) in 1998 central Puget Sound sediments.
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Figure 26. Relationship between microbial bioluminescence and concentrations of
cadmium (partial digestion) in 1998 central Puget Sound sediments.
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Figure 27. Reationship between sea urchin fertilization in porewater and concentrations
of tin (total digestion) in 1998 central Puget Sound sediments.
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Figure 28. Relationship between sea urchin fertilization in pore water and the sum of 13

polynuclear aromatic hydrocarbonsin 1998 central Puget Sound sediments.
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Figure 29. Relationship between sea urchin fertilization in porewater and the sum of 15

polynuclear aromatic hydrocarbonsin 1998 central Puget Sound sediments.
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Figure 30. Relationship between cytochrome P450 HRGS and the sum of 13 polynuclear
aromatic hydrocarbonsin 1998 central Puget Sound sediments.
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Figure 31. Relationship between cytochrome P450 HRGS and the sum of 15 polynuclear
aromatic hydrocarbonsin 1998 central Puget Sound sediments.
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1998 central Puget Sound sediments.
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Figure 34. Relationship between microbial bioluminescence and concentrations of benzoic
acid in 1998 central Puget Sound sediments.
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in 1998 central Puget Sound sediments.
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Figure 36. Relationship between cytochrome P450 HRGS and concentrations of tributyltin
in 1998 central Puget Sound sediments.
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Figure 38. Central Puget Sound stationsfor the 1998 PSAM P/NOAA Bioeffects Survey
with significant results and stations with non-significant results for chemistry and toxicity
tests, Port Townsend to Possession Sound (strata 1 through 5). (Strata numbersare shown
in bold. Stationsareidentified as sample number).
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Figure 39. Central Puget Sound stationsfor the 1998 PSAM P/NOAA Bioeffects Survey
with significant results and stations with non-significant results for chemistry and toxicity
tests, Port Madison and central basin (strata 6 through 8) and Liberty Bay to Bainbridge
Island (13 through 15). (Strata numbersareshown in bold. Stationsareidentified as
sample number).
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Figure 40. Central Puget Sound stationsfor the 1998 PSAM P/NOAA Bioeffects Survey
with significant results and stations with non-significant resultsfor chemistry and toxicity
tests, Eagle Harbor, central basin, and East Passage (strata 9 through 12). (Strata numbers
areshown in bold. Stationsareidentified as sample number).
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Figure4l. Central Puget Sound stationsfor the 1998 PSAM P/NOAA Bioeffects Survey
with significant results and stations with non-significant resultsfor chemistry and toxicity
tests, Bremerton to Port Orchard (strata 16 through 22). (Strata numbersare shown in
bold. Stationsareidentified as sample number).
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Figure 42. Central Puget Sound stationsfor the 1998 PSAM P/NOAA Bioeffects Survey
with significant results and stations with non-significant resultsfor chemistry and toxicity
tests, Elliott Bay and the lower Duwamish River (strata 23 through 32). (Strata numbers
areshown in bold. Stationsareidentified as sample number).
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Tablel. Central Puget Sound sampling strata for the PSAMP/NOAA Bioeffects Survey.

Stratum  Stratum Name Area (km?) % of Total
Number (73166 km?)  Area
1 South Port Townsend 8.02 1.10
2 Port Townsend 19.52 2.67
3 North Admiralty Inlet*

4 South Admiralty Inlet 158.83 21.71
5 Possession Sound 120.45 16.46
6 Central Basin 87.79 12.00
7 Port Madison 16.43 2.25
8 West Point 45.72 6.25
9 Eagle Harbor 1.21 0.17
10 Central Basin 27.90 3.81
11 Central Basin 77.14 10.54
12 East Passage 77.35 10.57
13 Liberty Bay 1.95 0.27
14 Keyport 2.82 0.39
15 North West Bainbridge Island 13.26 181
16 South West Bainbridge Island 10.26 1.40
17 Rich Passage 10.02 1.37
18 Port Orchard 5.82 0.80
19 Sinclair Inlet 3.09 0.42
20 Sinclair Inlet 3.12 0.43
21 Port Washington Narrows 3.00 0.41
22 Dyes Inlet 11.64 1.59
23 Outer Elliott Bay 11.16 1.53
24 Shoreline Elliott Bay 1.26 0.17
25 Shoreline Elliott Bay 1.32 0.18
26 Shoreline Elliott Bay 0.33 0.05
27 Mid Elliott Bay 4.16 0.57
28 Mid Elliott Bay 2.80 0.38
29 Mid Elliott Bay 2.92 0.40
30 West Harbor Island 1.08 0.15
31 East Harbor Island 0.54 0.07
32 Duwamish 0.75 0.10

*This stratum was eliminated during the course of sampling due to the rocky nature of the

substratum.
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Table 2. Chemical and physical analyses conducted on sediments collected from central

Puget Sound.
Related Parameters
Grain Size

Total organic carbon

Metals
Ancillary Metals
Aluminum
Barium
Boron
Calcium
Cobalt

lron
Magnesium
Manganese
Potassium
Sodium
Strontium
Titanium
Vanadium

Priority Pollutant Metals
Antimony
Arsenic
Beryllium
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Silver
Thallium
Zinc

Major Elements
Silicon

Trace Elements
Tin

Organics
Chlorinated Alkanes

Hexachl orobutadiene

Chlorinated and Nitro-Substituted
Phenols
Pentachlorophenol

Chlorinated Aromatic Compounds
1,2,4-trichlorobenzene
1,2-dichlorobenzene
1,3-dichlorobenzene
1,4-dichlorobenzene
2-chloronaphthalene
Hexachlorobenzene

Chlorinated Pesticides
2,4-DDD

2,4-DDE

2,4-DDT

4,4-DDD

4,4-DDE

4-4DDT

Aldrin
Alpha-chlordane
AlphaHCH

Beta-HCH

Chlorpyrifos
Cis-nonachlor
Delta-HCH

Dieldrin

Endosulfan | (Alpha-endosulfan)
Endosulfan Il (Beta-endosulfan)
Endosulfan sulfate
Endrin

Endrin ketone

Endrin aldehyde
Gamma-chlordane
Gamma-HCH
Heptachlor

Heptachlor epoxide

M ethoxychlor

Mirex
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Table2. Continued.

Oxychlordane
Toxaphene
Trans-nonachlor

Polynuclear Aromatic Hydrocarbons

LPAHSs
1,6,7-Trimethylnaphthalene
1-Methylnaphthalene
1-Methylphenanthrene
2,6-Dimethylnaphthalene
2-methylnapthalene
2-methylphenanthrene
Acenaphthene
Acenaphthylene
Anthracene

Biphenyl

C1 - C3 Fluorenes

C1 - C3 Dibenzothiophenes
C1 - C4 Naphthalenes
C1 - C4 Phenanthrenes
Dibenzothiophene
Fluorene

Naphthalene
Phenanthrene

Retene

calculated value:

LPAH

HPAHSs
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(e)pyrene
Benzo(g,h,i)perylene
Benzo(k)fluoranthene
C1- C4 Chrysene

C1- FHuoranthene
Chrysene
Dibenzo(a,h)anthracene
Fluoranthene
Indeno(1,2,3-c,d)pyrene
Perylene

Pyrene

calculated values:

total Benzofluoranthenes
HPAH

Miscellaneous Extractable Compounds
Benzoic acid

Benzyl acohol

Dibenzofuran

Organonitrogen Compounds
N-nitrosodiphenylamine

Organotins
Butyl tins. Di-, Tri-butyltin

Phenols
2,4-dimethyl phenol
2-methyl phenal
4-methyl phenol
Phenol

P-nonyl phenal

Phthalate Esters
Bis(2-ethylhexyl)phthal ate
Butyl benzyl phthalate
Diethyl phthalate
Dimethyl phthalate
Di-n-butyl phthalate
Di-n-octyl phthalate

Polychlorinated Biphenyls
PCB Congeners:
8

18

28

44

52

66

77

101

105

118

126

128

138

153

170

180

187
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Table2. Continued.

PCB Congeners, continued:
195
206
209

PCB Aroclors:
1016
1221
1232
1242
1248
1254
1260
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Table3. Chemistry Parameters: Laboratory analytical methods and reporting limits.

Par ameter Method Reference Reporting
Limit
Grain Size Sieve-pipette method PSEP, 1986 >2000to
<3.9 microns
Tota Organic Conversion to CO, PSEP, 1986 1 mg/L
Carbon measured by
nondispersive infra-red
spectroscopy
Metals Strong acid (aquaregia) - digestion - PSEP, 1996¢ 1-10 ppm
(Partial digestion) | digestion and analyzed via | EPA 3050
ICP, ICP-MS, or GFAA, | . analysis - PSEP, 1996¢
depending upon the (EPA 200.7, 200.8, 206.2,
analyte 270.2), (SW6010)
Metals Hydrofluoric acid-based - digestion - PSEP, 1996¢ 1-10 ppm
(Total digestion) digestion and analyzed via | EPA 3052
ICP or GFAA, depending | - analysis - PSEP, 1996¢
upon the analyte (EPA 200.7, 200.8, 206.2,
270.2), (SW6010)
Mercury Cold Vapor Atomic PSEP, 1996c 1-10 ppm
Absorption EPA 2455
Butyl Tins Solvent Extraction, Manchester Method 40 pg/kg
Derivitization, Atomic (Manchester Environmental
Emission Detector Laboratory, 1997)
Base/Neutral/Acid | Capillary column Gas PSEP 1996d, EPA 8270 & | 100-200 ppb
Organic Chromatography/ Mass 8081
Compounds Spectrometry
Polynuclear Capillary column Gas PSEP 1996d, extraction 100-200 ppb
Aromatic Chromatography/ Mass following Manchester
Hydrocarbons Spectrometry modification of EPA 8270
(PAH)
Chlorinated Gas Chromatography PSEP 1996d, EPA 8081 1-5ppb
Pesticides and Electron Capture
PCB (Aroclors) Detection
PCB Congeners NOAA, 19933, EPA 8081 | 1-5ppb
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Table4. Chemistry parameters: Field analytical methods and resolution.

Parameter Method Resolution
Temperature Mercury Thermometer 10°C
Surface salinity Refractometer 1.0 ppt
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Table5. Benthicinfaunal indices calculated to characterizetheinfaunal invertebrate
assemblagesidentified from each central Puget Sound monitoring station.

Infaunal index

Definition

Calculation

Total Abundance

A measure of density equal to the
total number of organisms per
sample area

Sum of all organisms counted in
each sample

Mgor Taxa
Abundance

A measure of density equal to the
total number of organismsin each
major taxon group (Annelida,
Mollusca, Echinodermata,
Arthropoda, miscellaneous taxa) per
sample area

Sum of all organisms counted in
each major taxon group per
sample

Taxa Richness

Total number of taxa (taxa = lowest
level of identification for each
organism) per sample area

Sum of all taxaidentified in each
sample

Pielou’ s Evenness
(J) (Pielou, 1966,
1974)

Relates the observed diversity in
benthic assemblages as a proportion
of the maximum possible diversity
for the data set (the equitability
(evenness) of the distribution of
individuals among species)

J =H/logs
Where:

S
H =-2Zpilogpi

i=1
where p; = the proportion of the
assemblage that belongs to the
ith species (p=ni/N, where n=the
number of individualsin thei
species and N= total number of
individuals), and where s = the
total number of species

Swartz's
Dominance Index
(SDh)(Swartz et dl.,
1985)

The minimum number of taxa whose
combined abundance accounts for 75
percent of the total abundancein
each sample

Sum of the minimum number of
taxa whose combined abundance
accounts for 75 percent of the
total abundance in each sample
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Table 6. Resultsof amphipod survival testsfor 100 sediment samples from central Puget
Sound. Tests performed with Ampelisca abdita.

Stratum Location Sample Mean amphipod Mean amphipod Statistical
survival (%) survival as % of significance
control
1 South Port Townsend 106 92 9 *
107 98 100
108 98 100
2 Port Townsend 109 92 9
110 96 98
111 88 90
4 South Admiraty Inlet 112 95 97
116 99 101
117 9 96
5 Possession Sound 118 85 93
119 94 98
120 98 102
6 Central Basin 121 81 89
122 90 99
123 78 86 *
7 Port Madison 124 93 106
125 89 101
126 87 99
8 West Point 127 91 103
128 84 95
129 84 95
113 94 96
9 Eagle Harbor 130 85 97
131 91 103
132 88 100
10 Centra Basin 133 89 98
134 90 95 *

Page 120



Table6. Continued.

Stratum Location

Sample Mean amphipod

survival (%)

Mean amphipod Statistical
survival as % of significance

control
135 20 95
11  Centra Basin 136 87 9
137 94 101
138 99 106
12  East Passage 139 85 9
140 88 98
141 72 80
13  Liberty Bay 142 83 9
143 85 97
144 81 92
14  Keyport 145 93 106
146 91 103
147 87 99
15  North West 148 87 99
Bainbridge
149 84 95
150 82 93
16  South West 151 9 99
Bainbridge
152 94 99
153 95 100
17  Rich Passage 154 93 98
155 94 99
156 93 98
18  Port Orchard 157 93 102
158 77 85
159 87 92
19  Sinclair Inlet 160 90 99
161 95 104
162 79 87
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Table6. Continued.

Stratum Location Sample Mean amphipod Mean amphipod Statistical
survival (%) survival as % of significance
control

20  Sinclair Inlet 163 85 93
164 92 101
165 91 100

21  Port Washington 166 94 104

Narrows

167 42 47 *
168 87 97

22  Dyeslnlet 169 91 101
170 90 100
171 91 101

23 Outer Elliott Bay 172 92 102
173 96 107
174 87 97
175 88 98

24 Shoreline Elliott Bay 176 83 92
177 91 101
178 91 101

25  Shoreline Elliott Bay 179 86 96
180 91 98
181 79 88 *
115 96 97

26  Shoreline Elliott Bay 182 91 98
183 93 100
184 96 103

27  Mid Elliott Bay 185 97 104
186 9 101
187 98 108
188 96 105

28  Mid Elliott Bay 189 99 109
190 97 107
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Table6. Continued.

Stratum Location

Sample Mean amphipod

survival (%)

Mean amphipod Statistical
survival as % of significance

control
191 94 103
192 94 103
29 Mid Elliott Bay 193 92 101
194 95 102
195 98 105
196 93 100
30 West Harbor Island 197 80 88
198 92 101
199 82 90
114 94 95
31 East Harbor I1sland 200 93 100
201 84 92
202 82 90
32 Duwamish 203 94 103
204 84 92
205 94 101

*Mean percent survival significantly less than CLIS controls (p < 0.05)
**Mean percent survival significantly lessthan CLIS controls (p < 0.05) and |ess than 80% of
CLIS controls
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Table 7. Resultsof sea urchin fertilization tests on pore watersfrom 100 sediment samples
from central Puget Sound. Tests performed with Strongylocentrotus purpuratus.

100% pore water 50% pore water 25% pore water
Stratum and Sample Mean %of Stati- Mean %of Stati- Mean% %of Stati-
Location %  control stical % control stical fertili- control stical
fertili- signifi- fertili- signifi-  zation signifi-
zation cance zation cance cance

1 106 998 119 98.8 100 99.6 101
South Port 107 984 117 99 100 994 101
Townsend

108 994 118 98.4 99 99.6 101
2 109 982 117 100 101 99 100
Port Townsend 110 982 117 994 100 994 101

111 97 115 98.4 99 97.8 99
4 116 996 118 99.2 100 99 100
South Admiralty 117 99.2 118 99.8 101 98.6 100
Inlet

112 942 112 96.4 97 99.2 101
5 118 984 117 98.6 99 984 100
Possession 119 99 118 98.6 99 98.8 100
Sound

120 992 118 98.2 99 984 100
6 122 972 116 97.6 98 99.6 101
Central Basin 122 99 118 99 100 97 98

123 992 118 98.8 100 99.6 101
7 124 988 117 99.2 100 984 100
Port Madison 125 984 117 98.6 99 98 99

126 984 117 99 100 99.2 101
8 127 998 119 99.6 101 99 100
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Table7. Continued.

100% pore water 50% pore water 25% pore water
Stratum and Sample Mean %of Stati- Mean %of Stati- Mean% %of Stati-
Location %  control dtica % control stical  fertili- control stical
fertili- signifi- fertili- signifi- zation signifi-
zation cance zation cance cance

West Point 128 99 118 994 100 99.6 101

129 998 119 994 100 99.2 101

113 994 118 99 100 984 100
9 130 992 118 98.8 100 99 100
Eagle Harbor 131 100 119 98.6 99 99 100

132 996 118 98.8 100 984 100
10 133 988 105 99.6 101 98.8 101
Central Basin 134 990 106 99.2 100 99.6 101

135 994 106 99.6 101 994 101
11 136 100 107 99.6 101 99.6 101
Central Basin 137 988 105 994 101 99.6 101

138 984 105 99 100 98.6 100
12 139 998 107 99.8 101 99.8 102
East Passage 140 988 105 99.6 101 99.8 102

141 96 102 97.8 99 98.6 100
13 142 988 105 99 100 99 101
Liberty Bay 143 99.2 106 98.6 100 99 101

144 996 106 98.8 100 99.2 101
14 145 994 106 994 101 99 101
Keyport 146 98 105 994 101 98.2 100

147 99 106 99.2 100 994 101
15 148 99 106 99 100 99.2 101
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Table7. Continued.

100% pore water 50% pore water 25% pore water
Stratum and Sample Mean %of Stati- Mean %of Stati- Mean% %of Stati-
Location %  control dtica % control stical  fertili- control stical
fertili- signifi- fertili- signifi- zation signifi-
zation cance zation cance cance

North West 149 974 104 99.2 100 994 101
Bainbridge

150 99.2 106 98.6 100 99.2 101
16 151 996 106 99.6 101 99.6 101
South West 152 988 105 97.8 99 99 101
Bainbridge

153 978 104 984 100 994 101
17 154 982 105 98 99 984 100
Rich Passage 155 99 106 98.6 100 99.6 101

156 984 105 99.8 101 98.6 100
18 157 906 113 894 101 92 105
Port Orchard 158 906 113 944 106 926 106

159 78 97 88.2 99 91 104
19 160 2 2 *x 4.8 5 * 56.6 65 *
Sinclair Inlet 161 83 103 88.6 100 874 100

162 908 113 894 101 87.6 100
20 163 908 113 88 99 885 101
Sinclair Inlet 164 902 112 91.2 103 88.6 101

165 65 81 * 84 95 89.2 102
21 166 894 111 89.2 101 91.6 104
Port Washington 167  66.2 82 * 87.2 98 91 104
Narrows

168 55.6 69 * 81.4 92 83 95
22 169 758 94 82.2 93 82.8 94
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Table7. Continued.

100% pore water 50% pore water 25% pore water
Stratum and Sample Mean %of Stati- Mean %of Stati- Mean% %of Stati-
Location %  control dtica % control stical  fertili- control stical
fertili- signifi- fertili- signifi- zation signifi-
zation cance zation cance cance
Dyes Inlet 170 812 101 77.6 87 ++ 72 82 *
171 74 92 79.2 89 + 74.4 85 ++
23 172 752 94 73.8 83 * 69 79 o
Outer Elliott Bay 173 82 102 75.4 85 ++ 73.6 84 *
174 748 93 87.4 99 894 102
175 77 96 86.4 97 87.6 100
24 176 66 82 * 85.2 96 85 97

Shoreline Elliott 177  60.6 75 *x 77.8 88 ++ 85.2 97
Bay

178 85 106 89.6 101 87 99
25 179 654 81 * 77.8 88 ++ 73.8 84 *
Shoreline Elliott 180  54.4 68 *x 73.4 83 * 79.4 91 +
Bay

181 774 96 81.4 92 85.8 98

115 4.6 6 *x 40.8 46 *x 64.8 74 *x
26 182 66.6 83 * 69.2 78 *x 734 84 *
Shoreline Elliott 183  70.8 88 77.8 88 ++ 724 83 *
Bay

184 678 84 * 78 88 ++ 734 84 *
27 185 966 120 934 105 94 107
Mid Elliott Bay 186 93 116 946 107 92.8 106

187 926 115 946 107 92.8 106

188 926 115 93.6 106 96.2 110
28 189 878 109 904 102 884 101
Mid ElliottBay 190 938 117 91.2 103 95.8 109
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Table7. Continued.

100% pore water 50% pore water 25% pore water
Stratum and Sample Mean %of Stati- Mean %of Stati- Mean% %of Stati-
Location %  control dtica % control stical  fertili- control stical
fertili- signifi- fertili- signifi- zation signifi-
zation cance zation cance cance

191 906 113 88.2 99 92 105

192 858 107 89.2 101 945 108
29 193 736 92 91 103 922 105
Mid ElliottBay 194 854 106 904 102 904 103

195 726 90 88 99 90.2 103

196 866 108 91.2 103 91.2 104
30 197 50 62 * 784 88 ++ 84 96
West Harbor 198 808 100 85 96 87.8 100
Island

199 59 73 * 79 89 ++ 88 100

114  69.2 86 + 80.4 91 834 95
31 200 548 68 * 85.2 96 90.6 103
East Harbor 201 534 66 * 82.6 93 77 88 ++
Island

202 80.6 100 82 92 92 105
32 203 784 98 87 98 926 106
Duwamish 204 828 103 86.6 98 89 101

205 752 94 88 99 86.6 99

Mean response significantly different from controls (Dunnett's t-test: +=alpha<0.05 or

++=alpha<0.01)

Mean response significantly different from controls (Dunnett's t-test) and exceeds minimum
significant difference (*=alpha<0.05 or **=alpha<0.01)

Page 128



Table8. Resultsof Microtox™ tests (as mean mg/ml and per cent of Redfish Bay control)
and cytochrome P450 HRGS bioassays (as benzo[a] pyr ene equivalents) of 100 sediment
samples from central Puget Sound.

Microtox' " EC50 P450 HRGS
Stratum Location Sample mean Statistica % of  Statistical B[a]PEq Statistical
(mg/L) signifi-  control  signifi-  (ug/g)  signifi-
cance cance cance
1  South Port 106 137 12.93 * 7.1
Townsend
107  3.07 29.02 * 5.7
108 13.30 125.87 4.9
2 PortTownsend 109 10.67 100.95 1.2
110 44.67 422.71 1.2
111 17.07 161.51 4.3
4  South 112 313 29.65 * 4.3
Admiralty Inlet
116 2357 223.03 0.4
117 18.60 176.03 0.6
5  Possession 118 487 46.06 * 9.3
Sound
119 30.80 291.48 0.7
120 23.27 220.19 05
6 Centra Basin 121 8.67 82.02 2.1
122 297 28.08 * 9.0
123 537 50.79 * 6.1
7  Port Madison 124  2.80 26.50 * 3.2
125 297 28.08 * 4.7
126  48.70 460.88 24
8  West Point 127  3.73 35.33 * 170 ++
128  24.67 233.44 711 +++
129 10.37 98.11 191 ++
113 290 27.44 * 117 ++
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Table 8. Continued.

Microtox"™ EC50 P450 HRGS
Stratum Location Sample mean Statistical % of  Statistical B[a]PEq Statistical
(mg/L) signifi-  control  signifi-  (ug/g)  signifi-
cance cance cance
9 EagleHarbor 130 1.97 18.61 *x 48.3 +++
131 087 8.20 * 96.5 +++
132 177 16.72 * 147 ++
10 Central Basin 133 1213 114.83 8.7
134  4.60 43.53 * 7.5
135 28.63 270.98 135 ++
11  Central Basin 136 6.30 59.62 *x 13.7 ++
137 9.93 94.01 157 ++
138 243 23.03 * 171 ++
12 East Passage 139 21.13 200.00 178 ++
140 3.63 34.38 * 23.8 ++
141  64.10 606.62 5.8
13 Liberty Bay 142 527 49.84 *x 16.7
143 147 13.88 * 248 ++
144 117 11.04 * 271.7 ++
14 Keyport 145 283 26.81 * 2.5
146  1.10 1041 o 320 ++
147  5.63 53.31 * 5.6
15 North West 148 094 8.90 * 264 ++
Bainbridge
149  1.09 10.28 * 6.6
150 1.23 11.67 * 9.3
16  South West 151 082 7.76 * 31.6 ++
Bainbridge
152  4.60 43.53 * 7.6
153 197 18.61 *x 279 ++
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Table8. Continued.

Microtox ™ EC50

P450 HRGS

Stratum Location Sample mean Statistical % of  Statistical B[a]PEq Statistical
(mg/L) signifi-  control  signifi-  (ug/g)  signifi-
cance cance cance
17 Rich Passage 154  7.80 73.82 19
155  20.27 191.80 1.6
156  30.17 285.49 10.0
18 Port Orchard 157 3.20 30.28 *x 141 ++
158  4.70 44.48 *x 7.6
159 227 21.45 *x 124 ++
19 Sinclair Inlet 160 0.81 7.70 *x 294 ++
161 0.82 7.79 *x 445 +++
162 163 15.46 *x 355 ++
20 Sinclair Inlet 163 1.02 9.68 *x 277 ++
164 150 14.20 *x 649 +++
165 6.83 64.67 394 +++
21  Port 166  3.40 32.18 *x 6.5
Washington
Narrows
167 3.30 31.23 *x 9.9
168  0.65 6.12 *x 323 ++
22 DyeslInlet 169 4.10 38.80 *x 3.6
170 104 9.81 *x 276 ++
171 2.03 19.24 *x 304 ++
23 Outer Elliott 172 213 20.19 *x 178 ++
Bay
173 497 47.00 *x 198 ++
174  35.97 340.38 10.5
175 523 49.53 *x 3.3
24 Shoreline 176 227 21.45 *x 125 ++
Elliott Bay
177 257 24.29 *x 34
178 86.83 821.77 10.7

Page 131



Table8. Continued.

Microtox' " EC50 P450 HRGS
Stratum Location Sample mean Statistical % of  Statistical B[a]PEq Statistical
(mg/L) signifi-  control  signifi-  (ug/g)  signifi-
cance cance cance
25 Shoreline 179 25.10 237.54 38.8 +++
Elliott Bay
180 17.50 165.62 344 ++
181 17.20 162.78 328 ++
115 0.79 7.48 * 144.8 +++
26  Shoreline 182  26.47 250.47 216.1 +++
Elliott Bay
183 317 29.97 *x 107.2 +++
184  7.90 74.76 2232 +++
27 MidElliottBay 185 18.20 172.24 19.7 ++
186 34.00 32177 549 +++
187 37.73 357.10 265 ++
188 67.17 635.65 152.9 +++
28 MidElliott Bay 189  9.47 89.59 139.8 +++
190 593 56.15 *x 3.6
191 179.30 1696.85 29.1 ++
192  35.17 332.81 4901 +++
29 MidElliottBay 193 50.73 480.13 328 ++
194 6240 590.54 741  +++
195 61.87 585.49 493 +++
196 55.63 526.50 28.6 ++
30 West Harbor 197 223 21.14 * 96.6 +++
Island
198 59.93 567.19 132.2 +++
199 64.80 613.25 148.1 +++
114  0.79 7.48 o 111.4 +++
31 East Harbor 200 25.40 240.38 1535 +++
Island
201 313 29.65 o 135.3 +++
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Table8. Continued.

Microtox ™ EC50

P450 HRGS

Stratum Location Sample mean Statistical % of  Statistical B[a]PEq Statistical
(mg/L) signifi-  control  signifi-  (ug/g)  signifi-
cance cance
202  7.67 72.56 133.2 +++
32  Duwamish 203 3.20 30.28 *x 96.9 +++
204 333 31.55 * 770 +++
205 357 33.75 * 46.9 +++

Microtox™ EC50 (mg/ml): * = mean EC50<0.51 mg/ml determined as the 80% lower prediction
limit (LPL) with the lowest (i.e., most toxic) samples removed, but >0.06 mg/ml determined as

the 90% lower prediction limit (LPL) earlier in this report.
Microtox™ 9% of control: * = significantly different from control, ** = significantly different

from control (p <0.05) and < 80% of control

Cytochrome P450 HRGS as g B[a]PEg/g: ++ = value >11.1 benzo[a] pyrene equivalents (Lg/g
sediment) determined as the 80% upper prediction limit (UPL); +++ = value >37.1
benzo[ a] pyrene equivalents (ug/g sediment) determined as the 90% upper prediction limit (UPL)
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Table9. Estimates of the spatial extent of toxicity in four independent tests performed on
100 sediment samples from central Puget Sound. Total study area 731.66 km?.

Toxicity test/ critical value “Toxic” area(km?)  Percent of total area
Amphipod survival
e  Mean surviva < 80% of controls 1.0 0.1

Urchin fertilization (mean fertilization
< 80% of controls)

e 100% porewater 5.1 0.7

*  50% porewater 15 0.2

o 25% porewater 4.2 0.6
Microbial bioluminescence

e mean EC50 < 80% of controls 348.9 a47.7

« <051mgml* 0.0 0.0

« <0.06 mg/ml® 0.0 0.0
Cytochrome P450 HRGS

e >11.1pg/g° 237.1 32.3

e >37.1ug/g" 23.7 3.2

A Critical value: mean EC50 < 0.51 mg/ml (80% lower prediction limit (LPL) with lowest, i.e.
most toxic, samples removed)

B Critical value: mean EC50 <0.06 mg/ml (90% LPL of the entire data set - NOAA surveys and
northern Puget Sound data, n=1013).

€ Critical value: > 11.1 ug/g benzo[a] pyrene equivalents/g sediment determined as the 80%
upper prediction limit (UPL) following removal of 10% of the most toxic (highest) values from
a database composed of NOAA data from many surveys nationwide (n=530).

D Critical value: >37.1 pg/g benzo[a] pyrene equivalents/g sediment determined as the 90% UPL
of the entire NOAA data set (n=530).
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Table 10. Spearman-rank correlation coefficientsfor combinations of different toxicity tests
performed with 100 sediment samples from central Puget Sound.
Amphipod Signifi- Microbia Signifi- Cytochrome Signifi-
survival  cance bioluminescence cance P450 HRGS cance (p)

() () assay
Amphipod survival*
Microbial 0.095 ns
bioluminescence *
Cytochrome P450 0.099 ns -0.066 ns
HRGS
Urchin fertilization* 0.105 ns 0.116 ns -0.445 <0.0001

ns = not significant (p>0.05)
* analyses performed with control-normalized data
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Table 11. Sediment types characterizing the 100 samples collected in 1998 from central
Puget Sound.

Sediment type % Sand % Silt-clay % Gravel (range of No. of stations

datafor each station with this
type) sediment type
Sand > 80 <20 0.0-51 30
Silty sand 60-80 20 - <40 0.0-18.6 15
Mixed 20 -< 60 40-80 0.0-59.2 23
Silt clay <20 >80 0.0-1.3 32
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Table12. Samplesfrom 1998 central Puget Sound survey in which individual numerical
guidelines wer e exceeded (excluding Elliott Bay and the Duwamish River).

Stratum, Sample,  Number Mean Number Com-  Number Compounds Number ~ Compounds

Location of ERLs ERM of pounds of SQSs exceeding SQSs of CSLs excceding CSLs
exce- Quotient ERMs exceeding exce- exce-
eded exce- ERMs  eded eded
eded

1, 106, South Port 0.07 1 4-Methylphenol 1 4-Methylphenol
Townsend
1, 107, South Port 3 0.24 1 4-Methyl phenol 1 4-Methylphenol
Townsend
1, 108, South Port 0.09 1 4-Methylphenol 1 4-Methylphenol
Townsend
2, 109, Port Townsend 1 0.08 1 4-Methyl phenol 1 4-Methylphenol
2, 110, Port Townsend 0.06
2,111, Port Townsend 0.07 1 4-Methylhenol 1 4-Methylphenol
4, 112, South 0.08
Admiralty Inlet
4, 116, South 0.06
Admiralty Inlet
4, 117, South 1 0.06
Admiralty Inlet
5, 118, Possession 3 0.13 1 4-Methyl phenol 1 4-Methylphenol
Sound
5, 119, Possession 0.06
Sound
5, 120, Possession 1 0.07
Sound
6, 121, Central Basin 0.06
6, 122, Central Basin 1 0.11 1 4-Methylphenol 1 4-Methylphenol
6, 123, Central Basin 1 0.10 1 4-Methylphenol 1 4-Methylphenol
7, 124, Port Madison 0.07
7, 125, Port Madison 0.08
7, 126, Port Madison 0.05
8, 113, West Point 0.09 1 4-Methylphenol 1 4-Methylphenol
8, 127, West Point 0.14
8, 128, West Point 16 0.26
8, 129, West Point 2 0.14

9, 130, Eagle Harbor 17 0.33
9, 131, Eagle Harbor 19 0.36

9, 132, Eagle Harbor 5 0.14
10, 133, Central Sound 0.07
10, 134, Central Sound 0.06
10, 135, Central Sound 0.06
11, 136, Central Sound 3 0.18
11, 137, Central Sound 5 0.20
11, 138, Central Sound 4 0.15
12, 139, East Passage 2 0.10
12, 140, East Passage 4 0.13 1 4-Methyl phenol 1 4-Methylphenol

12, 141, East Passage 0.06

13, 142, Liberty Bay 4 0.13
13, 143, Liberty Bay 4 0.16
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Table 12. Continued.

Stratum, Sample,  Number Mean Number Com-  Number Compounds Number ~ Compounds

Location of ERLs ERM of pounds of SQSs exceeding SQSs of CSLs excceding CSLs
exce- Quotient ERMs exceeding exce- exce-
eded exce- ERMs  eded eded
eded
13, 144, Liberty Bay 4 0.16
14, 145, Keyport 0.04
14, 146, Keyport 4 0.12
14, 147, Keyport 0.07
15, 148, NW 3 0.12 1 4-Methyl phenol 1 4-Methylphenol
Bainbridge Island
15, 149, NW 0.04
Bainbridge Island
15, 150, NW 0.07
Bainbridge Island
16, 151, SW 5 0.18 1 Benzyl Alcohol 1 Benzyl Alcohol
Bainbridge Island
16, 152, SW 0.08
Bainbridge Island
16, 153, SW 4 0.19
Bainbridge Island
17, 154, Rich Passage 0.04
17, 155, Rich Passage 0.04
17, 156, Rich Passage 0.07
18, 157, Port Orchard 0.07
18, 158, Port Orchard 0.05
18, 159, Port Orchard 0.06
19, 160, Sinclair Inlet 9 0.35 1 Mercury 1 Mercury 1 Mercury
19, 161, Sinclair Inlet 7 0.27 1 Mercury 1 Mercury
19, 162, Sinclair Inlet 8 0.30 1 Mercury 1 Mercury 1 Mercury
20, 163, Sinclair Inlet 8 0.44 1 Mercury 1 Mercury 1 Mercury
20, 164, Sinclair Inlet 9 0.42 1 Mercury 1 Mercury 1 Mercury
20, 165, Sinclair Inlet 11 0.55 1 Mercury 1 Mercury 1 Mercury
21, 166, Port 0.06
Washington Narrows
21, 167, Port 0.08
Washington Narrows
21, 168, Port 7 0.17
Washington Narrows
22, 169, Dyes Inlet 0.05
22, 170, Dyes Inlet 10 0.26 1 Benzyl Alcohol
22,171, DyesInlet 10 0.26 2 Mercury, Benzyl 1 Mercury
Alcohol
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Table 13. Samplesfrom 1998 central Puget Sound survey in which individual numerical

guidelines wer e exceeded in Elliott Bay and the Duwamish River.

Stratum, Sample, Number Mean Number Compounds Number Compounds Number Compounds
Location of ERLs ERM of exceeding of SQSs  exceeding SQSs of CSLs  exceeding
exce- Quotient ERMs ERMs exce- exce- CSLs
eded exce- eded eded
eded
23, 172, Outer 5 0.20
Elliott Bay
23, 173, Outer 7 0.28
Elliott Bay
23, 174, Outer 0.09 1  Other: Butylbenzyl-
Elliott Bay phthalate
23, 175, Outer 0.07
Elliott Bay
24, 176, Shoreline 5 0.31 4 Metals: Mercury;
Elliott Bay HPAH:
Benzo(g,h,i)
perylene;
LPAH:
Phenanthrene;
Other:
Butylbenzyl-
phthalate
24, 177, Shoreline 2 0.08
Elliott Bay
24, 178, Shoreline 0.14
Elliott Bay
25, 115, Shoreline 24 0.83 2 HPAH: Benzo(g,h,i) 1 Other: 4-
Elliott Bay perylene; M ethylphenol
Other: 4-
Methylphenol
25, 179, Shoreline 13 0.52 1  HPAH: Benzo(g,h,i)
Elliott Bay perylene
25, 180, Shoreline 15 0.57 2  HPAH:
Elliott Bay Benzo(g,h,i)
perylene,
Indeno(1,2,3-
c,d)pyrene
25, 181, Shoreline 24 1.59 4  HPAH: 1 Metals: Mercury
Elliott Bay Benzo(g,h,i)
perylene,
Total HPAHS,
Total PAH;
Other: Total
PCBs
26,182, Shoreline 24 1.36 5 Metds: 4 Metals: Mercury; 1 Metds: Mercury
Elliott Bay Mercury; HPAH: Benzo(g,h,i)
LPAH: Total perylene,
LPAHS; Fluoranthene,
HPAH: Indeno(1,2,3-
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Table 13. Continued.

Stratum, Sample, Number Mean Number Compounds Number Compounds Number Compounds
Location of ERLs ERM of exceeding of SQSs  exceeding SQSs of CSLs  exceeding
exce- Quotient ERMs ERMs exce- exce- CSLs
eded exce- eded eded
eded
Pyrene, Total c,d)pyrene
HPAH;
Other: Total
PCBs
26, 183, Shoreline 20 0.52 10 HPAH: Benzo(a) 1 HPAH:
Elliott Bay anthracene, Benzo(a)pyrene
Benzo(a)pyrene,
Benzo(g,h,i)
perylene,
Indeno(1,2,3-
c,d)pyrene,
Fluoranthene; Total
fluoranthene, Total
HPAHS;
LPAH: Fluorene,
Phenanthrene;
Other: Dibenzofuran
26, 184, Shoreline 22 1.31 HPAH: 7  HPAH: 4  HPAH: Tota
Elliott Bay Benzo(a)anthr Benzo(a)pyrene, Benzofluoranthe
acene, Benzo(g,h,i) nes,
Benzo(a)pyre perylene, Fluoranthene,
ne, Fluoranthene, Total HPAHS,
fluoranthene, Indeno(1,2,3- Total PAHs
Pyrene, Total c,d)pyrene, Tota
HPAHS; HPAHSs, Totd
LPAH: fluoranthene;
Anthracene, LPAH:
Phenanthrene, Phenanthrene,
Total LPAHS,
Total PAHs
27, 185, Mid 7 0.39 1  Other: Bis(2-
Elliott Bay Ethylhexyl) Phthalate
27,186, Mid 13 0.57 Metals: 1 Metals: Mercury 1 Metas: Mercury
Elliott Bay Mercury
27,187, Mid 12 0.55
Elliott Bay
27,188, Mid 23 1.47 HPAH: 6 Metals: Mercury; 2 Metds:
Elliott Bay Benzo(a)pyre HPAH: Benzo(g,h,i) Mercury;
ne, Pyrene, perylene, Other: 2,4-
Totd Fluoranthene, Dimethylphenol
HPAHS; Indeno(1,2,3-
LPAH: c,d)pyrene;
Phenanthrene Other: Benzyl
Total LPAHS; Alcohol, 2,4-
Other: Total Dimethyl phenol
PCBs
28, 189, Mid 16 0.43
Elliott Bay
28, 190, Mid 0.06 1  Other: Di-N-
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Table 13. Continued.

Stratum, Sample, Number Mean Number Compounds Number Compounds Number Compounds
Location of ERLs ERM of exceeding of SQSs  exceeding SQSs of CSLs  exceeding
exce- Quotient ERMs ERMs exce- exce- CSLs
eded exce- eded eded
eded
Elliott Bay Butylphthalate
28, 191, Mid 13 0.45
Elliott Bay
28, 192, Mid 9 0.36
Elliott Bay
29, 193, Mid 9 0.37
Elliott Bay
29, 194, Mid 23 1.05 1 HPAH: 3 Metals. Mercury; 2 Metads:
Elliott Bay Dibenzo(a,h,) HPAH: Dibenzo(a,h) Mercury;
anthracene; anthracene; Other: 4- Other: 4-
Other: Total Methyl phenol M ethyl phenol
PCBs
29, 195, Mid 12 0.54
Elliott Bay
29, 196, Mid 13 0.54 1 Metas 1 Metas: Mercury 1 Metas: Mercury
Elliott Bay Mercury
30, 114, West 21 1.34 2  HPAH: 2 HPAH: Benzo(g,h,i) 1 Other: 4-
Harbor Island Benzo(a)pyre perylene; Other: 4- M ethyl phenol
ne; Other: Methylphenol
Total PCBs
30, 197, West 18 0.60 2 Meds: 4 Metals: Arsenic; 2 Metas: Arsenic;
Harbor Island Arsenic, Zinc LPAH: Other: 4-
Acenaphthene; M ethyl phenol
Other: Dibenzofuran,
4-Methylphenol
30, 198, West 22 1.26 6 LPAH: 2- 6  LPAH: 4 LPAH:
Harbor Island Methylnaphth Acenaphthene, Acenaphthene,
aene, Fluorene, Naphthalene;
Acenaphthene Naphthalene, Total Other:
, Fluorene, LPAHSs; Dibenzofuran, 4-
Naphthalene, Other: Dibenzofuran, M ethyl phenol
Tota LPAHS; 4-Methylphenol
Other: Total
PCBs
30, 199, West 22 0.96 2  LPAH: Tota 3 LPAH: 1 Other: 4-
Harbor Island LPAHS; Acenaphthene, M ethyl phenol
Other: Total Dibenzofuran;
PCBs Other: 4-
M ethylphenol
31, 200, East 22 3.93 1  Other: Tota 2 Other:14- 1 Other: 4-
Harbor Island PCBs Dichlorobenzene, 4- M ethylphenol
M ethyl phenol
31, 201, East 23 1.60 1 Other: Total 2 Other: Bis(2- 1 Other: 4-
Harbor Island PCBs Ethylhexyl) M ethylphenol
Phthalate, 4-
Methyl phenol
31, 202, East 25 2.16 1 Other: Total 1 Other: 4- 1 Other: 4-
Harbor Island PCBs M ethylphenol M ethyl phenol
32, 203, 13 0.67 Other: 4-
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Table 13. Continued.

Stratum, Sample, Number Mean Number Compounds Number Compounds Number Compounds
Location of ERLs ERM of exceeding of SQSs  exceeding SQSs of CSLs  exceeding
exce- Quotient ERMs ERMs exce- exce- CSLs
eded exce- eded eded
eded
Duwamish M ethyl phenol
32, 204, 8 0.72 1  Other: Tota 2 Other: Bis(2- 1 Other: 4-
Duwamish PCBs Ethylhexyl) M ethyl phenol
Phthalate, 4-
Methylphenol
32, 205, 20 201 1  Other: Totd 5 HPAH: Benzo(g,h,i) 1 Other: 4-
Duwamish PCBs perylene, M ethyl phenol
Indeno(1,2,3-
c,d)pyrene;
Other: Butylbenzyl-
phthalate, 4-
M ethylphenol,

Pentachl orophenol
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Table 14. Number of 1998 central Puget Sound samples exceeding individual numerical
guidelines and estimated spatial extent of chemical contamination (expressed as per centage
of total area) relativeto each guideline. Total sampling area = 731.66 km?.

> ERM? > 3SQs? > csL’
Compound No. % of Sample No. % of Sample No. % of Sample
Total Number and Total  Number and Total  Number and
Area Location Area Location Area Location
Trace metals®
Arsenic 1 0.04 W. Harbor Isl.: 197 1 0.04 W. Harbor Isl.: 1 0.04 W. Harbor Isl.:
197 197
Cadmium 0 0 0 0 0 0
Chromium 0 0 0 0 0 0
Copper 0 0 0 0 0 0
Lead 0 0 0 0 0 0
Mercury 9 1.11 Sinclair Inlet: 160, 14 1.98 Sinclair Inlet: 12 1.88 Sinclair Inlet :
162, 163, 164, 165; 160, 161, 162, 160, 161, 162,
Elliott Bay: 182, 186, 163, 164, 165; 163, 164, 165;
188, 196 Dyes Inlet: 171; Dyes Inlet: 171;
Elliott Bay: 176, Elliott Bay: 182,
181, 182, 186, 186, 188, 194,
188, 194, 196 196
Nickel 4 1.31 Liberty Bay: 142, NA NA NA NA
144; Bainbridge
Isl.: 148; Dyes
Inlet: 170
Silver 0 0 0 0 0 0
zZinc 1 0.04 W. Harbor Isl.: 197 0 0 0 0
Total for any 10  2.46 Sinclair Inlet: 160, 15 2.02 Sinclair Inlet: 13 1.91 Sinclair Inlet:
individual trace 162, 163, 164, 165; 160, 161, 162, 160, 161, 162,
metals (excluding Elliott Bay: 182, 186, 163, 164, 165; 163, 164, 165;
Nickel) 188, 196; W. Harbor Dyes Inlet: 171; Dyes Inlet: 171;
Isl.: 197 Elliott Bay: 176, Elliott Bay: 182,
181, 182, 186, 186, 188, 194,
188, 194, 196; 196; W. Harbor
W. Harbor Isl.: Isl.: 197
197
Organic
Compounds
LPAH
2- 1 0.04 W. Harbor Isl.: 198 1 0.04 W. Harbor Isl.: 1 0.04 W. Harbor Isl.:
Methylnaphthalene 198 198
Acenaphthene 1 0.04 W. Harbor Isl.: 198 3 0.11 W. Harbor 1 0.04 W. Harbor Isl.:
Isl.:197, 198, 198
199
Acenaphthylene 0 0 0 0 0 0
Anthracene 1 0.02 Elliott Bay: 184 0 0 0 0
Fluorene 1 0.04 W. Harbor Isl.: 198 2 0.05 Elliott Bay: 183; 0 0
W. Harbor Isl.:
198
Naphthalene 1 0.04 W. Harbor Isl.: 198 1 0.04 W. Harbor Isl.: 1 0.04 W. Harbor Isl.:
198 198
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Table 14. Continued.

> ERM? > 3SQs? > csL’
Compound No. % of Sample No. % of Sample No. % of Sample
Total Number and Total  Number and Total  Number and
Area Location Area Location Area Location
Phenanthrene 2 0.16 Elliott Bay: 184, 188 3 0.09 Elliott Bay: 176, 0 0
183, 184,
Total for any 3 0.19 Elliott Bay: 184, 188; 6 0.2 Elliott Bay: 176, 1 0.04 W. Harbor Isl.:
individual LPAH W. Harbor Isl.: 198 183, 184; W. 198
Harbor Isl.: 197,
198, 199
Sum of LPAHSs:
Sum of 6 LPAH® NA NA 1 0.36W.Harborlisl.: 0 0
(WA Ch. 173-204 198
RCW)
Sum of 7 LPAH 5 0.25 Elliott Bay: 182, 184, NA NA NA NA

(Long et al., 1995) 188; W. Harbor Isl.:

198, 199

HPAH
Benzo(a)anthracene 1 0.02 Elliott Bay: 184
Benzo(a)pyrene 3 0.19 W. Harbor Isl.: 114;

Elliott Bay: 184, 188

Benzo(g,h,i)perylene NA NA

Chrysene 0 0

Dibenzo(a,h)anthrac 1 0.1 Elliott Bay: 194

ene

Fluoranthene 1 0.02 Elliott Bay: 184

Indeno(1,2,3- NA NA Elliott Bay: 182, 184,

c,d)pyrene 188

Pyrene 3 0.17 Elliott Bay: 182,
184, 188

Total NA NA

Benzofluoranthenes
0.31 W. Harbor Isl.: 114;

Elliott Bay: 182, 184,
188, 194

Total for any 5
individual HPAH

o

0
0.02 Elliott Bay: 183

1 0.02 Elliott Bay: 183

3 0.08 Elliott Bay: 115, 1
183, 184

11 0.50 W. Harbor Isl.: 0 0
114; Elliott Bay:
115, 176, 179,
180, 181, 182,
183, 184, 188;
Duwamish: 205

0 0 0 0

1 0.1 Elliott Bay: 194 0 0

4 0.19 Elliott Bay: 182, 1  0.02 Elliott Bay: 184
183, 184, 188

5 0.12 Elliott Bay: 180, 0 0
182, 183, 184;

Duwamish: 205

0 0 0 0

2 0.03 Elliott Bay: 183, 1
184

12 0.60 W. Harbor Isl.: 2
114; Elliott Bay:
115, 176, 179,
180, 181, 182,
183, 184, 188,
194; Duwamish:
205

0.02 Elliott Bay: 184

0.03 Elliott Bay: 183,
184
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Table 14. Continued.

> ERM® > SQS” > CsL’
Compound No. % of Sample No. % of Sample No. % of Sample
Total Number and Total  Number and Total  Number and
Area Location Area Location Area Location
Sum of HPAHs:
Sum of 9 HPAH NA NA 2 0.73 Elliott Bay: 183, 0 0
(WA Ch. 173-204 184
RCW)
Sum of 6 HPAH 3 0.17 Elliott Bay: 182, NA NA NA NA
(Long et al., 1995) 184, 188
Total for any 6 0.35 W. Harbor Isl.: 114, 15 0.71 Elliott Bay: 115, 3  0.07 Elliott Bay: 183,
individual PAH 198; Elliott Bay: 182, 176, 179, 180, 184; W. Harbor
184, 188, 194 181, 182, 183, Isl.: 198
184, 188, 194;
W. Harbor Isl.:
114, 197, 198,
199; Duwamish:
205
Sum of 13 PAHs 1 0.02 Elliott Bay: 184 NA NA NA NA
(Long et al., 1995)
Phenols
2,4-Dimethylphenol  NA NA 1 0.14 Elliott Bay: 188 1  0.14 Elliott Bay: 188
2-Methylphenol NA NA 0 0 0 0
4-Methylphenol NA NA 22 23 22 23
Pentachlorophenol  NA NA 1 0.03 Duwamish: 205 0 0
Phenol NA NA 0 0 0 0
Total for any NA NA 23 232 23 232
individual phenols:
Phthalate Esters
Bis (2-Ethylhexyl) NA NA 4 0.24 Elliott Bay: 185; 1  0.03 Duwamish: 205
Phthalate E. Harbor Isl.:
201; Duwamish:
204, 205
>QL only 3 0.2 Elliott Bay: 185; 0 0
E. Harbor Isl.:
201; Duwamish:
204
Butylbenzylphthalate NA NA 3 0.47 Elliott Bay: 174, 0 0
176; Duwamish:
205
Diethylphthalate NA NA 0 0 0 0
Dimethylphthalate NA NA 0 0 0 0
Di-N-Butyl Phthalate NA NA 1 0.1 Elliott Bay: 190 0 0
Di-N-Octyl Phthalate NA NA 0 0 0 0
Total for any NA NA 7 0.76 Elliott Bay: 174, 1  0.03 Duwamish: 205

individual
phthalate esters

176, 185, 190; E.
Harbor Isl.: 201;
Duwamish: 204,
205
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Table 14. Continued.

> ERM? > SQS” > CSL”
Compound No. % of Sample No. % of Sample No. % of Sample
Total Number and Total  Number and Total  Number and
Area Location Area Location Area Location
Chlorinated Pesticide and PCBs
4,4'-DDE 0 0 NA NA NA NA
Total DDT 0 0 NA NA NA NA
Total PCB:
Total Aroclors (WA Ch. NA NA 36 382 1 0.02 E. Harbor
173-204 RCW) Isl.: 200
>QL only 0 0 0 0
Total congeners (Longet 13 0.59 Elliott Bay: 181, NA NA NA NA
al., 1995): 182, 188, 194;
W. Harbor Isl.:

>QL only 12

Miscellaneous Compounds

1,2-Dichlorobenzene NA
>QL only

1,2,4-Trichlorobenzene NA
>QL only

1,4-Dichlorobenzene NA
>QL only

Benzoic Acid NA
>QL only

114,198, 199; E.
Harbor Isl.: 200,

201, 202;
Duwamish: 203,
204, 205
0.55 Elliott Bay: 181,
182, 188, 194;
W. Harbor Isl.:
114,198, 199;
E. Harbor Isl.:
200, 201, 202;
Duwamish: 204,
205
NA 10 21.1 Pt. Townsend:
110; S. Admiralty
Inlet: 116, 117;
Central Basin:
121; Rich
Passage: 154,
155, 174; Elliott
Bay: 177,178,
190
0 0
NA 42  49.8
0 0
NA 4 1.35 Pt. Townsend:
110; Elliott Bay:
174, 177; E.
Harbor Isl.: 200
1 0.02 E. Harbor Isl.:
200
NA 97 835
89 815

10 21.1 Pt. Townsend:
110; S.
Admiralty Inlet:
116, 117;
Central Basin:
121; Rich
Passage: 154,
155, 174; Elliott

Bay: 177,178,
190
0 0
15 36.4
0 0
0 0
0 0
97 835
89 815
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Table 14. Continued.

> ERM? > 3SQs? > csL’
Compound No. % of Sample No. % of Sample No. % of Sample
Total Number and Total  Number and Total  Number and
Area Location Area Location Area Location
Benzyl Alcohol NA NA 5 1.76 Liberty Bay: 144; 1 0.47 Bainbridge
Bainbridge Isl.: Isl.:151

151; Dyes Inlet:
170, 171; Elliott

Bay: 188
>QL only 4  1.67 Bainbridge Isl.: 1 0.47 Bainbridge
151; Dyes Inlet: Isl.:151
170, 171; Elliott
Bay: 188
Dibenzofuran NA NA 4 0.13 Elliott Bay: 183; 1 0.04 W. Harbor Isl.:
W. Harbor Isl.: 198
197, 198, 199
Hexachlorobenzene NA NA 6 7.82 Pt. Townsend: 0 0
110; Central
Basin: 121; Pt.
Madison: 126;
Central Sound:
134; Rich
Passage: 154,
155
>QL only 0 0 0 0
Hexachlorobutadiene NA NA 1 0.89 Pt. Townsend: 0 0
110
>QL only 0 0 0 0
N-Nitrosodiphenylamine NA NA 0 0 0 0
*Total for all individual 22 1.6 99 99.9 99 99.9
compounds (excluding
Nickel)
>QL only 21 1.6 95 99.6 94 994
*Total for all individual 79 77.2 50 60.9
compounds (excluding
Nickel and Benzoic
Acid)
>QL only 44 26.1 36 248

4ERM = effects range median (Long et al., 1995)

® SQS = sediment quality standard, CSL = cleanup screening levels (Washington State Sediment Management
Standards - Ch. 173-204 WAC)

¢ Trace metal data derived with strong acid digestion were used for comparison to ERM values while those derived
with hydrofluoric acid digestion were used for comparison to SQS and CSL values

“The LPAH criterion represents the sum of the Naphthalene, Acenaphthylene, Acenaphthene, Fluorene,
Phenanthrene, and Anthracene values

* = calculation includes all values which exceed guidelines or standards, including those that were at or below the
quantitation limits reported by Manchester Environmental Lab

>QL only = calculation includes all values which exceed guidelines or standards, excluding those that were at or
below the quantitation limits reported by Manchester Environmental Lab

NA = no guideline or standard available
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Table 15. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of trace metals, chlorinated
organic hydrocarbons, and total PAHSs, normalized to their respective ERM, SQS, CSL
valuesfor all 1998 central Puget Sound sites (n=100).

Chemical Amph- (p) Urchin (p) Microbia (p) Cyto- (p)
ipod fertiliz- biolumin- chrome
survival aion escence P-450
ERM values
mean ERM quotients for 9 trace metals 0.068 ns -0.267 ns -0.165 ns 0.726 ****
mean ERM quotients for 3 chlorinated 0.172 ns -0.576 **** 0.09 ns 0.844 ****
organic hydrocarbons
mean ERM quotients for 13 polynuclear 0.092 ns -0.5 *xxx -0.01 ns 0.928 ****
aromatic hydrocarbons
mean ERM quotients for 25 substances 0.12 ns -0.518 **** 0.03 ns 0.901 ****
SQSvalues
mean SQS quotients for 8 trace metals 0.056 ns -0.319 * -0.221 ns 0.8 ****
mean SQS quotients for 6 low molecular 0.087 ns -0.559 **** 0.37 ** 0.573 ****
weight polynuclear aromatic
hydrocarbons
mean SQS quotients for 9 high molecular 0.089 ns -0.656 **** 0.138 ns 0.735 ****
weight polynuclear aromatic
hydrocarbons
mean SQS quotients for 15 polynuclear 0.089 ns -0.656 **** 0.194 ns 0.719 ****
aromatic hydrocarbons
CSL values
mean CSL quotients for 8 trace metals 0.058 ns -0.316 * -0.225 ns 0.798 ****
mean CSL quotients for 6 low molecular 0.09 ns -0.539 **** 0.371 ** 0.575 ****
weight polynuclear aromatic
hydrocarbons
mean CSL quotients for 9 high molecular 0.087 ns -0.662 **** 0.129 ns 0.737 ****
weight polynuclear aromatic
hydrocarbons
mean CSL quotients for 15 polynuclear 0.091 ns -0.656 **** 0.193 ns 0.724 ****

aromatic hydrocarbons

ns=p>0.05
*=p<0.05

** =p<0.01

*** =p<0.001
***% = p < 0.0001
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Table 16. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of partial digestion metalsin
sedimentsfor all 1998 central Puget Sound sites (n=100).

Chemical Amphipod (p) Urchin (p) Microbial (p)  Cytochrome (p)

survival fertilization bi oluminescence P450
HRGS

Aluminum 0.055 ns 0.101 ns -0.267 ns 0.522 ****
Antimony -0.346 ns 0.113 ns -0.103 ns 0.158 ns
Arsenic 0.072 ns -0.297 ns -0.135ns 0.792 ****
Barium 0.087 ns -0.207 ns 0.005 ns 0.719 ****
Beryllium -0.059 ns 0.072 ns -0.104 ns 0.502 ****
Cadmium 0.023 ns 0.017 ns -0.593 **** 0.279ns
Calcium -0.134 ns 0.131 ns -0.39 * 0.276 ns
Chromium -0.037 ns 0.117 ns -0.338 ns 0.453 ***
Cobalt -0.04 ns 0.151 ns 0.016 ns 0.372*
Copper 0.044 ns -0.317 ns -0.251 ns 0.828 ****
Iron 0.004 ns 0.098 ns -0.174 ns 0.475 *x***
Lead 0.082 ns -0.45 *** -0.147 ns 0.883 ****
Magnesium 0.025 ns 0.314 ns -0.292 ns 0.256 ns
Manganese -0.06 ns 0.192 ns 0.142 ns 0.249 ns
Mercury 0.125ns -0.383 * -0.175ns 0.794 ****
Nickel -0.023 ns 0.365 * -0.283 ns 0.12ns
Potassium 0.021 ns 0.15ns -0.262 ns 0.456 ***
Selenium -0.045 ns 0.192 ns -0.527 * -0.2ns
Silver 0.04 ns -0.21 ns -0.115ns 0.651 ****
Sodium 0.029 ns 0.116 ns -0.332 ns 0.473 ***
Thallium -0.091 ns -0.206 ns -0.16 ns -0.086 ns
Titanium 0.013ns 0.081 ns -0.341 ns 0.504 ****
Vanadium 0.03 ns -0.019 ns -0.149 ns 0.59 ****
Zinc 0.001 ns -0.226 ns -0.27 ns 0.744 ****
ns=p>0.05
*=p<0.05
** =p<0.01
*** = p<0.001

*x%% = p < 0.0001
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Table 17. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of total digestion metalsin
sedimentsfor all 1998 central Puget Sound sites (n=100).

Chemica Amphipod (p) Urchin (p) Microbial (p)  Cytochrome (p)

survival fertilization bioluminescence P450

HRGS

Aluminum 0.115ns -0.144 ns 0.248 ns 0.438 ***
Antimony 0.109 ns -0.337 ns 0.084 ns 0.618 ****
Arsenic 0.076 ns -0.344 ns -0.089 ns 0.807 ****
Barium 0.032 ns 0.055 ns 0.37* 0.03 ns
Beryllium 0.056 ns -0.201 ns 0.322 ns 0.407 **
Cadmium 0.03ns -0.272 ns -0.055 ns 0.431*
Calcium 0.024 ns -0.279 ns 0.219ns 0.36 *
Chromium -0.087 ns 0.068 ns -0.284 ns 0.234 ns
Cobalt -0.028 ns -0.142 ns 0.139 ns 0.526 ****
Copper 0.056 ns -0.332ns -0.185 ns 0.792 ****
Iron 0.008 ns -0.229 ns 0.029 ns 0.605 ****
Lead 0.024 ns -0.414 ** -0.191 ns 0.837 ****
Magnesium 0.055 ns 0.013 ns -0.03 ns 0.468 ***
Manganese -0.119 ns -0.172 ns 0.388 * 0.238 ns
Nickel 0.019 ns 0.192 ns -0.242 ns 0.282 ns
Potassium -0.013 ns 0.013 ns 0.075ns 0.411 **
Selenium 0.052 ns -0.075ns -0.279 ns 0.287 ns
Silver 0.5ns 0.5ns -0.5ns 0.5ns
Sodium 0.075ns 0.12ns -0.193 ns 0.356 *
Thallium 0.114ns -0.203 ns -0.101 ns 0.068 ns
Titanium 0.006 ns -0.298 ns -0.004 ns 0.59 ****
Vanadium 0.024 ns -0.168 ns -0.046 ns 0.498 ****
Zinc 0.051 ns -0.324 ns -0.162 ns 0.757 ****
Silicon -0.041 ns -0.077 ns 0.344 ns -0.464 ***
Tin 0.097 ns -0.476 *** -0.08 ns 0.858 ****
ns=p>0.05
*=p<0.05
** =p<0.01
*** = p<0.001

**%% = < 0,0001
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Table 18. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of Low Molecular Weight
Polynuclear Aromatic Hydrocarbons (L PAH) in sedimentsfor all 1998 central Puget

Sound sites (n=100).

Chemica Amphipod (p) Urchin (p) Microbia  (p) Cytochrome (p)
survival fertilization bioluminescence P450 HRGS
1,6,7- 0.124 ns -0.383 * 0.043 ns 0.76Q ****
Trimethylnaphthal ene
1-Methylnaphthalene 0.103 ns -0.329 ns 0.078 ns 0.761 ****
1-Methylphenanthrene 0.031 ns -0.45 *** 0.015ns 0.879 ****
2,6-Dimethylnaphthalene 0.03ns -0.166 ns -0.372* 0.642 ****
2-Methylnaphthalene 0.113ns -0.346 ns 0.115ns 0.792 ****
2-Methylphenanthrene 0.042 ns -0.386 * 0.002 ns 0.845 ****
Acenaphthene 0.129 ns -0.52 **** 0.06 ns 0.883 ****
Acenaphthylene 0.102 ns -0.48 **** 0.01ns 0.897 ****
Anthracene 0.107 ns -0.508 **** -0.016 ns 0.904 ****
Biphenyl 0.167 ns -0.436 ** 0.084 ns 0.783 ****
Dibenzothiophene 0.165 ns -0.488 *** 0.143 ns 0.876 ****
Fluorene 0.124 ns -0.45 *** 0.072 ns 0.879 ****
Naphthalene 0.183ns -0.366 ns 0.2ns 0.799 ****
Phenanthrene 0.077 ns -0.468 *** 0.025 ns 0.863 ****
Retene 0.106 ns -0.426 ** -0.014 ns 0.812 ****
Sum of 6 LPAHA" 0.08 ns -0.555 **** 0.352 ns 0.579 ****
Sum of 7 LPAHM 0.101 ns -0.466 *** 0.046 ns 0.897 ****
Total LPAH 0.106 ns -0.465 *** 0.017 ns 0.909 ****

"6 LPAH = defined by WA Ch. 173-204 RCW;

Fluorene, Naphthalene, Phenanthrene, carbon normalized.
MTLPAH = defined by Long et al., 1995; Acenaphthene, Acenaphthylene, Anthracene, Fluorene,
2-Methylnaphthalene, Naphthal ene, Phenanthrene

ns=p>0.05
*=p<0.05

** =p<0.01

*** = p<0.001
**** = p<0.0001

Acenaphthene, Acenaphthylene, Anthracene,
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Table 19. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of High Molecular Weight
Polynuclear Aromatic Hydrocarbons (HPAH) in sedimentsfor all 1998 central Puget

Sound sites (n=100).

Chemica Amphipod (p) Urchin (p) Microbia  (p) Cytochrome (p)
survival fertilization bioluminescence  P450 HRGS
Benzo(a)anthracene 0.078 ns -0.499 **** -0.074 ns 0.934 ****
Benzo(a)pyrene 0.081 ns -0.529 **** -0.089 ns 0.926 ****
Benzo(b)fluoranthene 0.084 ns -0.51 *¥*** -0.083 ns 0.944 ****
Benzo(e)pyrene 0.099 ns -0.512 **** -0.114 ns 0.9471 ****
Benzo(g,h,i)perylene 0.087 ns -0.53 ¥*** -0.091 ns 0.936 ****
Benzo(k)fluoranthene 0.091 ns -0.503 **** -0.104 ns 0.946 ****
Chrysene 0.069 ns -0.502 **** -0.085 ns 0.931 ****
Dibenzo(a,h)anthracene 0.112 ns -0.504 **** -0.031 ns 0.932 ****
Fluoranthene 0.072ns -0.47Q **** -0.071 ns 0.917 ****
Indeno(1,2,3-c,d)pyrene 0.09 ns -0.523 **** -0.098 ns 0.939 ****
Perylene 0.089 ns -0.413 ** -0.033 ns 0.863 ****
Pyrene 0.108 ns -0.472 *** -0.014 ns 0.902 ****
sum of 6 HPAH” 0.086 ns -0.501 **** -0.067 ns 0.932 ****
sum of 9 HPAHM 0.082 ns -0.632 **** 0.148 ns 0.728 ****
Total HPAH 0.079 ns -0.506 **** -0.075ns 0.938 ****
sum of 13 PAHAMA 0.098 ns -0.498 **** -0.028 ns 0.93 ****
Sum of 15 PAHMAA 0.085 ns -0.632 **** 0.188 ns 0.718 ****
Total al PAH 0.09ns -0.503 **** -0.045ns 0.935 ****

"6HPAH = defined by Long et a., 1995; Benzo(a)anthracene, Benzo(a)pyrene, Chrysene,
Dibenzo(a,h)anthracene, Fluoranthene, Pyrene
MOHPAH = defined by WA Ch. 173-204 RCW; Benzo(a)anthracene, Benzo(a)pyrene,
Benzo(1,2,3,-c,d)pyrene, Benzo(g,h,l)perylene, Chrysene, Dibenzo(a,h)anthracene, Fluoranthene,
Pyrene, Total Benzofluranthenes, carbon normalized
AMA13PAH = 7LPAH and 6HPAH
AANIEPAH= 6LPAH and A11HPAH

ns=p>0.05
*=p<0.05

** =p<0.01

*** = p<0.001
**** = p<0.0001
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Table 20. Spear man-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrations of organotins and organic
compoundsin sedimentsfor all 1998 central Puget Sound sites (n=100).

Chemical Amphipod (p) Urchin (p) Microbia  (p) Cytochrome (p)
survival fertilization bioluminescence P450 HRGS
Organotins

Dibutyltin Dichloride -0.058 ns -0.584 **** 0.117 ns 0.764 ****
Tributyltin Chloride 0.055 ns -0.617 **** 0.159 ns 0.875 ****

Phenols
2,4-Dimethylphenol 0.36 ns 0.049 ns 0.279 ns 0.676 ns
2-Methylphenol -0.023 ns -0.006 ns -0.392 ns 0.433ns
4-Methylphenol -0.049 ns -0.033 ns -0.036 ns 0.32ns
Pentachlorophenol 0.339ns 0.009 ns -0.193 ns 0.293 ns
Phenol 0.15ns 0.404 ns -0.264 ns 0.314ns

Miscellaneous

1,2-Dichlorobenzene -0.8ns -0.2ns 0.8ns -0.6 ns
1,4-Dichlorobenzene -0.186 ns -0.363 ns -0.018 ns 0.502 ns
Benzoic Acid 0.067 ns 0.179ns -0.572 **** 0.238 ns
Benzyl Alcohol 0.365 ns 0.178 ns -0.097 ns 0.476 ns
Bis(2-Ethylhexyl) -0.215ns 0.196 ns -0.334 ns 0.177 ns
Phthal ate
Butylbenzylphthal ate -0.214 ns -0.313 ns -0.296 ns 0.596 ns
Dibenzofuran 0.196 ns -0.417 ** 0.066 ns 0.867 ****
Diethylphthalate 0.433ns 0.046 ns 0.07 ns 0.212 ns
Dimethylphthal ate 0.112 ns 0.399 ns 0.14ns -0.587 ns
Di-N-Butylphthal ate 0.509 ns 0.102 ns 0.138 ns 0.172 ns
Hexachlorobenzene -0.031 ns 0.162 ns -0.323 ns 0.038 ns
N-Nitrosodiphenylamine Ons 0.211 ns 0.4 ns 0.4 ns

ns=p>0.05
*=p<0.05

** =p<0.01

*** = p<0.001
**** = p<0.0001
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Table 21. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) for results of four toxicity tests and concentrationsof DDT and PCB compounds
in sedimentsfor all 1998 central Puget Sound sites (n=100).

Chemica Amphipod (p) Urchin  (p) Microbial (p) Cytochrome (p)
survival fertilization bioluminescence P450 HRGS

4,4-DDD -0.332 ns -0.421 ns -0.067 ns 0.552 ns
4,4-DDE -0.298 ns -0.357 ns 0.075ns 0.643 **
Total DDT -0.214 ns -0.484 ns 0.122 ns 0.697 ****
PCB Aroclor 1242 -0.18 ns -0.286 ns -0.464 ns -0.036 ns
PCB Aroclor 1254 -0.126 ns -0.625 *** 0.24 ns 0.784 ***
PCB Aroclor 1260 0.042 ns -0.544 ** 0.207 ns 0.743 ****
Total PCB Aroclor -0.049 ns -0.606 **** 0.459 * 0.639 ****
PCB Congener 8 -0.314 ns 0.086 ns -0.6 ns 0.143 ns
PCB Congener 18 -0.216 ns -0.357 ns 0.072 ns 0.624 *
PCB Congener 28 -0.155 ns -0.532 * 0.246 ns 0.737 ****
PCB Congener 44 -0.118 ns -0.422 ns 0.301 ns 0.648 ***
PCB Congener 52 -0.073 ns -0.539 ** 0.273 ns 0.71 ****
PCB Congener 66 0.015 ns -0.516 ** 0.199 ns 0.701 ****
PCB Congener 101 0.08 ns -0.514 ** 0.183 ns 0.833 ****
PCB Congener 105 0.091 ns -0.488 * 0.355 ns 0.712 ****
PCB Congener 118 0.02 ns -0.468 ** 0.141ns 0.726 ****
PCB Congener 128 -0.129 ns -0.519 ** 0.099 ns 0.702 ****
PCB Congener 138 0.082 ns -0.484 * 0.351 ns 0.748 ****
PCB Congener 153 0.098 ns -0.449 * 0.195 ns 0.828 ****
PCB Congener 170 -0.053 ns -0.512 ** 0.203 ns 0.75 ****
PCB Congener 180 -0.01 ns -0.488 * 0.275* 0.752 ****
PCB Congener 187 -0.217 ns -0.39ns 0.066 ns 0.619 ***
PCB Congener 195 -0.195 ns -0.31ns -0.06 ns 0.562 ns
PCB Congener 206 -0.173 ns -0.293 ns -0.167 ns 0.618 ***
Total PCB 0.029 ns -0.43* 0.193 ns 0.828 ****
Congeners
ns=p>0.05
*=p<0.05
** =p<0.01
*** =p<0.001

*x%% = p < 0.0001
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Table 23. Total abundance, taxarichness, Pielou's evenness, and Swartz's Dominance
Index for the 1998 central Puget Sound sampling stations.

Stratum Sample Total Taxa Pielou's Swartz's
Abundance Richness Evenness (J) Dominance
Index
1 106 302 62 0.849 20
South Port Townsend 107 580 81 0.822 24
108 707 47 0.596 6
2 109 702 131 0.835 34
Port Townsend 110 410 68 0.794 18
111 807 111 0.768 23
4 112 2325 176 0.540 17
South Admiralty Inlet 116 554 53 0.705 8
117 227 50 0.807 15
5 118 110 46 0.910 19
Possession Sound 119 197 35 0.727 8
120 201 33 0.727 6
6 121 1272 60 0.577 5
Central Basin 122 240 46 0.841 14
123 314 31 0.696 5
7 124 729 73 0.732 12
Port Madison 125 852 87 0.758 14
126 637 93 0.777 18
8 113 231 37 0.782 9
West Point 127 447 51 0.789 11
128 568 68 0.642 7
129 424 62 0.766 13
9 130 863 95 0.732 17
Eagle Harbor 131 762 56 0.671 8
132 1455 82 0.490 5
10 133 531 77 0.734 16
Central Basin 134 363 54 0.679 9
135 304 73 0.855 22
11 136 198 38 0.809 11
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Table23. Continued.

Stratum Sample Total Taxa Pielou's Swartz's
Abundance Richness Evenness (J) Dominance
Index
Central Basin 137 230 40 0.820 10
138 168 40 0.821 13
12 139 337 55 0.719 10
East Passage 140 144 35 0.832 11
141 265 79 0.909 33
13 142 325 26 0.702 6
Liberty Bay 143 309 28 0.740 7
144 293 28 0.693 7
14 145 354 48 0.869 16
Keyport 146 650 28 0.560 3
147 543 85 0.748 17
15 148 349 33 0.763 8
North West Bainbridge 149 810 73 0.665 13
150 435 44 0.702 7
16 151 337 37 0.716 6
South West Bainbridge 152 859 87 0.690 15
153 243 40 0.837 14
17 154 659 99 0.772 23
Rich Passage 155 951 68 0.606 6
156 573 102 0.815 24
18 157 808 90 0.673 12
Port Orchard 158 631 113 0.763 27
159 563 99 0.819 28
19 160 149 21 0.633 4
Sinclair Inlet 161 1283 32 0.387 2
162 559 44 0.706 7
20 163 565 32 0.686 6
Sinclair Inlet 164 1336 53 0.498 5
165 663 36 0.689 6
21 166 651 85 0.789 20
Port Washington 167 826 79 0.691 10
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Table23. Continued.

Stratum Sample Total Taxa Pielou's Swartz's
Abundance Richness Evenness (J) Dominance
Index
Narrows
168 1232 48 0.261 1
22 169 1574 74 0.650 9
Dyes Inlet 170 894 33 0.583 4
171 1113 39 0.552 4
23 172 188 43 0.809 13
Outer Elliott Bay 173 470 56 0.591 6
174 494 127 0.834 38
175 631 137 0.894 48
24 176 876 113 0.771 22
Shoreline Elliott Bay 177 1378 61 0.515 4
178 343 80 0.783 21
25 115 1161 43 0.255 1
Shoreline Elliott Bay 179 478 69 0.731 12
180 639 77 0.793 19
181 457 85 0.833 27
26 182 571 88 0.792 23
Shoreline Elliott Bay 183 740 105 0.795 23
184 731 89 0.791 21
27 185 269 32 0.739 9
Mid Elliott Bay 186 655 70 0.613 9
187 334 46 0.473 5
188 825 67 0.507 5
28 189 928 102 0.705 17
Mid Elliott Bay 190 1717 71 0.445 3
191 328 57 0.694 12
192 883 91 0.706 14
29 193 848 56 0.413 3
Mid Elliott Bay 194 456 46 0.539 4
195 365 67 0.789 16
196 471 42 0.451 3
30 114 1077 47 0.386 2
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Table23. Continued.

Stratum Sample Total Taxa Pielou's Swartz's
Abundance Richness Evenness (J) Dominance
Index
West Harbor Island 197 806 71 0.679 12
198 1128 90 0.633 9
199 1391 84 0.653 10
31 200 980 56 0.598 5
East Harbor Island 201 1415 57 0.386 2
202 1572 42 0.446 3
32 203 3764 94 0.426 3
Duwamish 204 1155 52 0.373 2
205 1561 65 0.454 3
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Table24. Spearman-rank correlation coefficients (rho, corrected for ties) and significance
levels (p) between benthic infaunal indices and measures of grain size (% fines) and %
TOC for all 1998 central Puget Sound sites (n=100).

Benthic index % Fines (p) %TOC (p)
Total Abundance -0.26 ** -0.132ns
TaxaRichness -0.66 **** -0.601 ****
Pielou's Evenness (J) -0.164 ns -0.219*
Swartz's Dominance Index -0.422 **** -0.428 ****
Annelid Abundance -0.16 ns -0.016 ns
Arthropod Abundance -0.316 ** -0.306 **
Mollusca Abundance -0.431 **** -0.374 ***
Echinoderm Abundance 0.087 ns 0.149 ns
Miscellaneous Taxa Abundance -0.358 *** -0.41 ****
ns=p>0.05

*=p<0.05

** =p<0.01

*** = p<0.001

*xx% = p < 0.0001
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Table 25. Spearman-rank correlations coefficients (rho, corrected for ties) and significance
levels (p) for nineindices of benthic infaunal structure and results of four toxicity testsfor
all 1998 central Puget Sound sites (n=100).

Benthic index Amphipod (p) Urchin (p) Microbial (p) Cytochrome (p)
survival fertilization bi oluminescence P450 HRGS

Total Abundance 0.079ns -0.29 ** -0.137 ns 0.263 **

Taxa Richness -0.06 ns -0.08 ns 0.306 ** -0.122 ns

Pielou's Evenness (J) -0.16 ns 0.177 ns 0.149 ns -0.38 ¥***

Swartz's Dominance -0.176 ns 0.106 ns 0.257 ** -0.351 ***

Index

Annelid Abundance -0.052 ns -0.391 **** -0.113 ns 0.427 ****

Arthropod Abundance 0.082 ns 0.186 ns -0.014 ns -0.241*

Mollusca Abundance 0.076 ns -0.008 ns 0.286 ** 0.019 ns

Echinoderm -0.077 ns 0.072ns -0.285 ** -0.161 ns

Abundance

Miscellaneous Taxa -0.152 ns 0.036 ns 0.172ns -0.319 **

Abundance

ns=p>0.05

*=p<0.05

** =p<0.01

*** = p<0.001

**%% = < 0,0001
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Table 35. Distribution of resultsin amphipod survival tests (with A. abdita only) in
northern Puget Sound, central Puget Sound, and in the NOAA/EMAP " national”
database.

National data base Northern Puget Central Puget
(n=2630) Sound (n=100) Sound (n=100)
Percent control adjusted Number of Percent of Percent of total Percent of total
amphipod survival samples total
> 100 734 28 21 44
90-99.9 1237 47 76 48
80-89.9 330 13 3 7
70-79.9 112 4 0 0
60-69.9 55 2 0 0
50-59.9 30 1 0 0
40-49.9 24 1 0 1
30-39.9 27 1 0 0
20-29.9 19 1 0 0
10-19.9 25 1 0 0
0.0-9.9 35 1 0 0
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Table36. Spatial extent of toxicity (km? and percentages of total area) in amphipod
survival tests performed with solid-phase sediments from 26 U.S. bays and estuaries.
Unless specified differently, test animals wer e Ampelisca abdita.

Amphipod survival

Survey Areas Y ear No.of  Total area Toxicarea Pct. of area
sampled sediment of survey  (km?) toxic
samples  (km?)

Newark Bay 1993 57 13 10.8 85.0%
San Diego Bay* 1993 117 40.2 26.3 65.8%
Californiacoastal lagoons 1994 30 5 2.9 57.9%
Tijuana River* 1993 6 0.3 0.2 56.2%
Long Island Sound 1991 60 71.9 36.3 50.5%
Hudson-Raritan Estuary 1991 117 350 133.3 38.1%
San Pedro Bay* 1992 105 53.8 7.8 14.5%
Biscayne Bay 1995/1996 226 484.2 62.3 12.9%
Boston Harbor 1993 55 56.1 5.7 10.0%
Delaware Bay 1997 73 2346.8 145.4 6.2%
Savannah River 1994 60 131 0.2 1.2%
St. Simons Sound 1994 20 24.6 0.1 0.4%
Tampa Bay 1992/1993 165 550 0.5 0.1%
central Puget Sound 1998 100 731.7 1.0 0.1%
Pensacola Bay 1993 40 273 0.04 0.0%
Galveston Bay 1996 75 1351.1 0 0.0%
northern Puget Sound 1997 100 773.9 0 0.0%
Choctawhatchee Bay 1994 37 254.5 0 0.0%
Sabine Lake 1995 66 245.9 0 0.0%
Apalachicola Bay 1994 9 187.6 0 0.0%
St. Andrew Bay 1993 31 127.2 0 0.0%
Charleston Harbor 1993 63 41.1 0 0.0%
Winyah Bay 1993 9 7.3 0 0.0%
Mission Bay* 1993 11 6.1 0 0.0%
Leadenwah Creek 1993 9 1.7 0 0.0%
San Diego River* 1993 2 0.5 0 0.0%

Cumulative National estuarine average based upon data collected through:
*1997 1543 7278.8 431.8 5.9%

* tests performed with Rhepoxynius abronius

Page 194



Table 37. Spatial extent of toxicity (km? and per centages of total area) in sea urchin
fertilization tests performed with 100% sediment pore watersfrom 23 U. S. bays and

estuaries. Unless specified differently, tests performed with Arbacia punctulata.

Urchin fertilization in

100% pore waters
Survey areas Y ear No. of Total areaof Toxicarea Pct. of area
sampled  sediment  survey (km?)  (km?) toxic
samples
San Pedro Bay® 1992 105 53.8 52.6 97.7%
Tampa Bay 1992/1993 165 550 463.6 84.3%
San Diego Bay” 1993 117 40.2 25.6 76.0%
Mission Bay” 1993 11 6.1 4 65.9%
Tijuana River” 1993 6 0.3 0.2 56.2%
San Diego River” 1993 2 05 0.3 52.0%
Biscayne Bay 1995/1996 226 484.2 229.5 47.4%
Choctawhatchee Bay 1994 37 254.5 113.1 44.4%
Cdlifornia coastal 1994 30 5 21 42.7%
lagoons
Winyah Bay 1993 9 7.3 31 42.2%
Apalachicola Bay 1994 9 187.6 63.6 33.9%
Galveston Bay 1996 75 1351.1 432 32.0%
Charleston Harbor 1993 63 41.1 12.5 30.4%
Savannah River 1994 60 131 242 18.4%
Delaware Bay 1997 73 2346.8 247.5 10.5%
Boston Harbor 1993 55 56.1 3.8 6.6%
Sabine Lake 1995 66 245.9 14 5.7%
Pensacola Bay 1993 40 273 144 5.3%
northern Puget 1997 100 773.9 40.6 5.2%
Sound®
St. Simons Sound 1994 20 24.6 0.7 2.6%
St. Andrew Bay 1993 31 127.2 2.3 1.8%
central Puget Sound® 1998 100 731.7 5.1 0.7%
Leadenwah Creek 1993 9 1.7 0 0.0%
Cumulative National estuarine average based upon data collected through:
1997 1309 6837.8 1728 25.3%

® Tests performed for embryological development of Haliotis rufescens

b Tests performed for embryologic