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To the Governor, the Legislature and other readers:

This is the first State of the Sound Report. It summarizes much of what is known about the Puget
Sound basin--its history, economy, human population, land uses and other factors influencing its
water quality.

This report is part of the preparation of a Puget Sound water quality management plan. Having
begun work one year ago, the Puget Sound Water Quality Authority must adopt such a plan by
January 1, 1987. We are part way toward this goal, having undertaken an extensive public involve-
ment program, published nine issue papers, and held numerous formal and informal consultations
with governments, organizations, experts and other individuals. An Advisory Committee and a
Scientific Review Panel have been working with us throughout the process.

The State of the Sound Report helps lay the groundwork for the Puget Sound plan by summarizing
the information upon which a plan must be based. It was prepared with the assistance of Entranco
Engineers and a team assembled by them.

‘What is the state of the Sound? In,the century since urbanization and industrialization of the
Sound began, the Sound has been transformed from a relatively pristine body of water to the
center of a bustling, heavily populated area. Human activity has damaged the Sound--from destroy-
ing over half its wetlands to contaminating its bottom sediments--at the same time that our lives
have depended greatly on its tremendous productivity and beauty. Cycles of development have each
taken their toll, but we have responded with actions to protect the Sound. Sewage treatment
plants, industrial pollution control, the banning of certain chemicals, and regulation to protect
wetlands and wildlife have each played a part in slowing degradation of the Sound.

Today, we need to take the next steps. Toxic contamination is severe in parts of the Sound,
damaging plants and animals and posing long-term threats to the Sound’s health. Because many
toxicants persist essentially forever in the environment, and because we now understand how most
contaminants stay in the sediments and are never "flushed” away, control and clean-up of toxic
chemicals have become urgent tasks. In addition, bacterial and viral contamination have severely
restricted the use of our shellfish resources. While these biological forms of pollution are not
persistent like toxic chemicals, they are a growing problem because of our expanding population and
our increasingly suburban patterns of development.

Looking ahead, we recognize that population growth in the Puget Sound basin will put additional
strain on the health of the Sound. Perhaps the most significant challenge we face is to anticipate
and prevent problems rather than waiting for them to happen.
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This report does not provide the answers. We hope it will be a useful compendium of information
leading to our next steps in preparing a Puget Sound water quality management plan.

We look forward to your interest and involvement as we take those next steps. We will be issuing

a draft plan and environmental impact statement in September, which will be followed by an intense
period of public review. Based on what we hear, we will prepare and adopt the final plan by the

end of 1986. Please contact the Puget Sound Water Quality Authority (464-7320 or 1-800-54-
SOUND) if we can be of any assistance to you.

Sincer;ly,

Katherine Fletcher
Chair
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I. The Puget Sound Basin

INTRODUCTION

Geographic Scope

Puget Sound Programs

A century and a half ago the Puget Sound region was a forested wilderness,
inhabited by Native Americans. Since then tremendous changes have taken
place, both in the number of people and in the uses made of the area. Human
uses of the land, air, and waters of the Puget Sound area affect the physical,
chemical, and biological condition of the Sound.

In response to public concern about the condition of Puget Sound, the Puget
Sound Water Quality Authority was established in 1985 to develop a Puget
Sound Water Quality Management Plan. The plan will address short and long-
term goals, and will include actions and priorities for clean-up and management
of the Sound. Recognizing the many diverse activities and governmental
responsibilities relating to the Sound, the plan will fill the need for a coordi-
nated approach. This report is one step toward developing that plan. It
discusses the natural characteristics of the Puget Sound area; the past,

present, and likely future uses of the area, and the present condition of the
area.

The Puget Sound Water Quality Management Plan will address Puget Sound
south of Admiralty Inlet (including Hood Canal and Saratoga Passage), the
marine waters north to the Canadian border, including portions of the Strait of
Georgia, and the Strait of Juan de Fuca south of the international boundary
with the province of British Columbia. The Puget Sound basin includes these
marine waters and the entire land area that drains into them. This report
addresses the entire Puget Sound basin (also referred to as the planning area)
although in many cases data are only available for Puget Sound south of
Admiralty Inlet. The total area of the basin is about 16,000 square miles, of
which 80 percent is land and 20 percent is water (Figure 1).

A number of other programs are involved with Puget Sound water quality
issues. Research by scientists in federal and state government, academic
institutions, and consulting firms has lately focused on Puget Sound, generating
a wealth of new information. The Puget Sound Estuary Program of the
Environmental Protection Agency (EPA) and the Washington State Department
of Ecology, in cooperation with other agencies, is engaged in a broad range of
studies including identification of sediment contamination problems, design of
monitoring programs, establishment of standard sampling and testing pro-
cedures, the determination of acceptable levels of sediment contamination, and
the identification and review of chemicals that are of concern in Puget Sound.
Ecology and EPA have also developed and implemented an urban bay program
which is investigating and correcting contamination in several Puget Sound
urban bays, including Commencement Bay and Elliott Bay. The Puget Sound
Dredged Disposal Analysis, a cooperative study by the Corps of Engineers, the

1
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Washington Departments of Natural Resources and Ecology, and the Environ-
mental Protection Agency, is developing a revised program for the disposal of
dredged material. Other studies and programs are being undertaken by
agencies, local governments, sewer districts, and others.

PHYSICAL DESCRIPTION OF THE

PUGET SOUND BASIN

ORIGIN OF THE BASIN

Tectonics

Glacial Action

Puget Sound and the Strait of Georgia in British Columbia are inland arms of
the Pacific Ocean that connect to the Pacific through the broad Strait of Juan
de Fuca. Puget Sound south of Admiralty Inlet (including Hood Canal) is
especially complex and consists of a set of interconnecting basins with diverse
and highly productive habitats and marine life.

The shape of the valley containing the Sound, called the Puget Sound Lowland,
emerged from very slow adjustments in the structure of the earth’s surface.
The surface of the earth consists of a solid crust that floats, like the shell of

an egg, on softer material below. Stresses within the earth fracture this crust
and set the pieces (called plates) moving about over its surface. These large-
scale movements are known as plate tectonics.

About 200 million years ago a plate carrying what was to become North
America broke loose from the plate that is now Europe and began heading
west. The resulting gap became the Atlantic Ocean. The North American
plate collided violently with plates forming the floor of the Pacific Ocean.
That collision continues even today as evidenced in the mountain ranges and
volcanos that extend from Alaska to California and southward.

The form of the Puget Sound basin has been refined and detailed by the
motions of glaciers over a period of nearly 100,000 years. During a series of
ice ages, the climate of the earth cooled and tremendous ice sheets the size of
whole states and several thousand meters deep built up on what is now coastal
British Columbia. The ice spread out under the pressure of its own weight,
and flowed south through what is now the Strait of Georgia and over much of
the Puget Sound basin. -

As the ice advanced, it scraped rock from its path and carried the debris
southward; as the ice retreated during warming cycles, it deposited the
material. Several shallow spots, called sills, that separate the sub-basins of
Puget Sound are mounds of glacial debris. The ice last retreated about 10,000
years ago, leaving in its wake a mixture of sand, silt, cobble, and boulders,
called glacial till, hundreds of meters deep over most of the lowland.

At one time, Puget Sound was a freshwater lake dammed on the north by the
southern flank of the melting ice sheet and fed by the rivers of what is now
western Washington. As the southern edge of the melting ice sheet moved
north, the barrier between the lake and the sea was removed. Seawater
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SHAPE OF THE BASIN

flowed into the depression left by the glacier and the Puget Sound marine
system was formed.

The Strait of Juan de Fuca (see Figure 2 for place names) and the Strait of
Georgia are each estuarine and are separated by a shallow ridge that breaks
the water’s surface as the San Juan Islands and forms sills in the passages
between them. The Strait of Juan de Fuca is mostly deep open water,
deepening from 300 feet (100 meters) in the east to over 650 feet (200 meters)
as it joins the Pacific Ocean. There are two spots with depths in excess of

650 feet (200 meters) just north and west of the San Juans.

The shallow sill at Admiralty Inlet separates the rest of Puget Sound from the
Straits. This portion of the basin contains approximately 38 cubic miles of
water. The surface temperature averages 55°F in summer and 45°F in winter
and has an average salinity of 27 parts per thousand. Deep water in the
Sound is around 43°F year around with a salinity of 30 parts per thousand.

Puget Sound south of Admiralty Inlet is divided into four sub-basins. The
Main Sub-basin lies between the sills at Admiralty Inlet (sill depth: 220 feet or
66 meters) and the Tacoma Narrows (150 feet or 44 meters) and includes about
45 percent of the area and 60 percent of the volume of the four Puget Sound
sub-basins. The deepest point (920 feet or 280 meters) is found off the city

of Edmonds. Vashon Island occupies the center of the southern Main Sub-
basin.

The Whidbey Sub-basin lies between Whidbey Island and the eastern mainland
and includes Saratoga Passage and Port Susan. The Whidbey Sub-basin is not
bounded by asill and is deepest (over 650 feet or 200 meters) at Possession
Sound, its point of connection to the Main Sub-basin. It shoals northward
toward its narrow connections with Admiralty Inlet through Deception Pass and
with Padilla Bay through the Swinomish Slough.

Hood Canal is a long, fairly straight sub-basin with a major bay at Dabob Bay
and a sharp eastward bend at its head (Lynch Cove). It is set off from
Admiralty Inlet by a 160-foot (50 meter) sill. Its deepest point is 600 feet
(185 meters) in Dabob Bay, with depths up to 590 feet (180 meters) in the
main canal.

The Southern Sub-basin is the most complex of the basins because of its many
inlets and islands and its convoluted shoreline. Maximum depths are over 500
feet (188 meters) at the entrance to Carr Inlet and 360 feet (110 meters) at
the entrance to Case Inlet, separated by a sill that is 100 feet (30 meters)

deep. The southern inlets are the most shallow parts of the Sound and include
large areas of tide flats.

The Puget Sound basin lies between the crests of the Cascades and Olympics
and the lowland to the south (Figure 3). The elevation of the basin rim
ranges from averages of 3,000 feet (in the south) to nearly 8,000 feet (in the
north) along the Cascade crest and in the interior of the Olympics (Figure 3).
The southern rim of the basin is lower and less clearly defined. Virtually all
of the rolling lowland areas of the Kitsap Peninsula, islands, and mainland

3
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Soils

FRESHWATER RESOURCES

Precipitation

which lie up to the foothills of the Cascades and Olympics are formed of and
underlain by glacial deposits of clay, sand, and gravel. The formations of land
along the shores of the Sound are primarily bluffs and beaches left by the
retreat of glaciers and subsequently modified by erosion and deposition by
rivers. Some pre-glacial rock formations crop out at sea level in the northern
Sound region starting at Fidalgo Island and extending through the San Juans
and to Chuckanut Mountain (Figure 4).

Along the western shore of Hood Canal, where elevations drop in a short
distance from the heights of the Olympics to below sea level, there is only a
narrow low strip of land along the water. Along the eastern flank of the
Puget Sound lowland, river bottom and glacial deposits lie in valleys between
extensions of the Cascade uplands. Pre-glacial elevations reaching over 2,000
feet in elevation are evident as far west as Tiger, Squak, and Cougar Moun-
tains near the city of Issaquah.

Soils in the basin are generally poor due to their relative youth and their
origin from glacial erosion. Mountain soils originate from the weathering of
bedrock and contain little humus. Soils in the lowland have developed a
higher organic content from several thousand years of forest growth. Older
and relatively richer soils are found in the southern lowland that was less
affected by glaciation. Drainage can be hampered in some areas by subsurface
clay deposits, producing marshy or boggy soils. In other areas very rapid
drainage through soils composed of sand and gravel can produce very dry soil
conditions in spite of high rainfall. Overall, the natural lowland soils of Puget
Sound are not well suited to agriculture but will support forests. The highest
quality soils are found in the flood plains of rivers, especially in diked
wetlands of high organic content such as those of the Skagit delta.

Since the marine waters of the Puget Sound basin are estuaries, their natural
properties are strongly affected by the supply of fresh water. Fresh water
flows to marine waters from a wide area called a drainage basin or watershed.
Puget Sound is fed by a number of rivers, each with its own watershed.
Combined, these watersheds form the Puget Sound basin.

Fresh water endlessly cycles between the ocean, the air, and the land in what
is called the hydrologic cycle (Figure 5). Fresh water evaporates from the
ocean, lakes, rivers, and the land and enters the atmosphere. This water
returns to the land as precipitation. In the Puget Sound region, water enters
the atmosphere over the Pacific Ocean and falls over the Puget Sound basin as
rain and snow. Precipitation at measuring stations in the basin averages 23
to 96 inches (58 to 244 centimeters) per year, depending on location (Figure
6). The wettest places are the upper valley reaches of the western slopes of
the Olympics and Cascades which strip the moisture from the ascending winds
(estimates of up to 200 inches per year have been reported from the upper
Nooksack Valley). The driest area in the basin is centered south of the San
Juan Islands downwind of the Olympics. Approximately three-quarters of the
year’s precipitation falls between October and March (Figure 6) when storms
out of the Gulf of Alaska strike the Puget Sound region about once every 20

4
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Groundwater

Lakes

to 50 hours, causing measurable precipitation about 16 days a month. During
the summer the wind direction reverses and 30 days may pass without rain.

The topography of the watersheds and the types of vegetation that cover them
determine the pattern of streams, rivers, lakes, and wetlands that carry fresh
water to the Sound. Department of Ecology water resource managers have
divided the Puget Sound basin into nine "Consolidated Planning Area Basins"
(Figure 7) based on river systems: Nooksack/Sumas, Skagit, Stillaguamish/-
Snohomish, Cedar/Green, Puyallup, Nisqually/Deschutes, San Juan, North
Olympic, and West Sound. These watersheds vary in size from 112,500 to 1.95
million acres (455 to 7890 square kilometers).

Precipitation is delayed in reaching the Sound by its transit through various
reservoirs of fresh water. For example, above an elevation of about 2,500
feet, snowfields and glaciers store a considerable amount of fresh water.
Storage in snowfields is usually for a maximum of six months, but glaciers can
store large quantities of water for years or decades. In the Skagit River basin
alone there are 396 glaciers covering an area of 64.4 square miles (165 square
kilometers). Each square mile of glacier produces approximately 9,000 acre--
feet (a volume of water that will cover 9,000 acres of land to a depth of one
foot) of streamflow each year. Skagit glaciers thus release about 580,000
acre-feet (0.7 cubic kilometers) of water annually.

Precipitation also is stored temporarily in other surface reservoirs--soils,
streams, rivers, lakes, and wetlands. A portion of this water evaporates back
to the atmosphere or is transpired (breathed out) by plants. The rate of
return depends on a number of factors including the amount of water present,
wind speed, temperature of the air and water, amount of sunlight, and land
covered by plants. A portion of the precipitation soaks deep into the earth
and becomes groundwater, much of which returns to Puget Sound through
streams, rivers, and underground flows.

Groundwater is water in porous underground deposits, forming reservoirs known
as aquifers (Figure 8). Most of the groundwater found in the Puget Sound
region exists in sandy sediments deposited by streams and glaciers. Ground-
water is used extensively in the Puget Sound basin for drinking and irrigation

and for animals. Its quantity and quality must be protected.

The sustainable yield of water from an aquifer ultimately is determined by the
rate at which surface water soaks through soils and streambeds to recharge it.
At present the total extraction of groundwater for human uses in the Puget
Sound basin has not exceeded the rate of recharge, although groundwater
extraction apparently has caused some saltwater intrusion in the San Juan
Islands and elsewhere. The groundwater recharge rate for the Whidbey/-
Camano watershed is approximately 6,000 acre-feet (7.4 million cubic meters)
per year, while the Nisqually watershed recharges at the rate of 200,000
acre-feet (246.7 million cubic meters) per year.

There are over 2,800 lakes and ponds covering a total of 175 square miles in
the Puget Sound basin, ranging from small, cold alpine lakes to larger lakes in

5
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lowland valleys. There are also 24 major dam-created reservoirs in the basin
with a total surface area of 70 square miles.

Rivers Over 10,000 rivers and streams stretching over 16,000 miles have been cata-
logued in the Puget Sound basin (Figure 9). The flows of most of these
streams are not separately measured. There are more than 75 river systems
draining into Puget Sound with average annual discharges ranging from 20 to
18,000 cubic feet (0.6 to 510 cubic meters) per second (Figure 10). The total
average annual addition of fresh water to the marine waters of the Puget
Sound basin is about 45,000 cubic feet per second (1250 cubic meters per
second). This adds up to approximately 27 million acre-feet or 9.5 cubic miles
per year. Eight major rivers account for more than 80 percent of the total
amount of fresh water entering Puget Sound. Many small streams also flow
directly into the Sound. In addition, the Fraser River in British Columbia
discharges a quantity of fresh water into the Strait of Georgia that exceeds
the total runoff into the entire Puget Sound basin.

There are two typical patterns of seasonal river flow in the basin. The
smallest streams drain the smallest area. Their flow rates follow the pattern
of rainfall with maximum flows in winter and during rainstorms. This pattern
is seen in the Deschutes River and other streams that drain the southern and
western lowlands of the basin (Figure 11). In most rivers, however, there is a
delay between precipitation in the watershed and resulting flows into the
Sound. Water from mountain areas that falls as snow in winter is stored as
snow or ice until spring or summer and must then travel some distance before
entering the Sound. Thus most rivers which have maximum flow rates in
winter have a second, smaller peak flow in late spring from melting snow. A
good example is the Nisqually River. It has a late spring peak fed by high--
altitude late-season glacial melt (Figure 11). A third pattern is represented by
the Fraser River, fed by the vast British Columbia ice fields. The volume of
its discharge to the Strait of Georgia during June and July exceeds the
rain-fed winter flow.

Freshwater Flows to The freshwater flows reaching each of the four major sub-basins of Puget

Puget Sound Sub-basins Sound differ because of the size and nature of the watersheds that drain into
each basin. Sixty percent of the total fresh water entering the Sound flows
into the Whidbey Basin from the drainage of the three largest rivers in the
planning area--the Skagit, Stillaguamish, and Snohomish. These rivers collec-
tively drain about 50 percent of the planning area. The Main Sub-basin
receives 20 percent of the fresh water entering the Sound from the Puyallup,
White, Green, Sammamish, and Cedar Rivers. No major rivers flow into Hood
Canal, but it receives 10 percent of the fresh water entering the Sound
through minor rivers (Skokomish, Dosewallips, Duckabush, Hamma Hamma, and
an unnamed river) and some smaller streams draining the eastern Olympic
Peninsula. The Southern Basin receives less than 10 percent of the drainage
into the Sound even though it has a large drainage area. It is fed mostly by
small rivers and streams (the only major river is the Nisqually), and snow and
rainfall amounts are lower in this less mountainous watershed.



Figure 12
BOTTOM SEDIMENTS
OF PUGET SOUND



Figure 13

GENERALIZED SURFACE WATER MOVEMENT
AT FLOOD TIDE IN PUGET SOUND



State of the Sound Report

SEDIMENT IN THE SOUND

Transport

Distribution

Deposition

Functions

The faster water moves, the larger and heavier the particles it can carry and
the farther it can transport particles of various sizes before they sink to the
bottom. The smaller and lighter a particle, the more slowly it sinks and the
farther it is carried. Sediments are classified by their size. Clay and silt

have the smallest grains. Mud particles are a little larger, and sand is larger
yet, followed in increasing size by gravel, cobbles, and boulders. The type of
sediment at a given location is a direct indication of the strength of currents
and mixing in the waters above. Coarse sediments are usually found below
areas of fast-moving water, and fine sediments are found beneath slow-moving
water.

Many types of sedimentary deposits are found in Puget Sound (Figure 12).
Muddy sediments in the Sound are found where water is the stillest: in the
deepest basins, in the quiet upper reaches of protected bays, and along shores
with little wave action. Coarse sand and gravel deposits are found on the tops
of sills, in narr6w passages, and on exposed beaches where swift currents and
heavy surf carry away lighter particles. River water carries a natural load of
suspended sediment, derived from erosion of soils and rock. The river’s speed
decreases as it enters Puget Sound, and the suspended load settles to the
bottom, heaviest and largest particles first. Thus, bottom sediments become
finer and finer as distance from the mouth of the river increases. Large

rivers with heavy loads of sediment such as the Skagit build huge deltas out
into the bays they enter (Table 1). Also important as a source of sediment
(especially sand and gravel) is the erosion of beaches and bluffs along the
shoreline. The shorelines are largely composed of very loosely bound glacial
deposits. Additional sediment--mostly mud--is formed of detritus, the waste
products and debris of living organisms in the Sound.

There have been a number of measurements of rates of sediment deposition
and accumulation in Puget Sound, but natural variations over time and from
place to place make generalizations about sediment accumulation difficult.
Tidal currents carry sediment, creating some scoured areas where little or no
sediment is deposited and other areas where large amounts of sediment are
deposited. Measurements of sediment in the Main Sub-basin, made by dating a
radioactive isotope of lead in core samples of bottom sediments, show that
approximately .18 to 1.20 grams of sediment accumulate in a year on one
square centimeter of the Sound’s bottom (one-twentieth to two-fifths of an
inch). All but a tiny organic fraction comes from rivers and shoreline erosion.

-

Sediments perform many important functions in the marine system. They form
the habitat for bottom-dwelling (benthic) organis/ms and affect the fate of
contaminants in the Sound. Organic detritus in nearshore and deep sediments
supports a major branch of the food web of the Sound. Sediment introduced
by runoff from land through rivers, streams, and groundwater can introduce
chemicals, nutrients, and bacteria into the Sound because these contaminants
often are carried by particles.
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ESTUARINE CIRCULATION

Flow Pattern

TABLE 1: SEDIMENT DISCHARGE RATES FOR MAJOR RIVERS

Annual Sediment Discharge

River (billion pounds/year)
Skagit 24
Snohomish 1.4
Duwamish 04
Puyallup 1.0
Stillaguamish 09
Nisqually _04

TOTAL 6.5

Estuaries have a distinct pattern of water movement created by the action of
the tides and the presence of fresh water. Since estuaries are extensions of
the ocean, they are affected by the tides which pump large volumes of water
back and forth, in and out of the basin. The tides flood inland and ebb
seaward twice a day in Puget Sound (Figures 13 and 14). Tidal currents
extend from the surface to the bottom and are the strongest currents in the
Sound.

Fresh water is lighter, or less dense, than saltwater and tends to float and
flow over the top of seawater. As it does this, some of the saltwater is mixed
up with the freshwater, creating a brackish (less salty) layer at the surface
(about 30 to 130 feet or 10 to 50 meters deep in the Puget Sound region).
This surface layer flows seaward under the force of gravity, eventually
reaching the Pacific Ocean. To replace the seawater in the deep layer which
was mixed into the surface layer, more seawater is drawn into the estuary
from the ocean. This characteristic estuarine circulation--seaward at the
surface and landward below--exists throughout Puget Sound and the Straits of
Georgia and Juan de Fuca (Figure 15). Seawater from the Pacific moves up
the Strait of Juan de Fuca, enters Admiralty Inlet, and flows south through
the depths of the Sound.

The two-layered circulation pattern is complicated in Puget Sound by the
presence of various islands and channels. Eddies or whirlpools appear during

. strong tidal action (larger eddies are noted on Figures 13 and 14). The

blocking effect of Vashon Island disrupts the two-layered flow pattern in East
Passage, where currents at all depths are generally to the south, and in Colvos
Passage, where currents are generally to the north. The sills that divide the
sub-basins of the Sound also disrupt the two-layered flow pattern, and the
shallow waters at these locations are strongly mixed by the tides. As salty
deep water enters the Sound, some of the brackish surface water is mixed into
the deep layer and recycled in the basin (Figure 15). Some of the surface
water from the Puget Sound Main Sub-basin also enters Hood Canal and
Saratoga Passage. In fact, as much as one-half to two-thirds of the outflow-
ing surface water from the Puget Sound Main Sub-basin is diverted before
going through Admiralty Inlet, and as much as one-third to one-half makes a
submarine return trip through the depths of the Main Sub-basin instead of
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GENERALIZED SURFACE WATER MOVEMENT
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exiting to the Strait. The same type of pattern can be inferred in the other
sub-basins set off by sills.

Exchange with the Ocean An important physical characteristic of an estuary is its ability to exchange its
water with that of outside waters. It is a natural process that renews the
depths and purges the surface. Exchange helps prevent the deep basins of the
Sound from becoming naturally stagnant from organic decay, using up their
oxygen and turning anoxic--something deep fjords with shallow sills tend to
do. Exchange also plays a critical role in governing the fates and effects of
contaminants that enter Puget Sound. It has the ability to carry dissolved
waste products out to sea. In Puget Sound south of Admiralty Inlet the
diversion and remixing of surface water mentioned above severely limits the
amount of exchange. Puget Sound is not a pipe or open drain that will carry
dissolved or suspended contaminants directly out to sea. The process is
short-circuited by the recirculation of surface water. Fresh water on the
surface of the Main Basin takes about a week to get from the mouth of the
Duwamish River to the Admiralty Inlet sill. Then much of it spends an
additional 10 days going back to its starting point. It must make the trip
twice, on the average, before reaching the Strait of Juan de Fuca.

Exchange is obstructed even more by the complexity of the Sound’s waterways.
The tides slosh water back and forth between basins, recirculating it within

the Sound and only slowly carrying it out to sea. Any contaminants carried

by the water also spread throughout the Sound before exiting to the Strait.
The time for the water in a single sub-basin of the Sound to be replaced can
be measured in days or weeks. The length of time that water resides in the
whole system of basins is measured in months.

Figure 16 illustrates a simulation performed on a computer model of the Sound
in which 400 tiny "parcels” of water are released in East Passage and tracked

as they are transported by currents. The computer estimated the motion of
each parcel. By counting the number of parcels remaining at various times
after discharge, the percent of the water that has been retained in the Sound

is estimated. After three months almost half of the parcels of water are still

in the Sound. After six months 25 percent remain, and after 12 months five
percent remain.

Trapping of Particles Estuarine circulation also controls the fate of the tons of sediment delivered
by river water and other sources. Particles initially suspended in the surface
water settle into the deeper layer. Once they enter the deep layer, they are
carried back inland. Since even very fine particles can settle through the
brackish surface water layer faster than they are carried out to sea, estuaries
characteristically retain particles. Perhaps one to five percent of sediment
particles initially in the surface waters of the Puget Sound Main Basin are
carried out through Admiralty Inlet; the rest are trapped in the Sound. The
straits in the Puget Sound basin also exhibit estuarine circulation and there-
fore retain particles. Since some contaminants bind to particles, the ability of
the waters of the Puget Sound basin to carry those contaminants out of the
basin to the ocean is very limited.
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HABITATS OF THE PUGET SOUND

BASIN

MARINE HABITATS

Open Water

The complex network of bays, channels, and waterways in Puget Sound, and
the surrounding lowlands and uplands, support a wonderful variety of plants
and animals in different habitats. A habitat is a physical environment with
specific ecological conditions that enable it to support particular populations
and groupings of organisms. Characteristics that distinguish one habitat from
another, either on land or in water, include whether the soil or sediment is
coarse or fine, its chemistry, the temperature range, and exposure to wind,
waves, and currents. The interactions between a physical habitat and its
typical flora and fauna are complex. A typical nearshore habitat range in
Puget Sound is illustrated, along with characteristic plants and animals in
Figure 17.

In all environments, organisms can be arranged in a network called a food
web, the strands of which join animals to their sources of food. A generalized
food web for the marine environment is shown in Figure 18. The first source
of food is the growth of plants which are called the primary producers. The
animals that are supported by primary producers are consumers. Animals that
eat only plants are called herbivores, those that eat only other animals are
carnivores, and those that eat both plants and animals are omnivores. An
additional food source for many animals is dead organic matter (detritus) from
plants and animals which is broken down by bacteria.

The factors that differentiate saltwater habitats include temperature, salinity,
wave exposure, current speed, depth, availability of nutrients, and the texture,
stability, and chemistry of the underlying rock or sediment. Habitats and the
organisms associated with them can be grouped into broad categories based on
their major differences. The first distinction is between bottom (benthic)
habitats and open water (pelagic) habitats that have little or no interaction
with the bottom. Benthic habitats are further divided into those that are in
shallow and in deep water, and each of those is divided on the basis of bottom
texture--hard (rock and gravel) or soft (sand and mud) (Figure 12). Shallow
water marine habitats are also classified by the degree to which they are
exposed by the rising and falling tides. The stretch of bottom that is covered
and uncovered by tides is the intertidal zone. The bottom in the subtidal zone
is always submerged.

The plants and animals of the open water habitat live independently of the sea
bed. Most of the living matter in the open waters of Puget Sound is free--
floating plankton: either phytoplankton (plants) or zooplankton (animals).
These organisms are usually quite small, ranging from microscopic (single-celled
algae) to half an inch (for large zooplankton) in size. Phytoplankton is a

major original source of food for the Sound as a whole. Zooplankton feeds on
phytoplankton and, in turn, becomes prey for larger animals such as fish.

Plankton organisms reproduce rapidly during the growing season, producing one
to dozens of generations per year. Because they are short-lived, their
abundance closely follows the seasonal variation in sunlight that drives the
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growth of plants; most growth occurs between March and September. Phyto-
plankton growth in the spring is enhanced by stratification of the water which
holds the floating plants within a stable surface layer where sunlight is most
intense, producing an outburst called a bloom. Thus, the Sound is usually most
productive in spring, in phase with the stratification produced by river runoff
from melting snow. Strongly mixed areas such as sills are less productive
because phytoplankton are mixed below the depth reached by sunlight.
Strongly stratified areas lose productivity later in the summer as the plants
use up available nutrients. In some bays, such as Budd Inlet and the southern
reaches of Hood Canal, chronic stratification, together with limited water
exchange, permits decay of organic matter produced by plankton to consume
oxygen in subsurface waters. This oxygen deficiency (anoxia) can cause fish
kills and offensive odors.

Many bottom-dwelling (benthic) animals spend the first stages of their lives as
plankton. At certain times of the year surface waters may be filled with the
planktonic larvae of crabs, clams, shrimp, snails, sea urchins, starfish, worms,
and other creatures, and with the eggs and larvae of some bottom fish
(notably sole). In fact, an estimated 50 percent of all benthic animals have
planktonic larval stages. These larvae feed on plankton, and, in turn, are food
for fish.

Familiar inhabitants of open water include the baitfish (herring, surf smelt,
sand lance) and the salmonids (sockeye, pink, chum, coho, and chinook salmon,
steelhead, and cutthroat trout). Many stocks of herring alternate between
feeding in Puget Sound and the Strait of Georgia in winter and in the Pacific
Ocean in summer. Salmonids are anadromous--that is, adults leave the ocean
and enter fresh water to spawn, and juveniles return to saltwater. Most

salmon migrate to the Pacific to feed as adults, but some remain as permanent
residents in the Sound.

Pelagic fish and zooplankton are prey for sea birds and marine mammals.
Pelagic birds (ducks, loons, grebes, auklets, puffins, murres, phalaropes,
cormorants, gulls, and terns) consume the smaller and younger fish and some
zooplankton. The top predators of the pelagic zone in Puget Sound are the
orca ("killer") whales which eat fish, squid, and other mammals. Orcas travel
in groups called pods, three of which, comprising about 80 individuals, now
inhabit the Sound. Other marine mammals are observed in the Puget Sound
basin. Populations of porpoises, sea lions, and harbor seals are present, and
there are seasonal visits by fish-eating elephant seals and California sea lions
in winter and by plankton-feeding minke whales and bottom-feeding gray
whales in summer. During 1986 an unusually large colony of sea lions resided
in Puget Sound, consuming hake in the Whidbey Basin and steelhead entering
the Lake Washington Ship Canal and the Duwamish River.

Many of the birds and mammals observed in the Sound breed elsewhere,
including the gray and minke whales, elephant seals and sea lions, and many of
the pelagic birds. Harbor seals and resident Orcas both breed and raise their
young in the Sound.

11
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Rocky Intertidal and
Subtidal Habitat

Where the shoreline of Puget Sound is composed of seawalls or outcrops of
solid rock (mostly in the northern Sound and San Juan Islands), it supports a
biological community that is able to attach to a hard substrate. Most of the
plants and animals in this habitat have adaptations either for gripping the rock
or for taking refuge from the strong wave action and currents which are
usually present.

Two classes of plants are found here. Microscopic benthic algae, relatives of
the floating phytoplankton, attach to rocks and form a living coating. Much
more visible are the seaweeds, ranging from small red crusts and tufts to leafy
green sea lettuce, brown rockweeds, red nori, and giant brown kelp (Figure
19). Seaweeds do not root into the bottom and draw nourishment from it like
land plants or eel grass. Instead, they are attached by a holdfast that secures
them against currents. Both the benthic microalgae and the seaweeds draw
their nutrients from the surrounding water. Both are also limited to growing
close enough to the water’s surface that light reaches them. Seaweeds and
benthic microalgae are more productive than phytoplankton within the shallow
areas they cover and may be important sources of organic matter to nearby
detrital food webs. In addition, seaweeds are themselves a habitat for certain
fish and invertebrate animals. However, they are confined to a narrow strip
nearshore and contribute less than phytoplankton to the primary productivity
of the Sound as a whole.

The herbivores in this environment use two principal strategies for feeding.
Some of them such as snails, chitons, and limpets graze on benthic microalgae
by scraping them off the rocks. Others such as barnacles and mussels strain
the surrounding water for phytoplankton and detritus which are the major food
sources for the community as a whole. Many of these animals have heavy
shells to protect them from wave action and from predators such as starfish.
Most carnivores in this environment seek different prey: anemones capture
zooplankton, small fish, and dislodged snails and mussels; and crabs, shrimps,
and sea urchins search the bottom for organic debris. Birds such as gulls,
oyster catchers, cormorants, herons, and kingfishers prowl at low tide for any
of the herbivores they can capture.

A distinct assemblage of fish is found in rocky habitats. Specialized species
including sculpins, clingfish, and gunnels inhabit tide pools. Subtidal rocky
areas host a great diversity of sculpins, rockfish, sea perch, greenlings,
pricklebacks, and gunnels. These species do not migrate extensively like the
pelagic fish but linger in the vicinity of submerged nearshore rocks and reefs.
Artificial reefs have been constructed by the state to shelter and create new
habitat for these popular types of sport fish. Deeper still in rock hollows
lives the largest of the greenlings, the ling cod, a valuable sport and commer-
cial fish.

A related hard-substrate community is found on and around docks and pilings
and even on floating debris. This community includes many of the organisms
from rocky shores, including some not mentioned earlier: sponges, tunicates,
hydroids, bryozoans, and tube worms which colonize driftwood. The larval
stages of most of the rocky-shore animals float freely in the plankton and will
attach to any hard surface, even to ships, creating a characteristic fouling or
settling community. Stationary pilings host anemones and starfish which live

12
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Sandy and Mixed Coarse
Sediment Habitat

Muddy Intertidal and
Subtidal Habitat

in deeper water, and they attract visiting perch and rockfish. Untreated wood
is vulnerable to attack from burrowing organisms including the shipworm
(actually a boring clam) and the gribble (an isopod crustacean).

Habitats characterized by coarse sediment, from pure sand to mixtures of sand,
gravel, and cobbles, make up most of the beaches of the Puget Sound basin
and are found subtidally in such places as the western shore of Whidbey
Island, where there is frequent heavy surf, and on the crests of the sills at
Admiralty Inlet and Tacoma Narrows, where tidal currents scour the bottom
(Figure 12). They also may be found offshore from rocky reef outcrops.

These coarse substrates often are subject to energy from waves and currents
that can equal that of many rocky habitats. However, they do not offer as

firm a substrate to which organisms can anchor. Thus, to find shelter in

these kinds