PROCEEDINGS

FIRST ANNUAL MEETING ON
PUGET SOUND RESEARCH
VOLUME 2

D
The Seattle Center 225
Seattle, Washington P¥
March 18-19, 1988 A

1968,

V.2

Published by the Ptjget Sound Water Quality Authority, 217 Pine St., Suite 1100
Seattle, Washington 98101




THE FIRST ANNUAL MEETING ON PUGET SOUND RESEARCH
Steering Committee

Katherine Fletcher, Chair
Puget Sound Water Quality Authority

David W. Jamison, Director, Marine Research and Development Center
Washington Department of Natural Resources

Jack H. Gakstatter, Chief, Office of Puget Sound
U.S. Environmental Protection Agency, Region 10

Sheri Tonn, Associate Professor of Chemistry
Pacific Lutheran University

Alyn C. Duxbury, Assistant Director for New Programs
Washington Sea Grant Program

Usha Varanasi, Director, Environmental Conservation Division
National Marine Fisheries Service/NOAA

Mary Lou Mills, Regional Manager for Salmon Habitat Management
Washington Department of Fisheries

V. Crane Wright
Institute for Environmental Studies, University of Washington

Marcia L. Lagerloef, Staff
Puget Sound Water Quality Authority

Co-sponsors

Puget Sound Water Quality Authority

U.S. Environmental Protection Agency
Battelle Marine Research Laboratory

National Marine Fisheries Service/NOAA
Washington Department of Ecology
Washington Department of Natural Resources
Washington Sea Grant Program

Municipality of Metropolitan Seattle

College of Ocean and Fishery Sciences, University of Washington
Washington Department of Fisheries

‘Western Washington University

Jones and Stokes Associates, Inc.

Tetra Tech, Inc.

Kathleen Callison, Meeting Coordinator
Annette Frahm, Publications Manager

This project has been funded in part by the United States Environmental Protection Agency
under assistance agreement CX-814137-01-0 to the Puget Sound Water Quality Authority. The
contents of this document do not necessarily reflect the views and policies of the
Environmental Protection Agency, nor does mention of trade names or commercial products
constitute endorsement or recommendation for use.

it



CONTENTS

FOREWORD xi
KEYNOTE ADDRESS, Lawrence J. Jensen 1
SUMMARY, FINAL REPORT, Committee on Research in Puget Sound 7

PANEL DISCUSSION OF COMMITTEE REPORT 11

TECHNICAL SESSIONS

HISTORICAL TRENDS: What Do They Tell Us about the Past and Future Condition of Puget
Sound? 19

Introductory Statement, Curtis C. Ebbesmeyer 20

Temporal Trends of Contamination Recorded in Sediments of Puget Sound, Eric A. Crecelius
and Herbert C. Curl, Jr. 21

Water Quality Trends in Puget Sound, Stephen K. Brown, Becky A. Maguire, John Armstrong,
and Alyn C. Duxbury 33

Assessment of Potential Toxic Problems in Non-Urban Areas of Puget Sound, Becky A.
Maguire, John Armstrong, Stephen K. Brown, and Donald E. Wilson 44

Decade-Long Regimes of a Fjord Basin’s Oceanography, Hydrology and Climatology: Puget
Sound, 1916-’87, Curtis C. Ebbesmeyer, Carol A. Coomes, Jeffrey M. Cox, Glenn A.
Cannon, and Dale E. Bretschneider 50

Unusual Marine Organisms in Puget Sound: Long-Term Trends in a Poorly Understood
Ecosystem, Alan J. Mearns 58

Long-Term Changes in a Deep Puget Sound Benthic Community: Local or Basin-Wide?,
Frederic H. Nichols 65

Trends in Abundance of Economically Important Marine Fish in Puget Sound, Gregory G.
Bargmann 72

Characterization of Puget Sound Marine Fishes for the EPA Bay Program, Lawrence L.
Moulton and Bruce S. Miller 77

Summary Statement, Curtis C. Ebbesmeyer 85

CIRCULATION IN PUGET SOUND: A Conveyor Belt for Contaminants? 87
Introductory Statement, Alyn C. Duxbury 88

A Laterally Averaged Model of Currents in Admiralty Inlet and the Main Basin of Puget
Sound, J.W. Lavelle 89

iii



Tidal Circulation Models for Central Puget Sound, Jiing-Yih Liou, Kathleen Flenniken, and
Wen-sen Chu 93

Seasonal and Interannual Variations of Tidal Mixing and Excursions in Admiralty Inlet, Harold
O. Mofjeld 99

Flow Variations through Sections across Puget Sound, Glenn A. Cannon 103

The Annual Mean Transport and Refluxing in Puget Sound, Edward D. Cokelet, Robert J.
Stewart, and Curtis C. Ebbesmeyer 108

Mixing Processes in Puget Sound: Modeling Implications, David Jay 120

Summary Statement, Alyn C. Duxbury 127

TOXIC CHEMICALS: Where Do They Come from and Where Are They Going? 129
Introductory Statement, En‘¢ A. Crecelius and Roy Carpenter 130

Improving Quality and Consistency in Puget Sound Environmental Measurements, Jokn W.
Armstrong and D. Scott Becker 131

Fate and Effects of Tributyltin in the Marine Environment - An Update on Knowledge,
Rick D. Cardwell 138

Analysis of Tributyltin and Related Species in Sediments and Tissues, C. Krone, D. Brown, D.
Burrows, R. Bogar, S.-L. Chan, and U. Varanasi 146

Equilibrium Exchange of Metals During Freshwater/Saltwater Mixing, Charles D.
Boatman 154

Copper and Lead in Puyallup Valley Streambed Sediments, James C. Ebbert and Edmund A.
Prych 163

The Effect of the Duwamish River Plume on Horizontal Versus Vertical Transport of
Dissolved and Particulate Trace Metals in Elliott Bay, Richard A. Feely, Anthony J.
Paulson, Herbert C. Curl, Jr, and David Tennant 172

Contrasting Sources and Fates of Pb, Cu, Zn and Mn in the Main Basin of Puget Sound,
Anthony J. Paulson, Richard A. Feely, Herbert C. Curl, Jr., Eric A. Crecelius, and G.
Patrick Romberg 185

Retention of Organic Pollutants in Puget Sound, Paulette P. Murphy, Timothy S. Bates,
Herbert C. Curl, Jr., Richard A. Feely, and R. Scott Burger 195

Summary Statement, Eric A. Crecelius and Roy Carpenter 200

INTENSIVE - EXPENSIVE SURVEYS: What Have We Learned from Them? 203
Introductory Statement, John W. Armstrong 204

iv



Environmental Assessments of Puget Sound Performed by NOAA, Edward R. Long 206

Southern Puget Sound Water Quality Study, Lynn R. Singleton, Charles Boatman, Paul Korsmo,
and Beth Quinlan 214

Reconnaissance-Level Surveys of Eight Bays in Puget Sound, John A. Strand, Eric A.
Crecelius, Walter H. Pearson, Gilbert W. Fellingham, and Ralph A. Elston 223

Large Scale Environmental Surveys: The Renton Sewage Treatment Plant Project (Seahurst
Baseline Study), Jack Q. Word and Robert Matsuda 231

Duwamish Head Baseline Study: Post Project Analysis of a Baseline Environmental Monitoring
Method, Gary S. Mauseth, Andrew C. Kindig, and Robert I. Matsuda 239

Summary Statement, John W. Armstrong 243

ENVIRONMENTAL DECISION-MAKING: How Should We Make Decisions for Managing the
Sound? 245

Introductory Statement, Robert L. Bish 246

Assimilative Capacity: A ‘Discredited’ Idea Whose Time is Yet to Come,
Herbert C. Curl, Jr. 247

Neither Wilderness nor Factory: Learning from Program Implementation in Natural Resources,
David Fluharty and Kai N. Lee 256

Evaluating the Effectiveness of Proposed Nonpoint Source Pollution Control Initiatives,
Thomas M. Leschine and Gary Shigenaka 266

Summary Statement, Robert L. Bish 275

SHELLFISH CONTAMINATION: What Are the Sources? 277
Introductory Statement, Marleen M. Wekell 278

Incidence of Potential Pathogens in Puget Sound Waters and Shellfish, Charles A. Kaysner,
Carlos Abeyta, Marleen M. Wekell, Robert Stott, and Mary H. Krane 280

Microbiology of Inshore and Deep Water Environments of the Seahurst Area of Puget Sound,
Jack R. Matches, Steve Fischnaller, Errol V. Raghubeer, and Denise Anderson 284 .

Harbor Seal Populations and Their Contribution to Fecal Coliform Contamination in
Quilcene Bay, Washington, John Calambokidis and Brian D. McLaughlin 300

Chemicals and Biological Organisms in Puget Sound Recreational Shelifish, J. Faigenblum,
G. Plews, and J. Armstrong 307



Uptake and Distribution of PSP Toxins in Butter Clams, Mark K. Beitler 319

Summary Statement, Marleen M. Wekell 327

DREDGED MATERIAL MANAGEMENT: How Do We Assess and Avoid Adverse Effects on
Living Resources? 329

Introductory Statement, Keith E. Phillips 330

Predicting Dredging Impact on Dissolved Oxygen, John D. Lunz, Mark W. LaSalle, and Leonard
Houston 331

Invertebrate Resource Assessments in and around Proposed Dredged Materials Disposal Sites
in Puget Sound, Paul A. Dinnel, David A. Armstrong, and Robert R. Lauth 337

Demersal Fish Assemblages Sampled at Puget Sound PSDDA Sites, Robert F. Donnelly, Robert
R. Lauth, Bruce S. Miller, and John Stadler 344

Evaluation of Benthic Habitat Quality and Bottomfish Feeding Habitat Potential at PSDDA
Disposal Sites in Puget Sound, David R. Kendall and Douglas Clarke 350

Balancing Waste Disposal and Fishery Resource Impacts in Puget Sound: A Comparison of
Methods, Shelley Clarke 357

Summary Statement, Keith E. Phillips 364

THE NEARSHORE ZONE: Is It a Good Indicator of the Sound’s Health and

Productivity? 365

Introductory Statement, Ronald M. Thom 366

Eutrophication and Oxygen Depletion in Budd Inlet, Charles D. Boatman 367

Nearshore Primary Productivity in Central Puget Sound: A Case for Nutrient Limitation in the
Nearshore Systems in Puget Sound, Ronald M. Thom, Andrea E. Copping, and Richard
G. Albright 378

PSP Research: Implications for Puget Sound, Louisa Nishitani, Gerald Erickson, Kenneth K.
Chew 392

Distribution and Biological Effects of Sea-Surface Contamination in Puget Sound, Jack Hardy
and Liam Antrim 400

Shoreline Stranding of Floatable Materials in Seahurst Bay, Jack Q. Word, Curtis C.
Ebbesmeyer, and Jeffrey A. Ward 409

Epibenthic Harpacticoid Copepods as Indicators of Wetland Fitness, Jeffery R. Cordell and
Charles A. Simenstad 422

Summary Statement, Ronald M. Thom 432



HABITAT MODIFICATION: What Is the Status of Puget Sound Habitats and Can We Create
Habitats to Mitigate Loss? 435

Introductory Statement, Charles A. Simenstad 436

Changes in Habitat Composition of the Duwamish River Estuary Over the Past Century,
George Blomberg, Charles Simenstad, and Paul Hickey 437

Estuarine Marsh Dynamics in the Puget Trough--Implications for Habitat Management,
Ian Hutchinson 455

Mussel Growth and Estuarine Habitat Quality, Mary H. Ruckelshaus, Robert C. Wissmar, and
Charles A. Simenstad 463

Native Freshwater Wetlands: Rare and Threatened Ecosystems?, Linda M. Kunze 473

Marine Plants on State-Owned Aquatic Lands: Their Status and Management, Thomas F.
Mumford, Jr. 479

Rocky Habitat Mitigation Using Artificial Reefs, Gregory J. Hueckel, Raymond M. Buckley,
and Brian L. Benson 492

Juvenile Salmon Foraging in a Restored Wetland, David K. Shreffler, Charles A. Simenstad,
Ronald M. Thom, Jeffery R. Cordell, and Emest O. Salo 504

An Assessment of Wetland Mitigation Practices Pursuant to Section 404 Permitting Activities
in Washington State, Kathleen Kunz, Michael Rylko, and Elaine Somers 515

Summary Statement, Charles A. Simenstad 532

TOXIC CHEMICALS AND THEIR EFFECTS: Do We Have Good Indicators of Problems? 535

Introductory Statement, Edward R. Long 536

Herring Embryos as Indicators of Marine Pollution, Richard M. Kocan and Marsha L.
Landolt 537

A New Approach for Modeling the Response of Organisms to Toxic Chemicals, James J. Jay
Anderson 546

Measuring the Effects of Organic and Toxicant Inputs on Benthic Communities,
Donald P. Weston 552 .

Using Bioindicators to Assess Contaminant Exposure in Flatfish from Puget Sound, WA,
Tracy K. Collier, John E. Stein, William L. Reichert, Bich-Thuy L. Eberhart, and Usha
Varanasi 567

Relating Field and Laboratory Studies: Cause and Effect Research, Michael H. Schiewe, John
T. Landahl, Mark S. Myers, Paul D. Plesha, Frank I. Jacques, John E. Stein, Bruce B.
McCain, Douglas Weber, Sin-Lam Chan, and Usha Varanasi 577

Summary Statement, Edward R. Long 585

vii



TOXIC CHEMICALS AND THEIR EFFECTS: What Are We Finding? 587
Introductory Statement, Bruce B. McCain and Marsha L. Landolt 588

Status of Puget Sound Harbor Seals: Trends in Population Size and Contaminant
Concentrations, Johr Calambokidis, Gretchen H. Steiger, James C. Cubbage, Suzanne
Kort, Sheryl Belcher, and Maureen Meehan 589

Puget Sound Glaucous-Winged Gulls: Biology and Contaminants, Steven M. Speich, John
Calambokidis, R. John Peard, D. Michael Fry, and Michael Witter 598

Polychlorinated Biphenyl Contamination of Crayfish and Finfish in Lake Union, Frances
Solomon, Walter T. Trial, Terry Kakida, and Ann K. Bailey 608

Modes of Toluene Uptake in Adult Chinook Salmon, Clifford O. Lee, John A. Strand, and
Ahmad E. Nevissi 619

Uptake of Toxic Chemicals by Salmon in an Urban Estuary, B.B. McCain, D.C. Malins,
M.M. Krahn, D.W. Brown, W.D. Gronlund, L.K. Moore, S.-L. Chan, and U.
Varanasi 627

Liver Carcinogenesis in English Sole from Puget Sound: The Importance of Neoplasia:
Associated Hepatic Lesions as Indicators of Contaminant Exposure, Mark S. Myers,
Linda D. Rhodes, Margaret M. Krahn, Bruce B. McCain, John T. Landahl, Sin-Lam Chan,
and Usha Varanasi 633

Epidemiology of Diseases in Fish Populations, Especially of the English Sole Liver Tumor in
Puget Sound, Vincent F. Gallucci and John R. Skalski 647

Contaminant Effects on Ovarian Maturation in English Sole from Puget Sound, Lyndal L.
Johnson, Edmundo Casillas, Tracy K. Collier, Bruce B. McCain, and Usha
Varanasi . 651

Summary Statement, Bruce B. McCain and Marsha L. Landolt 662

CONTAMINATED SEDIMENTS: How Are They Identified and What Can We Do

with Them? 665

Introductory Statement, Keith E. Phillips 666

Use of Sediment Quality Values to Assess Sediment Contamination and Potential Remedial
Actions in Puget Sound, Robert Barrick, Robert Pastorak, Harry Beller, and Thomas
Ginn 667

Cancer Risk Associated with Sediment Quality (abstract), Henry Lee II and Robert
Randall 676

Application of a Mathematical Model (SEDCAM) to Evaluate the Effects of Source Control on
Sediment Contamination in Commencement Bay, Lucinda Jacobs, Robert Barrick, and
Thomas Ginn 677

viii



Terminal 91 Short Fill: Monitoring a Dredge Material Disposal Site, Douglas A.
Hotchkiss 685

Sediment Capping at Denny Way CSO, Pat Romberg and Alex Sumeri 696

Summary Statement, Keith E. Phillips 707

SURFACE WATER MANAGEMENT: What Do We Know and What Do We Need to Know? 709
Introductory Statement, William H. Funk 710
Agricultural BMP’s: Are They Doing Their Job? Jokn Philip Andrews 711

Erosion Control - What is the State of the Art?, Rachel Friedman-Thomas and Gary
Minton 718

Urban Stormwater and Puget Trough Wetlands, Richard R. Homer, F. Brandt Gutermuth,
Loveday L. Conquest, and Alan W. Johnson 723

Sources of Toxicants in Storm Drains, Control Measures, and Remedial Actions, Tom Hubbard
and Tim Sample 747

Aquatic Ecological Risk Assessment of Lead, Copper, Phthalates and Polynuclear Aromatic
Hydrocarbons Discharged via Stormwaters and Combined Sewer Overflows into Lake
Union, Robert E. Stuart 759

Urban Stormwater Runoff and Combined Sewer Overflows: An Ecological and Human Risk
Assessment, Sydney F. Munger 761

Treatment of Stormwater Runoff in Urbanizing Areas, Gary R. Minton 771

Summary Statement, William H. Funk 778

PANEL DISCUSSION: MEETING HIGHLIGHTS: WHERE DO WE GO FROM HERE? 781
POSTER SESSION 789






THE NEARSHORE
ZONE

IS IT A GOOD INDICATOR OF
THE SOUND'S HEALTH AND
PRODUCTIVITY?

Ronald M. Thom,
University of Washington
Session Chair

365



Introductory Statement
Ronald M. Thom*

The nearshore zone of Puget Sound may be defined as the
coastline which includes the intertidal zone, and upland
and subtidal habitats immediately above and below the
intertidal zone. Habitats within this narrow elevation
range (i.e., +20 ft to -30 ft MLLW) function together in
support’ of biological resources, and chemical and physical
processes. The coastline of Puget Sound is more than
1,300 miles (2,100 km) long, and is comprised of river
mouths, inlets and small and large bays. Many bays and
estuaries are shallow and it is in these shallow, rela-
tively protected habitats that aquaculture activities,
particularly of oysters, are intense and fish, crabs,
shellfish and birds abound. Habitats such as eelgrass mea-
dows, marshes, kelp and seaweed beds support these living
resources by providing food and refuge for juvenile and
adult populations. Human use of nearshore habitats, and
the resources they contain, is high in Puget Sound. The
beaches are probably the area of most frequent and direct
contact by the public with Puget Sound. Many sources of
pollution and disturbance are located in the nearshore
zone. For example, streams and rivers carrying nutrients
and toxicants from upland areas empty into this zone.
Sewage outfalls are located immediately offshore of many
beaches. Marinas, with their associated pollutant sourc-
es, are always located in the nearshore zone. Because of
the currents that eddy around points in the diverse coast-
line, water-borne pollutants may be trapped in poorly
flushed embayments. The intertidal zone can form an area
of concentration for floating pollutants, and is often re-
ferred to as the "bath tub ring" of the oceans. Even in
view of these facts, the nearshore zone of Puget Sound has
received relatively little scientific study. The purpose
of this session, entitled The Nearshore Zone: Is it a Good
Indicator of the Sound's Health and Productivity, is to
focus the attention of regulatory and research communities
on this productive, sensitive and little studied region of
Puget Sound. The papers identify the scraps of under-
standing regarding potential and real pollution effects in
this zone that have been gained from site-specific stud-
ies. The authors outline some steps managers can take to
better understand the causes of these effects.

*Senior Research Scientist, Fisheries Research Institute WH-10,
University of Washington, Seattle, WA 98195.
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Eutrophication and Oxygen Depletion
in Budd Inlet

Charles D. Boatmar'
Introduction

Fish kills and water quality violations associated with low
dissolved oxygen levels in Budd Inlet prompted Ecology to initiate
an investigation into the cause of the oxygen depletion. Algal
bloams in the late summer and early fall, and their subsequent
decline and decay, had been implicated as the major cause of the
oxygen depletion in the inner Inlet. The presence of a secondary
wastewater treatment discharge in the inner Inlet was known to be
the major point source of nutrients in the Inlet. Therefore the
major research question was what was the contribution of the
wastewater discharge towards algal blooms in the inner Inlet, and
how were the blooms linked to the low dissolved oxygen levels.  In
addition, if the blooms were associated with the low dissolved
oxygen prablem, and were linked to the discharge, to identify what
measures may be taken to resolve the problem.

A laterally averaged two-dimensional computer model was developed
to simulate the hydrodynamics, transport, and ecosystem dynamics of
Budd Inlet. This included tidal mixing, inputs from point and non-
point sources throughout the Inlet which varied over time, winds,
sediment fluxes of oxygen and nutrients, and the
algal/nutrient/D.O. ecosystem dynamics. Outfall aligmments and

i scenarios were run for the spring diatom bloom in May and
the fall dynoflagellate bloom in September when low dissolved
oxygen conditions were observed.

This papaer discusses results from model runs for a May diatom
bloam and a late summer dinoflagellate bloom. Results from the
September runs suggest that high respiration rates, coupled with
daily vertical migration of the dynoflagellates, were the probable
cause of the low dissolved oxygen in the bottom waters. To
minimize the potential magnitude of the oxygen depletion it was
recammended that nitrogen removal of at least 90 percent be
implemented for effluent discharged into the Inlet.

Model Description

In choosing a dynamic model, it was necessary that a mumber of key
factors could be accommodated by the model for application to Budd
Inlet. At a minimum, the model must account for the

*Senior Scientist, URS Consultants, 3131 Elliott Ave., Suite 300,
Seattle WA 98121.
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mixing/dispersion dynamics such as river flow, density currents
ard wind driven currents which control the advective processes. It
must also include the wind and tidal mixing which control the
diffusive processes and be able to account for a constantly
changing free surface due to the large tidal range within the
Inlet. The water quality section of the model must describe the
dynamics of the nutrient/algae/D.O. system and be able to include
loadings of BOD, D.O. arnd nutrients which may occur anywhere within
the Inlet and which may vary with time. It must allow for sources
and sinks at the surface and the bottom. Overall, the model chould
not be too cumbersame or too costly so that it could be efficiently
applied.

To satisfy these requirements, a laterally averaged two-
dimensional finite~-difference model was adapted for use in this
study (for a more detailed model description see Boatman et al.,
1986) . This model included all of the key factors and was
preferable over vertically averaged two-dimensional models which
would not give the vertically stratified estuarine flow.

Biogeochemical processes are similated within the water quality
portion of the model using internal source/sink and reaction rate
terms for each of the water qaality constituents. Eight water
quality constituents were used in the water quality module. They
are: organic nitrogen (Org-N), ammonium (NH4-N), nitrite (NO,-N),
nitrate (NO3-N), Algae (Chl a), pheopigments, dissolved oxygen, and
biochemical oxygen demand (BOD5). Three external source/sink
terms: sediment oxygen demand (SOD), fecal pellets and atmospheric
gas exchange were included. Each constituent has reaction rates,
settling velocities, and interactions with other constituents,
which are incorporated into the source/sink and reaction rate term.
The major interactions are diagramed in Fig. 1.

Since oxygen utilization from the decay of algal bloams was an
important issue, the SOD was included as an integral part of the
dynamic model. Both SOD and benthic ammonium release were included
as a real-time dynamic parts of the model using the settling rates
of oxygen demanding organic material as a major input. The
camponents used to represent the flux of oxygen demanding material
were: algae, pheopigments, fecal pellets and BODS. The first three
components are a direct result of algal production. The fourth
camponent, BODS, was considered a separate source of oxygen demand
and was treated as an external source in the model.

Model Results

For the purpose of discussion, the Inlet is divided into three
longitudinal sections (see Fig. 2. for landmarks). The inner Inlet
is defined as being south of Priest Point, with the central Inlet
lying north of Priest Point and south of Gull Harbor. The outer
Inlet is defined as the area north of Gull Harbor to the mouth of
the Inlet which lies between Dover Point and Cooper Point.
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May scenarios

Three outfall aligmments, four flow rates and two alternmative
nutrient removal scenarios for the secondary wastewater discharge
were used as input to the dynamic model. The three ocutfall
aligmments are shown in Fig. 2 and are labeled as Aligrment B in
the ocuter Inlet, Aligmment A in the central Inlet, and Aligmment E,
which is the existing aligmment, in the inner Inlet. Seven of the
modeled scenarios are listed in the following table.

Modeled
Scenario Al igrment Flow rate Nutrient Removal

1 No Discharge

2 E 24.0 mgd None

3 E 24.0 mgd 90% Removal

4 E 16.0 mgd None

5 E 16.0 mgd 90% Removal

6 A 24.0 myd None

7 B 24.0 mgd None



The 24.0 million gallons per day (mgd) flow rate corresponds to the
estimated average dry weather flow (ADWF) rates for the year 2010.
The 16.0 myd flow rate approximates the presently permitted average
wet weather flow (AWWF) rate of 16.3 mgd.

Comparisons of the results from the no discharge scenario 1 with
scenario 2 at aligmment E are shown in Fig. 3. This data indicates
that the strength of the bloom is enhanced by the wastewater
discharge. The sediment oxygen demand is also enhanced since SOD
is related to algal production. However, the near-bottom dissolved
oxygen actually increases during and after the bloom. This is due
to rapid mixing and circulation in the Inlet which mixes the
surface water down into the landward flowing deeper waters as seen
in the simulated dispersion of a conservative tracer shown in Fig.
4. These results suggest that the photosynthetically produced
oxygen in the surface water was being mixed into the bottom water
more quickly than it could be consumed.

The strength of the bloom in Budd Inlet is not only controlled by
the amount of discharge, but also by the location of the discharge
in the Inlet. This is shown in Fig. 5. which is a summary of the
relative enhancement of the May bloam in the inner, central and
outer Inlet for each of the scenarios relative to the no discharge
scenario. Fig. 5. shows that the strength of the bloom for the
central Inlet (A) and the outer Inlet (B) aligrmments are somewhat
less than for the inner Inlet aligmment E. However, all of the
aligrm.ants show an enhanced bloom relative to the no discharge
scenario.

Fig. 5. clearly shows that next to complete discharge elimination,
nutrient removal is the next best option in order to substantially
reduce spring algal blooms. All scenarios without nutrient
removal, regardless of placement within the Inlet, show a 30 to 50
percent increase of the strength of the algal bloom relative to the
no discharge scenario for the inner Inlet.

September scenario

The oxygen and rnutrient profiles from the September survey, which
was the critical low dissolved oxygen period, were the most
difficult to reproduce even with unrealistically high phytoplankton
growth rates. The main difficulty was in reproducing the measured
high levels of chlorophyll a and oxygen in the surface waters along
with low levels of nitrate throughout the water column and low
dissolved oxygen levels in the bottom waters of the inner Inlet.

At first it was thought that the low dissolved oxygen measurements
in the bottom water were due to higher SOD rates. However,
calibration runs designed to maximize benthic oxygen demand with
high growth, settling and grazing rates could not produce bottom
oxygen values lower than about 5 mg/L. The vigorous vertical
mixing would not allow such large vertical oxygen gradients to be
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The final calibration of the dynamic model for Septenber involved a
revision of the water quality module to include algorithms which
would simulate the phototaxic vertical migration and physiology of
dinoflagellates, which were the dominant phytoplankton found during

the September survey.

water during the day.

vertical gradients of oxygen could be maintained.

Because they are active swimmers, the
dinoflagellates have a much higher respiration rate than diatams.
It was believed that the active vertical migration of the
dinoflagellates was the key process involved in maintaining the
large vertical gradients of dissolved oxygen. In effect the
dinoflagellates were acting as a biological "pump" taking oxygen
out of the bottom water at night and producing it in the surface
As long as the vertical migration could be
maintained and the rate of respiration in the bottom waters was
greater than what could be replaced by vertical mixing, then large

This revised water quality module gave qualitative results which
were very encouraging. Surface water dissolved oxygen levels of
between 15 and 20 mg/L and bottam water values of less than 3 mg/L
Nitrate values were less than 2 ug/L
throughout the water column in the imner inlet along with high
chlorophyll a concentrations in the surface waters. These results
could not be cbtained without the similated vertical migration and

could be maintained.

the physiological adaptations of the dinoflagellates.

Fig. 6.

compares water quality profiles from model runs for September
conditions which show the contrasting results from dinoflagellate
and diatam simulations using identical initial and boundry

conditions.
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Since the occurrence of dinoflagellate blooms is part of the normal
temporal succession of phytoplankton, the presence of
dinoflagellate blooms in Budd Inlet is not as important to the low
dissolved oxygen problem as are the strength and duration of the
blooms. Based on our experience with the spring bloom in May,
which showed 30 to 50 percent increase in the strength of algal
bloom due to nutrient addition, it was inferred that a similar
result would hold true for the dinoflagellate blooms.

The magnitude of the nutrient enhancement of the dinoflagellate
bloom could in fact be greater than what was observed for the
diatoms in May. Since the dinoflagellates can grow at low light
levels and can migrate to reach their optimum light level, they
would rarely be light limited. In addition, their ability to take
up nutrients day and night implies that the magnitude of the bloom
would be deperdent on the supply of nutrients rather than the
availabliity of light. This was not the case during the May diatom
bloom when the duration of the bloom was controlled by the number
of consecutive sunny days. This scenario is supported by a recent
study of recurrent dinoflagellate blocms cbserved during the fall
in a coastal lagoon on Vancouver Island (Robinson and Brown, 1983).
The authors concluded that the ultimate magnitude of each years
bloom was regulated by the availability of nitrate supplied in
runoff.

Seasonally, dinoflagellate bloams in the central and inner Inlet
may be encouraged by the lower flushing rates in the late summer
and early fall, combined with the tendency of the bottom waters to
accumilate in the inner Inlet due to the landward flowing estuarine
circulation. Therefore there is a strong potential for a sustained
dinoflagellate bloam enhanced by nutrient addition in Budd Inlet.

" The longer the bloom is sustained and the stronger it is, the

larger the potential for oxygen depletion in the bottom waters,
especially in the inner inlet. This agrees with a previously
reported low D.O. period for August of 1977 in Budd Inlet which
coincided with an extensive dinoflagellate bloom throughout the
Inlet (Kruger, 1979).

The bottom water oxygen depletlon created by dinoflagellate blooms
in the late summer and fall is aggravated by fact that the water
from Puget Sound which flushes the Inlet is on the average 2 mg/L
lower in dissolved oxygen than in the Spring. This lower D.O.
water is brought into Puget Sound by coastal upwelling through the
Straits of Juan de Fuca during the summer months when northerly
winds prevail off the coast. This water migrates south through
Puget Sound and reaches Southern Puget Sound during the late
summer. In addition, the bottom water temperature is also higher
bythreetofourdegreesmthe late sumer and fall which raises
the SOD rates from 30 to 40 percent, enhancing oxygen depletion of
the bottom waters.

It is very probable that the duration of the dinoflagellate blooms
in Budd Inlet are controlled by a combination of meterological and
hydrodynamic conditions which disrupt the vertical migration of the
dinoflagellates. This is what was observed in the September, 1984
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survey when strong vertical mixing and advection occurred due to
heavy winds. This was also observed by others (Westley et al.,
1973) in a September 1972 survey.

Altogether, the results indicate that even though conditions exist
in the late summer and fall which contribute to lower dissolved
oxygen values in the bottom water, these conditions alone cannot
account for the cbserved values. The evidence strongly suggests
that a reduction in nutrient addition will result in a reduction in
the magnitude of the dinoflagellate blocm, and consequently a
reduction in the magnitude of the oxygen depletion.

Conclusions and Recommendations

The probable cause of the low dissolved oxygen conditions in the
late summer and early fall in Budd Inlet is the presence and
persistence of dinoflagellate blooms. When bloom conditions
prevail, there is strong evidence which suggests that the magnitude
of the blooms are dependent on the supply of nitrogenous nutrients.
Although we do not, at this time, have a quantitative
dinoflagellate model for Budd Inlet, we can infer from ocur
qualitative modeling results ard our diatom model for May that the
magnitude of the dinoflagellate bloom in the inner inlet could be
enhanced from 30 to 50 percent by discharge configurations without
nutrient removal regardless of ocutfall placement in the inlet.
State water quality standards allow natural dissolved oxygen levels
to be degraded by up to only 0.2 mg/L by man-caused activities,
regardless of the water classification. Therefore nutrient removal
should be implemented as soon as practicable in order to attempt to
meet the State water quality standards.

Under the recommendations of state agencies, an algal bloom
enhancement of 10 percent or less as the result of nutrient
addition from the wastewater treatment plant was considered
acceptable. The following recommendations would achieve this
acceptable level and would minimize the potential magnitude of
oxygen depletion in the late summer and early fall due to
dinoflagellate blooms in Budd Inlet.

o For the present ocutfall location, maintain the permitted flow
rate of 16.3 mgd (AWWF) and establish nutrient removal of at
least 90 percent using best available technology. This could
be accomplished on a seasonal basis from April through October.

o For any outfall location within the Inlet or any increase in
permitted flow up to 22 mgd (AWWF), establish nutrient removal
of at least 90 percent using best available technology. This
could be accomplished on a seasonal basis from April through
October.
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Nearshore Primary Productivity in Central Puget
Sound: A Case for Nutrient Limitation in the
Nearshore Systems of Puget Sound!

Ronald M. Thom,2 Andrea E. C?Ppingg
and Richard G. Albright

Introduction

Puget Sound is a fjordal estuary that contains a complex
system of shallow embayments and deep reaches (max. depth
ca. 280 m) bounded by shallow sills. Puget Sound receives
nutrients from rivers, streams, sewage discharges and the
ocean, and productivity in Puget Sound is generally re-
garded as being moderate to high relative to other estu-
arine systems (Strickland, 1983). It has been shown that,
except for very short periods of time, inorganic nutrients
are not limiting phytoplankton production in Puget Sound
(Campbell et al., 1977). However, recent evidence indi-
cates that excess nutrient inputs from agricultural and
sewage discharge are resulting in phytoplankton blooms and
eutrophic conditions in embayments in southern Puget Sound
(URS, 1986).

Eutrophication has not been documented for central and
northern Puget Sound, but odorous conditions on some
beaches in these regions have recently (i.e., since 1980)
been reported (Thom et al., 1984; Thom, 1985). In many of
these cases, odors have been associated with piles of
decaying seaweed.

Here we evaluate nutrient limitation and the potential for
eutrophication in the nearshore zone in central Puget
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Sound. The nearshore zone is defined as the region from
higher high water down to the lower depth limit of benthic
vegetation (ca. -10 m MLLW). Benthic primary production
is high and faunal resource use is extensive in this zone
(Thom, 1987). Nutrient. limitation is evaluated in terms
of temporal dynamics of a potentially limiting nutrient
(i.e., nitrate), nitrogen to phosphorous ratios (Ryther
and Dunstan, 1971), and the dynamics of nearshore plant
production and biomass. The findings are summarized in a
conceptual model of the limiting or enriched conditions.

The most well studied cases of nearshore estuarine or
marine eutrophication in the United States are from Nahant
Bay (Quinlan, 1982) and Boston Harbor (Cotton, 1910), both
located in Massachusetts. These areas have a long history
(>80 years) of fouling by mats of macroalgae and intense
odor. More recently, eutrophication in Kaneohe Bay, Hawaii
has received considerable study (Smith et al., 1981). The
decline in submerged aquatic vegetation in Chesapeake Bay
is partially due to eutrophication (Orth and Moore, 1985).
Lee and Olsen (1985) summarized the eutrophication problem
in large coastal lagoons in Rhode Island, and developed
management strategies to deal with the problem.

Study Sites

This work was largely carried out during the Seahurst
Baseline studies sponsored by the Municipality of Metro-
politan Seattle. Four beaches, located in the East Pass-
age of central Puget Sound, were sampled for inorganic
nutrients and benthic vegetation. Three of the beaches,
i.e., Normandy, Seahurst and Tramp Harbor (Vashon Island),
had dense accumulations of drift seaweed in summer months.
The fourth beach, Aquarium (Vashon Island) did not have
extensive drift seaweed accumulations. Fauntleroy Cove,
an embayment showing recent evidence of eutrophication,
was sampled intensively in the summer of 1985. The
locations and descriptions of the beaches are given in
Thom et al. (1984) and Thom (1985).

Methods

Nutrient and salinity samples were collected approximately
20 cm below the surface in hip deep water by hand. Inor-
ganic nutrient samples (i.e., nitrate, nitrite, ammonia,
phosphate) were stored frozen in the dark until analyzed.
Salinity samples were held in citrate bottles. Duplicate
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water samples were taken biweekly, mid-morning during neap
tide at each of the four Baseline study beaches in June

- 1982-March 1984. A total of 54 water samples were col-
lected using the same methods at Fauntleroy Cove in July-
August 1985. Samples were collected at low tide from
streams located at Normandy Beach and Fauntleroy Cove
where the streams entered onto the intertidal zone. The
methodology for water analyses is given in Thom et al.
(1984) .

Standing stock and productivity of the benthic macrophytes
(i.e., seaweeds and eelgrass) and sediment associated
microalgae were sampled at 30-60 day intervals in June
1982-March 1984 at the Baseline study beaches. Phyto-
plankton standing stock was sampled daily during the same
period at Seahurst beach only. Productivity of phyto-
plankton was measured at a station ca. 100m off Seahurst
beach every 7-21 days from June 1982-December 1983. Data
from 1983 only, the year with the most comprehensive data
set, is presented below. Details of sampling methodology
are given in Thom et al. (1984) and Anderson et al.
(1984).

Results
Vegetat i i .

Seaweed had the greatest standing stock among all auto-
trophs during the summer maximum, followed by eelgrass,
sediment associated algae and phytoplankton (Fig. 1A).

Net primary productivity for all nearshore autotrophs
combined at Seahurst beach was greatest in spring (Fig.
1B), which was followed by a build up of biomass in summer
(Fig. 1A). Mean monthly nitrate concentration at Seahurst
beach showed a steady decline in spring from high winter
concentrations during the period of maximum productivity,
and a build-up during the period of declining productivity
(autumn-winter) (Fig. 1B).

Nutrient d ,

Nitrate concentrations varied with season at the four
Baseline study beaches (Fig. 2). During late-spring
through summer (May-September), nitrate was generally
below 10 pg at/l, and was at times undetectable. Nitrate
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(A) Total standing stock of autotrophic com-
ponents of the nearshore system in Seahurst
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primary productivity and mean monthly nitrate
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Seahurst bight.
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Figure 2. Nitrate concentrations in water samples from
the East Passage of Puget Sound.

concentrations were highest and least variable in winter.
Total inorganic nitrogen to phosphate ratio (N:P) followed
a similar cycle (Fig. 3). The N:P ratio illustrated that
nitrogen was being preferentially taken up during spring
and summer. N:P was below the Redfield ratio (Redfield et
al., 1963) of 16 in approximately 97% of the samples,
which is a considered to be the threshold of nutrient
limitation in algae. Furthermore, 69% of the values were
below a more conservative ratio of 10 put forth by Ryther
and Dunstan (1971) for marine coastal systems.

If oceanic water entering Puget Sound were the sole source
of nitrate in ambient waters, a positive correlation would
be seen between salinity and nitrate. The data from our
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Figure 3. Total inorganic nitrogen to phosphate ratio
(N:P) in water samples from four beaches in the
East Passage of Puget Sound.

study sites show a seasonal relationship between nitrate
and salinity, with some high nitrate levels associated
yith low salinity water during times of high freshwater

input (winter and spring)

(Fig. 4).

Nitrate levels are

highly variable during summer and fall when most input to
the Sound is via the Strait of Juan de Fuca. Samples from
the two small streams indicated that nitrate can be high
in small streams relative to ambient concentrations in

Puget Sound (Table 1).
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Table 1. Nitrate concentrations in streams adjacent to
two of the study sites in central Puget Sound.

Nitrate (ug at/1)

Stream Location n Mean S.D. Months
Fauntleroy Cove 6 47.6 5.1 August
Normandy Beach 4 145.5 18.1 December-
January
ntl Vi

Drift seaweed mats covered approximately 1.3 ha at
Fauntleroy Cove, and reached a maximum standing stock of
1.7 kg dry wt/m? (Thom, 1985). More than 28 mT (wet wt)
of seaweed were manually removed from the the area of
greatest accumulation in a one month period in summer.
Approximately 98 mT (wet wt) of seaweed loaded an ca. 1 ha
area of the beach between 11 July and 4 September 1985
(Thom, 1985). Nitrate concentrations were very high near
the area of greatest seaweed buildup (Fig. 5). Ammonia
concentrations were exceptionally high in the seaweed mat
and underlaying sediment water (Fig. 5), which indicated
remineralization was occurring. Water flowing down the
gradient of the beach had lower concentrations, and the
lowest concentrations were recorded in samples collected
directly within the actively growing green algal bed.
Nitrate was in high concentration in samples from the
stream, as compared to ambient water collected offshore
(Fig. 5). Attached seaweed biomass in the immediate
vicinity of the drift algal mat was in excess of eight
times greater than background levels from other beaches in
the East Passage (Thom, 1985). The attached plants at
Fauntleroy were very large; one blade of the dominant
green alga Ulva fenestrata measured 99 x 154cm in size.

Di ;

Depleted nitrate concentration during times of high net
primary productivity and algal biomass coupled with N:P
falling below growth limiting levels at the beaches
provide strong evidence that nutrient limitation occurs
under certain conditions in nearshore areas of central
Puget Sound. It has been the general conclusion that
nutrients are not limiting phytoplankton growth in the
deep central portions of Puget Sound, which was recently
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Figure 5. Schematic drawing showing the nearshore system
in Fauntleroy Cove and nutrient concentrations
in various places in the system.

confirmed in bioassays using Skeletonema costatum (Welch
and Messner, 1984). Nutrient limitation of phytoplankton
has, however, been demonstrated for inlets in coastal
British Columbia (Cochlan et al., 1986). Nutrient limi-
tation in shallow estuaries is common, especially where
benthic and water column photic zone coupling is strong
(i.e., benthic processes strongly influence processes and
chemistry of the total water column), and data on de-
pressed N:P are generally cited to support this conclusion
(e.g., Pilson, 1985; Lee and Olsen, 1985; Bishop et al.,
1984; Quinlan, 1982). The nearshore zone in Puget Sound
represents an area of relatively strong benthic-water
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column coupling. In areas where benthic plants are
abundant, high levels of productivity during spring and
summer is responsible for depleting inorganic nutrients
that wash over the beaches at during flood tides.

The growth of seaweeds in Puget Sound is probably not
light limited in spring and summer. Nutrients reach the
seaweeds in pulses during flooding tides. Uptake of nu-
trients in pulses has been shown experimentally to signi-
ficantly increase productivity and growth of several
seaweed taxa (e.g.,Connolly and Drew, 1985; Fujita, 1985;
Lapointe, 1985; Rosenberg and Ramus, 1984; Thomas and
Harrison, 1985; Thomas et al., 1985). Under severe nutri-
ent limited ambient conditions, frequency of nutrient
pulses was quantitatively more important than concentra-
tion in regulating the growth of the red alga Gracilaria
tikvahiae (Lapointe, 1985). Thomas et al. (1985) showed
using a seaweed taxon (Fucus distichus) from the northwest
that nutrient uptake rate was not saturated over a range
of nitrogen concentrations much higher than is normally
found in ambient waters. This feature, which appears to be
common to marine macrophytes, but not phytoplankton, may
be due to the thick multicellular growth form of seaweeds
(Thomas et al., 1985). Non-saturated nitrogen uptake by
seaweeds in dense stands under light-saturated conditions
could rapidly and steadily deplete nutrients in the water
that periodically covers the bed. This latter condition
may explain why nitrogen concentration would be reduced
relative to phosphorous, resulting in low N:P, even in
cases where nitrogen input was high.

Scenario for Puget Sound

The conditions on the beach at Fauntleroy Cove indicate
localized eutrophication. Our conceptual model (Fig. 5)
of the mechanisms resulting in the condition follows that
of Quinlan (1982). Stream water and oceanic water from
Puget Sound are primary sources of nutrients to the sys-
tem. An additional important source of nutrients is from
remineralization in the decaying algal mat. Organic
matter leaves the system via settlement to deeper areas,
transport to adjacent beaches by longshore drift, and as
dissolved and particulate matter in the water column.
Drift seaweed biomass decreases rapidly in autumn in con-
cordance with reduced attached algal biomass (Thom et al.,
1984). Annual fluctuations in nitrogen input and varia-
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tions in the dynamics of processes within the system will
probably affect the annual nitrogen pool in the system.

~ We suspect that the degree of nutrient trapping and poten-
tial for eutrophication is dependent upon the physical
characteristics of the system. For an embayment with very
limited flushing (i.e., Dabob Bay), Copping (1982) con-
cluded that the system was essentially closed with regard
to nitrogen cycling. Essentially, this same condition
exists in Budd Inlet (URS, 1986). Under conditions where
(1) organic matter is trapped in large quantities, (2)
nutrient remineralization is possible, and (3) substrata
is available nearby in the photic zone for seaweed attach-
ment, the probability of eutrophication during summer is
enhanced. This condition is exacerbated if nutrients from
sources other than Puget Sound (e.g.,streams, sewage
discharges) are available to the attached seaweeds.

Because of refluxing and cycling processes (Ebbesmeyer and
Barnes, 1980), anthropogenic input of nutrients may be
resulting in a net increase in the nutrient pool of Puget
Sound. Collias and Lincoln (1977) calculated, based on
available historical data, that the phosphate concentra-
tion in the main basin of Puget Sound increased 10% be-
tween data taken in 1932-1963 and data taken in 1974-1975.
Although they state that this increase is within the annu-
al fluctuations in phosphate, their data were from off-
shore sampling stations where we would expect a smaller
increase relative to nearshore areas. Nitrogen data were
not extensive enough to permit a comparative analysis.
Collias and Lincoln calculated that approximately 1.9 (23
mT) and 2.5% (225 mT) of phosphate and nitrate input,
respectively, to Puget Sound, remained within the system.
Ebbesmeyer and Helseth (1977) found that phytoplankton
biomass had not increased over a similar time period in
the main basin. Data from deeper portions of Puget Sound
may not be reflective of what is happening in nearshore
areas. Based on data from other areas (e.g.,Kelley et
al., 1985, Nowicki and Nixon, 1985, Boynton and Kemp,
1985), nutrient regeneration on beaches and release into
the water column is a predominant and widespread process
in shallow estuaries and coastal embayments. This process
is probably important in embayments of Puget Sound. If
nutrients are increasing in Puget Sound, it is likely that
some will be trapped and increase in embayment subsystems.
It is in these subsystems, where benthic-water column
coupling is strongest, that the effects of nutrient build-
up would predictably be detected first.
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Eutrophication on beaches is important due to the likeli-
hood of effects on human health and biological resources.
We conclude that eutrophication is not a serious problem
in Puget Sound except in a few local circumstances. How-
ever, a measurable mass of nutrients remain in the Sound,
most freshwater nutrient sources are located close to
shore, nutrient limitation may be a common feature in
shallow areas, eutrophic conditions have been documented,
and nutrient input will predictably increase in the near
future as a result of increased population. These facts
justify the need for concern. We recommend studies on the
freshwater nutrient contributions to Puget Sound, nutrient
requirements of benthic primary producers, dynamics of
nutrient cycling, and the degree of nutrient trapping in
embayments to further evaluate the model and scenario
presented for Puget Sound.
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PSP Research: Implications for Puget Sound

Louisa Nishitani*
Gerald Erickson*
Kenneth K. Chew*

Introduction

The use of bivalve shellfish resources in Puget Sound is restricted by a natural
phenomenon, the production of toxins by the dinoflagellate Gonyaulax catenella
(Protogonyaulax catenella). Shellfish ingest this species and accumulate the toxins.
When humans consume shellfish containing sufficient toxin, paralytic shellfish
poisoning (PSP) can result. Recent research in eastern Canada has indicated that
finfish resources in many areas may also be at risk from these toxins (White 1977,
1980). The purpose of the field and laboratory work reported in this paper was two-
fold: (1) To determine conditions which control growth and accumulation of G.
catenella and (2) to study the effect of the toxins on finfish in Puget Sound.

Methods

Frequent field sampling was conducted in Quartermaster Harbor in Vashon Island
and adjacent channel waters during April through September, 1980-81 and 1983-85.
Hydrographic parameters (temperature, salinity, Secchi depth, and nutrient
concentrations) were measured. Field samples were processed in the laboratory to
determine density and division rates of G. catenella and percent of G. catenella cells
parasitized, and the toxin content of plankton tows and mussels. Methods are
described by Nishitani et al. (1985).

The effect of the toxins on chum and pink salmon smolts, coho fry and Pacific
herring juveniles was tested by feeding them copepods made toxic on a G. catenella
diet. The fish were observed at intervals to determine effects on their behavior and
survival. Methods are detailed by Erickson (1988).

Results
Yertical migration

Early in the field work a study was made to determine whether G. catenella
undergoes diel (daily) vertical migration as do many related dinoflagellates. Counts
of samples taken at Im depth intervals and at frequent time intervals demonstrated
that G. catenella migrated following this general pattern: At 0500 hours the band of
greatest cell density was in the top 3m; during afternoon hours the depth of peak

*Division of Aquaculture, School of Fisheries, College of Ocean and Fishery
Sciences, University of Washington, Seattle, WA 98195
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Figure 1. Vertical distribution of G. catenella populations in afternoon samples

taken in Quartermaster Harbor, 1983. Length of horizontal bars
indicates number of cells/ml.

density varied from 1 to 5 m (Figure 1); downward migration started at
approximately 1800 hours and ended about midnight with the greatest density
between 4 and 7m (sometimes 6-10m); migration upward started about 0100 and
ended at approximately 0500. This general pattern was strongly influenced and even
disrupted by very strong density gradients or wind- or tide-driven turbulence.
Subsequent sampling methods were designed on the basis of this pattern.
Knowledge of the pattern also provided insight into the length of time the cells were
exposed to the different temperature and nutrient conditions above and below the
pycnocline (Nishitani and Chew 1984 and unpublished data).

Factors influencing growth rate and density

Changes in G. catenella populations result from changes in the difference between
the rate of growth (cell division) and the rate of removal of cells from the water
column. At different times in this study the reduction of the G. catenella population
was due to one or more of these factors: Removal of cells by tidal washout,
encystment and settling out of cells, and consumption of motile cells by a variety of
zooplankters, benthic invertebrates, and a dinoflagellate parasite.

Growth of G. catenella is slow, with fewer than 50% of cells dividing in 24 hours in
field measurements, and a maximum of 1 doubling per day in laboratory cultures.
Factors affecting growth rates were water temperature, which was strongly
influenced by stratification, and nutrient availability. Increases in the population
were noted after stratification had begun in the spring and the surface water
temperature had risen to 13C. (The range of optimum water temperature for G.
catenella growth was shown in the laboratory to be 13-18C, Norris and Chew 1975).
The importance of favorable temperature was indicated in the field by the contrast
between development of G. catenella populations at two stations, one in mixed
channel water at the mouth of the bay, the other 3 miles inside the bay where
relatively low tidal- and wind-driven turbulence permitted stratification and faster
warming. The difference in G. catenella populations at the two stations was
reflected in toxicity of mussels, those at the inner bay stations accumulating 80 [g
toxin/100g shellfish meat several days to weeks before those at the channel station.
80 g is the level of toxicity that has been set by the U.S. Food and Drug
Administration as the standard for harvesting closure. A sparse cell density of only
10 cells/ml is sufficient to allow accumulation of 80 pg of toxins in mussels.
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Figure 2. Division rates (% of cells dividing in 24 houi's)
at different PO4-P concentrations at 4m in
Quartermaster Harbor, 1984. r=.816

At the inner bay station, following continued stratification and deepening of the top
layer of 13C water, major increases in G. catenella populations ("blooms") occurred
in late June of two years. During those bloom periods toxicity in mussels rose
rapidly (as much as 1800 pg in a period of 5 days), to levels which could have
caused death in persons consuming them. At the channel station similar, but lesser,
surges in mussel toxicity occurred one to two weeks later, and in some cases
followed a spring tide series accompanied by a decline of G. catenella density within
the bay, suggesting export of the cells from the bay to the channel waters. High
densities of G. catenella were found in channel waters when the water temperature
was 13C or greater down to 9 m during later summer (Nishitani and Chew 1984 and
unpublished data).

Reduction of growth rates, apparently due to low nutrient availability, was associated
both with declines of blooms and with the suppression of bloom development. Low
concentrations of either nitrogen (NO3 + NO; + NHj - N) or phosphorus (POs-P)
appeared to be an important causal factor in the decline of each of the three major
blooms and the two mini-blooms observed during this study. In addition, during two
early summer periods when temperature conditions were favorable, low nutrient
availability appeared to be an important factor in precluding development of a major
bloom. In some events nitrogen appeared to be the limiting nutrient; at other times,
1ow phosphorus concentrations appeared to limit growth rates (Figure 2) (Nishitani
et al. 1985 and unpublished data). These evaluations were based on N and P
concentrations at 4m, a depth of long exposure time for G. caternella, according to
migration studies.

The possibility of using the parasite, Amoebophrya ceratii, as a biological control
agent was investigated and rejected after finding that it attacked several other species
which at different times are dominant in phytoplankton assemblages. High host
specificity would be an essential characteristic for a biological control agent in an
estuarine environment.
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Effect of toxins on finfish

Movement of the toxins to the next higher trophic level was demonstrated by the
uptake of toxins by zooplankton (unpublished data). It is important to note that,
during some blooms, G. catenella comprised approximately 95% of the
phytoplankton crop available to zooplankters. The effect of the movement of the
toxins to planktivorous fish was tested in the laboratory. These feeding experiments
showed differences in tolerance for the toxins among the four species studied:
Pacific herring and chum and pink salmon, all of which might be exposed to the
toxins naturally, and coho salmon in the fresh water stage which would not be
exposed to the toxins under natural conditions. The coho had a lethal reaction to
very low dosages (LD50 = 39 nug STX eq/kg body weight). Pacific herring
juveniles, the least tolerant of the other three species displayed disoriented behavior
prior to death at relatively low dosages (LD50 = 102 pg STX eq/kg body wt).
Compared with the Atlantic herring response (White 1981), the Pacific herring had
similar disoriented behavior but a lower LD50. Smolts of chum salmon exhibited
abnormal behavior (very passive and/or agitated) at moderate dosages (ED50=355
ug STX eg/kg body wt) but did not die at high dosages (9177 ug STX eq/kg body
wt). Pink salmon showed no abnormal behavior and no mortality at the highest
dosage tested (706 pg STX eq/kg body wt). Both the viscera and body tissues of
chum and pink salmon and viscera only of herring were found to contain the toxins,
which could be passed on to predators (Erickson 1988).

Discussion

The findings of these studies have implications for management and monitoring of
Puget Sound. They also point to research needed for sound decision-making. In
considering the implications for human use and management of Puget Sound, several
facets of the problems caused by the occurrence of a natural poison in these waters
need to be addressed: The resources at risk, the locations and level of risks, and the
potential for human activities to increase the risks.

Resources at risk

The risks to human health are greatly reduced by the shellfish monitoring program
conducted by the Washington State Office of Environmental Health and the Health
Departments of counties with seawater shorelines. Since the monitoring program
started in 1957 no PSP illnesses have resulted from consumption of shellfish
commercially grown in Washington. Risks remain, however, because many
recreational harvesters fail to recognize the seriousness of PSP and ignore closure
warnings.

While the shellfish resources themselves have not been at risk (shellfish are only
very seldom adversely affected by the toxins), the occurrence of PSP toxins in
shellfish has placed severe restrictions on human use of these resources, particularly
recreational harvesting. This has been especially pronounced since the mid-1970s
when a pattern of more frequent occurrence of higher levels of toxicity began in
Puget Sound. The 10 million dollar bivalve shellfish industry in Puget Sound, thus
far, has experienced relatively minor losses from PSP harvesting closures. This has
been due in large part to the fact that a high percentage of the industry is located in
the Southern Basin. The possibility exists that finfish and other wildlife resources in
Puget Sound could be adversely affected by the toxins. Quartermaster Harbor and
other bays serve as nursery grounds for a variety of fish. The co-occurrence of dense
G. catenella and herring or chum salmon smolts (and perhaps other susceptible
species) could result in high mortality among the fish, due either to the lethal
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dosages received or to high levels of predation on fish receiving disabling but
sublethal doses. Large kills of adult herring have occurred in eastern Canada (White
1977, 1980). Circumstantial evidence suggests PSP toxins may have been

" responsible for a large herring kill in British Columbia (Tester 1942). PSP toxins
have been implicated in or proven to be the cause of sea birds deaths along the open
coast of Washington (McKernan and Scheffer 1942) and in the Atlantic (Nisbet
1983). Humpback whale deaths off New England have been linked to PSP toxins
ingested in planktivorous fish containing PSP toxins (Beach 1988). The fact that
none of these effects of the toxins on finfish, birds and mammals has been
documented in Puget Sound does not necessarily indicate that they are not occurring.
It is possible that unexplained mass sea bird kills, periodic reductions in size of some
finfish year classes or whale deaths in Puget Sound could have resulted from PSP
toxins.

Location and levels of risk

Some level of toxicity in shellfish occurs each summer in all parts of Puget Sound,
except for occasional years without toxicity in the Southern Basin and Hood Canal.
Toxicity exceeding the closure standard has occurred in all parts of Puget Sound
except the Southern Basin and Hood Canal. The possibility of future occurrences of
PSP harvesting closures in those waters cannot be ruled out until we understand the
factors regulating growth of G. catenella there.

To the extent that other bays are similar to Quartermaster Harbor and its adjacent
channel waters, it is probable that bays will support earlier onset of blooms and more
frequent blooms than will channels. It is also probable that low nutrient availability
thl pLan a major role in controlling the density of G. catenella populations in those
other bays.

The importance of warm water and stratification in bloom development indicates
that the risk of unusually high levels of PSP toxins in shellfish could increase
following periods of abnormally warm weather in spring or fall or periods of
unusually high river runoff (which can cause deep stratification). The latter occurred
in 1978 in the Whidbey Basin, which had no previous record of toxicity. At that
time toxin levels in mussels rose to 30,000 pg/100g meat.

Potential effect of human activity on PSP lem

Of the major factors influencing density of G. catenella, human activities can
effectively alter only one factor in relatively large bodies of water, namely, nutrient
availability. Sources of nutrients derived from human activities would include
sewage outfalls, septic tanks, marinas and agricultural runoff, Although much
remains unknown about the utilization of N and P by this species, several important
points about the effect of nutrient addition to Puget Sound can be made on the basis
of this study.

It is unlikely that addition of nutrients by human activity will advance the timing of
onset of PSP harvesting closures in early summer. Based on extrapolations from
field and laboratory findings, the concentrations of N and P required to support a
growth rate adequate to develop a density of 10 cells/ml (sufficient to require
harvesting closure) are estimated to be extremely low and to be available in Puget
Sound in early summer in all but the most extraordinary situations. However, in late
summer when zooplankton predation rates are higher, a higher growth rate would be
required to maintain that density of G. catenella cells. Under those circumstances, if
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nutrient depletion occurred, addition of nutrients by human activity might increase
frequency and length of closure periods.

In this study, the timing of onset and the duration of dense populations (blooms)
were controlled, in part, by nutrient availability. This raises the question of whether
addition of N and P by human activity would increase the frequency and length of
blooms. The result of bloom prolongation would be higher levels of toxicity in
shellfish and other animals and, in some circumstances, greater export of G.
catenella from bay to channel waters, resulting in increased toxicity in shellfish
there.

The magnitude of the effect of adding nutrients to a water body by human activity
will depend on both the quality of the added material and the characteristics of the
receiving water. In order for added nutrients to stimulate growth of G. catenella to a
density of bloom proportions (e.g., 100 cells/ml), at least the following five
conditions would have to co-occur: (1) Limiting concentrations of N or P in the
receiving water occurring when the temperature of the surface water layer was at
least 13C. (2) The added nutrients reaching the top 10m layer. (3) An initial
population of G. catenella existing in the receiving water. (4) The water parcel
which received the added nutrients remaining intact, with minimal mixing, for
sufficient time for growth to occur, several days to perhaps 3 weeks, depending on
the initial density of G. catenella in the receiving water. (5) G. catenella being able
to utilize the nutrients added.

The probability of these 5 conditions occurring simultaneously would depend on the
individual probabilities of occurrence of the 5 conditions. This study indicated that
the probability for each of the first four factors is higher in Quartermaster Harbor
than in adjacent channel waters. It is expected that the same could hold true for
other bays in which configurations, bathymmetry and protection from wind permit
development of stratification and warm temperatures.

Research Needed

At least two questions need to be answered so that we may known the extent to
which the addition of human and ariimal wastes can influence growth of G.
catenella. (1) At what N:P ratio does P becoming limiting? Some of our field and
laboratory work indicates that G. catenella may have a much higher requirement for
P relative to N than is assumed for many other phytoplankters. If this is borne out by
definitive laboratory experiments, this knowledge will help to clarify the potential
response of G. catenella to the addition of different kinds of wastes to receiving
waters with varying concentrations of N and P. (2) Which N- and P-compounds
cqur'xmgnly added to Puget Sound, by point or non-point sources, can G. catenella
utilize?

The answers to these two questions would help to provide a sound basis for decision-
making regarding siting and management of activities which would add nutrients. In
addition, this information might indicate whether G. catenella populations in the
Southern Basin and Hood Canal are kept below closure levels by low nutrient
availability. If this is found to be the case, the potential exists for human activities in
those waters to elevate the risk of PSP problems.

Methods of Monitoring Dinoflagellates

For varying periods of time each year, in some parts of Puget Sound, dinoflagellates
are the dominant phytoplankters, and thus form the major portion of the food
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resource of phytoplankton feeders. For this reason, a long-term study of the health
of Puget Sound should monitor the populations of dinoflagellates and the physical
and nutrient conditions which support their growth. Further need for such
information stems from the fact that several species of dinoflagellates, in addition to
G. catenella, are known to be noxious. Dinophysis acuminata, which occurs in
Puget Sound, has caused diarrhetic shellfish poisoning in Europe (Kat 1985). In
Puget Sound Ceratium fusus has caused mortalities of oysters (Cardwell et al. 1977)
and pen-reared salmon and pandalid shrimp (Rensel 1976). Gymnodinium
sanguineum (G. splendens) and Prorocentrum gracile were associated with low
survival and poor development of oyster larvae (Cummins et al. 1976).

The type of routine monitoring commonly conducted, i.e., monthly at 0, 10 and 30m
to measure pigment concentrations and hydrographic parameters yields data of
limited value in assessing either relative abundance of dinoflagellates or the
favorableness of conditions for their growth. The studies with G. catenella
demonstrated repeatedly that a bloom can develop and disperse within two weeks,
underscoring the importance of sampling more frequently than monthly. Because of
the motility and the diel vertical migration of many dinoflagellate species, the
distribution of their populations within the water column may vary from hour to
hour. Thus, special sampling methods are required to obtain the most useful
information. Either sampling at several depth intervals in the top 10m or continuous
pumping through depth from 10m to the surface will provide better estimates of
populations than sampling at 0 and 10m. Neither nutrient values at 0 and 10m nor
their mean indicate nutrient availability at the intermediate depths in which G.
catenella cells live through much of a 24 hour period. During this study the mean of
inorganic N at 1 and 9m was comparable with that at 4m on only half of the
sampling dates.

An added monitoring procedure which could give valuable information about the
health of Puget Sound, would be the determination of the species composition of all
phytoplankton. Persistent changes in species composition, exceeding interannual
variations, could reflect changes in either climatic or hydrographic conditions.
Species composition would be expected to be far more sensitive to changes in
nutrient conditions than would pigment concentrations which are currently
monitored to determine the total abundance of photosynthetic phytoplankton.

Recommendations

1. Research should be conducted to investigate nutrient utilization by G. catenella.
2. The potential effect of human activities on PSP problems should be considered in
siting and management decision-making.

3. Modifications in water quality monitoring should be implemented to improve
sampling of dinoflagellates and to provide species composition data.

4. Analyses of stomach contents for PSP toxins should be conducted during
unexplained mass kills of fish, birds and mammals.
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DISTRIBUTION AND BIOLOGICAL EFFECTS OF SEA-SURFACE
CONTAMINATION IN PUGET SOUND*

INTRODUCTION

The sea surface is a highly productive, metabolically active
interface and a vital biological habitat for neuston--surface
dwelling bacteria, microalgae, protozoa, copepods and larger
organisms (Zaitsev, 1971). Also, numerous species of fish,
including, cod, sole, flounder, hake, anchovy, mullet, flying fish,
greenling, saury, rockfish, halibut, and many others have surface-
dwelling egg or larval stages (Ahlstrom & Stevens, 1975; Brewer,
1981; Kendall & Clark, 1982; Zaitsev, 1971). Crab and lobster
larvae concentrate in the surface film during midday as a result of
positive phototaxis (Jacoby, 1982; Provenzano et al., 1983; Smyth,
1980). 1In Puget Sound, English sole (Parophrys vetulus) and sand
sole (Psettichthys melanostictus) spawn between January and April,
releasing trillions of eggs that collect on the water surface. The
embryos float until hatching occurs, generally 6 to 7 days after
fertilization (Budd, 1940 and personal observation).

Contaminants that have low water solubility or that associate with
floatable particles concentrate in the surface microlayer (SMIC,
upper 50 micrometers). Concentrations of potentially toxic PAHs,
PCBs, and metals, orders of magnitude greater than U.S.
Environmental Protection Agency water quality criteria standards,
have been found in the SMIC of Puget Sound (Hardy et al., 1985 &
1986), Chesapeake Bay (Hardy, et al. 1987), and elsewhere (Hardy,
1982).

Despite the demonstrated importance of the sea surface as both a
vital nursery area and a concentration point for contaminants,
spatial distributions or temporal trends in surface contaminants, or
their impacts on the reproduction of wvaluable marine species, remain
largely unknown. Several recent studies have linked aquatic surface
contamination with negative biological impacts. In Puget Sound
(Hardy et al., 1988a&b), Southern California (Cross et al., 1988),
and the North Sea (Kocan et al., 1988), fish eggs exposed to
contaminated SMIC exhibited reduced viability.

Our studies were intended as a first step to determine, at a few
sites and times: 1) the densities of neuston, including fish eggs;
2) the toxic effects of the SMIC in the laboratory and in situ; 3)
the degree of association of toxicity with contaminated urban bay
areas and with visible sea-surface films or slicks; 4) the magnitude
of spatial and temporal variability in aquatic surface
contamination; 5) the probable sources of contamination, and 6) the
relationship between contaminant concentrations and the toxic
effects on fish reproduction.

*Jack Hardy, Department of General Science, Oregon State University,
Weniger Hall 355, Corvallis, Oregon 97331-6505

Liam Antrim, Washington Department of Ecology, Marine Laboratory
Manchester, Washington



METHODS

Sample Collection

Sea-surface microlayer samples were collected from 13 preselected
stations in Puget Sound at four times between February and May, 1985
using the glass plate microlayer sampler (Harvey & Burzell, 1972;
Hardy et al., 1985). The surface pressure (an indicator of the
presence of surface-active organic films) was measured at a minimum
of five points at each station using the spreading oil method (Adam,
1937). Stations sampled included relatively uncontaminated rural
reference areas that are remote from areas of documented
contamination; i.e., Sequim Bay and Central Sound, three urban bays-
-Elliott Bay near Seattle, Commencement Bay near Tacoma, and Port
Angeles Harbor. Also, a station was located near Seattle’s West
Point sewage treatment plant discharge diffuser. Subsurface bulk
water samples were collected only at three stations by opening a 3.5
liter glass jug at a depth of 0.2 m. Samples were immediately
stored in the dark on ice and returned to the laboratory. Toxicity
tests with unfiltered samples were initiated within 24 h of
collection. '

To determine the relationship, if any, between SMIC toxicity and the
presence of surface slicks, 64 samples were collected and tested for
toxicity during 1986 using a rotating Teflon drum sampler (Hardy et
al. 1988c). Samples were from the same general sites as 1985, but
were purposely collected either inside or outside areas of visible
surface slick.

Toxicity Tests

Toxicity tests were conducted using either .early stage sand sole
embryos collected by neuston net from Sequim Bay or
laboratory-fertilized sand sole eggs produced from gametes of one
male and one female sand sole. In the laboratory, 4 to 10 replicate
dishes containing about 15 eggs each and either 30 ml of microlayer
or bulk water were incubated at 9°C for 6 days. At the end of the
toxicity exposure period, dishes were examined and the number of
normal live larvae recorded. Normal live larvae were completely
free from the egg shell, showed active motility, and appeared to
have normal morphology.

Toxicity tests were also conducted in situ. The field exposure
system consisted of duplicate polyethylene cups (150 ml) held in a
0.09-m? styrofoam floatation board. The bottoms of the cups were
open for water exchange through a 0.5-mm mesh nylon screen. The
apparatus was submerged below the water surface and slowly brought
to the surface to trap the surface film within each dish. Exposure
systems were tethered to buoys in Sequim Bay (reference) and in
urban bay areas with suspected contamination. Eggs from one female
sand sole were fertilized with sperm from one male. At about 2 h
postfertilization, approximately 50 embryos were added to each dish,
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allowed to incubate for 6 days in situ, retrieved, and examined for
normal live-larval hatching success.

Chemical Analysis

The SMIC samples collected during 1985 and 1986 for toxicity tests
were also analyzed for metal and organic contaminants. Details of
the analytical methodology have been reported elsewhere (Hardy et
al. 1988b). All 1985 samples were chemically analyzed. For 1986
samples, only 20 selected samples were analyzed. Samples were
selected to cover a range of previously measured toxicity to sole
embryos. In addition, for comparison to the microlayer, bulkwater
samples from Sequim Bay, Port Angeles Harbor and West Point were
analyzed.

RESULTS
Biological

The percent of normal live-larval hatch (LLH) at the end of a 6-day
exposure period ranged from 0 to 96% (Table 1). Samples were
analyzed by ANOVA and ranked by a Newman-Keul’'s multiple range test.
Significantly toxic (p <0.05) samples were all from urban bay sites.
These included Stations 1 and 2 (Elliott Bay), 4 and 10
(Commencement Bay), and 13 (Port Angeles Harbor). Only microlayer
samples from the urban bays showed significant toxicity. No
toxicity was found in bulk water samples (0.2 m depth) from either
urban or rural bay stations. The greatest survival, 86 to 96%,
occurred in samples from the Central Sound (station 7) and Sequim
Bay (station 8) sites. Out of 12 microlayer samples tested from
urban bays, five showed significant toxicity (i.e., 55% or less
LIH). 1In both the urban bays (but not the rural sites), normal LLH
decreased with increasing quantities of surface active organic films
according to:

2) Y= -3,65X + 112
where, Y = & normal live larvae
X = mean surface pressure (dynes cm‘l) at the
urban bay station sampled
N =132, r = 0.6505, and p = < 0.001

Fertilized sole eggs, placed in exposure chambers in situ and
allowed to float in contact with the SMIC during embryogenesis,
displayed marked reductions in hatching success in the urban bays
compared to the reference stations. In 1985 normal live larval
hatch in Port Angeles Harbor and Commencement Bay was only 4% and
42%, respectively, of that at the reference site (Sequim Bay). 1In
Commencement Bay all larvae showed morphological abnormalities,
primarily kyphosis (bent spine). In 1986, a Commencement Bay
exposure resulted in only 55% normal live larvae and two exposures
in Elliott Bay, performed a week apart, gave 79% and 78% as many
normal live larvae as Sequim Bay. These results compare well to
those found in the laboratory tests.
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TABLE 1
Summary of Microlayer Contaminant Concentrations and Toxicity
for Puget Sound (X = not measured; <DL = absent or below detection)

Total Normal
Sample Date- Aromaf:ics Saturates Pesticides PCB Metals Larvae
Location No.  Station  (ugl )  (ugl ) g1 ) (gl ) (ugl ) (% nomal)

1 860314-1I1 65 900 <DL 401 107 0

2 860314-12 298 <DL 2.7 45 88 76

3  860314-K1 8031 236 9.0 <DL 3801 20

4 860314-K2 17 <DL <DL 311 3462 &

Elliott 5 860314-L2 <DL 74 <DL <DL 58 100
Bay 6 850305-1 166 X <DL 1201 683 [}
7 850305-2 81 X <DL <DL 226 53

8  850305-3 13 X 2.8 1941 X 63

9 850311i-1 13 X <DL <DL 4753 [/}

10 850311~-3 <DL X <DL <DL 28 80

11 860319-A1 232 2057 43.8 254 247 0

12 860318-Cl <DL 587 <DL 56 73 22

13 860318-C2 16 847 <DL 61 87 7

14 860319-D2 3 1073 <DL 443 317 5

Commencement, 15 860319-E2 <DL 27 <DL <DL 19 100
Bay 16  860319-F2 <DL 55 <DL <DL 101 0
17  860318-G1 <DL 423 <DL 90 280 0

18  860318-H2 <DL 51 <DL <DL 36 85

19 850312-10 1123 X 0.5 2429 1725 0

20 850312-11 <DL X 0.2 <DL 9 78

21 850306-4 170 X 4.1 3894 1357 55

22 850312-4 <DL X <DL <DL 80 84

23 860220-A <DL 12 <DL <DL 96 98

24  860306-A1 <DL 4 <DL <DL 24 94

Sequim 25 860306-B2 1 24 <DL <DL 101 92
Bay 26  860318-B2 <DL 3 <DL <DL 15 100
27 850303-9 17 X <DL <DL 66 74

28  850303-8 <DL X <DL <DL 69 86

29 850310-8 <DL X 0.1 <DL 25 96

30 850303-bulkwater <DL X <DL <DL 1 81

31 860314-C1 132 139 <DL 28 160 98

Central 32 860314-F1 2 2 <DL - <DL 25 98
Sound 33 860314-G2 1 2 <DL <DL 11 100
34 850305-7 12 X 0.1 <DL 34 88

35 850311-7 <DL X 0.1 <DL 81 89

Port. Angeles 36 850212-13 581 X <DL X 471 36
West Point 37  850508-12 54 X <DL X 411 X
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Chemical

Concentrations of potentially toxic metals in the microlayer of
Puget Sound were extremely high at many stations (Table 1). Mean
concentrations for,total SMIC metals (1985 data) were 53, 58, 793,
and 1420 g liter = for Sequim Bay, central Puget Sound,
Commencement Bay and Elliott Bay, respectively . Eleven of the
samples analyzed from the urban bay microlayers had high
concentrations of several metals. The rank order of sites based on
total metal concentrations was Elliott Bay > Commencement Bay > Port
Angeles and West Point > Central Sound > Sequim Bay > bulk seawater
from Sequim Bay (Table 1).

Saturated hydrocarbons (C-8 through C-34) were analyzed only in the
1986 samples. Discussion of individual concentrations at each
station is beyond the scope of this paper, but high concentrations
were found in many samples. Maximum concentrations of total
particulate n-alkanes including phytane and pristane occurred in the
following order (by site): Commencement Bay > Elliott Bay > Port
Angeles > central Sound and West Point > Sequim Bay (Table 1).

Potentially carcinogenic, mutagenic and teratogenic PAHs occurred in
the majority (57%) of the microlayer samples from Puget Sound.
Extremely high concentrations were found at several statioms in
Elliott Bay and Commencement Bay. In general, concentrations were in
the following order: Elliott Bay and Commencement Bay > Port
Angeles, West Point and central Puget Sound > Sequim Bay. Bulkwater
samples were analyzed from Port Angeles Harbor (Station 13), West
Point (Station 12), and Sequim Bay (Station 8); none contained any
detectable aromatic hydrocarbon contaminants.

Concentrations of pesticides were detected in 28% of the SMIC
samples analyzed. Highest total pesticide concentrations were in
Elliott Bay and Commencement Bay (Table 1).

DISCUSSION AND CONCIUSIONS

We found that toxicity was strongly correlated with the presence of
slicks. In urban areas, toxic hydrophobic contaminants concentrate
in natural films (Hardy, 1982). Wind and current patterns collapse
the films into thicker visible slicks. Such slicks are not
restricted to urban bays, but appear to move from place to place.
Contaminated surface films could be carried by wind and surface
currents, deposit in intertidal beach areas, contaminate shellfish,
and impact other species, such as herring, that deposit eggs
intertidally.

Even a cursory examination of Table 1 suggests possibile reasons for
toxcity in some individual samples. In Sample 9, a low percentage
(0%) of normal larvae occurred when exposed to a sample containing a
very high metal content (especially Cu). Particles could be
observed in this microlayer sample, and were most likely derived
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from sandblasting activity in the industrial shipyards of Harbor
Island. Toxicity occurred in Samples 1 and 11 with high saturate
concentrations and in Samples 6 and 8 with high PCB concentrations.
However, most toxic samples contained a complex mixture of
contaminants.

Both stepwise and principal component analyses suggested a strong
inverse relationship between the presence of contaminants in the

sea-surface microlayer and the hatching success of neustonic fish
eggs (see Hardy et al. 1988b for details). Each of the measured

contaminants appears to contribute to the overall decrease in the
percentage of normal live larvae.

SMIC contamination in Puget Sound originates from a variety of
sources. High Pb concentrations near the urban centers suggest a
major source of surface contamination in these areas from gasoline
combustion. Ratios of individual compounds (Prahl et al. 1984)
suggest that the high levels of PAHs in many of our samples result
from runoff or direct deposition of fossil fuel combustion products.
Carbon preference ratios (Barrick et al. 1980) at some sites
indicates the presence of uncombusted petroleum hydrocarbons. The
presence of silver, a product of photographic processing, suggests
inputs of domestic sewage, especially near West Point. Thus, the
water surface appears to be contaminated with a complex mixture
originating from a large variety of sources.

The significance of surface contamination in Puget Sound lies in the
biological importance of the microlayer. The surface of Puget Sound
is a nursery for the early life stages of many valuable species such
as Dungeness crab and sole. Although eggs and larvae may be greater
than 50 m (the depth of the microlayer) in size they often float or
come into contact with the microlayer. Also, as Liss (1975)
suggested, solubilization of airborne particles at the sea surface
will lead to their rapid introduction into marine food chains via
the high concentrations of microorganisms found in the microlayer.

Benzo(a)pyrene (BaP) is strongly carcinogenic. Hose et al. (1982)
found a 30% increase in_Tortality of floating sand sole embryos
exposed to 0.1 g liter = BaP. BaP concentrations between 3 and

123 g liter = occurred in seven of our samples. Metal
concentrations in many of the SMIC samples exceed EPA water quality
criteria by orders of magnitude. PCB concentrations in some samples
were as much as 130 times greater than the Enyironmental Protection
Agency Water Quality Criteria of 30 ng liter = (Table 1).
Contamination of the water surface is widespread in Puget Sound. It
is not restricted to urban bays, but occurs also in central Puget
Sound. Toxicity to floating fish eggs results from a complex
mixture of anthropogenic contaminants arising from a variety of
sources. Overall, these results raise considerable concern
regarding the environmental quality of the sea surface as a habitat
for the developmental stages of flatfish and other species. Our
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results strengthen the argument that maintenance of a healthy marine
environment will require development of quality standards and
monitoring programs, not only for the water and the bottom
sediments, but also for the sea surface.
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Shoreline Stranding of Floatable Materials in Seahurst Bay
Jack Q Wordl, Curtis C. Ebbesmeyer? and Jeffrey A. Wardl
Introduction

Puget Sound is essentially a large, narrow bathtub, whose nearly
vertical sides are the surrounding land (Fig. 1). Floatable
materials (e.g., logs, oil and grease, styrofoam, and the
contaminating toxicants and microorganisms that are associated
with them) are present throughout Puget Sound (Fig. 2). These
floatable materials can (but are unlikely to) escape from Puget
Sound by passing through the narrow openings at Admiralty Inlet and
Deception Pass. As a result, floatable materials from many sources
have a high potential to eventually strand themselves on beaches in
a "bathtub ring" effect. Our concern is that these stranded
materials may degrade the shoreline enviromment, influencing the
organisms as well as the people that use and enjoy the resources of
our intertidal enviromments.

The objectives of ocur research, sponsored by the Municipality of
Metropolitan Seattle (METRO), were to carefully examine an
intertidal shoreline of Puget Sound and evaluate the level of
chemical contamination of the water and sediment as well as the
bacterial contamination of shoreline water, sediment, and
shellfish. Chemical contamination was evaluated by examining the
quantity of oil and grease materials contained in surface waters,
contained in water within the crevices of the shoreline sands
(sediment-water), and attached to shoreline sediment. Bacterial
contamination was evaluated by determmining the quantity of several
types of indicator bacteria in the tissues of shellfish, on
sediment, and in the sediment-water and surface water. These
values were then compared to appropriate state or federal
standards.

Methods

Our study area was Seahurst Bay, located on the eastern shoreline
of south central Puget Sound. This embayment, including Seahurst
Park, is a popular shellfishing and swimming site. The
surrounding area has a moderate level of home development near the
shoreline, two small creeks (Salmon and Seahurst) which discharge
into the bay through the intertidal shoreline, an urban run-off
channel at the foot of Seola Beach Drive (near the northern end of
the bight), and a small, predominantly damestic, primary treated

lpattelle/Marine Research Laboratory, 439 West Sequim Bay
Road, Sequim, WA 98382

2Evans-Hamilton, Inc., 4717 24th NE, Seattle, WA 98125

409



« Bellingham

2

%

g
%:}

% E“f.tt
' .. Iliott Bay
Scam.

ahurst Bay
s'udy Area

# J ¢ \ F \—Commencement Bay
& IV N
g

VN,

FIGURE 1. Puget Sound, Washington.

410




‘punos 38bnd UT Juesald STeTISIEN STAeIROTd T MWNOII

411




sewage effluent discharge located at Salmon Creek. This plant
discharges into the center of the embayment, nearly 266 m fram the
shoreline at a water depth of approximately 73 m (Fig. 3).

samples of surface water at four locations were carefully collected
by slowly submerging the lip of a glass bottle beneath the water’s
surface. Samples of sediment-water were collected similarly from
the surface of water which rose and filled holes that had been dug
in the shoreline sediments at approximate intervals of 100 m over a
shoreline distance of approximately 1400 m. Three-inch diameter
sediment cores were collected at approximate intervals of 50 m over
that same 1400 m of shoreline. Three individual shellfish
(Clinocardium nuttallii) were collected every 50 m along the
shoreline for a distance of approximately 800 m. All sample
collections were taken fram an approximate tidal height of 0 feet
between 15 June and 8 August 1983. Water and sediment samples for
chemistry or bacteriology were placed in glassware specially
cleaned for this project by the chemistry and bacteriology
laboratories at the Municipality of Metropolitan Seattle. The
shellfish samples were placed in plastic bags without the addition
of water. All samples were placed in coolers during the collection
and on ice after return to the transportation vehicle. Samples
were then transferred to METRO’s Laboratory where they were
processed for the various measurements.

Pentane extractable materials (oil and grease) were measured in

each of the surface water, sediment-water, and sediment samples.
Fecal coliform bacteria were measured in sediment-water and
shellfish samples while enterococci bacteria were measured in
sediment-water, and Clostridium perfringens bacteria in sediment
samples. The chemical measurements were made by METRO personnel
under the direction of Dr. Raleigh Farlow (currently QA/QC Officer
for Region 10 EPA) while the bacterial measurements were made by
Mr. Steve Fischnaller (currently at METRO's bacteriology
laboratory) at the University of Washington’s bacteriology
laboratory under direction of Dr. Jack Matches. Other anecdotal
observations included characterization of the color of sediment
within the cores and the sediment odor type and strength.

Results

Surface water concentrations of pentane extractable materials in
observable slicks ranged fram 300 to 1500 ug/l, were highest
approximately 1200 m fram the northern portion of Seahurst Bay, and
showed consistent decreases toward the northern portion of the bay
(Fig. 4a). Pentane extractable materials in Seahurst Bay sediment
cores ranged from 10 to 70 ug/g (dry) and were highest near the
Seola Beach Drive urban run-off site, near Salmon and Seahurst
Creeks, and midway between Seola Beach Drive and Salmon Creek
(Fig. 4b). Sediment-water concentrations of pentane extractable
materials ranged from 200 to 1600 g/l and except for one station
were consistently higher in the area between Seola Beach Drive
urban run-offsites and the Seahurst Creek sites than at sites to
the north of the Seola Beach Drive sites (Fig. 4c).
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Concentrations of fecal coliform bacteria in sediment-water ranged
fram less than 10 to nearly 500 MPN/100 ml and were highest 1300 m
from the northern portion of Seahurst Bay (Fig. 5a). Fecal
coliform bacteria in the shellfish tissues ranged from
approximately 10 to more than 16,000 MPN/100 g of tissue (wet) and
had highest concentrations in the same samples at the 1300 m
station (Fig. 5b). Enterococci bacteria ranged fram less than
detectable to more than 20/100 ml of sediment-water, again with the
highest concentration at the 1300 m station (Fig. 6a).

Clostridium perfringens spores in sediment ranged from less than
100 to over 4000 per 100 g of sediment (dry) with the highest
concentration of bacterial spores at the 1300 m station (Fig. 6b).

Anecdotal observations included blackened, anaerobic sediments at
the surface of beaches in regions of the urban run-off and areas
surrounding the creek discharges, as well as centered in the Bay.
These areas of blackened sediment contained a thin (<1lmm) greenish
layer at the surface, darkened, anaerobic sediments beneath that
layer to depths of more than 60 cm and undarkened, non-anaerobic
sediment beneath that darkened layer. Other areas of the beach, at
higher tide levels or in regions without these potential shoreline
inputs had blackened sediments at times but the blackened sediment
was present in the lower parts of a sediment core and not at the
surface. All of these observations were made on beaches with
relatively coarse sand sediment.

Discussion
0il and Grease

Elevations of oil and grease materials in sediments, surface water
and sediment-water were observed in Seahurst Bay. The distribution
of those elevated concentrations indicated an association with the
urban run-off sites near Seola Beach Drive, near Salmon and
Seahurst Creeks which may also contain same level of urban run-off,
and in an area between the Seola Beach and Salmon Creek sites which
apparently is isolated fram potential urban run-off contamination.
Materials associated with urban runoff appear to be the likely
source of oil and grease contamination at Seola Beach Drive, Salmon
and Seahurst Creeks.

Baterial

Contamination of shellfish resources, sediment, and sediment-water
by bacterial indicators of sewage (fecal coliform, enterococci and
Clostridium perfringens spores) showed a different distributional
pattern from the oil and grease contamination. The maxirmm
bacterial contamination level was located between Salmon and
Seahurst Creeks at a site that showed moderate levels of oil and
grease concentration. All of the bacterial measurements showed
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maxinmum concentrations at the same station, 1300 m fram the
northern border of Seahurst Bay, which is also 100 m south of
Salmon Creek and 300 m north of Seahurst Creek. Unlike the case
with the source of elevated oil and grease observations, this
contamination does not appear to be tied to urban run-off as seen
with the elevated oil and grease observations.

Field Observations

Anecdotal observations that were common between these sites were
the vertical distribution of color and odor within the columns of
sediment. At each of these sites the blackened, anaerobic near-
surface layers overlying the deeper, cleaner sands is abnormal for
coarse sand shorelines. These shorelines are typically clean
throughout the sediment column. This type of layering is even
opposite to the normal beach sediment profiles in finer
sediments. Typically, sediment in these finer grained shorelines
became darker and more anaerobic deeper within the sediment
column. The typical profile results fram progressively

less oxygen as water percolates down into the sediment.

Same aspect of the environment has been modified to create a very
different sediment profiling. We hypothesize that floatable
organic materials, potentially fram many sources, strand on the
surface of the sediment during low tide at concentrations beyond
the assimilative capacity of the shoreline environment. This
stranding allows some fraction of the stranded materials to
percolate through the surface to deeper depths. 1In its progress
through the sediment column, oxygen is removed at more rapid rates
near the surface. The sediment becames anaerobic near the surface
of the sediment column where the majority of the organic materials
are retained. It is possible that the elevated oil and grease
materials observed at these sites are the camponents causing the
blackening of the top of the shoreline sediment column.

Significance of 0il and Grease Contamination

The significance of the elevation in oil and grease contamination
of water and sediments and the indicator bacterial contamination in
sediments and in the tissues of shellfish along these shorelines
will be campared to existing federal and state criteria.

0il and Grease Criteria from EPA 440/5-86-001 (May 1986)- Quality
Criteria for Water 1986.

The Criteria are as follows:
"For Domestic water supply: virtually free fram

oil and grease, Particularly from the tastes and
odors that emanate from petroleum products.
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For Aquatic Lifes

(1) 0.01 of the lowest continuous flow 96-hour
IC50 to several important freshwater and marine
species, each having a demonstrated high
susceptibility to oils and petrochemicals.

(2) ILevels of oils or petrochemicals in the sediment
which cause deleterious effects to the biota should not be
allowed.

(3) Surface waters shall be virtually free from
floating non-petroleum oils of vegetable or
animal origin, as well as petroleum derived
oils."

A major difficulty in establishing a criteria for oil and
materials is that this material is not a specific chemical, but
rather thousands of organic campounds with widely varying
chemical, physical and toxicological processes (EPA 1986). A gross
generalization allows placing oil and grease materials into
categories based upon their origin from either petroleum related
materials or oils from animal or vegetable origin. The source of
the oil and grease materials in Seahurst Bay is unknown but
probably consists of mixtures of petroleum campounds from roadside
run-off as well as oils of animal and vegetable origin that are
natural marine products as well as from activities of man.

0il and grease from various petroleum related origins show wide
range in toxicology (EPA 1986). However, even with this variation,
acute 96-h IC50 determinations indicate that petroleum derived oil
and grease concentrations of 100 xg/L will harm the most sensitive
tested organisms (EPA 1986). Sublethal toxicity of petroleum
derived oil and grease materials are known to occur at levels as
low as 10xg/L (EPA 1986). It has also been documented that
concentrations of petroleum hydrocarbon as low as 1 ug/L are
deleterious to marine organisms (Nassarius cbsoletus) by
interfering with its ability to detect its food source (Jacobsen
and Boylan 1973). Salmon can detect petroleum hydrocarbons at
concentrations as low as 10-7 ug/L, but the chemosensory reponse to

arbons begins to degrade at 1 ug/L (Pearson, Woodruff, and
Johnsen 1987). Oils and grease fram animal or vegetable origin
are generally considered to be non-toxic to humans or aquatic life.
The observed concentrations of oil and grease materials in surface
water and in the sediment water samples during this reconnaissance
ranges from approximately 200 to more than 15,000 ug/l. If the oil
and grease materials were derived fram petroleum origin there
should be significant biological effects to the organisms that live
in the water and in association with the sediment-water along these
shorelines. Strict biological assessment of these shorelines was
beyond the scope of these reconnaissance surveys and was not
performed.
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Significance of Bacterial Contamination

USFDA controls the interstate transport and cammercial harvesting
of shellfish while the State of Washington indirectly controls
shellfish production and harvesting through the establishment of
regulations that protect general water use through the
establishment of water quality criteria classifications.
Cammercial shellfish harvesting operations are not allowed by the
USFDA if the rearing waters have fecal coliform concentrations
whose geametric mean is greater than 14 MPN/100mL or if the
shellfish meat has concentrations of more than 230 MPN/100 g of
tissue (wet).

The state of Washington further limits shell fishing through
protection of certain classifications of water. Waters of the
State of Washington that are classified as AA or A must assure that
clams, oysters and mussels rearing, spawning and harvesting uses

. Class B water must assure protection of rearing and
spawm.ngwh.lle class C water is not required to protect clam,
oyster or mussel rearing, spawning or harvesting. These
requirements are met in Class AA or A water, if the geometric mean
of fecal coliform concentrations is less than 14 MPN/100nL of
water. This restriction is relaxed to fecal coliform counts of 100
MPN/100 ni: in Class B water that assures protection of rearing and
spawning potential of shellfish but not harvesting. Further
relaxation of standards for Class C water does not protect the
rearing, spawning or harvesting of shellfish. Water classified as
C has geametric mean fecal coliform concentrations of 200
MPN/100nL. Seahurst Bay is classified as AA.

Fecal coliform counts in shellfish fram Seahurst Bay at all but
two stations were higher than allowed by the USFDA for caommercial
harvesting of shellfish. Fecal coliform counts in sediment-water
exceeded the USFDA limit for commercial shellfish harvesting. All
but one station in this bay met the requirements for Class B for
the State of Washington. The concentrations at that one station
would classify the water as Class C. Federal requirements do not
allow camercial harvesting of shellfish, while the water quality
is consistent with placing Seahurst Bay into a State Water
Classification that does not assure the protection of shellfish
harvesting. Either set of legislation indicates that the shellfish
resources and the water in Seahurst Bay is not of sufficiently high
quality to protect harvesting.

Conclusions

The intertidal shoreline enviromment of Seahurst Bay was
contaminated by floatable oil and grease materials as well as
bacterial contamination. It is likely that the blackening of
sediments and production of anaerobic odors is a result of loading
from floatable organic materials that strand on the shorelines at
concentrations that exceed assimilative capacity of the shorelines
for that material. These materials may be the oil and grease of
natural and man-made orgin being released into the embayment
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through urban run-off collection systems. The bacterial
contamination of shellfish resources are also significant, but
appear to be related to another unidentified source. That source
is influencing the shoreline at the 1300 m station.

The observed effects, potentially related to the stranding of
floatable materials on the shorelines of Seahurst Bay, should be
viewed as a warning. This small embayment is relatively isolated
fram the major contributors of contamination to Puget Sound’s
Elliott and Cammencement Bays and as a result should be relatively
clean. They are not and it is our hypothesis that floatable
materials, especially those that are not as obvious as oil slicks,
may be effecting the health of shoreline environments. Presently,
the scientific evidence is largely anecdotal but we feel that an
evaluation of shoreline contamination over a much wider area than a
single embayment needs to be performed in Puget Sound.
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Epibenthic BHarpacticoid Copepods as
Indicators of Wetland Fitness!

Jeffery R. Cordell and Charles A. Simenstad?

Abstract

The occurrence and assemblage structure of epibenthic harpacti-
coid copepods may be highly diagnostic of wetland habitat quality
in Pacific Northwest estuaries. This question was addressed in an
examination of data from 56 various collections which were made in
a variety of habitats in eight regions of Puget Sound and coastal
Wasington estuaries. Data included density (no. m™2) estimates of
81 taxa of prominent harpacticoids collected in late winter and
early spring over the last ten years. Numerical classification
(cluster and nodal constancy) analyses indicated eleven taxa assem-—
blages distributed among thirteen site groups. Assemblages were
generally associated among four zoogeographic regions: (1) central
and (2) northern Puget Sound, (3) the Snohomish River estuary, and
(4) Grays Harbor and the Columbia River estuary. Factors contribu-
ting to assemblage structure among these regions and their differ-
ent habitats were perceived to be natural physical and biological
characteristics such as degree of freshwater influence, sediment
structure, and macrophytic and microphytic plant composition and
standing stock. Differences in the prominence of certain assem-
blages, and component taxa within assemblages, suggested effects of
anthropogenic stresses. While these analyses were not designed to
indicate faunal assemblage responses to pollution or other stress-
es, the results indicate that epibenthic harpacticoid copepods may
be viable indicators of habitat quality, especially relative to the
fitness of wetland habitats for production of fish prey resources.

Introduction

The vast majority of classical studies which have investi-
gated factors that control community structure in marine
benthic organisms have utilized macroinvertebrates, i.e.,
those larger than 1 mm. But for marine meiobenthos, and
particularly for harpacticoid copepods, empirical data on
community structuring mechanisms is generally lacking
(Hicks and Coull, 1983). During the last ten years, we
have engaged in a number of studies in various locales and

lcontribution no. 750, School of Fisheries WH-10, University of
Washington, Seattle, WA 981095.

2Hetland Ecosystem Team, Fisheries Research Institute WH-10,
University of Washington, Seattle, WA 98195.
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wetland habitats in Puget Sound and coastal estuaries of
Washington to document assemblages of epibenthic harpacti-
coid copepods as prey of small nearshore fishes. Because
fish can be highly prey selective, and their food resource
availability must be understood at the level at which the
fish discriminate, our studies have been necessarily high-
ly taxa- and life-history intensive (i.e., identification
to individual life-history stage and species level). 1In
aggregate, these studies have indicated that epibenthic
harpacticoid copepods are spatially and temporally hetero-
geneous in their abundance and population structure. While
most of the original sampling designs did not overtly
address factors which contributed to differences in har-
pacticoid assemblage structure, it was hypothesized that a
synthesis and reassessment of these datasets would reveal
associations or patterns which might suggest environmental
factors contributing to assemblage structure. We were
able to consolidate and compare these data only because
the samples were obtained systematically using a uniform
methodology and processed in the laboratory using the same
protocol, both critical to any integrative analysis of
this type.

Methods

For this exercise, we utilized selected epibenthic samples
collected during a variety of studies in Washington State
between 1980 and 1987. These collections were located in
seven general localities (Fig. 1). All samples were col-
lected by the authors except those from Everett Harbor,
which were supplied by Dames & Moore, Inc; however, all
copepods were verified by the senior author. At most of
these localities, several discrete habitats were sampled,
based on either tidal elevation or physical or biotic
characteristics (Table 1). A total of fifty-six sites
(Table 1) and eighty-one harpacticoid taxa/groups (Table
2) were utilized for the cluster analysis. Datasets were
selected based on the following criteria: (1) the samples
were collected between March and early June; and (2) har-
pacticoid copepods had been identified to species or low-
est taxonomic level possible. Epibenthic organisms were
sampled with one of several similar quantitative suction
pump devices which draw water and associated organisms
from inside a closed, ported cylinder through a collection
sieve (Fig. 2). Harpacticoids from the samples were sort-
ed and enumerated under a dissecting microscope. When
necessary for positive identification, adult individuals
were dissected and diagnostic appendages were mounted on a
microscope slide in a streak of 50:50 water:glycerin solu-
tion. All data were recorded directly onto National
Oceanic Data Center (NODC)-type computer forms, which
utilize the 10-digit NODC taxonomic code. Tabulation and
basic statistical analyses of data were performed using
the computer package SUPERPLANKTON, which was specifically
developed for epibenthic and zooplankton data in NODC
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Figure 1. General regions of epibenthic harpacticoid
copepod sampling (1980-1987) in the Pacific
Northwest used for assemblage analysis.

format and reports basic statistics, including densities
of individual taxa/life history stages and total epiben-
thic organisms in areal terms as numbers m~2. Assemblage
structure was examined quantitatively using agglomerative
hierarchical classification (clustering) of the density
data using the Bray-Curtis dissimilarity measure and a
flexible (B = -0.25) fusion strategy. Collections (indi-
vidual sample sites) constituted the entities and indi-
vidual taxa densities the attributes. Similarities among
sampling sites were determined by clustering the density
data matrix after cube root transformation and standardi-
zation by division by taxa means; taxa assemblages were
clustered by inverting the cube-root transformed data and
standardized by division by taxa maxima. Clusters were
objectively defined at the 0.65 dissimilarity level. To 8
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Table 1.

Pacific Northwest epibenthic collection sites utilized for cluster

analysis.
No. of Elevations
Region/Characteristigs sites Habitats (ft)
Drayton Harbor Enclosed bay; low 5 Marina, mudflat, +9.0 to +2.
freshwater discharge eelgrass
Padilla Bay Large embayment; low 4 Marsh, mudflat, two +7.2 to +0.5
freshwater discharge Zostera spp.
Swinomish Lagoon and associated 3 Mudflat, tidal +1.0 to O
Channel tidal channels channel
Everett Harbor Estuary with large 13 Sand, detritus, +3.0 to -6.0
freshwater discharge; : mudflat
highly industrialized
Seahurst Bight Fjord with no direct 10 Cobble, sand, ~+3.0 to ~-6.0
freshwater input eelgrass
Commencement Estuary with moderate 1 Artificial gravel +2.0 to -2.0
Bay freshwater discharge; beach
highly industrialized
Grays Harbor Estuary with large 9 Mud, sand, gravel +2.0 to 0
freshwater input; some
industrial disturbance
Columbia River Estuary with extreme 11 Embayment, sand/ +2.0 to -2.0
Estuary freshwater input mudflats, channel

slopes, mid-river
sandflats




Table 2. Number of taxa/groups from each family of
Pacific Northwest harpacticoid copepods utilized
for cluster analysis.

Family No, of taxa/groups

Longipediidae
Canuellidae
Ectinosomatidae*
Darcythompsoniidae*
Tachidiidae
Harpacticidae
Tisbidae
Tegastidae
Thalestridae
Parastenheliidae
Diosaccidae
Ameiridae
Canthocamptidae
Cyllindropsyllidae
Cletodidae
Laophontidae

N
S <IN D TONOHNdOFRRFRPRERE

h—

*Not identified beyond family level.

OUTFLOW TO PUMP
AND FILTER NETS

SAMPLING CYLINDER
WITH 0.123 mm
MESH INTAKE

PORTS

Figure 2. Schematic of basic epibenthos sampling appara-
tus used to collect harpacticoid copepods in
intertidal and shallow subtidal habitats in
Puget Sound and coastal Washington estuaries,
1980-1987.
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interpret the coincidence among site and taxa clusters, a
two-way nodal constancy plot was constructed from the
cluster dendrograms, where constancy was quantified as the
number of occurrences of each taxa in each cluster. More
detailed descriptions of cluster and nodal constancy can
be found in Boesch (1973), Everitt (1980) and Lambert and
Williams (1962).

Results and Discussion

Hierarchical classification of the harpacticoid copepod
density data distinguished eleven taxa clusters and
thirteen site clusters; however, in examining the site-
taxa coincidence by nodal analysis, these clusters were
combined further to form eight harpacticoid assemblages
and four geographical areas at a slightly higher level of
dissimilarity (~1.0-1.2), which reflected more logical
ecological and zoogeographical groupings (Fig. 3). By
this exercise, a number of associations of harpacticoid
assemblages with habitats in different geographical
locations in the Pacific Northwest could be identified
with some confidence. Knowledge of the habitat and
regional characteristics suggest to us that many of the
observed differences in assemblage structure can be
attributed to variations in natural factors such as the
proximity and magnitude of freshwater discharge, sediment
structure, exposure to wind and wave action, presence and
standing stock of epibenthic algae and macrophytes, etc.
But, since differences and shifts in community structure
and dominance can indicate environmental stress such as
toxic pollution (the indicator species concept), these
results also suggest one potentially useful approach to
use harpacticoids as indicators of nearshore habitat
quality in the Pacific Northwest. For example, a group of
harpacticoids occurring only at a newly constructed
artificial gravel beach in Commencement Bay (Table 3,
cluster H), may be indicative of a habitat in a disturbed
or early successional state.

Certain "indicator" species of harpacticoids have been
found uniquely associated with poor environmental condi-
tions (e.g., extremely organically enriched and anoxic
conditions; Marcotte and Coull 1974; Moore and Pearson
1983). We have also found some of these harpacticoids
(Bulbamphiascus imus and Mesochra 1lilljeborgi) to be the
only harpacticoid taxa occurring at a severely degraded
site in the Tacoma waterway, Commencement Bay (these
samples were not used in this study because they were
collected in the winter). The fact that indicator species
dominated assemblages did not occur in the present data
may be because none of the studies included in the analy-
sis were specifically designed to describe an environmen-
tally degraded habitat. Epibenthic harpacticoid samp%}ng
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Table 3. Epibenthic harpacticoid copepod clusters
associated with regions and habitats of Puget
Sound and coastal Washington.

Prominent Number Representative
Cluster region/habitat of taxa taxa
A Phytal-associated, 12 Zaus Spp.

Puget Sound

Unique to Drayton
Harbor

Sheltered littoral 13

sand/mud flats in
northern Puget Sound,
coastal freshwater-
dominated estuaries

Oligohaline coastal 10

estuaries; uncommon
in Puget Sound

Widespread throughout 23

Puget Sound; rare in
coastal estuaries

Unique to Drayton
Harbor

Common only to Central
Puget Sound; phytal
and/or sand dwellers

Unique to artificial
beach, Commencement
Bay

Harpacticus uniremis

Ameira parvuloides
Heterolaophonte capillata

Scottolana canadensis
Ectinosomatidae
Microarthridion littorale
Tachidius spp.

Leimia vaga

Attheyella sp.
Bryocamptus sp.
Harpacticus arcticus
H. sp. A

Huntemannia jadensis
Tisbe spp.

Mesochra spp.
Dactylopodia crassipes
Diosaccus spinatus
Amphiascoides spp.

Nitocra spinipes
Heterolaophonte hamondi

Amphiascopsis cinctus

Parastenhelia spinosa
Pseudonychocamptus
spinifer

specifically designed to compare anthropogenically-
stressed or disturbed habitats would presumably provide a
more definitive test of this approach.

A harpacticoid assemblage structure analysis of wetland
habitats in Puget Sound can also assess the "fitness" of
the habitat in terms of its ability to support organisms
which utilize that habitat but do not reside permanently
in it. It is increasingly evident that nearshore assem-
blages of harpacticoid copepods are important prey re-
sources for a variety of juvenile and other small fish,
and that often only a small number of taxa in the assem—-
blage are utilized by the fish (Hicks and Coull 1983; Gee
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Gee 1987; Simenstad et al., in prep.). In the Pacific
Northwest, harpacticoid copepods in the genera Harpacti-
cus, Tisbe, and Zaus comprise a primary prey resource for
juvenile pink and chum salmon during their critical early
outmigration from fresh to marine waters, and for a number
of other small or juvenile fish when they pass through
nearshore habitats (Cordell, 1986; Simenstad et. al, in
prep; Cordell and Simenstad, in prep.). Therefore, loss
or degradation of nearshore habitats which support such
ecologically-important harpacticoid species may indirectly
affect the economy of the region by decreasing early life-
history survival of commercially important species.

Reduction in habitat fitness may also be indicated by ex- i
clusion of particularly sensitive taxa or lower diversity
in associations which contain such taxa. For instance,
harpacticoid clusters which are characterized by the
presence of Harpacticus, Zaus, and Tisbe (Table 3, clus-
ters A and E) have a strong association with central and
northern Puget Sound, but weaken in the Everett Harbor
area, and almost completely drop out in the Columbia River
estuary and Grays Harbor. While this drop in taxa clus-
ter-regional association specifically in Everett Harbor
may be due to environmental degradation, it may also be
generally due in these regions to other physical factors,
such as salinity or substrate structure. Again, more
directed studies would have to be designed to separate
harpacticoid assemblage differences due to such natural
environmental "stresses" from those associated with habi-
tat degradation. Such studies will require microhabitat- !
level, seasonal, and species-specific definition of the
harpacticoid assemblages. Unfortunately, the large body
of environmental baseline and monitoring information has
concentrated on macrofauna and largely ignored meiofauna !
such as harpacticoids. Because they are abundant in I
nearshore environments, may be sensitive to environmental ‘
stress, and are important prey for consumers at higher

trophic levels, we believe that epibenthic harpacticoid .
copepods may lend themselves well as biological indicat- :
ors, and should be considered more thoroughly in future I
monitoring studies.
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Summary Statement

Ronald M. Thom*

Papers presented in the session on The Nearshore Zone: Is
it a Good Indicator of the Sound's Health and Productivity
highlighted both the importance and complexity of near-
shore systems in Puget Sound. Papers by Boatman, Thom et
al., and Nishitani illustrated the intense degree of
coupling between nutrients and primary production that oc-
curs in the zone. The papers showed that nutrient deple-
tion is a common feature of nearshore systems in Puget
Sound, in contrast to deeper areas which are rarely nu-
trient limited. Boatman developed the first comprehensive
model of production and nutrient dynamics for nearshore
systems in Puget Sound. He used the model to explain oxy-
gen depletion resultant from dinoflagellate blooms occur-
ring in late summer. In addition, the model predicted the
degree of sewage treatment required to reduce the proba-
blity of sustained oxygen depletion. Thom et al. showed
that nutrient limitation occurs in macrophyte dominated
systems. Streams may be contributing significant amounts
of nutrients to nearshore systems during the dynamic
spring-early summer period of primary production.
Nishitani summarized several years of data on the toxic
dinoflagellate Gonyaulax catenella, and showed that phos-
phate concentration may play an important role in produc-
ing blooms. Nishitani presented explanations, largely
nutrient based, for the apparent lack of blooms in south-
ern Puget Sound. Hardy and Antrim showed that convention-
al pollutants and toxic organic compounds are concentrated
in surface slicks in Puget Sound, in comparison to very
low concentrations in bulk water samples collected imme-
diately below the surface. Concentrations of these con-
taminants in the microlayer can exceed EPA standards, and
are toxic to floating sand sole eggs. Word and Ebbesmeyer
presented a mechanism through which microlayer contamina-
tion reaches beaches in a process referred to as the "bath
tub ring” effect. They illstrated the effects of recon-
centration of surface slicks on a beach, previouly re-
ferred to as clean, by showing highly elevated organic
matter and bacteria concentrations. In the final paper,
Cordell and Simenstad recommended epibenthic harpacticoid

*senior Research Scientist, Fisheries Research Institute WH-10, 7
University of Washignton, Seattle, Washignton 98195
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copepods as an ecologically meaningful and highly sensi-
tive group of organisms for determining the environmental
quality of nearshore habitats. These organisms are the
principal prey resource of juvenile salmon, and are sen-
sitive to rather small changes in the benthic conditions.
They summarized 10 years of data at 54 habitats in their
paper, which represents the most comprehensive summary of
its kind for the northwest.

The nearshore zone is a complex and highly dynamic system,
with relatively strong benthic-water column coupling.
Currents are poorly known in these sytems due to the
complexity inherent in a tidally influenced, heterogene-
ously scalloped shoreline. All of the authors concluded
that the nearshore zone was poorly understood due to a
lack of historical focus by researchers and agencies. And
finally, in response to the question posed by the session
title, these systems appear to be the area within which to
find the most easily detected indications of the health
and productivity of Puget Sound.
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Introductory Statement

Charles A. Simenstad*

More than 70% of the wetland habitats in the major estuar-
ine deltas of Puget Sound have been destroyed since the
mid-1800's. Therefore, a critical mandate of the PSWQA
Planning Act was to recommend "protecting, preserving
and, where possible, restoring wetlands, wildlife habitat,
and shellfish beds throughout Puget Sound." This session
focuses specifically on wetland habitats, not because oth-
er habitats are less important to Puget Sound as an eco-
system, but because wetlands are the more sensitive eco-
tones, or "tension" zones between the Sound and the human
communities which have developed around it. 1In addition,
these other habitats are being addressed more extensively
in the other sessions during this meeting. We have organ-
ized the Habitat Modification session to focus on five
basic questions: (1) What habitats have we lost? (2) What
is the significance to the ecosystem? (3) What are the
resource agencies doing to evaluate the extent, sources,
and consequences of wetland habitat loss and modification?
(4) Are there methods to mediate or reverse this loss?
and, (5) How complete is the science required by wetland
legislation, and the implementation thereof, in reversing
these trends?

Accordingly, the papers we have selected describe the spec-
trum from basic ecological research to management policy:
Anthropogenic and natural dynamics in estuarine wetland
change; linkages between wetland production and estuarine
consumers; wetland management strategies implemented by
state resource agencies; several approaches to wetland
mitigation; and, appropriately as the anchoring presenta-
tion, an assessment of the efficacy of the Clean Water Act,
Section 404 Permit Process in ensuring compliance of miti-
gation intent and policy.

They represent the breadth, as well as the dearth, of
wetland habitat science in Puget Sound and bear out that
these wetland ecotones are, indeed, under tension.

*Wetland Ecosystem Team, Fisheries Research Institute, University
of Washington, Seattle, Washington
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CHANGES IN DUWAMISH RIVER ESTUARY HABITAT
OVER THE PAST 125 YEARS

GEORGE BLOMBERG, CHARLES SIMENSTAD, AND PAUL HICKEY*
INTRODUCTION

Changes in the topography, physical processes, and biological communities in
estuaries commonly occur over a time span of hundreds to thousands of years.
However, changes in the Duwamish River estuary, as with many urban and developed
estuaries in Puget Sound, have been greatly accelerated by human influence over
the past century.

This preliminary study identifies estuary habitats and resources which have been
diminished, altered, or lost in the recent past. Historical documents and
charts, beginning with the period 1854 to 1860, are used to depict incremental
changes in selected estuarine habitat types, particularly wetlands. This data is
combined with information describing alterations in the flow and discharge of
tributaries to the estuary. Additional historical analysis documents changes in
land use in shoreland and floodplain areas of the estuary.

General conclusions are drawn concerning the effect of lost or diminished
estuarine resources on functions and processes, the biological values of the
estuary, important to fish and wildlife using the system. Conclusions include
notes on strategies for recovery of estuarine features lost to development and
planning for mitigation of development use impacts in the Duwamish estuary based
on historical analysis.

APPROACH

Assessment of historical ecosystem changes requires gathering information on the
estuary as it was in the past, and comparison of that information with recent
data. Data describing changes in the Duwamish River estuary are limited and it
was necessary to extract and interpret information from historical data compiled
for other purposes. A number of assumptions (described in the following section)
concerning treatment of data were necessary to allow derivation of the
information presented in this study.

The Duwamish River estuary has been inhabitated for thousands of years; however,
the effects of human activity were negligible until the arrival of large numbers
of new settlers in the late 1800s. Changes in the estuarine environment over the
past one hundred and twenty-five years have been much more significant than the

effects of previous human activity, and far exceed the naturally-caused changes

expected in estuarine ecosystems. Therefore, our analysis of the historical data
base began with the mid 1800s.

*George Blomberg, Engineering Department, Port of Seattle,
Charles Simenstad Fisheries Research Institute, University of Washington
Paul Hickey, Muckleshoot Indian Tribe
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METHODS AND MATERIALS

Historical Data Base

Historical documents examined for this study included old maps and navigation
charts, photographs dating from the late 1800s, and published data and
information.

The availability of historical information determined the scope of this study.
Beginning with the earliest accurate map information and historic data
describing the estuary's drainage basin we compiled a series of four summaries
describing the estuary over three forty year intervals, 1854-1860, 1908,
1936-1940, and 1985-1986. Evaluation of changes in the estuarine system was then
based on changes observed in the intervals separating these "estuarine
snapshots" and on cumulative changes recorded between 1854-1860 and the present.

Analysis of changes in estuarine habitat types relied on the methods used by
Thomas (1983) in his analysis of historical changes in the Columbia River
estuary. Information identifying past abundances of estuarine habitat types was
interpreted from maps published by the U.S. Geological Survey detailing Elliott
Bay and the Duwamish River in 1854 (USGS 1980) and 1908 (USGS 1908). These maps
are an accurate representation of the early estuary. However, these sources did
not include detail sufficient to distinguish habitat types in the mid and
upstream reaches of the estuary. Map information describing the downstream.
portions of the estuary was applied to upstream reaches to estimate areas of
tidal marsh and tidal swamp habitat. This method for projecting the historic
abundance of habitat areas was verified with old photographs where possible.
Recent USGS quadrangle maps, together with aerial photographs from 1936, 1946,
1960, 1974, and 1986, were used to describe estuarine habitat and shoreland
conditions in 1936-1940 and 1985-1986.

Information describing alterations in the course and discharge volumes of
tributaries to the estuary, and the area of the estuary's watershed, was
compiled from numerous published records and studies (USGS 1972, 1985, and
Washington Department of Fisheries 1975). Available discharge and total water
flow data for the estuary was hindcast to estimate discharge conditions for the
period 1854-1860, prior to extensive watershed alteration. Estimates for
discharge volumes in 1936, 1960, and 1986 were interpolated or taken directly
from published data, as appropriate. Estimates of the watershed area of the
estuary prior to 1911 and for the present drainage area of the estuary were
computed from USGS and Washington Department of Fisheries sources.

Information on sources of pollution and contamination in the estuary was

obtained from published state and federal water quality analyses (Washington
Pollution Control Commission 1955; USGS 1972; EPA 1985; and, METRO 1985).
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Definitions

Because of the limited resolution of historical information, five broadly
defined estuarine habitats were identified, as follows:

(1) Medium depth water: From approximately minus fifteen feet mean lower

(2)

3)

(&)

(s)

low water (MLLW) to approximately 0 feet MLLW.
Shallows and flats: From MLLW to the waterward edge of tidal marsh or

swamp vegetation or the approximate mean higher high water (MHHW)
elevation (the shoreline indicated in Figures One through Four).
Tidal marshes: Areas where emergent vegetation and low shrubs were
present, extending from approximately eight feet above MLLW to two to
three feet above MHHW.

Tidal swamps: Wetlands comprised of shrub and forest vegetation and
extending landward to the line of non-aquatic vegetation. Tidal swamps
are generally inundated by spring tides, yet may extend waterward in
some areas to MHHW.

Riparian shoreline: Areas of natural shoreline with marsh or swamp
habitat types present or areas where a natural buffer between upland
and aquatic area habitats is present.

The following categories were used to describe the displacement of estuarine
habitat with development uses:

1)

(2)

(3)
(4)

Developed floodplain and shorelands: Locations where estuarine habitat
areas have been filled to create uplands and where shoreland areas have
been built and committed to intensive development use.

Developed shoreline: Areas where former estuarine riparian habitat has
been displaced by developed shoreline, including pier structures,
bulkheads, and riprap shorelines.

New developed shoreline: New shoreline with development characteristics
created from fill in former estuarine shallows and flats.

Deep water: Water area with a depth greater than fifteen feet below
MLLW. This habitat type was not a feature of the undeveloped estuary
and was created by dredging of former estuarine shallows and flats for
the purpose of navigational access.
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RESULTS

Undeveloped Estuary (1854-1869)

Early records of the Duwamish River estuary indicate a river meandering through
significant areas of tidal wetlands to enter Elliott Bay via three main
distributary channels (USGS 1980). The meandering channel included approximately
440 acres of medium depth aquatic area, with a total shoreline length of
approximately 93,000 feet (Figure One and Table One). Approximately 1270 acres
of tidal marshes and 1230 acres of tidal swamp are estimated to have been
present in the estuary. A significant feature of the downstream portion of the
estuary was a broad expanse of unvegetated intertidal flats and shallows
(approximately 1450 acres) at the mouth of the estuary bordering the south
margin of Elliott Bay.

Discharge of freshwater through the estuary was estimated to range between
approximately 2,500 cfs and almost 9,000 cfs (Figure Eight). The watershed area
of the estuary included lakes Sammamish and Washington, and the Cedar, Black,
Green, and White rivers. The combined area of the river systems historically
tributary to the Duwamish Estuary was approximately 1640 square miles (Figure
Nine).

1908

By 1908, the early effects of settlement in the estuarine floodplain were
rapidly becoming evident (Figure Two). Significant reductions in the area of
shallows and flats (26 percent), tidal marshes (17 percent), and tidal swamps
(52 percent) had occurred relative to the period 1854-1860. Shallows and flats
were filled with materials generated by dredging for the purpose of navigational
access and with material removed from uplands east and north of the estuary
during urban regrade activities (Benoit 1979). Note that approximately 1210
acres of estuarine wetlands and floodplain area had been filled or converted to
development uses. These development activities added approximately 4,000 linear
feet of new developed shoreline to the estuary in area formerly comprised of
estuarine shallows and flats (Figure Seven).

Little information is available to characterize the effects of development on
water quality in the estuary during this period. However, early industrial uses
and activities were g ally r ce~based and it is unlikely that significant
amounts of complex contaminants were introduced to the estuary at this time.
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1936-1940

Figure Three approximates the Duwamish Estuary during the period 1936-1940. The
Duwamish Waterway was completed in 1917, straightening and widening the former
channel of the river. This navigational improvement resulted in a small loss in
medium depth water area (five percent) compared with the area of the historic
river channel. Note that excavation of the navigation channel created deep water
habitat (approximately 240 acres, measured south of the historic MLLW contour)
at the mouth of the estuary where none existed formerly. New deep water habitat
was excavated largely at the expense of shallows and flats area, reducing the
abundance of this habitat by approximately eighty-eight percent compared with
1908. A significant amount of shallows and flats were also filled between 1908
and 1936-1940 due to regrade activities. Tidal marshes were further reduced (84
percent) compared to 1908 and tidal swamp habitat was completely absent by
1936-1940.

Developed floodplain and shorelands in 1936-1940 increased to approximately 3750
acres (310 percent greater than 1908). This development activity reduced
estuarine riparian shoreline by approximately 58 percent compared with 1908,
while increasing the linear footage of developed shoreline by approximately 1200
percent.

Significant changes in the watershed of the estuary began in the period 1900 to
1911, with water diversions to the cities of Seattle and Tacoma. In 1911 the
flow of the White River was completely diverted to the Puyallup River drainage,
into Commencement Bay. In 1916, as a result of construction of the Lake
Washington Ship Canal, the flow of the Black River was eliminated and the Cedar
River was diverted into Lake Washington. Cumulatively, these changes reduced the
estuary's watershed to approximately 483 square miles, a seventy-one percent
reduction (Figure Nine).

With increased urban development in the floodplain and shorelands of the
estuary, and due to diversification in industrial activities, the estuary was
receiving significant amounts of waste materials. In the period 1936-1940, eight
direct sewer outfalls are noted in the estuary, with four combined sewer
overflows (Washington Pollution Control Commission, 1955). In addition, twelve
sites in estuarine shoreland locations were discharging toxic waste materials
directly to the estuary, including the following compounds: cyanides, chromates,
acid pickling liquor, caustic liquids, synthetic resins, formaldehyde compounds,
phenols, pentachlorophenols, acetylene sludges, and arsenic compounds.
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The Present Estuary 1985-1986

The Duwamish River estuary as we know it today has changed significantly
compared with historic conditions (Figure Four). Since 1936-1940, shallows and
flats have decreased another twenty-five percent and tidal marsh areas have
decreased eighty-eight percent. Continued filling along the margins of the
straightened channel has resulted in the loss of approximately 30 acres of
medium depth habitat (approximately eight percent less area than present in
1936-1940). Conversion of estuarine shoreline from vegetated to developed
characteristics has also resulted in approximately 50 percent more developed
shoreline than estimated for 1936-1940.

Developed shorelines and estuarine floodplain now total approximately 5,200
acres, a 39 percent increase from 1936-1940. Developed shoreline measures
approximately 53,000 linear feet. Note that continued filling of estuarine
aquatic area to expand uplands for development use resulted in a twelve percent
reduction in the deep water habitat created by dredging of the north portion of
the Duwamish Waterway and the East and West Waterways (i.e., new deep water
habitat was refilled, decreasing this habitat type by approximately 30 acres).

The watershed area of the estuary remained at approximately 483 square miles and
the discharge through the estuary has maintained approximately the same
hydrologic cycle and amplitude.

Beginning with early water pollution control efforts in the 1950s, direct
contaminant and industrial discharges to the estuary were significantly reduced
and untreated sewage discharges were limited to sewer overflows during storm
events. In place of eight direct sewer outfalls noted in 1936-1940, twelve major
combined sewer overflows now represent potential discharges of untreated waste
to the estuary. A significant change in drainage of developed areas surrounding
the estuary included construction of extensive storm drain systems, collecting
runoff from urban areas and discharging the drainage at point sources.
Approximately thirteen major storm drains enter the estuary. In addition,
numerous smaller storm drain systems drain developed former floodplain and
shoreland areas. Although industrial activities are more actively controlled, a
significant number of sites continue as sources of contamination to the estuary
via direct contact or discharge to the estuary or indirectly by affecting
groundwater in areas continuous with the estuary (EPA 1985 and METRO 1985)
(refer to Figure Four).



DISCUSSION

Existing conditiong in the Duwamish River estuary represent the cumulative
result of three principal development activities over a period of 125 years.
First, dredging and fill in the immediate area of the estuary have physically
replaced the features of the estuary, substituting a uniform deep channel
bounded by intensively developed uplands for the former complex system of
estuarine mid-depth channels, intertidal flats, and fringing tidal marshes and
swamps. It is estimated that less than two percent of the former area of
shallows and flats and tidal marshes remain, while tidal swamp habitat has been
completely eliminated.

Second, the watershed of the estuary has been significantly reduced and the
volume and temporal distribution of water discharging to the estuary has been
greatly diminished compared with past flows. Approximately 30 percent of the
former drainage basin of the estuary remains. The monthly profile of water
discharge represents volumes approximately 70 to 75 percent less than estimated
for the unaltered watershed.

Third, the estuary is now bordered by approximately 5,200 acres of uplands,
formerly estuarine wetlands and shorelands, supporting industrial development
and other uses.

These extensive changes in the estuary have altered the water quality in the
Duwamish and affect the estuary's ability to support fish and wildlife
resources. For example, the combination of a deepened channel, reduced watershed
area and freshwater discharge, and pollutant loading has resulted in decreased
levels of dissolved oxygen in the estuary during the late summer and early fall
months. These oxygen ''sags' were first identified in the 1930s, and dissolved
oxygen levels below five ppm were recorded during the 1950s (Washington
Pollution Control Commission 1955). It is not known if low levels of dissolved
oxygen continue to adversely affect fish and wildlife in the estuary; however,
the potential for the altered estuary to accumulate significant loadings of
dissolved contaminants during periods of low fresh water discharge remains. A
recent fish kill associated with high levels of dissolved materials took place
in the fall of 1986 (WDOE 1986).

In addition to the effects of decreased freshwater discharge on estuarine water
quality, physical changes in tributaries to the estuary have altered anadromous
fish populations using the system. In 1860, the Duwamish basin contained
approximately 1640 square miles, including approximately 1900 linear miles of
rivers and streams. The majority of these streams were accessible to and used by
five species of Pacific salmon and trout:
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chinook, pink, coho, chum, and steelhead (Suckley and Cooper 1860, Everman and
Meek 1998, Wilson 1974, Grette and Salo 1976, and Turner 1976). In additionm,
sockeye were documented in Lake Washington (Rathbun 1900) and in the Cedar River
(Everman and Meek 1896) and were probably harvested by native fishermen in the
estuary (Butler 1987). The present 480 square mile watershed includes
approximately 640 river miles; but only approximately 125 miles are accessible
to anadromous fish, due.to the City of Tacoma water diversion dam constructed in
1911. This represents a ninety-three percent reduction in the streams and rivers
available to migratory fish. Chinook, coho, and chum salmon are still found in
the present Duwamish-Green River system in sizeable numbers, largely the result
of fish hatchery releases by the Muckleshoot Indian Tribe and the Washington
Department of Fisheries. Steelhead are present as well, while pink and sockeye
salmon are found incidentally.

Therefore, the capacity of the Duwamish River estuary to support resident and
migratory fish and wildlife populations has been significantly altered due to
losses in river basin capacity and estuarine habitat. Clearly, the potential for
natural production of anadromous fish is limited due to the loss of spawning
habitat in rivers and streams no longer tributary to the estuary or where
physical obstructions have been placed. The significant reduction in estuarine
intertidal wetlands has dramatically diminished the production of most of the
invertebrate food organisms important to juvenile salmonids migrating through
the estuary. In addition, loss of the complex mosaic of marshes, flats, and
channels has undoubtedly diminished available refugia; and circulation changes
have modified the stretches of the estuary used for physiological transition.
The overall outcome is probably shorter residence times and lower growth in the
estuary, resulting in a net lower survival of the Duwamish salmon populations
compared to less developed estuaries and watersheds. For other fish species and
wildlife, including waterfowl and mammals, the estuary no longer contains
wetland habitats important for feeding, reproduction, and refuge and the water
quality of the estuarine system contrasts dramatically with the historic
estuary, reducing the abundance of these organisms in the area.

These direct alterations to the estuary are significant; and some restoration of
wetland habitat function is necessary if fish and wildlife utilization is to be
enhanced. Indirect consequences of these changes--though less obvious--also
constrain the potential effectiveness of future enhancement efforts. For
example, the extent of salinity intrusion and the location of the estuary's
turbidity maximum, or "null zone'", have shifted up-estuary as a result of the
drastic reduction in riverine discharge. Since both characteristics of the
estuary's circulation are closely linked to the distribution and maintenance of
wetland communities, the efficacy of habitat restoration or enhancement for fish
and wildlife may depend on our understanding of their role in the historic
estuarine ecosystem.
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CONCLUSION

As indicated by this historical profile of the Duwamish River estuary,
significant alteration has taken place. The estuary remains an important site
for development uses, and additional losses of fish and wildlife habitat are
expected to continue. It is essential that the effects of future development
uses and activities on estuarine fish and wildlife resources be offset by
appropriate mitigation actions. The preliminary data presented here suggest that