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EXECUTIVE SUMMARY

The goals of this review were (1) to assess available data that could be
used in the evaluation of potential sites for an outfall in Elliott Bay, and
(2) to identify data inadequacies which may prevent future comprehensive
assessment of wastewater management activities in Elliott Bay should a new
outfall be constructed therein. The management activity addressed is the
possible diversion of Renton Treatment Plant secondary effluent from the
Duwamish River to an outfall off Duwamish Head. Following diversion of the
effluent from the Duwamish River and transfer to either a deep (about 200') or
very deep (about 600') site off Duwamish Head, the spatial and temporal
effects of the effluent within Elliott Bay may change due to changes in
distribution and retention.

Considerable data describe the Duwamish Estuary, Elliott Bay and adjacent
marine areas which can be used to meet the first goal; however, if the second
goal is to be met, a comprehensive ecological data base remains to be
developed from which changes in wastewater management could be adequately
assessed. Most research which has been conducted was limited to highly
specific goals funded by mission-oriented agencies. These data are usually of
limited value due to lack of standardization in sampling techniques and
analytical methods or to a weak experimental design. Overall, the data base
lacks continuity through time and space which is of critical importance in
environmental assessment. A general overview of the geographic distribution
of the more useful data is presented in Figures ES.1, ES.2, and E3.3 for
benthos, fishes and fish health, and toxicity data, respectively. It is
apparent that central Elliott Bay, the area around Duwamish Head to Alki Point
and the intertidal area from Smith Cove to West Point lack quantitative
assessment. Specific results of this review are presented by study component
in the text and summarized in the conclusions.

To develop a comprehensive understanding of the effects of changes in
present waste water management strategies and those planned for the future
(goal 2), additional baseline studies in Elliott Bay are recommended. If, in
March 1984, an effluent diffuser site is selected off Duwamish Head in Elliott
Bay for the Renton Treatment Plant outfall, an 18 month (April 1984 -
September 1985) period remains to rectify the deficiencies identified if a
baseline study were initiated promptly. This study period would exist prior
to initiation of underwater construction during which time an adequate
seasonal baseline equivalent to that developed for the Seahurst sites could be
achieved.

xix
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PREFACE

The objective of this report is to review the available ecological
information for Elliott Bay. An effort has been made to include the subject
tasks presently covered in a baseline study of Seahurst Bay to aid in future
comparison of the two areas. Additional information from studies specific to
the Duwamish estuary-Elliott Bay system relating to the impacts of toxicants
and nutrient enrichment has been included. The overall thrust of this report
is to identify the present state of knowledge of the biological resources in
the area, chemicals in water and sediments and to determine the known
biological responses to natural and anthropogenic changes identified in inner
and outer Elliott Bay. The process of review of the scientific knowledge base
presently existing for the bay will serve to identify the gaps in the
ecological understanding which should be addressed to monitor the diversion of
secondary effluent from the Duwamish River to an outfall site in Elliott Bay.

xxiv



1.0 DEFINITION OF STUDY AREA

1.1 Study Area

Elliott Bay is located on Puget Sound adjacent to Seattle, Washington and
is the home of the Port of Seattle (Figure 1.1). As it exists today, Elliott
Bay includes approximately 21.4 square kilometers (km; 6 km x U4 km) of water
area and can be defined as the body of water east of a line drawn between West
Point and Alki Point (Figure 1.1). For the purposes of this review the
Duwamish River estuary (Figures 1.1 and 1.2) will be included as part of
Elliott Bay.

Since 1900 the shape and area of Elliott Bay have continually changed
(Figure 1.3) as man has altered the bay to improve its usefulness as a harbor
and shipping facility. These changes were summarized by Bortleson et al.
(1980).

The most notable changes since the earliest surveys are the massive
landfill of the intertidal reach of Elliott Bay and the channelization of
the Duwamish River.

In 1854, the Duwamish River meandered across its valley and entered
Elliott Bay through three main distributary channels. A broad intertidal
area extended bayward beyond marshlands near the river mouth to near the
northern edge of the present-day Harbor Island. Smaller areas of wetland
were located in an embayment southwest of the West Waterway, east of the
small peninsula of land that was early Seattle, and in Smith Cove. The
early mapping of wetland ended about 3 km (1.9 mi) upstream from the
former river mouth, but marshland probably continued upstream some
additional distance.

In 1895, the filling of the marsh and intertidal area began with the
dredging of the East Waterway. Material dredged from the East Waterway
was deposited as fill over a wide area of what today is Harbor Island.
From 1901 to 1904, several thousand cubic meters of material were removed
from Beacon Hill to the intertidal area by hydraulic sluices. By 1917,
the East and West Waterways had been formed and more than 5.7 sq km (2.2
sq mi) of intertidal area had been filled largely by deposition of dredge
spoil from the two water ways which flanked it. All the former marsh
except a small area on the northern tip of Kellogg Island has been filled
or converted to urban land use. Dredging to form the Duwamish Waterway
has created a channel deeper than the former natural channel and has
lengthened the landward incursion of salt water in the channel.

Currently, the inner shoreline of Elliott Bay consists principally of man-made
piers and seawalls. The shoreline west of Smith Cove and south of Duwamish
Head remain as natural beaches and intertidal areas.

The principal source of freshwater entering Elliott Bay is the Duwamish
River which enters the bay at its southwest corner (Figure 1.1). The Duwamish
River is formed by the confluence of the Black and Green Rivers at river km
19. Together these three rivers drain approximately 483 square miles. The
minimum, maximum, and mean annual discharges of water into Elliott Bay from
1937 - 1965 were 1120, 3024, and 2295 m3/min, respectively (Figure 1.4).

Prior to entering Elliott Bay, the Duwamish River is routed into an east
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and west waterway (Figure 1.1). Most of the water is discharged through the
west waterway. These waterways and the lower Duwamish River play significant
roles in shipping and hence, have undergone extensive alteration. The river
mouth is maintained at a depth of nine meters by periodic dredging as are
various stations in the channel.

Entry of the freshwater from the Duwamish River into the marine waters of
Elliott Bay results in an estuary of major biological significance.
Hydrologic conditions create a salt-wedge estuary with the tip of the wedge
usually occurring near river km 12 depending on the flow of water from the
river. The volume of runoff depends upon water flow. Water flow depends
principally upon rainfall; hence, the highest runoff occurs during the winter
months. Stratification of the estuary is greatest during periods of high
runoff. The estuary may become partially mixed, however, Above km 5.6 the
salt wedge is persistent.

1.2 Water Quality Classification

The outer part of Elliott Bay (west of a line drawn from Duwamish Head to
Pier 91, Figure 1.1) is classified by the Washington State Department of
Ecology (DOE) as AA (extraordinary) water while the inner part of Elliott Bay
is classified as A (excellent) water. Because class AA and A waters mix
freely in Elliott Bay, the Washington State water quality standards require
that Elliott Bay be considered in the AA category. The water quality
standards for class AA and A are presented in Appendix 1.



2.0 PHYSICAL DESCRIPTION

2.1 Depth Profile

The maximum water depths in the inner and outer regions of Elliott Bay
reach 200 m (= 660 feet; Figure 2.1). Two canyons exist within the inner bay
(Figure 2.1). The northern canyon sits in a northwest-southeast plane while
the southern canyon near Duwamish Head sits in a north-south plane. Water
depths in both of these inner bay canyons exceed 75 m (= 248 feet). The outer
bay is dominated by a single submarine canyon whose depth exceeds 150 m (= 495
feet). At its outer margin this canyon connects with the main basin of Puget
Sound. The depth in this region is approximately 200 m (= 660 feel).

2.2 Current Patterns

At least two workers (Winter 1977; McGary and Lincoln 1977) used
hydraulic models to predict current patterns in Elliott Bay. Winter (1977) as
cited in Sillcox et al. (1981) suggested that water movement was dominated by
tides and the salinity distribution. Distinct surface and bottom flows were
noted. Clockwise circulation occurred during flood tides whereas
counterclockwise flow occurred during ebb tides. Because flood tides were
stronger, the net flow out of the bay was directed past Duwamish Head. Water
flow out of the bay past 3mith Cove occurred only if high-river runoff
occurred simultaneously with weak currents.

Few data describe the actual current and circulation patterns in Elliott
Bay. Weak tidal and subtidal currents (0-20 cm/sec) were present (typically 5
em/sec) and did not differ significantly between summer and winter (Sillcox et
al. 1981). However, currents in the inner bay were about half the magnitude
of those in the outer bay. For example, the mean current speed calculated
without regard for direction for shallow depths (about 200 feet) ranged from
2.6 ecm/sec in inner Elliott Bay to 8.2 cm/sec in outer Elliott Bay (URS
Engineers et al. 1983). At deeper depths (about 600 feet) in inner Elliott
Bay the mean current speed averaged 4.0 cm/sec and increased in outer Elliott
Bay to 4.6 cm/sec (URS Engineers et al. 1983).

Current meters were used by both Sillecox et al. (1981) to measure net
velocity, mean speed, and total variance (Figure 2.2A-D). These combined data
suggested a mean counterclockwise flow towards the north in the main basin of
Puget Sound and in outer Elliott Bay north of Alki Point (Sillcox et al.
1981). In deeper water the flow was primarily southward. These net movements
did not vary with season. Flood and ebb tidal currents moved south and north
respectively as predicted by the bathymetry of the basin (Sillcox et al.
1981). Often these tidal currents were directed towards shore (Figure 2.2C).

The tidal energy in inner Elliott Bay was clearly less than that in the
outer part of Elliott Bay. Variance (the amount of kinetic energy available
by tidal mixing, Fiéure 2.2D) ranged from 20-100 cmz/sec in inner Elliott
Bay, but was 200 cm /sec2 at midchannel near West Point (URS Engineers et al.
1983). Flow in the inner bay varied with each tide. Subtidal flow was
primarily outward at 30 m and inward at greater depths (Sillcox et al. 1981).
Hydraulic model predictions and field data generally agreed except for one
significant fact. The model and dye studies suggested that the net flow of
Duwamish River water from the west waterway would be outward past Duwamish
Head whereas field data suggested that the net water flow was to the north
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during both ebb and flood tides.

Estimating the residence time of water in Elliott Bay is difficult
because of inadequate circulation data. Sillcox et al. (1981) used
progressive vector diagrams to calculate transect times across the 4 km bay of
0.98-7.88 days (Table 2.1). URS Engineers et al. (1983) estimated a time
scale of 7.5 days by dividing a length scale by a speed scale whose speed was
1.5 cm/sec and assumed that the mean circulation would recycle water
throughout the entire bay. Drift cards have only recently been released in
Elliott Bay (Ebbesmeyer, personal communication) and recovery data has not yet
been reported.

2.3 Water Quality

The first water quality survey of the Duwamish-~Green River was conducted
in 1948 by the Washington State Department of Fisheries (WSDF 1948).

Dissolved oxygen concentrations of less than 5.0 mg/l were measured at South
Park. A second series of water quality tests was performed prior to the
installation of the Renton Sewage Treatment Plant (Gibbs 1962). The actual
effluent was shown to have a low dissolved oxygen concentration and to have
high ammonia and nutrient concentrations. In 1964 records of dissolved oxygen
concentrations (3-10.5 mg/l), temperature (58-70°F), and chlorinity (1-5 g/1)
in the Duwamish estuary were established (Gibbs and Issac 1968; Issac et al.
1964) .

The Renton Treatment Plant contributed nearly 80% of the total ammonia
present in the Duwamish River during 1970-80 (Healy 1979). Rainfall also was
found to influence the water quality of the river. Samples of rainfall runoff
had high concentrations of suspended solids, high chemical oxygen demand, high
biological oxygen demand, and a significant concentration of oil (Dalseg and
Farris 1970). Analyses of storm water runoff over a seven month period showed
significant concentrations of suspended solids, high biological oxygen demand,
high chemical oxygen demand, and the presence of oil (U.S. Army Corps of
Engineers 1974). The concentration of nutrients was relatively low however.

The most complete description of the water quality of the Duwamish River
was published by Stevens, Thompson and Runyan, Inc. (1972; Table 2.2) and
Chapman et al. (1982c; Table 2.3). Dissolved oxygen concentrations ranged
from 8.0-10.2 mg/1l at the ten sampling stations. The total phosphorus
concentration ranged from 0.08-0.30 mg/l. Chemical oxygen demand ranged from
14-1%7 mg/l. The concentrations of chlorophyll a ranged from 1.43-17.50
mg/m- .

Recent data showed mean temperatures in the surface waters ranged from
approximately 8°C in January and February to approximately 14°C in July
(Figure 2.3; Dexter et al. 1981; Pavlou et al. 1973; Krogslund 1975). At 50 m
the mean temperatures ranged from approximately 8.5°C in January and February
to approximately 12°C in July (Figure 2.3; Dexter et al. 1981:; Pavlou et al.
1973; Krogslund 1975).

Mean salinities in the surface waters ranged from approximately 26.4 ©/oo
in January and February to approximately 29.2 %/00 in September (Figure 2.3;
Dexter et al. 1981; Pavlou et al. 1973; Krogslund 1975). A significant
decline in salinity (Figure 2.3) occurred between February and mid-June. Mean
salinities at 50 m ranged from 29.6 %/00 in January and December to 30.5%/00
in September (Dexter et al. 1981).

Salinity in the surface water also varied with geographic location within
Elliott Bay (Figure 2.4). The freshwater entering Elliott Bay from the
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Table 2.3.
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Physical and chemical parameters for sediment from Elliott
Bay and the Duwamish River. a. Phi size ranges, sand, -2
to +4; silt, >4 to 8; clay, >8. b. Percent of dry weight
sediments. c¢. Expressed as percent of extractable organic
matter (extractables). d. A plus (+) notation after the
station number indicates that live organisms were observed
in the sediments during sampling. A star (*) indicates
that a bad odor, e.g., HyS, was noted in the sample during
collection. e. Fractions in parentheses indicate approx—
imate amount of extract lost during sample preparation.
After Chapman et al. (1982c).
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gSfation Sand®  silt® Clqyc Water DOC

‘ b TVSb Extrccmblesb Soluble®
Number % % % % % % % %
Elliott Bay
. 91.3 5.4 3.3 28.9 1.3 2.2 0.048 46
2 d 97.4 0.9 1.7 27.2 .4 2.2 0.025 80
© 3+ d 77.4  15.9 6.7 26.4 fol 2.4 0.114 47
D hew 8.2 85.7 6.1 41.9 3.2 9.5 0.419 28
S5+% 49.0 45.4 5.6 32.3 5.3 3.5 0.224 39
 +* 8.1 67.0 24.9 50.7 I1.9 8.9 0.596 8l
7* 5.0 88.7 6.3 47.1 5.2 7.4 0.640 75
8+ 60.7 33.4 5.9 37.9 2.2 5.3 0.500 67
9+ 34.0 55.5 10.5 46.5 1.5 8.1 0.499 58
10+ 55.3 32.3 12.4 43.8 7.8 8.6 0.722 46
I+ 34.5 53.7 11.8 56.1 16.0 2.1 1.395 72
12 30.0 61.5 8.5 40.6 5.9 6.4 0.291 25
13 45.7  49.7 4.6 33.5 1.4 9.0 0.061 21
4 64.9 22.9 2.2 40.6 5.1 18.4 0.169 27
15+ 56.8 35.2 7.9 31.4 5.1 4.5 0.091 33
16 58.1 26.7 15.2 35.2 1.2 10.0 0.087 50
17+ 94, 1.9 3.4 26.9 .4 0.9 0.035 68
Duwamish River

18 49.9 38.2 11.9 42.7 6.1 10.2 0.207 9
19 49.4 30.0 20.6 44.0 4.1 9.l 0.284 40
20+ 48.1 46.4 5.5 4e.7 3.6 5.4 0.423 23
21+ 31.7  54.2 4. 45.6 3.2 6.5 0.680 65
22 56.6 37.3 6.1 42.7 2.9 5.3 0.163 43
23 25.9  66.2 7.9 45.8 3.6 5.2 0.367 60
24 44.8 49.7 5.5 43.7 3.1 4.9 0.545 24
25 2.8 77.8 7.4 45.7 3.4 5.9 0.501 28
- 26 15.2 74, 10.7 47.9 3.9 7.9 0.649 80
27 30.9 5.4 17.7 49.2 2.0 3.9 0.492 27
28 4.7 88.6 6.7 50.8 0.9 8.7 0.622 22
29+ 96.2 1.9 1.9 21.9 0.2 2.5 0.033 32
30 22.8 60.1 17.1 45.0 2.7 5.0 0.537 37
3+ 21.7 58.9 19.4 45.6 0.8 1.2 0.404 44
32+ 12.7 76.9 10.4 49.4 8.5 8.9 0.353 14
33+ 14.3 68.1 17.6 45.8 5.6 8.3 0.371 32
344+ 10.5 65.1 24.4 46.1 4.1 6.2 0.318 23
35 4.7 67.7 17.6 46.4 4.6 5.9 0.175 27
36 4.4 67.5 18.1 48.0 5.7 7.6 0.471 e 70
37+ 39.8 46.2 14.0 47.3 5.1 6.9 0.098 (1/2) 54
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Figure 2.3. Annual cycles of temperature, salinity, density,
and dissolved oxygen at the surface and 50 m depth
in Elliott Bay. Data collected from 1966 to 1980
were averaged from four METRO Elliott Bay stations.
After Dexter et al. (1981).
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SEATTLE

Harbor Island

Figure 2.4. Surface salinity distribution in Elliott Bay during
24 — 27 September, 1974. After Dexter et al. (1981).
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Duwamish River is less dense than seawater and hence, forms a freshwater lens
that floats on the surface. This plume of freshwater occurs predominately
along the northwestern shore of the bay and hence, the salinity of those
surface waters is correspondingly less than elsewhere in the bay.

Dissolved oxygen concentrations in the surface water ranged from 0.85 mg-
at/1l in December and January to a maximum of 0.98 mg-at/l in late May (Figure
2.3; Dexter et al. 1981 Pavlou et al. 1973; Krogslund 1975). The dissolved
oxygen concentration then declined from June through September and reached a
minimum concentration of 0.56 mg-at/l in late August and early September.
Oxygen lows in Elliott Bay occurred in the area off Duwamish Head and at the
mouth of the Duwamish River (Pavlou et al. 1973). Vertical profiles of
dissolved oxygen concentrations in Elliott Bay showed a minimum of >360 ug-
at/1 at 15 to 20 m depth (Pavlou et al. 1973).

2.4 Suspended Particulate Matter

Baker (1982) sampled the suspended particulate matter (SPM) in Elliott
Bay during February and August, 1979. A thin (< 5 m) surface layer of SPM
derived from the Duwamish River occurred near the river mouth, but decreased
along the north shore as the distance from the river mouth increased. Minimum
concentrations of SPM (0.4 - 0.6 mg/l) were measured in the middle depths.

The concentrations of SPM increased as one approached the bottom. The
concentration of the bottom nepheloid layer showed considerable variation in
both time and space; however, the greatest concentration of the bottom
nepheloid layer always occurred at the deepest stations in the bay.

The organic content of the SPM was greater in August than in February.
Samples of SPM from the surface contained more organic matter than did those
from greater depths. In both February and August the concentration of organic
matter in the SPM decreased with increasing distance from the Duwamish River
both in surface and bottom samples. Organic composition of the SPM was not
correlated with salinity. An inverse relationship existed between organic
content and concentration of the SPM,

During the summer and winter, the distribution of SPM was controlled by
the plume of the Duwamish River. The mechanism of this control was not
identified. Baker (1982) hypothesized that the river itself could be a source
of particulates or could indirectly regulate primary productivity. However,
as the water input from the river declines during the summer, an increase in
SPM from phytoplankton growth was noted.

In August the upper 5 m of water in inner Elliott Bay contained 573 x 105
g of SPM. Approximately 298 x 105 g of the SPM was derived from both the
Duwamish River and phgtoplankton. The contribution from phytoplankton was
identified as 84 x 10”7 g. The remainder, 214 x 105 g, was derived from the
river. Using the mean flow during August, the river would deposit this
quantity of SPM into Elliott Bay in about 12 days.

The situation is different in February. The river could supply the
excess surface SPM in 0.32 days, 36 times faster than in summer. Hence, in
winter the Duwamish plume clearly controls the SPM concentration in Elliott
Bay. Another source of SPM was water entering Elliott Bay via the submarine
canyon from the main basin of Puget Sound. However, local resuspension was
not a dominant contribution to the bottom nepheloid layer.






19

3.0 DISTRIBUTION AND CONCENTRATIONS OF XENOBIOTIC CHEMICALS

As early as 1949 Sylvester et al. (1949) recognized the potential for
pollution to occur in areas of Puget Sound adjacent to metropolitan Seattle.
Subsequent studies were conducted to measure potential sewage toxicity from
Seattle effluent and from the discharge of digested sludge off Alki Point
(Sylvester 1952; Sylvester et al. 1961).

3.1 Trace Metals in Water and Sediments

Trace metal concentrations were first measured in the Duwamish River in
1971-1972. Surprisingly, the concentration of lead, 5.4 ug/l, in the Duwamish
River was the highest concentration recorded in western Washington State
waters. Although the exact locations of the sampling stations cannot be
identified today, the finding that the lead concentration in the Duwamish
River-Elliott Bay waters was 4.5 times higher than in other local waters
stimulated much research.

The concentration of mercury dissolved in the water ranged from 0.0005 to
0.005 mg/l, but was undetectable at some stations (Table 2.2). The
concentration of lead dissolved in the water was consistently 0.50 mg/l
(Stevens, Thompson and Runyan, Inc. 1972). The concentration of zinc ranged
from 0.005 to 0.045 mg/l. The concentration of iron dissolved in the water
ranged from undetectable to 0.39 mg/l (Stevens, Thompson and Runyan, Inc.
1972).

Contour maps illustrating the concentrations and distributions of
particulate-associated chromium, manganese, iron, nickel, copper, zinc, and
lead in Elliott Bay were published by Massoth et al. (1982; Figures 3.1 -
3.7).

The major sources of metals entering Elliott Bay appear to be the
atmosphere and the Duwamish River. Olsen (1973) identified the major sources
of metals in the air as traffic dust, fuel combustion, and dust from roads and
wind. Harper-Owes (1983) estimated that two thirds of the iron and mercury in
the Duwamish Estuary was derived from the Green River.

Dominant point source emission of airborne particulates the in Puget
Sound region was compiled by the Washington State Department of Ecology
(Figure 3.8). Estimates of the annual mass emission from these sources was
compiled (Table 3.1). The total contribution of atmospheric input (equals the
sum of the local and global input) into the main basin of Puget Sound has been
estimated in terms of total fallout and precipitation. Few, if any, direct
measurements of the amount of trace metals and trace organics deposited by
precipitation and dry fallout into central Puget Sound are available. Current
values used for budget calculations are based on the measurements of
radionuclides in surface sediments, deposition velocity of radionuclides at
some remote station outside Puget Sound, or computer models.

Early researchers assumed that sewage effluent and/or sewer overflow
contributed a significant percentage of the metals present in the Duwamish
River. However, Healy (1979) demonstrated that sewage from the Renton
Treatment Plant (RTP) did not contain significant metal concentrations and
hence, was not the source of the metals present in the river. During periods
of low water flow, the RTP did significantly increase the concentrations of
copper and cadmium present in river water. However, these copper and cadmium
concentrations were inconsequential when compared with the total metal burden
present in the water and sediments. Furthermore, the concentration of metals
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Figure 3.1. A. Aresl distributions of total particulate chromium
at the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of

particulate chromium in Elliott Bay. After Massoth
et al. (1982),
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Figure 3.2. A. Areal distributions of total particulate manganese
at the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of

particulate manganese in Elliott Bay. After Massoth
et al. (1982).
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Figure 3.3. A. Areal distribution of total particulate iron at
the surface and 5 m above the bottom of Elliott Bay.
B. East—-west and north-south cross sections of

particulate iron in Elliott Bay. After Massoth et
al. (1982).
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Figure 3.4. A. Areal distributions of total particulate nickel
at the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of
particulate nickel in Elliott Bay. After Massoth et
al. (1982).
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Figure 3.5. A. Areal distributions of total particulate copper
at the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of
particulate copper in Elliott Bay. After Massoth et
al. (1982).
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Figure 3.6. A. Areal distributions of total particulate zinc at
the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of

particulate zinc in Elliott Bay. After Massoth et al.
(1982).
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Figure 3.7. A. Areal distributions of total particulate lead at
the surface and 5 m above the bottom of Elliott Bay.
B. East-west and north-south cross sections of
particulate lead in Elliott Bay. After Massoth et
al. (1982).
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Figure 3.8.

Location of dominant atmospheric emission point sources
in the Puget Sound basin. After Pavlou et al. (1983).
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Table 3.1. Cumulative emission rates (ES TM) of airborne material
from point source inputs in Puget Sound. After Pavlou
et al. (1983).

ES
ATM

Material (tons/yr)
Total Suspended Particulates (TSP) 6,963
Total Fine Particulates (TFP) 594
Sulfur Dioxide (S0,) 118,524
Nitrous Oxides (NOyx) 21,018
Hydrocarbons (HC) 6,911

Carbon Monoxide (CO) 32,828
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present in storm water runoff was relatively low.

Attempts were then made to correlate the input of metals with the known
metal concentrations present in the water and sediments (Tables 3.2 and 3.3).
Surprisingly, input from the known sources of metals was substantially less
than the existing concentration of metals in the water and sediments. Hence,
most metals appear to be derived from natural sources. The primary natural
source appears to be the atmosphere. For example, less than 30% of the
arsenic entering Puget Sound was associated with sediments (Crecelius et al.
1975).

The concentrations of manganese, copper, nickel and cadmium dissolved in
Elliott Bay water were relatively low (Figure 3.9). The majority of the
metals present were either associated with sediments or interstitial water.
For example, Sugai et al. (1978) showed significant concentrations of
manganese in interstitial water.

The mechanisms by which these dissolved metals become bound to sediments
are poorly understood. Ions can adsorb to particulates and bind in various
manners to organic matrices. Massoth et al. (1982) suggested that the
flocculation of iron, chromium, nickel, copper, zinc, and lead provided
significant entry of these metals into Elliott Bay sediments. Similarly
Paulson et al. (in press) showed that iron and copper were removed from
solution in the estuarine mixing zone. In addition, a relationship between
metal binding and manganese oxide was noted (Massoth et al. 1982). Particles
with newly formed coatings of manganese oxide appeared to scavenge metals such
as chromium, nickel, copper, zinc, and lead. However, not all metals behaved
in this manner. In the estuarine mixing zone manganese and cadmium desorbed
from particulates and went into solution (Paulsen et al. in press). Hence,
the ionic form of the metal appears to play a key role in determining the fate
of the metal.

The type and concentration of organic matter present in a particle also
plays a key role. For example, 85% of the mercury present in Puget Sound
sediments was associated with easily oxidizable organic matter (Crecelius et
al. 1975). However, the role of organic matter varies from metal to metal.
Less than 10% of the arsenic and antimony was bound to easily oxidizable
organic matter (Crecelius et al. 1975).

Schell et al. (1977) collected sediment cores from West Point, Duwamish
Head and Alki Point. The age of the various sediment layers was estimated by
measuring the 21OPb concentration present. The concentrations of zinc,
nickel, copper, lead, chromium, manganese, cobalt, and mercury were 1 to 3.6
times greater than the concentrations of the same metals in newly deposited
sediments. Concentrations of metals exceeding the ambient concentrations in
control sediments were only noted at West Point and Alki Point. Copper
concentrations were highest in sediments collected from the northeastern shore
of Elliott Bay and from sediments from the north end of Harbor Island (Figure
3.10). Arsenic and antimony were reported from only two stations, one in
central Elliott Bay and one on the northwestern edge of Harbor Island. Lead
was distributed along the entire shoreline of Elliott Bay, but the highest
concentration consistently occurred along the northeastern perimeter of the
bay (Figure 3.10). Zinc occurred along the entire shoreline of the bay. Zinc
concentrations were uniform along the northeastern shore and off Harbor Island
and equivalent concentrations were measured in sediments from two other
stations - one in the inner bay and one in the outer bay (Figure 3.10).
Mercury concentrations were highest along the northeastern shore of the bay
(Figure 3.10).

The concentrations of copper, lead, zinc, and mercury in the Duwamish
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Table 3.2, Availability of toxicant loading data for sources
discharging into Elliott Bay. After Jones and Stokes
Associates, Inc. and Tetra Tech, Inc. (1983).

% q : g
& E * Q 0
i i . B £ § L
£ S N N B )
Source/Pollutant g E - § g 5 & P 5 §5
PRIORITY POLLUTANTS
Antimony - Good
_Arsenic - Good Poor
Asbestos -
 Beryllium - Good
. Cadmium - Poor Good
Chromium - Poor Good
 Copper - Poor Poor Good Good Poor
Cyanide -
| Lead . - Poor Poor Good Good Poor
- Mercury - Poor Good
| Nickel - Poor Good
| Selenium - Good
Silver - Poor Good
Thallium - Good
. Zinc - Poor Poor Good Good Poor
pesticides, PCBs & related - Poor Good
compounds
Halogenated aliphatic hydro- - Good
carbons
Halogenated ethers - Good
Monocyclic aromatics - Good
Pthalate esters - Good
Polycyclic aromatic hydro- - Good
carbons
Nitrosamines & misc. - Good
compounds

EXTENDED CONVENTIONAL POLLUTANTS

Flow - Fair Poor Good -
BOD - Poor

CcoD - Poor

Total solids - Poor

TNVS - Poor

- TSS - Poor Poor Good -
TNVSS - Poor -
Total nitrogen - Poor Good

Total phosphorus - Poor Poor Good

0ils & grease - Poor Poor -
pH - Fair Good

Fecal coliform - Poor Good -

*No municipal discharges to Elliott Bay.
**Several loading studies are in progress; Metro TPPS report may provide some data.
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Figure 3.9. Cross sections of total dissolved manganese, copper,
nickel, and cadmium in Puget Sound. After Curl (1982).
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Figure 3.10. Concentrations of copper, lead, zinc, and mercury

in the sediments of Elliott Bay. After Dexter et
al. (1981).
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River were consistently highest in the east and west waterways (Figure 3.11).
Concentrations of copper ranged from non-detectable to 815 ug/g sediment (dry
weight; Dexter et al. 1981). Lead concentrations ranged from non-detectable
to 12,900 ug/g sediment (dry weight; Dexter et al. 1981). Zinc concentrations
ranged from non-detectable to 660 ug/g sediment (dry weight; Dexter et al.
1981). Mercury concentrations ranged from non-~detectable to 1,200 ug/g
sediment (dry weight; Dexter et al. 1981). Concentrations of copper, lead,
zine, and mercury were relatively low in sediments collected directly below
the Renton Sewage Treatment Plant (Figure 3.11).

The mean trace metal concentrations in the shallow and deep sediment
areas of Puget Sound, including Elliott Bay subregions, as measured in the
TPSS studies (Pavlou et al. 1983) are shown in Tables 3.4 and 3.5,
respectively. Only five samples were available for comparison in region A.
The mean trace metal concentrations in all deep sediments (Table 3.5) compared
with the corresponding mean concentrations in shallow sediments (Table 3.4)
showed enrichment of the trace metals in the sediments. The ratios for
antimony, arsenic, beryllium, chromium, copper, manganese, silver and thallium
range from 1.1. to 1.8 for mercury and nickel 1.0; and for cadmium, lead, and
xenon 0.9.

3.2 Trace Organics in Water and Sediments

Numerous potentially toxic organic chemicals have been identified in
sediments collected from Elliott Bay and the Duwamish estuary. Two principal
events have focused the attention of researchers upon these organic chemicals,
(1) the hypothesis that liver hepatomas in flatfish collected from Elliott Bay
may be caused by exposure to organic chemicals (see section 5.1.3), and (2) a
spill of 255 gallons of transformer fluid containing Aroclor 1242 (a PCB) in
the Duwamish River on 13 September 1974.

Following this PCB spill extensive chemical analyses were performed to
document the occurrence and distribution of PCBs in the sediments. Sediments
containing high concentrations of PCBs were dredged and placed in upland
disposal sites. About 72% of the spilled PCBs was recovered (Blazevich et al.
1977). Chemical analyses indicated that the dredging operation did not result
in significant release or redistribution of the PCBs into the water or nearby
sediments (Blazevich et al. 1977).

The mean concentration of PCBs in Elliott Bay water was 11 + 13 ng/l
based on 185 analyses (Konasewich et al. 1982). The mean concentration of
PCBs in the Duwamish River was 22 + 13 ng/l based on 60 analyses (Konasewich
et al. 1982). The concentration in Elliott Bay was approximately twice the
concentrations reported from other areas of Puget Sound (Table 3.6). The
mean concentration of PCB associated with the suspended particulate material
from Elliott Bay was 920 + 200 ng/g based on 87 analyses (Konasewich et al.
1982). The mean concentration of PCB associated with the suspended
particulate matter from the Duwamish River was 1770 + 540 ng/g based on 70
analyses. The mean concentration in Elliott Bay was approximately 4-~9 times
the concentration reported from other regions of Puget Sound (Table 3.6),

The mean concentration of PCBs in sediments from Elliott Bay was 637 + ng/g
(Konasewich et al. 1982). This concentration was about 21 times greater than
the PCB concentration in other areas of Puget Sound (Table 3.6),

Although PCBs were distributed throughout Elliott Bay and the Duwamish
River (Figure 3.12), the highest concentrations occurred at the Corps of
Engineers dredged material disposal site, in the east and west waterways of
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the Duwamish River, and along the northeastern shore of the bay. The
concentrations of PCBs in the Duwamish River were highest in the East and West
waterways (Figure 3.13), although PCBs were reported from sediments collected
from sites along the entire river below the Renton Sewage Treatment Plant.

Konasewich et al. (1982) calculated that the Duwamish River contributed
97 g PCBs/day into Elliott Bay. The sewage effluent from West Point was
estimated to contribute 30 g PCBs/day into Elliott Bay (Table 3.7). Hence,
approximately 32% of the total input of PCBs into Puget Sound comes from the
Duwamish River and the West Point sewage treatment facility.

To date, studies of organic chemicals in Elliott Bay and the Duwamish
River have been focused on three classes, polycyclic aromatic hydrocarbons
(PAH) such as benzo(a)pyrene, chlorinated hydrocarbons such as DDT and its
metabolites DDD and DDE, and the PCBs discussed previously. Interest has
focused on these particular organic classes for several reasons. First the
PCBs and PAHs have demonstrated mutagenic potential in mammals. The PAHs are
also believed to be carcinogenic in mammals and perhaps in aquatic organisms.
DDT and its metabolites are bioaccumulated by many organisms. Finally,
existing techniques could be used or modified to allow the chemists to conduct
quantitative, reproducible analyses of organic chemicals in these classes.
Only recently have techniques been developed for other chemicals such as
phthalate esters. Numerous unidentified organic chemicals exist in both water
and sediments.

A summary describing the synthetic organics in sediments from various
areas of Puget Sound appears in Table 3.8. Along the south shore of Elliott
Bay, zone A, only four stations were sampled for trace organics. The mean
organic concentrations in Elliott Bay and other shallow areas of Puget Sound
are presented in Table 3.9. For comparison, the mean concentrations of trace
organics in deep sediments of Puget Sound are shown in Table 3.10. Unlike
trace metals, the concentrations of trace organics in deep sediments are, in
most cases, lower than in the shallow sediments. The ratio of the mean
concentrations (deep values/shallow values) are for acids and bases, 0.9;
DDT's and PCBs, 0.8; PNAs and CPNs, 0.7; phthalate and di-ocytl phthalte, 1.3:
CBD 1.6; and volatile solids 1.2.

Trace concentrations of DDT, DDE, and DDD are present in the sediments of
Elliott Bay (Table 3.11). Concentrations of DDT ranged from 0.09-50 ppb (dry
welght; Konasewich et al. 1982). Concentrations of DDE ranged from 0.23-6 ppb
(dry weight; Konasewich et al. 1982). Concentrations of DDD ranged from 0. 16~
122 ppb (dry weight; Konasewich et al. 1982).

Trace concentrations of PAHs occurred in seawater from Elliott Bay (Riley
et al. 1980). These low concentrations were not surprising since most of the
higher molecular weight PAHs are of very low solubility in seawater at low
temperatures. Five PAHs (anthracene, naphthalene, fluorene, phenanthrene, and
pyrene) out of a list of nine hydrocarbons that could be detected
(naphthalene, fluorene, phenanthrene, anthracene, fluoranthrene, pyrene,
benz(a)anthracene, chrysene, and benzo(a)pyrene) were associated with
suspended particulate matter from Elliott Bay (Riley et al. 1980). Eleven
PAHs (phenanthrene, anthracene, fluoranthene, pyrene, retene,
benz(a)anthracene, chrysene, benzofluoranthenes, benzo(e)pyrene,
benzo(a)pyrene, and perylene) at concentrations of 13-730 ng/g sediment (dry
weight) were detected in suspended particulate matter from the Duwamish River
(Table 3.12; Curl 1982). Concentrations of the combustion PAHs (fluoranthene,
pyrene, benz(a)anthracene, chrysene, benzofluoranthene, benzo(a)pyrene, and
benzo(e)pyrene, were consistently highest at Harbor Island ranging from 1000-
4900 ng/g sediment (dry weight; Table 3.13; Curl 1982).
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Table 3.7. Estimated dinputs of polychlorinated biphenyls to
Puget Sound. After Konasewich et al. (1982).

Rate In |
Source (g CB day™ ')
Major River Systems
Snohomish, Skagit, 220
Stillaguamish Rivers
Lake Washington (Ship Canal) 10
Duwamish River 97
Puyallup River 30
Outfalls
Westpoint 30
Renton 3
Combined Sewage Overflows _10
TOTAL: 400 (1.44 x 10° g/yr)

*Pavlou et al. (1978)
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Mean trace organic chemical concentrations in deep
sediment areas of Puget Sound.?2

After Pavlou et al.

(1983).
Area AA Area BB Area CC Area DD Area EE Deep All Areas
Toxicant: South Urban West 1 Norch Elliort Stations
Central Central Point Central Bay
Basin Basin Basin Grand
mean + s.d. mean + s.d. mean + s.d. wean + s.d. mean + s.d. mean + s.d. mean + s.d.
Acids 59 = 159 18 ¥ 55 2.9 +11.5 22 + 50 12 + 21 24 + 84 30 + 134
(#/6) ) ) (1) (2) 3
Bases 209 + 369 ° 3.2 + 7.9 111 + 262 5.4 +10.8 4.2 + 10 75 + 228 87 ¥ 479
(#/2) 1) (¢8) (2) 1) )
PNAs 2197 + 3077 1053 + 633 770 + 662 442 + 390 993 + 513 1164 + 1634 2278 + 4185
(#/10) (® (8) 9 (8) (8)
CPNAs 1837 + 1507 10209 + 6402 5175 + 2278 1510 + 590 5458 + 1921 5415 + 4996 14174 + 22441
(#79) 9 &) (€)) 9N 9
CLAs ND 9.8 + 30. ND 36 + 101 uD 7.2 + 39 107 + 944
@/5) (1 )
CBD 8.1 +17.1 3.3+ 5.1 2.1 + 3.4 66 + 1.2 3.0+ 4.9 3.7 +9.1 2.4 + 6.6
(#/1) ) M ) ¢V) )
PHTs 632 + 722 2054 + 4879 645 + 1092 1307 + 1672 375 + 308 1095 + 2775 835 + 1944
(#74) %) (4) %) (4) %)
DI-OCTYL 7251 * 9660 11494 + 16296 6294 + 16874 4091 + 7707 6239 + 11857 7708 + 13607 5801 + 14553
DDTs L7419 52+7.5 4.1 +49 1.9+1.2 86+7.6 4.2 +5.8 8.1+ 13.1
{#/3) 3) (3) 3) (3) (3)
PCBs 146 * 70 474 + 315 165 + 88 157 + 72 748 + 519 323 + 330 434 + 605
(#16) i %) %) (4) %)
Misc ND ND ND 18 + 5.3 ND .23 + 330 1 +1.2
#/4) ‘
Volatiles 749 + 1342 3.0 + 2.52 7.0 + 17 827 + 2338 83 + 248 296 + 1097 267 + 1059
(#/24) 3) 2) 1) (1) (2)
(# of Samples) 16) 20) (16) (9 (% (70) (165)

a

s.d. = standard deviation

All concentrations in ng/g dry weight

(#/n) = number of constituents of chemical class detected out of total number n
nD = not detected
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3.3 Body Concentrations of Chemicals in Biota

The first data to suggest that animals from the Duwamish River and Alki
Point contained significant concentrations of xenobiotics were collected in
1971-72. Bay mussels, Mytilus edulis, from stations km 4.5 and km 0.96,
contained 4.4 ug lead/g tissue wet weight.

Olsen and Schell (1977) subsequently analyzed tissues from 46 species
including plankton, molluscs, echinoderms, crustaceans, algae, and fishes to
determine the concentrations of mercury, lead, cadmium, cobalt, copper,
cesium, selenium, chromium, silver, zinc, arsenic, and antimony present. The
highest concentrations of trace metals were found in bay mussels from Alki
Point and West Point (Figure 3.14). Approximately 1 ug lead, 0.8 ug copper
and 20 ug zinc per g tissue wet weight were present in mussels from Alki
Point. Approximately 1 ug lead, 1.2 ug copper, 1.5 ug chromium, and 32 ug
zinc per g tissue wet weight were present in mussels from West Point. The
concentrations of lead, copper, zinec, cadmium, antimony, chromium, and
selenium in plankton samples from Elliott Bay were 1-100 times higher than the
concentrations of the same metals in plankton from other areas of Puget Sound
(Olsen and Schell 1977).

Most tissue samples had concentrations of organic chemicals which
reflected the chemical composition of the sediment %to which the animals were
exposed. In 1972 the concentration of PCBs in whole bottomfish was 900 times
the suggested EPA criterion (Healy 1979). By 1979 the concentration of PCBs
in a whole bottomfish had dropped to 220 times the suggested EPA criterion.
The EPA criterion was based upon that concentration of PCB which was believed
to be capable of causing cancer. The concentration of PCBs in zooplankton
from Elliott Bay was 6.8 + 3.1 ug/g lipid based on 11 analyses (Table 3.6;
Konasewich et al. 1982).

Konasewich et al. (1982) summarized available data on the concentrations
of PCBs in animal tissues (Table 3.14). To interpret these data, one must
understand a few basic facts describing PCB chemistry. Polychlorinated
biphenyls are chlorinated hydrocarbons used as lubricating agents. The number
of chlorine atoms (1-9) on the two phenyl rings varies with the purpose for
which the PCB was manufactured. The various commercial preparations of PCBs
(such as Aroclor 1254) are not pure compounds, e.g., they contain several
isomers, each of which has a different number of bound chlorine atoms. Hence,
when a PCB analysis is performed, several different peaks result. Each peak
corresponds to an isomer containing a different number of chlorine atoms. The
resulting concentration can be reported in two ways, (1) by individual peak -
hence, the data are reported based on the number of chlorine atoms present
(Konasewich et al. 1982), and (2) by isomer where a typical isomer peak
profile is matched with the peak profile of the unknown.

Concentrations of PCBs from fish livers from Elliott Bay ranged from 2-
15,000 ppb dry weight depending upon the number of chlorine atoms present
(Table 3.14, Konasewich et al. 1982). These concentrations were comparable
with those observed in fish livers from Commencement Bay, but were
significantly greater than the concentrations present in fish livers from
Sinclair Inlet, Case Inlet, and Port Madison.

The concentrations of PCBs in worms from Elliott Bay ranged from 3-550
ppb dry weight depending upon the number of chlorine atoms present (Table
3.14). Similar concentrations of PCBs were observed in worms from
Commencement Bay (2-450 ppb dry weight) and Sinclair Inlet (10-500 ppb dry
weight). The concentrations of PCBs in worms from Port Madison were
substantially lower than those in worms from Elliott Bay, Commencement Bay,
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Table 3.14. Concentrations of polychlorinated biphenyls from
sediments and biota from various areas in Puget
Sound. After Konasewich et al. (1982).



60

s e e e e e e ey

SAMPLES Concentration Range - ng/gm (ppb) dry weight; N = Number of Chiorines

Sediments = | 2 3 4 5 & 7 8 9
Elliott Bay < «,0520 <.04-70 “.1-180 < .08-540 <.08-790 < ,06-420 <.05-160 <.02-20
Comimencement Hay < <,05-27 = ,05-140 <. 1-270 <. 1-250 <.1-440 < 08-150 <.0&-110 <.02-8.7
Sinclair Inlet . 01-.6 -3 3-10 7-40 6-70 7-70 2-40 2-5
Pert Madison ¢ -2 A -2 1-2 .2-2 <,2-2 <.0-.4  <,04-.08
Case Inlet ‘ L02-.2 =5 04-.9 2= =9 05-2.3  <,0b=<.1 <.02-<.]|
Budd Inlet < .2-.3 A-.6 2-4 JI-8 .6-5 <.3-3 <.2=.3  <.04.08
Biota
Fist liver (al! sites) % 2-310 10-2100 20-5900 50-9800 90-15,000 40-8900 10-2100 2-420
Budd Inlet: sole liver < 10-30 10-20 80-120 290-450 430-640 310-420 70-160 10-30
crab hep. s 10 210 480 470 200 30 <
snrimp < 10 4 30 80 B0 20 2 <|
Elliott Bay: crab hep. < 70 560 3800 7300 11,000 7800 1100 <3
worms < <4-1U 10-60 110-350 190-500 280-550 130-250 30-60 <3
shrimp < <3-10 10-40 80-210 160-870 300-680 130-220 20 <|
clams 4 <10 <2 70-200 90-500 100-410 40-180 10-20 < 3=2
fish liver < 2-310 < 10-1200 | 10-5%00 380-9800 550-15,000  270-8900 20-1200 3420
Sinclair Inlet:
fish liver L 10 30-70 230-490 820-2000 1800-3100 1100-2300 260-510 30-70
crab hep. % 20 20 310 1200 1500 270 210 10
wOrms b <10 10 110 220 500 320 0 20
shrimp ¢ 10 IN 30 170 280 160 30 *
Port Modison:
fisn liver - 10 20 140-130 440-730 700-1100 400-730 90-180 10
worms f <4 10 40 &0 50 30 2 <2
snrimp . 10 4 20 %0 120 50 10 <
clam < <3 <l 20 &l &0 20 3 <|
Commencement Bay:
crab hep. < 50-60 120-640 340-1200 3s800-11,000 2900-9200 1800-4300  350-1200 40-230
worms : <3-10 w =20 &0-120 130-450 110-440 50-180 10-60 2-10
shrimp < 10 5-50 30-310 100- 1400 110-930 40-290 10-40 <|-4
fish liver < < 1-80 =3-2100 20-3700 50-3000 90-15,000 40-8500 10-2100 <2410
clams < 10 2 30-220 100-310 130-240 50-80 10-20 4
Case Inlet:
sole liver « 20-30 10-20 50-140 120-360 200-520 | 10-400 30-120 5-20
cran hep. < ] 10 70 160 160 70 10 .6
shrimp - N 3 20 50 a0 10 I <|
clamns « <2 <l b 10 10 | <l <l
Water

All Stotions: none detected above detection limits of 0.5 - 1.0 ppt.

Suspended Matter

All 51ations: none detectud above detection limits of 2-4 ppb.
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and Sinclair Inlet. .

The concentrations of PCBs in shrimp from Elliott Bay ranged from 1-870
ppb dry weight depending upon the number of chlorine atoms (Table 3.14).
Shrimp from Commencement Bay had even higher concentrations of PCBs (5-1400
ppb dry weight). Concentrations of PCBs in shrimp from Sinclair Inlet, Port
Madison, and Case Inlet had substantially lower concentrations of PCBs (Table
3.14).

The concentrations of DDT and its metabolites varied both by animal
species and by tissue within each species (Table 3.11). The highest
concentrations of DDT (70-1280 ppb dry weight) occurred in composite livers of
English sole, Parophrys vetulus. Hepatopancreas from crab contained 120 ppb
dry weight of p p'DDT. The concentrations of DDT in worms, shrimp, and clams
were barely detectable (Table 3.11). The concentrations of DDT in the liver
of fishes ranged from 20-290 ppb dry weight depending upon the species.

The highest concentrations of DDE (70-5930 ppb dry weight) occurred in
the livers of English sole. Significant concentrations also were found in the
livers of rockfish (180-1030 ppb dry weight) and sculpins (300-890 ppb dry
weight; Table 3.11). The concentrations of DDE in worms, shrimp, and clams
were again almost undetectable (Table 3.11). Crab hepatopancreas contained
2410 ppb dry weight DDE.

The highest concentrations of DDD (42-980 ppb dry weight) occurred in
composite liver samples from English sole. The concentrations of DDD in
worms, shrimp, and clams were again insignificant. Concentrations of DDD were
highest in English sole livers, second highest in rockfish, moderate in
sculpins, and lowest in rock sole (Lepidopsetta bilineata, Table 3.11).

The most widely studied PAH is benzo(a)pyrene (BaP). Benzo(a)pyrene can
be metabolized by most aguatic organsims except bivalves; hence, the reported
concentrations of the parent BaP probably do not represent the actual
quantities of BaP to which the organsims were truly exposed. Benzo(a)pyrene
is considered particularly significant biologically since one of 1its
metabolites binds to the DNA of flatfish and potentially is the cause of the
liver hepatomas observed in flatfish.

The concentrations of BaP in livers of English and rock sole from the
Duwamish River, Seattle Waterfront, and outer Elliott Bay were < 0.040, <
0.030, and < 0.090 ppm dry weight, respectively (Table 3.15). The
concentration of BaP in the livers of English and rock sole from West Point
was 0.070 ppm dry weight (Konasewich et al. 1982). These concentrations were
representative of those reported for fish livers from most areas of Puget
Sound (except Hylebos Waterway). Because these BaP measurements did not
include the various metabolites one cannot concluded that BaP was not
significantly bioaccumulated by flatfish and rock sole.

Similar measurements of BaP were made using worms, shrimp, and crab
hepatopancreas (Table 3.15). Concentrations of BaP comparable to those in
English and rock sole were found. The clam data should be given special
emphasis, but the sample size reported by Konasewich et al. (1982) was so
small, significant trends were not evident.

Konasewich et al. (1982) also summarized the existing data for the
bioaccumulation of benzo(a)anthracene (Table 3.16). This PAH can also be
metabolized by most marine animals; hence, without data on the various
metabolites present in the tissues and with such a small sample size,
conclusions cannot be drawn.
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4,0 BIOLOGICAL RESOURCES

4,1 Phytoplankton

4.1.1 Phytoplankton Species

Data describing the species of phytoplankton in Elliott Bay were not
found, although Dexter et al. (1981) stated that the composition of species
was similar to that found in the main basin of Puget Sound. Welch (1969)
noted that phytoplankton blooms in the lower Duwamish River area in 1965 and
1966 were largely diatoms.

4.1.2 Distribution of Phytoplankton/Chlorophyll a

Few studies described the distribution of phytoplankton in Elliott Bay.
Distributions and concentrations of chlorophyll a (Figure 4.1) were similar to
those in the main basin of Puget Sound (Winter et al. 1975). Chlorophyll
levels in Elliott Bay are reported to be lower than those for the main basin
of Puget Sound (Ebbesmeyer and Helseth 1977), but the single station sampled
(METRO station number 174) was placed off Duwamish Head in the chlorophyll low
for Elliott Bay (Pavlou et al. 1973; Figure 4.2), and is probably not
representative of Elliott Bay as a whole. Numerous studies have been
conducted in the Duwamish waterway (Welch and Isaac 1967; Tilley and Dawson
1971; Brenner 1974; METRO 1980b), but the study areas seldom included Elliott
Bay.

4.1.3 Temporal Variability

Phytoplankton blooms in Puget Sound were regulated by water column
stability and available light, rather than nutrient availability (Winter et
al. 1975; Campbell et al. 1977). Blooms in the Duwamish River occurred at
times of minimum river runoff (Welch and Isaac 1967; Welch 1968; Welch et al.
1972; METRO 1980b) which occurred in August-September. Pavlou et al. (1973)
saw higher chlorophyll concentrations in Elliott Bay in September 1972 than in
June or December 1973, and Krogslund et al. (1975) also found the highest
chlorophylls in September,

Chlorophyll a concentrations at the mouth of the Duwamish River varied
inversely with tidal height (Welch and Isaac 1967). Blooms tended to occur
during periods of neap tides, coincident with low river discharge and adequate
solar radiation (Santos and Stoner 1972; Welch et al. 1972).

4.1.4 Spatial Variability

The highest surface concentrations of chlorophyll a were found in the
center of Elliott Bay and along the shoreline (> = 1 ug/l) as shown by direct
chlorophyll analysis and by secchi disc readings (Figure 4.2), while the area
off Duwamish Head was the center of a surface chlorophyll low (£ 0.5 ug/l;
Pavlou et al. 1973). During the spring and summer, chlorphyll concentrations
reached a maximum at the water surface, except in the vicinity of freshwater
sources, where a subsurface maximum was seen (Krogslund et al. 1975).
Subsurface chlorophyll concentrations reached a maximum of > 1 ug/l at 5 to 8
meters depth off the mouth of the Duwamish River (Pavlou et al. 1973).

Aerial photographs and water column studies showed that intact patches of



Figure 4.1.
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Variations of salinity, temperature, density,
oxygen saturation, phosphate, silicate, nitrate,
chlorophyll a and carbon uptake rate in the main
basin of Puget Sound in May-June 1966. Dots

indicate sampling depths. After Winter et al.
(1975).
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Figure 4.2. Spatial distribution of surface chlorophyll a in Elliott Bay
during September, 1972. Chlorophyll is measured in 0.01 mg/1.
After Pavlou et al. (1973).




69

phytoplankton did not travel out of Elliott Bay into the main basin of Puget
Sound (Munson 1970). Silt-laden water masses which originate at the Duwamish
River were discernible in the main basin (Munson 1970).

4.1.5 Primary Production

Primary production was first measured in January, 1960, in Elliott Bay by
Collias and Barnes (1966), but the data were never analyzed. Many
productivity experiments have since been performed in the Duwamish River.
Welch and Isaac (1967) showed that gross primary production varied inversely
with tidal height. Turnover rates for phytoplankton cells have been
calculated to be 2.2/day over the 0 to 4 meter interval (Prych et al. 1976)
and 0.6/day (0-1 meters), 0.3/day (0-U4 meters) (Welch 1968). Harper-Owes
(1981) noted that during large phytoplankton blooms carbon dioxide limitation
may be approached. Phytoplankton was found to contribute most of the primary
productivity occurring in the Duwamish estuary and to control concentrations
of dissolved oxygen (Tilley and Haushild 1975). Welch (1969) agreed that
phytoplankton controls BOD levels through decomposition and sinking in the
Duwamish River. More recently, Harper-Owes (1983) showed that low dissolved
oxygen levels in the Duwamish were due to salt wedge water residence time and
benthic oxygen demand. Welch (1969) noted a significant correlation between
gross production and retention time as determined by freshwater discharge.

Annual primary productivity over the photic zone was significantly lower
than that of the main basin of Puget Sound, primarily because of reduced light
penetration caused by the silt load in the Duwamish River (Ebbesmeyer and
Helseth 1977).

The single station sampled here (METRO station 174) was in the area of
lowest phytoplankton standing stock for Elliott Bay (Pavlou et al. 1973) and
does not necessarily represent all of Elliott Bay.

Dissolved oxygen concentrations at the surface of Elliott Bay were
significantly correlated with integrated primary production (Ebbesmeyer and
Helseth 1977).

4,1.6 Nutrient Distributions and Phytoplankton Interactions

Dissolved nutrients occurred at high concentrations throughout the water
column in Elliott Bay, with maximum concentrations occurring off the Duwamish
River and East Waterway, and decreasing westward out to the main basin of
Puget Sound (Pavlou et al. 1973) (Figure 4.3). Typical nutrient
concentrations in Elliott Bay are as follows: nitrate: 10-30 ug-at/1,
nitrite: 0.01-1.00 ug-at/1l, phosphate: 1-2.5 ug-at/l, silicate: 25-60 ug-
at/l. The Duwamish River salt-wedge contained up to twice the concentration
of dissolved nutrients found in the open bay, due to the settling of particles
from river water which bound phosphate and ammonia ions (Tilley and Dawson
1971). Decomposition and settling of phytoplankton cells from the Duwamish
River water might have contributed to the accumulation in the salt-wedge
(Tilley and Dawson 1971). Duwamish River water had approximately 4 times the
nutrient concentrations found in Elliott Bay water (Tilley and Dawson 1971).

Ammonia was the preferred algal nutrient for growth (Dugdale 1976) and
was the nutrient in greatest supply in the Duwamish Estuary (Harper-Owes
1981). Ammonia in the surface waters of Elliott Bay reached concentrations of
13 ug-at/l at the mouth of the Duwamish River, decreased to > 1 ug-at/1 in the
middle of the Bay (Krogslund et al. 1975), and was greatly reduced at 3 meters
depth in the vicinity of the river mouth (Pavlou et al. 1973; Figure 4.4).
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Figure 4.3.

Spatial distribution of surface nitrate in Elliott Bay during
September 1972. Nitrate is measured in ug-at/l. After
Pavlou et al. (1973).
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Figure 4.4. Spatial distribution of ammonia at 3 m depth in Elliott Bay
during September 1972. Ammonia is measured in .1 ug-at/1.
After Pavlou et al. (1973).
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Total ammonia lgading into Elliott Bay from the Duwamish River was calculated
to be 5.59 x 108g nitrogen/yr (Harper-Owes 1983). Highest concentrations of
ammonia were found in Elliott Bay in September (Pavlou et al. 1973; Krogslund
et al. 1975).

No experiments or observations of nutrient-phytoplankton interactions
were found for Elliott Bay. Numerous Duwamish River studies indicated that
phytoplankton growth is never nutrient-limited, but rather was controlled by
hydrographic conditions and light availability (Welch 1968; Welch 1969; Welch
et al. 1972; Brenner 1974; METRO 1980b).

4.,1.7 Toxic/Stimulatory Effects on Phytoplankton

There have been no recorded studies of phytoplankton toxicity for Elliott
Bay. Welch et al. (1972) noted stimulation of algal growth with water from
the mouth of the Duwamish River. Brenner (1974) found similar results with
the addition of Renton Treatment Plant effluent, which enters Elliott Bay via
the Duwamish River.

4,2 Zooplankton

4.2.1 Zooplankton Species

Aron (1958) reported that 85 - 92% of the macrozooplankton in Elliott
Bay, as sampled by pump and nets, were calanoid copepods. Species lists for
January resemble closely those of the open main basin of Puget Sound (Aron
1958). An acoustical survey by Cooney (1971) showed a continuous and clearly
recorded layer of euphausiids in Elliott Bay. The euphausiid population (made
up largely of adult Euphausia pacifica and Thysanoessa raschii) reached peak
densities of 800 - 900/m“ (E. pacifica) and 10 - 15/m“ (T. raschii) in March-
April, and were present in Elliott Bay until mid-winter, although the
population disappeared from the main basin in October-November (Cooney 1971).

4,2.2 Spatial Distribution

Zooplankton biomass in Elliott Bay was tgpical of Puget Sound: 0.4 - 0.9
g/m3, wet weight, with higher volumes (>1 g/m°, wet weight) inshore (Pavlou et
al. 1973; Figure 4.5). The area around Duwamish Head supported a lower
zooplankton biomass than did the rest of Elliott Bay (Pavlou et al. 1973).

4,2.3 Toxicant Interactions with Zooplankton

Elliott Bay zooplankton contained PCB's in concentrations ranging from 10
to 25 ng/g wet weight and DDT concentrations of 1 to 25 ng/g wet weight, with
the highest concentrations occurring in animals caught off Duwamish Head
(Pavlou et al. 1973).
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4.3 Nearshore Habitats

The nearshore environment in Elliott Bay consists of the shoreline
between West Point and Alki Point (Figure 1.1) and extends vertically from the
extreme high water mark down to -50 ft (relative to Mean Lower Low Water,
MLLW). Originally this nearshore environment included approximately 850
hectares of eelgrass and marsh habitats. Today these eelgrass and marsh
habitats have been reduced to 22 hectares leaving only 2% of these productive
habitats present in Elliott Bay. Today this surface area totals approximately
580 hectares, which represents 27% of the total surface area of Elliott Bay.
Of this 580 hectares, about 135 hectares (23.2%) are above MLLW, 207 hectares
(35.7%) are between MLLW and -20 ft MLLW, and 237.9 hectares (41.0%) are
between -20 and -50 ft MLLW. The area in hectares for each depth range for
the four geographical areas of Elliott Bay is shown in Figure 4.6. Harbor
development (i.e., piers, piling, rip rap) occurs primarily between Duwamish
Head and Pier 91, and has the least nearshore surface area. The shoreline
between Fourmile Rock and West Point contains the largest proportion of very
shallow (i.e., intertidal to -20 ft MLLW) bottom surface area.

The areas occupied by the major nearshore habitats in Elliott Bay was
estimated using various data (Armstrong 1977; Thom 1978; Staude 1979;
Armstrong et al. 1978; Thom and Chew 1980; Port of Seattle unpubl. data;
Phillips 1972; R. Harman and J. Serwold unpubl. data; R. Thom personal
observations), and appear in Figure 4.7. The proportions of the total
nearshore area representing each habitat are: piling 5.0%; sand and sandy mud
71.7%; cobble and boulder 4.8%; rip rap 5.8%; eelgrass 4.2%; and kelp beds
8.5%. Kelp (Nereocytis luetkeana) is common in the northern portion of
Elliott Bay, with a dense bed located at the base of Magnolia Bluff., Phillips
(1972) described an eelgrass (Zostera marina) meadow on the north side of Alki
Point. Rip rap walls and piers supported by pilings predominate from Duwamish
Head to Magnolia Bluff. Cobble and boulder fields occur at the base of
Magnolia Bluff. Medium textured sand comprises the bulk of nearshore surface
area in all other regions except the industrialized portion of Elliott Bay.
Extensive depositional areas occur from West Point to Pier 91, and from
Duwamish Head to Alki Point. Sediments at Duwamish Head are somewhat finer
than those further west and north (Harman and Serwold 1974, R. Thom, personal
observation).

Chew et al. (1971; 1973); Armstrong (1977); Thom (1978); and Staude
(1979) described the intertidal substrate and habitat distribution between
West Point and a point approximately 600 m south of West Point. The region
immediately south of West Point consisted primarily of a gently sloping coarse
sand beach with a median grain size of 0.19-0.24 mm (Staude 1979).

Qualitative observations (Harman and Serwold, unpubl. data) were made along a
number of intertidal transects located in the West Point-Magnolia Bluff region
and in the Duwamish Head - Alki Point region. Transect profiles indicated
that gently sloping sand beaches near West Point grade to more steeply sloping
cobble-boulder fields at Magnolia Bluff. The area between Smith Cove and Pier
70 was largely a steeply sloping rip rap wall with a sessile, rocky intertidal
assemblage (Armstrong et al. 1978). Rip rap along with pier piling
predominated throughout the remainder of the eastern and southern shoreline,
At Duwamish Head, a gently sloping sand beach existed. The beach slope
generally increased west of this point. At Alki Point, the beach was
moderately sloping (i.e., approximately a 1 ft. vertical rise for a horizontal
distance of 20 ft.) and consisted of large cobble.

The benthic biota in the shallow subtidal habitats at Magnolia Bluff
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Figure 4.6. The nearshore surface areas in Elliott Bay by depth
intervals and shoreline segments (Alki Point to
Duwamish Head, Duwamish Head to Pier 89, Pier 89 to
Four Mile Rock, and Four Mile Rock to West Point).
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consisted primarily of cobble-boulder and kelp bed assemblages (Shapiro and
Associates 1983). Smith Cove is a protected embayment containing two piers
supported by pilings that are set in rip rap (J. Dohrman; Port of Seattle;
person., commun.). The north and south shores of the cove were gently sloping
sand beaches. Some cobble-boulder substrata existed on the southern shoreline
(Mauseth and Associates 1980). Few data describe the developed portion of
Elliott Bay between Pier 70 and Duwamish Head. The shoreline in this region
is dominated by piers supported by wood piling. Bulkheads of rip rap lie
underneath and between the piers.

Intertidal habitats between Duwamish Head and the Alki Point Lighthouse
appear in Figure 4.8. This region is depositional, and observations on fish
catches and those made during diving surveys indicate that the nearshore
habitat is highly productive (Pierson, personal communication). The eelgrass
meadow studied by Phillips (1972) and the broad sandflats represent major
nearshore habitats of biological significance.

4.3.1 Nearshore Benthic Assemblages

All habitats in Figure 4.7 play roles in the Elliott Bay-Duwamish River
estuary. Kelp beds and eelgrass meadows contain a rich assemblage of flora
and fauna (Thom 1978; Thayer and Phillips 1977). Carbon fixation and detritus
production are high in these habitats (Thom 1978, 1981). Sand flats contain
associated microflora, and abundant assemblages of meiofauna and macroinfauna
(Thom et al., 1983; McIntire et al., 1983). Epibenthic meiofauna, in
particular, are important as food for bottom feeding organisms such as
juvenile salmonids (Simenstad and Eggers 1981). Cobble habitats in mid-
intertidal to subtidal depths provide habitat for bivalves. Rip rap, beams
and pilings have an attached assemblage of invertebrates and algae (Mauseth
and Associates 1980). The results of the nearshore benthic studies listed in
Table 4.1 indicated that the expected assemblages do exist in their repsective
habitats in Elliott Bay and the Duwamish River estuary.

Quantitative data describing benthic nearshore assemblages were few and
limited to the northeastern shoreline of Elliott Bay. Chew et al. (1971,
1973), Armstrong (1977), Thom (1978) and Staude (1979) described the benthic
assemblages near West Point. Armstrong (1977) and Thom (1978, 1983) published
data describing the benthic intertidal biota of Alki Beach socuth of Alki
Point. Within the Duwamish estuary, Leon (1980) documented the benthic
macrofauna species abundances in sand and mud substrata near Kellogg Island.
Kellogg Island is an undeveloped intertidal sand-mud flat area and associate
marsh.

The most comprehensive works describing the nearshore benthic biota in
the region are Armstrong (1977) and Thom (1978). Their studies were conducted
at six beaches (i.e., Richmond Beach, Carkeek Park Beach, West Point Beach,
the Denny Way CS0O, Alki Beach south of Alki Point, and Lincoln Park Beach) on
the eastern shore of central Puget Sound, and included extensive quantitative,
seasonal sampling of the benthic flora and fauna over a two year period. The
data of Armstrong and Thom are used here to indicate the species assemblages
and temporal patterns in assemblage structure that may be expected in Elliott
Bay.

Approximately 160 taxa of macroscopically evident benthic algae were
encountered on the eastern shore of central Puget Sound (Appendix 2). Of
these, 40 taxa were green algae, 27 species were brown algae, and 78 species
were red algae. The most frequently occurring genera of macroalgae were
Enteromorpha, Spongomorpha, Ulva, Ceramium, Polysiphonia, and Porphyra.
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Figure 4.8. Nearshore habitats in the Alki Beach-Duwamish
Head area.
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Table 4.1. Literature describing the nearshore benthic biota in Elliott
Bay and the Duwamish River estuary.
Elliott Bay and Utility as
Duwamish River Subject of nearshore
Author(s) and Date study area study baseline data
Armstrong (1977) West Point, Infauna Moderate
Alki Point
Armstrong et al. (1976) West Point, Infauna, Moderate
Alki Point epifauna
Armstrong et al. (1978) Denny Way CSO Infauna, High
epibiota
Armstrong et al. (1980-81) Denny Way CSO Infauna High
Chapman et al. (1982) Elliott Bay, Oligochaetes, High
Duwamish River amphipods
sediment
(toxicity tests)
Chew et al. (1971) West Point Infauna, Moderate
epibiota
Chew et al. (1973) West Point Infauna, Moderate
epibiota
Chia (1969) Alki Point Sand dollar Low
Dexter et al. (1981) Elliott Bay, All benthos Moderate
Duwamish River
Harman and Serwold (1974) Elliott Bay Infauna, microbiota, Moderate
sediments
Leon (1980) Kellogg Island, Infauna High
Duwamish River
Malins et al. (1982) Elliott Bay, Infauna, Moderate
Duwamish River fish
Mauseth and Associates Smith Cove to Infauna, Moderate
(1980) East Waterway epibiota
Meyer et al. (1981) Duwamish estuary Epibenthic Moderate
zooplankton,

fish



Table 4.1. (continued).
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Elliott Bay and Utility as
Duwamish River Subject of nearshore
Author(s) and Date study area study baseline data
Phillips (1972) Alki Beach Eelgrass Moderate
Shapiro and Associates Magnolia Bluff Infauna, Moderate
(1983) epibiota
Staude (1979) West Point Infauna, Moderate
epibiota
Thom (1978) West Point, epibiota, Moderate
Denny Way CSO, algae
Alki Point
Thom (1983) Alki Point Fucus Moderate
Thom et al. (1976) West Point, Benthic algae Moderate
Alki Point
Thom and Chew (1980) Denny Way CSO Infauna High
Tilley and Haushild (1975) Duwamish Periphyton Moderate
estuary
Tomlinson et al. (1980) Denny Way CSO Benthic animals, High

plants, sediment,

water column
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Species that were characteristic components of the nearshore environment were
Enteromorpha linza, Ulva lactuca, U. fenestrata, Fucus distichus (= F.
evanescens), Laminaria saccharina, Nereocystis luetkeana, Petalonia fascia,
Sargassum muticum, Scytosiphon lomentaria, Gigartina exasperata, G. papillata,
Iridaea cordata, and Pterosiphonia bipinnata.

Seasonal changes in benthic macroalgal assemblages were striking. Mean
algal cover was greatest in spring and summer, and least in winter (< 10%)
(Figure 4.9). Species richness followed this trend, however, there were
seasonal differences in fluctuations in the number of taxa present among algal
divisions (Figure 4.10). The typical pattern observed was as follows: there
was a winter low in all divisions. Between January and April, species
richness increased in all divisions and brown algal richness reached its
highest value. Green algal species richness peaked in summer (July), which
was followed by a peak in red algal species richness in autumn (October).
Diatoms were evident as tufts and filaments on hard substrata, and were
abundant during spring (Figure 4.11). Periphyton (primarily diatoms)
abundance and species richness seasonality was pronounced (Figure 4.12). One
hundred and fifteen taxa of diatoms were encountered in periphton samples, and
were dominanted in relative abundance by Cocconeis spp., Synedra tabulata,
Achnanthes cocconeioides, Rhabdonema arcuatum, Biddulphia aurita, and Navicula
spp. (Table 4.2).

Spatial variations are great in benthic algal assemblages. Thom (1978)
identified 10 intertidal species assemblages using cluster analysis. A
distinct subtidal kelp bed assemblage was also delineated that consisted of a
dense canopy of Nereocystis luetkeana and a rich and abundant understory
(Table 4.3). Algal abundance and species richness generally increased with
decreasing elevation, and reached a maximum at intertidal to shallow subtidal
depths (Figure 4.13). The perennial brown fucoid, Fucus evanescens, formed a
dense bed in the upper intertidal zone. The mid-low intertidal zone contained
a dense assemblage of bladed green algae (Ulva spp., Monostroma spp.). At
lower elevations brown algae, such as Sargassum muticum and Laminaria
saccharina, and the red alga Iridaea cordata predominated.

Several factors are probably responsible for spatial patterns in algal
assemblages. Based on a correlation analysis, elevation, substrata
composition and exposure to sewage effluent exhibited the greatest number of
significant correlation coeffcient values with assemblage parameters (Table
4.y,

Algal growth rate (Thom 1978) and productivity (Thom 1983, Thom et al.
1983) estimates indicate that the benthic algal assemblages in central Puget
Sound rank among the most productive aquatic systems in the world.

Approximately 300 taxa of benthic macrofauna were recorded by Armstrong
(1977) at five central Puget Sound beaches (Appendix 3). The number of taxa
varied somewhat (195-231) among the beaches and averaged 213 (Table 4.5). The
number of taxa unique to a beach was small, and varied from 2-9% of the total
number .

The most abundant taxa of epifauna consisted of barnacles (Balanus spp.),
flabelliferan isopods, snails (Collisella strigatella, Lacuna variegata) and
amphipods (Table 4.6). Infaunal were predominated by polychaetes, of which
Mediomastus capensis, Owenia fusiformis, and Micropodarke dubia were the most
abundant (Table #4.7). Infauna bivalves were also abundant, especially in
sediments containing large cobble. Macoma spp. occurred in all sediment
types. Protothaca staminea, Saxidomus giganteus, and Tresus capax were
abundant in cobble-boulder habitats (Table 4.8). This latter habitat is
frequented by recreational clam diggers. The amphipod fauna is rich in
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Average algal cover. (Beaches: A = Alki
Point; L = Lincoln Park; C = Carkeek Park;
R = Richmond Beach; W = West Point.)

After Thom (1978).
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Table 4.5. The number of species occurring at the five study beaches
by major taxon.

After Armstrong (1977).

Number of species per beach

Taxon Richmond Carkeek West Point Alki Lincoln
Coelenterates 6 6 5 7 7
Annelids 75 64 73 64 73
Molluscs (total) 44 43 51 51 48
Bivalves 20 20 20 20 18
Gastropods 13 13 15 14 14
Nudibranchs 4 5 9 8 8
Arthropods (total) 59 53 73 65 67
Isopods 9 8 11 10 10
Gammarid Amphipods 19 19 26 24 26
Decapods ; 19 15 23 19 21
Echinoderms 5 7 8 9 11
Fish 4 5 7 5 8
# species/beach 206 195 230 203 231
## species unique

to each beach 8 8 16 5 21
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Table 4.6. The numbers of the most abundant epifaunal species subsampled

from two mixed-sediment, zero tide height sites at each beach.
After Armstrong (1977).

Number (rank) collected per beach
*
"Species" Alki Carkeek Lincoln Richmond West Point

Annelida
Polychaeta

Platynereis
bicanaliculata 40 (9.5) 19 (6) 8 (11) 216 (4) 124 (&)

Arthropoda
Crustacea
Amphipoda
Allorchestes
angustus 115 (6) 5 (8) 86 (5) 0 32 (8)
Amphithoe simulans 40 (9.5) 3 (9) 46 (7) 6 (9.5) 54 (7)
Caprella -
laeviuscula 53 (7) 72 (4) 6 (12) 159 (6) 23 (11)
Hyale frequens 50 (8) 0 254 (4) 2 (11) 12 (9)
Pontogeneia
cf. ivanovi 9 (12) 2 (10) 13 (10) 14 (8) 22 (10)
Isopoda
Flabelliferan
isopods 324 (2) 77 (3) 52 (6) 82 (7) 183 (3)
Idotea
wosnesenskii 17 (11) 1 (11) 23 (9) 6 (9.5) 11 (12)
Thoracdca
Balanus crenatus &
Balanus glandula 614 (1) 209 (1) 2323 (1) 1587 (1) 1010 (1)

Mollusca
Bivalvia
Mytilus edulis 191 (5) 50 (5) 25 (8) 318 (3) 117 (5)
Gastropoda
Collisella
strigatella 275 (3) 9 (7) 243 (3) 191 (5) 64 (6)
Lacuna ?variegata 216 (4) 152 (2) 815 (2) 1015 (2) 834 (2)

Total 1944 599 3894 3596 2486

*
only one site was sampled at Carkeek beach
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Table 4.7. The most abundant polychaete species collected with a 1.0 mm
mesh screen at various tidal levels. After Armstrong (1977).

Percent of all polychaete species collected
at each tide height (m above MLLW)

Species 0 +0.9 +1.8
Mediomastus capensis 18.2 30.3 8.0
Platynereis bicanaliculata 11.0

Owenia fusiformis 9.8 5.7

Micropodarke dubia 9.6 . 5.3

Armandia brevis 8.2 3.7

Glycinde picta 5.6 5.5 2.2
Hemipodus borealis 5.4 11.7 15.4
Malacoceros glutaeus 5.0 4.1

Paraonella platybranchia 4.7 3.4

Scoloplos armiger 3.1

Notomastus spp. 2.7 2.0

Saccocirrus eroticus 2.5

Capitella capitata 2.1 2.7
Polydora natrix 2.2 28.1
Protodorvillea gracilis 2.7 21.7
Eteone longa 2.1 3.4
Branchiomaldane vincentii 2.4
Syllis alternata 8.2 2.4
Pygospio elegans 2.1
Spio filicornis 2.1

Total 87.7 89.0 88.4
Misézllaneous (less than 2% each) 12.3 11.0 11.6

Number of individuals collected 4165 3747 2169

Percent of all indivudals
collected 41.3 37.2 21.5
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Table 4.8. The number and biomass of the numerically dominant species
of infaunal bivalves collected with a 6 mm mesh screen at
various tide heights. After Armstrong (1977).

The number (and biomass in gm) of bivalves
collected at each tide height (m above MLLW)

Species 0 +0.9 +1.8
Clinocardium nuttalli 174 (168) 122 (203) 19 (7)
Macoma balthica 22 (7) 44 (7) 50 (7)
Macoma inquinata* 993 (1862) 2723 (3773) 349 (532)
Macoma nasuta 18 (84) 8 (28) 6 (35)
Macoma secta 14 (84) 6 (1) 1 (3)
Protothaca staminea 842 (2352) 1061 (1820)>‘ 166 (630)
Saxidomus giganteus 551 (3129) 746 (6783) 59 (189)
Tresus capax 250 (749) 67 (315) 33 (70)
Mya arenaria 3 (2) 26 (21) 117 (364)
Tapes japonica 0 0 34 (119)
Tellina buttoni 69 (10) 14 (3) 6 (1)
Total 2936 (8447) 4817 (12,954) 840 (1957)
Percent per tide level 34.1 (36.2) 56.1 (55.4) 9.8 (8.4)

*
a small number of individuals of Macoma incongrua are included with Macoma

inquinata
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central Puget Sound, with the greatest abundance occurring at lower intertidal
elevations (Table 4.9).

Seasonal changes were evident in the benthic macrofauna (Table 4.10).
Abundance peaked in October (Table 4.10), and species richness peaked in
October and January. Seasonality in abundance is probably related to seasonal
changes in reproductive effort as well as changes in substrata quality
(Armstrong 1977). Data on major biotic components of the nearshore habitats
are summarized in Table 4,11,

4.3.2. Natural and Anthropogenic Changes in Nearshore Habitats and Biota

Development has drastically altered the nearshore environment in and
surrounding Elliott Bay and the Duwamish River estuary. Prior to 1890,
Elliott Bay included approximately 850 hectares of shallow-water and
intertidal sand and mudflats (Hershman et al. 1981). This habitat has been
reduced to 22 hectares through filling, dredging and bulkheading (Leon 1980).
Water and sediment are contaminated by chemicals in several areas of the
region (Armstrong et al. 1980; Dexter et al. 1981). Such changes have been
hypothesized to explain the decline in biota utilizing the estuary such as
salmonids (Meyer et al. 1981). The largest C30 in the METRO system discharges
into the intertidal zone approximately 500 m north of Pier 70. The impact of
this discharge on benthic life can be shown in the nearshore habitat for at
least 600 m north of the C3S0 (Armstrong et al. 1978; Thom and Chew 1980;
Tomlinson et al. 1980). The commercial harvest of shellfish resources in
Elliott Bay has been prohibited for a number of years due to high fecal
coliform counts in water and shellfish restricting any use of the resource.

4.4 Benthic Ecology

4.,4.1 Sediment Characterization

Sediments present in Elliott Bay ranged from fine grained muds to cobble.
The finest sediments occurred in the central bay in the deeper water depths
(Figure 4.14) and along the northeastern shore. Sand was present primarily in
the Alki Beach intertidal area and in the West Point-Magnolia Bluff area
(Figure 4.14). The occurrence of gravel was limited mainly to the subtidal
areas off Magnolia Bluff with sporadic occurrence elsewhere in the bay (Figure
4,14), The coarsest sediments were found in the shallower areas between Alki
Point and the mouth of the Duwamish River and north of Piers 90 and 91 in the
northern portions of the bay.

Specific descriptions of sample sites were published by Comiskey et al.
(1983) and Dexter et al. (1982). The shallow water stations around West Point
were very sandy, contained little gravel, silt, or clay, and were low in
biological oxygen demand, volatile solids, and o0il and grease content. The
100 m stations around West Point could be divided into two categories based on
the gravel content, the percentage of fine sediments, the concentration of
volatile solids, biological oxygen demand, and the concentrations of oil and
grease.

The stations around the Denny Way CSO contained a high percentage of
gravel and the sediments were heavily contaminated with chemicals. The 20-40
m stations in Elliott Bay contained silty-clay sediments which had high
volatile solids, biological oxygen demand, and significant concentrations of
0il and grease. The 100 m stations in Elliott Bay and at West Point contained
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Table 4.9. The most abundant amphipods gathered from the combined 1.0 mm

mesh screen and epifaunal samples at various tide heights.
After Armstrong (1977).

Percent of all amphipods collected at

each tide height (m above MLLW)

Species 0 +0.9 +1.8
Allorchestes angustus 20.2 61.3 77.4
Anisogammarus confervicolus 1.9 12.7
Paramoera undescribed sp. 6.0 4.4
Hyale frequens 13.7 8.1

Ampithoe simulans 5.2 5.8

Corophium acherusicum 9.4 5.8

Pontogeneia cf. ivanovi 3.4 3.3

Eohaustorius washingtonianus 2.4

Photis brevipes 16.2 1.2

Caprella laeviuscula 15.2

Synchelidium shoemakeri 6.2

Calliopiella pratti 2.1

Anisogammarus pugettensis 2.0

Pontogeneia cf. rostrata 1.2

Aoroides columbiae 1.0

Total 95.8 95.8 94.5
Miscellaneous (less than 1% each) 4.2 4.2 5.5
Number of individuals collected 3,227 2,487 2,570
Percent of all individuals collected 39.0 30.0 31.0
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Table 4.10. Seasonal summations of the numbers of individuals collected
as epifauna and with the 1.0 mm mesh screen at each tidal
level. After Armstrong (1977).
Tide height Number collected per month of sampling
Organisms (m above MLLW) OCT APR JUL OCT JAN APR Total
Epifauna 0 6,797 1,214 2,428 3,358 2,021 978 16,796
(excluding :
amphipods) +0.9 10,749 2,541 4,346 7,532 4,498 2,393 32,059
+1.8 5,518 810 2,452 3,834 1,611 1,692 15,917
Total 23,064 4,565 9,226 14,724 8,130 5,063 64,772
Polychaete 0 641 427 759 1,196 825 317 4,165
Infauna .
(1.0 mm mesh +0.9 607 393 585 981 669 512 3,747
screen)
+1.8 386 214 297 554 335 383 2,169

Total 1,634 1,034 1,641 2,731 1,829 1,212 10,081
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Figure 4.14. Composition and distribution of benthic sediments
from Elliott Bay, Washington. After Harman and
Serwold (1974).
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sediments with the finest particle sizes and the lowest organic indices.

Interestingly, Comiskey et al. (1983) reported that at West Point the
highest concentrations of organic chemicals were associated with the small
particle sized sediments found at the deepest depths. The lowest
concentrations of organic chemicals occurred at the shallow water stations
which had the lowest percentage of fine particles. However, within inner
Elliott Bay the highest concentration of organic chemicals was associated with
the coarser sediments from shallow water and may only be characteristic of the
Denny Way site and not the entire Elliott Bay. The organic chemical content
of the sediment decreased with depth and increased in the percentage of fine
sediments.

Wood chips are associated with the Duwamish River with the greatest
concentrations occurring at the bottoms of the two canyons in the inner bay,
between Duwamish Head and the eastern shore of the bay including Piers 90 and
91, and at dredge disposal sites (Figure 4.14).

Sediment color ranged from green to black (Figure 4.14). Presumably
black sediment indicated anaerobic conditions and/or the presence of hydrogen
sulfide partly due to sediments dropped by the river. The presence of black
sediment also was correlated with high concentrations of wood chips with the
exception of one area between Alki Point and Duwamish Head, the areas
containing black and/or gray sediments were associated primarily with the
water flow from the Duwamish River. Hence, the gray color of the sediments
may stem from the biological oxygen demand created by the decomposition of
vascular plants. The excepted area off Alki Point probably derives its black
color from the biological oxygen demand created by the decomposition of
eelgrass and algae from the Alki beach area.

4. 4,2 Benthic Invertebrates from West Point

At least 800 species of intertidal and benthic invertebrates (Figure
§,15) have been identified from Elliott Bay (Appendix 4; Comiskey et al.
1983). Three areas, West Point, the Denny Way CSO, and the U.S. Army Corps of
Engineers dredged sediment disposal site have been studied most extensively.

At West Point the most numerically dominant group were the polychaetes
(40.6% pooled composition). The mean density of polychaetes was 2,004 per m.
The second most dominant group were pelecypods (23.7% pooled composition).

The mean density was 1,172 per m“. Pelecypods and polychaetes occurred in all
31 of the samples which were completely sorted prior to identification of the
animals present (Comiskey et al. 1983).

The third most dominant group of invertebrates at West Point were the
ostracods (12.9% pooled composition). The mean density of ostracods was 638
per m~, Ostracods were widely distributed having been found in 93% of the
samples. Amphipods were found in all samples sorted, but represented only
6.8% of the pooled composition. The mean density of the amphipods was 336 per
m“. The remaining taxa of significance at West Point were sipunculids (3.8%
pooled composition), gastropods (3.8% pooled composition), echinoderms (> 1%
pooled composition) and cumaceans (> 1% pooled composition).

The most abundant species in the West Point area was the clam, Macoma
carlottensis, which had a pooled composition of 10.5%. M. carlottensis was
fairly widely distributed having been found in 79% of the samples and occurred
at a mean density of U432 per m“. The second most abundant organism (7.8%
pooled composition) were the sipunculids of the family Golfingiidae. These
sipunculids occurred in 54% of the samples and had a mean density of 322 per
m?, The third most abundant organism (6.9% pooled composition) was the
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Polychaete
Crusgtacean
Echinoderm
Echiura
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Taxa

Axinopsida serricata(Mm)*
Capitellidae spp.(P)
Mopalia intermedia (E)
Euclymeninae spp.(P)
Laonice cirrata(P)
Arhynchite pugettensis(E")
Macoma carlottensis(M™
Onuphis iridescens(P)
Glycera capitata(P)
Glycera americana(P)
Coniada brunnea(P)

Macoma alaskans
T o ey
Praxiella gracillis
Nicomache lumbricalis(P)
Lucinoma annulata(M0)

* = Also found abundant
by Armstrong et al., (1978)

Taxa

Axinopsida serricata(M)®
Capitellidae spp.(P)
Euclymeninae spp.(P)
Paraonella spinifera(P)
Macoma carlottensis(M)*
Aricidea cf. 1ogezI(P)
Cossuridae sp.(P)
Lumbrineris luti(P@
Amphipoda spp.(C)¥
Nuculana minuta(M)
Prionospic cirrifera(Py
Chaetozone setosa(P)#
Glycera capitata(P)
Nephtys ferruginea(P)m
Ostracoda spp.(C)*

Ranking by abundance and biomass of most common subtidal

macrofaunal taxa from May 1979 Elliott Bay cruise.
Dexter et al.

After
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ostracod, Euphilomedes carcharadonata. The fourth most abundant organism
(5.7% pooled composition) was another ostracod, E. producta. The polychaete,
Phyllochaetopterus, was the fifth most abundant organism with a pooled
composition of 5%, but this polychaete had a relatively limited distribution
having been found in only 31% of the samples. The sixth most abundant
invertebrate was the pelecypod clam, Axinopsida serricata which had a pooled
composition of U4.7%. This clam was very widely distributed having been found
in 91% of the samples and had a mean density of 201 per mz. The remaining
abundant species at West Point were the gastropod, Bittium, and three
polychaetes, Notomastus tenuis, Polydora, and the family Ampharetidae.

4.4,3 Benthic Invertebrates from the Denny Way Combined Sewer Overflow

Unlike West Point, the benthic fauna from the Denny Way CSO was dominated
by only three major taxa. Polychaetes and the pelecypod clams were the
dominant invertebrates each with a pooled comgosition exceeding 40%.
Polychaetes had a mean _density of 2,113 per m“ while the pelecypods had a mean
density of 2,016 per mg. The distribution of the two taxa diffused sharply
however. Pelecypods occurred in all of the 20 samples used for taxonomic
analysis whereas the polychaetes had a very clumped distribution. The third
dominant taxon was the ostracods which had a pooled composition of 10.6% and a
density of 523 per m2. Amphipods occurred in 95% of the samples, but had a
pooled composition of >1%.

Similarly, three dominant species accounted for 72% of the pooled
compogition. The pelecypod, Axinopsida serricata, had a mean density of 1,151
per m® and was the most abundant invertebrate (28.7% pooled composition). The
second most abundant species was the polychaete, Capitella capitata (22.1%
pooled composition) which had a mean density of 887 per m<. However, C.
capitata had a limited distribution occurring only in a few samples whereas A.
serricata was found in 98% of the samples. The pelecypod Macoma carlottensis
was the third most abundant species (10.9% pooled composition) and had a mean
density of 436 per ne. M. carlottensis was widely distributed occurring in
93% of the samples studied. The remaining species of lesser abundance were
the ostracod, E. carcharodonta (6.3%), Tauberia gracilies (> 3%), and Tharyx
(> 3%).

Comiskey et al.'s (1983) abundance data were based on numbers presented
rather than biomass. Clearly the abundance rankings would be significantly
different if a unit of weight were used to rank abundance (Figure 4.16).

4.4.4 U.S. Army Corps of Engineers Dredged Sediment Disposal Site

In March 1976 114,000 cubic meters of sediment were dredged from the
Duwamish River (between 6.28 and 8.16 km) and dumped into Elliott Bay over the
60 m depth isoline due north of the mouth of the west waterway (0.13 square
km; 47°37141"N; 122921 1u2mW) by the U.S. Army Corps of Engineers.

In 1979 and 1980 four cruises (February, May, and October, 1979; May,
1980) were made to obtain benthic samples to be used to characterize the fauna
occupying the dredged sediments. Preservation of the samples from the
February cruise was incomplete; hence, conclusions drawn from these data were
considered to be tenative (Dexter et al. 1982). Preservation of the remaining
samples was adequate to allow identification, but partial dissolution of some
tissues may have created biased estimates of biomass.

The five most abundant animals collected during the two May and October
collections were A. serricata, Capitellidae spp., Euclymenianae spp.,




Figure 4.16.
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Maximum and minimum abundance of benthic invertebrate
macrofauna observed at multiple sampling sites in
Puget Sound embayments in four seasonal samplings
during 1980. a) Data are presented by season for each
embayment as the means (symbol) and standard deviations
(lines) of the abundance observed at the stations with

the maximum and minimum abundances. After Dexter et al.
(1981).
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Paraonella spinifera, and Macoma carlottensis (Table 4.12). Abundances of
these five animals ranged from 29-294/0.1 square meter. The spatial
distribution of the Capitellidae appears in Figure 4.18. The total number of
taxa collected in February, 1979, was 147; in May, 1979, was 143; in October,
1979, was 155; and in May, 1980, was 140 (Dexter et al. 1982). Mean abundance
of A. serricata increased from 145/0.1 square meter in June, 1976, to a high
of 294/0.1 square meter in October, 1979. A similar increase in the
abundances of M. carlottensis and Euclymeninae was noted (Dexter et al. 1982).

The five animals with the greatest biomass during the latter three
collections were A. serricata, Capitellidae spp., Mopaldia intermedia,
Euclymeninae spp., and Laonice cirrata (Table 4.13). Mean biomasses (g/0.1
square meter) of these five animals ranged from 0.22 to 1.09 (Dexter et al.
1982).

4.4.5 Distribution Trends

The number of species and abundance of organisms was less at the Denny
Way CSO within inner Elliott Bay than at West Point at the outer margin of
Elliott Bay. This reduction in number of species and abundance is typical of
an estuarine habitat (Comiskey et al. 1983). Within Elliott Bay the western
portion of the bay had a significantly greater number of species than did the
eastern portion of the bay (Malins et al. 1980).

At least two significant factors, depth and sediment particle size,
governed the distribution of these benthic invertebrates. For example,
Comiskey et al. (1983) showed that the benthic species occurring at the very
deep stations at West Point were different than the species occurring at the
30 and 100 m stations. At the Denny Way CSO the distribution of species
typically found at 100 m (Ampharetidae, Photis, Ninoe, Ampelisca,
Macrocephala, Axinopsis, Molpadiidae, and Lysianassidae) was significantly
correlated with the composition and size of the sediment. As at West Point a
different group of species (E. carcharadonta, Parvilveina tenuisculpta,
Polydora, Chaetozone setosa, Lucinoma acutilineata, Prinoospio steenstrupi and
Tharynx) occupied the 20 m stations than was found at the deeper stations.

Comiskey et al. (1983) reported a strong change in community structure at
all stations at all depths between the rainy and dry season. Unexpectedly,
these seasonal changes were greatest at the deepest water depths. For
exampleé Malins et al. (1982) reported that the average abundance of fauna per
1000 cm“ sediment (based on 792 samples and 40 species) for winter was 29.2,
spring 35.3, summer 45.8, and autumn 46.8 (Figure 4.17).

The infaunal trophic index (ITI) for the main basin of Puget Sound ranged
from 59~82. Malins et al. (1982) obtained average ITI values of 71, 72, and
73 during winter 1979, at West Point, Magnolia Bluff, and Alki Point
respectively (Figures 4.19 and #4.20). Thom et al. (1979) obtained ITI values
of 68, 68, and 75 from the same sites during winter, 1979.

Species richness varied from 2.9 + 1.4 in the east channel of the
Duwamish waterway to 10.6 + 2.8 on the southeast side of Duwamish Head to 11.1
+ 5 at West Point (Malins et al. 1982). Malins et al. (1982) concluded that
six replicate cores was the correct sample size to use in measuring species
richness. 3ix replicate cores provided 90-95% of the ITI species present in
10 replicate cores.

Malins et al. (1982) calculated catch per unit effort for six Elliott Bay
invertebrate species. Catch per unit effort was approximately 6 for Crangon
alaskensis, 8 for Pandalus danae, 40.4 for P. jordani, 0.6 for the Dungeness
crab, Cancer magister, 0.1 for the red rock crab, C. productus, and 0.5 for C.
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Malins et al. (1982).
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the sampling areas. After Malins et al. (1982).
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gracilis. Catch per unit effort for the total catch was calculated for a five
minute tow. Each tow covered approximately 386 m (= 0.2 nautical miles). The
otter trawl used had a 7.5 m opening, a 10.8 m total length, 3.8 cm mesh in
the body of the net, and a 0.64 cm-mesh liner in the cod end.

The U.S. Army Corps of Engineers dredged sediment disposal site contained
an assemblage of macrofauna that differed from the surrounding areas (Dexter
et al. 1982). Both abundances and biomasses differed from those at adjoining
stations which were outside of the disposal area. Stations north and east of
the disposal site exhibited the greatest similarities to stations within the
disposal site. Animal abundance and biomass was generally greater near the
disposal site. Dexter et al. (1982) therefore concluded that the dominant
taxa of the macrofaunal assemblage still exhibited effects from the dreged
sediment disposal in early 1976. The chronic effect was an increased
abundance and biomass within the dredged material. Species richness was
similar both in and away from the disposal site (Dexter et al. 1982).
Significant correlations between animal abundance and physical/chemical
characteristics of the sediment were not noted.

4L.,4,6 Shortcomings of the Existing Benthic Invertebrate Studies

Eight invertebrate studies using grab samples or coring tools have been
conducted within Elliott Bay. Navigational information that may be used to
locate the 203 stations studied was often inadequate. Some studies placed
navigational ranges on the shorelines (Thom et al. 1979; Armstrong et al.
1980), others used combinations of LORAN C, and water depth, in conjunction
with identifiable shore fixes or ranges as available (Comiskey et al. 1983;
Word/EPA unpublished data), others described the navigational techniques but
did not describe the fixes for each station (Harmon and Serwold 1974, 1977),
while others depended upon compass angles to identify shore locations (Malins
et al. 1982). 1In only two cases could stations be reoccupied with accuracy
(Comiskey et al. 1983; Word/EPA, unpublished data). .

Replicate samples from each station ranged from one (Thom et al. 1979;
Harmon and Serwold 1974; 1977; Comiskey et al. 1983) to five or more
(Armstrong et al. 1980; Word/EPA unpublished data). Other workers (Malins et
al. 1982) took multiple samples along trawl transects 400-800 meters in
length. Samples for seasonal comparisons ranged from one (Harmon and Serwold
1974; 1977; Thom et al. 1979), to two (Armstrong et al. 1980; Comiskey et al.
1983), to six during the year (Word/EPA, unpublished data). Malins et al.
(1982) repeatedly sampled at irregular intervals. Long term sampling at fixed
stations has not been conducted in the Elliott Bay region.

4.4.7 The Geoduck (Panope generosa)

The area south of West Point supports a population of the geoduck clam
(Figure 4.21). This bed consists of approximately 190 acres containing
approximately 610,000 clams. Using these data Goodwin (1973) calculated that
in the 30-60 foot depth range, Elliott Bay had 476 acres suitable for geoduck
habitat. If this habitat contains geoducks at the same density as the area
south of West Point, these 476 acres would support 768,000 clams. This
estimate is probably conservative because geoducks are known to inhabitat
waters to a depth of 360 feet (Wennekins 1959).

Currently geoducks cannot be commerically harvested from Elliott Bay.
Fecal coliforms probably are present in the tissues of the geoducks at
sufficient concentrations to prohibit use of the clams as human food. A
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limited sport fishery for geoducks from Elliott Bay may exist, but specific
data were not available (Lynn Goodwin, Washington State Department of
Fisheries, person. commun.).

L.,5 Fishes of Elliott Bay and the Duwamish Estuary

At least 125 species of fish have been recorded from Elliott Bay and the
Duwamish estuary (Table 4.14). Such species as the salmonids occur in large
numbers and are economically important. In contrast, other fishes such as the
Pacific barracuda (Sphyraena argentea), jack mackeral (Trachurus symmetricus),
and ocean sunfish (Mola mola) are infrequent visitors to the area. 1In this
review fishes will be described on the basis of habitat occupied and/or 1life
history type.

4.5.1 Anadromous, Pelagic Fishes

Three salmon species [chinook (Oncorhynchus tshawytscha), coho (O.
kisutch), and chum (0. keta)l, two trout species [rainbow (Salmo gairdneri)
and cubtthroat (S. clarki)] and the Dolly Varden char (Salvelinus malma) spawn,
reside in, and migrate through the Duwamish-Green River-Elliott Bay complex
and thus, might be called residents. Pink and sockeye salmon (0. gorbushca
and nerka) occur in Elliott Bay, but do not utilize the Duwamish-Green River
for spawning (Weitkamp and Schadt 1982; Tim Flint, Washington State Department
of Fisheries, person. commn.).

Other pelagic species known to occur in Elliott Bay include surf smelt
(Hypomesus pretiosus), longfin smelt (Spirinchus thaleichthyes) and Pacific
herring (Clupea harengus) (Miller 1980; Weitkamp and Schadt 1982).

4.5.1.1 Life History of the Salmonids

The life histories of the three salmonid genera (Oncorhynchus, Salmo and
Salvelinus) living in the Duwamish-Green River, are similar (Hart 1973).
Adults spawn in fall or winter in gravel areas in shallow water (Figure 4.22).
Following absorption of the yolk sac, the fingerlings emerge from the gravel.
In the Green-Duwamish system, the time spent by the fingerlings in freshwater
is a species as well as race dependent characteristic and varies from a few
days to as much as one or two years. After undergoing smoltification, the
Jjuveniles (fry, fingerlings or yearling smolts) move into seawater (Figure
4,23). They remain in seawater from a few months to four or more years
(Figure 4.22). The length of time spent in seawater is species and race
specific. The juveniles prefer shallow, nearshore waters and follow the
shoreline as they begin their northerly migration. As the juveniles grow,
they randomly leave the nearshore area and move offshore into somewhat deeper
water. During this saltwater residence, the sub-adults (maturing fish)
migrate to the North Pacific. After returning as adults to local waters, they
move into Elliott Bay and the Duwamish-Green River (Figure 4.23). As maturing
adults they migrate into Puget Sound (although many spend their entire
saltwater residence in Puget Sound) where they are harvested by both sport and
commercial fishermen. The mature salmonids occur throughout Elliott Bay ad
utilize all entry route (both East and West Waterways) into the Duwamish
River. After spawning, salmon die whereas trout and chars may repeat the
spawning cycle several times during their lifespan.

Chinook, coho and chum spawn in the fall. The fingerlings emerge from




117

Table 4.14.

Fishes that occur in Elliott Bay and the Duwamish River estuary.

Anarrichthys ocellatus, wolf-eel

Agonus acipenserinus, sturgeon poacher

Agonopsis emmelane, northern spearnose
poacher

Anoplarchus purpurescens, cockscomb

Anoplopoma fimbria, sablefish

Apodichthys flavidus, penpoint gunnel

Artedius fenestralis, padded sculpin

Artedius harringtoni, scalyhead
sculpin

Artedius lateralis, smoothhead sculpin

Asterotheca pentacanthus, bigeye
poacher

Atheresthes stomias, arrowtooth
flounder

Aulorhynchus flavidus, tube-snout

Blepsias cirrhosus, silverspotted
sculpin
Brosmophycis marginata, red brotula

Catostomus macrocheilus, largescale
sucker

Chirolophis nugator, mosshead
warbonnet

Chitonotus pugetensis, roughback
sculpin

Citharichthys sordidus, Pacific
sanddab

Citharichthys stigmaeus, speckled
sanddab

Clevelandia ios, arrow goby

Clinocottus acuticeps, sharpnose
sculpin

Clupea harengus pallasi, Pacific
herring

Coryphopterus nicholsi, blackeye goby

Cottus asper, prickly sculpin

Cymatogaster aggregata, shiner perch

Dasycottus setiger, spinyhead sculpin
Delolepis gigantea, giant wrymouth

Embiotoca lateralis, striped seaperch
Engraulis mordax, northern anchovy
Enophrys bison, buffalo sculpin

Gadus macrocephalus, Pacific cod
Gasterosteus aculeatus, three-spine

stickleback
Gilbertidia sigalutes, soft sculpin

Glyptocephalus zachirus, Rex sole

Gobiesox maeandricus, northern clingfish

Hemilepidotus hemilepidotus, red Irish

lord
Hexagrammos decagrammus, kelp greenling

Hexagrammos lagocephalus, rock greenling

Hexagrammos stelleri, whitespotted
greenling

Hexanchus griseus, six-gill shark

Hippoglossoides elassodon, flathead sole

Hydrolagus colliei, rat fish

Hypomesus pretiosus, surf smelt

Icelinus borealis, northern sculpin
Icelinus filamentosus, threadfin sculpin
Icelinus tenuis, spotfin sculpin
Isopsetta isolepis, butter sole

Lamna ditropis, salmon shark
Lampetra ayresi, river lamprey
Lepidogobius lepidus, bay goby
Lepidosetta bilineata, Tock sole
Leptocottus armatus, Pacific staghorn
sculpin
Liparis cyclopus, ribbon snailfish
Lumpenus sagitta, snake prickleback
Lycodapus mandibularis, pallid eelpout
Lycodes diapterus, black eelpout
Lycodopsis pacifica, blackbelly eelpout
Lyopsetta exilis, slender sole

Merluccius productus, Pacific hake

Microgadus proximus, Pacific tomcod

Microstomus pacificus, Dover sole

Mola mola, ocean sunfish

Myoxocephalus polyacanthocephalus,
great sculpin

Nautichthys oculofasciatus, sailfin
sculpin
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Table 4.14. (continued).

Odontopyxis trispinosa, pygmy poacher
Oligocottus maculosus, tidepool sculpin

Oncorhynchus gorbuscha, pink salmon

Oncorhynchus keta, chum salmon

Oncorhynchus kisutch, coho salmon
Oncorhynchus nerka, sockeye salmon
Oncorhynchus tshawytscha, chinook

salmon
Ophiodon elongatus, lingcod
Oxylebius pictus, painted greenling

Parophrys vetulus, English sole
Pholis laeta, cresent gunnel

Pholis ornata, saddleback gunnel
Platichthys stellatus, starry flounder

Plectobranchus evides, bluebarred
prickleback

Pleuronichthys coenosus, C-0 sole

Porichthys notatus, midshipmen

Poroclinus rothrocki, whitebarred
prickleback

Psettichtys melanostictus, sand sole

Psychrolutes paradoxus, tadpole sculpin

Ptychocheilus oregonensis, northern
squawfish

Radulinus asprellus, slim sculpin
Rhacochilus vacca, pile perch

Rhamphocottus richardsoni, grunt
sculpin
Ronquilus jordani, northern ronquil

Salmo clarki, cutthroat trout

Salmo gairdneri, rainbow trout

Salvelinus malma, Dolly Varden
Scorpaenichthys marmoratus, cabezon
Sebastes auriculatus, brown rockfish
Sebastes caurinus, copper rockfish
Sebastes elongatus, greenstripe rockfish
Sebastes emphaeus, Puget Sound rockfish
Sebastes flavidus, yellowtail rockfish
Sebastes maliger, quillback rockfish
Sebastes melanops, black rockfish
Sebastes paucispinis, bocaccio

Sebastes proriger, redstripe rockfish
Sebastes ruberrimus, yelloweye rockfish

Sebastes saxicola, stripetail rockfish
Sebastes zacentrus, sharpchin rockfish

Somniosus pacificus, Pacific sleeper
shark

Sphyraena argentea, Pacific barracuda

Spirinchus thaleichthys, longfin smelt

Squalus acanthias, dog shark

Squatina californica, Pacific angel
shark

Syngnathus griseolineatus, bay pipefish

Theragra chalcogramma, walleye pollock
Trachurus symmetricus, jack mackerel
Triglops macellus, roughspine sculpin

Xeneretmus latifrons, blacktip poacher

Xeneretmus triacanthus, bluespotted
poacher

Xiphister atropurpureus, black prickle-
back

Zaniolepis latipinnis, longspine
combfish
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Figure 4,22, Life cycle

of the chinook salmon.
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late winter to early spring. Chum juveniles move into the estuary in a few
days after emergence while fall chinook spend several (3-4) months in
freshwater. Coho usually spend one year in freshwater before smolitification.
Chum salmon spend from 2 to 4 years, coho 1 to 3 years and chinook 1 to 4
years, respectively, at sea before returning as adults.

The cutthroat trout spawns in the winter, whereas rainbow trout spawn in
both fall and winter (Table 4.15). Cutthroat trout juveniles enter seawater
at a very small size and remain in the Sound or in the ocean from several
months up to 3 years. Rainbow trout juveniles remain in freshwater for 2 or 3
years and then migrate to sea where they remain for 3 to 5 years. The Dolly
Varden spawn in the fall. Juveniles remain in freshwater about 3 years and
spend 2 to 3 years at sea. Sexual maturity occurs at five years.

Juvenile salmonids occur in the Duwamish estuary either as outmigrants or
short-term residents. Juvenile chum salmon spend time in the estuary feeding
and growing as they migrate. Coho juveniles move directly into the main basin
of Puget Sound and are not as river-shore-estuary dependent as the chinook.
Juvenile pink salmon occasionally are found in the nearshore areas of Elliott
Bay. Sockeye juveniles are not found within the estuary (Weitkamp and
Campbell 1980; Weitkamp and Schadt 1982). A few juvenile trout move rapidly
from the estuary into the main basin of Puget Sound (Weitkamp and Campbell
1980) .

During the latter half of 1960's studies were conducted to determine the
effects of a polluted estuary (the Duwamish) on the behavior and physiology of
salmon passing through the estuary (Salo 1969; Smith et al. 1971). Dissolved
oxygen (DO) concentrations of 4.0 mg/l or less appeared to stop upstream
migrating adult chinook salmon at least during the early part of the migration
(Salo 1969; Fujioka 1970). Fujioka (1970) noted that during the later part of
the migration the correlation between low DO and migratory delay broke down,
suggesting that the urge to spawn overcame the potential deleterious effects
of low DO. In addition Fujioka (1970) found the location of the low oxygen
water was affected by the tide and riverflow. Migratory delay was correlated
(inversely) with temperature (Salo 1969).

Smith et al. (1971) studied both coho and chinook salmon migrating
through the Duwamish Estuary. They found the effects of the estuary included
decreased swimming stamina and respiratory efficiency, decreased oxygen
consumption and increased lactate (Mearns 1971), decreased urine flow and
ammonia excretion, especially in the presence of environmental ammonia.

Longer form disruptions in hematology and lipid metabolism were seen (Cardwell
1968; Smith et al. 1971). Most of the effects occurred at DO concentrations
just below 5.0 mg/l, except for synergistic effects between ammonia and low DO
at somewhat higher concentrations.

Wetherall (1971) conducted mark-recapture studies on juvenile chinook
salmon in the Duwamish estuary and found survival rates varied from 0.37 in
1966 to 0.99 in 1969; however, he considered the higher survivals to be biased
and discounted them. The juveniles appeared to reside in the estuary for two
months or more and grew at a rate of 0.37 mm per day (Salo 1969). Salo (1969)
cautioned that the growth rate estimate may have been biased by immigration
and emmigration.

Adults of all five salmon species support an active sport and commercial
fishery within the Duwamish estuary and Elliott Bay (Figure 23). For the last
four years the commercial catch of salmon has exceeded 30,000 per year (Table
4.16). Concurrently the Muckleshoot Indian tribe has caught several thousand
steelhead annually (Table 4.17). Sport fishermen also catch rainbow trout,
cutthroat trout, and Dolly Varden char primarily in the Duwamish estuary




Table 4.15.

Species
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The freshwater life history of salmon and
trout residing in the Duwamish-Green River.
After McGreevy (1973).

Fresh-water
Life Phase

Month

Summer-
Fall
chinook

Upstream migration
Spawning
Intragrave! develop.
Juvenile rearing
Juv. out migration

Coho

Upstream migration
Spawning
{ntragrave! develop.
Juvenile rearing
Juv. out migration

Chum

Upstream migration
Spawning
intragrave! develop.
Juvenite rearing
Juv. out migration

Summer
steelhead

Upstream migration
Spawning
Intragravel develpp.
Juvenile rearing—’
Juv. out migration

Winter
steelhead

Upstream migration
Spawning
Intragravel develop.
Juvenile rearing1/
Juv. out migration

Searun
Cutthroat

Upstream migration
Spawning ‘.
Intragrave! develop.
Juvenile rearingl/
Juv. out migration

,l/NormaHy extends over a two-year period.

17
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Table 4.16. Commercial catch by species and yvear of salmonids
from Elliott Bay. Numbers represent thousands

of fish.l
Year ,

Species 1979 1980 1981 1982
Chinook,

0. tshawytscha 5.1 7.5 5.3 7.1
Coho,

0. kisutch 26.4 27.8 19.5 37.4
Chum,

0. keta 0.8 6.1 5.2 1.2
Sockeye,

0. nerka 0.1 0.0 0.0 0.0
Pink,

0. gorbuscha 0.1 0.0 0.1 0.0

Data provided by Tim Flint, Washington State Department of
Fisheries.
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Table 4.17. The number of steelhead (Salmo gairdneri)
caught annually by the Muckleshoot Indian
Tribe.

Winter run Summer run
Year steelhead steelhead

1974-75 7,419

1975-76 6,190 2

1976-77 3,258 4

1977-78 4,340 3

1978-79 4,670 16

1979-80 4,634 4

1980-81 4,338 23

1981-82 3,656 63

1982-83 2,797 23

1 These data supplied by Chuck Phillips, regional
fisheries biologist, Washington Department of Game
(WDG) .
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(Table 4.18).

The salmonid fishery in Elliott Bay is enhanced by chinook and coho
salmon planted by the Washington State Department of Fisheries (WDF) in the
Duwamish-Green River (Table 4.19). The steelhead fishery is maintained by
both natural spawning and hatchery plants (Table 4.20).

4.,5.1.2 Food Habits of the Salmonids

The importance of various food items to each species was estimated by
using an Index of Relative Importance (IRI; Pinkas et al. 1971; Simenstad and
Kinney 1978). The IRI is defined as:

IRI = (percent frequency of occurrence) [(percent numerical composition;)

+ (percent gravimetric comp051t10n )]

where i is the prey category.

Juvenile coho from the Duwamish estuary consumed gammarids (total percent
IRI = 51.93), inorganic materials (total percent IRI = 24,37), diptera (total
percent IRI = 8.57) and insects (total percent IRI = 5.09). The two most
important gammarid amphipods were Corophium salmonis and Eogammarus
confervicolus (Meyers et al. 1981). Dipterans, calanoid copepods, gammaridean
amphipods and harpacticoid copepods were the most important food items for
juvenile chum salmon from the Duwamish estuary (Meyers et al. 1981). Weitkamp
and Schadt (1982) found the same food organisms to be important; however the
relative number of organisms of each type eaten differed from Meyers et al.'s
findings (Table 4.21). Weitkamp and Schadt (1982) sampled larger fish which
may partially account for the differences between the findings. The most
important food items for pink salmon juveniles were harpacticoids (total
percent IRI = 49.41) and calanoid copepods (total precent IRI = 40.87:
Weitkamp and Schadt 1982). Meyer et al. (1981) found mysids (total percent
IRI = 66.46), juvenile salmonids (total percent IRI = 8.62), gammaridean
amphipods (total percent IRI = 5.07) and insects (total percent IRI = 3.01)
were the most important foods eaten by juvenile steelhead.

Gammaridean amphipods, calanoid copepods, and dipteran flies were the
most important food items in the diet of juvenile chinook salmon from the
Duwamish estuary (Meyer et al. 1981). In contrast, Weitkamp and Schadt (1982)
found calanoid copepods, brachyurans, and dipterans to be the most important
food items for chinook juvenile from both the estuary and Elliott Bay (Table
4.22). The discrepancies may stem from the different areas sampled (e.g.
Elliott Bay by Weitkamp and Schadt) or from the different habitats occupled by
fishes of slightly different ages. For example, Charles A. Simenstad
(Fisheries Research Institute, University of Washington, person. commun.)
suggests that salmonids change their feeding habits as they grow and move into
different habitats.

4,5.2 Fishes of the Duwamish Estuary

Using a beach seine, Matsuda et al. (1968) found the most abundant
species in the Duwamish estuary to be chinook salmon, Pacific herring (Clupea
harengus pallasi), shiner perch (Cymatogaster aggregata), and staghorn sculpin
(Leptocottus armatus). Chinook salmon occurred seasonally while the other
species were resident. Weitkamp and Campbell (1980) used beach seine, purse
seine and gillnets to study the fishes near Kellogg Island (Terminal 107) in
the Duwamish estuary. They identified 26 species in addition to the 5 species
mentioned above. Chum salmon, coho salmon, snake prickleback (Lumpenus
sagitta), and English sole (Parophrys vetulus) were abundant.
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Table 4.18. Sport catch of steelhead (Salmo gairdneri)
and cutthroat trout (Salmo clarki) in the
Duwamish-Green River system.l

Winter-run Summer-run
Year steelhead steelhead

1972-73 5,156

1973-74 6,339 1,069
1974-75 4,326 649
1975-76 1,591 1,014
1976-77 2,400 1,722
1977-78 6,690 1,664
1978-79 7,178 2,477
1979-80 8,962 1,196
1980-81 7,225 1,528
1981-82 3,595 3,398
1982-83 3,413 1,934

Cutthroat trout catches were estimated at 2,000 annually.l

1 These data were supplied by Chuck Phillips, regional
fisheries biologist, Washington Department of Game (WDG).
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Table 4.19. The number in thousands of juvenile
chinook (Oncorhynchus tshawytscha)
and coho (0. kisutch) released
annually into the Duwamish-Green
River system. After Weitkamp and
Campbell (1980).

Year Species Number (thousands)

1978 chinook 5151.5

1978 coho 1254.6
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Table 4.20. The number of steelhead (Salmo gairdneri) planted
in and migrating out of the Duwamish~Green River
system. The data were provided by Chuck Phillips,
Washington State Department of Game.

Winter-run

Winter-run Summer-run steelhead
Year steelhead plants steelhead plants escapement
1973 153,400 68,900
1974 75,100 58,300
1975 90,300 94,500
1976 181,000 63,800
1977 201,000 93,900
1978 194,500 90,000 1,077
1979 188,700 140,000 1,385
1980 161,600 118,700 1,586
1981 188,300 114,000 1,083
1982 166,600 75,800 2,121

1983 162,946 76,398 1,526
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Two estimates of the importance of three
invertebrates in the diet of juvenile chinook
(Oncorhynchus tshawytscha). IRI is the index
of relative importance.

Food item Total percent IRIL Study

Gammaridean amphipods 40.22 Meyer et al. (1981)
Calanoid copepods 25.76 Meyer et al. (1981)
Dipteran flies 16.62 Meyer et al. (1981)
Calanoid copepods 59.75 Weitkamp and Schadt (1982)
Brachyura 11.75 Weitkamp and Schadt (1982)
Diptera 7.91 Weitkamp and Schadt (1982)
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Table 4.22. The importance of various organisms in the
diet of juvenile chinook (Oncorhynchus
tshawytscha). IRI is the index of relative

importance.

Food item Total percent IRI Study

Diptera 47.84 Meyer et al. (1981)
Calanoida 21.04 Meyer et al. (1981)
Gammaridea 17.30 Meyer et al. (1981)
Harpacticoida 7.03 Meyer et al. (1981)
Calanoida 58.24 Weitkamp and Schadt (1982)
Diptera 17.84 Weitkamp and Schadt (1982)
Harpacticoida 14.65 Weitkamp and Schadt (1982)

Gammaridea 3.64 Weitkamp and Schadt (1982)
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Table 4.23. Fishes collected in the Duwamish River during 1975-76.
F (frequent) indicates species that occurred in more
than 70 percent of the samples; C (common) indicates
species that occurred in 30-70 percent of the samples.
R (rare) indicates species that occurred in less than
30 percent of the samples. After Miller et al. (1977).

Total Frequency of
Species number occurrence
! Spiny dogfish 1 R
¢ Ratfish 1 R
- Pacific herring 73 C
. Coho salmon 11 R
Longfin smelt 1555 C
Eulachon 2 R
. Pacific cod 1 R
Pacific tomcod 639 C
Tubesnout ‘ 1 R
Shiner perch 209 C
Striped seaperch 3 R
Pile perch 11 R
Snake prickleback 1971 C
Saddleback gunnel 1 R
Bay goby 15 R
Padded sculpin 49 c
Roughback sculpin A 7 R
Buffalo sculpin 8 R
Pacific staghorn sculpin 964 F
Prickly sculpin 2 R
Sturgeon poacher 1 R
Pyegmy poacher 3 R
Rock sole . 120 c
Slender sole 8 R
Dover sole 69 R
English sole 1610 F
Starry flounder 1361 o
Sand sole 103 c
English sole x starry flounder hybrid 3 R
Total No. Individuals 8802

Total No. Species 29
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Table 4.24, Sport catches of bottom and near-bottom fishes for
1982 in Elliott Bay. Numbers represent single fish.l

Caught from  Caught from
Species a boat a pier Total

Rock sole,
Lepidopsetta
bilineata 3,661 330 3,991

English sole,
Parophrys vetulus 47 : 0 47

Sand sole,
Psettichthys
melanostictus 920 0 920

Starry flounder,

Platichtys stellatus 0 132 132
Pacific sanddab,

Citharichthys sordidus 9,318 66 9,384
Sablefish,

Amoplopoma fimbria 15,259 2,244 17,503

Bocaccio,
Sebastes paucispinis 74 0 74

Copper rockfish,

Sebastes caurinus 0 83 83
Sculpins,

family Cottidae 72 231 303
Surfperches,

family Embiotocidae 0 1,089 1,089
Pacific cod,

Gadus macrocephalus 13,124 198 13,332
Tomcod,

Microgadus proximus 344 0 344

Walleye pollock,
Theragra chalcogramma 12,130 100 12,230
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Table 4.24. (continued).

Caught from Caught from
Species a boat a pier Total

Pacific hake,
Merluccius productus 15,435 565 16,000

Spiny dogfish,
Squalus acanthias 1,437 264 1,701

Data provided by Mark Pedersen, Washington State Department of
Fisheries.
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Table 4.25. Fishes collected off West Point during 1975-76.
F (frequent) indicates species that occurred in more
than 70 percent of the samples; C (common) indicates
species that occurred in 30-70 percent of the samples;
R (rare) indicates species that occurred in less than
30 percent of the samples. After Miller et al. (1977).

Beach seine Otter trawl depths

Total  9m 370® 37m°
Species number net net net 5m 25m 45m 70m 95m
. Spiny dogfish 9 R R
' Ratfish 1,420 R R C C F F
* Pacific herring 481 o o
% Chum salmon 92 R R
| Coho salmon 168 c R
- Chinook salmon 24 R C
- Pink salmon 13 R R
' Dolly Varden 2 R
{Surf smelt 55 R R
: Longfin smelt 2 R
EMidshipman 1 R
Pacific tomcod 4,836 c ) C R R € ¢C R
Walleye pollock | 18 R . R R R
Pacific cod 1 R
Pacific hake 1 R
iRed brotula 1 R
‘Blackbelly eelpout 56 R R R R R
‘Tube-snout 7 R R R
‘Threespine stickleback 22 R R R
‘Bay pipefish 1 R
Shiner perch 4,419 C C C R R C C R
Striped seaperch 119 R C R R R R
Pile perch 44 C R R R
Northern ronquil 58 R R R C R
Snake prickleback 79 R R R R R
Penpoint gunnel 5 R R R R

2 37m sinking beach seine.

b 37m floating beach seine.
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Table 4.25. (continued).

Beach seine Otter trawl depths

Total 9m 37m® 37mb

Species number net net net 5m 25m 45m 70m 95m
Saddleback gunnel 3 R R
Pacific sandlance 247 R R R
Brown rockfish 56 ) c cC R
Copper rockfish R
Redstripe rockfish 2 R
Quillback rockfish 84 cC ¢ C
Painted greenling 2
Whitespotted greenling 3
Padded sculpin 68 R C R R R
Scalyhead sculpin 1 R
Silverspotted sculpin 9 R R R
Roughback sculpin 61 R R € C€C R R
Sharpnose sculpin 42 R
Buffalo sculpin 96 C C c R
Pacific staghorn sculpin 296 c . R R R
Great sculpin 3 R
Manacled sculpin -1 R
Sailfin sculpin 6 R R R
Tidepool sculpin 27 R R R
Red Irish lord 1 R
S1im sculpin 13 C R R
Tadpole sculpin R
Grunt sculpin R
Cabezon 2 R R
Northern spearnose poacher R R
Sturgeon poacher 92 R c R R C
Gray starsnout R
Spinycheek starsnout R
Pygmy poacher 7 R

2 37m sinking beach seine.

b 37m floating beach seine.
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Table 4.25. (continued).

Beach seine Otter trawl depths

Total 9m 37m° 37mb
Species number net net net 5m 25m 45m 70m 95m

‘Blacktip poacher 7 R R

Bluespotted poacher 31 R R C R
TTidepool snailfish 1 R

‘Pacific sanddab 97 R R R C

' Speckled sanddab 56 C c ¢C

Rex sole 60 R F C
Z:But:‘t:er sole ‘ 5 R R

Rock sole 1,639 R F C F F R R

Slender sole 62 R C R € € ¢
. Dover sole 229 R R R C F F
' English sole 4,4 ¥ F F F F F C C
. Starry flounder 32 R C R R R
- C-0 sole 92 c R cC C R

Sand sole 26 R R R R R

Hybrid sole R

Flathead sole 1 R
Arrowtooth flounder 1 R

Total number of individuals 19,537

Total number of species 72

g 37m sinking beach seine.
b 37m floating beach seine.




Table 4.26.
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Fishes collected off Alki Point during 1975-76.

F (frequent) indicates species occurred in greater
than 70 percent of the samples; C (common) indicates
species occurred in 30-70 percent of the samples;

R (rare) indicates species occurred in less than

30 percent of the samples. After Miller et al. (1977).
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Beach seine net Otter trawl depths

Total 9m 37m*

Species number net net Sm 45m 70m
Spiny dogfish 1 R
Ratfish 314 C F
Pacific herring 13 R R
Chum salmon 41 R
Pink salmon 6 R
Coho salmon 25 R
Chinook salmon 34 R R
Rainbow trout 1 R
Surf smelt 1 R
Midshipman 37 C R
Northern clingfish 2 R R
Pacific cod - 17 R
Pacific tomcod 687 c F R c c
Walleye pollock 47 R R
Pacific hake 3 R
Blackbelly eelpout 24 R R
Tube~snout 1,874 C F C
Threespine stickleback 2 R R
Bay pipefish 35 C c
Shiner perch 6,509 R F R R
Striped seaperch 2,164 R F C R
Pile perch 108 R F R
Northern ronquil 69 C R
Wolf eel 1 R
Snake prickleback 10 R
Penpoint gunnel 127 -F F R R
Crescent gunnel 21 R R
Saddleback gunnel 26 C C
Brown rockfish 31 R R c R
Sharpchin rockfish 1

*37-m floating beach seine (see Materials and Methods).
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Table 4.26. (ppntinued).

Beach séine net Otter trawl depths

Total 9m 37/m*
Species number net net 5m 45m  70m
{ Copper rockfish 3 ' R
- Quillback rockfish 45 R c R
Redstripe rockfish 15
Painted greenling 4 R R
' Whitespotted greenling 3 R
‘ Padded sculpin 337 c F c R
~ Smoothhead sculpin 5 R
Silverspotted sculpin 71 R C R
Roughback sculpin 162 R R F R
Sharpnose sculpin 76 R
Buffalo sculpin 88 C R
Northern sculpin 9 R
Red Irish lord 14 R
Spotfin sculpin 77 R C R
Pacific staghorn sculpin 172 c F
Grunt sculpin 1 R
Great sculpin 19 R R
Sailfin sculpin 40 R R R
Tidepool sculpin 19 c C
Threadfin sculpin 1 R
Slim sculpin 44 R R R
Manacled sculpin 1 R
Roughspine sculpin 1 | R
Ribbed sculpin - 1 R
Cabezon 6 R R
Northern spearnose poacher 14 R
Spinycheek poacher 1 R
Sturgeon poacher 55 c R R R
Gray starsnout 5 R R

*37-m floating beach seine (see Materials and Methods).
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Table 4.26. (continued).

Beach seine net Otter trawl depthg

Total 9m 37m*
Species number net net S5m 45m  70m

Pygmy poacher 64 C

Blacktip poacher 30
! Bluespotted poacher 69 R C

Pacific sanddab 32 R
. Speckled sanddab 72 R C R

Rex sole 32 R c
| Rock sole 1,381 C F F F R
'~ Slender sole 83 R R C
" Dover sole 178 R R F
~ English sole 1,530 F F F F c
. Starry flounder 8 R

C-0 sole 357 F F R

Sand sole 10

Arrowtooth flounder 1 R

Flathead sole 1 R

Total No. Individuals 17,367

Total No. Species 75

*37-m floating beach seine (see Materials and Methods).




Table 4.27.

Less than 1 mm
Citharichthys

About 1 mm
Parophrys
Psettichthys
Isopsetta(?)
dead

Pleuronichthys

About 2 mm
Gadus
Merluccius
Lyopsetta
Glyptocephalus
Seomber(?)

About 3 mm
ippoglossoides

Unidentified

TOTAL EGGS

141

Seasonal abundance of fish eggs sampled near
West Point with a Miller net during 1975-76.
After English and Thorne (1977).

JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY

23 47

25 47

2 36 23
1 2 3
12
69 45 27
1
1 125 102
4 17 9
1 2
1
5

0 0 0 0 2111 225150

21

12

40
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Salo (1969) used a 3-meter beam trawl to capture demersal fishes from the
Duwamish estuary. Twenty species were collected; five species contributed
over 92 percent of the total number caught. These five species were staghorn
sculpin, starry flounder (Platichthys stellatus), English sole, snake
prickleback, and Artedius sp. (primarily the padded sculpin, A. fenestralis).
Miller et al. (1977) collected 8,802 fish comprising 29 species from the
Duwamish estuary (Table 4.23). English sole and staghorn sculpin occurred
most frequently (> 70% of the total samples). Commonly occurring species (30~
70%) included: Pacific herring, longfin sculpin, tomcod (Microgadus
proximus), shiner perch, snake prickleback, padded sculpin, rock sole
(Lepidopsetta bilineata), starry flounder and sand sole (Psettichthys
melanostictus). The ten most abundant species represented nearly 98% of the
total catch.

4.5.3 Demersal Fishes of Elliott Bay

Demersal fishes of Elliott Bay, although not as economically important as
salmon are nevertheless important. For example, in 1982 the Washington
Department of Fisheries estimated that over 75,000 pounds of demersal fishes
were caught within Elliott Bay (Table 4.24). Little is known about the
species assemblages that exist within Elliott Bay; however, extensive studies
have been conducted at Alki and West Points.

Miller et al. (1975, 1976, and 1977) and Moulton et al. (1974) found 62
fish species which occurred at both Alki and West Points (Tables 4.25 and
4,26). In addition, twelve species were confined to Alki Point and 10 species
to West Point. No abundant species was confined to or absent from either
site. At each site the majority of species and individuals were taken with
beach seine rather than bottom trawl gear.

Of the 11 species commonly caught with the beach seine, the lowest number
(3) occurred at West Point, while 11 species were found at Alki Point.
Staghorn sculpin, rock sole, and English sole were abundant at each site. Of
the eight species commonly caught by trawl, only ratfish (Hydrolagus colliei),
rock sole and English sole were abundant at both sites.

4,5.3.1 Life History of a Typical Flatfish

One of the most abundant demersal fishes is the English sole. Adults are
believed to spawn in deep water in January and February. The pelagic eggs
rise to the surface where they drift at the mercy of the wind and water
currents (Figure 4.,24). After hatching, the larvae are bilaterally
symmetrical with one eye on each side of their head. At about 3-1/2-4 months
of age, the larval flatfish undergo metamorphosis. During metamorphosis the
left eye migrates to the right side of the head. The result is a fish with
both eyes on the same side of the head. After metamorphosis the juveniles
take up bottom residence in the inshore areas. A daily migration occurs
within the nearshore region. At about nine months of age (the first autumn)
the flatfish move into deeper water. As the juveniles grow and mature, they
migrate within and out of Puget Sound. At maturity the adults move offshore
into deep water and spawn,

English and Thorne (1977), sampled pelagic fish eggs near West Point on a
monthly basis (Table 4.27) and found the greatest concentration of eggs to
occeur during the winter and early spring months. Some evidence supports the
thesis that flatfish may spawn in Elliott Bay. Larval egg surveys in Elliott
Bay (English 1961) demonstrated that the least developed eggs were found at
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deeper water depths. More highly developed eggs were found in even greater
abundance at the surface of the bay (English 1961). The evidence that Elliott
Bay may be an important flatfish spawning area remains circumstantial (Figure
4,.25).

4.5.3.2 Parasitic Infestations of Demersal Fishes

Miller et al. (1977) and Miller (1980) found that English and rock sole
were frequently infested with the parasitic nematode Philometria (blood worm).
External parasites were not detected on either English sole or rock sole less
than 150 millimeters total length. The incidence of blood worm was higher in
the winter and fall and lowest in the spring and summer. Seventy-one percent
of the shiner perch collected contained infestations of gill lice (Califus
rapax).

Parasites of the suborders Monopisthocotylea and Polypisthocotylea were
found on gill membranes of English sole, rock sole, staghorn sculpin, tomcod
and black rockfish (Sebastes maliger; Malins et al. 1980). Copepods and a
rickettsium-like organism were also found in the gills of the above species.

4.5.3.3 Reef Fishes

Little is known about reefs and associated fishes in Elliott Bay. Miller
(1980), while diving among pier pilings in Elliott Bay, observed several fish
species typically associated with reefs (Table 4.28 and 4.29).

Both trawling (5 min, 385 m transects) and SCUBA diving were used by
Miller (1980) to sample fishes at Terminals 90-91 and 37 in Elliott Bay. The
total number of species, 20, obtained by trawling was similar at both
locations. Principal species in the dominant assemblage were English sole,
rock sole, flathead sole and shiner perch. Shannon's diversity index was
calculated to be 1.5 at both sites. Ninety seven percent of the species
sampled were economically important.

The total number of species observed during dives ranged from 10-12.
Similar species were noted, but pile perch and rockfish (as opposed to shiner
perch and flatfish) were the principal species. The number of fishes per 100
m“ ranged from 3.53 to 47.49 depending upon whether the transect was along the
landward or seaward side of the terminal (Tables 4.30 and 4.31).

4.5.4 Rocky Intertidal Fishes

Very little rocky intertidal habitat exists within Elliott Bay.
Consequently the typical rocky intertidal fish assemblages do not occur within
Elliott Bay. However, some tidepool fishes (for example, the tidepool
sculpin, Oligocottus maculosis) can occasionally be found in the intertidal
regions (Borton 1982).

4,5.5 Abundance and Species Richness

Species richness and total abundance in the Duwamish estuary exhibited
considerable annual variation. Catch per haul was generally lowest during
late fall and winter, increased markedly through spring and summer (with the
exception of a slight decline in July) and peaked in the late summer and early
fall. Species richness in the Duwamish estuary showed similar but less
dramatic variation. Abundance and species richness through the waterway
showed similar seasonal patterns. The relative abundance of the five most
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Table 4.29. Species and numbers of fish sighted during diving zig-zag
transect surveys at the end of Pier 91 and off Terminal 37.
After Miller (1980).

Pier 91 Terminal 37
Depth(m) Depth(m)
Species 0-5  6-10 210(11-14) 0~5 6-10 210(11-18)
Herring juv *

. Walleye pollock 2
Pile perch 10 20 6
Copper rockfish ad 1
Brown rockfish ad 1 2
Quiliback rockfish ad 1

. Quillback rockfish juv 1
Black rockfish ad 1
English sole ad 1

. Rock sole ad 1

- UID flatfish 1

' Painted greenling ad 1 1

+ Sturgeon poacher 1

- UID sculpin (Artedius sp.) 1

Several thousand juvenile herring were seen at the surface waters at Terminal
37--some were seen outside the pier and some underneath the pier. These
juvenile herring were not seen until after the tramnsect had been completed.
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Table 4.30. Abundance of fish (number fish/100 m?) in pilings and riprap
After Miller (1980).

along sides of Piers 91 and 90.

Slip 91-90 Transects

Siip 90 East Transects

- Species Group Landward Seaward Landward Seaward
" Pacific cod 1.23 6.0 0.49 0.0
Surfperch 2.46 1.18 15.29 44,40
Rockfish 3.28 1.18 0.99 1.93
Flatfish ‘ 1.23 0.79 0.99 1.16
*
Misc. other 0.0 0.39 1.97 0.0
*
Total Fish 8.20 3.53 19.72 47.49

*These values do not include a school of 50 juvenile fish (which were
probably herring, smelt, or sand lance) seen in the surface waters under

Pier 90.
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Table 4.31. Abundance of fish (number of fish/100 m2) associlated
with pilings and riprap at the end of Pier 91 and
Terminal 37. After Miller (1980).

Species Group Pier 91 Transect Terminal 37 Transect
Walleye pollock 0.0 0.58
Surfperch 15.23 1.73
Rockfish 2.03 0.87
Flatfish 1,02 0.28
Misc. other 1.02 *0.58
Total Fish 19.29 *4.05

*These values do not include several thousand juvenile herring seen in
the surface waters of Terminal 37 after the transect dive was completed.
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important species (snake prickleback, English sole, longfin smelt, starry
flounder, and staghorn sculpin) fluctuated throughout the year (Figure 4.26).
Snake prickleback were most abundant in the estuary during the spring, summer
and fall. In contrast, starry flounder were most abundant during the fall and
winter and least abundant during the summer (Griggs 1979: Miller et al. 1977).
Longfin smelt were most abundant in late fall, early winter and summer. The
fall-winter peak consisted of longfin smelt 80-115 mm in total length and
probably represented a spawning run. The late summer peak of longfin smelt
consisted solely of young-of-the-year downstream migrants ranging from 30 to
50 mm in total length. English sole and staghorn sculpin appeared to be
waterway residents. Both species were abundant throughout the year with
English sole abundance peak in spring and staghorn sculpin most abundant in
fall.

At both West Point and Alki Point the lowest values for abundance and
species richness occurred during the late winter and early spring. At Alki
Point, abundance and species richness increased during the spring and early
summer, declined in late summer, then increased again through the fall. West
Point had only a single abundance peak in fall. Species richness increased in
spring and peaked in summer, but declined throughout the remainder of the
year. Diversity as measured by the Shannon-Wiener index exhibited an annual
cycle at both sites. Diversity was highest in the late spring, declined
during the summer and then increased again in fall and early winter.

Borton (1982) and Miller et al. (1977) found striking differences in
abundance and species richness in fishes associated with eelgrass as opposed
to fishes associated with sand substrates (Table 4.32). Forty-one species
were collected from eelgrass areas, but only 22 species from sandy areas. In
addition, the density (fish per unit area of bottom) was substantially higher
in eelgrass by a factor of nearly 9:1. The most abundant eelgrass species
included sand lance (Ammodytes hexapterus), A. lateralis and shiner perch
while shiner perch, English sole, and tomcod were dominant on sand. Several
species were clearly eelgrass - associated and no species was more abundant on
sand than in eelgrass. Abundance and species richness were much higher in
eelgrass than on sand (Figure 4.27); however, the seasonal patterns of
abundance were similar, and were characterized by early summer and fall peaks.
In contrast to abundance, species richness increased in early summer and
remained high through fall.

Malins et al. 1980 compared the species diversity of several bays in
Puget Sound. Elliott Bay had the highest Shannon-Wiener diversity index, 2.7-
2.8 during the summer and fall. They further state "deep water stations in
Elliott Bay had greater species diversity and [species] richness than those
stations in the waterways of these bays...."

Seasonal bathymetric patterns of abundance were similar at both Alki
Point and West Point although absolute abundance differed between the two
sites (Figure 4.28). Abundance was highest at 45 meters during the fall, but
was greatest at 5 meters during the spring and summer. The increase in the
shallow water abundance stemed from the onshore movement of adult English sole
and rock sole during spring and summer. Species richness showed a similar but
less distinct seasonal pattern. Although several species moved into shallow
water in spring and summer, a substantial portion of the increase in species
richness, at least at Alki Point, was caused by an increase in the number of
nearshore species normally associated with eelgrass or kelp. Alki Point has
extensive eelgrass beds whereas eelgrass is generally absent on the north side
of West Point (the study location). Diversity showed similar patterns in
abundance and species richness.
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Table 4.32. Species collected at Alki Point with the 9-m beach seine from
May 1976 through January 1977. After Miller et al. (1977).

Eelgrass Sand
Total Frequency of Frequency of
. Species number Number occurrence Number occurrence
.Pacific sandlance 1,250 1,250 0.04
'Striped seaperch 992 988 0.76 4 0.08
Shiner perch 846 758 0.84 88 0.21
‘Tube-snout 655 655 0.64
*Padded sculpin 417 400 0.88 17 0.46
"English sole 710 385 1.00 325 0.79
Crescent gunnel 334 328 0.88 6 0.25
Pacific tomcod . 390 306 0.36 84 0.33
Rock sole 110 94 0.84 16 0.33
Sharpnose sculpin 122 86 0.52 36 0.42
Buffalo sculpin 88 72 0.88 16 0.50
Saddleback gunnel 73 63 0.76 10 0.29
Bay pipefish 60 60 0.64
C-0 sole 59 59 0.68
‘Penpoint gunnel 59 57 0.68 2 0.08
Sturgeon poacher 42 42 0.44
Pacific staghorn sculpin 55 34 0.60 21 0.38
‘Silverspotted sculpin 30 28 0.52 2 0.08
Coho salmon 22 22 0.08
:Sailfin sculpin 16 16 0.28
Pile perch - 13 13 0.24
‘Smoothhead sculpin 8 8 0.24
Great sculpin 7 6 0.20 1 0.04
Scalyhead sculpin 4 4 0.12
Walleye pollock 4 4 0.16
.Threespine stickleback 6 3 0.08 3 0.04
:Cabezon 3 3 0.12
Snake prickleback 5 3 0.12 2 0.08
Tadpole sculpin 3 3 0.08
Sand sole 5 2 0.08 3 0.13
Speckled sanddab 2 2 0.08
Pink salmon 2 2 0.04
Starry flounder 3 2 0.04 1 0.04
Pacific cod 2 2 0.08
Brown rockfish 2 2 0.08
Whitespotted greenling 2 2 0.08
Roughback sculpin 2 2 0.08
Manacled sculpin 1 1 0.04
‘High cockscomb 1 1 0.04
Quillback rockfish 1 1 0.04
Surf smelt 5 1 0.04 4 0.13
- Tidepool sculpin 6 6 0.17
Pacific herring 15 15 0.21
Slender sole 1 1 0.04
6,433 5,770 663
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Winter ]

Fall

I.Snake prickleback 2.English sole 3. Longfin smelt E£3
4.Starry flounder BR 5. Staghorn sculpin 6.0thers [

Figure 4,26. Relative seasonal abundance of the five most abundant
fish species in the Duwamish River during 1975-76,
After Miller et al. (1977).
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Figure 4.27. Catch per haul (a) and species richness (b) from
sand and eelgrass habitats at Alki Point. After
Miller et al. (1977).
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Figure 4.28. Seasonal and bathymetric patterns of catch per haul
(a), species richness (b), and Shannon-Wiener
diversity (c) at West Point, Alki Point and Point
Pully, After Miller et al. (1977).
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Abundance was highest during spring, summer and fall, but declined
markedly during winter (Tables 4.33 and 4.34). Shiner perch, rock sole, and
C-0 sole (Pleuronichthys coenosus) were most abundant during the spring and
summer at both sites. Striped seaperch Embiotoca lateralis were not very
abundant at West Point; however, the annual abundance cycles were quite
similar at both sites. Shiner perch were abundant at Alki Point during the
summer, but not at West Point. During the fall, shiner perch, tomcod,
tubesnouts (Aulorhynchus flavidus), English sole, padded sculpin, and staghorn
sculpin were the most abundant species.

The most abundant and frequently occurring species of trawl caught fish
at both sites were ratfish, English sole, and rock sole (Figure 4.29). Both
English sole and rock sole were most abundant between 5 and 45 meters water
depth; however, each species showed marked onshore-offshore migrations during
the year. These movements were characterized by an onshore migration in late
spring and summer, followed by an offshore migration in the fall. 1In
contrast, ratfish were most abundant between 70 and 95 meters water depth. At
both sites ratfish abundance was highest during spring and summer and declined
in fall and winter. Ratfish appeared to migrate to shallower water during the
winter at Alki Point; however migration did not occur at West Point.

4,5.6 Species Assemblages

Species assemblages were determined using recurrent group analysis
(Moulton et al. 1974; Miller et al. 1975; Miller et al. 1977). Given a set of
(N) samples consisting of the occurrences of (P) species, an index of affinity
was computed for each species pair using the formula:

LA, = I/, N2~ 72 (i) 1/2

where J = number of joint occurrences, Na = the total number of occurrences of
species A, and Ny = the total number of occurrences of species B. The index
of affinity is the geometric mean of the proportion of joint occurrences,
corrected for sample size. Once indices of affinity were computed for each
pair of species, recurrent groups were constructed according to the following
set of requirements:

a. All group members occurred with one another at some predetermined
level of affinity (generally I.A. = 0.5).

b. Each group formed included the greatest number of possible species.

c. If several groups with the same number of members were possible,
then those groups were selected which gave the greatest number of
groups without members in common.

d. If two or more groups with the same number of species and with
members in common were possible, the one which occurred as a unit in
the greatest number of samples was chosen.

The requirements were taken in order, such that groups fulfilling requirements
a) and b) were determined first, then if several alternatives existed, a
choice was made based upon requirements c) and d).

In addition distance measures between groups or species were calculated
from meristic data. The actual measure was the Bray-Curtis index (Clifford
and Stephenson 1975), where Di' = distance between entities i and j, in =
values of attribute k in entity i, and Xk‘ = values of attribute k in entity
Jj. The actual process of fusing entities and groups of entities with single
entities is termed a clustering or sorting strategy (Wingert and Miller 1979).
Group averages were employed in the study.
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Figure 4.29. Seasonal and bathymetric patterns of catch per
haul for English sole, rock sole, and ratfish
at West Point (a), Alki Point (b), and Point
Pully (c). After Miller et al. (1977).
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With the group averaging method, the distance (D) between groups of
entities and single entities or between two groups of entities was given by:

=}

D. =—= (D.)+

hk n ni D,

nj

-
?\_:;5 ](_‘:'3

where th = distance between groups h and k; where group k was a nearly fused
group comprising the original groups i and j.

Dhi = distance between groups h and i

Dh' = distance between groups h and jJ

Niy Ni, and ny, = number of entities in groups i, Jj, and k, respectively.

The fi%h assemblages at Alki Point were more complex than the fish
assemblages at West Point (Figures 4.30 and 4.31). The species groups found
at each site were divided into shallow water and mid-depth occurring groups
(5, 25 and 45 meters) and deep-water occurring groups (70 and 95 meters).
Species group I at West Point and groups I and III at Alki Point usually
occurred between 5 and U5 meters (Tables 4.35 and 4.36). In contrast group II
was restricted exclusively to 70 and 95 meters at both sites. When the
species that composed the primary associations (Group I at West Point and the
combined groups I and II at Alki Point) were compared only four species are
found in common (shiner perch, staghorn sculpin, English sole, and rock sole).
The peripheral species or species pairs with some affiliations with the
primary associations generally occurred only at night (usually fall and
winter) or were eelgrass associated. For example, the padded sculpin -
sturgeon poacher (Agonus acipenserinus) pair at West Point, sailfin sculpin,
(Nautichthys oculofasciatus) - giant sculpin (Myoxocephalus
polyaconthocephalus) - hake (Merluccius productus) and pile perch (Rhacochilus
vacca) - tomcod - sturgeon groups at Alki Point generally occurred at night.
Eelgrass associated species included the bay pipefish (Syngnathus
griseolineatus) - ornate gunnel (Pholis laeta) pair at Alki Point.

4.,5,7 Food Habits

Rock sole (158-269 mm total length) ate primarily bivalves and
polychaetes and occasionally-crustaceans (Miller 1980). English sole (193-310
mm total length) ate mostly polychaetes and bivalves; English sole, however
ate more polychaetes than did rock sole. Pelagic-epibenthic~feeding fishes
preferred decapod crustaceans especially caridean shrimp.

The food habits of 17 species of nearshore fishes which occurred either
frequently or as members of recurrent species groups in central Puget Sound
were considered by Wingert et al. (1979).

Overall, 14 general prey types were found to represent the principal prey
(> 1% of total IRI) utilized by the 17 species of nearshore fish (Table 4.37).
At Alki Point; however, two prey types, gammarid and caprellid amphipods,
tended to dominate the diets of most species. Gammarids occurred in the diets
of 16/17 species (Table 4.37), the percentage contributed to the total IRI
ranging from 19% for bay pipefish to 55% for penpoint gunnel. The only
species which did not exploit gammarids was tubesnout. Caprellid amphipods
occurred (> 1% of IRI) in the diets of all species except staghorn sculpin,
tubesnout, pile perch, and the three flatfish species, C-0 sole, rock sole,
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WEST POINT 1975-6

- GROUP 1 ve {Smiped
dded Rock sole English sole n
o 1747
sculpin Shiner perch  Tomcod | Cperch
Sturgeon Pacific staghorn sculpin
poacher Buffalo sculpin 76
Starry
flounder
ALKI POINT 1975-6
Bay pipe fish
'y \m
GROUP 1 GROUP-II
English sole  Podded sculpin| 55,54 | C-O sole
Tubesnout Shiner perch Rock sole
Pacific staghorn sculpin Striped perch
Buffalo sculpin Penpoint gunnel
|/y 2/6 /(/4
9/12 Crescent s
Sailfin sculpin gunnel
Great sculpin
'/zl Pile perCh
™ Tomcod
Pacific
hake
Sturgeon
Poacher

Figure 4,30, Recurrent species groups based on beach
seine data from West Point, Alki Point,
and Point Pully. After Miller et al.
(1977).
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WEST POINT 1975-6
(55 species; 137 samples)

Speckled || GROUP 1

sanddab w2
Roughback scutpin English sole

Rock sole
1/2
Pacific
sanddab GROUP II
Ratfish
Dover sole
Rex sole

ALKI POINT 1975-6
(55 species; 102 samples)

GROUP I

Rock sole English sole |23

Roughback sculpin

e/
GROUP IIT Ve
‘Northern ronquil 2/6
Tomcod \ GROUP IT
Ratfish Siender sole
Dover sole
V3
/ /3] 3
Rex sole Bluespotted Blacktip
poacher poacher

Figure 4.31. Recurrent species groups based on otter
trawl data from West Point, Alki Point,
and Point Pully. After Miller et al.

(1977).
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Table 4.35. Seasonal bathymetric distribution of species groups I
(ratfish, Dover sole, and rex sole) and II (roughback
sculpin and rock sole) at West Point during 1975-1976.
After Miller et al. (1977).

Group Depth Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

I 5m
25
45 X X
70 X X X X X X X X X X X
95 X X X X X X X X X
I1 5m X X X
25 X X X X X X X X X
45 X X X X X X X X X
70 |

95
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and English sole. Excluding what was probably just an incidental ingestion of
caprellids by buffalo sculpin, the percentage contribution of caprellids to
the total IRI ranged from 9% in the tomcod diet to more than 72% in the
sharpnose sculpin diet.

Decapod crustaceans, which were found in the diets of six species of fish
predators, represented the next most frequently taken prey type. Decapods
were exploited heavily by tubesnout (U40% of IRI), staghorn sculpin (18%),
tomecod (28%), bay pipefish (33%), and silverspotted sculpin (21%), but only
incidentially by padded sculpin.

Of the remaining 11 prey types (Table U4.37), none were found in the diets
of more than four different species of nearshore fish. Both polychaete worms
(tube-dwelling and errant forms) and tanaid crustaceans were significantly
1% IRI) exploited by four different species; however, in each case three of
the four were the flatfish species. Tanaids generally constituted a small
portion of the diet (K 7% of total IRI), and were taken principally by
juvenile flatfishes. Polychaetes, however, represented a major element of the
diet for each of the three flatfishes, the percentage contribution to the
total IRI ranging from 48% for English sole to 51% for rock sole.

Harpacticoid copepods, bivalves, and isopods were each preyed upon by
three different species of nearshore fish (Table Y4.37). Each of these prey
resources, however, generally contributed little to the total dietary IRI of
these species. Harpacticoids were utilized incidentially by penpoint gunnel
and saddleback gunnel (largely juveniles), but were heavily exploited (59% of
total IRI) by tubesnout. Bivalve molluscs were taken by two flatfish species
(English sole and rock sole) and staghorn sculpin, but the percentage
contribution to the total IRI was typically 10% or less, Saddleback gunnel,
penpoint gunnel, and padded sculpin each exploited isopods; however, only
penpoint gunnel and padded sculpin consumed this prey resource in significant
quantities.

Of the remaining prey categories considered (Table 4.37), most were of
negligible dietary importance for these 17 species. Exceptions were the
consumption of calanoids (22% of IRI) by tomcod, gastropods (74% of IRI) by
pile perch, and algae (58% of IRI) by buffalo sculpin.

Dietary composition of twenty-two species of demersal, primarily
offshore, fishes were also investigated by Wingert et al. (1979). For
convenience, the 22 species were divided into five groups (small-mouthed
flatfishes, large-mouthed flatfishes, sculpin and ronquil, poacher, and water-
column species), which are discussed separately below.

Small-Mouthed Flatfishes., The small-mouthed flatfishes examined for
stomach contents included C-0 sole, English sole, rock sole, rex sole and
Dover sole. Generally, English sole and rock sole were found together at
depths ranging from less than 5 to 60 m. Within this shallow to intermediate
depth range, these species were often associated with speckled sanddab (5-25
m), Pacific sanddab (25-45 m), and C-0 sole (5-25 m). In contrast, rex sole
and Dover sole occurred mostly at depths exceeding 70 m. Often these species
were associated with ratfish and slender sole. Both slender sole and Dover
sole are known to migrate onshore at night to shallower water,

The diets of all five species were dominated primarily by polychaete
worns and gammarid amphipods, and secondarily by bivalve molluscs (Table
4,38). The percentage contributed to the total IRI by polychaetes increased
with increasing depth of occurrence for each species of flatfish., In other
words, rex sole and Dover sole, the two deepwater species, were found to have
a greater percentage contribution to the total dietary IRI by polychaetes than
did the three shallow-water species. In addition, the frequency of occurrence
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addition, the frequency of occurrence of polychaetes in the diet of the
deeper-occurring species was also higher. The frequency of occurrence of
gammarids in the diet of all species was also consistently high (0.72-0.82);
yet the percentage contributed to the total dietary IRI by gammarids decreased
markedly with increasing depth of occurrence.

Bivalves occurred in the diets of all species except rex sole; however,
English sole and rock sole most heavily utilized this prey resource (> 10-12%
of total IRI). Generally, English sole and rock sole, ranging in size from
150 to 250 mm TL, were the primary consumers of bivalves (Tables 4.39 and
4.40).

Nereid polychaetes were found in the diets of C-0 sole and rock sole, yet
only C-0 sole relied heavily (27% of total IRI) on this resource. Tanaids and
ostracods occurred exclusively in the diets of English sole and rock sole,
although these prey were generally most important in the diets of small (K 250
mm TL) individuals. All remaining prey organisms (caprellids, calanoids, and
ophiuroids) which were utilized by the small-mouthed flatfishes occurred in
the diet of only a single speices and typically constituted less than 10% of a
species' composite IRI.

Large-Mouthed Flatfishes. Four species of large-mouthed flatfishes, sand
sole, speckled sanddab, Pacific sanddab and slender sole, were examined for
stomach contents. Sand sole, speckled sanddab, and Pacific sanddab all
occurred primarily at depths ranging from 5 to 45 m, whereas slender sole
occurred commonly between 45 and 95 m. Generally, speckled sanddab were most
frequent and abundant at depths between 5 and 25 m, and Pacific sanddab more
frequent and abundant at 25-45 m.

Sand sole fed exclusively on pelagic prey, and mainly (62% of IRI) on
other fishes, notably shiner perch. The only other prey of importance were
larvaceans (13.6% of IRI). Only two types of prey were found in the diets of
all three large-mouth flatfishes (Table 4.41): Gammarids (13-24% of IRI) and
polychaetes (4-16%). With respect to these two prey categories, slender sole
and speckled sanddab exhibited a greater similarity in dietary overlap.
Caridean shrimp were exploited heavily by both speckled sanddab and slender
sole, but were not taken by Pacific sanddab. Similarly, calanoid copepods
were exploited only by speckled sanddab and slender sole. Several types of
pelagic prey organisms were consumed by Pacific sanddab -~ hyperiid amphipods,
pteropods, mysids, chaetognaths, fish, and larvaceans. In contrast,
epibenthic prey were dominant elements in the diets of slender sole and
speckled sanddab. In general, speckled sanddab and slender sole exhibited the
highest dietary overlap; however, both Pacific sanddab and slender sole relied
more heavily on pelagic prey organisms.

Sculpin-Ronquil Group. Five species from this group of demersal fishes
were examined for stomach contents—--roughback sculpin, sailfin sculpin,
spotfin sculpin, slim sculpin and northern ronquil. Roughback sculpin and
sailfin sculpin were typically distributed between 5 and 45 m during much of
the year, roughback sculpin being common and abundant and sailfin sculpin
being less frequent and less abundant. Sailfin sculpin generally occurred at
25-45 m in the daytime, but moved into shallow water (< 20 m) in the evening.
Slim sculpin and spotfin sculpin were normally found between 45 and 70 m,
although neither species was particularly abundant. Northern ronquil, unlike
the other four species, occurred primarily at 45 m, and underwent little or no
onshore or seasonal movement.

The only prey organisms which were exploited by all five species in this
group were gammarid amphipods (Table 4.42). Generally, the deeper~occurring
species (spotfin sculpin and slim sculpin) utilized gammarids most heavily (26
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Table 4,39. Percentage of total IRI contributed by
various prey categories to the diets of
three size classes of English sole from
West Point. After Wingert et al. (1979).

Total length (mm)

Prey

category < 150 150-250 > 250
Polychaeta 42.46 33.85 63.63
Gammaridea 29.85 24.93 3.06
Tanaidacea 9.89 17.89 1.06
Bivalvia 7.86 9.06 5.91
Ostracoda 4.36 4,89

Unidentified 2.49 7.23 24.24

Cumacea 1.11
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Table 4.40. Percentage of total IRI contributed by various
prey categories to the diets of three size
classes of rock sole from West Point. After
Wingert et al. (1979).

Total length (mm)

Prey

category < 150 150-~250 > 250
Polychaeta 40.88 48.89 59.00
Gammaridea 37.21 20.41 11.36
Tanaidacea 18.21 6.65

Bivalvia 1.27 6.40 5.51
Ostracoda 1.64

Unidentified 11.87 18.43
Caridea 2.72

Nereidae 1.20

Flabelligeridae 1.57
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and 42% of IRI, respectively), whereas gammarids contributed less than 13% of
the total dietary IRI of the other three species. All species in the group,
except slim sculpin which has a small mouth and gape, preyed upon caridean
shrimp (19-59% of total IRI), particularly the larger (> 150 mm TL) roughback
sculpin. Except for spotfin sculpin, these prey were taken at least 40% of
the time. Polychaete worms, which were also taken by four of the five
species, were utilized primarily by the three deeper-living species-—-northern
ronquil (43% of IRI), spotfin sculpin (33%), and slim sculpin (30%).
Typically, polychaetes were found in 30-50% of the individuals examined for
each species. Unidentified decapods were taken by roughback sculpin, spotfin
sculpin, and northern ronquil, but only roughback sculpin heavily exploited
this resource (17% of IRI).

Caprellid amphipods (51% of IRI) and idoteid isopods (8%) contributed
heavily to the diet of sailfin sculpin only (Table 4.42). Both types of prey
occur abundantly in shallow-water eelgrass beds, and were probably consumed by
sailfin sculpin during their nocturnal onshore migration.

Ostracods, tanaids, and cumaceans, all of which are small epibenthic
crustaceans, were taken only by the small-mouthed slim sculpin. Although
cumaceans (1.3% of IRI) and tanaids (2.64% of IRI) contributed only slightly
to the diet of slim sculpin, ostracods contributed more than 18% of the total
dietary IRI. Similarly, spotfin sculpin was the only species in this group to
take pelagic prey items (i.e., fish, calanoid copepods). Teleosts and
calanoids together contributed approximately 10% of the total IRI; however,
both prey types occurred in fewer than 10% of the stomachs examined.

Poacher Group. Four species of poacher--sturgeon poacher, spearnose
poacher, bluespotted poacher, and blacktip poacher--were examined for stomach
contents. All species except sturgeon poacher occurred exclusively in deep
water (> 70 m), generally in association with ratfish and the deepwater
flatfishes (Dover sole and rex sole). Sturgeon poacher, however, were
typically found at 25-45 m (occasionally deeper) during the daytime and in
shallow water (< 5 m) at night.

All four species of poacher heavily exploited gammarid amphipods (Table
4,43), particularly spearnose poacher (> 89% of IRI). Gammarids were also the
prey most frequently taken by these four species. Caprellid amphipods were
consumed by the three deepwater species, but were primarily utilized by
bluespotted poacher (44% of IRI) and blacktip poacher (15% of IRI).

Similarly, polychaete worms were consumed primarily by bluespotted poacher (6%
of IRI) and blacktip poacher (4% of IRI). Except for caridean shrimp, which
was a minor constituent in the diets of sturgeon poacher (6% of IRI) and
blacktip poacher (3% of IRI), all of the remaining principal prey categories
(> 1% of the total IRI) were consumed by a single species of poacher.

Calanoid copepods, for example, were taken frequently (75% of individuals) and
contributed substantially to the diet of blacktip poacher (21% of IRI). In
addition, harpacticoid copepods and cumaceans occurred only in the diet of
sturgeon poacher, yet still constituted nearly U47% of the total dietary IRI.

Water-Column Species Group. The five species included in this group were
shiner perch, tomcod, brown rockfish, quillback rockfish, and ratfish. All
five species occupy the water column and forage either on the benthos or
within the water column. This is in contrast to the bottom-associated, or
benthic, species discussed previously.

Both shiner perch and tomcod occurred at all depths sampled (5 m to 95
m), but were most common at 45-70 m. Likewise, the two species of rockfish
generally occurred at most sampling depths. Brown rockfish, however, was most
common at 25-45 m, whereas quillback rockfish was more common in deep water.
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Table 4.43. Percentage of total IRI contributed by various prey
categories to the diets of the sturgeon poacher,
spearnose poacher, bluespotted poacher, and blacktip
poacher. After Wingert et al. (1979).

Predator
Sturgeon Spearnose Bluespotted Blacktip
Prey poacher poacher poacher poacher -
category (n=16) (n=11) (n=38) (n=8)

Gammaridea 45.38 (0.81) 89.65 (0.90) 47.61 (0.84) 40.88 (0.75)

Calanoidea 21.97 (0.75)

Caprellidea 1.48 (0.36) 44,91 (0.84) 16.81 (0.75)

Teleostei 11.39 (0.25)

Polychaeta 6.74 (0.26) 4.08 (0.37)

Caridea 6.67 (0.56) 3.41 (0.37)

Cumacea 41.76 (0.81)

Harpacticoida 5.05 (0.31)

Unidentified 6.13 (0.63)
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In contrast, ratfish occurred exclusively in deep water during the daytime and
moved into shallower water only at dusk.

Based on percentage IRI contributions, the diets of shiner perch and
tomcod exhibited moderate overlap (Table 4.44). Both species relied heavily
on gammarid amphipods (35-38% of IRI), and both consumed caprellied amphipods
and calanoids as well. Caprellids were a major contributor to the diet of
shiner perch (45% of IRI), while calanoids represented a substantial portion
of the diet of tomcod.

Similarly, brown rockfish and quillback rockfish exhibited considerable
dietary overlap (based on percentage IRI); both species primarily consumed
caridean shrimp (47% and 48% of IRI, respectively) and fishes (38% and 27% of
IRI, respectively). All other prey organisms taken by these species generally
occurred infrequently and contributed only slightly to the total dietary
spectrum.

The deepwater-occurring ratfish consumed mainly benthic or epibenthic
prey organisms, such as polychaetes (8% of IRI), ostracods (7% of IRI),
decapods (13% of IRI), gammarids (5% of IRI), and bivalves (23%; however, a
significant contribution to the diet of larger individuals (> 250 mm TL) was
made by fish (> 10% of IRI).

Dietary Variation

The composite descriptions of fish food habits from previous sections did
not consider the potential dietary variation due to the life history stage (or
size) of the predator, the geographic location of capture, or the season of
capture. All of these factors may strongly influence the spectrum of prey
taken by a particular species of fish. Although there were inadequate sample
sizes to investigate these sources of variation for most species, we did have
sufficient sample sizes to examine English sole, rock sole, ratfish, and
roughback sculpin more carefully.

Effect of Predator Size on Diet Consumption. For English sole and rock
sole, both small-mouthed flatfishes, there were very clear dietary changes
associated with increasing size (Tables 4.39 and 4.40). For example, the
percentage of the total dietary IRI contributed by gammarid amphipods declined
markedly for both species as they increased in total length. Concomitant with
this decreased utilization of gammarids was a substantial increase in the
dietary contribution made by polychaetes. A quite different pattern of
exploitation, however, was observed for bivalve molluscs, where the maximum
utilization (percentage of IRI) occurred at an intermediate size class (150~
250 mm TL) for each species. The only prey to be utilized predominantly by
the smaller (< 150 mm TL) English sole and rock sole were small epibenthic
cumaceans, tanaids, and ostracods. As predator length increased, these
smaller prey items were successively eliminated from the diet.

Ratfish, the dominant fish species in deep water, exhibited several
notable changes in dietary composition with increased predator size (Table
L.,45), Bivalves and decapod crustaceans were of little importance in
individuals less than 200 mm TL, but increased in importance for larger
individuals, particularly those greater than 300 mm TL. In contrast,
polychaetes and gammarids both decreased in importance (in terms of % IRI) as
predator size increased. Teleost fishes were absent from the diet of small (K
200 mm TL) ratfish, but became substantially more important with increased
size. The only prey organisms which were utilized primarily by the
intermediate~size class of ratfish were ostracods.

The ontogenetic changes in prey exploitation observed for roughback
Sculpin (Table 4.46) closely resembled those described for ratfish above.
Smaller prey such as gammarids, polychaetes, and tanaids were utilized
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Table 4.44. Percentage of total IRI contributed by various prey
categories to the diets of shiner perch, tomcod,
brown rockfish, quillback rockfish, and ratfish.
After Wingert et al. (1979).

Predator
Shiner Brown Quillback
Prey perch Tomcod rockfish rockfish Ratfish
category (n=10) (n=37) (n=6) (n=5) (n=71)

Bivalvia 23.6

Gammaridea 38.56 35.16 8.41 5.2

Caprellidea 54.06 9.32 2.68

Calanoida 1.27 22.49

Tanaidacea 4.79

Decapoda 28.46 13.0

Natantia 47.06 48.76

Cancridae 4.25

Mysidacea 5.48

Hyperiidea 1.17

Teleostei 38.05 27.65 10.3

Polychaeta 1.42 8.1

Ostracoda 7.3

Isopoda 1.04
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Table 4.45. Percentage of total IRI contributed by various prey
categories to the diets of three size classes of
ratfish. After Wingert et al. (1979).

Total length (mm)

Prey category <200 (13) 200-300 (24) > 300 (33)
Polychaeta 31.14 4.09 4.17
Gammaridea 7.89 7.13 1.95
Ostracoda 4.77 17.23

Calanoida 2.89

Bivalvia 1.04 12.41 22.12
Nematoda 1.59

Flabelligeridae 1.29 1.86
Natantia 2.24

Teleosteil 16.52 10.96
Hippolytidae 1.27

Gastropoda 1.10

Decapoda 16.69
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Table 4.46. Percentage of total IRI contributed by various
prey categories to the diets of three size
classes of roughback sculpin. After Wingert
et al. (1979).

Total length (mm)

Prey »

category - < 100 100-150 > 150
Gammaridea 37.22 10.06

Caridea 45.56 68.86 37.12
Polychaeta 8.36 4.63

Decapoda 3.41 2.50 40.00
Tanaidacea 2.59

Caprellidea 1.93

C. orepgonensis 1.47 14.50

Teleostedi 2.03 2.90
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primarily by small individuals, and were generally eliminated from the diet as
predator size increased. As these smaller prey items were dropped from the
diet, the percentage contribution made by larger prey such as decapods and
fish successively increased.

Effect of Season on Diet. Both English sole (Table 4.47) and rock sole
(Table 4.48) exhibited similar changes in prey utilization throughout the
year. In general, the percentage contribution to the total IRI made by
polychaetes decreased in spring and summer for each species, whereas the
percentage contributed to the diet by gammarids increased in spring and
summer ., Bivalves, which were the next most important prey overall, were
exploited most heavily during summer by English sole and during winter and
spring by rock sole. Tanaids were exploited principally in spring by each
species, although English sole also consumed these prey organisms in winter
and summer,

Ratfish exploited bivalves and gammarids throughout the year (Table
4,49); however, bivalves were taken primarily in spring and gammarids in fall.
Ostracods occurred in the diet of ratfish predominantly in summer (71% IRI)
but also occurred in the diet during winter and fall. Teleosts were taken in
the diet primarily in winter and contributed more than 36% of the total IRI.
Similarly, polychaetes were found in the diet during winter and spring but
contributed most heavily to the diet during winter.

The dominant prey organisms of the roughback sculpin, caridean shrimp,
unidentified decapods, and gammarids, all exhibited strong seasonal variation
in dietary contribution on the basis of percentage IRI (Table 4.50). The peak
dietary contribution of each of these prey was found to occur at different
times of the year. For instance, caridean shrimp were a significant portion
of the diet in spring and summer, gammarids were dominant in fall, and
decapods predominated in winter. Polychaete worms were absent from the diet
of roughback sculpin in spring and summer, yet contributed significantly to
the diet in fall and winter. 1In contrast, caprellid amphipods and the crab,
C. oregonensis were consumed only in spring and summer.




Table 4.47.

Seasonal variation in the percentage of total IRI
contributed by various prey categories to the diet

of English sole.

After Wingert et al. (1979).

Prey
category Winter Spring Summer Autumn
Polychaeta 66.72 16.83 19.73 69.64
Tanaidacea 5.65 25.18 2.64
Gammaridea 10.20 34.65 16.42 4.84
Bivalvia 6.57 9.88 28.28 2.92
Ostracoda 5.66 10.98
Cumacea 1.43
Caprellidea 2.98
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Table 4.48, Seasonal variation in the percentage. of total IRI
contributed by wvarious prey categories to the diet
of rock sole from West Point. After Wingert
et al. (1979).

Prey

category Winter Spring Summer Autumn

Polychaeta 51.85 7.22 75.02 73.09

Gammaridea 15.82 49.64 7.57 o 13.24

Bivalvia 12.17 10.97 1.73

Flabelligeridae 9.96

Nereidae 10.79

Tanaidacea 15.44 5.68

Caprellidea 2.94

Ostracoda 1.39
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Table 4,49, Seasonal variation in the percentage of total

IRI contributed by various prey categories to

the diet of ratfish. After Wingert et al. (1979).

Prey

category Winter Spring Summer Autumn
Polychaeta 13.46 4.74
Teleosteil 36.24
Ostracoda 7.41 71.18 14.42
Bivalvia 5.99 22.69 1.54 5.92
Gammaridea 1.28 2.67 3.09 23.00
Decapoda 16.41 3.01
Gastropoda 1.42
Hippolytidae 4,15




184

Table 4.50. Seasonal variation in the percentage of total IRI
contributed by various prey categories to the diet
of roughback sculpin. After Wingert et al. (1979).

Prey

category Winter Spring Summer Autumn

‘Caridea 43.13 67.41 50.2 26.77

Polychaeta 10.40 16.63

Gammaridea 4.03 17.13 3.00 45.03

Decapoda 32.00 1.06 1.00 8.81

Tanaildacea 3.07 1.57 2.30

C. oregonensis 4.52 3.50

Caprellidea 1.31 2.10

Teleostei 1.85

Crangonidae 1.19
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5.0 Water Quality Evaluation

5.1 Fish Health

Establishing cause and effect relationships between environmental
chemicals and observed tissue lesions in free living fish populations is
difficult. Variations in genetic history, nutritional status, duration of
contaminant exposure, route of exposure, age, and sSex cannot be controlled and
may not be detectable in wild populations. The difficulty in locating dead or
detecting functionally impaired animals (which are quickly scavenged or become
easy prey) in a vast body of water further limits the data describing the
effects of toxicants on wild populations.

Several researchers have nevertheless attempted to relate prevalence of
tissue anomalies to concentrations of xenobiotics in Elliott Bay. In addition
to miscellaneous anomalies which might be related to pollution, a few major
anomalies in Elliott Bay fishes have been tentatively linked by investigators
to environmental factors. These conditions include two lesions of the
integument (fin erosion and epidermal papilloma) and several types of
neoplastic and non-neoplastic liver lesions.

5.1.1 Fin Erosion
5.1.1.1 Background

Fin erosion in demersal marine fishes is characterized by a loss of fin
tissue proceeding from the margin of the fin toward the body. Ulceration,
hyperpigmentation, deformation and scarring may occur in both soft tissue and
fin rays. Loss of mucous-secreting ability (Sherwood 1978) is frequent and
probably reduces the fishes' first line of defense against invading organisms.

Histologically, fin erosion is characterized by a chronic fibrosing
condition accompanied by epidermal hyperplasia, proliferation of fibroblasts,
and resorption of fin rays.

The etiology of fin erosion is unknown. Numerous bacteria have been
isolated from affected fish from a variety of geographic locations, but no
single organism or group of organisms has been consistently associated with
this disease. Evidence for parasitic, viral or fungal associations has not
been found (Miller et al. 1977; Staude 1979; McCain et al. 1982).

Fin erosion has been reported from numerous locations around the world
(Sherwood 1978), all of which have some association with toxic waste discharge
(Table 5.1). Data from intensively studied areas within the United States
suggested to some authors that fin erosion stemmed from exposure to a common
component in chemical discharges (Sherwood and McCain 1976). This argument is
supported by the following observations: 1) the disease incidence was
elevated in waste-receiving areas, 2) no inflammatory response was associated
with the condition, 3) no pathogenic organisms were associated with the
lesions, and 4) the affected species had extensive association with bottom
sediment (Sherwood and MeCain 1976). Fins most frequently eroded were those
which contact the sediment (Sherwood and Mearns 1977; Sherwood 1978).
Although observations and experiments in areas other than Elliott Bay have
shown a high correlation between the frequency of occurrence of fin erosion
and municipal wastewater discharge (Sherwood and Mearns 1977), a direct cause
and effect relationship has not been established.
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Table 5.1. Fin erosion in demersal fishes from various coastal areas.
Modified from Sherwood (1978) and Dexter et al. (1981).
Affected

Location species Reference
Southern Microstomus pacificus, dover sole Mearns and Sherwood (1974)
California Glyptocephalus zachirus, rex sole Sherwood and Mearns (1977)
nearshore Lyopsetta exilis, slender sole
waters Sebastes elongatus, greenstriped

rockfish

Sebastes miniatus, vermilion rock-

fish
Duwamish Platichthys stellatus, starry Wellings et al. (1976)
River Water- flounder Miller et al. (1977)
vay, Puget Parophrys vetulus, English sole McCain et al., (1982)
Sound Malins et al. (1982)
Commencement Platichthys stellatus, starry Malins et al. (1982)
Bay, Puget flounder
Sound Parophrys vetulus, English sole

Sandy Hook/
Raritan Bays;
Apex dumping
area, New
York Bight

Boston
Harbor, Mass.

Northeast
Irish Sea

Suruga Bay,
Japan

Lepidopsetta bilineata, rock sole

Pseudopleuronectes americanus,

winter flounder

Pseudopleuronectes americanus,

winter flounder

Pleuronectes platessa, plaice

Limanda limanda, dab

Uranoscopus japonicus, Japanese

stargazer

Murchelano and Ziskowski
(1976)

Charles A. Willingham
Battelle Columbus Lab-
oratories, Duxbury,
Mass., personal

communication
Perkins et al. (1972)
Nakai et al. (1973)
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5.1.1.2 Incidence in Elliott Bay

The Duwamish River has been studied most extensively because of the high
concentrations of xenobiotics in the river sediments. Fin erosion has been
found in only two fish species, starry flounder (Platichthys stellatus) and
English sole (Parophrys vetulus), in the Duwamish River. Reported incidences
for starry flounder ranged from 2.3% (Malins et al. 1982) to 11.4% (Miller et
al. 1977) and for English sole from 0.4% (McCain et al. 1982) to 1.3% (Malins
et al. 1982, Table 5.2). Sample sizes in these studies were variable.
Seasonal fluctuations in fin erosion incidence have been observed for Duwamish
River starry flounder (Miller et al. 1977). These variations were attributed
to fluctuations in abundance of starry flounder in the river. Miller et al.
(1977) also reported that the incidence of fin erosion in starry flounder
increased with both size and age; the majority of affected fish were larger
than 150 mm total length and were two- and three-year-olds.

Fin erosion has not been found in fishes collected in areas of Elliott
Bay other than the Duwamish River. Miller et al., (1977) sampled flatfish near
the sewage outfalls at Alki Point and West Point, while Malins et al. (1982)
sampled fish from these sites in addition to other sites in outer Elliott Bay
and along the Seattle waterfront.

5.1.1.3 Association with Xenobiotics

Several researchers have studied the relationship between fin erosion and
tissue concentrations of xenobiotics in wild fish. Sherwood and McCain (1976)
compared the concentrations of total polychlorinated biphenyls (PCBs) and p,
p'~DDE in muscle, liver, and brain of control and diseased fishes. Dover sole
(Microstomus pacificus) with fin erosion were collected off Los Angeles while
starry flounder with fin erosion were collected off Seattle. Polychlorinated
biphenyl concentrations correlated with the incidence of the disease in both
species from both areas, but the correlation was not statistically
significant.

In other Puget Sound studies, elevated concentrations of PCBs were found
in the livers of affected fish compared with unaffected fish from both the
Duwamish River and a control site (Miller et al. 1977). DDE and metals did
not correlate with fin erosion at either site. Sherwood (1977) demonstrated
that starry flounder from the Duwamish River had elevated concentrations of
silver and depressed levels of cadmium, copper, and zinc when compared with
control fish. Similar relationships among comparable fish from southern
California were not observed.

Attempts to experimentally induce fin erosion in the laboratory by
mimicking naturally occurring conditions have shown some promise. Early signs
of fin erosion were observed in dover sole exposed to contaminated sediment
for 13 months (Sherwood 1976). These lesions resembled those found in wild
fish caught in an affected area in southern California. Sherwood (1976 and
1978) suggested that elevated levels of PCBs might be correlated with
increased frequency of fin erosion, but the evidence was mostly
circumstantial.

Attempts to experimentally reproduce fin erosion by exposing fish to
Duwamish River sediment have been inconclusive. In one study, 2 of 30
experimental English sole developed lesions after one month, while none of the
controls showed signs of disease (Miller et al. 1977). Starry flounder
exposed under identical conditions showed no lesions in the 10 exposed fish.
In another study, English sole (100 per group in the first experiment and 32
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to 35 per group in the second experiment) were maintained for up to 92 days
in aquaria containing Duwamish River sediment or control (Snohomish River or
Port Madison) sediment. No consistent pathological differences between the

test and control fish were observed (MeCain et al. 1982).

5.1.2 Epidermal Papilloma

5.1.2.1 Background

Epidermal papillomas occur in several species of flatfish along the
Pacific Coast of North America. Three distinctive morphological types - the
angioepithelial nodule, the angiocepithelial polyp (or transitional
angioepithelial nodule), and the epidermal papilloma -~ were described by
Wellings et al. (1965). The angioepithelial nodules are small (1 to 2 mm),
circumsecribed, sessile nodules that occur over the entire body surface. The
angiomatous component shows possible invasive tendencies because of extension
into skeletal muscle. These nodules are not observed on fish over one year of
age. The angioepithelial polyps are soft, sharply demarcated sessile lesions.
The polyps are larger than the nodules and are usually seen in fish over one
year of age. The epidermal papillomas are large (1 to 6 cm) cauliflower-like
proliferative lesions. The central portion of the tumor is frequently a
raised wart-like structure, while the edges often are flat and grade into the
surrounding tissue. They do not appear to be invasive.

An unidentified, tumor-specific cell, designated as an "X-cell," has been
described in all three types of lesions (Brooks et al. 1969). These
hypertrophic cells have a large nucleus and prominent nucleolus. They have
numerous dense cytoplasmic granules and lack intercellular bridges. The cells
have a thick extracellular coat and are frequently found in groups of two,
three and four. The X-cells are seen as small cells in the dermis of
angioepithelial polyps and epidermal papillomas (McArn and Wellings 1971). It
is not known whether these are fish cells or foreign cells.

The etiology of epidermal papillomas is unknown. Some authors (Cooper
and Keller 1969; Miller and Wellings 1971) have reported the distribution of
epidermal papillomas in flatfish to be geographically localized, with highest
inecidences near heavily industrialized areas. A direct causal relationship
may exist between xenobiotic exposure and epidermal papilloma formation, or
exposure to xenobiotics may increase the susceptibility of flatfish to a
tumor-causative agent (Miller and Wellings 1971; Stich et al. 1976). Other
researchers, however, have reported high incidences of epidermal papillomas in
flatfish from non-industrialized areas such as the Bering Sea (McCain et al.
1978; MeCain et al. 1979). Recent evidence suggests that these tumors may be
xenomas caused by a parasitic amoeba (Dawe 1980; Myers 1981).

5.1.2.2 Incidence in Elliott Bay

Flatfish with epidermal papillomas have been found at several locations
within Elliott Bay. Miller et al. (1977) found tumor incidences in all age
classes of 2.2% (37 of 1671 fish) and 2.1% (84 of 3974 fish) in English sole
collected near the Alki Point and West Point sewage outfalls, respectively. A
tumor incidence of 4.71% (162 of 3436 fish) was found at Point Pully, the
Puget Sound reference station. The incidence of tumor-bearing English sole
varied with season and age. Tumor-bearing age group 0 (young-of-the-year)
fish were generally not seen before September and the incidence of tumors in
this age group peaked during September to December. Age group I fish had
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generally higher frequencies of tumors which did not show strong seasonal
trends. Group ITI and older fish exhibited few tumors.

Miller et al. (1977) studied the occurrence of epidermal papillomas in
Duwamish River starry flounder. Incidence in all age classes for this species
was 16.9%. Miller et al. (1977) found that the tumor incidence in starry
flounder was highest (44.7%) in young fish (50 to 90 mm total length) and
decreased with increasing age of the fish. Papillomas occurred predominatly
in fish collected from the upper stations of the river. The papillomas in
fish collected from the upper stations were primarily late~stage lesions
rather than angioepithelial nodules. This finding suggested either that
tumor-bearing fish migrated into the area or that they occurred in other parts
of the river which were not sampled.

McCain et al. (1982) also investigated papilloma incidence in Duwamish
River flatfish and found an incidence in all age classes of 0.5% (3 of 565
fish) in English sole and 6.1% (17 of 280 fish) in starry flounder. All
lesion stages were found in these fish, but the majority of lesions in starry
flounder were late-stage papillomas.

Miller et al. (1977) and McCain et al. (1982), observed papillomas in
reference area fish as well as in Elliott Bay fish. Miller et al. (1977)
reported that the overall tumor incidence in age 0 English sole varied from
2.13% (West Point) to 2.39% (Alki Point) to 4.98% (Point Pully). Tumor
incidence was statistically higher at Point Pully (reference area) than at
either of the other two stations. Apparent differences also were observed in
age group I fish (Point Pully, 9.27%; Alki Point, 8.36%; West Point, 4.54%)
but differed statistically only at Point Pully and West Point. McCain et al.
(1982) found a papilloma incidence in all age classes of 12.8% (6 of 39 fish)
in English sole and 3% (1 of 33 fish) in starry flounder in a nonurban
embayment, McAllister Creek. The variable occurrence of papilloma-bearing
fish in both urban and nonurban areas of Puget Sound makes a relationship
between tumor prevalence and chemicals questionable.

5.1.2.3 Association with Xenobiotics

No causal relationship between specific xenobiotics and development of
epidermal papillomas has been established.

5.1.3. Liver Neoplasms

5.1.3.1 Background

Liver neoplasms have been described from several fish species, including
both wild fish and experimental fish in which neoplasms have been induced by
carcinogenic agents. In early literature, liver neoplasms with various
histological appearances were lumped under the term "hepatoma." More recent
reports categorized these tumors according to standard medical nomenclature,
with histological characteristics used to determine the types of cells
involved and to assess the degree of malignancy.

Liver neoplasms described from fishes involved hepatocellular, biliary
and mesenchymal elements. In a recent report outlining liver neoplasms in
Puget Sound demersal fishes, Malins et al. (1982) described three types of
neoplasms (minimum deviation basophilic nodules, liver cell adenomas and
hepatocellular carcinomas) involving hepatocellular elements, two types of
neoplasms (cholangiomas and cholangiocellular carcinomas) involving biliary
elements, and two types of neoplasms (hemangiomas and fibromas) involving
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mesenchymal elements. The histological characteristics of these neoplasms
were described by MceCain et al. (1982).

Several reports (Miller et al. 1977; Pierce et al. 1978; Malins et al.
1982; McCain et al. 1982) showed a positive correlation in demersal fishes
between liver tumor prevalence and residence in urban waterways, but an
inducing agent or agents has not been determined.

5.1.3.2 Incidence in Elliott Bay

In Elliott Bay, liver neoplasms have been recorded principally in
flatfish from the Duwamish River (McCain et al. 1977; Miller et al. 1977;
Pierce et al. 1978; Malins et al. 1982; McCain et al. 1982). Species affected
were English sole, starry flounder and rock sole (Lepidopsetta bilineata)
although other fish species were examined in some studies (Table 5.3).

Initially neoplasm incidence in Duwamish River flatfish was estimated at
32% (20 of 62 fish; McCain et al. 1977). More recently workers using larger
sample sizes have estimated the neoplasm incidence for starry flounder
collected during 1978-80 to be 1.1% (3 of 279 fish; McCain et al. 1982) and
for English sole to be 12.9% (71 of 551 fish; McCain et al. 1982). The
highest tumor incidence was noted in fishes from the upper Duwamish River
(Figure 5.1).

In addition to lesions described as neoplastic, a number of potentially
preneoplastic lesions have been reported from Elliott Bay fishes (Malins et
al. 1982; McCain et al. 1982). In these studies, lesions were categorized as
"preneoplastic” on the basis of histological similarity to "preneoplastic®
conditions found in mammals. In mammals, such conditions generally progress
to neoplasms and are thought to be irreversible. 1In general, "preneoplastic"
lesions in fish appeared histologically to be proliferative or regenerative or
both, in nature, and possessed atypical cellular characteristics (Malins et
al. 1982; and McCain et al. 1982). Malins et al. (1982) described four liver
lesions - nodular eosinophilic hypertrophy, nodular hepatocellular
hyperplasia, hyperbasophilic foci and hyperplastic regenerative islands - as
potentially preneoplastic.

"Preneoplastic" lesions have been described from fish collected in
several locations in Elliott Bay, including the Duwamish River, Seattle
waterfront, outer Elliott Bay, and West Point (Malins et al. 1982; McCain et
al. 1982). These lesions were found in both English sole and rock sole, but
the highest incidence (21%, 28 of 136 fish) was reported for English sole from
the upper Duwamish River (Malins et al. 1982). Although "preneoplastic"
lesions were associated principally with urban embayments, some affected fish
were collected from nonurban control areas (Malins et al. 1982; Figure 5.1).

5.1.3.3 Association with Xenobiotics

Although the cause(s) of liver neoplasms in Elliott Bay flatfish has not
been determined, a variety of carcinogens induced similar neoplasms in other
fish species held in the laboratory. The most widely studied liver neoplasm
ocecurred in Shasta strain rainbow trout (Salmo gairdneri) exposed to
aflatoxin, a fungal metabolite (Halver and Mitchell 1967). Neoplasms also
have been induced experimentally by exposing various fish species to known
hepatocarcinogens such as dimethylnitrosamine, acetylaminofluorine, urethane,
thiourea and p-dimethylaminoazobenzene (Ashley 1969; Halver and Mitchell
1967). In addition, lesions described as preneoplastic have been observed in
cutthroat trout (Salmo clarki) exposed to organochlorine pesticides (Eller
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1971).

Attempts have been made to correlate tissue and sediment concentrations
of specific contaminants with the occurrence of liver neoplasms in Puget Sound
demersal fishes. McCain et al. (1982) measured concentrations of PCBs and
napththalene in livers of English sole with liver neoplasms and preneoplastic
lesions, but no consistent pattern was observed. These authors also compared
the chemical composition of sediment from two areas (Duwamish River and Lake
Washington Ship Canal) with the incidence of English sole liver neoplasms,
12.7% (70 of 551 fish) and 8.2% (4 of 49 fish), respectively. The
concentrations of aromatic hydrocarbons and metals were found to be comparable
in both locations, but the concentration of PCBs was 3 to 11 times higher in
most Duwamish River sampling stations. 1In addition, PCB concentrations in
livers of Duwamish River English sole were approximately 5 to 20 times higher
than the concentrations in livers of sole from the Lake Washington Ship Canal.
The authors concluded that PCBs could not be directly linked with the liver
neoplasms cobserved in English sole from these locations.

Malins et al. (1982) investigated the relationship between sediment
chemical composition and liver neoplasms in Puget Sound English sole by
grouping sampling stations with similar sediment chemical profiles. They
found a positive correlation (p < 0.05) between the prevalence of English sole
with liver neoplasms and sediment concentrations of aromatic hydrocarbons and
metals, whereas the occurrence of this species with "preneoplastic" lesions
was positively correlated only with aromatic hydrocarbons (p < 0.01).

5.1.4 Other Liver Abnormalities

5.1.4.1 Backgrounds

Non-neoplastic liver abnormalities have been described from Puget Sound
fishes by several researchers (Miller et al. 1977; Pierce et al. 1978; Malins
et al. 1980 and 1982; McCain et al. 1982). Some of these abnormalities were
associated with parasitic infections and occurred uniformly in both urban and
nonurban embayments, but certain idiopathic anomalies were more prevalent in
urban embayments. Malins et al. (1982) identified three principal, urban-
associated, non-neoplastic liver abnormalities: 1) nonspecific
degenerative/necrotic lesions, 2) specific degenerative/necrotic lesions, and
3) intracellular storage disorders.

The first category, nonspecific degenerative/necrotic lesions, included
all cases of liver degeneration and necrosis in which no infectious agent was
found associated with the liver. This category included lesions ranging from
mild cellular or subcellular perturbations such as hydropic degeneration, to
increased cytoplasmic eosinophilia or migration of nuclear chromatin, to cell
necrosis.

Specific degenerative/necrotic lesions included megalocytic hepatosis
(characterized by a massive increase in the diameters of hepatocytes and their
nuclei) and nuclear pleomorphism (characterized by hepatocellular nuclear
enlargement, nuclear hyperchromasia, and appearance of binucleate cells).
Megalocytic hepatosis and nuclear pleomorphism were found in association so
frequently that a new name, specific degenerative/necrotic lesions, was
assigned by Malins et al. (1982) to encompass both lesions.

Intracellular storage disorders were not considered by Malins et al.
(1982) to be lesions per se, but represented variability in the amounts and
types of intracellular storage products observed in the fish tissues.
Anomalies monitored in this study included excessive accumulations of lipids
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and iron-containing storage products such as hemosiderin.

5.1.4.2 1Incidence in Elliott Bay

Malins et al. (1982) found demersal fish with nonspecific
degenerative/necrotic liver lesions in a variety of urban and nonurban
sampling areas (Figure 5.2), but the highest frequencies for English sole and
rock sole occurred in the upper and lower Duwamish River, respectively.
Highest frequencies for Pacific tomcod (Microgadus proximus) in Elliott Bay
were recorded from the Seattle waterfront.

Demersal fish with specific degenerative/necrotic lesions were collected
by Malins et al. (1982) almost exclusively from urban embayments (Figure 5.3).
In Elliott Bay, English sole with these lesions were most prevalent in the
upper and lower Duwamish River and Seattle waterfront, while affected rock
sole were most prevalent in the lower Duwamish River and Seattle waterfront.
These lesions were also detected in Pacific staghorn sculpin (Leptocottus
armatus), Pacific tomcod (1 of 65 fish) and quillback rockfish (Sebastes
maliger, 1 of 93 fish) from Elliott Bay.

English sole, rock sole, and Pacific staghorn sculpin with intracellular
storage disorders were found by Malins et al. (1982) in many urban and
nonurban collection sites. Incidence in English sole was highest in the upper
Duwamish River, while incidence in rock sole was highest in the lower Duwamish
River (Figure 5.4). Affected Pacific tomcod and quillback rockfish were found
primarily in Elliott and Commencement Bays, although affected tomcod also were
found in Sinelair Inlet (Figure 5.4).

5.7.4.3 Association with Xenobiotics

Nonspecific hepatocellular necrosis is a common response to poisoning in
many vertebrates (Plaa 1975), including teleost fish. Couch (1975) and Walsh
and Ribelin (1975) identified hepatocellular necrosis as a general reaction in
fishes exposed to a wide variety of compounds, including organophospate,
organochlorine and chlorinated cyclodiene pesticides and PCBs. Lesions
characterized by hepatocytomegaly and which resemble specific
degenerative/necrotic lesions of Puget Sound demersal fish and have been
reported in channel catfish (Ictalurus punctatus) exposed to Aroclor mixtures
(Hinton et al. 1978), and in rainbow trout exposed to dietary cyclopropenoids
(Malins et al. 1982). Cellular enlargement was a result of accumulation of
intracellular products, such as glycogen or lipid, and proliferation of
endoplasmic reticulum.

Researchers have attempted to induce liver lesions similar to those
observed in wild fish, by exposing English sole to Duwamish River sediments.
MeCain et al., (1982) reported that intraperitoneal injection of concentrated
Duwamish River sediment extracts resulted in significantly higher mortality (p
< 0.05) than did injection of control (Port Madison) sediment extracts. No
attempt was made to identify the toxic component(s) in the Duwamish sediment.
Histopathological analysis revealed minor alterations in the appearance of
hepatocytes of fish injected with either Duwamish River or Port Madison
sediment, but no hepatic lesions resembling those described in wild fish were
observed. The authors postulated that the failure to induce lesions similar
to those seen in the field may have been caused by several factors; 1)
exposure periods (3 weeks maximum) may have been too short, 2) exposure by
injection may not readily induce these lesions, and 3) fish used may not have
been of a susceptible age.
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In another experiment, McCain et al. (1982) exposed English sole for up
to three months to Duwamish River sediment or control (Snohomish River or Port
Madison) sediment. The sediments were layered on the bottom of aquaria. No
significant differences in mortality were observed between the groups, and
none of the characteristic liver lesions observed in English sole from the
Duwamish waterway were seen in these laboratory experiments.

Other studies have attempted to correlate the prevalence of non-
neoplastic liver lesions with sediment chemical composition. Malins et al.
(1982) found a positive correlation (p < 0.05) between the incidence of
specific hepatocellular degeneration/necrosis in English sole and sediment
concentrations of aromatic hydrocarbons and metals. A direct cause and effect
relationship between specific contaminants and the appearance of these lesions
in marine fish remains to be demonstrated, however.

5.1.5. Other Abnormalities in Fishes

Recent studies (Malins et al., 1980 and 1982; McCain et al., 1982) also
identified lesions in other organs (gills, kidney, gastrointestinal tract,
heart, spleen and gall bladder) of fish sampled from Elliott Bay and other
areas of Puget Sound. Some lesions, such as kidney necrosis, appeared to be
more prevalent in urban embayments in some target species. Generally, the
lesions in these organs appeared to be widespread in both urban and nonurban
embayments, or incidences were too low for statistical analysis.

5.1.6 Summary

Numerous tissue lesions have been observed in demersal fish in Elliott
Bay, but the relationship between these lesions and exposure to xenobiotics is
unclear. The incidences of some of these lesions, particularly fin erosion,
hepatic neoplasms and "preneoplasms," and certain non-neoplastic liver
lesions, appear to be greater in animals caught in areas with high xenobiotic
levels and hence, may imply a causal relationship. No specific chemical
agent(s) has been identified, however, nor have other non-chemical agents been
clearly eliminated, as causes of the lesions.

The possible contributions of many factors (besides chemicals) have not
been adequately evaluated. For example, the available data do not elucidate
potentially pertinent ecological relationships. Thus, the contributions of
such factors as differences in physical environments (salinity, water depth,
current patterns, sediment type, etc.) and differences in species
interrelationships to the geographical distribution of diseased fish remain
unknown. Further, the migratory habits of the populations which have been
studied are poorly understood (Dexter et al. 1981). Variability in cateh
statistics, disease incidences and chemical concentrations in animals from
affected areas (Malins et al. 1980) suggest some migration of the test
organisms. Determining the history of movement of either healthy or diseased
fish is difficult. To date, the contribution of migratory movements to
apparent focal distribution of lesions in demersal fish remains unknown.

5.2 Invertebrate Health

Histopathological studies of invertebrates from Elliott Bay and other
areas of Puget Sound were reported by Malins et al. (1980 and 1982). These
authors collected polychaete worms (Capitella capitata, Glycera capitata and
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Prionospio pinnata), clams (Macoma carlottensis, Macoma nasuta and Acila
castrensis), shrimp (Pandalus danae, P. jordani and Crangon alaskensis) and
crabs (Cancer magister, C. gracilis and C. productus).

No lesions were observed in polychaete worms or mulluses. Reported
sample sizes (Malins et al. 1980) were small, however, and included only 85
polychaetes (8 from Elliott Bay) and 60 clams (2 from Elliott Bay).

Lesions reported by Malins et al. (1980 and 1982) in shrimp and crab most
frequently affected the gill, hepatopancreas, midgut and antennal gland,
although other organs were occasionally involved (Table 5.4). Some lesions
were associated with infectious agents, while others (idiopathic lesions) were
caused by unknown factors. Certain idiopathic lesions appeared to be more
common in shrimp and crab sampled from Elliott Bay and other urban areas
(Figures 5.5 and 5.6). The significance of these observations was not
determined, because the low numbers of animals captured and examined precluded
meaningful statistical analyses.

5.3 MICROBIOLOGY

5.3.1 Microbiology

The Renton treatment facility was designed for activated sludge secondary
treatment and was constructed in 1965 (Matsuda and Farris 1976). The effluent
discharges into the Duwamish River 13 miles above Elliott Bay in Puget Sound.
This plant chlorinates sewage in the treatment process to kill bacteria and
then dechlorinates the effluent with sulfur dioxide prior to discharge into
the river.

A water quality monitoring program was initiated in 1961 to assess the
impact of wastewater discharge on various receiving waters (Figure 5.7:
Matsuda and Farris 1976). The current procedure used to identify and count
fecal coliform bacteria began in April 1976. Treatment and chlorination of
sewage at the Renton plant was highly effective in reducing the number of
bacteria in the effluent (Figure 5.8, Table 5.5). The concentration of total
coliforms along the shores of Elliott Bay, decreased from a median of 240,000
per 100 ml in 1968 to a median of less than 200 per 100 ml in 1975. Data from
Whitmore et al. (undated) cover the period of 1965 through 1968 for Elliott
Bay and 1963 through 1968 for the other areas.
5.3.1.1 Duwamish River

Bernhardt and Yake (1981) studied the effects of wastewater treatment at
the Renton plant on the microflora of the Duwamish River. Fecal coliforms
were measured in 1979 in the receiving waters 0.5 km above the Renton
wastewater treatment plant outfall and 15.6 km below the outfall (Table 5.6).
The changes in the concentrations of fecal coliforms at the sampling sites
downstream were confounded by tidal action and the resulting flow reversal.
During periods of low flow, a partly diluted block of river water was combined
with secondary wastewater each time flow reversal occurred. The concentration
of fecal coliforms above the Renton wastewater treatment plant was measured at
160 organisms per 100 ml (Bernhardt and Yake 1981). The concentration of
fecal coliform in the final effluent was 100 per 100 ml with a chlorine
residue of 0.23 mg/l (Table 5.6). The concentration of fecal coliform
decreased to 9 per 100 ml after mixing occurred. The number of fecal
coliforms remained low for 3.4 km below the outfall and then increased to 190
per 100 ml 7-9 km below the outfall. The concentration of fecal coliforms
varied from 1 to 300 per 100 ml (Table 5.6). Other studies done between
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Table 5,4, - Histopathological lesions observed in target invertebrate species
collected from Puget Sound. After Malins et al. (1982).

Organ or Species
tissue type Condition affectedl
GILL A. Necrosis CA,CC,PS
B. Melanized nodules and CC
granulomas CA,PS
HEPATOPANCREAS A. Epithelial necrosis and/or CC,Ps
encapsulation CA
B. Epithelial metaplasia cC
C. Phagocytic activation CC
ANTENNAL GLAND A. Necrosis CA,CC,PS
BLADDER A. Necrosis CC,CA,PS
MIDGUT A. Melanized nodules CcC

and granulomas

B. Hemocytic infiltration CC
MUSCLE A. Microsporidan infestation CA
NERVOUS SYSTEM A, Trematode infestation CA
SYSTEMIC A. Yeast infestation CA

Species affected were Crangon alaskensis (CA); Cancer crabs (CC),
C. magister, C. gracilis, and C. productus (CC); and pandalid shrimp (PS),
Pandalus danae and P. jordani (PS)
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The geographic distribution of hepatopancreas necrosis
observed in Crangon alaskensis, pandalid shrimp, and
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geographic subarea is given. The subareas are listed
in Figure 5.1.4.2.3. After Malins et al. (1982).
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Figure 5.6. The geographic distribution of necrotic and nodular
lesions observed in shrimp and crab. (A) Antennal
gland necrosis in C. alaskensis and pandalid shrimp,
(B) gill necrosis in C. alaskensis, (C) gill nodules
in Cancer spp., and (D) midgut necrosis and (E) midgut
nodules in Cancer spp. The number of animals
examined for each geographic subarea is given. The
subareas are listed in Figure 5.1.4.2.3. After Malins
et al. (1982).
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Table 5.5.

Station
230
233
235
236
238

206

Annual mean bacterial counts from wvarious stations in

Elliott Bay and the Duwamish River.
et al.

1963

Duwamish Head

241
Alki
242
243
244
245pt
246
247

248

410

230
93
150
470
93
230

930

(undated).
1964 1965
3
24x10
3
15x19
3
21x19
3
24x10
3
2.3x10
930 1160
190 190
189 210
210 180
489 510
230 400
419 360
389 1400

1966
3
40x10
3
12x10
3
73x10
3
71x10
3
3.1x10

3
1.4x10

519
230
430
630
380
320

300

1967
3
71x10
3
26x10
3
60x10
3
11916
3
4,910

800

340
160
320
806
230
280

540

After Whitmore

1968
3
170x19
3
46x10
3
63x1@
3
150x10
3
2.4x10

930

230

230

150

230

430
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October 1976 and March 1977 and October 1977 and March 1978 showed higher
fecal coliform concentrations in the Green-Duwamish River (Figure 5.9). These
data, expressed as geometric mean rather than median, probably reflected the
high runoff of water. The Duwamish River receives water from several major
combined sewer overflows in addition to storm runoff from the residential,
commercial and industrial areas in the Duwamish Basin (Harper and Owes 1983).
The principal sources of coliform bacteria within the estuary were the
combined sewer overflows (C30) which contributed approximately 80% of the
total load. The CSO fecal coliform input originated from excrement while the
upstream Green River inputs stemmed from agricultural runoff from dairy and
other farming activities.

The median fecal coliform concentrations throughout the Duwamish Estuary
exceeded 100 per 100 ml, but stemmed largely from agricultural sources as
shown by the coliform/streptococci ratio (Harper and Owes 1983). When water
from the CSO entered the Duwamish River, the fecal coliform levels could
exceed 68,000 per ml and were principally of human origin.

The decreases in the number of fecal coliforms below the outfall resulted
from effects of residual chlorine in the treated effluent as well as dilution
effects. The residual chlorine concentration ranged from 0.10 to 0.29 mg/l
(Buckley and Matsuda 1973). Scarpino et al. (undated) showed that these
chlorine concentrations inactivated Escherichia coli (Figure 5.10). Fecal
coliform concentrations again increased in the lower river but these bacteria
were derived from non-effluent sources. Renton plant effluent did not
contribute to the fecal coliform population in the lower stream system.
Bacteria from other sources included CSOs, septic tank drainage, and farm land
runoff. When the effluent from the Renton plant is diverted, the flow in the
river will be decreased. With the improved dechlorination procedure initiated
in 1983, the residual concentration in the Renton effluent will decrease.

5.3.1.2 Elliott Bay

Bacteria enter Elliott Bay from direct surface runoff, storm runoff,
sewer overflow, septic tank drainage, and the Duwamish River. The
concentrations of bacteria, both total and fecal coliforms, varied between
stations and some stations had total bacterial concentrations that exceeded
fecal coliform concentrations (Figures 5.11, 5.12, and 5.13). Other reports
(METRO undated, a-e) showed similar results, October 1975 - March 1976 and
October 1980 - March 1981. The reduction in the concentration of total
coliforms (Station 184 surface) between 1967 and 1978 illustrated the effects
of diverting untreated sewage from Elliott Bay. The total coliform
concentrations dropped from 130,000 per 100 ml to 3,000 per 100 ml.

Available data (Patten and Tomlinson, undated, and METRO undated, a-e)
indicated that the concentrations of total and fecal coliforms varied with
rainfall and overflows. 1In Patten and Tomlinson (undated) plots of the fecal
coliform concentration from Elliott Bay stations were published.

Data from the Elliott Bay offshore stations showed that at station 181-
184 and 188 (Figure 5.14) the fecal coliform concentrations usually fell below
43 organisms per 100 ml (METRO undated, a-e). Although the concentrations
occasionally dropped below 14 fecal coliforms per 100 ml water, at all
stations the concentrations were generally higher than 14 organisms per 100
ml. Puget Sound shore stations (230 and 232 from 1976 to present; Figure
5.15) showed much higher fecal coliform concentrations than did offshore
stations. Concentrations varied from 14 fecal coliforms to over 100 organisms
per 100 ml during the sampling period. Most stations had high fecal coliform
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concentrations during the wet season. Patten and Tomlinson (undated)
concluded that the Duwamish River and the large CSOs were the major causes of
these increases in wet season fecal coliform concentrations.

Human and animal excrement from the Duwamish Basin entered sewer
overflows and occasionally overflowed directly into Elliott Bay (Figure 5.16
and Table 5.7) adding pathogenic bacteria to the waters. These bacteria may
enter humans who eat salmonids, bottomfish, and squid. The presence of
Salmonella, Yersinia enterocolitica and fecal streptococei in Elliott Bay has
not been adequately documented.

Elliott Bay, east of a line between Pier 91 and Duwamish Head, is Class A
water, while all other areas are Class AA water. During the past few years
the waters in Elliott Bay, have generally been in compliance with the
bacterial standards (Appendix 1). During heavy rains and high runoff, the
concentration of fecal and total coliforms have occasionally exceeded the
applicable standards.

Alki -~ Beach Studies

Heyward, Munger and Swartz (1977) concluded that fecal pollution existed
in the water and clam samples collected in the intertidal zone near the
outfall at Alki Beach. Fecal coliform concentrations ranged from 230-2300 per
100 g of clams, but water samples between June 14-17, 1977 contained less than
30 bacteria per 100 ml. Later in the month (June 28-30, 1977) the
concentrations of fecal coliforms ranged from less than 30 to 230 bacteria per
100 g clam and from less than 3 to 9 bacteria per 100 ml water. In August
1979 fecal coliform concentrations from clams collected at Alki beaches ranged
from less than 30 to 2300 per 1900 g. Fecal coliform concentrations in low
tide water samples ranged from less than 3 to 430 bacteria per 100 ml.

Samples collected at high tide contained higher concentrations of fecal
coliforms (9 to 23,000 per 100 ml).

Salmonella was only isolated once from Alki Beach water. Vibrio species
were isolated both from water and clams with increasing frequency as the water
temperature increased. Pseudomonas aeruginosas was isolated from Alki Beach
stations; concentrations ranged from none detected to too numerous to count.
This organism may have sanitary and public health significance. It was used
in the beach studies to indicate recent wastewater or CSO pollution.
Pseudomonas concentrations were highest in samples collected at low tide.
Concentrations in water samples collected at high tide ranged from 0 to 60 per
100 ml.

Fecal streptococci were isolated from Alki beach waters with
concentrations increasing at high tide. The ratio of fecal coliforms to fecal
streptococel were used as an indicator of human or animal fecal pollution.
From the calculated ratios (FC/FS >4, human origin; FC/FS < 0.7 animal origin)
bacteria in sixty percent of the samples were concluded to be of human origin.

The concentrations of fecal coliforms were consistently higher at
stations 238 and 246 than at the stations 242 and 244 between Duwamish Head
and Alki Point (Figure 5.16).

5.3.1.3 Summary

Data showed that the most comprehensive bacteriological studies were
carried out by METRO and were reported in the METRO Water Quality Monitoring
Review Board's bi-annual reports (METRO undated, a-e). Other studies by the
Washington State Department of Ecology have been done at Harbor Island in the
Duwamish River. The data collected included total and fecal coliform
concentrations. Prior to 1967 total coliforms were measured on an
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Mean Concentration
553 sCd

urban runoff.

After METRO (1979).

Paraneter VRL VR2 LHS nL6 CBD74*

Fomp. [ 3.1 2.9 14.8 13.3 14.8 10.7 16.6
Cond. wmho/cm 125 136 PRV 98 51 132 210
Furbidity, JTU 3 » 47 18.7 15 22 43
D0, mg/L 3.6 2.9 8.5 . 9.5 9.6 9.4 7.0
80D, Bg/1 30 30 13 B t 8.5 .0 22
0D, wg/l 25 7 35 70 (1] 57 €6
Hexane Ext., mg/l 12 16 14 11 7.3 8.5 6.8
Chloride, mg/l 1.7 h ¥ 12.2 6.6 5.3 7.5 24
Sulfate, mg/l 17 18 26.1 18 7 s 25
. Organic N, mg/) 2.6 3.5 1.7 . 1.4 1.4 1.4 1.1
Amoni‘a N, mg/l 0.32 0.48 0.32 0.32 0.19 0.09 0.88
Nitrite N, Dg/i 0.11 0.32 0.06 0.04 0.03 0.02 .12
Hitrate N, mg/l 0.67 0.72 0.83 0.64 0.51 . 0.76 e.72
Hydrolyzable P, mg/l 0.45 0.40 0.24 . 0.7 0.24 0.35 0.71
Ortho P, mg/l 0.12 0.12 0.08 0.05 0.12 0.10 0.16
Coppei, =g/l 6.040 0.056 0.10 0.081 0.076 0.22 0.44
Lead, mg/l 0.44 0.32 0.25 0.40 .27 0.08 0.37
JIron, mg/1 s2.4 2.0 2.1 0.75 0.39 0.44 2.0
Marcury, mg/l 0.0003 0.00‘04 0.0004 0.0008 0.0003 0.0008 0.0005
Chromium, mg/l 0.025 0.00% ¢.010 0.074 0.010 0.01¢ -0.28
Cadmium, mg/l 0.005 0.004 0.005 0.004 0.004 0.004 0.013
zinc, mg/l 0.18 0.12 0.43 c0.24 0.082 0,068 0.86
Sett. Solids, »g/} 51 84 60 40 40 68 113
Susp. Scolids, mg/l 85 112 (14 73 54 98 190
TDS, mg/l 134 125 170 89 72 101 208
Total Coliform* 28000 26000 4200 1600 37000 1600 4600000
org./100 mls
Facal Coliform* asoe 1200 30 370 1400 370 440000
0rg/100 mls
*Median
** pua to limited background data from this area, these values are approximate

Table 5.7. Concentrations of wvarious chemicals in
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intermittent schedule in Elliott Bay offshore waters. Beginning in 1967 fecal
coliform concentrations were also measured. Fecal coliform monitoring in
samples from the shore or Elliott Bay was conducted April 1965-March 1969
(Patten and Tomlinson, undated). The change from total to fecal coliform
concentrations was made because the water quality standard was changed from
total to fecal coliform concentrations. Since some bacteria in the total
coliform group can grow in the environment, the fecal coliform group is a more
meaningful measure of fecal contamination.

Starting in June, 1982, water samples from shore were analyzed for both
fecal coliforms and fecal streptococci. The ratio of FC/FS could then be used
to estimate the source of pollution, either human or animal. Although
contamination from the upper Duwamish River was reported to be of animal
origin, the data from other sampling sites indicated human contamination.

Fecal coliform concentrations in water from Elliott Bay sampling stations
were variable. This variation correlated with heavy rainfall and
contamination of the environment from runoff and CS0.

Although many sources contributed to fecal pollution in Elliott Bay,
sewage must be considered the primary source. Little information describing
the concentrations of pathogens in Elliott Bay could be found. However,
several human pathogens including Salmonella and Shigella serotypes, Yersinia
enterocolitica, Aeromonas hydrophilia, Campylobacter jejuni, Clostridium
species, Vibrio cholera and enteropathogenic Escherichia coli may be present
during an influx of sewage.

The presence of bacteria of sanitary significance entrapped in or on fat
and oil particles floating at the surface has recently been noted. These
surface particles would not be detected in samples collected at one meter
depths.

5.3.2 Human Enteroviruses

To date human enteroviruses have not been shown to occur in Puget Sound.
Heyward et al. (1977), for example, reported that shellfish collected in the
vicinity of a sewage outfall did not contain enteric human viruses.
Similarly, Armstrong et al. (1978) could not isolate human viruses from
oysters or mussels held in cages in the vicinity of a combined sewage overflow
(C30) in Elliott Bay. Armstrong et al. (1978) proposed two reasons for their
failure to detect viruses. First, storms had not occurred during or
immediately prior to the sampling and since oysters can depurate their viral
content within 72 hr, human enteric viruses were absent. Second, "toxic
substances" present in the oysters appeared to inhibit the viral detection
process. Similarly, Tomlinson et al., (1980) attempted unsuccessfully to
isolate human viruses from sediment and receiving waters near several CSOs in
Puget Sound.

Other workers have reported human enteric viruses to be present in
animals and water collected near sewage overflows (Goyal et al. 1979; Vaughn
et al. 1980; Gerba et al. 1980; Ellender et al. 1980; Sobsey et al. 1980a and
1980b). Of those viruses isolated, polio type 1 was most prevalent (241/252
and 50/55). Polio type 2 and Echo type 24 were found in 1/55 each. Other
viruses identified, but not quantified included polio types 1 and 2 (vaccine
strain), Echo types 1, 2, 15, 20, 23, and 24 and Coxsackie type B-3 (Meinhold
and Sobsey 1982). The concentration and frequency of virus recovery varied
with the depth of water in which the mussels were exposed (Morris et al. 1976)
with the number of viruses increasing with depth.

Munger et al. (1976) tracked enteric virus through a sewage treatment
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plant. They found that digested sludge yielded less virus than did primary
and activated sludges. Hence, human enteric viruses do enter marine waters.
However, the low numbers or absence of recovered viruses is not surprising.
Viruses require a healthy viable host cell in which to reproduce. Hence,
human enteric viruses discharged into the marine environment do not increase
in number, rather they are gradually destroyed over time.

5.3.3 Relationship of Viruses to Bacteria

Initially workers assumed that a count of the total or fecal coliform
bacteria present in an aquatic animal was a good estimate of the number of
enteric virus present. The falsity of this assumption was first recognized by
Portnoy et al. (1975). Goyal et al. (1979), Gerba et al. (1980), and Ellender
et al. (1980) published similar conclusions. The presence of enteric human
viruses in shellfish cannot be statistically correlated with the presence of
coliform bacteria in the shellfish or in the surrounding water using current
microbiological standards.

5.4 Responses to Toxic Chemical Contaminants

5.4.1 Acute Bioassays

5.4,1.1 Water Column

Most water column toxicity tests have been conducted at the Washington
State Department of Fisheries Shellfish Laboratory at Brinnon. From 1962
through 1976 tests were conducted once annually using the 48-hr oyster
(Crassostrea gigas) embryo bioassay (Woelke 1972). The results are presented
in Figures 5.17 and 5.18 for two stations located in the Duwamish west
waterway and off Pier 91 in Elliott Bay (Cardwell and Woelke 1979). Water
quality was satisfactory at both stations with the exception of the 1972 and
1974 tests for the Duwamish River station. Oyster abnormalities (1972) and
mortalities (1972 and 1974) were elevated, but these responses were associated
with depressed salinities (11.9 to 12.9 °/00) which were below the acceptable
lower salinity limit (20 ®/oo) for oyster embryos. With the exception of one
water sample collected from 60 feet at each station in 1976, all tests were
performed using surface waters.

Cummins (1974) conducted oyster embryo bioassays on one Elliott Bay
(surface) and six Duwamish estuary (11-21 feet deep) stations. All samples
showed slightly reduced survival (4.8 to 30.6% less than survived in Clam Bay
control water), but with no increase in the number of abnormal larvae.
Salinities were at or above 26 °/oo and, therefore, probably did not cause the
reduced survival.

Chapman et al. (1982c) tested one bottom water sample from a Duwamish
South Harbor station and a station off Pier 54 in Elliott Bay. Acute toxicity
was not noted in sticklebacks (Gasterosteus aculeatus), marine oligochaetes
(Monopylephorus cuticulatus), or amphipods (Eogammarus confervicolus) exposed
for 96-hr. Significant genotoxicity was not detected using extracts from the
water and rainbow trout (Salmo gairdneri) gonad cells in the anaphase
aberration test, but a significant (p < 0.001) reduction in the oligochaete
respiration rate (a sublethal toxicity index) was noted for water from the
Duwamish South Harbor station.

Adult oysters (C. gigas) and mussels (Mytilus edulis) held in cages were
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exposed to Elliott Bay water at six sites adjacent to the Denny Way combined
sewer overflow (CS0). The first set of tests were conducted from April 20 to
June 2, 1977, during a period when no CSO discharges were observed (Armstrong
et al. 1978). During this time no oysters died. However, a few mussels at
each site died, probably as a result of predation. A decrease in condition
index for both oysters and mussels nearest the outfall was noted. Copper and
zinc concentration in the tissues was highest adjacent to and south of the CSO
while the concentrations of chromium, lead, pesticides, and PCB's in the
tissues increased at all sites. Since no overflow occurred during the test
period, Armstrong et al. (1978) speculated that the decreases of condition
indexes and uptake of metals and pesticides might be caused by contaminated
sediments in the CSO discharge area.

To clarify the studies of Armstrong et al. (1978), an additional set of
oyster and mussel exposures was conducted (Tomlinson et al. 1980). No change
in either oyster or mussel mortality or condition indexes as a function of
distance from the CSO was noted this time. Mussels closest to the CSO did,
however, show increases in copper and lead concentration while the zinc
concentration in the tissues decreased at all sites.

5.4.1.2 Sediments

Amphipod Bioassays. Amphipods are generally infaunal or epifaunal
crustaceans which play an important role in many aquatic food chains. The
infaunal amphipod, Paraphoxus epistomus (= Rhepoxynius abronius), was the most
sensitive of five macrobenthic animals tested with contaminated sediments from
the Duwamish estuary (Table 5.8) and other industrial sites (Swartz et al.
1979). These experiments showed a significant (p < 0.05) reduction in
amphipod survival in 10-day exposures to sediments from two sites in the
Duwamish waterway and from one site in Elliott Bay.

Recently, amphipod/sediment bioassays have been used by a variety of
investigators to test the toxicity of Elliott Bay/Duwamish estuary sediments.
Ott et al. (unpubl. manuscript) found significantly reduced survival and/or
sublethal effects in four of the seven test sediments with 10-day amphipod
survivals ranging from 37.5 to 91.6%. Chapman et al. (1982b) and Chapman and
Fink (1983) reaffirmed the conclusions of Swartz and Ott that Elliott Bay
sediments are toxic to amphipods in 4 to 10-day exposures. Earlier tests by
Chapman et al. (1982c) using a less sensitive species (Eogammarus
confervicolus) showed no lethality (except at a Denny Way CSO station) in U4-
day exposures.

Dinnel et al. (1983a) have also reaffirmed the toxicity of some sediments
in the Duwamish waterway. Cummins (1983) surveyed the toxicity of sediments
in outer Elliott Bay (around the old Duwamish dredge spoils dump site) and
found amphipod survivals of 60-90%.

While amphipods are clearly sensitive to toxic chemicals in sediments, a
few words of caution must be expressed. First, within and between
investigator variability in amphipod test results is evident both in the
magnitude of toxicity and in the spatial-temporal distribution of sediment
toxicity. Differences related to test methodologies and test species as well
as changes in sediment toxicity within the same sample site (both in spatial
patchiness of toxicants and changes through time) are evident. Secondly, a
variety of interactive stresses (other than toxic chemicals) may potentially
influence amphipod mortality. These factors include but are not limited to:
sediment grain size, food availability, organic content of the sediments, age
and sex of the test animals, and physical test conditions such as temperature,
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Mean survival of macrobenthic marine species in sediment
toxicity bioassays.
individuals/species were used.

Two replicates, each with 20
After Swartz et al. (1979).

Mean Survival

Protothaca Macoma Glycinde Paraphoxus

Sediment source Total staminea inquinata picta epistomus Cumacea
Yaquina control 87.5 19.5 19.5 14.0 19.5 15.0
Duwamish Turning

Basin 69.0% 20.0 17.0 17.5 4.0% 16.5
Duwamish Slip #1  65.0% 20.0 13.0% 16.0 9.0% 7.0
Duwamish mouth 81.5 20.0 16.0 17.0 17.0 11.5
Puget Sound 76.0% 20.0 16.5 14.0 17.5 8.0
Elliott Bay 71.0% 20.0 17.5 15.5 12.0% 6.0

* Reduced survival at P <0.05.
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pH, and salinity. Additional research is needed to define these interactive
stresses before the full impact of toxic chemicals on amphipods can be
understood. Thirdly, amphipod assays provide only a single measure of the
effects of chemicals on the highly variable marine system. This test must be
used in conjunction with other sensitive acute, sublethal, and bioaccumulation
tests which, in turn, must be related to other environmental health indexes
such as chemical concentration and benthic community structure,

5.4.1.3 Other Acute Bioassays.

One of the earliest bioassays using Duwamish estuary sediments was by
Legore and DesVoigne (1973) who challenged sticklebacks and coho salmon fry
(Oncorhynchus kisutch) held in freshwater with up to 5% (wet weight) Duwamish
sediments in 96~hour biocassays. Mortality or loss of equilibrium was not
observed during the test period. Subsequently, Shuba et al. (1978) bioassayed
sediments collected from the Duwamish River channel (site 1) and slip 1 (site
2) near the site of a 1974 PCB spill. The sediment PCB concentrations were
0.38 and 0.66 ppm for sites 1 and 2 and both contained over 300 ppm of total
petroleum hydrocarbons plus various metals. The marine copepods Acartia and
Tigriopus were each exposed to site 1 liquid phase (LP) and suspended
particulate phase (SPP) for 24 hours in four experiments. Tigriopus was
unaffected by exposure to 100 percent SPP while Acartia suffered only slight
mortality in 100 percent LP or SPP. Estuarine clams Rangia and grass shrimp
Palamonetes were exposed to site 1 and 2 sediments (0.1 to 5.0% vol/vol) for
14 days. The clams were unaffected but the shrimp averaged 55 percent
survival in the high concentration from site 1 compared to 80 percent survival
for the controls. No mortality was evident from the site 2 sediments. Shrimp
tissues analyzed for PCB's showed tissue levels of 0.35 (site 1) and 0.68
(site 2) ppm PCB's as compared with 0.06 ppm in control shrimp held in clean
sand.

Malins et al. (1982) exposed crabs (Cancer gracilis) and various species
of clams to Duwamish sediments in situ in cages for 56-71 days. The results
of the first of two such experiments showed no significant clam mortality, but
6 out of 8 crabs died in the Duwamish River vs. 3 out of 10 dead in the
controls at Port Susan (significant difference at p < 0.01). However, post-
exposure histological examination suggested that the crabs were probably
underfed. A second set of tests showed no significant differences in crab
mortality between Duwamish and control sediments.

Chapman et al. (1982c) exposed sticklebacks and marine oligochaetes to
sediment-water slurries for 4 days. They found no acute toxicity from
sediments from 97 stations around Puget Sound. Acute responses were not to be
expected using these test species; however, since Legore and DesVoigne (1973)
clearly showed the insensitivity of sticklebacks to contaminated sediment
slurries a decade ago. Similarly, Chapman et al. (1982a) pointed out the
great tolerance of oligochaetes to sewage sludge and organic-enriched
sediments.

5.4.2 Sublethal Bioassays

5.4.2.1 Oyster Embryo

Schink et al. (1974) conducted the prototype osyter embryo bioassays
using sediment during a 1971-1973 dredging effects survey in several urban
waterways. They exposed 19-hour old larvae to sediment slurries rotated at U4
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RPM for 29 hr. Grays Harbor industrial area and Duwamish Harbor sediments
were the most toxic. A significant percentage of abnormal development
occurred in slurries as low as 0.2 g/liter (dry wt.) and 100 percent
abnormalities in 1.0 g/liter Duwamish sediments. However, the highest
correlations for percent abnormal development were with total sulfides,
biological oxygen demand and chemical oxygen demand, indicating that sediment
organic content significantly influenced the test results.

Concurrently Cummins (1973, 1974) conducted oyster embryo assays on a
different set of sediment samples from the Duwamish estuary and Elliott Bay.
Cummings found that the oyster mortality and abnormal responses were very
similar to responses of the oyster embryos to the control (Clam Bay)
sediments.

Chapman and Morgan (1983) retested sediments from 22 Puget Sound stations
originally assayed with other acute and sublethal tests. Oyster embryo tests
using sediment (20 g/liter) in static beakers showed higher percentages of
abnormal larvae in 1 out of 5 stations in Elliott Bay and from all four
stations in the Duwamish waterway. Percent relative survival followed this
same trend. Chapman and Morgan claimed that this oyster embryo assay
"provides comparable data to other toxicity tests," but failed to present any
analyses or comparisons which support this claim. Considering 3Schink et al.'s
(1974) correlation of toxicity with total sulfides and not toxic chemicals,
simple interpretations such as Chapman and Morgan's must be viewed with
caution. Nevertheless, oyster embryo assays (and similar short-term sensitive
assays) hold promise when the methodology has been fully worked out and
validated specifically for sediments.

5.4.2,2 Worm Respiration

Another sublethal test currently used to test potential sediment
toxicity measures changes in the respiration rate of a marine oligochaete (M.
cuticulatus) (Chapman et al. 1982b, 1982c; Chapman and Fink 1983). Worms were
incubated 4-8 hours in sediment elutriates. Changes in oxygen uptake (either
positive or negative) were measured and compared with the oxygen uptake of
control worms. Generally, toxicity (= deviation from control respiration
rate) occurred in known areas of chemical contamination, but control
elutriates also caused occasional significant toxicity. Chapman and Fink
(1983) compared the data from worm respiration tests from nine stations tested
during three consecutive studies and found general agreement for only 4 out of
9 of the stations. However, patchiness in the occurrence of toxic chemicals
cannot be ruled out as a contributing factor for the lack of agreement.

Data from the worm respiration tests were difficult to interpret. Either
positive or negative deviation from the control respiration rate can be
interpreted as toxicity. The potential also exists for equal stress in both a
positive or negative direction resulting in no change thus yielding an
insignificant response. The specific causes of these positive and negative
deviations are unknown. The different responses may be caused by different
factors or low concentrations of toxicants may yield a stimulatory (i.e.,
positive) response while higher concentrations may depress respiration (i.e.,
negative response) with possibly intermediate concentrations "erossing over"
to produce no response (Figure 5.19). Indeed, respiration data may differ
each time tests are run with new sediment samples from one area. Comiskey et
al. (1983) noted that respiration testing of sediments from the Denny Way CSO
yielded all negative respiration rates during one study (Chapman et al. 1982c)
and almost all positive rates during a second test (Chapman et al. 1982b).
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Agreement of the respiration data with data from other tests is also
elusive. Presently, few comparative data exist for amphipod or other acute
bioassay tests and agreement with an index of genotoxicity (discussed below)
is at best 50% (extrapolated from results of Chapman et al. 1982b).

5.4.2.3 Genotoxicity Assays

Many chemicals being discharged into Elliott Bay in sublethal
concentrations interact with the genetic components of cells and may cause DNA
mutations., These alterations may then be passed on to subsequent generations.
While effects of this nature are often noticable in human or terrestrial
populations, less fit aquatic organisms usually suffer silent mortality -
genetically deficient individuals simply fall prey to other organisms and
mortalities are never seen. Therefore, the need for genetic effects data has
prompted several researchers to develop short-term genotoxicity laboratory
tests that are currently being used to study genetic effects of chemicals on
aquatic organisms.

Dexter et al. (1979) used the Ames mutagenicity assay to test organic
chemical extracts from sediments from 20 stations in Elliott Bay and the
Duwamish waterway. The results were inconclusive because of the high acute
toxicity of the extracts and the lack of agreement with known concentrations
of chemicals in the sediments. The authors suggested, however, that
fractionation of extracts might partition out the acute toxicity and still
allow successful mutagencity testing.

A second genotoxicity assay measured the frequency of sister chromatid
exchanges (SCE) in cells of English sole collected from the Duwamish estuary.
Stromberg et al. (1981) determined a SCE rate of 3.25/cell from Duwamish fish
vs. 2.16/cell in control fish from Agate Pass. This statistically (p < 0.05)
elevated SCE rate from Duwamish fish was similar to the rate induced by
injection of 0.05 ug/g of the known carcinogen, benzo(a)pyrene.

A third genotoxicity test has recently been used in conjunction with
sediment assays by Chapman (1982b, 1982c¢c). The anaphase aberration assay
using cultured rainbow trout gonad cells assesses the ability of organic
chemical sediment extracts to cause a variety of chromosomal defects during
cell division. While significant toxicity (= chromosomal damage) has been
recorded using this system, the data are not consistent with other toxicity
indexes (for example, worm respiration tests). However, good correlations
were not necessarily expected since many chemicals which cause genotoxic
effects may not be acutely or sublethally toxic to aquatic animals. This test
is supported by a substantial amount of basic laboratory testing (see Kocan et
al. 1979, 1981, 1982), a factor missing with many of the bioassay systems
discussed previously. Although this system currently uses a freshwater fish
cell line, recent work by Hose and Puffer (1983) suggested that the anaphase
aberration assay could be performed using cultured cells from embryos of
marine invertebrates.

5.4.2.4 Bioaccumulation

A third factor to be considered in the evaluation of biological health of
aquatic systems is the accumulation (or the potential for accumulation) of
toxic chemicals. Accumulated chemicals may eventually induce lethal or
sublethal effects or be concentrated in animals in the higher tropic levels.
History has shown that certain chemicals (e.g., DDT in Brown Pelicans and
methylmercury in humans from Minimata Bay, Japan) increase in concentration as
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the chemical is passed from prey to predator through ingestion.

Many field studies around Puget Sound (see chapter 3.3) documented
increases in the concentrations of metals and organic chemicals in marine life
associated with urban areas. However, relatively few studies have dealt with
bicaccumulation from an experimental bioassay approach.

Several bioaccumulation studies relative to Elliott Bay have already been
discussed above in conjunction with acute or sublethal bioassays. These
include Armstrong et al. (1978) and Tomlinson et al. (1980) who noted
increases in the concentration of metals, pesticides, and PCB's by oysters and
mussels held in live cages near the Denny Way CSO and Shuba et al. (1978) who
found accumulations or PCB's in shrimp exposed to Duwamish sediments.

The only other bioaccumulation assays conducted in Elliott Bay address
chemicals associated with dredging activities and the water quality of the
Duwamish estuary. Teeny and Hall (1977) exposed spot shrimp, Alaska spot
shrimp, mussels, sea cucumbers, and English sole held in cages at the disposal
area to chemically contaminated Duwamish dredge spoils in outer Elliott Bay.
No significant uptake of either mercury or chromium occurred during a 39-week
exposure period. Similarly, Stout and Lewis (1977) did not find significant
increases in PCB concentration in a similar set of test animals held in the
disposal area. However, variability was high between test animals and some
animals had high body burdens of PCB's (up to 0.17 ppm) at the test
initiation.

Calambokidis et al. (1979) transplanted mussels from the Duwamish River
estuary to a relatively clean site on south Puget Sound and monitored the
depuration of PCB's, 1Initial body burdens of PCB's averaged 487 ng/g and fell
to 46 ng/g over an 89-day period. The authors found that PCBs decreased in
concentration logarithmically and that higher chlorinated biphenyls were
retained, probably because of their lower water solubility.

5.4.3 Toxicity of Renton Treatment Plant Effluent

While technically outside the present study area (i.e., Duwamish
estuary/Elliott Bay), METRO's Renton sewage treatment plant effluent has been
the focus of a variety of toxicological studies relative to its discharge of
approximately 30-40 million gallons per day (MGD) of partially dechlorinated
secondary treated sewage approximately 20 km above Elliott Bay. Studies have
shown that the Renton treatment plant contributes nearly 80 percent of the
total ammonia, most of the residual chlorine, and measurable amounts of
various metals and organics to the Duwamish River (Harper-Owes 1983). Because
of this, METRO biologists have conducted a variety of biocassays of Renton
effluents in an attempt to determine effects on resident and anadromous fishes
(especially salmonids). Specifically, Buckley and Matsuda (1973) conducted
whole effluent biocassays of Renton effluent using 96~hr exposures to coho
salmon in a static test system. They determined 24 and 96-hr fifty percent
lethal concentrations (LC50's) to be 33 and 29 percent effluent, respectively.
The principal toxicant was determined to be residual chlorine, the LC50
effluent concentrations corresponding to 0.20 to 0.23 mg/liter for 24 and 96-
hr exposures. Since a lethality index provides insufficient data for long
term maintenance of fish health, Buckley (1976) followed up with studies to
define the sublethal toxicity of Renton effluent to coho salmon. This study
showed that salmon exposed to chlorinated secondary effluent for up to 12
weeks suffered symptoms of hemolytic anemia, increased numbers of circulating
immature erythrocytes, pathological changes in erythrocytes, and a reduction
in packed cell volume and hemoglobin levels. These changes were attributed to
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the oxidative nature of the chlorine used for disinfection at concentrations
as low as 0.003 mg/liter. These studies eventually led to partial
dechlorination (to about 0.25 mg/liter) of the effluent during the late 1970's
and early 1980's with essentially complete dechlorination starting in 1983 (R.
Finger, personal communication).

A second major component of Renton effluent is ammonia. Buckley (1978)
conducted studies of ammonia toxicity to coho salmon and found that the 96~hr
LC50's were associated with 0.45 mg/liter un-ionized ammonia in Duwamish River
water. Subsequent toxicity studies investigated the sublethal intoxication
and modes of action of chlorine and/or chlorine in conjunction with ammonia
(monochloramine) on rainbow trout erythrocytes (Buckley 1981a, 1981b, 1982).

A third area of concern surrounding any sewage or industrial discharge is
toxic metals and organics. Only one study has been conducted with Renton
effluent which directly addresses these groups. This study by Buckley (1984)
looked at the toxicity of copper to coho salmon relative to its degree of
complexation with Renton effluent organics. Buckley determined that the LC50
of the Cu®* ion was 0.017 to 0.022 mg/liter while the toxicity of total copper
varied from 0.164 (in river water) to 0.286 (in 40% sewage effluent) mg/liter
and that mean survival times in diluted effluent with added copper were
inversely proportional to the Cu2+ concentration.

All of the Renton effluent toxicity studies described above were
conducted using non-saline Duwamish River water in order to assess any real or
potential impacts on the freshwater/anadromous biota. Presently, however,
METRO plans to discharge the Renton effluent directly to Puget Sound estuarine
waters via a pipeline which will bypass the Duwamish River. Because major
physical, chemical, and biological differences exist between fresh and marine
waters, METRO commissioned additional bioassay studies to determine the
toxicity of Renton effluent to sensitive marine life stages (Dinnel et al.
1983a and 1983b). The marine bioassays conducted to date have utilized 60-min
sand dollar (Dendraster excentricus) and green sea urchin (Strongylocentrotus
droebachiensis) sperm exposures, U8-hr oyster embryo tests, 96-hr green sea
urchin embryo tests, and U4U8-hr Dungeness crab (Cancer magister) zoea tests.
The average 50 percent effective concentrations (EC50's) of Renton influent,
primary, secondary, chlorinated secondary, and de-chlorinated secondary sewage
to each of these life stages is summarized in Table 5.9. Generally, the
relative toxicities of Renton sewage were: chlorinated secondary > influent >
primary > dechlorinated secondary > secondary sewage. The 60-min sperm assays
generally proved to be most sensitive to Renton sewage while the crab zoea
were the least sensitive.
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6.0 CONCLUSIONS

6.1 Rationale

The goals of this review were (1) to assess available data that could be
used in the evaluation of potential sites for an outfall in Elliott Bay, and
(2) to identify data inadequacies which may prevent future comprehensive
assessment of wastewater management activities in Elliott Bay should a new
outfall be constructed therein. The management activity addressed is the
proposed diversion of Renton Treatment Plant secondary effluent from the
Duwamish River to an outfall off Duwamish Head. A more detailed understanding
of Elliott Bay circulation is being developed, but this understanding should
not alter assessment of the existing data base. This review considered the
potential recovery of the Duwamish River following effluent diversion, but
only when needed to achieve understanding of the effects of effluent diversion
on the bay. Following diversion of the effluent from the Duwamish River and
transfer to either a deep (about 200') or very deep (about 600') site off
Duwamish Head, the spatial and temporal effects of the effluent within Elliott
Bay may change due to changes in distribution and retention. NOAA sampling
programs in the Duwamish River for xenobiotic chemicals are expected to
continue and to avoid duplication, industrial pollution in the Duwamish River
was given limited attention.

This evaluation was based on the following gquestions:

1. What are the deficiencies in the data base which are likely to

compromise post-operational assessment of a Duwamish Head outfall?

2. What is the quality and utility of the existing data in the

assessment of pre-versus post-discharge assessment?

3. If the data are inadequate to meet either or both of the goals, what

are the reasons?

6.2 Water Column

Understanding of the responses of phyto- and zooplankton to water quality
changes in Elliott Bay was found to be very limited. Seasonal plankton cycles
and comparisons of the plankton in the inner and outer bay do not exist.
Seasonal chlorophyll distribution studies have not been conducted. Primary
productivity is slightly lower in Elliott Bay than in the main basin of Puget
Sound. However, these existing results may be biased by the position of the
Elliott Bay station in the chlorophyll low for the bay. Some nutrient data
exists, but most was limited to the Duwamish estuary. Phytoplankton species
have not been identified nor have responses to blooms in the bay. Data on
zooplankton biomass or species composition were not found hence, relationships
in the lower food chain are uncertain. The inhibitory/stimulatory responses
of phytoplankton to ammonia in the Duwamish River and Elliott Bay may be the
parameter which will show the greatest single change following effluent
diversion. Water column biota require further characterization if responses
to natural physical parameters, distributions in time and space, and responses
to changes in the dispersion of nutrients are to be modeled and used for
management purposes.
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6.3 Intertidal Resources

The only undeveloped intertidal areas remaining extend from Alki Point to
Duwamish Head and from Smith Cove to West Point and represent 2% of the
original shallow water habitat existing in 1890. The remainder of the
shoreline has been extensively modified and the shallow water habitat
destroyed. The beach from Alki Point to Duwamish Head is one of the most
heavily utilized public beach areas in Seattle. Use of the Smith Cove to West
Point segment is limited by more difficult access. The intertidal communities
of plants and animals have been extensively sampled along the east shore of
Puget Sound including West and Alki Points and a good historical data base
exists. However, the remainder of Elliott Bay has received limited attention
except near the Denny Way CSO. Assessments of the accumulated floatables
(oil, grease, bacteria, priority pollutants) in the intertidal sediments and
organisms were not reported. Few data describe the existence and use of
commercially or recreationally important invertebrates; such data are needed
to assess the impact of the marine resources upon human health.

6.4 Subtidal Ecology

Subtidal infaunal studies have partially characterized the benthic
environments in Elliott Bay but the following deficiencies exist. Synoptic
sediment examinations at relocatable stations exist on northern and eastern
areas of the bay but not near Duwamish Head. However, long-term data were
absent. Comparisons of existing data sets may be possible in certain cases
but not in others because of the different levels (species vs. family) to
which organisms were identified, inclusion of dead with live animals in counts
and differences in sampling procedures. Evaluation of existing data with
statistical tests having greater resolving power is possible and would be
useful for certain data sets. Effects of the Duwamish River on Elliott Bay
microfaunal benthos were significant and well documented. Those same riverine
materials probably influence macrofaunal benthic communities (generally the
primary emphasis of benthic studies). However, these effects were not well
documented in Elliott Bay, especially near Alki Point and Duwamish Head.
Synoptic sampling and long-~term studies would aid the assessment of the
benthic environment. Reanalysis of existing data (where feasible) would
further strengthen the data base to allow quantitative assessment of waste
water related changes in the bay.

6.5 Fishes

Considerable information on the life histories, community ecology,
specific habitat requirements and food habits of Puget Sound fishes exists.
Most of these data were collected near Alki and West Points as well as in the
Duwamish River. Circumstantial evidence suggests that English sole spawn in
areas around Duwamish Head and near Smith Cove. Many species including
flatfish and salmonids in large numbers dwell as juveniles in the eelgrass
beds along the beach near Smith Cove and from Duwamish Head to Alki Point. A
large reef fish community which has never been sampled probably exists among
the debris on the bottom of Elliott Bay. The fish community associated with
the numerous pilings along the east shore of the bay has received very limited
assessment. Fish communities in the bay have not been characterized by
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habitat type so that these data may be compared with the more extensive fish
data available from outside Elliott Bay. Specific marine fish spawning areas,
residence times and development rates of ichthyoplankton in the bay require
further definition. The importance of eelgrass habitats for rearing and
breeding of juvenile salmonids and flatfishes in the bay has not been defined.

6.6 Fish Health

Research by NOAA that attempts to relate occurrence of xenobiotic
chemicals with the occurrence of liver tumors in fishes has been focused upon
the Duwamish estuary. Fish health has not been examined in other areas of the
bay. However, many fish species migrate freely from the bay to the estuary
and back. Documentation of the health of fishes in the bay may further
elucidate these interactions as well as establish a health baseline prior to
effluent discharge off Duwamish Head.

6.7 Microbiology

Monitoring of fecal coliform bacteria in the Duwamish estuary and parts
of Elliott Bay is a routine procedure which has been utilized for many years.
In the past only fecal coliform counts have been made. Detection and counts
of selected pathogenic (enterococci, Yersinia and Salmonella) organisms would
provide a better index of water quality condition. Bacterial counts in the
estuary may be one of the parameters that will show a significant response
once the effluent is diverted from the river. The possible concentration of
bacterial pathogens in floatable particulates (oil and grease) in the surface
microlayer has not been examined in the estuary or in Elliott Bay. These
floatable particulates represent a potential mechanism to reconcentrate and
transport bacteria to beaches.

The presence of human viruses in shellfish in the marine environment
cannot be statistically correlated with the presence of coliform bacteria in
shellfish or in the surrounding water. Areas declared to be free of
contamination by human enteric bacteria are not necessarily free of
contamination by human enteroviruses.

Although no shellfish have been found to be contaminated with human
enteric viruses in Elliott Bay, shellfish have been shown to be contaminated
with viruses in other parts of the country demonstrating that such a potential
exists. Most enteric human viruses found in marine shellfish occurred near
known sewage outfalls or in areas known to be contaminated by human sewage.
Most human enteric viruses found in contaminated marine shellfish were the
polio type 1 (vaccine) strain. The best method to detect the presence of
human viruses in the marine environment is the use of sentinal (indicator)
organisms suspended in the study area.

6.8 Marine Toxicology

Limited intermittent toxicity testing has been conducted on the waters
off Alki and West Points, in the Duwamish estuary, near the Denny Way CS0, and
along the Seattle waterfront. The test methodology has varied over time.

Much of the prior testing was limited to surface water samples. A variety of
rapid and sensitive toxicity tests now available could define background
responses of water from Elliott Bay that will be needed to interpret future
wastewater toxicological data. The toxicity of xenobiotic chemicals in the
sediments has been intermittently tested in the Duwamish River and near the
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Denny Way CSO, however, no significant testing has been conducted near
Duwamish Head and Alki Point. Seahurst baseline data define significant
amphipod mortalities in sediments from the northern part of the East Passage
of Puget Sound.

6.9 Chemistry of Xenobiotic Chemicals

A recent review describing the properties, fates, sources, and
distribution of the 126 EPA "priority pollutants" (petroleum hydrocarbons,
polychlorinated dibenzofurans, and particulates) in Puget Sound revealed
numerous data gaps. Relationships between contaminated sediment, benthic
uptake, and organism/ecosystem impact are unclear. Concentrations of
pollutants in biota (with possible exception of metals, PCB's, and
benzo(a)pyrene) are not well known. Elliott Bay and the lower Duwamish River
show some of the highest levels of As, Cu, Pb, Hg, Zn, DDI/DDE, PCB, and PAHs
found in Puget Sound. While there have been numerous investigations of the
concentrations of metals in the tissues of various fish species from Puget
Sound, few studies conclusively demonstrate the accumulation of metals in
tissues in excess of '"normal" or "background" concentrations. None of the
studies to date has included sufficient numbers of replicate samples to allow
statistical analysis of the data. Available data on the concentrations of
PCBs in fishes of Puget Sound (and similarly for most other organic
contaminants) suffer from lack of adequate replication, differences in fish
species analyzed, and lack of appropriate controls.

The discharge rates and water quality characteristics of the Duwamish
River and the identification of toxicant loading for sources discharging into
Elliott Bay indicate that reasonable toxicant loading data exist for the
Duwamish River. Data from other sources are poor. In Elliott Bay most data
on trace metals and trace organics in sediments and biota are from the West
Waterway, Harbor Island, East Waterway and the Seattle Waterfront. Few data
exist between the West Waterway and Duwamish Head along Alki Way in the area
between Duwamish Head and Alki Point.

Most trace metal data in the water column describe suspended particulate
matter. Few data describe the concentrations of soluble trace metals and
trace organics. Biological data for both trace metals and trace organics are
mainly on benthic fishes; few data describe chemical concentrations in pelagic
and semi-pelagic fish, and data are almost nonexistant for migratory fish such
as salmon, cod, and herring. A need exists to establish the input and flux of
(a) water-borne nutrients, (b) metals, (c¢) hydrocarbons, (d) microbial
constituents, (e) chlorinated hydrocarbons, and (f) other organics. The
bioaccumulation patterns of organisms should be used to investigate the
process of contaminant transfer through the food web.
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APPENDIX 1

Class AA and A water quality standards defined in Chapter 173-201-045 of

the Washington State Administration Code are as follows:

1. Class AA (extraordinary)

a.

General characteristic. Water quality of this class shall

markedly and uniformly exceed the requirements for all or

substantially all uses.

Characteristic uses. Characteristic uses shall include, but

not be limited to, the following:

1. Water supply (domestic, industrial, agricultural)

2. Stock watering

3. Fish and wildlife:
Salmonid migration, rearing, spawning, and harvesting.
Other fish migration, rearing, spawing, and harvesting.
Clam, oyster, and mussel rearing, spawning, and
harvesting.
Crustaceans and other shellfish (crabs, shrimp, crayfish,
scallops, ete.) rearing, spawning, and harvesting.

b4, Wildlife habitat

5. Recreation (primary contact recreation, sport fishing,
boating, and aesthetic enjoyment).

6. Commerce and navigation

Water quality criteria.

1. Fecal coliform organisms
(A) Freshwater - fecal coliform organisms shall not

exceed a geometric mean value of 50 organisms/100 ml,
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with not more than 10 percent of samples exceeding
100 organisms/100 ml.

(B) Marine water - fecal coliform organisms shall not
exceed a geometric mean value of 14 organisms/100 ml,
with not more than 10% of samples exceeding 43
organsims/100 ml.

Dissolved oxygen

(A) Freshwater - dissolved oxygen shall exceed 9.5 mg/l.

(B) Marine water - dissolved oxygen shall exceed 7.0
mg/l. When natural conditions, such as upwelling,
occur, causing the dissolved oxygen to be depressed
near or below 7.0 mg/l, natural dissolved oxygen
levels can be degraded by up to 0.2 mg/l by man-
caused activities.

Total dissolved gas shall not exceed 110% of saturation at

any point of sample collection.

Temperature shall not exceed 13.0°C (marine water) due to

human activities. Temperature increases shall not, at any

time, exceed t = 8/(T-4) (marine water).

When natural conditions exceed 13.0°C (marine water), no

temperature increase will be allowed which will raise the

receiving water temperature by greater than 0.3°C.

For purposes hereof, "t" represents the permissive

temperature change across the dilution zone; and "T"

represents the highest existing temperature in this water

classification outside of any dilution zone.

Provided that temperature increase resulting from nonpoint
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source activities shall not exceed 2.8°C.

pH shall be within the range of 7.0 to 8.5 (marine water)
with a man-caused variation within a range of less than
0.2 units.

Turbidity shall not exceed 5 NTU over background turbidity
when the background turbidity is 50 NTU or less, or have
more than a 10 percent increase in turbidity when the
background turbidity is more than 50 NTU.

Toxie, radioactive, or deleterious material concentrations
shall be less than those which may affect public health,
the natural aquatic environment, or the desirability of
the water for any use.

Aesthetic values shall not be impaired by the presence of
materials or their effects, excluding those of natural
origin, which offend the senses of sight, smell, touch or

taste.

2. Class A (excellent)

a.

General characteristic. Water quality of this class shall meet

or exceed the requirements for all or substantially all uses.

Characteristic uses. Characteristic uses shall include, but

not be limited to , the following:

1.
2.

3.

Water supply (domestic, industrial, agricultural).

Stock watering.

Fish and shellfish:

Salmonid migration, rearing, spawning, and harvesting.
Other fish migration, rearing, spawning, and harvesting.

Crustaceans and other shellfish (crabs, shrimp, crayfish,
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scallops, ete.) rearing, spawning and harvesting.
Wildlife habitat.

Recreation (primary contact recreation, sport fishing,
boating, and aesthetic enjoyment).

Commerce and navigation.

Water quality criteria.

10

Fecal coliform organisms.

(A) Freshwater -~ fecal coliform organisms shall not
exceed a geometric mean value of 100 organisms/100
ml, with not more than 10 percent of samples
exceeding 200 organisms/100 ml.

(B) Marine water - fecal coliform organisms shall not
exceed a geometric mean value of 14 organisms/100 ml,
With not more than 10 percent of samples exceeding 43
organisms/100 ml.

Dissolved oxygen.

(A) Freshwater - dissolved oxygen shall exceed 8.0 mg/l.

(B) Marine water - dissolved oxygen shall exceed 6.0
mg/l. When natural conditions, such as upwelling,
occur, causing the dissolved oxygen to be depressed
near or below 6.0 mg/l, natural dissolved oxygen
levels can be degraded by up to 0.2 mg/l by man-
caused activities.

Total dissolved gas shall not exceed 110 percent of

saturation at any point of sample collection.

Temperature shall not exceed 18.0°C (freshwater) or 16.0°C

(marine water) due to human activities. Temperature
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increases shall not, at any time, exceed t=28/(T+7)
(freshwater) or t=12/(T-2) (marine water).

When natural conditions exceed 18.0°C (freshwater) and
16.0°C (marine water), no temperature increase will be
allowed which will raise the receiving water temperature
by greater than 0.3°C.

For purposes hereof, "t" represents the permissive
temperature change across the dilution zone; and "T"
represent the highest existing temperature in this water
classification outside of any dilution zone.

Provided that temperature increase resulting from nonpoint
source activities shall not exceed 2.8°C, and the maximum
water temperature shall not exceed 18.3°C (freshwater).

pH shall be within the range of 6.5 to 8.5 (freshwater) or
7.0 to 8.5 (marine water) with a man-caused variation
within a range of less than 0.5 units.

Turbidity shall not exceed 5 NTU over background turbidity
when the background turbidity is 50 NTU or less, or have
more than a 10 percent increase in turbidity when the
background turbidity is more than 50 NTU.

Toxic, radioactive, or deleterious material concentrations
shall be below those of public health significance, or
which may cause acute or chronic toxic conditions to the
aquatic biota, or which may adversely affect any water
use.

Aesthetic values shall not be impaired by the presence of

materials or their effects, excluding those of natural



262

origin, which offend the senses of sight, smell, touch, or

taste.



263

- - f-- =¥ =~ - 201713 TM WNOTIDI¥ EWOIIBOUOK
- -3 ¥9W - ¥ A~ Towel °H 9 ‘v (4doupies 9 [174yD3a5) BOYIQR] BTO]
- Buprigd (UAP[TLl) BTODJ1D1I50Z BIUUBNUIOY
Ifneyerd g 3oulog (wyayraBe) €Zjyikrod Eyjaucmon
Fuyziany esoynqn) °3
44 ¥y ¥wad ypiedy -p (snaeuuyl) EIUTT 3
¥ ¥ -4 ¥ - - BYJEUTISIIUT *apA Juy] (Sndeuuyy) SJTRUTISIIUT 3
ypaeSy ‘[ ®aDBIPUTTAD ‘iRA Nuj] (Sndeuuy) STIEUTIBAIU] °F
ypaeSy *{ TIRABD ‘JEA JUP] (Snawuuyl) sj[euyisaluy °q
4- --- aT{¥Aa1n (Yyioy) wIvayIeD °F
[[FA219 (snaeuuy) TEReIdwO> wydiomoiaiud
- -4 ¥4 - 191108 (24q8uf1) wuraes vys3qiIag
i - j01aey (298uyang) IYT8¥I] wpo)
- 4 - *ds ')
v veowd v -4 ¥ - - Kaa1ey JTuosduyie .M
¥¥ ¥-4 ¥Y¥ ¥-¥§ -~ ~-¥- S3PFOTPRTI0IDYE °ABA BUTTTO) SIPTOFPwId0iITM °)
| Buyziany (S43y33119) SF1§08a8 D
PTa1e ‘awa Bupziany (Wospny) ¥PTqre waoydopeyn
uew[{3(y whsnjou} wnyalkysoioiyy
¥ MY dH¥d uswytafy (8noydsaiay) wUIqEUUES 5
Yy Y¥H MY MY SUFTT0) E5JUIGITIED BydiowsIaey)
113423135 sueTnd731105 sysdolig
TWUTE ‘3ea upphy (F1eBamy) TwiuTe GiSGIPIIE
V1XHA0JIAHIOHOTHD

51 -3 ¥4-% ¥- ¥-- oer GWRIOEI] ‘W
H
H

a3kydyda *
oyozyda ‘1

x
1
=
1
4
o

T
TH

'

]
VX xxx

1

[EREE-9
Qe x
[CR*N-4
mov
[ S )
t

o O
o

-

- -

§
1
1
o
=
I
H
1
ol
o

H
1
1
o ol
!

-4
t
i
1
i

t
[}
1
I

@34ydopua ‘g
S
1

-1
-
&
(- -
o
[

i

1
-

[}

EMTZLAELIETLETIEIDIENESE D
1
1
!

o

1

1

t

o

4

1

- -~ 2- - -~ ypae8y ‘v ‘0 (24qSui1) e3jine eyTaluopp
BUTSSTSOWRT *IvA 491D (Ypivdy) vuyssysowel wvINDjAeN
4= ==~ *ds waysoyay
-3 -4y aAa7) (Tyodajuaxl) sueTrIni sanaydyydey

VLAHJOOAHOTHVITIOVE

wd 3

T-=xXx
nx==
o
t
-4
=
=
[
1
e«
-4
-1

-1

23dydyda ‘g -4 ¥~~~ -4 ¥~-- *dg BnasoooudY
23hydyda T W - - - -1 *dg ®sdEsOGinalq
T ¥¥ ¥dH¥4 WY ¥¥d ¥Y ¥WuyH *dg wyIOIV[TIOS0

23dydyda ‘T - ¥ - ¥ - -4 -9y ‘ds
214ydyda ‘y - - == ypaeSy §apjoAdajuod ; wAqaukl
hydydo T H K ¥4 ¥-- ¥H ¥-- -ds edivdomiag
H d4Y¥ -¥¥ 48 ~-dd ¥¥ ~-dd aaupaen 9§ [194y013¢ BIP[NI[IIRTARIq wiydsolylay
V1AHJODAHAONVAD

T ¥Y¥ H¥Y ¥D YYD ¥Y ¥WIHYd MY ¥uED XNOJINOWE] BUTICW BIIISOZ
SSVNOVIS

TVAdHDd 1TVJINIH¥ TVAMOIH TVIMD
LVLIGVH NKALAV HAWHNS ONTUdS HALNTM

*(8L6T) WOYL X933V -uTOOUTT = T PUB YTV = V ‘3IuToqd

1S9M = gM oodae) ‘puomydTY =Y) - SOUYO®BIq SATI SYl 1B popioodea sjueld suriel ‘7 xrpusddy

I
[ &]



264

234ydopua ‘s 1
a3dydyda ‘1

ajdydyda ¢

1
S
3j34ydyda ‘R

S

el - i B I - -]

STHH
a3dydyda ‘1 y
@3kydyda ¥

R I i R
—_I -

-l

L 4

-l -

1
1
1
H
1
H
H
1
H
H
L
H
H
H
H
‘s

33dydopua

=k e o 2

"ot e

o

o b L o

oot
.-
t

-
-4

= Q
]

o
[
o~

R Oae b X
[ S
(S - 3
O b o

oo
4

© o

-1

-1

o

[

- -4

-SSR

ol

ool e oo [ ASR N [

& =

[
-3
t

- -4
- - oo oo
- - -4

[
-
=

-
[ [ |
o [
od O e oo

E- - WSl 4
(BN - )
i [

LIE- -1

(&3

o

[ - &
=
o xxx
L o

- -1

™ol Ot
LN A*N- AN
-3 A1
Wl

[
[ -1
1 ax
t ot

T2
o ol
[ RSN

o

LN 1

(SR GI- ) t
xXxxao
1 i

-4
[}
1
¥

-
§oog el 1ot
(- S 4
- -

(-4
(-1

LI - - 1
L -ReR- - N N Sig N5

=m0
]

-4

[E- SR ]

-4

1o ol e

[

-84
-
-4

t

I

-
-4
-
[+
-

*ds ¥wWBUO{q2335
13upien § [{ayni1ag Eosnjqns eyieyldeyds
ypaeSy °r (94q3uk) eyawiuawoy uoydysolhog
Ijoysuag (Oopuap) WAOTINW wWhEBPHIES
yIywg Y 81aquaTloy BIFJIoEd EIRIINN
asupien § [TaYoies eI[IUll g
uvenyya{y (8noyosaay '3 -r) ejodurdna '3 B8ITRICIIT] °d
uswyyafy (P4q8ud) STTEI0IITT *J STTRI0NITT BTI2TeT4q
a3jzuny (JIBTT3NK *4 °0) wjose] wjuoTeIag
Jyoaadny § sy2Isoq (BuIAd) euEayIany syIskdoaiay
8noydsaay ( 11) Syu1033TP BYSaYILY]
uojey § uoslapuy ‘mopamg (AsAiey 9 *J IMOOl xa Aaaawy) yyaeyouye .M
xnoanoww] () wujIByOdEs *1
17942335 J1AOTie] T
171942395 elswoydd wjieuymE]
Buyaaa] (moraeq) Jyuosiapue wjoidoidey
119mM0g (ypieBy °)) EUoosauvAs *deqna SO} 3IBFp snong
Bnoyosaay (LaT12A) ®T0DFONJ wdIsjyoeyy
3aupieg g T2yo19s sueTnuis sndiwdo1dy
xnoinome] (I3TTanH °3 *0) SIPIAIA ‘G
xnoinows] (1003y8§]) WIGINSI] cawA VARIRII] 4
ypaeSy °r (ypaeSy °)) Wuay) ‘ava wIRINEY ‘a
xnolinowe] (*7]) ¥ILITNOE RIIBIIUMEd(
siapuneg (13uinl) ¥IBI800 BiIIBO)
Towey (neaBiaanes) wujageaad °j
vprwB) (813pUnES) SNEOTINq WIUIMMOA[0)
1242395 3 UIPTOH *SUFTT0D UF [T9Y233g ¥F[0JTnuUa3 ¥iaeTy
VIAHJOJAHAOAVHI

aBujAussoy (sua31iaq) FIPIOIASEIOR Q)
BYT7qEATH awa 8Snoyssaly ST{IqvaTm wiodeoif
Teaken (Buyziany) ¥inosqo vIAEAIQ

13UpIB) § [TIYDIVE BIEAIA ]|

ypaesy -0 ®pTRI "

FONIOB] *1WA snIvuu wonioe] ‘f

yoaadny § eYa3IB04 TIWIIEOUL] Qi
1aupien § YTYOIaS ([T9Yd1ag) wsumvdxas WAA

STTTM ®PTOORTIGqNS °fi
38anyy (uAmiTYQ) ®9OBT3 XFaqIorn

Buyzjany sUsIEaUTIE ‘S

STITIINES *a8A SUTTTOD (IYyoaxdny) SFTFIIXES °S

BUTTT0) (Iydoaadny) EIJTW0D ‘S
Buyziany (uAar(1g) ®3I0is Eydioucduods
whfiedia c1ea £3azey (Yjoy) wnyiedyl ENJUOTIOZTYH
oer sydiomdyod eyyydoaeyy

IVLIIEVH

VdMa o
NHALOV

Vdnod
YIWHAS

TV 44O
ONTHdS

TV 4N 0N
HALNIM

* (penuriuod) gz xTpusddy



w w
[7 IS} - - =]
- E

NIRRT EREAELAT IS

3kydyda

w
-t !
Zaw

@31dydyda ‘g
THH

1

1

S

¥3fydyda ‘1
TH

265

23
el el SR ST W T e e

334ydyda ‘7
a31kydyda *y

x x o

0 x o

-4

oo oal i
-

LA A

o

o oo

1
x =z
LI |

H
£
H

-
H
A

[5 -1
L - 18- £
E

-
-4

1O
i
t

i
t

!
t
o

-3
-1
t

-1

-

1o

i

= x

[ - ~-4

-]

-]
-

[ - - o e

-1

-

Lo oo
[
e

t
1
b

1 e
- -
i

o

= =

o (SR - -4

- RS-

- - 4

gm0
- ASE- ANt
et

oo oo
t
1

- -

=

e x x o
oo x
!
'

-4

o«
-4
o

o O

317104qy RUBITIsWE BISTIPOAN
107Ae), § auuky (Jupzaany 9 Laaaep) 1AI[TCeY vi121YypredeoaN
Kanaey JTI31[Nn0oDd BIpE]O01DTH
uTT&y (1aupaen g [1Ayo33s) o (Aqdkiepd eiaidoueiquay
+ds WniiAudoy3yy
woaadny 3 §121504 §1j19qrioads ‘aea sy1yqeiIdads -
uosmeq (°G) SIsuaodaip *ava BT{1qEIdads eydoudaneq
Jyoaidny y sTPIsoq Bdawdoiaiay °i
$30pi65 -dsqns Kiog (1suinl) ®IEPI0Od mwmmMMN
uojseTlopM (Aeaaey) eIB[NQns °*H
uo3seTToM (22upien) suedjidju Bydiaquatyoy
opiey sndijojoad eypupiquapyyH
81aquatiol (') vAaed -aea enwid ejuoydysodiay
ajuay 9 23TWYos (Yosuyay) STIIqeIT eyiekaaiey
ypae8y ‘' (13uung) 8no7dsAlou eniduofoumiy
amoy (dudwiuoy) wioydLiop eydnoralel)
uosmeq (uTt4y) TTIpaisaols sysdoyiejyoeay
ssnjuadeq (UoSpny) ESOONIIIA BTIBTIIRIY
ypaedy o U ypieSy °9 °r (ypredy -D) ®IvTTided -5
£a11eqg § Kaaley TiEiadsExa °H
ypae8y °9 °r ®Ojulojjied eujiiedy
Aaaiey TA93TNOD WAYPYTAD
ypaeSy *p ‘r TIWFUJOP] ¥aysned
1supiey Joujm ‘aea jisyied BIRd71301YILa3
ypae8y °r FJipooa wyuoydysoidiin
+ds ®ina1do1dki)y
119Yyd33g BISJFINQnNs gdujueIsua)
-ds wndIoWoaqIe]s
yosujay seyuoydysiyod wejod03aoy)
uiTéy 3suajuoldujysea °J
ypaedy °) (uospny) wmnigni .M
uyTky (surrT0D) Wndjjjoed 5
Juolaq (moyiwy) wnuejuolewa ')
ypaeBy ‘r WHOTUIOJFTED Wnywela)
Buyziany (I3uInL § SUaIIIN) SNIPTAISH snyjuedeIne)
ypaedy ‘r eadejorA sy[TAydorred
3kq8u4 (udmy(1q) Paindindodosnj wydueg
uno737ond *aea uoilse[ToM (Aaalel) wnojjjoed
uolseyoM (UFTAY) BIAJFINpuUPTH eTauUOTUMRIITIUY
asupxeg TTUTTAY °V
uyTA¥ BRIIA)IP uoTUWEYITIUY
uygdy whoi3yoed 'y
ssnjuade] (md1() WASUAP WNTIABYD0IDY
VLAHJODAHJOQOHY

IV118VH

VD
NHALAY

Vdn o
HARKNS

Vdu 2
ONTHdS

V dh D
HIINIM

* (penurjuod) gz xTpuoddy



266

-p231997[02 A|[UIUAPIOU] 10 ‘UosEas ¥ UTYI}M yoEag B Ie sofdues Ayl Jo Judd 1ad g¢> ujp punoj :aiel
‘uoseas ¥ UJYIfA yoesq v e sajdwes oyl Jo Jusd 13d (Z~g U] punoj  :uowwod
‘uoseas B UjYIEA Yowaq e 3k saydwes ay3 jo Juad i1ad gz< ujy punoj :juanbaiy

SWEIN 9AUqE (8 €°0) 35 1+ 03 MVIH Mofog (W €°0) 15 |- wod) putoj  {epIIIaIuY Ao
“WITW @a0Qe (W Z°1) 23 9+ 03 (W £°0) 1) Z+ Wody punoy  11EpEIISINY plw

“3vap
saodoap pur MW MOOG (W £00) V§ Z- punog  EplIgng

‘MTIW 8aoqe AE m.—v 3) G+ < v punuy STePTIIDIUY —.Kd—*

0 8 % K 4 X ¥
B WOEI XS0

234ydyda ¢

T2 el

[
- X el

x
WM I I SIS IS A E AT 2ETELST

a3dydyda ¢

$1

N 1 0

[S-4

[

=
=
~

-3
o

i
i
-4

-

- -
1

= oS o

X o

[ -4

- -1
-

- -

O x

t
-4
i

C--4
W
SN

® U

- W&
= o
L4

-4

=

-4 [0 - - A

ook o ©
oo

-4
t
1

-4
e B2 ©Q
t
i

[} 1
- L1
LA - o«

=
©

L

(- -4
o o
- -

8- 4- 34

-]
[E- -

o

t
[
~

i (S 3-8

L -4

o

-4
-4

o e o
o
[ -4
(&)

38" --4
|

[~ - - -4
1

'
t
-1
-3

- -4

d1aquarTol (uoslapuy) WRPEIEU Bioyjjuwsg
330qqy 8j[ealoq eyuamizyydg
uolseJoN (UFTAR) PTRIUSPIOO0 VY[28eD5
ypiedy - (yoaadny g 8[331804) Ben3ded wjuswApoyy
us1éy (Aa11ed § La@aiey) wnsownyd wnyyidopoyy
ypavBy ) (a2uiny) X7IeT eYswopoy
370qqy (ypauSy °r) @ndojulIcTTEd WNSBOTHOPOUY
sButauasoy (300334y371) wnaindand uvolloydopoiy
Saaquayyey (udejuoy) wapyolIpuap g
4300 (1aupiey) BISNGol ‘awa wIvuuldiq 3
B1aquayied (3Iydoeadny § sTaisoq) vavuujdyq ‘awa wieuurdyq uu=o:m«nouwwm
Laarey ejeTORDUBY '
ypae8y °[ § uojley VURFUOSIIPUN STITUOTIG
Ayjanwpuysgay ¥3101 g
®I8103j19d *j ypaesy °r wIwaojiad °g
uoslepuy $jIekd0aiau °g
ypaesy 5 (*8y ‘o) BIeTUIE °J
piojuny SysuaByRuRy °J
Ay3a ysyay @w1loqqe viiydiogd
auSejuoy wisTHOJUEd g
813quatiol $OTJ¥oEd awa @Syjfoud g
81aquayyoy STTFOEIE ‘awa Woyjjomd *g§
Biaquayjoy BYITISTP ‘awa woyjyORd
B12quatToHy SURISTP *iIwa wOYJTORd
813qUa Ol ®IRUTHIIIAIP ‘awa WOy jTORd
d1aquatyod (°H) Suwpanxny “iwa 1Xipuay
d1aquatyol (ury4éy) yiaupis¥ -awa ylipudy
Biaquatiol (°H) ®uIdeanbiTep ‘aea JXIpuay wyuoydysitoq
updy (Leaiep) wuyssiiv] vanaulyog
ypaedy °r snuwiaanoduwa wnylodecuocaiq
Kanaey BIFUICITTND WaAid
uswiTafy (Iydaadny) FYJIOPUIPPIW 8FTI0133g
asnoyy2e3s (snavuujl) vIemied vjisw{ed
uyfdy ejsuajuoIBUTYsSEA ‘0
8aaquanyey (a9dsg) ®E0DD0TJ EFTRYIUOPO

.
-5

(oo faaton]

B

LVIIGVH

V du o
NHOALAY

-

V du D
UIHHAS

-l

ONINdS

TV de D
HAINIM

* (penutijuod) g xTpuaddy



267

TSTSH ‘9+°€+°0 v v v v v VAOLVWIN WNTAHd
og 0 ki1 g (UTFITIH) SNIBdBUTTXIS snuenqny
000 OGN ‘E€+°0 9 0 9 0 ) 900 euTafaied sejaswaueie(g
03°0g“oSH ‘¢+¢0 9 o) 9 9 9 (uo3suyor) oTIoea3 BwouOldaTduy
FSYISH ‘€+°0 A I9Tuey sSnjeuIldiew SN{N3eiqoia)
TSTSK ‘€+°0 S bt bt | kS 20) STSUSTUAOJIT[EO SNINIEIqoia)
og <0 0 0 0 0 0] uT3ITID STTTqepTwroy; sniodiyduy
VALLIWIN WNTAHd
np‘od g+ v v \4 \ v VAIQvVIOAI0d I°PI0
SHHINIWTIAHALV'Id WNTAHd
~og <0 b b | q b (I9TTNW) STUIOOJSSEID BI[ED]
og ‘0 g (19TAN)) BIOBTIOD BITEBIL
TS ‘Z- 0] 0 0 0 0 (Aean) TLouand sSnoaesollad
og 0 J v J J 0 (snaeuuT]) STTU9S WNTPTIISN
00 9+°¢+0 0 q 0 ) (TTTxa9p) Serony elioueldileH
ISK ‘0 q (pueq) eleInOBIUlWEISP eBdWEITRH
TSTSH ‘€+°0 v v \4 \4 \4 (3pueag) ewrssyjuedels eanardoyiuy
op‘og ig+‘0 0 0 0 0) 0} (8uta9ydTd) EISTWelie eina[doyluy
VIYVAIND WOTAHd
op‘og $0 v v 4 \4 v (seTTed) ®OOTUBd BTIPUOYITTERH
op‘og {0 v v v v v (Fjueqasmog) sTTTowISad BUOTOTTEH
V3d413904 WN'TAHA

Nuwuﬁamm UugoduyrT ATV 34 ISOM  eS}aB) pUOWYDTY

T

yoeaq Joea 3B 20UBpUNQE 9ATIBISY

“(LL6T) Buoriswry AD3IIV

-soyoreq punog 3°8ng TBIIUSD DATJ IB BUNBJOIOBW JO S9OUBPUNGE SATIBTI pue S3IBITeRH ‘¢ XTpuoddy



268

TS ‘0 E: (pInon) ®IEOTEBJ; EINSIdS
IS ‘o ¥ pInos SNTIBDIS UDTO0S
op‘od 0 2 2 0 4] 0 (sneruuf]) EOF3IOAE BI[°3BIH
TSH €0 q snevuuy] EBIEOUNI] BAR
TSH ‘9+°€+°0 0 o) 0 o) ) snopuul] ®eIieUo1E BAR
TSH ‘€+°0 q b b | (peauop) ®OFuroJITED BAW01dLI)
op‘od {9+‘¢+‘0 v v v v \' snoBUUT] STINpe® SNII3AW
og ‘0 A (peauo)) SNID9I SNTOTPOR
ISKH ‘0 A d (°a99Yy) Seprolnonu BUTTTS]
IS ‘0 0 0 0 0 0 (x93uadie)) ©IS3pow BUTTIDL
TS ‘0 q b q b (peauo)) ©IO8S BUOIER
TSCTSH ‘¢+°0 it ¥ 0 (peauo)) EBINSEBU BUOOER
TSH *€+°0 0 0 ) 0 D suU®3aIB ©Bnai3uoduf BUWOIEB[R
TSH $9+°€+°0 A 0 A v v (sedeysa(q) TIBUINDUT BWOOEHR
FSCTSH ‘9+°¢+0 ) J J 0] 0 (sneeUUTT) BOTYITB(q BWOOEBY
OSH €+ q (8asqunyy) sed1d eo13sossel)
TS TISK f€+°0 0 0 0 0 0 (peauo)) TFFI1E3IINU WNTPABOOUTITD
ISH 9+ q *ds etuxog;
VIATVAIE SS®B1D
odog {0 0 o (poop) ®BIBSUTT BITSOTUO]
0n‘od f€+0 9 9 9 9 o) (pInog) esoosnu BITBAOR
od‘og fg+°0 0 0 ] 2 0 (pTnon) eSousT] erledon
odp‘od fg+°0 0 0 0 ) 0 (£qaamog) eIETTFO BITRdO}
op‘og $0 0 p: ) ¥ ! (pooM) ®IEOTUN] BUTABYIEY
od‘og {9+‘¢+°0 0 0 0] ) (pIno9) sustjuep xejdouedy
og fz- q (3320puUSpPpPIH) TFASTI23IS UOITY201dAI)
VANINIHIWV SSBTD
VOSOTION WN'TAHd

Numuﬂamm uTooufI ATV ‘34 ISOM  eeae) puouwydfy

Hnommn Joes 3B oouUEpunqe oAF3IEB[oY

* (ponutjuod) ¢ xtpuaddy



269

1 ‘ds sa3taedaey

ng ¢1- b
op‘og {g+°0 v v A \ 0 (urTaw)) eSOTTAWET STEYL
og‘og g+‘0 0] k| 0 b 0] (sedeyseq) ®IEUTSIBWS STEYUJ
TS‘ISK 0 q q q ¥ q (PTNOY) TISIMOT S90TUT[Od
oSR‘onfoy (0 0} | (pTnos) SnOTpuaw SNTIBSSEN
00 ‘9+‘g+ 0 g 9) 0) 0 TddTTTUg TUENITS BUTI0IIL]
00 f9+‘¢g+ v v v v v pInos EIB[NINOS BULI0IITT
oD‘ov fg+°0 v v v ' \ iojuadae) e3EBoTiEA; BUNDET]
0D 0 b 4 1 -ds BIUTATY
o)‘og fg+°0 ) ) 0 o) 0 (exy3ey) WNINDS BOWOBOION
od‘og ‘9+°¢c+ o) 0 0] 0 o) (e3y3Iey) Tuosiad EBAWOBOION
og 0 kit | q (pTnos) eIe[naur] Bl(93edfdai)
0D¢0g {9+€+°0 v v v v v (193usdie)) TT23€81135 BLOSIT10D
op‘og {9+‘g+ 0 0 0] 0 0 (@y3ey) e3Tad BLIOSTTI0D
og 9+ 0 D 0 A D (oWy3e¥) STTEITSIP BTIPSTII0D
VIHONVYII0S0dd sse1oqnsg
VA0JdOULSVD Ss®eid
poom uy g+ 0 0 0 0 ) uoif] ®eoe3es EINUEY
T4 fE+°0 0 omo] TAiqs1id ®BOE3IATZ
og 0 0] 0 0 0 0 (Ae19) ©oFdeo snusapopod
TSH ‘€+°0 v A v v v a19juedaey epruni; EBTT19SAW
TSK 9+ ! 0] ¥ saAeysaq woruodel sade]
TSH ‘€+°0 v v v v v (PTno9) BITF3IUE] B[[oUUISURI]
ISH S€+°0 o) o) o) o) 0 sodeysay Snajue3T3d SNUOPTXES
TSH ‘€+°0 v v 0 ) ) (peiuo)) EIUTWEIS BOBUI0I0IJ
TSH ‘€+°0 0 0 o) 0 0 (pInon) xeded snsail

,IBITARH  UTOSUFT PATV  '3d ISOM O[9IS)  pUOWYIFY

qummn yoeo 1B 20UBpUNQE 9ATIBI3Y

* (penuriuod) ¢ xrpusddy



2790

TSH ‘9+°€+ d q q sTToM pue ATeed ®BOFjIoed BJODTUdIEQY
2BPITOOTUdLY

TSH g+ 4 (2a00K) ®IBTNOOTq BYIAwestyduy;
sepTIaaeyduy

VIIVHDA'10d SSEBID
VAITINNY WOTAHd

TSK ‘0 | , 19ysIjy S}sue31zosnd BIBUTII09
VINONNdIS WNTAHd

np‘ng 0 4 4 -ds sndo3o0

VA0dOIVHAID SSBID
(e3euurdiq

BTUOYdTS01914)
oy 0 4] 0 0 9] D @oue] BIBIITAOOSNY I33TTIAS
(*ds eydiomoSuods)
oy ‘0 v 0 D o) 0 (eny3ouo(q,Q) STSUSIIANODUBA BIBUWIIY]
0y f¢+ d (sndoaey) 9BAIP; BUOYINDAIg
ny¢od {0 ) 0 0 0 0 | (snoeuuyrT) BIBTIOWEIFq STIOPTUDUQ
op‘oy {0 ki q q q A IIBQ@ o®ipenb; ETWOISOPQ
op‘og ¢Q a4 q 4 (z3ToYyosyosyg) STUIOOTSSBID EBPUDSSTWIDY
od <0 d (a9doo)) stTsuadsTpues eInTNeI(d
op‘og {0 q b ¥ q (pueTaegoey) TA2UUPO STIOPTYOIY
op‘og 0 B k| a q (29doo)) sTsusaksisjuow STIOPTYIIY
od‘og 0 | | b (sneeuulT) ®Sol[tded BIPII09V
op‘og <0 k:! ki snydouoq,0 STSusoWIBURU STIOPOYIUBDY
og ‘1- E: X ySi1og TIPOWOTp BTUOIFAL
op‘od f9+°g+ o) 0 o) 0] ) IIed STTE"10q BI[opPTUOUQ
oS 0 q q bt q d (y81og) Topowotp elB[IY

VIHONVI4OHLSIdO sseTaqng

IBITQEH  UTODUFT TATV 34 ISOM P°MIBD pUOWYITY

[4
onmma yoeo 3je aouepunge oATIBTIY

* (ponurjuod) ¢ xrpuaddy



271

TSH ‘€+°0
IS ‘0

TSH ‘€+°0

FSH f9+°€+°0
TSH €+°0
TSH f€+°0

FSH f€+°0
TSH f9+°€+°0
FSH f9+°€+°0

TSH f9+°€+°0
TSH 9+

TSKH ‘0
FSCTSH ‘€+°0
TSH ‘g+

TS ‘0

TSH <0

TLCTS <0
TSH $9+°€+°0
TSH $9+°€+°0
TSH f9+°€+°0
TSH <0

TSH *€+°0

TSH ‘9+°¢c+

oo
DO

MmO

O
< O«

q d

q

OO <

(SRR

D

O < m

(&)

OO O

(eTssoH) ®BTqnp =241epodoidTR
(z9poayog-uueuiiel]) edyedrasiaq stidiy
9BPTUOTS3YH

AoT9xasg ©BIOTd OPUIDATH

SEPTPETUOH

uosuyor Sfileo10q snpodiuway

po3sisQ ®BIB1TdED BIBIATYH

ApTo] ®BUBDTIBWE BIDILTH

9BPTIBIATYH

(s197Yyg) STUIOOFIUOT SOBUTIBWOISTYDS
(ueujaeq) STTFOBI3 BOT[FAIOPO3IOId
PTFSTTTAIOP DPBqTa0SapuU(]

9BPTITTTAIO(Q

9100 STTTIFITNW; XAIeyy

z *ds BITSTIsTINe)

1 'ds eII3TI=TINEB)

ISTINN SNIBAAFD SNTNIBIITD

"ds BTWIOITIIT)

us13wWe}] BSO0319S 3UOZ0IDBYY)

SBPTINIBIIT)
(uosuyor) sTIT2q snioueaTed
seprTeiadosiay)

{epoardeT)) unielsoo sniaidolaeydordg
aepra9idorsey)

9100y SINUal} SNISBWOJION

apaaede]) SnieoUI] SNISBWOION

Leq syTsuaded SNISBWOTPSY

uUeWIIBH ®BUBJTISWE BTTOjURIRYg
(snyotiaqeg) e®ielTded BITe3Tde)D
aepITT231deD

sueyia8ue] TFIUSOUTA SUEBPTBRUOTYOURIY

1e3IqE
z T9eH

UTOOUTT TATV

*3d 3IS9M e9Nae) puowydFy

T

yo®aq YoEB® 3JE 9JUEBpPUNGE SATIBTIY

* (penurauod) ¢ xrpusddy



272

TS fe+0
TS e+
TSH f€+°0

TLES <0
TLCFS f9+°¢+‘0

TS ‘e+‘0
IS ‘TSH ‘€+°0

TL0D ‘€+°0
TSH $9+°€+°0
TSH ‘9+°¢C+
TSH ‘€+°0
TSH f€+°0
TSH ¢+

TSH ‘€+°0

TS TSK
S ‘TISKH
TS TSKH
TS‘TSH
TLTS €0

TS

TLTS
TS

a0 e e

0
0
0

TSH 9+°¢€+°0

<
<

LOO0O
OO0

5 9 5
q
9 9
1 9 i
9 : 9
v v v
9 9 v
) 5 5
9 9 5
9 5 9
9 9
4 °
4 ¥ 1
t
9
1
9 5
) 9 )
9
¥
N 9 1
1 9
9 ¥ v

(1911nW) I93Twie soTdolodS
upraaquey) sdedswde so7doTod§
(819quyy) BOTITAIPUSP STIDUTEN
SBPTUIQIQ

(uosuyor) suedsTe stydnug
9100 ®3jruxo eijedol(
aeprudnuQ

(oy3ey) eupoeuI] BITaydo
(23100}) sSTAS3IQ BTpPUBULY
seprITaydo

(pateg) e3BINOT[RUBDTq ST21dudle[d
uoi8wTey ©BIBUOZ; STIISN
aqni9 BSOTTIXSA SToIaN
sa9Tyg ®eI9d0xd sTaa9N
snarpuuyl] ®BOI3B[2d; STII8N
uosSuyor BTODTUWIT SIaIaN
(usaBuTeR) TIPURIq ST3I3N
IBpTaIsN

po3si9g esolesolduoT; sAiydsN
uewlIBy ®ouldnixal; sAiydsy
uBW3IRY STSUSTUIOITTEO; sLiydaN
uewliey SopTod9ed sLiydsN
(snTo1iqeg) ®BO9EBD SA3ydaN
aeprtdLaydan

IIFII9A STIEBUOZ SUBWATOINY
SEpPTUBPTER

uepwliey ®©IBINOOBS BUOTS3RBRK
souUOf TUOSqOY BUOTIBER
epnf{p STuIoOT3UOT BUOTI3BK
aepTuoT=3ey

(uosuyor) elRUOZ STASUTIQUNT
9BRPpIIDUTIqUNT

Ielrqe
z TqeH

uroour] ATV

"1d 383M e°}IBD PUOWYDTY

yoeaq yoes je oduepunge IATIBTIY

1

* (penuriuod) ¢ xrpudddy



273

e31snqoa

931a3TydueoanN
WOD ‘ISH ‘0 d ¥ ¥ q sSnoBUUT] BIBDTIqUT S0yjowary
e31SNqox
a3TaiTydurosN
HOD “ISH 0 q a4 bt 4 81aquyy ®©so0319sTasiq eupLsoTeq
‘strenboe
ToISTTPOR
HOD <0 q (2qnan) ®IBIITA 20U03FOAY
TIT2yosoil
SBTa935BAY
WOD ‘0 4] 0 0 b 0 (pateg) STIT8eaj 90U0301Y
IBPTOUATOg
IS f9+°€+°0 q 4 d (uxsyinog) elOWLIL *3IO BUOTSTJ
SBPTUOTSEd
TS <0 b pr8aeT1d paqraosapup
TSH 9+ b 1 'ds STuTeukg;
TSH ‘€+‘0 o) ) (TTomMpeoal) ®IE[NOEBlUL] BAqUEBTS
9epr31eT1d
FSCISH ‘€+°0 ) 0 0 ) ) SNOBUUYTT EIBRTNOBW 3D0POTTAUJ]
TSH €+°0 p: q 0 o) 0} @100 ®©3E[nOOTApEND BI[E[NA
TSH 0 | uewmjiey ®©OIJIoed SuU093d
TSK ‘€+°0 0 0 0 0 0 (snfotaqey) eSUOT ou083F
9BPTO0POTTAYd
TLCFSK <0 D ) 0 0 ) snapuUUl] EIB[NUBAZ BTIBUTIO9{]
9BPTIBUTIONG
IS fE+°0 | q asuTouy esUB1ILIqns BIT23TdEI08A3S
QepITEapo8isaeg
IS ‘9+°‘¢+ 9 o) o) X ) (uewaaey) efyoueaqiierd elT2uoBiRg
sBpTUORIR]
TLCTSH *€+°0 v v v v v afeTyp °IT°p STWIOFTSNI BIUIM)
SEPTTUSMD
IS ‘€+°0 ) ] auoqriled sSTsusiladnd sofdoTods
Numuﬁpmm UToout] TPITV °3d ISdM  N°93ae) puowyoty

T

yoeaq yoB® JB 90UBPUNQE SATIETY

* (penurtiuod) ¢ xppuaddy



1

yoveq JoBo 318 @JUBpuUnge SATIBTIY

FSH 0 ki1 g (29yode3sualeq) eia3jfumald auodoxy
SBPITTAS
TLCTS f€+°0 2 0} o) ) (epoaedeT)) xAquoq saueydordg
TSR *€+°0 0 2 ) D ) (TPTTIR) STUI0dTITI O1dS
TSH ‘€+°0 0 ] 0 0] 0] (Spaempg-oulfH pue urnopny) BSOITOF; sTdara10oog
TSH ‘9+°€+°0 0 0 0 ] ] opaieder) suedays 0Tdsod4Ag
ISH S€+°0 o) ) 9 ua13uTe Fdnajsusols 0TdsouoTiad
TSH ‘€+°0 0 D 0 D 0 USITM ®BIDITIATO ofdsouotad
TSH $€+°0 ! b q b (epaeuyog) STTeT00S; BiOpATOd
TSH ‘9+°€+‘0 0 v 0 A 0 (ugi3s19pog) XTI3BU BIOPATOd
TSH f9+°€+°0 0 0 0] o) 0) (£eToq19g) BUBTQUNTOD BIOPATOJ
TSH ‘9+‘¢+ : ! o | ITusey TFAaor[neo eiopkrod
TSH $9+°€+°0 0 0] 0 0 0 (s19Tyg) SNOEINT3 SOISD0DBTER
sepruoTds
TSH ‘€+°0 0 o) 0 0 0 (snyoTaqei) eInujm 20T0Ud
2epTuoTTedIs
og :0 ) ) 0 ) 0 ysng STUZTSUT PTYOUBIqOZTUDS
< og ‘0 ) ) ") ") ) (@100K) ®IEBT2D00 BTTTWElOdOPNasd
N og :0 o) ) 0 0 0 (812quyy) Ti9AnoouUBA BITAISIPNA
og ‘0 o) 0 0 0 (uosuyor) eydiowktod; eTTAISTPNd
FLCISH ‘€+ | usaSuTey Tiounp auoy)
2BPTTIT298s
od ‘0 A v D v 4) snoeuUl] SIAB[NOJWIaA BINdIaSg
aeprIndisg
©3snqoa
931 TI1TYydwrOo3N
HOD ‘0 0 0 (qnan) eIn3 eounakTod
se8T3
BSSBUBTITBD WOD ‘0 ! q q (uosuyor) ®IeUETdWOd souoisdssH
TSH 10 L L L (eferyp o1Tep) TIETNUAT I0UIOWIEH
PITABH  UTOOUFT TATV 34 38PN dPNIED  PUOWYIRY

* (ponutijuod) ¢ xrpuaddy



275

op‘og oy f9+‘c+ 0 ) 0 0 9] VI3dLdOdI0D 12PI0

op‘og‘oy (9+°g+ 0 0 0 o ) Vd4d4LdI1d I°pao

VIDISNI Sse1d

op‘ogcoy {9+ 0 0 o) 0 0 +ds eTTouuUBWYOT;

VAINHOVYV SS®B1D

VA0dOdHIIV WN'TAHd

oV {9+ q VANIAMYIH SSeTd

FSCTSH $9+°€+0 v v \' v A VLIVHO0OIIO SSEBTD

TS f9+°¢+‘0 0 0 0 o) Ae19 BNOT3010 SNIITOODDES

9BPTIATO0DDES

TS ‘9+‘€+ L ) \'4 19S9TM JA9BI[[°9B[J SNIIipoloiad

9EPFTTAPOIOA]

, EPTTRUURTYDLY,,

TL0d‘og ‘0 0 0 0 0 o) (uosuyor) ¥3ISNqox 93FaI[ydweosy

TL¢oDog $Q k| (uosuyor) EIYOUEBIqOIsIoy erumkiodng

9BPTTT29919]

- TSH ‘e+‘0 0 ) 0 0 ) KoToyaeg 9 Aoyojasg eaydnd STTTAS

TSR ‘€+°0 0 o) 92100 ®39BUo0ia39y SITTLS

TSR $9+°€+‘0 A 0 A4 92100 ®©3BUISITE STITAS

TSH ‘9+°¢€+ 0] 0 0 0] o) (TToMpeo1]) BoJUBWEDPE BOJUBWEPE STLLAS

IS <0 b q T °ds pITTLS poqraosapup

TS ‘e+°0 v 0] peisis(y BIBAAF008UOT SOPTITAS
PITASH  UTOSUFT ATV '3d IS9H eTED  pUOWYOTY

I

yoeaq yoes 3B oouepundqe oATIE[9Y

* (penuriuoo) ¢ xTpuwddy



TSH {9+

OSH
‘opfogoy f9+°€+°0
ogd 0T+
og‘od‘og fg+°0
e1qa8odn ¥Vd ‘g+
sndaeoeadeg ¥vd {0

OS“TS‘OSHTSK
‘op‘ogoy f9+°€+0
OSW*0D‘ OV fg+‘0

08 ‘TS OSH* TS
‘opog oy f9+°c+‘0
08°OSH‘0D f¢+°0
og ‘¢+‘0
FS 9+

276

FLCFSH TS fg+°0

op‘od {9+
op‘od fg+¢0
opod fg+°0
o)‘od f9+‘¢+‘0

q

q q d
0 0 ) o] !
0 J D ) )
b h: q
! q q a
v v v v v
2 0] 0 0] )
v v v v Vv
k! d d | k!
v v ) v v
q ) 0
0 0 0] ) 0]
v v v v v
v v Vv v v

- ¥ v v v v

v vV v v ' v

(;1ae1)) sisue3lednd eTTBgSN
VOVILSOLdIT 2P0

sojzusy eTeYdedo0leUWOIYD BUUNR
jpueag TTselled BTST]

(3pueag) TTisuassuson ed30p]
(uosdutag) STIRUTWOPQqE SNINPOTTAUJ
(124pay) STTBUTWOPJE SNIAYIABTWOH

(eueq) sTsusuoZol0 BWOIIBRYASOWTIOUD
UOSpABYDTY WNOUOJO0 BWOIIBYASOXH

8aaquoals § 93109) eBIpoW; BWOISRYISOXH
(uosdwyig) epneofrdue ewoiseydsoxy
(Yo3eH) FI=ieays eITousurui(q

(Yo3eH) TPTEOUTY BUBTOITOXH
Vaodos1 x8pao

(394¢1)) BIQNp BIT2UD01d9T]
VADVAIVNVI I3pa0

£1qsTTd TIIBP_ SRTBUBYIYD
ax9Indnag sn3jeuaId snueleqd
(seTTed) SnsSofied snueleqg
upAaIe@ ®BINpPUBTS Snuele{

VIQEITIYYIO sseoqng

VHIVLSO¥D SS®'ID

1BIIqE
z TqeH

UTOOUTT ATV 34 ISOM  99MABD PUOWYITY

ﬁzummn yora je @ouBpunqe SAFIBTOY

* (penuriuod) ¢ xrpuaddy



277

OSH‘0D ‘0 k| : p: (194¢x1y) ®BIEIUSD BITIOW
OSH*OV $¢+°¢0 ) 9 b o} o) (eueq) SsTsusllednd sniewuwedosTuy
O0S*‘OSH‘OY {9+‘E+ ) ) 0} o} d (uosduy3g) SNTOOTAISJUOD SNIBUWEBIOSTUY
aRpTIEUMIED
OSHOV S¢+°0 v 0 0 9 9 vaouefins Taouea} *JO BEauUs3ojuod
OSKH $0 b q vaouefang e®IBI3SOI IO BIIU2303uU0d
OSH f9+ q PIPIJSnog TBUBTQUNTOD BIJOWRIBJ
OSH f9+°C+ \/ ¥ q o} 0 1 *ds peqridsepun BIOWERIBR]
seprarsnyg
OSH ‘¢+ q q 0 pieuleqg TFIYSTT SNUTYD03TTO
2epITTaTdoTITTR)
FLCTSH ‘€+°0 b 0 0 q I19dewooys Staaiq untydoio)
TLCTSK i

‘FS‘oV f9+°¢+°0 ) 0 v \ A B1S0) UNOsSnisyoe WNtydoio)
aeprTydoao)n
og‘oy fg+°0 q D T *ds psqpaosapun snidoITTE]
OSH OV fg+°0 0 ! q 0 g pieuieg Ta3lead BI[oTdOTITED
9epTTdoTTTRD
os {0 ;| (eaouefing) TBUT[TOo SNTAIY
9epIT43y
OSH‘OV {0 0 0 q k. 19TeM oBIqUNTOD Saploloy
aeprioy
OSH‘0D ‘oY g+°0 0 0] o) o) o) UPWISPTY SUBINWES o0yIfduy
OSH ‘0 | eaouefing TSIoqpuI[ eoylrduy
os‘od‘oy | b ! | ?jeg ®©SO3190B[ o0U3lrduy
- seproylTduy
VAAIAVHWYD Iopaoqng
VIOdIHdWV 43P10

Numuﬂpmm utoduylT PV *3Id ISeM  {e9Nae) puowydTy

I

yoeaq yoea e aoueBpunge oATIBTOY

* (ponurjuod) ¢ xipuaddy



278

(eueq) sTsua3lesnd OPTOISAYDIQ

OS*TSOSH TSH 9+ 0] |
OSH :8+ b uosdwylg ®BUBTNSEBA] BTISOYIIQ
OSHISH <0 q ¥ PI®IJsnog ®uUBTI31023 BIISIdYdIQ
og g+ 9] pieuieg €ofulOjf[eD STuroorpueid oTeAH
OSH ‘9+ q .0 (uosdutig) esoynunid 3TeAH
OSH*0D°0V $E+°0 v 9 9 o) 9 (3no3s) suanbaiay aTeAH
OSH‘FSH

‘op‘ov {9+°€+°0 v v v v v BUR] SNJSNJUE S©3SOYDIOTIV
eoproxlITR]l ATTwejaadng
OSH ‘€+°‘0 ¥ b 4 (eueq) sTsue3l3la3d3nd seisnadeied
2BPIISNOT]
TS 0 ;| | | sowjoy snsourds snxoydeieq
IS <0 b d (uosupaisiaoy]) TILTITuU snxoydeied
FSRCTS 9+°€+°0 A | I9yeweOyg Snwmolside -jo snxoydeieq
sepTTeYydadoxoyd
oS <0 ! (®3eg) BTNO9EBO BTTTPOOMISBM
TS ‘0 A STITH WnW[ed}3oed WNIpFIoUouAkg
FSHOV €+°0 0 0 o) o) o) STITIR TI93PWooys WNTpPFaYyoukg
9BPTI0ISITPA0
OSH 9+°€+°0 bt A 1 (jo°0g) SINBUTd ~Jo IULWOYSIQ
SBpPISSBUBISAT
OSR‘oV {0 d d | paeuieg jo g °ds *JO sSNIsD014YdS]I
oS {9+ - b 19401y sadfn3ue IO SNIDD0IAYDST
2BpPTI92014YydS]
OSH‘OY 0 d d 19yewaoys jo , STTAIsInbaeur sysdoiadopod, IO
TLCFSCTSH OV fg+°0 v v A o) o) 1oyewaoyg SodfAsiq Staoud
9BpPIOBST
TS ‘0 0 (uosute3lsaoy]l) snueTuolI3UTYSeM SNTI0ISNEYOY
aeprTIOlISNEY

3BJTqEH  UTOOUTT PIIV  °3Id ISeM  Nedae) puowmyoTy

[4

1

oeaq Yoea 3B ooUBpPUNQE oATIB[aY

* (ponurjuod) ¢ xrpuaddy



279

0S°1S £0
ny f9+¢+‘0
ny‘ng f9+°€+°0

T4l ‘0
TdL 9+
TdL f€+°0
TSCTSH *0
TS TSK <0
TSH €0

TS‘TSH ‘€+°0

TSCTSKH <0
0S“TS“OSH

‘ISHOV f9+‘g+°0

OSH‘OV ‘€+°‘0
TSH <0
OSKH‘OV f9+°€+°0

MO

d q b1 d

J J 0 0

q LS q |

d k! 2

L | q q k!
b | q

D 0 D )
LS

q ) 0] k!
d D d

4] 0 ) q
q . q
q

0 ) J v

pueg JI931SIJEW IIOUR)
(eueq) sTsuauodaio snsdeidTwoy
(eueq) snpnu snsdel3Tway

VINXHOVEd uofioeg

VILNVIdEY F9paoqng

uosduilg orUBP Snlepueg

(3pueag) sTsuayd3lrs sndaedoelday
(uosdwls) STAIS0ITAS1q sndiedeldaj
uosdwylg WNIOOSIOUBIJ UOIUBI)
uosduf3ig epnedtadtu uocduei)
uo38uyo0] SISUSBTER uUO3UBI)

VJdIgv0y uof3osg
VILNVIVN 19paoqng

vaodvodaa 1°p10

yatug ejeofrdrapenb sdoadue]
yjfug Tuosmep sysdolhiseI(

JIeg SEaed[nA eT[ouWN)

VAIVH(D 29PI0

(294e}) eBTeWOUR BI[21dBOBIDY
I9fiel] euerwITId BIT®3TiL
194 ®©BINOSNTASET BI[91dE)

VaaI1Idddvo aepaoqng

183198
z TqeH

uroouy] TAIV ‘34 3ISOM 99AB) PUOWYITY

Hﬂumm@ oea 38 20UBPUNQB SATIBT9Y

* (penutjuod) ¢ xTpusddy



280

ny ‘o o) ) q uosdurig SNISWOTAS S3YISTT013I9]

ny ¢z~ a4 uosdwtyg SIpNI s9aYd4Ayded

OSH0D ‘9+°C+°0 o} ) o) ) ) (eueq) SNINOSNTINSATY sninded

OSH*0D 0 ¥ ¥ b b b (uosdutlg) snueulsouead sniansed

oOSK‘oD (0 't ki i q (3oTpoueg) snueldulisq sninded

oSK‘0D 0 b i i (eBue(q) SnueWINUD] SNITYJ0SSEBTY

VAOWONV uoT3oag

TSH ‘€+°0 i | 0 | Lt (eueq) sTsua3398nd eIqadodp

ISH ‘0 ¥ b ) vUB(] SBIT3; BSSRPUBRITIR)

V4NIVISY UOE3oasg

OSH $Z- k1 k! (SnISSTTL) SNUO3BRITAYD SNSSBMUTS]
sosnyTow
aATeBATq

uf WOD ‘E+°0 0 0 0 0 0 unqyiey TFIITWYOS BXTUUTJ
sosnyou
9ATBATq

UF WOD ‘€+°0 o ) 0 o) o (eueq) eqe3 eXFuUld
sosnyTou
9ATeATq

U HOD ‘€+°0 ;| b puRQ €3jEApENDbqNS BIqER]

ny - - puR(] SUOIJIINOB BILOS

ng‘od 0 ) 0 0 | 0 (TTEpuey) ®3Ionpoad BT3I3I98Ng

np‘od £Q ) 0 p: q 0 BUBQ SI[Io®13 ®I3398nd

n) 0 0 b b g (uosdutag) snyraq snadouedoydo]

FSRND fg+0 q 0 2 d q ITepuey sn3zonpoad I9dUE)

og {g+‘0 2 0 o 0 ) (eue(q) STSUSUOB9I0 I9OUEBD

IBITqeH  UTOOURT ATV °*3Id 3IS9M ISNae) Ppuouwyory

[4

T

yoeoq YoB® 3B 2oUBpuUNge 2ATIB[Y

* (ponurjuod) ¢ xipusddy



281

OSH ‘0
TSH €+°0
ng {0
ng 0

no‘ng {9+°¢+°0
os fg+‘0

(24)
00
4]
oS
oS
o)
oD

L T Y A Y L T

COO OO OO

TSH ‘€+°0

onfogoy 0

oo™
&)

o Mo

0 J

)
0 d
k1 D b
0
kS d q
|
d d
d
q q
-
0 d 4]
0 ) 0
0] ) D

(uewf]) STIEIUSPIOO0 BIpOTYdUY
VAAIOY¥NIHdO SS®ID

(uosdw3g) SNOTUIOITTEO sSndoydTiseied
Sugpey TMaeo eideudsoirde]

(exuaTag) eiTwesenburnb eldejuadng
(3pueag) ejefulw BTIBWNON)

VIAIOYNHILOIOH SS®BID

(I2TINK) STSUSTYOBQa0Ip SN3013JUaD0TABUO0I]S
(z3TOoYyosyosyg) SNOFIJUIIXD I93SBIPUS(Q

VAGIONIHDH SSBTD

IITIx®A TuOSdUTlS I93SBTOS
(3pueag) seproyluer[ay eTrpodoudiq
(3pueag) sSnodBIYOO I93SEBST]
uvosdwflg sTrenboe 123SeIpPa|
1T1Fa1a9p esoutrds eraelseddif
(uosduplg) BINOSRIAST BIOTAUSH
(uosduytlg) FFISYOS0al SBTIDISEBAY

VAAIOYdLSVY SS®'ID

VIVIRIIAONTHOE WNTAHd

TI°XT4d TaIswxey sTsdouoioyqd
VJGINOIOHd WN'TAHA

V0Z0Xdd WN'TAHd

jelrqe
z TdeH

ugodouyry HAIV

*3d 3IS9M eodae) puUOWYITY

1

yoeaq yoea 3B °9oUBPUNQE SATIBTIY

* (ponutiuod) ¢ xrpuaddy



282

‘uo o131rseaed = ¥Yyd ‘YIim TESUSULOD
IS ‘pues UO = 0§ €YO0X UT = TY ‘SIUSWIPIS-PIXTW UT = ISH
0) ‘siepTnoq I9pun = ng ‘sispinoq uo = og ‘ae3[E UO = OY

= WOH ‘sTood 9pf3 UT = 4L ‘seqni uf = I ‘pues Uy
¢§3USWIPIS~-POXTU U0 = OSH ‘97qqod Ispun = n)y ¢3a[qqod uo

+27qqod> ueyl 1981eT SHO01 9iB SIPPINOY ‘Id3IdUWETPp
ur wm g¢z 03 wm (9 Arerewjxoadde woxy syoox 98ie] @i S[qqO) °ISISWEEP UF wWw (g INOqe 03 dn T9ae18 pue spues
JO 2ANIXTW B 2IF SIUSWIPIS-POXTH "TOAST I1931BM MOT I9MOT UBSW 9Y3 AOTSq 10 dA0qe 3997 UT uaat8 aae s3iysTay °pPTlL

[A

*SS9T a0 Nﬁ\ﬁ Jo A3Tsusp ® 03 spuodsaiiod f(aaei = Y

*_w/QQT pue 7 uoemls3q jJo L3Fsusp ' 03 Spuodsaiiod {uouwwod = )

.NE\OOﬁ uey3l umwmmuw 30 £3Fsusp ® Y3iFm safoads saqraosop {juepunge £ida = <a

0s ‘0 p: pieiyn sn3zejzou sAYIYOTIed
ny o ] 0] 0 ] (paeaTH) SNOTIpPUEDBU XOSITGO)H
ny 0 : (paeatn) EIBUIO STTOUJ
ny {0 ! | | b | (edo)) ®39eT STTOUd
n)y 0 | ! pieiyn snpiael3 sAyayorpody
n) {0 2 0 4] 0 ] 1119 sueossandand snysaeydouy
TdL 9+°€+°0 0 ) 0 0 ) pieifs SNSO[NoBW SNI30003IT0
ny o bi (83aB1g R uoplof) wWnAiqus sSnijodourI)d
TdL ‘€+°0 2 h: b d (322qTT1H) sdedTInde SNIJOO0UTTD
T4l ‘0 L (pieiTH) ST[EI23IB] SNIpPally
SAAHLHOIHLSO SS®BID
og 0 | (uosdwyig) TISqqrd ero43s
og 0 0 0 0 9] ] (uosduris) Iolsney einkg
ng - 0 uosdufis uwnjonpoad ewosoLisy)d *3IO
og ‘0 .| b , (uosduyig) BSOTITA BTUS3[0Q
VAIVIAIOSY sseld
VIVIIOHD WN'TXHd
Ielfqey  uyoduyry PIIV  "3Id ISSM  {E9dIB) puowyoTy

[4

1

yoeaq yoes 3Je oouepunge SATIBISY

* (ponutiuod) ¢ xTpueddy



283

Appendix 4. Benthic invertebrates knowa to occur in Elliott Bay and the
Duwamish Estuary. Data supplied by Jack Word, Fisheries Research
Institute, University of Washington. Numbers on right represent
computerized code for each taxon.

* Annelida 50
* Oligochaeta 5004
Polychaeta 5001

* Ampharetidae 500167

* Amage 50016701

* Amage anops 5001670101

* Ampharete 50016702

* Ampharete acutifrons 5001670208

* Ampharete finmarchica 5001670222

* Amphicteis mucronata 50016703727

* Anobothrus gracilis 5001670701

* Asabellides 50016708

* Asabellides lineata 5001670804

* Asabellides sibirica 5001670801

* Schistocomus hiltoni 50016727227
Aphroditidae 500101

* Aphrodita parva 5001010103
Apistobranchidae 500142

* Apistobranchus ornatus 500142017272
Arabellidae 500133

* Arabella 50013302

* Drilonereis falcata minor 5001330104727

* Notocirrus californiensis 5001330327

* Capitellidae 500160

* Barantolla americana 5001600601

* Capitella 50016001

* Capitella capitata 5001600101

* Decamastus 50016005

* Decamastus gracilis 5001600501

* Heteromastus 50016002

* Heteromastus filiformis 5001600201

* Heteromastus filobranchus 50016002272

* Mediomastus 50016004

* Mediomastus californiensis 5001600402

* Neomediomastus 500160727

* Neonotomastus 500160727

* Notomastus 50016003

* Notomastus californiensis 5001600327

* Notomastus lineatus 5001600303

* Notomastus pacificus 50016003

* Notomastus tenuis 5001600302

* Chaetopteridae 500149

* Phyllochaetopterus 50014902

* Phyllochaetopterus claparedii 5001490201

* Phyllochaetopterus prolifica 5001490202

* Spiochaetopterus costarum 5001490302

* Cirratulidae 500150

* Caulleriella alata 5001500202

* Caulleriella hamata 5001500201

* Chaetozone 50015004

* Chaetozone acuta 50015004272

* Chaetozone setosa 5001500401

* Chaetozone spinosa 5001500427
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Appendix 4 (continued).

* Cirratulus 50015001
* Cirratulus cirratus 5001500101
* Cirratulus spectabilis 5001500103
* Tharyx 50015003
* Tharyx tesselata 5001500322
Cossuridae 500152
* Cossura 50015201
* Cossura brunnea 5001520122
* Cossura soyeri 5001520104
* Dorvilleidae 500136
* Dorvillea caeca 5001360102
* Dorvillea pseudorubrovittata 5001360101
* Protodorvillea gracilis 5001360201
* Schistomeringos 50013605
* Schistomeringos caeca 5001360527
* Schistomeringos cf. caeca 5001360522727
* Schistomeringos japonicus 5001360527
* Schistomeringos longicornis 5001360501
* Schistomeringos rudolphi 5001360504
Flabelligeridae 500154
* Brada sachalina 5001540122
* Glyceridae 500127
* Glycera 50012701
* Glycera americana 5001270104
* Glycera capitata 5001270101
* Glycera robusta 5001270106
* Glycera tenuis 5001270102
* Hemipodus borealis 5001270201
* Goniadidae 500128
* Glycinde armigera 5001280103
* Glycinde brunnea 50012801722
* Glycinde picta 5001280101
* Glycinde polygnatha 5001280105
* Goniada 50012802
* Goniada brunnea 5001280203
* Goniada maculata 5001280202
* Hesionidae 500121
* Gyptis brevipalpa 5001210102
* Kefersteinia cirrata 5001210501
* Lumbrineridae 500131
* Lumbrineris 50013101
* Lumbrineris bicirrata 5001310101
* Lumbrineris californiensis 5001310322
* Lumbrineris cruzensis 5001310118
* Lumbrineris gp. 1 5001310322
* Lumbrineris gp. 2 5001310322
* Lumbrineris gp. 3 500131037272
* Lumbrineris gp. 4 5001310322
* Lumbrineris lagunae 50013103272
* Lumbrineris latreilli 5001310104
* Lumbrineris limicola 50013103272
* Lumbrineris luti 5001310109
* Lumbrineris zonata 5001310106
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Appendix 4 (continued).

*

Ninoe

Ninoe gemmea
Magelonidae

Magelona

Magelona berkeleyi
Maldanidae

Asychis biceps

Asychis similis

Axiothella

Euclymene

Euclymeninae

Isocirrus longiceps

Maldane

Maldane glebifex

Maldane sarsi

Nicomache lumbricalis

Nicomache personata

Nicomachinae

Notoproctus

Notoproctus pacificus

Petaloproctus

Petaloproctus tenuis

Praxillella

Praxillella affinis

Praxillella gracilis

Praxillella praetermissa

Praxillella sp. A

Praxillella sp. B

Rhodine

Rhodine bitorquata
Nephtyidae

Nephtys

Nephtys caeca

Nephtys cornuta franciscana

Nephtys ferruginea

Nephtys ferruginea - no pigment

Nephtys longosetosa
Nereidae

Nereis

Platynereis bicanaliculata
Onuphidae

Diopatra ornata

Epidiopatra hupferiana monroi

Onuphis

Onuphis elegans

Onuphis geophiliformis

Onuphis iridescens
Opheliidae

Armandia brevis

Ophelia limacina

Ophelina

Ophelina acuminata

Ophelina breviata

*
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50013102
5001310202
500144
50014401
5001440127
500163
5001630104
5001630102
50016308
50016311
500163
5001632027
50016303
5001630302
5001630301
5001630501
5001630502
500163
50016306
5001630601
50016307
5001630701
50016309
5001630903
5001630901
5001630902
50016309
5001630977
50016310
5001631001
500125
50012501
5001250103

5001250104727

5001250111

500125011127

5001250109
500124
50012404
5001240501
500129
5001290202

5001290601272

50012901
5001290111
5001290102
5001290103
500158
5001580202
5001580301
50015806
50015806272
50015806727
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Travisia

Travisia brevis

Travisia forbesii

Travisia pupa
Orbiniidae

Leitoscoloplos elongatus

Leitoscoloplos pugettensis

Orbinia felix

Scoloplos acmeceps
Oweniidae

Myriochele

Myriochele gracilis

Myriochele oculata

Owenia fusiformis
Paraonidae

Acesta

Acesta catherinae

Acesta cf. catherinae

Tauberia gracilis

Tauberia oculata
Pectinariidae

Pectinaria californiensis

Pectinaria granulata
Pholoididae

Pholoides aspera
Phyllodocidae

Eteone

Eteone dilatae

Eteone longa

Eteone pacifica

Eulalia

Eulalia (Eumida)

Eulalia bilineata

Eulalia c¢f. macroceros

Eulalia levicornuta

Eulalia longicornuta

Eulalia sanguinea

Eulalia tubiformis

Eulalia viridis

Notophyllum imbricatum

Phyllodoce

Phyllodoce (Anaitides)

Phyllodoce (Phyllodoce)

Phyllodoce groenlandica

Phyllodoce hartmanae

Phyllodoce longipes

Phyllodoce papillosa

Phyllodoce polynoides
Pilargiidae

Pilargis berkeleyae
Polynoidae

Antinoella macrolepida

Gattyana

50015804
5001580401
5001580402
5001580403
500140
500140
500140722727
5001400527
5001400322
500164
50016402
5001640227
5001640202
5001640102
500141
50014127
50014127227

5001410801
50014108727
500166
50016603727
5001660303
500104
5001040101
500113
50011302
5001130227
5001130205
5001130203
50011303
50011303
5001130304
500113030527
5001130327
50011303727
5001130302
50011303727
5001130301
5001130402
50011301
50011301
50011301
5001130127
50011301
50011301722
50011301722
50011301722
500122
5001220301
500102
5001020201
50010206
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Gattyana cirrosa
Gattyana treadwelli
Harmothoe
Harmothoe lunulata
Harmothoinae
Lepidasthenia berkeleyae
Lepidasthenia longicirrata
Lepidonotinae
Lepidonotus squamatus
Sabellariidae
Idanthyrus armatus
Sabellaria cementarium
Sabellidae
Chone
Chone duneri
Chone magna
Fabriciinae
Megalomma splendida
Potamilla
Potamilla intermedia
Potamilla occelata
Sabella
Sabella crassicornis
Sabella media
Sabellinae
Sigalionidae
Pholoe minuta
Sphaerodoridae
Sphaerodoropsis
Sphaerodoropsis sphaerulifer
Spionidae
Laonice
Laonice cirrata
Paraprionospio cirrifera
Paraprionospio pinnata
Polydora
Polydora (Boccardia)
Polydora (Polydora)
Polydora brachycephala
Polydora cardalia
Polydora hamata
Polydora pugettensis
Polydora pygidialis
Polydora quadrilobata
Polydora socialis
Polydora sp. 1
Polydora websteri
Prionospio
Prionospio cf. cirrifera
Prionospio cirrifera
Prionospio steenstrupi
Pseudomalacoceros
Pseudomalacoceros maculata
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5001020603
5001020606
50010208
5001020810
500102
5001021801
5001021827
500102
5001021103
500165
5001650102
5001650201
500170
50017001
5001700104
5001700106
500170
5001700401
50017006
5001700622
5001700627
50017008
5001700801
5001700802
500170
500106
5001060101
500126
50012602
5001260202
500143
50014302
5001430201
5001431727
5001431701
50014304
50014304
50014304
5001430422
50014304272
5001430422
50014304727
5001430417
5001430408
5001430402
5001430427
5001430412
50014305
5001430502
5001430502
5001430506
50014325
5001432522
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Pygospio elegans
Scolelepis
Scolelepis sgquamata
Scolelepis foliosa
Spio

Spio cirrifera

Spio filicornis
Spiophanes
Spiophanes berkeleyorum
Spiophanes bombyx
Spiophanes kroyeri

Syllidae

Autolytus

Autolytus cf. cornutus
Autolytus magnus
Eusyllinae

Eusyllis

Eusyllis assimilis
Eusyllis blomstrandi
Exogone

Exogone lourei
Exogone molesta
Exogone verugera
Odontosyllis
Odontosyllis phosphorea
Pionosyllis gigantea
Pionosyllis uraga
Syllis

Syllis alternata
Syllis armillaris
Syllis cf. armillaris
Syllis harti

Syllis heterochaeta
Syllis sp. 1

Syllis sp. 2

Syllis sp. 3

Terebellidae

Amaeana occidentalis
Amphitritinae

Artacama conifera
Betapista dekkerae
Lanassa gracilis
Neoamphitrite edwardsii
Neocamphitrite robusta
Pista

Pista brevibranchiata
Pista cristata

Pista elongata

Pista pacifica

Pista sp. 2

Polycirrus

Polycirrus californicus

"Polycirrus sp. 2

5001431302
50014320
5001432001
5001432027
50014307
5001430703
5001430701
50014310
5001431004
5001431001
5001431002
500123
50012301

500123010127

5001230102
500123
50012306
5001230601
5001230602
50012307
5001230703
5001230704
5001230706
50012313
5001231303
5001230201
5001230204
50012303
5001230501
5001230327

5001230327227

50012303272
50012303272
50012303272
5001230327
5001230327
500168
5001682327
50016827
5001681101
5001682222
50016813272
5001680427
5001680401
50016807
5001680710
5001680701
5001680703
5001680706
5001680722
50016808
5001680822
50016808727
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Polycirrus sp. 3
Polycirrus sp. 5
Proclea graffii
Scionella japonica
Streblosoma
Streblosoma bairdii
Thelepinae
Thelepus
Thelepus cincinnatus
Thelepus crispus
Thelepus japonicus
Thelepus setosus
Trichobranchidae
Artacamella hancocki
Terebellides stroemi
Trochochaetidae
Trochochaeta multisetosa

Mollusca
Aplacophora
Chaetodermatida
Chaetodermatidae
Chaetoderma
Gastropoda
Archaeogastropoda
Trochidae
Margarites
Cephalaspidea
Acteonidae
Rictaxis punctostriatus wvancouverensis
- Aglajidae '
Aglaja
Gastropteridae
Gastropteron pacificum
Haminoeidae
- Haminoea
Philinidae
Philine bakeri
Retusidae
Melanellidae
Balcis
Mesogastropoda
Calyptraeidae
Calyptraea fastigata
Crepidula
Crepipatella
Crepipatella lingulata
Cerithiidae
Bittium

50016808272
5001680827
5001681702
5001681802
50016825
50016825272
500168
50016810
5001681003
5001681001
5001681027
5001681004
500169
5001681201
5001690101
500145
50014527227

5085

54

5402
540201
54020101
51

5102
510210
51021003
5110
511001
511001
511006
51100601
511007
5110070101
511012
51101201
511005
5110050122
511013
51227272
51035301
5103
510364
5103640101
51036402
51036403
5103640301
510346
51034601
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Naticidae
Natica

Natica clausa
Polinices

Velutinidae
Velutina velutina
Neogastropoda
Cancellariidae
Admete couthouyi
Columbellidae
Mitrella gouldi
Nassariidae
Nassarius cooperi
Turridae
Mangelia
Opisthobranchia
Pyramidellida
Pyramidellidae
Cdostomia
Odostomia (Chrysallida)
Odostomia (Odostomia)
Turbonilla
Tectibranchiata
Aeclidiacea

Pelecypoda

Myoida
Hiatellidae
Hiatella arctica
Lyonsiidae
Lyonsia arenosa
Lyonsia striata
Pandoridae
Pandora bilirata
Pandora filosa
Mytiloida
Mytilidae
Crenella decussata
Megacrenella columbiana
Modiolus
Modiolus cf. rectus
Musculus olivaceus
Nuculoida
Nuculanidae
Nuculana
Nuculana fossa
Nuculana minuta
Nuculana penderi
Yoldia
Yoldia cf. scissurata
Yoldia scissurata
Yoldia thraciaeformis
Nuculidae
Acila

510376
51037602
5103760201
51037604
510366
5103660401
5104
510514
5105140101
510503
5105030204
510508
5105080127
510602
51060203
5181

5108
510801
51080101
51080101
51080101
51080102
51727

517272

55

5516

- 551706

5517060201
552005
5520050201
5520050203
552002
5520020103
5520020102
5507
550701
5507010201
5507010301
55070106
550701060327
5507010411
5502
550204
55020402
5502040203
5502040202
5502040227
55020405
550204050427
5502040504
5502040507
550202
55020201
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Acila castrenis
Nucula
' Nucula carlottensis
Pholadomyoida
Cuspidariidae
Cardiomya californica
Pterioida
Pectinidae
Chlamys
Delectopecten
Hinnites giganteus
Leptopecten
Veneroida
Astartidae
Astarte alaskensis
Cardiidae
Clinocardium
Clinocardium fucanum
Nemocardium centifilosum
Carditidae
Cyclocardia ventricosa
Lucinidae
Lucinoma acutilineata
Parvilucina tenuisculpta
Montacutidae
Aligena
Mysella tumida
Solenidae
Solen sicarius
Tellinidae
Macoma
Macoma balthica
Macoma carlottensis
Macoma cf. yoldiformes
Macoma elimata
Macoma moesta alaskana
Macoma nasuta
Macoma obliqua
Macoma yoldiformis
Tellina
Tellina modesta
Tellina nuculoides
Thyasiridae
Adontorhina cyclia
Axinopsida serricata
Thyasira flexuosa
Veneridae
Compsomyax subdiaphana
Psephidia lordi
Transennella tantilla

5502020101
55020202
55020202772
5520
552010
5520100127
5508
550905
55090501
55090506
55090503727
55080527
5515
551519
55151980102
551522
55152201
5515220103
5515220301
551517
5515170101
551501
551501027272
5515010101
551510
55151006
5515100102
551529
5515290201
551531
55153101
5515310116
5515310112

551531011122

5515310102

551531010702

5515310114
5515310106
5515310111
55153102
5515310204
5515310202
551502
5515020102
5515020201
5515020301
551547
5515470301
5515470501
5515470101
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Arthropoda

Araneae
Pycnogonida
Pantopoda
Nymphonidae
Nymphon pixellae
Phoxichilidiidae
Anoplodactylus
Anoplodactylus erectus
Phoxichilidium femoratum
Insecta
Diptera
Crustacea
Calanoida
Calanidae
Calanus
Centropagidae
Centropages
Centropages sp. 2
Pontellidae
Epilabidocera amphitrites
Harpacticoida
Scalpellidae
Scalpellum californicum
Scalpellum columbianum
Scalpellum sanctipetrense
Amphipoda
Caprellidea
Caprellidae
Caprella
Caprella gracilior
Caprella irregularis
Caprella laeviuscula
Caprella mendax
Mayerella banksia
Tritella
Tritella laevis
Tritella pilimana
Gammaridea
Ampeliscidae
Ampelisca
Ampelisca agassizi
Ampelisca brevisimulata
Ampelisca hancocki
Ampelisca lobata
Ampelisca macrocephala
Byblis veleronis
Amphilochidae
Amphilochus
Aoridae
Aoroides
Aoroides columbiae
Calliopiidae

58

5911

60

6001
600101
6001010107
600106
60010602
6001060201
6001060102
62

6501

61

6118
611801
61180102
611817
61181701
6118170122
611827
6118270101
6119
613201
6132010104
6132010101
6132010105
6168

6171
617101
61710107
6171010709
6171010708
6171010710
6171010719
6171010301
61710106
6171010601
6171010602
6169
616902
61690201
6169020111
6169020127
6169020113
6169020127
6169020101
6169020206
616903
61690302
616906
61690602
6169060202
616912
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Calliopius
Corophiidae

Corophium acherusicum
Dexaminidae

Guernea
Eusiridae

Eusirus

Pontogeneia

Pontogeneia rostrata

Rhachotropis

Rhachotropis clemens

Rhachotropis inflata
Haustoriidae
Ischyroceridae

Ischyrocerus

Ischyrocerus anguipes

Microjassa litotes
Lysianassidae

Acidostoma

Anonyx liljeborgi

Cyphocaris challengeri

Hippomedon

Hippomedon denticulatus

Hippomedon propinquus

Lepidepecreum

Lysianassa holmesi

Opisa tridentata

Orchomene

Orchomene pinquis

Pachynus barnardi

Schisturella cocula
Melitidae

Melita

Melita desdichada
Melphidippidae

Melphisana
Oedicerotidae

Bathymedon

Monoculodes

Monoculodes hartmanae

Synchelidium

Synchelidium rectipalmum

Synchelidium shoemakeri

Westwoodilla caecula
Pardaliscidae

Halicella halona

Pardalisca

Pardalisca cuspidata

Pardalisca tenuipes
Photidae

Gammaropsis thompsoni

Photis

Photis brevipes

61691202
616915
6169150201
616917
61691702
616920
61692008
61692012
6169201208
61692013
6169201327
6169201304
616922
616927
61692702
6169270202
61692704
616934
61693401
6169340303
6169341101
61693414
6169341402
619341405
61693421
6169342227
6169342827
61693429
6169342904
6169343101
6168343827
616921
61692110
6169211008
616935
61693527
616937
61693705
61693708
61693708727
61693714
6169371403
6169371402
6169371502
616940
61694027227
61694003
6169400302
6169400303
616926
6169260401
61692602
6169260201
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Photis sp. A
Protomedeia
Protomedeia articulata
Phoxocephalidae
Eyakis robustus _
Harpiniopsis fulgens
Heterophoxus oculatus
Mandibulophoxus gilesi
Metaphoxus
Metaphoxus frequens .
Metaphoxus fultoni
Paraphoxus oculatus
Rhepoxynius abronius
Rhepoxynius daboius
Pleustidae
Parapleustes pugettensis
Pleusymtes subglaber
Podoceridae
Dulichia
Dyopedos
Paradulichia typica
Podocerus cristatus
Stenothoidae
Metopa
Tironidae
Bruzelia _
Bruzelia tuberculata
Syrrhoe longifrons
Hyperiidae
Parathemisto pacifica
Cumacea
Campylaspidae
Campylaspis canaliculata
Campylaspis hartae
Campylaspis rubromaculata
Diastylidae
Diastylis paraspinulosa
Diastylis pellucida
Diastylis sp. B
Leptostylis
Leptostylis sp. A
Leptostylis villosa
Leuconidae
Eudorella pacifica
Eudorellopsis integra
Eudorellopsis longirostris
Leucon
Leucon nasica
Leucon subnasica
Nannastacidae
Cumella
Cumella sp. A

6169260227
61692603
6169260307
616942
61694227227
6169420227
6169420301
6169421201
61694206
61694206727
61694206727
6169420925
6169420927
6169422227
616943
6169430302
6169430501
616944
61694401
616944272
6169440322
6169440401
616948
61694815
616950
61695001
6169500127
6169500327
617001
6170011003
6154
615407
6154070102
6154070105
61540701727
615405
6154050115
6154050114
6154050127
61540504
61540504727
6154050401
615404
6154040202
6154040301
61540403727
61540401
6154040101
61540401727
615408
61540801
6154080127
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Appen_dix 4 (continued).

Decapoda
Axiidae
Axiopsis
Axiopsis spinulicauda
Paguridae
Paguristes
Pagurus
Pinnotheridae
Pinnizxa
Pinnixa schmitti
Pinnotheres
Pinnotheres pugettensis
Cancridae
Cancer
Majidae
Oregonia gracilis
Caridea
Crangonidae
Crangon
Mesocrangon munitella
Hippolytidae
Eualus
Eualus herdmani
Eualus pusiolus
Spirontocaris sp. 1
Pasiphaeidae
Pasiphaea pacifica
* Thalassinidea
Euphausiacea
- Euphausiidae
* Euphausia pacifica
* Thysanoessa
* Isopoda
Anthuridae
* Haliophasma geminata
* Asellota
Munnidae
* Pleurogonium rubicundum
Aegidae
* Rocinela belliceps
* Mysidacea
Mysidae
* Mysidella americana
* Pseudomma
* Pseudomma truncatum
Nebaliacea
Nebaliidae
Nebalia
Nebalia pugettensis
Leptostraca
Tanaidacea
‘Paratanaidae
Leptochelia
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6175
618302
61830227
6183022227
618306
61830601
61830602
618906
61890604
6189060404
61890602
6189060204
618803
61880301
618701
6187010101
6179
617922
61792201
6179222227
617916
61791604
6179160409
6179160408
61791602272
617905
6179050101

6174
617402
6174020101
61740209
6158
616001
6160012227
6163
616312
6163120202
616107
6161070202
6151

615301

6153011301
61530119
6153011902
6145
614501
61450101
6145010102
6145

6155
615702
61570201



\ 296

Appendix 4 (continued).

* % * * *

*

Leptochelia dubia
Leptognathia
Leptognathia longiremis
Myodocopa
Cylindroleberididae
Philomedidae

Euphilomedes carcharodonta

Euphilomedes producta
Rutidermatidae
Rutiderma lomae
Podocopa
Cyprididae

Brachiopoda
Articulata
Rhynchonellida
Dallinidae
Terebratalia
Terebratalia transversa

Chaetognatha

Chordata
Osteichthyes
Perciformes
Gobiidae
Lepidogobius lepidus
Ascidiacea
Molgulidae
Eugyra arenosa
Molgula
Pyuridae
Pyura
Styelidae
Styela coriacea
Styela gibbsii

Cnidaria
Anthozoa
Pennatulacea
Pennatulidae
Ptilosarcus gurneyi
Actiniaria
Halcampidae
Halcampa
Hydrozoa
Hydroida

6157020103
61570202
6157020227
6111
611103
611107
6111070301
6111070303
611106
6111060103
6113
611303

80

8004

8005
800511
80051102
8005110201

83

8388

8717

8834
884701
8847010301
8401
840603
8406030402
84060301
840602
84060201
840601
8406010502
8406010505

37

3740

3752
375402
3754020201
3758
375904
37590401
3701

3702
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Tubulariidae
Tubularia

Echinodermata
Asteroidea
Spinulosida
Solasteridae
Crossaster
Crossaster papposus
Valvatida
Goniasteridae
Hippasteria spinosa
Mediaster aequalis
Echinoidea
Echinoida
Strongylocentrotidae
Strongylccentrotus
Spatangoida
Schizasteridae
Briaster latifrons
Holothuroidea
Apodacea
Molpadiidae
Molpadia
Molpadia intermedia
Apodida
Synaptidae
Leptosynapta
Leptosynapta clarki
Dendrochirotida
Cucumariidae
Cucumaria
Cucumaria calcigera
Cucumaria chronhjelmi
Cucumaria piperata
Cucumaria populifera
Eupentacta
Ophiurida
Ophiuridae
Ophiura lutkeni
Amphiuridae
Amphioplus
Amphipholis squamata
Amphiodia urtica
Ophiuroidea

Echiura
Echiuroinea
Bonellidae

370303
37030302

8l

8104

8112
811301
81130101
8113010103
8109
811104
8111040403
8111040501
8136

8149
814903
81490302
8160
816204
8162040177
8170

8179
817901
81790101
8179010101
8178
817801
81780102
8178010203
8172
817206
81720601
8172060101
8172060102
8172060111
81720601272
81720602
8126
812701
8127010607
812903
81290309
8129030202
8129030104
8120

73
7301
730101
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Ectoprocta
Gymnolaemata
Cheilostomata
Alcyonidiidae
Alcyonidium mammillatum
Cyclostomata ‘
Tubuliporidae

Hemichordata
Nematoda

Platyhelminthes
Turbellaria
Polycladida
Callioplanidae
Pseudostylochus furchami

Protozoa
Rhizopodea
Foraminifera

Rhynchocoela
Anopla
Heteronemertea
Lineidae
Lineus

Sipuncula
Golfingiidae
Golfingia
Golfingia minuta

Miscellaneous taxa
Anothrus gracilis
Histella arctica
Ilyarachna
Odontorhina cyclia

Pachycerianthus fimbriatus

Philinacea

78

7801

7814
780301
7803010102
7808
781002

82

47

39

3901
3906
390608
39060801

34
3439
3448

43

4301
4303
430302
43030204

72

720002
72000201
7200020106

61631501
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APPENDIX 5

Benthic taxa identified from sites
in central Puget Sound. After
Armstrong et al. (1980).
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Appendix 6. Fifty-three invertebrate taxa divided into four categories
of Infaunal Trophic Index Feeding Strategies.

GROUP I: SUSPENDED DETRITAL FEEDERS
PASSIVE

Maldanidae(Po)

Onuphidae(Po)

Ampharetidae(Po)

Terebellidae(Po)

NORMAL
Owenia(Po)

Sabellidae(Po)

Serpulidae(Po)

Amphipholis(E)
Amphiodia(E)

Phornis (Ph)

Caprellida(A)

Ampelisca I (A)

ACTIVE
~ Nemocardium(Pe)

Crenella(Pe)

AmpeTisca II(A)

Cucumaria(E)

Sthenelanella(Pe)

Byb1is(A)

Phoxocephalidae (AT

GROUP II: SURFACE DETRIJUS FEEDERS
STATIONARY

Spionidae(Po)

Magelonidae(Po)

Cirratulidae(Po)

Myriochele(Po)

Axinopsida(Pe)

Mysella(Pe)

Calyptogena(Pe)
Photis(A)

MOBILE
Orbiniidae(Po)

*Capitellidae(Po)

Mediomastus

Decamastus

Nephtys (Po)

Glycera(Po)

Goniada(Po)

Tanaids(A)

*Ostracoda(A)

Euphilomedes

Cumacea(A)

SPECIALIZED
Cistena

- Californiensis "(Po)




Appendix 6 (continued).

GROUP III: SURFACE DEPOSIT FEEDERS

STATIONARY
Parvilucina

tenuisculpta(Pe)

Macoma
carlottensis(Pe)

Nuculana(Pe)

YoTdia(Pe)

MOBILE
Travisia(Po)

Nereis(Po)

Bittium(G)

Mitrella

permodesta(G)

Nassarius(G)

GROUP IV: SUB SURFACE DEPOSIT FEEDERS

Capitella capitata(Po).

Armandia bioculata(Po)

Ophelina acuminata(Po)

Oligochaeta(An) . = -

Solemya(Pe)

Stenothoidae(A)

Dorveilleidae(Po)

= Arthropoda

) = Annelid

= Echinodermata

Gastropoda

Pelecypoda

Phorinid

(A)
(An
(E)
(6)
(Pe)
(Ph)
(Po)

ounon

Polychaeta






