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The mission of the Puget Sound Water Quality Authority includes the
dissemination of the results of research on issues pertinent to the heaith of
the Sound and its inhabitants and to the management of its resources.
Periodic research conferences have been by far the most significant and
successful means of achieving this goal. In 1988, 1991 and 1995, these
conferences brought together scientists from agencies, universities and
consulting firms, resource managers and other decision-makers, and
members of the interested public to review the current findings of the day.
The conferences, and the accompanying proceedings, have highlighted the
latest trends in basic and applied research, and brought to a wider audience
many studies and findings that otherwise might have been confined to
relative obscurity in an institution's or department's "grey literature.”

Presented by the Puget Sound Water Quality Authority and
co-sponsored by state and federal agencies, universities, and private
businesses, the third conference on research in Puget Sound, Puget Sound
Research '95, was held on January 12-14, 1995, at the Meydenbauer Center
in Bellevue Washington. It featured speakers from both sides of the border
and the latest research on water quality and habitat issues in the Puget
Sound/Strait of Georgia region. Over 700 attendees joined speakers in a

" variety of presentation formats, including plenary and luncheon addresses,

concurrent paper sessions, panel discussions of special issues, and student
and poster sessions.

Here, in two volumes, are the proceedings of the conference, including
panel and plenary sessions transcribed verbatim. You are encouraged to
contact the authors/presenters for further information and updates on any of
the subjects discussed in these pages.

Conference Manager: Timothy W. Ransom, Ph.D.
Editor: Elizabeth Robichaud

Design and Layout: Zoe Rasmussen

Word Processing: Leslie Helms
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PROTECTING PUGET SOUND: A CHALLENGE FOR SCIENCE

Dr. Usha Varanasi
Science Director, Northwest Fisheries Science Center
National Oceanic and Atmospheric Administration

The complex biological and oceanographic problems that threaten Puget Sound pose a great challenge
for science. However, to make science significant in the political process and the environmental manage-
ment strategy is an additional challenge that scientists face. I hope to give you an overview of some
pollution issues in Puget Sound that are indeed a challenge to both science and scientists.

Major Global Threats to Puget Sound

Following are some of the major global threats that have been defined by recent treaties on marine
biodiversity: overfishing; altered physical environment, which includes diversion of fresh water and
degradation or loss of habitats (e.g., wetlands); pollution of the sea; increased UV radiation; and introduc-
tion of alien or exotic species. The introduction of exotic species has become more prevalent as oceanic
transportation increases—we bring not only desired guests and goods from faraway places, but also
unexpected creatures that may take over their new habitat. Accidental introduction of pests and diseases,
such as the Japanese oyster drill, can threaten indigenous species. This threat can also arise from some
well-intended introductions, such as the release of hatchery-reared salmon, which end up causing damage to
wild salmon stocks. Introductions are often not properly managed. Smolts released from the hatcheries,
for instance, may not be fit for life in the wild. Or sometimes large numbers of smolts are released in a
very short time, thus crowding migration corridors and creating a shortage of prey. Such mismanagement
can result in the decline of both hatchery and wild stocks, as well as continued dilution of genetic diversity.
The extensive loss of habitat in Puget Sound also jeopardizes the health of marine ecosystems. For
instance, wetlands show a 76 percent decrease from about 100 years ago. Since we don’t know what
percentage of critical habitats are needed for sustainable productivity, we don’t know how much we can
“afford” to lose. We do know, however, that adverse effects on marine animals are occurring as a result of
what we have lost already. These changes occur partly because of physical alterations of the environment
(e.g., building of dams on rivers) that destroy critical habitat. Pollution, industrialized activities, and
changes in the shoreline also have an adverse impact on marine habitat.

All these elements constitute a major threat for most urbanized coastal areas, and Puget Sound,
unfortunately, is no exception. As you may know, parts of Puget Sound are listed as the most polluted
sites in the United States, so clearly this area is not as pristine as we would like it to be. But we also have
the good fortune to have a large number of scientists, natural resource managers, and dedicated public
interest groups to help us identify which threats should concern us most and how we should address them.

Status of Salmonid Stocks

Over the last 100 years salmon stocks in the Pacific Northwest have declined. In Puget Sound, 21
percent of salmon stocks are believed to be depressed, and 5 percent of stocks are considered to be in
critical condition. Stocks for the Washington coast are healthier, with only 7 percent of stocks believed to
be depressed and no stocks in critical condition. However, both Puget Sound and the Washington coast
have a high percentage (29 percent and 37 percent, respectively) of stocks whose status remains unknown.

What is causing the depressed condition of these stocks? Both anthropogenic and natural factors can
affect salmon stocks. Overharvesting, hydroelectric dams, hatcheries, and habitat loss have been identified
as four interlocking anthropogenic factors that could be affecting the anadromous species. But we also
know that oceanic and climatic conditions are important factors in the ocean survival of salmon.

It is not only the anadromous species and stocks that are declining, however. We find in Puget Sound
that some of the groundfish stocks are also declining. For instance, Pacific whiting stocks have declined
dramatically since the early ’80s.
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When addressing the condition of salmon and other stocks, scientists must try to collect information on
both anthropogenic and natural factors, as well as the relationship between these factors. The scientific
community and the public often focus on the anthropogenic factors because we know we can manage and
regulate these activities, and we are resigned to the futility of controlling naturally occurring changes.
However, just knowing the impact of natural variations allows us to be more adaptive in our management
of the anthropogenic activities that we can control.

In order to examine all the factors that may affect stocks, a multidisciplinary, cooperative approach is
required. Unfortunately, often the scientists who work on the natural events and fluctuations—
oceanographers, hydrologists, ecologists—don’t team up with the toxicologists and other environmental
scientists, and vice versa. This is partly because the disciplines have tended to be more specialized.
However, we must combine these disciplines and work together to address these complex issues if we wish
to protect our natural resources.

Challenges for Science

The challenges for science are clear. We need to clearly link threats to the effects we see in living
marine resources. In the Puget Sound region, the public is much more sophisticated about understanding
the effects of urban pollution than in many other parts of the country, but we still have a tendency to
believe that only certain anthropogenic stressors are causing the adverse effects in marine organisms.

It is also necessary to determine threshold levels for habitat loss, harvesting, and contamination. In
some cases, the level may be-zero. In addition, we need to predict unacceptable threshold levels for any
particular anthropogenic stress by using appropriate measurements. If we have solid science to support our
conclusions, then we can face the biggest challenge, which is to convince those in management and in the
political process to link scientific information with management and political action to prevent or mitigate
threats and restore degraded watersheds.

Marine Pollution

Quite often I am asked why chemical contamination is considered to be the major anthropogenic threat
to marine organisms and coastal ecosystems when there are so many other threats facing these resources.
Chemical contamination has a dual impact because it poses both ecological and human health risks.
Contaminants can jeopardize the ecology of marine species by affecting the health and survival of
individuals, which eventually will impact populations. Contaminants can also be an immediate health risk
to humans by accumulating in seafood species. This dual impact is always at the focus of marine pollution
research, and it requires a considerable amount of carefully worded scientific information so that we don’t
frighten people unnecessarily, and at the same time can take action when there is a threat to either an
ecosystem or to human health.

There are many ways to address the two-pronged threat of chemical contamination. One of the
approaches we have had success with is to use multiple disciplines; to study a broad spectrum of
contaminants and a wide range of marine species; and to do research, monitoring, and method develop-
ment. This approach, which uses a combination of multidisciplinary field and laboratory studies, has
enabled us to determine links between effects observed in indigenous species in Puget Sound and classes of
chemical contaminants. The types of deleterious effects that are either documented or studied in Puget
Sound are diseases such as liver tumors in fish, reproductive dysfunction in benthic fish, immunological
dysfunction in salmon, marine mammal mortality, and growth impairment in young animals.

Goals in Chemical Contaminant Research

In our efforts to assess the links between contaminants and biological effects, we must identify which
chemicals are consistent risk factors out of a large suite of chemicals. The current state of knowledge is
such that scientists are able to measure a large number of chemicals at very low levels with sophisticated
measurements, and hence analyze many chemicals to a very minute level. But we often do not know the
levels at which the chemicals are capable of causing effects in marine organisms, and which chemicals we
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should be really focusing our attention on. By identifying chemicals that are risk factors for adverse
biological effects, we can set correct priorities. Our resources—money, people and time—are limited, after
all. In addition, we must determine acceptable and unacceptable threshold levels for the chemicals
identified as consistent risk factors.

The most important goal in this area, however, is to develop a diagnostic or predictive capability. By
developing simple yet reliable tests, we may be able to predict how an ecosystem will react to various
anthropogenic and natural effects. The ability to predict and then prevent deleterious effects calls to mind
the adage, “A stitch in time saves nine.” I think in the field of chemical contamination, given our
experiences with Superfund sites, if we can prevent and mitigate certain effects of pollution and degrada-
tion, we perhaps will be able to do a better job of preserving our ecosystem. This is more time- and
cost-effective than allowing watersheds to become so highly polluted that small improvements require many
years and tremendous resources. Developing diagnostic tools should be one of the biggest challenges of
the environmental sciences.

Liver Tumors

Studies of chemical contamination that I will discuss below have been conducted by the scientists of
the Environmental Conservation Division of the Northwest Fisheries Science Center. These studies are an
excellent example of scientific data that can be generated by addressing the goals of chemical contaminant
research I described above. One such study is the research on liver tumers in bottomfish. After many
years of work, it has been shown that the liver tumor is strongly linked to chemical pollution. The
consistent risk factors for the liver tumors are the known anthropogenic pollutants, such as aromatic
hydrocarbons, as well as natural factors, such as the age of the fish. PCBs in general were rarely
significant risk factors, a finding that not only applies to Puget Sound but to bottomfish species from a
large number of areas in the coastal United States. Our research on the consistent risk factors gave us
some understanding that sometimes chemicals that are converted (metabolized) and removed from the body
may be greater risk factors than those that accumulate in tissues. Just because we can measure a chemical
in an animal from a contaminated area does not necessarily mean that particular chemical is a significant
risk factor. The age of the fish being a risk factor showed us that tumors themselves are not very good
biomarkers, or diagnostic tools, because they happen many years after the fish have been exposed to
contamination. While liver tumors can be good markers in fish that reside for long periods in a certain
area, they are not very good for young fish or fish that move from one area to another.

Better biomarkers are some of the early effects, such as DNA damage and pre-cancerous lesions. DNA
damage is a broader term and can be recorded by a variety of tests. In our research, we have tried to use
those tests that show DNA damage that is specifically due to chemical pollutants. For example, DNA
adducts (chemicals bound to DNA) are found in a variety of species from sites having high levels of
contamination. One of the guiding principles or ground rules for developing biomarkers is that the effects
must be specific to the stress or chemicals we are working with. They should be dose-responsive so that
we can detect contamination gradients in various watersheds; and the biomarkers should also be reliable
indicators of serious health effects in biota. In addition, those biomarkers that are reversible serve as good
tools to test improvements in ecosystem health when damaging pollutants are removed or reduced in an
area, or when a watershed ecology is restored.

Reproductive Dysfunction in Fish

Although individual fish in polluted sites show liver tumors and other serious diseases, a major concern
for fishery resources is whether the reproductive capabilities of the species are impaired, and thus whether
the population is at risk. We found that female fish that lived in contaminated sediment, regardiess of
whether they have liver tumors, seemed to have significantly impaired reproductive processes. Gonadal
development or sexual maturation was retarded, spawning success was less, and abnormalities were present
in larvae. Hydrocarbons were linked to impaired sexual development. In addition, our studies suggest that
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alteration in sex hormone production may serve as a biomarker for retarded ovarian maturation in fish
inhabiting polluted waters.

We have conducted several studies on reproductive impairment in English sole, and our research shows
that if all other changes are kept constant (recruitment, etc.), certaih contaminated sites would indeed show
a significant decline in population. Whether these results are significant enough to affect management
strategy remains to be seen, but the information can be used in establishing fishing thresholds, if projection
models are appropriate. Data from studies such as this can provide more quantitative information, which
makes it easier to convince people of the validity of the data. Such data are also easier for managers to
use.

Immune Dysfunction in Fish

So far, we have talked about the effects in bottomfish, but it is the salmon that have been always a
major concern in the Pacific Northwest. We wanted to test whether juvenile salmon migrating through
contaminated sites in Puget Sound would experience any kind of adverse effects from contaminant
exposure. We found the young fish do pick up chemicals during their brief residency in polluted estuaries,
and that they do show altered immune function. Particularly, the young fish show altered immune
competence and increased susceptibility to disease. In addition, we found that chemicals, including
hydrocarbons and PCBs, cause similar dysfunction in the laboratory. Three important questions follow.
Which contaminants cause effects in polluted estuaries? How long do the immune dysfunction and
decreased disease resistance persist? And how do they affect early ocean survival of salmon? Ongoing
and future studies will attempt to address these questions.

Contaminants in Marine Mammals from Coastal Waters

Because there was a great deal of concern about gray whale mortalities in Puget Sound, we analyzed a
broad spectrum of chemical contaminants in stranded gray whales. We found that levels of chemical
contaminants in gray whales from Puget Sound and the outer coast of Washington state, Alaska, and San
Francisco were relatively low compared to levels in other marine mammals, such as porpoises and certain
whales that feed on fish. We did not find region-specific profiles of contaminants in gray whales,
suggesting that the level or types of accumulated contaminants were not related to pollution profiles at the
site of stranding. We will continue to pursue studies on contamination and mortalities in various marine
mammals to better understand the effects of chemical pollution in these species and determine whether
certain marine mammals will serve as good indicators of ecosystem quality.

Assessment of Contaminant Effects in Puget Sound: A Multidisciplinary Approach

I would like to briefly address the application of the research results I have described. Using screening
methods developed to rapidly assess the levels of contamination in sediment and biota and using various
biomarkers as diagnostic tools, the combined information from several Puget Sound sites allows us to
identify which areas have high levels of contaminants and thus high impact in terms of various adverse
effects. For areas that have no detectable effects, we can conclude that we do not need to perform detailed
chemical analysis or biological studies; however, these areas must be periodically screened to detect signs
of degradation in the earliest stages.

The chemical screening methods and a suite of biomarkers are intended to provide a quick “snapshot”
of the “health” of a watershed. This snapshot can then be used to select sites for more intensive monitor-
ing and analysis, thus keeping the cost of doing watershed analysis within a reasonable budget and
providing timely information. The major frustration I have as a scientist, and as part of a scientific agency,
is convincing the management and regulatory agencies to take on new approaches and measurements such
as these for testing in pilot projects. However, I should say that in recent years, working with many of the
agencies such as EPA and other parts of NOAA, we have had some success in testing these new methods
and approaches.
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Conclusion

The most important challenge of a scientist is to be brave, honest, objective, and still be effective. It is
a tall order, but it is happening because as we develop better scientific information, there is more respect
and understanding from the agencies that regulate and manage our natural resources. The challenge to
those who are in natural resource management is to work with scientists and use the best available
information to assess the status of, and predict changes in, marine and estuary ecosystems. For the
scientists, our biggest challenge is to assess relationships among observed changes resulting from human
activities and natural environmental change. The challenge for both parties is to work together for the
development and implementation of management strategies and regulatory policies that ensure the
preservation, wise use, and enhancement of living resources in beautiful Puget Sound.

kK
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SALMON: THE SILVER SHUTTLE

Tom Jay
Sculpter, Author and Co-founder of Wild Olympic Salmon and of North Olympic Salmon Coalition

To begin I'd like to offer a kind of framework of two or three images through which you might listen
to my words.

I do a lot of catch-up reading, reading various little papers written by, especially, fish biologists and
researchers into ecosystem dynamics. I read a lot of scientific papers mostly because in my restoration
work I want to inform myself as to how the salmon are doing and what their life histories are about. In
reflecting on my reading one day, I was struck by a Biblical image, the image of Moses. I imagined
scientists, as a body, being Moses. I don’t know if you remember this story, but when Moses went up on
Mt. Zion to talk to God and get the tablets, it was a pretty intense experience for the fellow. And when he
came down, he had a speech impediment. He couldn’t speak, and he would even throw fits. So he
couldn’t convey the wisdom that he had gained from his conversation with God. Luckily his brother,
Aaron, could understand him, though, and he translated for Moses. So Aaron would hold his rod and listen
to Moses, then translate and speak to the people.

I don’t pretend to be Aaron to the scientific community. I think that’s a job that all of us need to take
on—we all need to grab our staffs and to take the knowledge of science back to our communities.

But part of what I'm trying to do today is take the knowledge of science and translate it in a way that
might be enfolded into local culture. -

That brings me to my second point. I think one of the things that’s happened in our culture is that
we’ve gotten out of balance. We’ve turned culture into an item that you have to buy a ticket to go to. Yet
I believe where it really belongs is in neighborhoods. It belongs in attached places, attached to people. So
the other thing I'm trying to do today is to get you to understand the root sense of what culture’s about. If
you go back to the root of that word, it comes from an old Latin word that means “turning over the earth.”
And indeed cultures have this quality of taking what’s old and what’s gone before us and turning it back
up into the light. So part of this little lecture today will be trying to get you to see that it’s possible to
have a local culture following salmon.

The last image I want to give to you as a framework for my discussion is this. We’re at the end of
this century, and the end of this particular millennium. A poetess friend of mine described our situation
very succinctly. She said, “When you’re in the middle of a paradigm shift, you have to remember to put
the clutch in.” T think that in our culture right now, every one of us knows that there’s some radical
change coming, though we don’t know what that change will be. So I think it’s time to put the clutch in
and maybe just coast a little bit. Let’s listen to what our hearts are saying and try to figure out what we’re
going to do when we let the clutch back out again.

We all know that salmon is the embodiment of the Northwest. It’s emblematic of our land here. One
author said it very well. He said, “The Northwest is anywhere salmon can get to.” Salmon leap. Indeed,
their very name means “leaper.” It comes from an old root salire, which means “to leap.” That root also
gives us the words salient, somersault, and—my favorite cousin of the word salmon—exaltation. 1 don’t
think anybody can see a salmon going up a falls without feeling the exaltation in that motion.

The salmon’s genius is to travel thousands of miles in its gyre, in its turn through the North Atlantic
and North Pacific realms. It’s the mystery of that journey that entices us. The salmon’s genius is to travel
these thousands of miles and return to its home place. It does this through a process of great sensitivities.
It has rheotaxis, that is, sensitivity to currents. It also navigates the ocean by means of sensitivity to
electromagnetic fields—at least, this is what the scientists think now. As they swim out into the North
Pacific, they can actually encode the magnetic patterns in the earth’s field, and they can trace that back
home to nearly their stream of origin.

Once they’re near their stream of origin, they use their fantastic sense of smell. They can actually
smell the bouquet of the stones. They can discriminate parts per billion with their sense of smell. Each

8
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species layers and weaves its life history into every watershed in the Northwest, and in a non-competitive
way. Each species and stock uses discrete portions of the watershed. Sockeyes need lakes as nurseries as
part of their life history. Silvers go in little streams. Chinooks go in mainstem rivers. Every salmon has a
specific habitat it seeks out. o

We are especially moved by the salmon’s death. There is something that resonates in the human
psyche about a critter that comes back and, in its final act of life-giving behavior, dies and gives its body
back to the place it was born.

The salmon’s role in the watersheds of the Northwest is just starting to be opened up. One study I
read recently said that 50 percent of the carbon in Northwest streams is generated by the salmon bringing
back marine carbon.

The salmon are also starting to be re-imagined as a keystone species. These Alaska grizzly bear are
big because of the salmon. But if the runs in Alaska aren’t big enough, the bears don’t gain enough body
fat. And if the bears don’t gain enough body fat, the females will actually abort the cubs in their dens. So
the salmon are critical to the survival of these creatures.

The grizzlies prefer to eat only the brains and roe of the salmon. As sentimental people we might
think that’s wasteful. But the Native American peoples see this behavior a little differently. They say the
grizzly bear’s just helping everybody else out. Because what the bear does is throw the salmon onto the
bank and eat the brains and the roe, leaving something for raven, for weasel, for lynx and wolf, and for all
the rest of the creatures. Far from seeing it as wasteful, the Native American peoples see the grizzly bear
as a retrieval mechanism. .

Of course, there are other creatures that use salmon, Jeff Cedarholm with the Department of Natural
Resources, who is also on the faculty at Evergreen State College, wrote a really informative paper on coho
utilization by various species of Northwest creatures. He documented 22 species of critter in the
Northwest, including mice, elk, deer, water ouzel—creatures you wouldn’t normally think ate salmon, but
which at some point in their life history all use salmon as a food source.

I was traveling in our watershed one day with a local forester, and he took our group to an osprey nest.
I thought he was taking us to this old-growth fir to show us the nest. That wasn’t his intention at all.
When we got there, everybody was looking up at the nest. He said, “Wait a minute. The real story’s here
around the base of this tree.” And what we saw around the base of the tree was the scat of probably
coyote, raccoon, lots of different predator species. He said, “See, what happens here is that the osprey
bring a salmon back to the nest. And of course, the young of the osprey, just like our young, are always
knocking their oatmeal on the floor.” So he said the local denizens of this forest figure this out—this is a
great lunch spot. He said, “Think about it this way: This is a transport locus; this is a way that the salmon
nutrients get moved out into the forest ecosystem.” I thought that was a pretty nifty thing.

I like to imagine the salmon as a kind of silver shuttle that weaves the rain-green world of the
Northwest together. It starts in our home streams, in the fresh water of our home streams, travels to the
ocean, gathers nutrients, comes back, and by dying gives those nutrients back to its home.

The life histories of the salmon are just as varied in the fresh water as they are in the ocean, and in
their spawning return. Each species has a very different way of adapting to the local watershed. I can’t go
into this in depth now, but a good example is found in the variety of cues that prompt the various species
to begin their outmigration. Silver salmon, for instance, outmigrate in response to timing cues. They have
kind of an internal clock, which dictates that at around 18 months they all go out to sea. Chinook salmon,
on the other hand, go out to sea when they reach a certain size. Chum salmon rise up from the gravel and
go immediately out to sea. So each species has its own strategy for leaving the freshwater environment.

The thing about salmon that strikes me most in an emotional way is that a thousand years ago there
was a silver garland around the planet Earth. Every temperate watershed in the northern hemisphere had
salmon. And the people there were greatly dependent on salmon. It’s no wonder, considering the stark
conditions left by the last Ice Age, the land scoured and leveled by glaciers. Imagine our ancestors
wandering into this devastated landscape. Luckily for them, the salmon was wandering in at the same
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time. Salmon were probing those devastated watersheds from refugia both north and south of where the
glaciers had occurred. :

So it can be said we co-evolved with the salmon, at least culturally. If you go back in the myths and
legends of all the cultures of the north temperate zone, you’ll find mention of salmon. The Irish thought
they were the wisest creature in the universe. The Native Americans in the Northwest said they were the
most generous beings. You probably don’t imagine Swiss people having salmon, yet at one time salmon
came to Switzerland—but they’d always be beaten up there. A cultural echo of this remains in Switzerland
because there’s a cuisine in there based on beat-up, bruised salmon. As a result, there are special markets
for people who can find bruised-up salmon for the Swiss.

This co-evolution with salmon is really nicely expressed by this photograph by Natalie Fobes. This is
from a site in Siberia. All that clothing is made from salmon skins. Those harpoons are used to fish
salmon on the Kamchatka Peninsula. This is a culture that’s been dwelling with salmon for about 10,000
years.

The people of the Northwest believed that salmon were actually human beings, and they lived in
houses, each according to its species, in villages far out to sea. When they were in those villages, the
salmon were people like you and me. But once a year, they would decide that it was time to go visit us,
their friends on the land. And just like anybody would when paying a visit, they brought a gift. Their gift
was to put on these cloaks of salmon in return for the good treatment they received in their visits to us.

Northwest Coast peoples on our continent, as well as North Pacific peoples all the way over to
Hokkaido, Japan, had first-salmon welcoming ceremonies. The ceremonies were very similar across
cultures because the wisdom embodied in them was a basic wisdom of how to treat a resource. Here, the
ceremony called for the first salmon caught to be taken to the village where it was butchered and prepared
in a special way by the oldest matriarch. When it was presented to the people, the village speaker would
make a great speech of welcome, saying how the villagers were so glad to see this emissary of the salmon
people again. They treated that first salmon like royalty, carrying it into the village on a cedar mat and
giving it a place of honor.

When the fish was cooked, a bit of the fish was passed around to every person in the village. In some
traditions, some of the back fat from the salmon would be rubbed on the bellies of the children. I always
liked this image because when the children welcomed the salmon into the village, they always would
sprinkle their heads with eagle down, so I see this image of little fat children with shiny bellies and eagle
down in their hair. It’s a nice image. And when the feast was over, they would return the bones of the
salmon to the creek, and make a speech of farewell, saying how glad they were that this emissary had
come to visit them.

On the other side of the Pacific the Ainu people, who were the aboriginal peoples of Japan, had a very
similar belief. The Ainu are just starting to reclaim their traditional connection to the salmon, because in
the 16th and 17th centuries, when their homeland was conquered by the Japanese people proper, the
Japanese sealed off the river mouths with weirs and refused to let the Ainu fish. Terrible starvation
resulted. It’s just in the last 10 years or so that the Ainu have been able to harvest a few salmon for
religious purposes and revive their first-salmon ceremony, which is basically very similar to the Northwest
Coast Indian salmon ceremony.

Now, one thing that the Ainu do a little differently from the Northwest Indians is that they have a
window in their house, and they pass the salmon through that window, in front of the fire. They do that
because in their cosmology, fire can see. It’s as if our TVs were hooked up to the government, allowing
Big Brother to watch us. What the Ainu have is Big Mother watching them, with fire serving as the eyes
of the resource world. The fire reports back to the gods who control the resources what kind of treatment
the salmon received.

To the salmon and the native peoples—and this includes our ancestors—the world was a vital and vivid
world. It was a circle rolling ever forward in time. The people were located in a cycle. Theirs was a
culture that was so in tune with the cycling that when native women would knead the flesh of the salmon
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so it would dry properly and not rot, they would actually sing songs to the salmon to keep it happy. In
their mind the salmon was vital and vivid until it was eaten.

Then we showed up. About the 19th century, Western culture arrived on the West Coast of the United
States. And at first, we took our saimon mainly from the rivers, because our technologies of fishing and
canning were rather primitive. But salmon quickly became a commodity, and by the mid-20th century, we
had developed this commodity-oriented economy into a very intense enterprise. It was as if rather than
rolling with the circle, we decided to break the circle open, mine its wealth and use that capital as start-up
funds for moving on to another adventure. I believe we’re just coming to the end of that paradigm.

As destructive as it was, there was still some beauty in the way we went about this intense enterprise.
I was a commercial fisher for a while, and I have a deep respect for the people who fish. I was involved
in a troll fishery. It’s a fishery in which you catch the fish and clean them immediately. This is the high-
priced restaurant fish.

This slide shows an older fishery, a traditional subsistence fishery. This is a chum fish wheel on the
Yukon River, where this family catches dog salmon to feed their sled dogs and their family for the winter.
And there are the traditional Native American fisheries that through the Bolt decision have been reinstated
and are starting to flourish. Actually, as everybody knows, the tribes have become co-managers of the
resource and have done a lot of fine work, especially on the watershed side of the fisheries.

The sports fishery is obviously suffering right now. The economy has even articulated itself more
intensely in the sense that sometimes it’s the roe that is more valuable than the flesh of the salmon. The
market for salmon is a worldwide market. There is very deep pressure on the stocks now.

A curious thing has happened. In the final transformation of salmon into commodity, we've started to
farm salmon. My co-author, Brad Matson, being an old fisherman, has a deep objection to farmed fish. I
think he’s right, because farmed fish don’t have any ecological return address. You don’t know where
they’re from. As a watershed restorationist, when I go into a restaurant I’ve gotten into the habit of asking
the waiter where the salmon is from. Because I know if they’'re buying salmon that came from a
watershed, then there’s a connection, and there’s an obligation to keep that watershed intact to produce that
beautiful fish.

The paradigm we’re stuck in now is the bottom-line paradigm. It’s a paradigm that’s worn itself pretty
thin, even though it’s persistent, as witnessed by the last election. But our economy is no longer connected
in a really strong way to the resources. It’s become more of a casino, where people are making side-bets
on side-bets as to who’s going to be successful, who’s going to fail.

Contrast it with a subsistence fisher in Alaska. She’s betting on herself. She’s betting that she can
catch enough fish to live for another year.

Yet underneath the harvest, and underneath even the commercial intensity that swirls around the
salmon, there is a deep respect. Some of the best talk about the salmon resource I've ever heard has come
from commercial fishers. They have a subtle enough vision that they can even recognize stocks as they
come aboard their boat. They’ll say, oh, this is a Skagit king, or this is a South Sound dog. They’re very
caring people, and many of them really care about the resources.

Now the shadow of the larger industrial economy, this circle-breaking that we’ve all been riding
through the last 150 years, has other consequences. You people have been discussing it today. Logging
obviously has taken its toll. The logging industry borrowed capital from the salmon industry; now they’re
turning around and starting to pay it back.

This slide shows placer mining in Idaho. This was once a fairly rich salmon stream. You can see the
tons of material that were sidecast from the mining operation.

Then we get into some pretty weird scenes. This slide shows a salmon barge on the Columbia.
Because of our need for cheap power, we find ourselves in the position of actually taking fish downriver in
barges at a price that’s—I don’t think we even know how much it costs per fish.

This is a picture of some king salmon on the Elwha that were stricken with a gill disease because the
water behind the dams heated up to such a temperature that these organisms were able to metabolize in the
water and kill the fish.
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This is a picture of gravel in the Dungeness. The whole Dungeness system has been loaded with
gravel from past logging operations to the point where now all the different links, the necessarily connected
moments of the life histories of salmon stocks in the Dungeness, have been broken. The river’s kind of
gone crazy. It'll take years for it to straighten itself out. In effect, a river of gravel has to come out of the
Dungeness before the fish will really be healthy again.

I made a discovery when I was writing Reaching Home. We were going to put a list of restoration
groups in the back of the book. But we found there were too many. It would have taken pages and pages
and pages to list all the different community groups that are trying to restore salmon. It’s not a class
thing—it’s not the poor people, or the sports fishermen. It’s a cross-cultural phenomenon. There are
bankers, there are out-of-work tree planters. The people that are working in restoration, the thing they
share is a fierce character. They’re devoted to salmon. They’ve made a kind of ethical commitment. This
is a phenomenon, I think, that’s part of that “putting the clutch in.” All over, people are appearing who
love their neighborhoods.

This is a picture of some Canadians cleaning a stream up around Vancouver.

This is a picture of some volunteers putting a weir in Chimacum Creek to catch chum salmon, to try to
take their eggs and restore the run.

This slide shows a little restoration hatchery that I'll talk more about later. This is on Salmon Creek in
Discovery Bay. The work is very diverse. In our community, where this photo was taken, you’ll find a
cattle watering trough invented by Kerry Perkins—we call it the Perkins Trough. It’s a wonderful little
invention that keeps cattle out of the creek. It used to be that whenever the fisheries would dump hatchery
fish in the creek, we could always telt, because this little trough would be loaded up with hatchery salmon.
You could sit there and watch. The wild fish would squirt through like they were running across a New
York intersection. But the hatchery salmon thought this' was home. And of course, then, there would
always be a heron at this end, and a heron at that end. I've gone down there and watched it. There was a
kind of deep irony about it.

One of the lovely things that’s happening with restoration is that a craft of restoration is being born.
Some of the structures people are learning how to build are actually beautiful. This little ladder was built
to help fish pass into that culvert. I go there now as a place for meditation because it’s just purely
beautiful the way the logs were done. It was all done by boat builders and local construction people, so it
has a level of craft that’s really quite marvelous. This is something, I think, that is another part of that
paradigm shift: focusing our skill and attention on something outside of ourselves.

In conclusion, I thought I would read to you about this little hatchery, because an amazing thing
happened there,

In the early 1990s, our local salmon restoration group undertook a stock rehabilitation project to
rebuild the summer chum runs on two east Olympic Peninsula streams—Salmon and Chimacum
Creeks. In September, fisheries agents trap chum spawners in a weir, and take a percentage of the
eggs. These eggs are eyed up at the Heard Creek hatchery in nearby Sequim, and then turned over
to us to incubate in a small hatchery we built on a tributary of Salmon Creek.

By protecting the eggs, we can boost the egg-to-fry survival by almost 100 percent, and hopefully
build up the run. We watch the eggs until they hatch, and then feed the fry to a certain size, and
release them for their sojourn in the sea. Five volunteers alternate checking eggs and fry daily
from November until late April. We are committed to this project for at least 10 years. We hope
to rebuild the Salmon Creek stock first, and then transfer Salmon Creek fish to the Chum, Bear,
and Chimacum system.

One clear January day, I was at our little homemade hatchery, checking water temperature and
flow, alert for the early hatch that sometimes occurs in a warm winter. I lifted the lid on the
incubation barrel to check on the 46,000 eggs, the progeny of 20 wild chum hens, supported by
black screen trays, and vibrating and rolling delicately in the smooth rhythmic shade of the
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waterflow. It is always a little spooky, peering into this watery womb, and I leaned down to study
the eggs’ opalescent glow. I was trying to decipher what the subtle changes in egg color meant. I
was wondering at the dark sentient density of their eyes.

These eggs can see. And that day, I had the uncanny sensation that two eggs in particular were
watching me. They followed my motions, rolling and twisting to see me. It was unnerving. AsI
closed the incubator lid and began to write up the daily report, I had the eerie intuition that those
eggs were the eyes of the watershed, venerable and rejuvenant in the same moment. It was as if
8,000 years of watershed experience, the bio-logic, the patient wisdom of Salmon Creek, were
coiled in those two vigilant eggs.

That’s kind of a romantic view of it—although that really happened, and it really made my life a
different life. But I think we can get into a kind of restoration romance. One of the things we know for
sure is the salmon know what they’re doing. I can imagine a time 3,000 years from now when salmon will
be spawning in the rubble of the Kingdome. If we just back out of their way, they know what to do.

So, what about putting the clutch in? Are we all willing to become vernacular Aarons, each with our
staff, each taking what we know about the natural world back into our neighborhoods—and building
culture, building culture that an economy can nest in, in the way that an egg nests in a real nest, so that it’s
harmonious, and it’s not burning the nest to hatch the eggs? .

I wanted to read you one last thing that might provide an image for that.

Imagine a Thanksgiving dinner of your great-great-grandchildren a hundred years from now. In the
center of the table is a bright, silver salmon, locally caught, and cooked in the practiced way of
long enjoyment and reverence. At the end of the feast, there will be a simple ceremony: a long
walk to the creek with neighboring families, each with a wooden bowl of salmon bones, to return
the remains to the waters of their creation in gratitude and respect. Perhaps there will be mention
of the ancestors, if that is who we decide to be—the old ones, who stayed put, who gave the
salmon shelter in their hearts, and who found their own way home.

k%
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DO NATURAL RESOURCE AGENCIES LEARN FROM EXPERIENCE?

Dr. Ray Hilborn
University of Washington School of Fisheries

What I'm hoping to do is describe to you some of the ideas and lessons I've learned in the last eight
years—I should mention, largely funded by Washington Sea Grant; thank you, Sea Grant Pro-
gram—looking at how different institutions learn. I've been dealing mostly with fisheries. And as I
looked through the program of the meeting I discovered that there was a fair number of fisheries people
represented, a lot of land use, biology and planning. But there really weren’t any economics or legal
professionals, and as we all know, those are the guys who are really important and run things.

But since they’re not here, I thought I might take advantage of their absence to tell you a few of my
favorite stories about economists. An economist is a man who’s good with numbers but didn’t have
enough personality to become an accountant. (How many economists do we have here?) An economist is
a man who's studied a thousand ways to make love but has never been alone with a woman.

Let me start by describing a situation I was in about 10 or 12 years ago. I was at a meeting of i
government and iﬂduslry, something that’s getting to be very common now. There was a long table. There
were 15 government people on one side and 15 industry people on the other side. In this case, the industry
‘people were commercial fishermen in British Columbia, and the government side was from the Canadian
Department of Fisheries and Oceans. I was acting as an advisor for the commercial fishermen at that time.

The leader of the delegation of fishermen was Jack Nichol, who's the president of the United
Fishermen and Allied Workers Union in British Columbia, or he was at the time. He listened to the
government guys go on for 15 minutes about what they were going to do with this fishery, which I think
was the chum fishery in the Johnson Straits. And then Jack Nichol, a fiery orator who came up in the
great tradition of unionists, got up and started pounding on the table. He pointed at then-Director of
Canadian Fisheries in the Pacific Wayne Shinners, and he said, “You guys are running this fishery by trial :
and error!”

And a hush fell over the room. The guys in the government didn’t know how to respond. What could (
be worse than running a fishery by trial and error? I got up and did sort of a feeble imitation of Jack
Nichol, pounded on the table a few times, and I said, “I only wish it were true.” Because although they
were clearly making a lot of errors, they weren’t learning by it. Lots of things had been tried; lots of
things hadn’t worked. Some actually had worked, but when you really looked at how the government guys
functioned, they didn’t seem to pay any attention to the outcome. That really prompted my interest in
asking, why is it that institutions seem to have so much trouble learning? ,

So let’s think a little about what trial and error actually consists of. After all, there really isn’t an [
alternative—trial and error is the only way anyone ever learns. The key to successful trial and error is in
actually learning from what didn’t work and what did work, and in learning from what others have tried.
This way you don’t have to repeat everybody’s mistakes over and over again. Wisdom is, really, not
making the mistakes again. The people who aren’t doing very well are the ones who keep doing the same
wrong thing over and over again.

The first component of trial and error is you’ve got to know what’s actually happened in the past.
You’ve got to know what your agency did. That may seem obvious, but it’s remarkable how quickly
institutions forget what happened 10 or 15 or 20 years ago, what things were tried. And in many cases,
there’s no documentation of what actually happened. I've dealt a'lot with salmon fisheries, and when I've
tried to go back and ask how these fisheries were run, I've discovered there’s not much paper on it. In
fact, when I ask a student to read on how salmon fisheries are managed, I know perhaps three published
papers that describe how salmon fisheries are managed. It’s simply not a topic that’s documented. And I ;
suspect that when it comes to water quality and things like that, the documentation isn’t very good, either.

Yet in order to learn, you have to have documentation.
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The next component of trial-and-error learning is evaluation. You actually have to go out and say,
well, we instituted these regulations; what actually happened? Evaluation is very expensive. Much more
commonly than not, it simply doesn’t happen.

The last component—and what in theory would seem to be the easiest— is, having documented and
evaluated, you actually have to pay attention to the results. As I go through some examples, I'll highlight
why the institutional tendency is to not take these critical steps.

Now, there is an alternative to trial and error. I'll use trial and etror generically, meaning, try different
things, see what works and what doesn’t work, and then be more likely to do the things that worked than
the things that didn’t work. The alternative is what I call blind faith. Blind faith is simply taking your
best current knowledge and going with it, and not bothering to evaluate it. Now, it seems like a stupid
idea, the idea of doing something and then never really going back and asking if it works. But it’s not
necessarily bad. In many cases, it’s very difficult, if not impossible, to evaluate certain things. In other
cases, it may take so long to evaluate them that by the time you’ve done so, the story will already be over.
Or it may be that your knowledge is so precise, there’s really no point in evaluating it.

But I think in general—particularly in natural resource issues—there are very few issues where we
have that kind of knowledge. We can always learn from the past. So the only real question is, is it really
worth evaluation? I've seen a lot of cases where people argue it simply costs too much. And that may be
a very real problem. But we need to look into the matter and see how much it would really cost to
evaluate something, '

One of the key issues here is whether you have controls. Whenever you institute a new policy, the
question is always, what would have happened if I hadn’t instituted the policy? I'm going to talk about
the issue of controls a bit later on. But I want you to think about that in light of natural resource
management issues: What are the controls on an agency’s actions?

Let me first describe a sort of a personal taxonomy of four kinds of learning. I'll start at the bottom,
what I call catatonic learning. That is where you don’t get any learning at all. It’s where you have some
person, organization, or institution, and no matter how many times they get hit on the head, they never
catch on. I've been tempted to classify a lot of institutions that way, but I think it’s actually pretty rare.
Usually, most places move up to what I call reactive learning; that is, they eventually figure it out. They
don’t intentionally evaluate, but if they do something often enough, the signals start filtering down, and all
of a sudden they realize, hey, maybe this isn’t working.

The key distinction is that there’s really no planned evaluation, no planned response. It’s just going
along until something happens—the signals filter in, somebody else tells you to do something, then you
react to it. And I.would say that’s really the dominant method in most societal institutions. It’s fire
fighting. It’s waiting for somebody to tell you there’s a problem and then responding to it. Institutions
that rely on reactive learning are always playing catch-up, always trying to react to a problem that came out
of nowhere, a problem they had no built-in mechanisms for detecting.

In contrast to reactive learning, you have what I call passive learning. In passive learning, you actually
have a system for measuring the response. You have rules about what you’ll measure and how you’ll
respond to it. The classic example I deal with is a large proportion of fisheries stock assessments, or
things like in-season salmon management. There, they’ve got a standardized method of what they’re going
to measure—they’re going to measure escapements; they’re going to measure in-season catches. They’ve
got an objective—they’re trying to reach certain escapement targets, and they adjust things back and forth
to try to do that. I'd say that’s a reasonably sophisticated system. They usually get surprised by things
they hadn’t counted on, but they recognize that they’ve got a detection system out there to see what’s
going on. They know the kind of data they’re going to collect, and they know how to respond to it. In
some of the places—-places like Bristol Bay in Alaska—it’s very institutionalized. Where the institutions
are simpler, its a very well-defined system that seems to work quite well.

The most sophisticated type of learning is what nowadays is often called adaptive learning. That is
where you're not passively monitoring the system but actively experimenting with it. In adaptive
management or adaptive learning, you identify what the uncertainties are; you plan management actions in
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an experimental way to determine the differences, to try to resolve the uncertainties; and then you respond
to those.

I was part of a group at the University of British Columbia in the 1970s that started using this term in
relation to environmental management, and it got to be—and in fact, still is—in some sense, a bandwagon.
Particularly in the early *80s in Washington and Oregon, there were a number of disciples of adaptive
management, and they sold it to a number of large institutions, such as the Northwest Power Planning
Council—which actually inscribed adaptive management as a principle in its fish and wildlife plan. The
Timber, Fish & Wildlife Program in Washington state adopted adaptive management as a formal plan.

As Sheri mentioned in the introduction, one of the things I’ve been doing in the time I've been at UW
is asking, OK, they said they were going to do it; are they really doing it? The answer is that, to a great
extent, adaptive management has become what people want it to be. Very few places are actually doing
adaptive management in the sense of deliberate experimentation, evaluation, and response. But there are
some good examples. '

Let me talk about one of the problems we face. Probably all of us here would classify ourselves as
being in the business of natural resource management. Are natural systems fundamentally amenable to
being studied scientifically? Natural systems are very tricky, after all. They’re quite a bit different from
chemical systems or physical systems. And certainly, learning about them is more difficult than a learning
about a lot of other subjects. Think about the key elements of scientific method—and I don’t really tend to
distinguish between the scientific method and methods for learning, because I think they’re almost the
same. In science, the big four elements are replication, control, randomization, and blind/double blind
experimentation. Those are the hallmarks of good science. Things are replicated, things are controlled,
treatments are assigned randomly, and the people involved in the experiments don’t know which treatment
they’re in.

Let me just talk about some of the difficulties of applying these techniques in natural systems.
Replication is extremely difficult in a lot of natural resource systems. Sometimes we’re dealing with
unique resources; you know, there is only one blue whale population in the southern ocean; there’s only
one Puget Sound. So to have replicates in the sense that a chemist can have replicates is particularly
difficult. And, in fact, if you took a basic chemistry and statistics class, you all know that if you want to
have the best experimental design, what’s the optimum sample size? As much as you can afford, right?

The variance goes down as the square root of the sample size. Bigger sample sizes are always better.
Well, the problem in natural resource systems is that even if you do have replicates—even if you’ve got
10,000 lakes in Minnesota, no two lakes are ever alike—and the bigger your sample size, the more
internally heterogeneous it is. In fact, from the point of view of optimum sample size, it’s usually a small
number rather than a large one. So we can’t have infinite replicates, and we're often lucky to have any
replicates. What’s more, very few environmental studies are replicated in the sense that somebody else
does them later. If it take 15 years to do a study, the chances are somebody’s not going to say, “Oh, that
was an interesting result. I think I'll do the same thing for my 15 years.”

Control is another very important issue. If you apply a treatment, then do you have a control? This is
one of the things I want to stress over and over again. One of the problems we have in our whole
institutional structure is we tend to apply rules and regulations uniformly across the country. Nothing
could be worse in terms of learning. If you want to learn, you want to have different regulations in
different places to see what happens. Often, the laws are written so that you can’t, say, allow one county
to do one thing, and the next county to do another, in order to learn. Much of the uniformity we impose in
regulatory structure is counter to what we need in order to learn how the systems respond.

One of my favorite examples about the need for replication, and about what separates natural resource
systems from a lot of other systems, is the example of cold fusion that hit the newspapers three or four
years ago. A lot of you probably remember when these two electrochemists announced they had achieved
fusion by putting a palladium wire in heavy water and running electricity through it. If true, this was
going to mean, potentially, very cheap electricity and all sorts of wonderful things. Immediately, within
weeks, there were dozens of labs around the country—in fact, hundreds, I believe—doing the same thing.
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And, in fact, within the first couple of weeks they were getting many confirmations of yes, we seem to be
getting excess heat, excess hydrogen, or neutrons.

But over the course of about three months, with at least dozens of places replicating this experiment,
the truth came out that no one else could really replicate it. Whatever these two electrochemists found, it
wasn't as originally advertised. There’s still a hard core of people working on the problem, and there may
be something going on there. But it’s certainly not fusion, and it’s certainly not going to give us cheap
power in the near future.

The key there was that dozens or hundreds of people repeated that experiment within a matter of
weeks. Now if you're thinking in environmental terms, think how many cold fusions may be out
there—situations where somebody tried something, it appeared to work once, and people are now doing it
without evaluating it, or else it’s never even been repeated. Our problems are so expensive to experiment
with, and our experiments take so long, I suspect that if we were to make a list of the great natural
resource policies, a lot of them would be phonies, but they simply haven’t been exposed because we
haven’t had a chance to replicate them.

Another issue is controls. Natural resources are particularly difficult to control, simply because in
natural resources we can’t line up test tubes the way some other disciplines can. One of my favorite
examples of this problem is the original work that was done on lake fertilization, which took place back in
the 1960s. Some limnologists wanted to see what would happen to an oligotrophic lake if they dumped a
bunch of fertilizer in it. It took place in Vancouver Island, British Columbia. A group of three
limnologists went out in a boat with barrels of fertilizer and started dumping the stuff into Great Central
Lake. -
Sure enough, they increased the primary productivity and the zooplankton. Then, somewhat to their
surprise, four years later, this enormous run of sockeye salmon came back. What had happened was that
the increased zooplankton population had led to increased growth of the juvenile sockeye salmon, and their
ocean survival went from being not very good to being really good, and the run of sockeye salmon went
from tens of thousands to a million in about four years. That’s fine, but as good scientists, what would
you like to have had? A control, right? Now, there’s obviously only one Great Central Lake, but there
was another lake nearby called Sprout Lake. Sure enough, these guys, being trained as scientists, used that
as a control. What that meant is they simply monitored Sprout Lake at the same time but didn’t dump
fertilizer in it.

The problem is that the sockeye population in Sprout Lake went up enormously during the same
period. It didn’t go up as much as it did in Great Central Lake—about half as much. But as most of you
probably learned in your 300-level statistics course, if you have a treatment and a control, and they both
respond, what do you conclude? You were taught to conclude that the effect was due to environmental
change or some uncontrolied change, and that the treatment didn’t have an effect. Now what do you
suppose happened in Canada? They concluded they had a really good method for producing salmon, and
they then went out and treated about 30 lakes the same way and spent tens of millions of dollars on it.

I want to tell you, it was the right thing to do. Why was it the right thing to do? It was the right
thing to do because the statistical data were ambiguous—you’d had a big response in the area they hadn’t
treated. Furthermore, it was very cheap. And if it produced fish the way it appeared to produce fish, the
technique was very valuable. You don’t want statistics to override common sense, O.K.? If you can go
out and, for a couple hundred thousand dollars a year, produce a million sockeye salmon, then go ahead
and try it a lot of other places.

That illustrates one of the problems in science: The controls are never perfect; they re always
ambiguous. And there’s a big difference between science and management. As scientists, you may have
been taught that if you treat the experiment and not the control, and you see a response in both, you say
there was no effect. But for managers, that’s not the right criterion. Managers have to look at the
alternative hypotheses and weigh their costs and benefits.

What the data suggested was that there may be a fertilization effect; there may not be a fertilization
effect. And it certainly was worth putting a lot more money into it, not on an experimental basis, but on
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an applied basis. They just went out and started dumping fertilizer in a lot of places. And the story seems
to be that it works sometimes; it doesn’t work others. The treatment is nowhere near as effective as it
appeared from the first experiment. But there’s something there, and I think in British Columbia now
they’re fertilizing five lakes on a sustained basis. And in Alaska I believe they’re fertilizing four or five or
six, as well.

One of the problems in the absence of controls is that you try something and things get better; you
assume that what you did works. This leads to another form of learning, which I don’t put in my standard
taxonomy, that I call superstitious learning. And that is—I tried it; things got better; it must be right. The
classic example in the literature was some experiments performed by B.F. Skinner in his classic Skinner
boxes with pigeons. What he did was to give pigeons food pellets for doing things he wanted them to do.

But in one experiment (I think this was probably a graduate student’s nightmare) he said, let’s just give

them pellets randomly. So they put 10 pigeons in these boxes and gave them pellets at random times.

They’d do this for an hour a day. At the end of, say, a week of training, they found the first pigeon sitting

there with its head bent between its legs; and another pigeon had one arm up and one twisted around.

Each pigeon had adopted some bizarre form of behavior. It’s because they happened to be exhibiting that ‘
behavior when the pellet came the first time, so they said, well, I'll try it again. And maybe it didn’t set }
the first time. But after a week or so of similar experiences with the random pellets, the pigeons said, this

is it.

Now, think about agencies. Think about why they do things they do. My favorite analogy is sports
fishermen. Every sports fisherman 1 know has some magic. It may be a certain sandwich he brings for
lunch, I know one guy who always baits his hook with the left hand. Another guy always pees off one
side of the boat. Everybody has these bizarre behaviors. We all know that they’re just superstition. But
because they seem to work, and because the fishermen do them every trip now, they don’t bother to do
replicated and controlled experiments. That’s just the facts of life.

I mentioned the difference between management and science, and I want to just take a quick snipe at
the way we teach people statistics. I was at a meeting earlier in the week on coded wire tags for salmon
hatcheries. A fellow was talking about testing various feeds. He was wanting to know whether the other
food he’d been using appeared to be giving somewhat better survival. But actually, the main emphasis of
the talk was on the power of being able to detect it. He said, oh, you've got to have at least a SO percent
improvement in survival before you can detect it. And his listeners said, what alpha level should I be
using? Should I use P=.01, P=.05? The statistician who was giving the paper said, well, it’s hard to say.

At this point I sort of lost it. 1 said, 1look, it’s a stupid question to ask. If this feed is cheaper, use it.

Natural resource management issues are questions of decisions in costs and benefits. They’re not
questions of hypothesis-testing at P=.01 and P=.05 level. There’s a whole different kind of statistics—the
kind they teach in business schools—that we should actually be using in resource management.

Let me just talk about a few other issues here. One is, why don’t we know what happened? That has
to do with institutional memory. It’s frightening how much information is lost by institutions. Bill Ricker,
who’s probably the most famous living fisheries scientist now—certainly the most cited, I know that—once
said at a meeting that at the laboratory where he worked at he was convinced that information was being
lost faster than it was being gained. And the reason was that most of the information was in the filing ‘
cabinets in the brains of people he knew, and there was a large cohort of people retiring from his g
laboratory at the time. So you’d be sending a guy out the door with 35 years of experience and files that
would never be used again, and you were bringing in a new scientist who was just starting out.

And I'm convinced that’s an accurate assessment. This hit home a couple of years ago when I was !
trying to get a bunch of data on hatchery releases. I found an old report from the late 1970s on hatchery
releases that was a computer print-out, page after page of hatchery-by-hatchery releases. I thought, great,
I'll get this. So I phoned the agency. But they said, oh, those were on CDC tapes, and we can’t read |
those anymore. So I had to pay to have this report keypunched again. If that thing hadn’t existed on
paper, it would have been lost.
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I saw an article in a computer magazine recently. It had a picture of the Rosetta stone and a CD-ROM,
and it said the Rosetta stone was read 1800 years after its creation. Will this CD-ROM be readable 1800
years from now? The answer’s probably no. I don’t how many of you have piles of disks and files from
Apple IIs or CDCs or some other kind of computer that simply are difficuit, if not impossible, to read.
These files have life expectancy of a decade or two before the information’s physically lost. There’s a real
concern that we lose information because it’s in people’s minds and it’s in reports that are disappearing.
Institutional memory is probably the most important issue. How can institutions retain what they’ve
learned? I'll talk a little bit about what we can do about that, at the very end.

But there are some other impediments to learning. One of them is—and it’s intrinsic to natural
resource systems—they actually change. What you learn in the 1930s and '40s about a certain ecological
response may actually change over time, over certain levels—for example, the relationship between fishing
pressure and stock size. Those kinds of things change as the environment changes. It’s a problem that
bedevils a lot of natural resource issues.

Another major impediment to learning is a thing that’s been labeled “goal displacement.” You start off
with a perfectly legitimate objective. The paper this term was first used in concerned the Meditetranean
fruit fly in California. The state had an outbreak of Mediterranean fruit fly and wanted to eradicate it. So
they started spraying. Every year they kept having outbreaks, but the California Department of Agriculture
said, oh, we’re being successful, and they pointed to how many acres they sprayed. That was their
measure of success: the more they sprayed, the more successful they were. '

Three years ago, hatchery managers in the Columbia River were still being paid bonuses based on how
many juvenile fish they let go from the hatchery. The bonuses had nothing to do with how many survived.
The measure of success was how many juvenile fish they produced. And, in fact, it’s very clear in a lot of
places that what matters is the hatchery’s mere existence. It doesn’t matter if it’s producing any fish. In
fact, the state of Oregon has been trying to shut down a couple of hatcheries that don’t produce any fish,
but the local residents say, no, no, you can’t do that, it’s important to us. The goal is no longer producing
fish; it’s the action in itself.

So why is it that we don’t learn? Let me just recap these things. Lack of institutional memory: we
don’t know what happened. Lack of controls: that is, we do an action, but we do it everywhere, so we
don’t have a control to see what would have happened. A lack of evaluation: either we never evaluate it,
or what happens quite commonly is the evaluation is done by the people who were doing it, and you get a
lot of self-justification. If it’s a really important project, you almost have to have external evaluation. And
then you get goal displacement: that is, you sort of lose track of what you’re all about. And particularly in
agencies, if you have something that’s a big part of your budget, it doesn’t really matter if it’s working, as
long as the money keeps coming in. And that’s certainly my critique of hatchery programs—that most of
the state fisheries agencies get a substantial portion of their budget from hatcheries. They’re not going to
say, oh, these things aren’t working. Let’s shed half our budget.

Now, what can be done? There are four things. One is institutional history. I think that every
institution ought to have a historian, Newt Gingrich and his recent troubles notwithstanding. It would be
very useful to keep track of what happened. And when people are retiring, I would suggest you give them
a couple of months to write a very brief synopsis of what they think they learned in the course of their
time in the agency. In fact, you might give everybody two days a year to say, did I learn anything this
year? What was it? Make these one page. Nobody reads 300-page reports. People would read one or
two pages.

Controls on actions. Consciously plan to do things differently in different places. You never know
what’s right. Try one regulation one place, one regulation another place. Have some control.

Evaluation. When a new program is being planned, build evaluation into it. If there’s a lot of agency
money involved in maintaining the program, have the evaluation done by someone outside the agency.
Keep program objectives clear. On an iterative cycle say, O.K., what are we really trying to achieve with
this program? What’s our real goal? How are we doing it? Have we gotten to the stage where simply
doing it has become our objective?
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THE PUGET SOUND AMBIENT MONITORING PROGRAM: WHAT HAVE WE
LEARNED AFTER FIVE YEARS?

Chris Prescott!

ABSTRACT

The Puget Sound Ambient Monitoring Program (PSAMP) is the main body through which Washington
state coordinates monitoring and addresses the environmental quality of Puget Sound. The PSAMP is a
comprehensive, long-term monitoring program structured as a cooperative effort involving one federal and
six state agencies in monitoring eight major ecological components of Puget Sound. The goals and design
of the PSAMP are described in the program’s design document, and have been presented a ta pervious
research conference.

The information gathered by the program over the last five years tells us a great deal about environmental
conditions in Puget Sound. Each paper in this session will address some of the major findings of each
PSAMP task. In addition, a number of presentations on more focused technical issues are distributes
throughout of other sessions. In combining and translating these results into information that is useable by
the public, resource managers, and others, the program’s findings have been grouped into five key issues
affecting the quality of Puget Sound: chemical contamination of sediments and marine biota; fecal conta-
mination of marine waters, fresh waters and shellfish; nearshore habitat composition and coverage in
Puget Sound; abundance of biological resources within Puget Sound; and convention water quality of
fresh and marine waters. In addition to the specific PSAMP findings presented in this and other sessions,
some overall patterns in the environmental quality of Puget Sound will be discussed.

The five years of data provide not only a baseline for assessing conditions in Puget Sound, but also an
invaluable body of data for rigorously evaluating the effectiveness of the monitoring design. The PSAMP is
beginning its fifth-year program review, which was built into the original design of the program. The review
will evaluate the goals of the program, the effectiveness of its strategy and design in meeting those goals,
and recent advances in methodology or understanding that support revision of the original goals or
approaches. During the review, program participants and external experts will critically evaluate all aspects
of the program—from data collection to reporting—in order to maximize the cost-effectiveness and scientif-
ic merit of the program, and to ensure that it reflects current advances in the field of monitoring. The
research, coordination, and evaluation that went into creating the PSAMP produced a program that is used as
a model by monitoring programs throughout the country. In reevaluating the program to reflect the current
state of knowledge, we hope to maintain that stature.

1 Puget Sound Water Quality Authority, P. O. Box 40900, Olympia, WA 98504-0900
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THE MARINE SEDIMENT MONITORING TASK OF THE PUGET SOUND AMBIENT
MONITORING PROGRAM: AN OVERVIEW

Roberto J. Llans6!

ABSTRACT

The Marine Benthic Monitoring Unit of the Washington State Department of Ecology has conducted the
Marine Sediment Monitoring Task (MSMT) of the Puget Sound Ambient Monitoring Program since 1989.
Components of this project include annual monitoring of 188 physical and chemical sediment parameters,
sediment toxicity testing (amphipod bioassay), and the enumeration and identification of the benthic infaunal
community.

Of the more than 41,000 chemistry values (organic, metal and physical data) collected from 1989 through
1993, greater than 70 percent were undetected and reported at the detection limits. Most MSMT stations are
located away from major sources of anthropogenic contamination. The majority of the organic compounds
that were detected were qualified as estimates and had values close to the detection limits. Organic com-
pounds were detected more frequently at stations closer to major urban areas and known sources of contami-
nation. Concentrations of organic compounds at most stations were low compared to the Sediment Quality
Standards. Metals were much more readily detected than organic compounds. Metal concentrations at most
stations were low compared to the Sediment Quality Standards. Amphipod bioassay results failed to clearly
indicate toxicity at any station when the effects of sediment grain size are considered. Benthic infaunal
analyses indicated heterogeneity in community structure throughout the Puget Sound.

! Washington Department of Fish and Wildlife, Marine Resources Department, 600 Capitol Way N., Olympia, WA
98501-1091
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THE MARINE WATER COLUMN TASK OF THE PUGET SOUND AMBIENT MONITORING
PROGRAM

J.A. Newton, S.L. Albertson, L.B. Eisner, and A.L. Thomson!

INTRODUCTION - -

The Marine Water Monitoring Unit of the Washington Department of Ecology has conducted long-term
monitoring of Washington state marine waters, including Puget Sound, Grays Harbor and Willapa Bay, since
1973. Since 1989, the monitoring conducted within Puget Sound has formed the marine water column com-
ponent of the Puget Sound Ambient Monitoring Program (PSAMP).

The overall goals of Ecology’s marine water monitoring are:

1) to characterize spatial and temporal patterns of ambient marine water quality in Puget Sound and the
coastal estuaries;

2) to identify significant changes in water quality that may mdxcate environmental changes or emerging
problems; and

3) to provide and maintain a long-term water quality database to serve the pubhc and to support
researchers and other agencies.

Specific objectives to be achieved in order to fulfill these goals are:

1) to identify water quality-sensitive areas and areas where further study is needed to assess water quality;

2) to distinguish water quality effects due to natural processes (e.g., sluggish circulation) from those of
anthropogemc origin (e.g., sewage input); and

3) to determine effective monitoring procedures in order to reveal water quality spatial and temporal
patterns.

MONITORING DESIGN: PARAMETERS AND STRATEGIES

Water quality refers to a description of the physical, chemical and biological condition of the water. The
distinction between good and poor water quality involves governmental policy and values. Water quality is
measured using a wide variety of physical, chemical and biological indicators, as shown in Table 1. The sig-
nificance of these measurements and their coverage by Ecology is presented in this section.

Measurements of physical parameters of the water column are important because they define the environ-
mental condition and its stability. Because of the fluid nature of the marine environment, the physical attrib-
utes at a particular depth in the water column are subject to change. In addition, sinking or swimming
organisms will likely see a variety of conditions, so it is important to define what conditions exist where.
The physical environment is primarily defined by the water density (temperature, salinity), water stability
(mixing, currents), and light intensity. Currently, Ecology measures all of the conventional physical parame-
ters except currents (Table 1). Currents are important because they define residence times and the flushing
characteristics of a marine system.

The chemical constituents of sea water are primarily dissolved ions or gases, but also include colloids,
suspended particles and adsorbed molecules. Sea water constituents relevant to water quality are shown in
Table 1. Nutrients and dissolved oxygen (DO) are involved with biological production, but their concentra-
tion also can be affected by anthropogenic influences, such as nutrient or organic loadings. Most metals and
a variety of organic molecules are present in trace amounts in sea water, yet industrial and non-point contri-
butions can elevate their concentrations to levels unhealthy for organisms. In addition, many pesticides or
other compounds not naturally found in sea water can be added from point and non-point sources.

1 Environmental Investigations and Laboratory Services, Washington Department of Ecology, 300 Desmond Dr.,
Olympia, WA 98504-7710
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Although these contaminants are important, metals and organics have not been measured in the water col- \
umn by Ecology. This is because they are usually found in trace amounts in the water column, and typically
when contamination occurs the molecules primarily adsorb onto particles and sink. Also, many of these
analyses are very expensive. Currently, only DO, nitrate+nitrite, nitrite, ammonium, and ortho-phosphate are
measured by Ecology. Other chemical constituents could be very important to water quality and not enough
is known about their distribution in the marine environment, especially in Puget Sound.

The main biological components of the water column are planktonic forms, including phytoplankton,
bacteria, and zooplankton. Information on the ecology of the water column is obtained by measuring these
organisms’ abundance (or biomass), production and species composition. The abundance of an organism or
a group of organisms represents the net balance between growth and death and therefore indicates their
degree of success in that environment. Production refers to the population growth rate; it is the product of
how many organisms are growing and their individual growth rate. A highly productive population could
have low abundance if loss rates were high. Species composition yields much information. Some species
can be harmful, such as certain species of phytoplankton that are toxic to humans or other organisms. Some
species can be related to anthropogenic impacts, such as fecal coliform bacteria that have originated from
human or domestic animal wastes. Lastly, species composition and species diversity can indicate water col-
umn characteristics. Blooms of low-salinity-adapted phytoplankton, for example, indicate freshwater input,
and low species diversity indicates unstable conditions.

Table 1. Marine water column parameters relevant to water quality monitoring. Parameters marked by “X” are
routinely monitored at most stations occupied in the baseline component of Ecology’s marine water moni-
toring; those marked by “x” are measured only at a few selected stations or in focused projects.

Parameter Monitored by Ecology
physical: : ;
temperature
salinity
density
current direction and velocity
euphotic zone depth
light transmission
chemical:
nutrients t
nitrate+nitrite ‘

K MR

nitrite
ammonium
ortho-phosphate
silicate
dissolved oxygen
pH
metals
organics
biological: : i
phytoplankton biomass "
phytoplankton species
phytoplankton production
zooplankton biomass, species & production
bacterial biomass & production
fecal coliform bacteria X

R A K

M 4 B

Monitoring of the biological components of the water column by Ecology has focused mainly on phyto-
plankton. Phytoplankton are important to monitor because these organisms are at the base of the food web
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Figure 1. Long-term stations for the Washington Department of Ecology’s Marine Water Monitoring
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Table 3. Water quality conditions in Puget Sound. Shown are areas where either high fecal coliform bacterial
counts (>14 organisms/mlL) or low dissolved oxygen (DO) concentrations (<5 mg/l) were measured during
WY 1993. Also indicated is the degree of persistent stratification for these stations. Refer to Figure 1 for sta-
tion locations; data is from station location only, except where a small “x” indicates that data from addition-
al stations in the area recorded low DO, although the long-term monitoring station did not.

Persistent High Low
Station stratification fecal count DO
Admiralty Inlet seasonal X
Bellingham Bay X X ‘
Budd Inlet X X x
Commencement Bay X X
Elliott Bay X X
East Sound . X X
C. Hood Canal X X
S. Hood Canal X X
Qakland Bay episodic X
Possession Sound X X X
Saratoga Passage X X
Sinclair Inlet X X x

3)

Other areas in Puget Sound (e.g., Admiralty Inlet) exhibit low DO concentrations at times; however,
this condition is natural, caused by the inflow of upwelled deep Pacific Ocean water that has a lower
DO signature, and is well-documented in historical data (Collias et al., 1974). The complexity of nat-
urally caused as well as human-stimulated low DO concentrations in Puget Sound makes assessment
difficult. Only in areas with adequate historical time-series data can conclusions be drawn regarding
long-term changes and impacts. This reality underscores the importance of maintaining long-term
monitoring programs. Another difficulty with assessing the extent of low DO problems is that low
concentrations are often found in localized or shallower areas but not at the long-term monitoring sta-
tion (e.g., Figure 1). This result was observed in Ecology data from focused projects in Sinclair Inlet
and Sequim Bay, where in each multiple stations (15-18) were monitored as well as the long-term sta-
tion. These observations underscore the importance of conducting focused projects in concert with
long-term baseline monitoring.

Since the Marine Water Monitoring Unit is beginning to establish long data records of physical,
chemical and biological parameters, it is becoming possible to examine how physical attributes deter-
mine biological populations in local waters. Phytoplankton species abundance, composition and
diversity were compared in three physically diverse areas in Puget Sound by Eisner (1995). Observed
patterns in these parameters often were related to the physical-chemical environment. For example,
Skeletonema costatum, a diatom that can tolerate brackish water and fluctuating salinity (Spies and
Parsons, 1985; Rijstenbil, 1988), was often dominant at a Strait of Georgia station when advection of
Fraser River plume waters resulted in periods of lower salinity (<25 PSU). In Budd Inlet, the relative
abundance of dinoflagellates to diatoms was high during summer and corresponded with water col-
umn stratification and decreased surface nutrient concentrations. Dinoflagellates may outcompete
diatoms during such physical-chemical conditions because some dinoflagellate species are capable of
migrating vertically at night to deeper waters with higher nutrient concentrations.

Better understanding of relations such as these in local waters is important, not only for predicting
events, such as blooms of harmful phytoplankton species, but also for understanding long-term
changes. Variations in local climate are reflected in the temperature and salinity of Puget Sound sur-
face waters (Newton, 1995). Reductions in zooplankton populations observed off the California coast
have been hypothesized to be correlated with sea temperature shifts (Roemmich and McGowan,

1995). These types of changes have far-reaching implications and provide justification for why under-
standing the coupling of physical-biological processes is important.
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Figure 2. Spatial variation of dissolved oxygen (DO) concentrations in Budd Inlet. One-meter and near-bottom
DO concentrations are shown from the long-term station BUDOO5 as well as focused study stations BI-5
and BI-6 through 1992. Stations BI-5 and BI-6 are located in West Bay in inner Budd Inlet, whereas

BUDOOS is in the central portion.

4) Another accomplishment of Ecology’s Marine Water Monitoring Unit has been to gain information on
more effective ways to monitor the marine water column. This is primarily work in progress but
includes deployment of sensors to record continuously over long periods (e.g., weeks to months) that
allow assessment of day-night variation, the impact of events (e.g., storms, high runoff, etc.), and data
from inclement weather conditions that prohibit sampling via seaplane.

Data collected are also being analyzed using principle component analysis (Albertson, 1995) to assess
issues of sampling coverage and factors determining variation. These considerations are important in
order to define the most effective monitoring procedures.

DISCUSSION: MONITORING GAPS AND FUTURE DIRECTIONS

Although there have been significant contributions, it is important to consider what is missing from
Ecology’s marine water monitoring. Two important missing components are water circulation and food-web
attributes. Water circulation or the flushing character of Puget Sound is essential information for environ-
mental planning and policy. How long do contaminants stay in Puget Sound? How is this influenced by
local climate, runoff, and land-use practices? This research area has been explored by Cokelet and Stewart
(1985), Ebbesmeyer et al. (1989), and Cokelet et al. (1991) among others. However, synoptic current meter
measurements at key sites throughout Puget Sound have never been conducted. Moored current meters and
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sensors at five stations in Puget Sound would add significantly to our ability to answer these questions.
These measurements could be used in existing models (e.g., Cokelet et al., 1991) to calculate the flushing of
Puget Sound each year.

Food-web measurements need consideration. Do zooplankton stocks in Puget Sound show long-term
decline or increase as they do in other areas (cf. Roemmich and McGowan, 1995)7 Are contaminants, such
as tributyltin, having any effect on planktonic organisms? Can we use organisms or the food-web structure
to better indicate water quality? It is important to evaluate how best to obtain this information. The struc-
ture of a marine food web is typically complex, is difficult to measure, and can be quite dynamic seasonally.
However, it holds much information on water quality, since the organisms are exposed throughout their life
cycle to the physical and chemical conditions of the water mass. Planktonic food webs can be characterized
and have been used to indicate nutrient availability (e.g., Landry, 1977). A gelatinous zooplankton-chaetog--
nath-small phytoplankton food web indicates fewer nutrients and stable physics whereas a copepod-diatom
food web indicates abundant nutrients and mixing. Another approach to monitoring water quality is to
deploy test organisms, such as mussels (e.g., Salazar and Salazar, 1991), and measure their growth.

Missing data coverage arises because Ecology currently samples only during daylight, under relatively
calm weather conditions and, for the long-term strategy, only once per month. These “snapshots” do not
allow an understanding of the system’s dynamics or the impact of events. Also, our sampling is conducted
during variable tidal stages. This limits the comparative value of the data, especially for identifying seasonal
trends, since many parameters (e.g., DO, salinity, chlorophyll) covary with tidal stage at a given station.
Moored sensors would facilitate continuous coverage such that dynamics and trends could be better identi-
fied.

An environment that is missing from Ecology’s marine water monitoring is the surface micro-layer of the
water column. Studies have shown different chemical concentrations in this layer than in the rest of the
water column (e.g., Word et al., 1987; Cross et al., 1987). The surface micro-layer is an important environ-
ment for eggs and larvae; if contamination is significant in this layer, this exposure could be deleterious to
those organisms. A

Future directions for Ecology’s Marine Water Monitoring Unit include three major areas: review and
reassessment of current practices; better integration with other PSAMP components; and comparison of the
present marine water monitoring data with historical data.

Regarding review, a five-year program review of the PSAMP and its components to be conducted in 1995
will give the opportunity to reassess the present marine water monitoring design. The current monitoring
design and the aforementioned considerations will be evaluated internally and by external review.

Regarding integration, the Marine Water Monitoring Unit is placing effort on integrating results and pro-
jects with other PSAMP components. A joint project with Ecology’s Marine Benthic Monitoring Unit is
being conducted to assess low DO concentrations in S. Hood Canal.

Lastly, regarding historical perspective, the Marine Water Monitoring Unit is comparing its present
marine water data with historical data. Such a comparison has been the impetus behind the 1994-1995
focused project in Hood Canal on DO concentrations (Newton et al., 1995). In 1995, Ecology’s Marine
Water Monitoring Unit will conduct a focused project to evaluate the hypothesis that freshwater diversions
are changing the salinity character and thus possibly the circulation of basins and estuaries in Puget Sound
(Ebbesmeyer and Tangborn, 1995). The focused project will entail transects of salinity measurements in the
Whidbey Basin, repeating the stations where data were collected in the 1950s and 1960s by the University of
Washington (Collias et al., 1974).
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CONTAMINANT MONITORING IN FISH: OVERVIEW OF THE PUGET SOUND
AMBIENT MONITORING PROGRAM FISH TASK

Sandra M. O’Neill, James E. West and Stephen Quinnell!

INTRODUCTION -

Concerns over declining water quality in Puget Sound, and the potential consequences to fish, wildlife,
and humans, resulted in the formation of the Puget Sound Ambient Monitoring Program (PSAMP), a multi-
agency effort to assess the environmental health of Puget Sound (Monitoring Management Committee
(MMC), 1988). As a participating PSAMP agency, the Washington Department of Fish and Wildlife
(WDFW) was charged with implementing the PSAMP Fish Task, a study of contaminant levels in Puget
Sound marine fishes. The PSAMP Fish Task is only one component of PSAMP and was designed and
implemented (Stern, 1989) and modified (Washington Department Fisheries, 1992) to meet the overall
PSAMP goals that were relevant to fish monitoring including: characterizing the condition of Puget Sound,
providing a temporal record of changes in key environmental indicators, measuring the success of water
quality programs, and supporting research activities (MMC, 1988).

The PSAMP Fish Task objectives are to: -

= document current tissue contaminant levels in fish and, where possible, relate these contaminant levels
to sediment contamination measured at nearby stations;

m determine the spatial and temporal trends in tissue contamination;
= assess the impact of fish contamination on human health;

= document the prevalence of liver disease in English sole, relating these disorders to fish tissue contam-
ination and sediment contamination measured at nearby stations, and assess the impact of liver disease
on fish health; and

m determine the spatial and temporal trends in liver disease for target fish species.

WDFW began the PSAMP Fish Task in 1989 and fully implemented the program in 1991. The PSAMP
Fish Task monitors contaminants in six species to give a broad overview of contamination in Puget Sound
marine fishes: English sole (Pleuronectes vetulus), copper rockfish (Sebastes caurinus), quillback rockfish
(S. maliger), chinook salmon (Oncorhynchus tshawytscha), coho salmon (O. kisutch) and Pacific cod (Gadus
macrocephalus). These species are important to recreational or commercial fisheries and represent a wide
range of life histories and feeding patterns. Tissue contamination in these fishes has been monitored as a
measure of contaminant accumulation in the marine food web, and the threat to human health from eating
fish (MMC, 1988). All contaminant data collected by the PSAMP Fish Task are evaluated by the
Washington Department of Health to determine whether consuming Puget Sound marine fishes may be
harmful to humans. Prevalence of liver disease is measured as an indicator of the potential impact of conta-
mination on fish health. This paper highlights data synthesis on contaminants in Puget Sound fishes for all
data collected from 1989 through 1993 to identify factors correlated with the accumulation of contaminants
and so addresses the first objective of PSAMP Fish Task. Where possible, spatial differences are discussed
(second PSAMP Fish Task objective). Temporal trends are not discussed as there are insufficient data for
statistical analysis. The implications of our results are discussed. More extensive analyses of tissue contam-
inant data, data on prevalence of liver disease in English sole, and the effect of contamination on fish health
will be presented in WDFW (in prep.).

1 Washington Department of Fish and Wildlife, Marine Resources Department, 600 Capitol Way N., Olympia, WA
98501-1091
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MATERIAL AND METHODS

Species and Station Locations

English sole were collected with a 400-mesh eastern otter trawl in April and May at 37 stations through-
out Puget Sound in 1989 and 1991-1993, the most recent data that have undergone quality assurance review
and interpretation (Figure 1). Nine of the 37 stations were “fixed” stations sampled annually. A third of the
remaining 28 “rotating” stations were sampled annually so that a rotating station was sampled once in three
years (Figure 1). The Department of Ecology (DOE) also collected sediment chemistry samples near most
of the English sole stations (Tetra Tech, 1990; Dutch et al., 1993; DOE, 1994; DOE, unpub. data).

ApPIe Cove Pt..

Bellingham Bay
Budd Inlet

BP  Birch Pt.

CB Commence. Bay
Cl1 Caselnlet 1

CI3 Caselnlet3

CR

Carr inlet
DB Discover¥ Bay
[o]] Dyes Inle

DP  Dash Point

DW Duwamish River
EB Elliott Bay

EH  Eagle Harbor

FC Fern Cove

HC_ Hood Canal

JODF St.Juan de Fuca
MB  McArthur Bank
MHC Mid Hood Canal
LB  Liberty Bay

LHC Lower Hood Canal
NQ Nisqually Reach
OB_  OQuter Birch Point
SICB Quter Comm. Bay

Orcas Island
PG Port Gardner
P Pickering Pass

PL  Port Ludlow

PM  Port Madison
PO Port Orchard

PP Possession Pt.
PT  Port Townsend
S$G  Strait of Georgia
St Sinclair inlet

SP  Saratoqa Pass
SS  Shilshole

WC Wollochet Bay

Figure 1. Location of fixed (underlined) and rotating English sole stations sampled by the PSAMP Fish Task
from 1989 through 1993
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Coho and chinook salmon were caught with a commercial purse seine or purchased from licensed fish
buyers and treaty tribal fishermen in the late summer and early fall of 1992 and 1993. Sampling areas
included six nearshore marine areas or river mouths where the origins of the fish were presumed (“terminal
areas”) and three offshore marine areas where the fish origins' were unknown (“mixed stock areas,” Figure
2). Only three salmon stations, Nooksack River, Skagit River and the Duwamish/Green River, were sampled
in both years. Mixed stock areas were not sampled in 1993.

In the fall of 1989 to 1993, quillback and (less frequently) copper rockfish were sampled at five stations
using hook and line or by scuba divers with spear guns. Quillback, the targeted species, was consistently
sampled at only three stations, San Juan Islands, Double Bluff and Blakely Rock (1991 through 1993).
Pacific cod taken as bycatch were purchased from a commercial bottom trawler fishing in the Admiralty
Inlet area in March of 1990, 1992 and 1993, and from Alden Bank in 1992 and 1993 (Figure 2).

: ~San Juan
Islands

Skagit River

O Rockfish
B Pacific Cod
@ Salmon

! o Passage
1
South —% ..)\‘.s_gi S
Sound , ;
/Jj(? ‘ isqually

Deschutes River River

Figure 2. Location of rockfish, Pacific cod and Pacific salmon stations sampled by the PSAMP Fish Task from
1989 through 1993
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General Sampling Methodology

On board the boat, English sole were measured (total length), sexed and tagged. Except for 1989, sam-
ples of liver tissue were removed and placed in pre-cleaned jars. English sole were then wrapped in alu-
minum foil, placed in individual zip-lock bags, stored on ice and fransferred to the laboratory, where the
muscle tissue samples were taken. Rockfish were treated similarly to English sole muscle tissue samples.
Purchased salmon and cod were transported on ice to the laboratory and were then tagged, wrapped in alu-
minum foil, placed in plastic bags and returned to ice until they were processed.

Within 10 days of collection, all fish were weighed and measured (fork length for Pacific salmon and
total length for all other species), and the sex was determined. Gill interopercula, otoliths and scales were
removed for later age determination of English sole, rockfish, and Pacific salmon, respectively. Pacific cod
were not aged. Samples of skinned lateral muscle were placed in pre-cleaned jars. For rockfish, chinook
and coho salmon and Pacific cod, muscle tissue samples from five fish were combined to make one compos-
ite sample, and usually six composites were collected at each station. Three composite muscle tissue sam-
ples were collected at each English sole station, but the number of fish per composite varied among years
from five to 20 individuals. Starting in 1991, three composite liver tissue samples were also collected at the
English sole stations, but for some stations all three composites were combined if there was insufficient
weight of tissue for chemical analysis.

Chemical Analysis

Generally, chemical analyses for organic compounds were conducted according to the Puget Sound
Estuary Program’s (PSEP) recommended guidelines (1989a). Organic compounds were extracted from fish
samples by soxhlet extraction (1989 and 1990) or sonication with a methylene chloride and acetone mix
(1991, 1992 and 1993). Starting in 1991, all extracts were “cleaned” with gel permeation chromatography
(GPC). Base/neutral/acid (BNA) organic compounds were analyzed by gas chromatography/mass spec-
troscopy with a DBS5-625 column. Pesticides and PCBs were analyzed using gas chromatography and elec-
tron capture detection (GC/ECD) with aroclor mixtures used as standards for quantifying PCB concentra-
tions. In 1989 and 1990 a dual megabore column was used on the GC/ECD, but in 1991, 1992 and 1993 a
dual narrowbore column (0.25 mm) better suited to analyzing low concentrations was substituted. Starting
with the 1992 rockfish samples (fall 1992), new chromatography software was used for quantification of the
pesticides and PCBs, allowing laboratory chemists to more accurately quantify low concentrations of pesti-
cides and PCBs.

The laboratory modifications initiated in 1991 and 1992 improved the accuracy and precision of the pes-
ticide and PCB analysis. Consequently, pesticide and PCB data from 1989 and 1990 (all species) and the
1991 rockfish samples were excluded from data analysis in this report. PCB data for the first set of English
sole liver samples, collected in 1991, were also excluded from data analysis due to insufficient quality assur-
ance/quality control documentation (e.g., unconfirmed matrix-based detection limits).

Analyses for inorganic elements followed the PSEP recommended guidelines (1989b). Mercury was ana-
lyzed by the cold vapor atomic absorption method. Arsenic and copper were extracted using nitric
acid/hydrogen peroxide and analyzed by inductively coupled argon plasma spectrophotometry. Lead was
analyzed by the graphite furnace atomic absorption method. Arsenic data for all of the 1989 samples were
qualified as estimated values and excluded from data analysis. All chemistry data were reported as the con-
centration per wet weight of tissue. '

Data Analyses

Mean age, mean length and mean percent lipids were computed for the fish comprising each composite
sample. Hence, all contaminant analyses were conducted using mean composite age (MCA), mean compos-
ite length (MCL) and mean composite percent lipids (MCPL).

Detection limits for particular compounds were similar within fish species among years, and detection
limit values were used for all non-detected compounds, except as noted below. PCB detection limits varied
for the English sole liver samples from 1992 to 1993, and for statistical analyses, the values of all non-
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detected arochlors were assumed to be zero. PCB detection limits for the DOE sediment samples also varied
among years, and all non-detected arochlors were assumed to be 1 for statistical purposes. Total PCBs were
calculated by summing the values of the routinely detected arochlors (1248, 1254 and 1260). Total DDT
was calculated by summing the values for 4,4-DDT, 4,4-DDD and 4,4-DDE.

For comparison of fish species, station or year means, data were first assessed for normality, homoscedas-
ticity of variance and quality of residuals. All data met assumptions for parametric analysis, except for
minor violations of the homoscedasticity assumption. If necessary, PCB data were log-transformed to lin-
earize data. One-way analysis of variance with Tukey multiple range comparisons (STSC, 1991) was used
to identify station location-differences in parametric means.

Linear regression analysis was used to model accumulation of contaminants, with stepwise (forward)
variable selection (STSC, 1991). Variables modeled included sediment concentration (English sole only)
MCA, MCL, and MCPL. For the rockfish and Pacific salmon data, dummy variables (Kleinbaum and
Kupper, 1978) were used to model the accumulation of contaminants due to station effects.

RESULTS

PCBs, DDT metabolites, mercury, arsenic, copper, and lead were the main contaminants detected in
Puget Sound fishes. An overview of these results are presented here; more detailed analyses will be present-
ed in WDFW (in prep.). Except for phthalates, benzyl alcohol, and benzoic acid, which were detected inter-
mittently, BNAs were not detected in Puget Sound fishes. These results will also be detailed in WDFW (in

prep.).
PCBs

Mean PCB concentration was higher in English sole liver samples than any muscle tissue samples (Table
1). For the muscle samples, the highest PCB concentration was detected in chinook salmon, followed by
coho salmon, English sole, quillback rockfish, Pacific cod, and copper rockfish (Table 1). Except for Pacific
cod, PCB concentrations within a species varied considerably among some station locations. PCBs were
never detected in Pacific cod from Alden Bank and were detected in only two of 12 Admiralty Inlet samples
at 18.7 and 15.6 ug/kg, values near the detection limit (15 ug/kg).

PCBs were present in most muscle tissue samples of English sole, with individual composite concentra-
tions ranging from 6.9 ug/kg (the limit of detection) in fish from non-urban areas (e.g., Birch Bay, Hood
Canal and Discovery Bay) to 159 ug/kg in fish from the very urbanized Duwamish Waterway (Table 1). The
highest mean concentration of PCBs was detected in fish from the Duwamish Waterway (110 ug/kg) fol-
lowed by Sinclair Inlet (54 ug/kg), Elliott Bay (49 ug/kg), and Commencement Bay (44 ug/kg). At the fixed
stations with multiple years of data, PCB concentration in English sole muscle tissue were significantly
higher in fish from urbanized areas (Sinclair Inlet, Elliott Bay and Commencement Bay) than non-urbanized
areas (ANOVA on logged [PCB], p<0.0001, d.f.=8; Figure 3). Stepwise linear regression testing the relative
effects of fish age, fish length, percent lipids, and sediment PCB concentration indicated that sediment PCBs
accounted for 39 percent of the variation observed at the fixed stations, and fish age accounted for 6 percent
(p<0.001).

All chinook salmon samples and most (55 of 66) coho samples had detectable concentrations of PCBs
with concentrations in individual composites ranging from 11.5 to 216 ug/kg for chinook and 4.7 (the detec-
tion limit) to 107 ug/kg for coho (Table 1). Mean concentrations of total PCBs were higher for chinook (50
ug/kg) and coho (27 ug/kg) than English sole muscle tissue (20 ug/kg; Table 1) but were lower than in
English sole liver tissue (546 ug/kg; Table 1). Percent lipid values were also lower in salmon samples than
in English sole liver samples (Table 1).

Overall, PCBs were detected at higher mean concentrations in salmon from mixed stock areas than termi-
nal areas, but the concentrations detected in Puget Sound salmon were approximately 10 times lower than
mean concentration detected in salmon collected from Lake Michigan (Figure 4). Chinook and coho collect-
ed in mixed stock areas had higher percent lipids (4.3 percent and 2.1 percent) than chinook and coho in ter-
minal areas (2.6 percent and 2.05 percent). Based on skin coloration, fish in terminal areas were closer to
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Table 1. Summary of contaminant data for Puget Sound marine fish sampled by PSAMP Fish Task, 1989 -
1993. Results are grand mean values for Mean Composite % Lipid (MCPL), Mean Composite Lenght (MCL),
Mean Composite Age (MCA), trace metals, PCBs, and DDT.

Arsenic | Copper | Lead Mercury | PCB DDT
Species MCPL MCL MCA | (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg) | (ug/kg) [ (ug/kg)

English Mean 0.32 286.63 5.54 8.26 0.31 0.03 0.06 19.67 4.41
sole Std 0.16 34.42 1.92 3.08 0.27 0.01 0.02 21.91 0.77
(muscle) Max 0.87 | 392.00 10.40 20.00 3.60 0.11 0.14 159.00 9.40
Min 0.09] 214.00 2.00 2.90 0.14 0.03 0.02 6.00 3.90

N 96 192 192 162 192 192 177 161 161

English Mean 416 | 288.78 5.63 9.43 7.27 0.56 0.09 546.21 12.50
sole Std 0.89 31.00 1.86 7.65 2.94 0.58 0.04 | 1173.75 34.12
(liver) Max 6.30 365.40 9.80 48.00 14.00 3.50 0.23 | 7100.00 250.00
Min - 2.60 2358.60 2.20 2.00 2.60 0.06 0.04 0.00 0.00

N 27 102 102 77 77 77 77 68 62

Chinook Mean 295 | 749.33 3.62 1.05 0.49 0.03 0.10 49.98 22.17
(muscle) Std 3.61 82.03 0.56 0.31 0.07 0.00 0.03 37.36 11.17
Max 22.20 898.60 5.00 1.80 0.65 0.04 0.16 216.00 58.80

Min 0.24| 530.00] 200 0.60 0.32 0.02 0.06 11.50 6.27

N 66 66 66 66 66 66 66 66 66

Coho Mean 207 | 534.08 2.99 0.75 0.50 0.03 0.05 26.67 10.10
(muscle) Std 1.53 49.09 0.04 0.24 0.08 0.00 0.02 19.90 3.47
Max 8.95 604.40 3.00 1.60 0.84 0.04 0.11 107.00 18.50

Min 0.20 | 402.00 2.80 0.40 0.40 0.02 0.03 4.70 3.80

N 66 66 66 66 66 66 " 66 66 66

Quillback |Mean 0.41 314.04 12.72 2.41 0.25 0.03 0.22 11.44 1.68
rockfish |Std 0.33 38.04 6.07 1.11 0.12 0.01 0.1 11.63 1.02
(muscle) Max 229 | 410.00 32.40 6.60 1.10 0.09 0.51 69.00 6.50
Min 0.17 | 247.20 5.40 1.00 0.10 0.02 0.06 4.00 1.00

N 38 67 67 61 67 67 67 38 38

Copper Mean 0.43 316.95 5.37 2.16 0.23 0.03 0.11 9.23 1.47
rockfish |Std 0.20 44.05 2.05 0.69 0.04 0.01 0.05 247 0.27
(muscle) Max 0.79 398.00 12.20 4.80 0.30 0.09 0.30 16.00 2.00
Min 0.21 234.00 3.20 1.50 0.13 0.02 0.04 6.60| - 1.30

N 12 28 28 20 25 28 28 12 12

Pacific Mean 0.11 517.95 3.83 0.24 0.03 0.1 11.08 3.10
cod Std 0.13 47.89 1.85 0.04 0.00 0.03 4.43 0.92
(muscle) Max 0.49 628.00 8.80 0.33 0.03 0.18 18.70 4.00
Min 0.01 450.00 1.30 0.20 0.02 0.06 6.60 2.20

N 22| 29 24 26 29 29 24 24

spawning. At all sampling areas, PCB concentrations were consistently higher in chinook than coho salmon
(Figure 4).

Chinook salmon had a higher mean PCB concentration than coho salmon, and were generally older and
had higher percent lipids (Table 1). Data for the Nooksack River, Skagit River and the Duwamish River (the
only terminal stations sampled in both years of the study) were further analyzed to determine the factors
associated with bioaccumulation of PCBs. At these stations, PCB tissue concentration was positively corre-
lated with percent lipids. However, chinook salmon had higher concentrations of PCBs than coho salmon,
even after accounting for differences in lipid content (Figure 5).

Variation in percent lipids explained 35 percent of the variation in PCB concentration observed in chi-
nook salmon from the Nisqually, Skagit, and Duwamish rivers (stepwise linear regression; p<0.0001).
Chinook PCB concentration was not correlated with length, age or site location. Similarly, PCB concentra-
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Mean [PCB] English Sole Muscle Tissue
Fixed Sites (1991-1993) -

[PCB] ppb (wet weight)
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774 Near-urban [l Non-urban
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Figure 3. Mean PCB concentrations (ug/kg wet weight) detected in English sole sampled by the PSAMP Fish
Task at fixed stations from 1989 through 1993. Horizontal lines indicate means that were not significantly
different from each other.
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Figure 4. Mean PCB concentrations (ug/kg wet weight) detected in chinook and coho salmon from mixed
stock and terminal areas of Puget Sound (sampled by PSAMP Fish Task from 1989 through 1993) and
Lake Michigan (Stow et al., 1994)
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Relationship Between Lipid Content
and [PCBs] in Salmon (1992 - 1993)
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Figure 5. Relationship between lipid content and PCB concentration (ug/kg wet weight) in chinook and coho
salmon sampled in Puget Sound by the PSAMP Fish Task from 1989 through 1993

tion in coho was mostly correlated with percent lipids but, unlike chinook, the Duwamish River had a signif-
icantly higher PCB concentration (p<0.00001) than the other stations. Together, percent lipids and site loca-
tion explained 68 percent of the observed variation in coho PCB concentration at the Nisqually, Skagit and
Duwamish rivers. v

PCBs were detected in all the copper rockfish samples and 36 out of 38 of the quillback rockfish sam-
ples; composite concentrations ranged from 6 to 16 ug/kg and 4 to 69 ug/kg, respectively. Data from
Blakely Rock, the San Juan Islands and Double Bluff were further analyzed by West and O’Neill (this vol-
ume) to identify factors correlated with the bioaccumulation of PCBs in quillbacks. Briefly, those results
indicated that PCB concentration (as aroclor 1260) was positively correlated with fish age, and station loca-
tion (stepwise linear regression; p<0.0001). Age contributed significantly to within station variation; older
fish contained higher contaminant loads. However, Blakely Island samples had a higher PCB concentration
than expected based on fish age.

DDT

Mean DDT concentration in muscle tissue was higher in chinook (22 ug/kg) than coho (10 ug/kg) salmon
and was seldom detected or was detected only at very low levels in the other fish species (Table 1). DDT
concentrations in individual composite samples ranged from 6.3 to 58.8 ug/kg for chinook and from 3.8 to
18.5 ug/kg for coho salmon.

Like PCBs, DDT concentrations in chinook and coho were positively correlated with lipid content.
Variation in percent lipids explained 33 percent of the variation in DDT concentration among the samples
from the Nisqually, Skagit and the Duwamish rivers (stepwise linear regression; p<0.0002). For coho, per-
cent lipids and fish length together accounted for 45 percent of the variation in PCB concentrations at these
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sites. Mean DDT concentrations in English sole liver samples were comparable to values detected in coho
salmon (Table 1).

Mercury

Mean mercury concentration was highest in quillback rockfish, followed by Pacific cod, copper rockfish,
chinook salmon, English sole livers, English sole muscle and coho salmon (Table 1). Mercury concentra-
tions in composite samples ranged from 0.06 to 0.51 mg/kg for quillback and 0.04 to 0.30 mg/kg for copper
rockfish. Data from Blakely Rock, the San Juan Islands and Double Bluff were further analyzed by West
and O’Neill (this volume). Briefly, those results indicated that a length and age interaction (presumably rep-
resentative of growth rate) was the primary determinant of mercury concentration in quillback rockfish,
accounting for 76 percent of the variation (stepwise linear regression; p<0.001).

Mercury was present in all English sole muscle and liver samples with a slightly higher mean concentra-
tion in the liver samples (Table 1). Stepwise linear regression analysis indicated that mercury concentration
in liver tissue was positively correlated with the fish age, which accounted for 66 percent of the variation,
and with the concentration of mercury in the associated sediments, which accounted for 14 percent of the
variation (p<0.001).

Mercury was detected in all Pacific cod samples ranging from 0.06 to (.18 mg/kg (Table 1). Fish length,
which is correlated with Pacific cod age, was positively correlated with mercury concentration (O’Neill,
1995; WDFW, in prep).

Mercury concentrations in composite samples of chinook and coho salmon ranged from 0.06 to 0.16
mg/kg and 0.03 to 0.11 mg/kg; respectively. Data for the Nooksack, Skagit and Duwamish rivers (the only
terminal stations sampled in both years of the study) were further analyzed by stepwise linear regression
(WDFW, in prep). At these stations, mercury concentrations in chinook salmon were positively correlated
with fish age, accounting for 44 percent of the variation (p<0.001). For coho, station location and fish

Relationship Between [Pb] and Fish Age
English Sole Liver Samples (1992-1993)
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Figure 6. Relationship between fish age and lead concentration (mg/kg wet weight) in English sole liver sam-
ples collected by the PSAMP Fish Task from 1989 through 1993. Regression line excludes samples collect-
ed at Sinclair Inlet.
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length by station location interaction accounted for 43 percent of the variation in mercury concentration
(p<0.001). Almost all coho from the Nooksack, Skagit and Duwamish rivers were three years old, but the
Skagit River coho were larger and had higher mercury concentrations (WDFW, in prep).

Lead

Mean lead concentration was highest in English sole liver samples (Table 1). Lead was never detected in
the muscle tissue of the salmon, rockfish or Pacific cod. Very low concentrations of lead, at or near the
detection limit (0.03 mg/kg), were consistently detected in English sole muscle samples from Sinclair Inlet
but not in English sole from other stations. Excluding data from Sinclair Inlet, stepwise linear regression
analysis indicated that lead in English sole liver samples was negatively correlated with fish age (Figure 6).
Concentration of lead in nearby sediments was not correlated with lead concentration in English sole liver
samples.

Arsenic

Arsenic concentrations were highest in English sole, followed by Pacific cod, rockfish, and salmon (Table
1). However, within a species, factors such as fish age, fish length, percent lipids and site location were not
generally correlated with arsenic concentration (WDFW, in prep.).

Copper

Similar copper concentrations were observed in the muscle tissues of English sole, Pacific cod and quill-
back and copper rockfish (Table 1) and generally did not vary among stations within a species (WDFW, in
prep.). Higher copper concentrations were detected in chinook and coho salmon than in the other fish
species (Table 1). Copper concentrations in English sole were higher in samples of liver than in muscle tis-
sue, and concentration in either tissue generally was not correlated with sediment copper concentration fish
age, fish length or percent lipid (WDFW, in prep.).

DISCUSSION

The purposes of the PSAMP Fish Task were to document contaminant levels in selected fish species from
locations throughout Puget Sound and to determine the factors responsible for variation among and within
locations. PCBs, DDT metabolites and mercury bioaccumulate in English sole, chinook and coho salmon,
and quillback and copper rockfish. Copper and arsenic bioaccumulate in all Puget Sound fishes, but lead
seldom accumulates. Except for phthalates, benzyl alcohol and benzoic acid, which were detected intermit-
tently, BNAs were not detected in Puget Sound fishes. In general, we documented contaminant levels com-
parable to those detected in previous studies. Furthermore, we identified abiotic factors (sediment concen-
trations of contaminants) and biotic factors (fish age, size at age, and lipid content) that explained much of
the variation in levels of these contaminants. An understanding of the factors affecting accumulation of par-
ticular contaminants is essential to tracking spatial and temporal changes in contaminant levels in the species
monitored by the PSAMP Fish Task.

The ranges of PCBs, DDT metabolites, mercury, lead, arsenic, and copper contaminant concentrations
detected in Puget Sound fishes were comparable to or lower than those detected in other Puget Sound stud-
ies (Gahler et al., 1982; Malins et al., 1982, 1984; Galvin et al., 1984; Romberg et al., 1984; Tetra Tech,
1985; Landott et al., 1987; Tetra Tech, 1988; PTI, 1990). PCB levels detected in English sole were similar
those reported by Landolt et al. (1987), but English sole sampled in the late 1970s and early 1980s (Malins
et al., 1980, 1982) had substantially higher concentrations. The levels of DDT detected in fish in our study
were generally lower than those reported in previous studies (Gahler et al., 1982; Galvin et al., 1984;
Landolt et al., 1987). This observation is consistent with results reported by Matta et al. (1986) and Mearns
et al. (1988), who showed that organochlorine pesticides and their metabolic breakdown products have
decreased in fish from Elliott Bay over time. '

44



THE PUGET SOUND AMBIENT MONITORING PROGRAM

PCBs

PCBs were used extensively as coolants and frequently mixed with oils and greases in electrical trans-
formers. Although their manufacture has been banned since'1977, PCBs are ubiquitous in aquatic systems
(Phillips, 1994) and have been transported to remote polar ecosystems via atmospheric processes (Hammer,
1989). Exposure to PCB-contaminated sediments, coupled with subsequent exposure through the food
chain, affects the accumulation of PCBs in fish (Varanasi et al., 1992).

Our results are consistent with other studies showing that proximity to PCB-contaminated sediments,
lipid content, fish age and growth rate affect the accumulation of PCBs in fish (Jensen et al., 1982; Masnado,
1987; Larsson et al., 1991; Varanasi et al., 1992, 1993; Hammar et al., 1993; Loizeau and Abarnou, 1994,
Stow et al., 1994). In our study, mean PCB concentrations in muscle tissue samples were higher in chinook
and coho salmon than all other species and were correlated with biotic factors like lipid content and fish age.
After accounting for variation in percent lipids, PCB concentration in chinook salmon did not vary among
terminal stations. Furthermore, the total body burdens of PCBs in chinook smolts leaving the contaminated
estuary of the Duwamish River (Varanasi et al., 1993) were much lower than in adult chinook salmon return-
ing to the Duwamish River, suggesting that PCBs were accumulated primarily in marine waters of Puget
Sound and the north Pacific (WDFW, in prep). Salmon are likely exposed to low concentrations of PCBs in
their food, but because of their high lipid content, salmon readily retain these lipophilic contaminants.

Differences in PCB concentration between chinook and coho are likely affected by variation in diet (chi-
nook tend to eat more fish; Beacham, 1986), age (the chinook sampled were older), and life history (coho
spend more time in fresh water). Chinook and coho caught in mixed stock areas had higher contaminant
levels of PCBs and DDT than conspecifics caught in terminal areas. This probably resulted from the lower
lipid content in fish caught in terminal areas, related to the more advanced state of maturation of salmon
ascending rivers. PCB concentrations might be even lower in fish caught in up-river terminal fisheries if
lipid concentrations were also lower.

Unlike chinook and coho salmon, benthic fish like Englxsh sole are closely associated with marine sedl-
ments, potentially exposing them to higher contaminant levels. English sole in urbanized embayments are
exposed to higher PCB concentrations than salmon, as the liver samples contained much higher PCB con-
centrations despite having comparable percent lipids. Higher PCB concentrations accumulated in the muscle
tissue of English sole associated with PCB contaminated sediments than English sole from uncontaminated
areas (Figure 1), but because of their very low lipid content, the concentrations in English sole from urban
areas were similar to the mean PCB concentration observed in chinook salmon.

Fish age, especially for long-lived species like rockfish, affected PCB concentration, Although the mean
PCB concentration in composite quillback rockfish samples was lower than in chinook, coho, and English
sole muscle samples, older individual rockfish could have significantly higher concentration. Future moni-
toring of individual rockfish, especially older fish, is needed to document maximum concentration of PCBs.

Mercury

We demonstrated that most (66 percent) of the spatial and temporal variation in mercury concentrations
in English sole liver tissue was explained by variation in fish age. For chinook salmon we observed higher
mercury concentrations in older fish (accounting for 44 percent of the variation). Chinook salmon had higher
mercury concentrations than coho salmon, perhaps related to the greater total age, diet and duration of
marine residence of chinook salmon. We documented that location-specific growth rates also appear to
affect accumulation of mercury in quillback rockfish, and that one of the composite samples had mercury
concentrations higher than that recommended for human consumption by the World Health Organization
(0.5 mg/kg). Virtually all (95 percent) of the mercury present in fish is mono methyl mercury (Bloom 1993),
which is toxic. Thus, within Puget Sound, long-lived fishes like quillback and copper rockfish, lingcod
(Ophiodon elongatus) and dogfish (Squalus acanthias) may accumulate very high levels of mercury that is
toxic to humans. '
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Our results are consistent with other studies noting the importance of age or growth rate on the accumula-
tion of mercury in fish tissue (Braune, 1987; Monteiro and Lopes, 1990; Larsson et al., 1991; Monteiro et
al., 1991). However, fewer studies have demonstrated that proximity to contaminant sources affect accumu-
lation in fish (Leah et al., 1991). In WDFW (in prep), we also demonstrate that at those stations where the
ages of English sole did not vary significantly among stations, proximity to mercury contaminated sediment
accounted for 67 percent of the observed variation. English sole are benthic feeders and although they are
not as long-lived as quillback rockfish, exposure to mercury contaminated sediments, especially for older
individuals, may exacerbate the accumulation of mercury in their tissues.

Lead

Our results are consistent with other studies that have shown that lead generally does not accumulate in
skeletal muscle due to the very low binding rate of lead to sulfhydryl groups in the muscle tissue (Sorensen,
1991). Lead is a non-essential element that is absorbed by the epithelium of the fish’s gills and intestine and
rapidly metabolized in the liver (Sorensen, 1991). We observed higher lead concentrations in English sole
liver samples than in muscle tissues. With the exception of English sole from Sinclair Inlet, older English
sole had lower lead concentrations in their liver than younger fish, suggesting that older fish can more readi-
1y metabolize lead (Figure 6). '

In Sinclair Inlet, English sole may be exposed to a higher lead loading because lead is somehow more
bioavailable at this site or because the lead concentration in sediments is higher than that indicated by the
sediment chemistry samples collected at that station. Exposure to heavily contaminated sediments, like
those at Sinclair Inlet, may surpass English sole’s ability to regulate the body burden of lead. To further
define the extent of lead contamination at Sinclair Inlet, other marine species should be monitored, especial-
ly invertebrates, for which trace elements may be more readily bioavailable.

Copper

In general, copper concentrations did not vary greatly among fish species nor among stations within a
species and were not correlated with the abiotic and biotic factors we tested. Copper and other essential ele-
ments like zinc are actively regulated by fish. Consequently, the tissue concentrations are maintained within
specific ranges and do not always reflect environmental levels (Phillips and Rainbow, 1989). The liver
actively processes and stores large amounts of copper (Sorensen, 1991) and then transports the required
amounts of this elements to muscle tissue and other organs as needed. Only if fish are exposed to excessive
copper levels does the regulatory mechanism break down and toxicity occur (Phillips and Rainbow, 1989;
Sorensen, 1991).

Arsenic

As with the copper analysis, the abiotic and biotic factors that we tested for were not correlated with
arsenic in English sole samples. Mean concentration of arsenic was highest in English sole samples suggest-
ing that bottom-feeding fish, such as English sole, accumulate higher arsenic levels than pelagic fish
(LeBlanc and Jackson, 1973; Kennedy, 1976).

Arsenic is ubiquitous in seafood, occurring mainly as an organic penta-valent form that is non-toxic
(Edmonds and Francesconi, 1993), suggesting that it is readily accumulated in muscle tissue of marine
species and is not usually a health concern. Natural sources of arsenic, including oceanic water, rivers, and
shoreline erosion contribute over ten times more arsenic to Puget Sound than do anthropogenic sources
(Dexter et al., 1981; Landolt et al., 1987). Crecelius (1985) concluded that arsenic body burden in Puget
Sound flatfishes was not related to anthropogenic sources. '

SUMMARY AND RECOMMENDATIONS

Our results have demonstrated that various abiotic (proximity to contaminated sediments) and biotic fac-
tors (fish age, length, growth rate and % lipids) affect the bioaccumulation of contaminants in English sole,
chinook and coho salmon, Pacific cod, and quillback rockfish. By statistically accounting for these various
factors (stepwise linear regression), we were able to document spatial differences in the accumulation of
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PCBs, mercury and lead. Ongoing monitoring should carefully composite fish of similar size and age, or
monitor individuals, so that temporal trends in contaminant levels are easier to detect.

- PSAMP was designed to include a full programmatic review every five years, with the first review to take
place in the summer and fall of 1995. As part of the review, the PSAMP Fish Task is considering the fol-
lowing recommendations: (1) adding additional species, including important forage fish like Pacific herring
(Clupea harengus pallasi) that have lipid-rich muscle and roe tissue; (2) monitoring individual rockfish and
other long-lived fish such as lingcod and dogfish to determine whether contaminant loadings are a human
health concern; and (3) discontinuing monitoring BNAs as they are seldom detected in Puget Sound fishes
and considering monitoring other contaminants not currently monitored.
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PUGET SOUND AMBIENT MONITORING PROGRAM—SHELLFISH MONITORING
Bob Woolrich and Glen Patrick!

This paper summarizes results of shellfish tissue monitoring from the Puget Sound Ambient Monitoring
Program (PSAMP) carried out by the Washington Department of Health’s Office of Shellfish Programs.
More detailed information is available through the Department of Health.

MONITORING PLAN

From selected beaches in Puget Sound, Health analyzed shellfish tissue for the presence and concentra-
tion of: (1) fecal coliform bacteria; (2) paralytic shellfish poison (PSP); and (3) certain organic and inorganic
chemicals. Information was gathered to establish baseline concentrations and to measure changes over time.
These data are also useful for assessing human health risks associated with shellfish consumption.

Shellfish sampling sites were broadly distributed throughout Puget Sound. Many of the sites selected are
used by the public for non-commercial, recreational shellfish harvesting. Some sites located near past or
present industrial activities were selected due to the likelihood of elevated chemical or bacteriological conta-
mination. Other sites, isolated from contaminant sources, were expected to provide data on background lev-
els of contaminants.

FECAL COLIFORM CONCENTRATIONS IN SHELLFISH

Methods

The targeted shellfish species was the native littleneck clam (Protothaca staminea). Native littleneck
clams are one of the most common shellfish species harvested recreationally in Washington.

Native littleneck clams were collected quarterly for fecal coliform concentration determination. A total
of 60 clams were collected from each site at low tide. The clams were divided into three size groups: small,
medium, and large. The clams were then recombined into two samples of 30 clams each, composed of equal
numbers of small, medium, ang large clams. This sampling method minimized the differential role that size
may play in the concentration of contaminants.

The laboratory procedures used for estimating the concentration of fecal coliform bacteria in shellfish tis-
sue followed the most probable number (MPN) method as defined in “Laboratory Procedures for the
Examination of Seawater and Shellfish,” Fourth Edition, published by the American Public Health
Association.

Fecal Coliform Sites

Twenty-two separate beaches were sampled in 1992 and 1993. Fifteen of those beaches were sampled
during each of the eight quarters.

RESULTS AND OBSERVATIONS

1. Results varied significantly at most sites. In 1992-93 eight sites had individual sample results with
ranges that covered two or more orders of magnitude, e.g., Walker Park (170-22,000) and Dosewallips
State Park (20-3500). Results from Sequim Bay State Park (<20-45) and Camano Island State Park
(<20-130) varied less than one order of magnitude. The large range of results at individual sites may
be attributed to changes in the number of fecal coliform bacteria in the water column and the variabili-
ty within the MPN test. There is also evidence to suggest that environmental factors such as water
temperature, salinity, and tidal phase may have a great effect on fecal coliform concentrations
(Bernard, 1989).

2. For evaluation, fecal coliform results were placed into one of three MPN categories: 30, 31-230, and
>230. Generally, shellfish are considered to be uncontaminated when results are less than 30 MPN

1 Environmental Health Division, Washington Department of Health, P.O. Box 7824, Olympia, WA 98504
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per 100 grams of shellfish tissue. The category of results greater than 230 MPN was selected for the
most contaminated category because historically the Shellfish Program has used this level to indicate
the need for further testing at the wholesale market level.

3. At most of the sites, the tissue data tends to support Health’s shoreline pollution source information.
For example, shellfish tissue at Belfair State Park had high levels of fecal coliform bacteria. This was
expected because of numerous known failing on-site sewage systems located along the shoreline and
in the nearby community of Belfair. At the other extreme, fecal coliform levels in shellfish tissue have
been very low at Camano Island State Park, which is isolated from any known pollution source.
However, not all the results reflect anticipated pollution levels. For example, samples from Ross Point
have typically been low in fecal coliform concentrations despite the fact that two sewage treatment
plant outfalls are located in Sinclair Inlet. These results may indicate either that the treatment plants
are operating efficiently or that the currents in this bay do not move the bacteria from the sources to
the sampling site.

4. Shellfish tissue results varied by season, with fecal coliform levels generally lowest in the winter quar-
ter. This is unexpected because fecal coliform levels in nearshore seawater are typically highest in the
winter due to increased stormwater runoff, combined sewer overflows, and wet season failures of on-
site sewage systems. The lower tissue numbers in winter are probably related to the impact of cold
water temperatures on the physiology of clams. In one study, eastern hardshell clams, Mercenaria
mercenaria, contained few coliforms when seawater temperatures were below 10C even when grow-
ing in heavily polluted waters (Cabelli and Herrernan, 1971). Apparently, the clams’ rate of uptake
and rate of elimination of bacteria are not equally affected when temperatures are colder.

High fecal coliform concentrations have been found at Dosewallips State Park in the spring. This
appears to be related to the resident harbor seals that haul out there during the spring months and leave their
waste in the upper intertidal zone (Melvin, Health, personal communication).

With just four years of data, conclusions on the seasonality of fecal coliform levels may be premature.
Levels may be related to the circumstances at the time of sample collection, such as the timing of recent
rainfall events, water temperature, and salinity. These parameters have not been tracked.

PARALYTIC SHELLFISH POISON (PSP) CONCENTRATIONS

Alexandrium catenella, a naturally occurring photosynthetic dinoflagellate, is responsible for paralytic
shellfish poisoning (PSP) in Washington state’s marine waters. This organism is usually present in low num-

Table 1. 1992 / 1993 Fecal coliform results In shellfish tissue at selected sites

SITES/ NUMBER RANGE MEDIAN MPN MPN MPN
COUNTY OF SAMPLES (MPN) MPN <30 31-230 >230
Walker Co. Park (Mason) 16 170 - 22,000 2,148 0 2 4
Belfair St. Park (Mason) 16 80 - 7,900 1,359 6 8 2
Dosewallips (Jefferson) 14 20 - 3,500 713 1 5 8
Carkeek Co. Park (King) 16 <20 - 2,300 399 2 7 7
Saltwater St. Park (King) 14 <20 - 2,300 376 5 6 3
Priest Point (Thurston) 16 <20 - 1,700 316 3 9 0
Burton Co. Park (King) 16 <20 - 230 90 6 8 2
Semiahmoo Spit (Whatcom) 16 <20-330 87 7 8 1
Ross Point (Kitsap) 16 <20 - 230 79 9 7 0
Frye Cove (Thurston) 16 <20 - 490 72 12 3 1
Jarrell Cove (Mason) 16 <20-230 40 14 2 0
Camano Is. St. Pk. (Island) 16 <20-130 33 12 4 0
Sequim Bay St. Park 16 <20 -45 23 14 2 0
(Clallam)
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bers. During PSP “blooms,” filter-feeding shellfish, such as clams, oysters, mussels, and scallops, can accu-
mulate PSP toxin in concentrations that are dangerous, or even fatal, to humans. A 200 mg tablet of crys-
talline saxitoxin derived from Alexandrium catenella can kill 35 people or cause moderate poisoning in 350
people (Brusca and Brusca, 1988). o

Because of serious public health implications, the Washington Department of Health routinely monitors
PSP levels in both commercial and recreational shellfish areas. Areas are closed to harvest when PSP toxin
levels equal or exceed the FDA standard of 80mcg/100g of shelifish tissue.

Several experts believe that PSP has become more prevalent and more severe in Puget Sound in recent
years (Taylor, 1994). As of January 1994, the only areas not found to have blooms of PSP-causing alga
were south Puget Sound and central and southern Hood Canal. The factors that promote PSP algal blooms
are still not well understood; however, El Nifio events and the discharge of ship ballast water may have some
association.

PSP Methodology

Sixteen sites were selected to track the occurrence and concentration of toxin in tissues. Sites were
selected to provide geographic coverage of Puget Sound and the expectation of regular sampling. A variety
of species were tracked. Species included Pacific oysters (Crassostrea gigas), blue mussels (Mytelis edulis),
butter clams (Saxidomus giganteus), native littleneck clams (Protothaca staminea), and Manila clams (Zapes
philippinarum). PSP testing procedures require 100 grams of shellfish tissue homogenate, i.e. 8-10 oysters
or 30-40 littleneck clams.

Shellfish biotoxin concentrations were determined at the Washington Public Health laboratory. All of the
shucked shellfish tissue is used for testing. PSP concentration is quantified by a mouse bioassay method
using the mouse unit as the unit of measurement (APHA, 1984). The mouse unit is defined as the minimum
amount of poison required to kill a mouse weighing 20 grams in 15 minutes when 1.0 ml of shellfish sample
extract is injected intraperitoneally. The lowest detection limit for the bioassay is 34 mcg of toxin / 100
grams of tissue; below that level, no further distinction in concentration is possible.

PSP Results—1990 Through 1993

Of the 16 PSAMP PSP sites selected, six sites did not register toxin levels greater than 80 mcg/100 g of
tissue in the four years. These included Hamma Hamma in central Hood Canal, Skookum Inlet and
Harstene Island Bridge in south Puget Sound, Holmes Harbor and Penn Cove in Island County, and Westcott
Bay in San Juan County. The highest level was recorded at Ship Bay in San Juan County in 1991 (1462
mcg). Sites having levels over S00 mcg during 1990-1993 included Edmonds Oil Dock in Snohomish
County, Drayton Harbor in Whatcom County, Point Bolin in Kitsap County, Fauntelroy Ferry Dock in King
County, and Samish Bay in Skagit County.

At two sites, analysis showed levels of PSP concentration differing markedly by shellfish species. At
Point Bolin, butter clams registered toxicity levels over 700 mcg/100 g at the same time that littleneck clams
were below the 80 mcg/100 g level. At Drayton Harbor/Semiahmoo Marina, mussels accumulated the toxin
before oysters, attained higher levels of contamination (972 mcg/100 g compared to 240 mcg/100g), and
were slower to purify than the oysters. These results were not unexpected. The Pacific oyster (Crassostrea
gigas) is believed to possess an instinctive behavioral response to stop feeding when exposed to certain toxic
phytoplankton (Twarog and Yamaguchi, 1981). PSP toxin concentrations in molluscan shellfish may differ
by species due to;

m Different species’ filtering rates

m Reaction of each species to the presence of the alga

B Species’ different toxin retention times (Shumway, 1990)

B Position of the species in the water column

B Position of the species in the harbor or bay

Spatial and seasonal trend conclusions cannot be drawn from the limited data of this study. However, it
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appears that PSP blooms are most prevalent in summer and fall. It is also apparent that at some sites low-
level wintertime blooms precede the summer-fall blooms.

Future Analysis

In 1990 Health began to develop a mussel collection program to serve-as an “early warning system” for
biotoxin episodes. In Puget Sound, Health has now established approximately 30 mussel cage sites, stocked
with blue mussels (Mytelis edulis). The PSP data from these sites will be used in the future for the PSAMP
program. A more thorough evaluation of spatial and temporal trends should be possible using this data
because only one species is collected and the sites are sampled regularly. The use of mussel data will also
more accurately reflect the current level of biotoxins in the water column since blue mussels accumulate and
release the toxin more quickly than most other shellfish species.

SHELLFISH CHEMICAL CONTAMINATION

Native littleneck clams were collected from a total of 29 sites for determination of metals, pesticides,
base/neutral/acids (BNAs), and polychlorinated biphenyls (PCBs) concentrations. These data were collected
to meet PSAMP objectives.

Methods

Native littleneck clams samples were collected from 20 sites in 1992 and 19 sites in 1993, with 10 sites
being sampled in both years (see map). Sites were not selected with the intention of targeting point dis-
charges, although sampled sites were generally located near anthropogenic sources of chemical contamina-
tion. Such sources included: waste-water outfalls, and past and present shipbuilding, military, and industrial
activities. Equal numbers of small, medium and large individuals were combined in composite samples of
approximately 30 individuals each. Only unbroken legal-sized native littleneck clams were harvested. Three
composite samples were collected from each sample location.

Preparation of shellfish tissue for chemical analyses followed established PSAMP protocols (PSEP,
1989). Target analytes included base/neutral/acid (BNA) extractable organic compounds (phenols, PAHs,
semivolatiles, ethers, phthalates, and organonitrogen compounds), pesticides, polychlorinated biphenyls
(PCBs), and selected metals (arsenic, cadmium, copper, lead, mercury, and zinc). Analytical procedures out-
lined in the PSEP protocols were employed in 1992 and 1993 along with the following method improve-
ments intended to achieve greater analytical performance:

B use of high resolution columns for pesticide and PCB analyses;
B use of comprehensive standards for both BNA and pesticide analyses; and
B lower characterization of instrument response for BNAs,

Chemical analyses were conducted by the Municipality of Metropolitan Seattle (METRO) Environmental
Laboratory, and all data underwent an independent QA/QC review.

Chemical Results

Fifteen chemicals from the 105 analytes measured were detected in littleneck clam samples.

Six metals (arsenic, cadmium, copper, lead, mercury and zinc), were detected in all composite samples
from all locations (Table 1). Concentrations of trace metals in littleneck clams were low, with the exception
of zinc, which ranged from 8.4 ppm to 19 ppm. Mean cadmium, copper, lead and mercury concentrations in
littleneck clams were similar between years for sites sampled in 1992 and 1993, while mean arsenic and zinc
concentrations were slightly elevated in 1993 shellfish samples compared to samples collected in 1992.
Mercury concentrations for samples collected in 1993 were reported as estimates with the exception of data
from Eagle Harbor. ‘

Nine organic chemicals (2-methylphenol, benzoic acid, benzyl alcohol, bis(2-ethylhexyl)phthalate, butyl-
benzylphthalate, di-n-butylphthalate, fluoranthene, phenanthrene and pyrene), were detected in littleneck
clams during the 1992 and/or 1993 PSAMP shellfish sample collection/analysis effort (Table 3). Organic
chemical analytical results varied between years and among samples.
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Few organic chemicals were detected in native littleneck clams analyzed for PSAMP. PAHs (fluoran-
thene, phenanthrene and pyrene) were detected only at concentrations in the low ppb range and only in sam-
ples from Eagle Harbor. 2-Methylphenol was detected for the first time in samples collected in 1993.
Benzoic acid was the only organic chemical reported in all shellfish samples collected both years. Bis(2-eth-
ylhexyl)phthalate and di-n-butylphthalate were detected in blank control samples resulting in blank correc-
tion of littleneck shellfish results. Benzyl alcohol and butylbenzylphthalate were detected only in samples
collected in 1992,

A human health screening assessment, based on U.S. EPA reference dose (RFD) and cancer potency val-
ues, was conducted for chemicals detected in littleneck clams. Preliminary results indicate that the maxi-
mum mean concentration of each chemical, with the exception of lead, is of little human health concern. No
conclusions can be drawn for lead since the EPA RFD is currently under review.

CONCLUSIONS ON SHELLFISH CHEMICAL CONTAMINATION

Results from the 1992 and 1993 PSAMP shellfish tissue analytical results indicate that littleneck clams
contain trace metals but few organic chemical contaminants. Of the 105 analytes measured, only 15 chemi-
cals were detected in littleneck clams. Maximum mean chemical concentrations were determined to be of
little human health concern, with the exception of lead, whose toxicity is currently under review by EPA.

Table 2. Trace metals data summary, native littleneck clam samples collected in 1992 and 1993

(Concentrations reported in mg/kg (ppm) wet weight.)

Concentration (mg/kg) Location of Max.

Metal n Min. Max. Mean Concentration
Arsenic 115 1.2 3.2 1.9] Manchester
Cadmium 115 0.1 0.39 (.22} Semiahmoo
Copper 115 0.71 3.2 1.2] Eagle Harbor
Lead 115 0.02 1.2 0.12| Eagle Harbor
Mercury 115 0.01 0.08 0.02| Eagle Harbor
Zinc 115 84 19 13| Ross Point

n = number of composite samples analyzed.
Each composite sample consisted of 30 individual shellfish.

Table 3. 1992 & 1993 PSAMP native littleneck shellfish detected trace organic chemlcal summary.
(Concentrations reported in ug/kg (ppb) wet weight.)

. Location of
Detection Frequency (a) No. of Sites (b) Detected Conc. Max

Chemical 1992 (n=58) [1993 (N=57) [1992 (s=20) {1993 (s=19) Min. Max. |Concentration
2-Methylphenol 0 20 0 9 27 150  |Misery Point
Benzoic Acid 57 56 20 19 280 8800 |Eagle Harbor
Benzyl Alcohol 5 0 3 0 270 2900 {Jarrell Cove
Bis(2-ethylhexyl)ph 5 10 4 8 410 4130 |Semiahmoo
Butylbenzylphthalate 19 0 9 0 22 130  |Walker Park
Di-n-butylphthalate 14 0 10 0 32 1522 |Liberty Bay
Fluoranthene 3 3 1 1 40 170  |Eagle Harbor
Phenanthrene 0 3 0 1 28 36 Eagle Harbor
Pyrene 1 3 1 1 22 39 Eagle Harbor

(a) Number of samples in which the chemical was detected. (n) Total number of samples analyzed each year.
Three samples were analyzed from each location each year, with the exception of Picnic Pt. and Sequim Bay in 1992
(2 samples only)
(b) No. of Sites reflects the number of sites where the chemical was detected. (s) Total number of sites sampled each year.
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Trace metals (arsenic, cadmium, copper, lead, mercury and zinc) were detected in littleneck shellfish
samples from all locations. Mean trace metals concentrations varied little between years and were generally
low, with the exception of zinc.

Few organic chemical contaminants were detected (2-methylphenol, benzoic acid, benzyl alcohol, bis(2-
ethylhexyl)phthalate, butylbenzylphthalate, di-n-butylphthalate, fluoranthene, phenanthrene and pyrene).
Results varied highly for some chemicals between years and among samples.

Eagle Harbor samples were found to contain the greatest number of contaminants, the highest concentra-
tions of copper, lead and mercury, and the only detected concentrations of fluoranthene, phenanthrene and
pyrene.

While the current PSAMP shellfish protocols for trace metals analyses seem adequate for determination
of metals concentrations, analytical methods for determination of organic chemical contaminants may not
be. Variability in organic chemical analytical results and lack of detection of chemicals such as PCBs in
these samples suggest that current analytical and data collection methods as well as project objectives should
be reviewed.
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OVERVIEW OF THE MARINE BIRD, WATERFOWL, AND MARINE MAMMAL MONITOR-
ING TASK WITHIN THE PUGET SOUND AMBIENT MONITORING PROJECT, JULY 1992
TO MARCH 1994 .

David R. Nysewander!

INTRODUCTION

The Wildlife Management Program of the Washington Department of Fish and Wildlife (WDFW) was
given responsibility in 1991 for designing and implementing monitoring plans for marine birds, waterfowl,
and marine mammals under the Puget Sound Ambient Monitoring Program (Monitoring Management
Committee, 1988). The bird and mammal portions of the Puget Sound Ambient Monitoring Program
(PSAMP) were not fully funded until the 1991-93 biennium. Study design for the bird portion of the task
along with consolidation of historical databases were contracted November 20, 1991, to Ecological
Consulting Inc. (ECI). The present project staff began in mid-May 1992 under the Game Division of the
Wildlife Management Program to direct, conduct, and coordinate this task. The final implementation plan
was produced in March 1993 (Nysewander et al., 1993), even though surveys and contract field work were
begun during the summer of 1992 and the winter of 1992-93.

. The Monitoring Management Committee set down the following goals for monitoring of bird resources
under PSAMP in 1988: 1) to monitor the abundance of selected avian species to identify any significant
changes or trends that may be related to pollution, habitat loss, or disturbance; and 2) to monitor reproduc-
tive success and contaminant levels in birds. The latter goal is addressed and implemented by the U.S. Fish
and Wildlife Service (USFWS) in a contaminant monitoring plan for birds (Mahaffy, 1994). USFWS also
has an ongoing seabird colony monitoring effort in Washington state, operating out of their refuge system,
which monitors reproductive success for a certain limited set of species.

The purpose of the marine mammal component of PSAMP was to provide consistent population esti-
mates of the marine mammals living in Puget Sound, and to increase the level of knowledge of toxic body
burdens and their effects on marine mammals. The harbor seal (Phoca vitulina richardsi) is considered the
most appropriate species to first monitor as it is the only common resident marine mammal that breeds in
Puget Sound.

Three tasks were performed directly by the Wildlife Management PSAMP staff and some of the results
will be. a primary focus of this presentation. The tasks were: 1) to perform an aerial survey of the entire
marine shoreline of greater Puget Sound in summer and winter; 2) to incorporate this survey data into the
database and GIS mapping programs (CAMRIS) set up by the initial study design contract for this program,
with the intent of making some beginning efforts to compare the 1992-94 surveys with those found in the
historical database created by the same contract; and 3) to compare air and boat surveys conducted in both
seasons to begin developing a correction factor for the aerial surveys.

A second group of tasks was performed by some combination of efforts of department PSAMP staff,
other department regional or research staff, and federal marine mammal scientists. Results from these will
be referred to other reports. These tasks were: 1) to quantify the age ratio observed for juvenile and adult
marbled murrelets (Brachyramphus marmoratus) in Puget Sound in August; 2) to monitor harbor seal popu-
lations by aerial surveys and photography on haul out sites during August-September; and 3) to monitor
contaminant levels in harbor seals at certain sites and to monitor any attempts to examine how these may
relate to the seals’ foraging areas and reproductive success.

A third group of tasks involved contracts with the private sector. These tasks were: 1) to create a synthe-
sized historical database of marine birds and waterfowl from three historical surveys, with the largest amount
of data coming from the MESA study conducted in 1978 and 1979 (Wahl and Speich, 1980; Wahl et al.,
1981); 2) to survey and evaluate the nature of gray whale use of Puget Sound during spring and summer

1 Washington Department of Fish and Wildlife, 600 Capitol Way N., Olympia, WA 98501-1091
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(this work included photographic identification, data archival, and creation of a photographic catalog of sum-
mer resident gray whales of the inner marine waters of Washington and British Columbia); and 3) to conduct
censuses of winter resident shorebirds utilizing Puget Sound. These results will also either be referred to
another report or used for comparison with present ongoing surveys.

METHODS
Continuous Aerial Transects

The use of an on-board computer linked to a global positioning unit (GPS) provided a record of time and
position every 5 to 10 seconds during the survey. This track line was then interpolated by computer with the
sightings using the time of the sightings relative to the time and position fixes generated by the GPS.

The surveys primarily used a Dehaviland Beaver on floats because of safety and greater fuel range. The
plane flew at 90 knots (kt) at an altitude of approximately 65 meters (m) above sea level. Two observers
recorded all birds seen, along with observation times to the nearest 5 seconds, from the edge of the floats out
approximately 50 m laterally on their side. A third person ran the computer, monitored the GPS unit and
output, and directed the pilot to different census routes. The sampling protocols and methodology, described
in greater detail in the marine bird and mammal implementation plan (Nysewander et al., 1993), follow the
general methods developed over the last two decades in California and the Pacific Northwest (Briggs et al.,
1981, 1987, 1991).

The aerial surveys were stratified by effort in two Ievels: higher densities found near shorelines and lower
densities found offshore or in open waters. Almost all of the nearshore habitat (<ca. 20 m or 10 fa) was
sampled by transects that followed the shoreline in a roughly parallel pattern, whereas the offshore habitat
(>ca. 20m) was sampled in a zigzag pattern.

Correction Factors for Aerial Surveys

Aircraft-based observers miss some fraction of the birds in the transect, the fraction being greatest for
dark diving birds. Several alcid species fall into this category during the summer surveys, while sea and bay
ducks along with loons and grebes are the species of concern during winter. This bias is not a problem in
the detection of population trends as long as all surveys are carried out from the same platform. The bias
does, however, make it difficult to estimate total population sizes or to evaluate what percentages of different
species are being counted. Efforts began in 1993 to develop a correction factor derived from the ratio of
comparable counts taken by aircraft-based observers to those taken by ship- or land-based observers. The
boat surveys followed standard methodology (Gould and Forsell, 1989; Tasker et al., 1984; Conant et al.,
1988).

RESULTS

The PSAMP aerial surveys recorded all bird species seen from the high tide line downward, but data
analysis and summary have concentrated on the following set of species: pigeon guillemot (Cepphus colum-
ba), common murre (Uria aalge), rhinoceros auklet (Cerorhinca monocerata), marbled murrelet, Western
grebe (Aechmophorus occidentalis), bufflehead (Bucephala albeola), two species of goldeneye (Bucephala
islandica and B. clangula), three species of scoters (Melanitta perspicillata, M. fusca, and M. nigra), greater
and lesser scaup (Aythya marila and A. affinis), and harlequin duck (Histrionicus histrionicus).

Puget Sound contains more than 3,200 kilometers (km) of marine shoreline. The PSAMP aerial surveys
flew between 3,070 and 3,374 km of transects along nearshore habitat and between 1,846 and 3,220 km of
transects through the offshore habitat each summer or winter aerial survey period. The survey totals include
varying degrees of replicate surveys. The 1993 summer and the 1993-94 winter flights were also extended
to include the American side of the western half of the Strait of Juan de Fuca. An effort was also made to
increase the percentage of coverage of open water during the last two survey periods, in order to reduce vari-
ance on estimates for species encountered in concentrated feeding flocks. The percentage of each total habi-
tat area in Washington inner marine waters sampled by the PSAMP aerial surveys ranged per each survey
period from 15.1 percent to 18.3 percent for nearshore and 3.7 percent to 5.7 percent for the offshore habitat
component.
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Figure 1. Two different types of aerial survey tracklines used

1992 and 1993 Summer Bird Surveys

Both summer surveys recorded the following: 1) gull and tern flocks generally distributed along shore-
lines, with feeding flocks of certain species, such as Heermann’s gull (Larus heermanni), concentrating in
the northern two-thirds of Washington’s inner marine waters; 2) feeding flocks of alcids such as common
murres and rhinoceros auklets in more open and deeper waters in the northern two-thirds of Puget Sound; 3)
molting/feeding flocks of ducks along shores and river deltas; and 4) other marine birds including cor-
morants, pigeon guillemots, and great blue herons (Ardea herodias) seen along shorelines.

The total number of birds counted both on and off transects in July 1993 was 134,306, higher than the
117,633 tallied in 1992. However, in 1993 additional area was surveyed in the western portion of the Strait
of Juan de Fuca. Nevertheless, the overall mapping of density for 1992 and 1993 for all bird species does
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suggest some differences. The major differences appear to arise from different timing of certain species’
migration through Puget Sound, especially that of gulls, from one survey period to another. El Niflo condi-
tions (ENSQO) were still present on the outer coast of western United States in 1993 and may have con-
tributed to these different migration patterns. Gulls and terns were the most numerous species group during
the summer and accounted for 73 percent (98,500 individuals) of the total number of birds observed in July
1993, which is almost identical with the 72 percent seen in 1992,

1992-93 and 1993-94 Winter Bird Surveys

The winter pattern of bird distribution differed from the summer pattern both numerically and geographl-
cally. The distribution changed in the following ways: 1) larger numbers of birds used southern Puget
Sound in winter than in summer; 2) waterfowl usage increased along shorelines and river deltas, with certain
estuaries including the Skagit River delta and Padilla Bay containing large numbers of waterfowl and geese;
and 3) grebes and loons migrated into the Sound and used protected waters (deeper waters with low cur-
rents) in southern Puget Sound, Hood Canal, the Bainbridge Island area, the Whidbey/Camano Island area,
Bellingham and Padilla/Samish Bay areas, portions of the San Juan Islands, and portions of the Point
Roberts/Boundary Bay area. This same general pattern of distribution was seen for both the 1992-93 and the
1993-94 winter surveys. Since the winter surveys were extended in 1993-94 to include the American side of
the western Strait of Juan de Fuca, the nearshore area of the southern side of the strait was found to be an
additional area containing significant numbers of certain species like harlequin ducks, marbled murrelets,
and murres.

The 1992-93 winter survey recorded 620,082 birds compared to the 117,633 seen on similar transects
during the 1992 summer. The 1993-94 winter surveys recorded 331,430 birds both on and off transect com-
pared to the 134,306 tallied the 1993 summer on similar transects. Waterfowl comprised 67.6 percent
(224,241) of all birds counted, which is essentially identical to the percentage (68.2 percent) seen the 1992-
93 winter. The two surveys differed in several aspects: 1) Extended freezing weather during the 1992-93
survey drove many of the swans, geese, and dabbling duck species to the marine waters and shorelines,
while warmer weather during the 1993-94 winter aerial surveys did not produce this effect. 2) The survey
track lines for the nearshore habitat were done differently in 1993-94 for certain estuaries with wide shallow
intertidal areas like the Skagit, Samish, and Padilla Bay areas, which resulted in sampling more of the avail-
able habitat but recorded lesser numbers of dabbling ducks. 3 )Additional survey area in the western Strait
of Juan de Fuca was covered in 1993-94, but not in 1992-93 winter survey.

Scoter distribution for Puget Sound as recorded in the 1993-94 winter survey is dlsplayed by densities
that result from the counts when combined with survey effort.

The distribution of western grebes and common murres during the same winter survey illustrates a differ-
ent way of displaying data gathered and also demonstrates the differing usage patterns by different species of
marine water habitats in Puget Sound. Species distribution can be mapped in greater detail with the new
GPS technology.

Monitoring of Key Bird Species

Certain species were selected for emphasis in monitoring by the project’s implementation plan
(Nysewander et al., 1993) using criteria related to usage of or dependence upon marine waters of Puget
Sound, peaks of abundance during our survey windows, and other concerns due to limited numbers or spe-
cial vulnerability to mortality caused by humans. Recent reports on the status of sea and diving ducks have
suggested that certain species have declined (Goudie et al., 1994 in press; Henny et al., 1994 in press) in cer-
tain portions of the Pacific Flyway. A sample data set available from two years of surveys is displayed for
the diving duck species commonly seen in the winter in portions of Puget Sound.

Comparisons of counts and population estimates of these species obtained during the last two winter sur-
veys in Puget Sound depict lesser numbers for most of these species in 1993-94 compared to the previous
winter survey, but the confidence limits are large and overlap with just two years of data. Comparisons of
estimates derived overall for the entire 1979 MESA study area with the estimates derived from the recent
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Figure 2. Scoter densities seen in southern Puget Sound, 1993-94 winter surveys

1992-94 PSAMP surveys for those same areas raises the possibility that there might be a gradual decline for

goldeneyes and a larger decline for scoters.
Scoters, specifically surf scoter, are being scheduled for closer examination in the future because of these

possible declines and because they have been and are target species for contaminant monitoring (Mahaffy,
1994; Henny et al., 1991).
Comparisons of Air and Boat Surveys

A pilot study began the last week of July in 1993 in the San Juan Islands. Only two days of simultane-
ous surveys were conducted because of weather, study design, and equipment problems. After modifications
were made to transect lengths and locations, comparisons were conducted six days during September 12-23,
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1994. The preliminary findings suggested that large white or black species like cormorants and gulls are not
underestimated by summer aerial surveys run under good viewing conditions and that diving species like
alcids have boat-to-air survey ratios that usually range from 1 to 3, depending upon the species. Pigeon
guillemot and marbled murrelet were the species with the highest ratios (2.52-2.99) recorded for the summer
species evaluated.

Four surveys were conducted comparing air and boat surveys in the southern portion of Hood Canal
between February 24 and March 8, 1994. The preliminary results for winter species of concern appear com-
parable to or better than the ratios seen for winter sea duck species in southeast Alaska (Conant et al., 1988).
The boat counts in Alaska generally were twice that recorded by their aerial surveys. The PSAMP winter
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Table 1. Comparison of counts and population estimates of diving duck species obtained December-February
during 1992-93 and 1993-94 winter aerial surveys

1992-93 1993-94
Species Counts Population Counts Population
On Transect Estimate On Transect Estimate
(295%)" (295%) '
Bufflehead 19,085 92,775 16,443 69,008
(*£17,277) (£10,155)
Goldeneye 14,402 52,783 12,585 53,380
(2 spp.) (£9,677) (£12,477)
Scoter 32,909 155,340 23,179 110,725
(3 spp.) (+47,069) (+28,479)
Scaup 6,399 56,695 4,358 28,214
(2 spp.) (+40,868) (+15,682)
Canvasback 485 1,708 284 842
(x1,315) (£584)
Ruddy Duck 2,261 5,995 2,840 8,239
(+4,067) (£7,408)
Oldsquaw 399 12,038 327 5,233
(x11,760) (£5,541)

! Derived with PSPOP software from counts recorded only on transects.

survey recorded ratios generally between 1 and 1.5 for diving duck species. As was suspected, only a small
percentage (13.7 percent) of the smaller grebe species are seen by the aerial surveys, even in the excellent
viewing and water conditions used in the PSAMP survey. Results from both summer and winter compar-
isons will be evaluated in more detail in 1995 reports.

Creation of Synthesized Historical Database

ECI delivered the sets of synthesized historical databases on bird abundance and distribution to our pro-
gram during the spring of 1993, although they did provide output from these at earlier times. This database
included only the aerial, ferry, and small boat surveys conducted during the MESA studies (Wahl et al.,
1981) guided by the desire to include only data that could be strictly related to a finite area in a short period
of time so as to be able to create densities. When examining certain data for species like murrelets and
through conversations with Wahl about MES A studies, we realized that certain areas and species were left
out by this process since the first three methods did not cover all areas. Hence in 1993 we contracted with
Dennis Heinemann, who created the original databases for ECI, to add point count data from the MESA
studies to the synthesized historical database. :

Winter Resident Shorebird Survey

WDFW, the USFWS, and Point Reyes Bird Observatory contracted with Cascadia Research Collective
(Cascadia) during winter 1992-93 to identify wetlands of regional and national significance for shorebirds
based on the number of shorebirds using them, and to identify important wintering areas based on shorebird
abundance and species diversity. Cascadia has been organizing shorebird counts in western Washington for
the Pacific Flyway Project since the winter of 1990-91, using a number of volunteers. The contract for the
1992-93 winter survey effort enabled Cascadia staff to fly some aerial surveys in conjunction with their
ground surveys and to prepare a report summarizing all the results. These aerial flights allowed them to
cover areas not reachable by land surveys and to evaluate how aerial and land-based surveys compared.
Cascadia received a contract to conduct these surveys again during the 1993-94 winter. The surveys have
been successful in documenting winter habitat use by shorebirds in western Washington (Evenson, 1993;

63



PUGET SOUND RESEARCH ‘95

Table 2. Comparisons of winter! population estimates for diving ducks species between 1992-94 PSAMP sur-
veys and 1979 MESA studies

Population
Estimates
(£95%) 2
Goldeneyes Scoters
Survey Type (2 species) Bufflehead (3 species)
1993-94
PSAMP 9,970 41,739 35,658
Aerials (£2,593) (£7,895) (x11,049)
(MESA arca) .
1992-93
PSAMP 14,130 65,768 56,460
Aerials (£3,524) (x16,462) (£19,147)
(MESA area)
1979 AHMESA 21,393 58,272 162,037
Platforms (+8,167) (£16,062) (+48,878)
197A9m1”,msalsA 17,784 46,889 144,311
Only (£7,640) (x17,820) (£38,334)

1 Winter is defined as observations gathered December through February.
2 Derived with PSPOP software from counts recorded only on transects.

Evenson and Buchanan, 1994), and the results are covered in another presentation at these proceedings.
Adult-Juvenile Ratio of Marbled Murrelets

Most major summer concentration areas of murrelets in greater Puget Sound were surveyed, except along
the southern shore of the Strait of Juan de Fuca west of Dungeness Spit. The pilot study was deemed suc-
cessful in August-September 1993 (Stein, 1994), and the survey was continued in August 1994 to ensure that
the higher proportion of juveniles determined in this study compared to other areas is consistent. There has
been interest by both USFWS and members of the Marbled Murrelet Recovery Team in using these esti-
mates in the demographic analyses currently being prepared for this species.

Harbor Seal Census

PSAMP staff assisted Steve Jeffries from the Marine Mammals Investigations office (WDFW) and
Harriet Huber from National Marine Fisheries Service (NMFS) with aerial survey and photography of har-
bor seal numbers at haulout sites in both August 1993 and August 1994. Huber and Jeffries covered all
haulout sites for harbor seals throughout Puget Sound, which covered a larger time frame than just the
August surveys. Staff time was not available for performing counts from photographs taken during the sur-
veys; hence PSAMP funded the hiring of temporary help to complete this stage of the survey. Huber is
coordinating the archiving of this survey data, which is part of a three-year NMFS project started in 1991 to
determine the status and abundance of these seals in Washington and Oregon. A report summarizing the
summer surveys is scheduled periodically. Contact either Steve Jeffries (206-589-7235) or Harriet Huber
(206-526-6433) for further information.

Harbor Seal Contaminant Monitoring

PSAMP supported the capture, radio tagging, and biopsy of harbor seal females and pups at the Gertrude
Island haulout site, primarily in the form of funding, with some staff assistance in occasional fieldwork.
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This work is described in the project implementation plan and is part of a cooperative project with WDFW
and NMFS. This information will be summarized at a later date. Contact either Jeffries or Huber for addi-
tional information.

Resident Gray Whale Monitoring and Identification

Cascadia Research Collective was granted a contract in 1992 to gather baseline information on gray
whales in Puget Sound that would help assess their exposure to contaminants (Calambokidis and Evenson,
1993). In 1993, Cascadia continued the research conducted in 1992 and expanded their work in two areas:
1) They expanded their geographic coverage to cover all waters of Washington state. 2) They prepared a
publication containing a summary of their findings and a photographic catalog of identified gray whales that
reside in, rather than migrate past, Washington and British Columbia waters during the summer
(Calambokidis et al., 1994). For further information, John Calambokidis can be contacted at Cascadia
Research (360-943-7325). : :

DISCUSSION AND RECOMMENDATIONS

Briggs et al. (1985a, 1985b), Savard (1982), and Stott and Olson (1972) discuss the many variables with
which aerial surveys and observers must contend. It has been recommended that aerial surveys use the same
observers, plane, time of year, survey procedures, and large numbers of surveys and replicates (Gaston and
Smith, 1984; Martinson and Kaczynski, 1967). The PSAMP aerial surveys attempt to follow these guide-
lines by only surveying when certain conditions exist (i.e., enough visibility and no wind above Beaufort 4
or 18 mph), training observers, using the same observers, and limiting length of survey periods. Compari-
sons of the MESA and PSAMP data encounter some problems here because several of these categories were
different, but the recent ongoing PSAMP aerial surveys have consistently followed this strategy to this date
and cover a larger percentage of the study area (15 percent to 18 percent for nearshore and 3 percent to 6
percent for offshore) than most aerial surveys (<5 percent) (Conant et al., 1988; Gaston and Smith, 1984).

~ 'The presence of PSAMP aerial transects in all portions of Puget Sound nearshore and offshore waters has
yielded maps that characterize spatial and seasonal patterns of abundance, thus meeting some PSAMP goals.
The detail in which the data can be displayed also appears useful for a number of management and environ-
mental concerns in Puget Sound that include oil spills, gillnet mortality, contamination, disturbance, and
habitat loss (Mahaffy et al., 1994). The monitoring of trends or determination of significant change is a
more difficult task, however. It would be most successful if a series of continuing annual data were gath-
ered. It would also require increasing the number of replicate surveys so as to reduce the confidence limit
around each estimate. ‘

Gaston and Smith (1984) demonstrate that survey intensity must increase with flock size to maintain the
same level of accuracy. In the case of murres in Puget Sound, our analysis indicates that the standard error
would be reduced by 14.5 percent if 1,441 km of transects were flown in the offshore portions of MESA
regions 6 (Whatcom County), 8 (Haro Strait), and 16 (all of south Puget Sound).

Statistical analysis of changes in population size of marine birds is discussed in detail in the implementa-
tion plan pertinent to this task (Nysewander et al., 1993, pp. 42-45). Population size estimates of marine
birds typically have large within-survey variances because of patchy spatial distributions, large within-year
variances because of seasonality, and large among-year variances because of yearly variation in migratory
patterns. The non-parametric tests for trend analysis recommended by the design contract suggest that five
to 20 years of survey data would be needed for analysis depending upon the specific species selected if there
were to be a reasonable chance of recognizing significant changes of any gradual nature. This is especially
valid for comparisons with the historical database and its large confidence limits, caused in part by different
survey platforms, observers, timing of surveys, and survey methodology. This issue should be revisited in
the future if additional years of data are collected under similar survey methods and platforms.
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THE PUGET SOUND AMBIENT MONITORING PROGRAM: NEARSHORE HABITATS

Thomas F. Mumford, Jr., Allison R. Bailey, Rebecca A. Ritter, Elizabeth L. Lanzer and Betty A. Bookheim!

GOALS AND SCOPE OF TASK _
The Puget Sound Ambient Monitoring Program (PSAMP) is designed:

1. to assist agencies in their decision making characteﬁzing and interpreting spatial data and temporal
trends and identifying problem areas;
2. to take measurements to support specific program elements and measure the success of the Puget
Sound Plan by providing a permanent record of significant natural and human-caused changes in key
environmental indicators over time; and i

3. to provide an ongoing assessment of the health of the Sound and the risk to human health from con-
suming Puget Sound seafood.

The 1991 Puget Sound Water Quality Authority Plan (PSWQA, 1991) designates the Washington I
Department of Natural Resources (WDNR) as the implementing agency for the nearshore habitat component
in its Monitoring Program under Task M-2, PSAMP. The nearshore habitat program’s goal is to inventory
(i.e., provide baseline information) and routinely monitor the distribution and types of marine and estuarine
nearshore habitats of Puget Sound using the most cost-effective methods (PSWQA, 1988). Because habitat
loss is increasingly being recognized as a key environmental indicator (Levings and Thom, 1994; Thom and
Hallum, 1994), and further losses should be prevented (British Columbia/Washington Marine Science Panel,
1994), results of this program are critical. The reporting requirements (products) are given in Figure 1.

1. Presentation of maps of aquatic habitat
B Special reports—For the public and officials

2. |dentification and discussion of changes in areal extent and nature of habitats
B Special reports—For the public and officials
B To be included in annual monitoring reports when several years’ data are
available " i

3. Calculation of total area in each habitat grouped by area, county
B Special reports—For the public and officials

4. Graphic presentations of data and summary statistics (e.g., bar graphs) l

B To be included in special reports for the public and officials, and for specific
scientific questions

B To be included in annual monitoring reports !

Figure 1. Red Book Analysis Requirements

Program implementation protocols are given in “Implementation Plan for the Characterization of Puget
Sound Nearshore Habitats” (Mumford et al., 1992). Remote sensing data (multispectral digital imagery and
color photography) are collected from aircraft flown over Puget Sound shorelines during the summer grow-
ing season when tide levels are at or below at -1.0’ datum. Digital images are analyzed and classified to a
habitat classification scheme (Dethier, 1990) and the classified information stored in a geographic informa-
tion system (GIS). Results are published in annual PSAMP reports by the Puget Sound Water Quality )
Authority (1993). ’

! Washington Department of Natural Resources, P.O. Box 47027, Olympia, WA 98504-7027 i
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Data Acquisition/Delivery

During the summer of 1991, only five flight lines were flown because of cloudy weather during the times
of low tides. -

During the summer of 1992, most of Puget Sound shorelines were flown by a subcontractor for the
Environmental Protection Agency Environmental Monitoring Lab (EPA-EMSL). While this is the most
complete data set obtained to date, it poses several challenges for analysis. The data were collected at a
pixel size of 7.5 m, not 5 m as specified. No atmospheric correction was made so that only a small portion
of the image can be consistently analyzed. Positional accuracy was 1-2 orders of magnitude larger than
specified, making the ability to register with other data problematic.

No remote sensing data were collected during the 1993 or 1994 summer field seasons. The 1993 summer
field season was halted pending the outcome of the project scoping (see below). No data were collected dur-
ing the 1994 season because of inadequate time to get a viable contract after scoping and permission to pro-
ceed had been obtained.

An agreed-upon list of priority areas for image processing of the 1992 data has been drawn up from dis-
cussions with the Aquatic Resources proprietary staff and PSWQA staff. These areas are Cherry Point,
Commencement Bay, Elliott Bay, Everett, Bellingham Bay, Eagle Harbor, Lummi Bay/ Lummi Island,
Sinclair Inlet, Anacortes, Skookum Inlet, Padilla Bay, Quilcene, Dabob Bay, Port Susan, Budd Inlet, East
Skagit Bay, Nisqually Delta, and Totten Inlet.

A personal services contract has been made with Borstad and Associates. This contract has yielded valu-
able information, making recommendations on specific MSS band sets for classifying nearshore habitat
land-cover types of interest in Puget Sound and calibration of MSS sensor for the collection of nearshore
habitat imagery data. It also provides training to DNR remote sensing staff to improve productivity and
effectiveness in processing MSS digital data and classifying nearshore habitat land-cover types.

Field Analysis

Field work in 1991, 1992, 1993, and 1994 was focused on field verification (“ground truthing”) of 1992
MSS imagery. The results of this field work are discussed by Bailey et al. elsewhere in these proceedings.
Because of poor position accuracy of the imagery delivered, field methods have been altered to allow better
use for accuracy assessment of image classification.

Database Construction and Analysis

All the field data that is associated with a GPS site location has been entered into a tabular database and
checked for errors. The tabular field data has also been transferred to the GIS in order to have the informa-
tion associated with the GPS locations.

The species lists from the Dethier habitat classification have also been entered into a tabular database.
Bailey et al. (this proceedings) compare the species found at different habitats during our study to those list-
ed by Dethier (1990) as diagnostic or common species for a particular habitat.

Scoping

Because of a change in funding for the Nearshore Habitat Inventory and the need to select a new vendor
for data collection, the Nearshore staff spent nearly a year re-scoping the Nearshore Habitat Inventory pro-
ject. The goal of the scoping was to identify the habitat information needs of the DNR Aquatic Lands
Division and the PSWQA Puget Sound Ambient Monitoring Program in order to guide processing of the
1992 remote sensing data and to establish an effective and technically feasible approach for future data col-
lection and processing.

The 1992 data is being processed to detect eight vegetation types. Data are processed first for areas of
concern (see above), then for the rest of Puget Sound. This way of processing the 1992 imagery will pro-
vide the WDNR with greatly improved information on habitats protected by current policy. The original raw
data will be available for additional research, such as specific analysis of habitat function, proposed project
impact analysis, or change detection.
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Figure 2. Nearshore habitat monitoring—Alternatives for data acquisition

Future data collection efforts will acquire digital multispectral image data with simultaneously collected
color aerial photography. This approach is most capable of producing data that will meet our requirements.

Acquisition of color aerial photography is reliable, but the data available for classification and analysis
are limited. MSS digital data provide the strongest set of spectral data for use in classification and change
detection or cumulative impact work; however, obtaining good positional accuracies with the digital data is
not as reliable as color aerial photography.

Given the priority of classification accuracy over positional accuracy, and the need to provide future
analyses with the best data possible, the final recommendation relies heavily on MSS digital data, but ele-

“ments of color aerial photography will be incorporated into the data collection phase so as to mitigate the

risks of data-collection and positional accuracy problems.

In making a final recommendation, the following major risks were taken into account:

1. Aircraft-based mapping methods are risky because of potential bad weather, airplane mechanical
problems, and technical difficulties with data collection equipment (sensor, navigation, computer,
etc.). .

2. Accurate rectification of aerial-based sensor data is risky, unproven, or costly in nearshore areas.

3. Examples of this type of project using aerial digital imagery are usually done on a research scale,
rather than for arcas as large as Puget Sound.

A detailed survey of possible vendors was undertaken to assess the “state of the art.” In general, we
found vendors who are able to deliver the amount of data required with experience in the particular habitat

types required.
REPRESENTATIVE OR SAMPLE DATA SET—COMMENT ON SPATIAL PATTERNS
Classification/Analysis

Flight lines # 6 (Cherry Point), 48, 49, 50 (Elliott Bay), and 69 (Hood Canal) were classified using
ERDAS Vers. 7.5 software to “Vegetation Thematic” classes. Tabular summaries of the areas of each class
are shown in Table 1.

Examples of results are shown in the poster session “Mapping Puget Sound Nearshore Habitats.”
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Table 1. Areas of vegetation types in selected flight lines

Cherry Pt. | Elliot Bdy | Elliot Bay | ElliotBay | Hood Canal
"Vegetation Thematic" . Line #6 Line #48 | Line#49 | Line #50 Line #69
Class (areain (areain (areain (areain (areain
hectares) hectares) | hectares) | hectares) hectares)
Eelgrass 468.6 4.0 2.8 4.1 66.7
Kelp - 18.3 0.8
Green Algae * 25.2 29.3 6.1 1.8
Brown Algae * 0.6 1.2 2.0 0.02
Red Algae * '
Mixed Algae * 6.8 0.3
Salt Marsh * 0.2 5.2
Spit/berm vegetation * 0.7 0.1
Total vegetation 486.9 30.5 424 19.2 74.12

Comparison of Aquatic Resources Nearshore Inventory to Coastal Zone Atlas and National
Wetlands Inventory

The Coastal Zone Atlas (CZA)(Washington Department of Ecology, 1980) and the National Wetlands
Inventory (NWI) are the two most comprehensive sources for nearshore vegetation maps in the Puget Sound
Basin. Both map sets were developed from aerial photo interpretation and some field verification. The
Coastal Zone Atlas was published in 1977 and the National Wetlands Inventory for Washington state was
published in 1987, but it was developed from aerial photography taken in the early 1980s (U.S. Fish and
Wildlife Service, 1987). The Coastal Zone Atlas was developed for a purpose similar to our own invento-
ry—to provide coastal habitat information on a regional scale that will improve management decisions in
Washington state. The National Wetlands Inventory was developed to map fresh and saltwater wetlands for
the entire United States; therefore, the level of classification detail for NWI is much less than that of the
CZA or of our inventory. (See Table 2 for comparison between Aquatic Resources, CZA and NWI classifi-
cations.)

In the following section we have compared the “vegetation thematic” land cover classification of a few of
our work areas with the maps of the same areas in the CZA and NWI. From this comparison we cannot

Table 2. Translation between nearshore vegetation classification systems for existing maps in Puget Sound
Basin

Aquatic Resources Class CZA Class NWI Class
Eelgrass seagrass aquatic bed
Kelp kelp community aquatic bed
Green Algae other algal community aquatic bed
Brown Algae other algal community aquatic bed
Red Algae other algal community aquatic bed
Mixed Algae other algal community aquatic bed
Salt Marsh salt meadow, salt marsh, emergent
brackish marsh
Spit/berm vegetation vegetated spit no corresponding class
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Table 3. Comparision of data collection and interpretation methods of National Wetland Inventory, Coastal
Zone Atlas and Nearshore Inventory

National Wetland Coastal Zén"io Atlas Nearshore
inventory inventory
Date of data collection 1980-3 mid 1970's 1992
Data source photointerpreted color photointerpreted aerial multispectral scanner
infrared photography photographs imagery and aerial
(NHAP) photography
Scale of data 1:58,000 1973-4 1:24,000 7.5m pixel
1976-77 1:6,000 1:12,000
Scale of information 1:24,000 1:24,000 1;24,000
Minimum mapping unit 1-3 acres 0.25 acre 1 pixel
0.40-1.21 ha 0.10 ha 0.014 acre
0.0056 ha

make any substantive quantitative conclusions about “real” changes in habitat over time because the basic
information (photographs), techniques used to interpret habitats, and classification systems are significantly
different (see Table 3).

Differences cannot be attributed ta a difference in detection ability, versus an actual change on the
ground. Nonetheless, it is useful to see how our inventory will add to the existing information. Project
flight lines 6, 69, 49 and the southern portion of flight line 48 are compared in more detail in Washington
Department of Natural Resources (1994).

WHAT HAS BEEN LEARNED

Relevance

The classified land cover maps not only fulfill a task of the Puget Sound Water Quality Authority’s Puget
Sound Ambient Monitoring Program but will also be used for better management of aquatic resources by the
Department of Natural Resources. WDNR, as steward for state-owned aquatic lands, is committed to man-
aging these lands for the current and future citizens of the state sustaining long-term ecosystem and econom-
ic viability. Several other programs or issues will benefit from this information—programs such as
Endangered Species Act habitat identification and protection, eelgrass management, ecosystem management
by various agencies, habitat restoration activities, resource damage assessment efforts, tribal shellfish issues,
and growth management act critical areas protection.

Integration With Other Tasks

There has been a decided lack of integration with other PSAMP tasks. First, few of the other monitoring
tasks take place in intertidal or shallow subtidal regions. Little has been done to correlate habitat distribu-
tion and type with the occurrence of monitored organisms.

There has also been little use of the information generated to date to determine the effectiveness of other
programs in the Plan (PSWQA, 1991). There have been few efforts to collect and analyze historical data on
habitat changes in Puget Sound (see Thom, R. M. and L. Hallum, 1991, for a review). These tend to be gen-
eral or regional in nature. This program will aid in making a more detailed change analysis possible.

The use of the habitat information has been more widespread outside the PSWQA. We have shared data
with the WDFW Priority Habitat Species Program and several counties for use in their lmplementanon of
the Growth Management Act requirements.

An international effort with British Columbia has indicated that loss of habitat was the most pressing
environmental issue in the shared waters of British Columbia and Washington (British Columbia/Washington
Marine Science Panel, 1994; Levings, C.D. and R M. Thom, 1994). A task force reporting to the Science.
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Panel has called for the inventory of habitat and development of a common protocol for inventory, classifica-
tion, and database management. This program is involved in this effort.

Lanzer, elsewhere in this proceedings and in Needham and Lanzer (1993), discusses the need for data
integration in the development of Puget Sound GIS. An integral part of the database is habitat information.

Proposed Changes

The protocol needs be expanded, both vertically and horizontally, to regions not now covered. These
include subtidal regions (below the depth at which features are discernible—about 1 m below surface), the
Strait of Juan de Fuca, and the outer coast and estuaries. Loss of important habitats at the lower limit of
light penetration is not being properly monitored.

As discussed above, the protocol needs to be coordinated with similar habitat inventories and classifica-
tions in British Columbia.

For full realization of the program’s goals, any future data acquisition must be collected with spatial use
clearly designed into the initial planning.
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COASTAL EROSION MANAGEMENT STRATEGY

THE RATE AND CHARACTER OF SHORELINE EROSION ON PUGET SOUND

Hugh Shipman'!

INTRODUCTION

Puget Sound consists of approximately 3,000 km of shoreline—most of it either eroding or subject to
erosion. As populations in the region grow, pressure to develop the shoreline will increase. A majority of
the new development will be single-family residences, built along rural, forested shorelines. The ecological
cost of this development for Puget Sound may be high. In addition, property owners will feel compelled to
protect their valuable investments and may choose to install bulkheads or seawalls for erosion protection.

Wise management of the shoreline, whether intended to protect natural ecosystems or to prevent the
loss of economically valuable property, requires a thorough understanding of shoreline processes and
specifically of shoreline erosion. This paper summarizes much of what we know about the nature of
erosion on Puget Sound, along with limited information on the rates at which it occurs.

GEOLOGIC SETTING

Puget Sound and its associated waters lie within the Puget L.owland, a tectonic trough located between
the Cascade and Olympic mountains. The Puget Lowland has been repeatedly -occupied by glaciers, the
most recent of which retreated from the area about 12,000 years ago. The glaciations created the north-
south fabric of the topography and deposited much of the sediment that currently blankets the region.
Surficial geology consists primarily of glacial outwash, till, and glacial-marine drift, along with interglacial
fluvial deposits and lakebeds.

Puget Sound has mixed-semidiurnal tides, with maximum high tides occurring near the winter solstice.
The tidal range increases southward into Puget Sound from less than 3 meters in the north to more than §
meters in the Olympia area. The Puget Lowland is currently subsiding as a result of tectonic movements.
Sea level is rising more rapidly in the southern sound (3.4 mm/yr at Tacoma) than in the northern sound
(0.6 mm/yr at Friday Harbor) (Shipman, 1990).

Puget Sound is largely protected from open-ocean wave conditions. Waves within Puget Sound are
generated locally during storms, and fetch is the significant limiting factor for wave formation. Even where
fetch is relatively great, the narrow bodies of water reduce the effective fetch significantly. Maximum
wind speeds are generated during winter storms, which usually result in southerly winds over Puget Sound
and northerlies over Georgia Strait (Downing, 1983).

Winds generally parallel the elongate water bodies, leading to highly oblique wave approach on most
shorelines. Deep water is located relatively close to shore along most shorelines; therefore waves are
relatively unaffected by the bottom until they reach the beach. This results in minimal refraction of waves
and little tendency for waves to break offshore.

The present Puget Sound shoreline, consisting of a shore platform, coastal bluffs, and numerous barrier
beaches, has largely formed since global sea level rise slowed near its current position about 5,000 years
ago. The highly convoluted shoreline is divided into a large number of discrete littoral cells that range
from a few tens of meters to a few tens of kilometers in length (Schwartz et al., 1989). Littoral transport
volumes are correlated with fetch but are generally small, reflecting the moderate wave energy regime, the
small littoral cells, and the coarse beach material (Wallace, 1988).

Beach sediment is derived largely from coastal bluff erosion. Several major rivers empty into Puget
Sound, but beach-size sediment is deposited in the lower river channel or in the delta. Small streams and
drainages that reach the shore may provide sediment in some areas, but we believe this is a minor

1 Washington Department of Ecology, Shorelands & Coastal Zone Management Program, P.O. Box 47600, Olympia,
WA 98504-7600
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component on most shorelines at this time. Beach sediment often reflects the particle size composition of
local bluffs.

SHORELINE EROSION

Puget Sound’s shoreline consists of several general shore types. The most prevalent is that of a coastal
bank or bluff with a narrow fronting beach. The distinction between low banks and higher bluffs is often
made but is somewhat arbitrary and unnecessary here. Coastal bluffs are found in virtually all parts of
Puget Sound. The second common shoreline type is a rocky coast, often with minimal beach development.
Such shorelines are particularly common in the San Juan Islands. A third common shore morphology is a
depositional landform such as a sandspit or barrier beach. Such beaches are found throughout the Sound.
A fourth shoreline type is the deltaic shoreline, found where major rivers enter the Sound, although few of
these remain in their natural state. A final shoreline type includes those associated with protected lagoons
and marshes. In this paper, we limit our discussion to shoreline bluffs, depositional beaches, and rocky
coasts, since they are the locus of most of the new development activity.

Erosion of Shoreline Bluffs

Coastal bluffs comprise the largest single class of shoreline on Puget Sound. We include in this
category all shorelines formed on non-bedrock uplands, ranging from banks less than several meters in
height to high bluffs rising over 100 meters. Coastal bluffs are generally carved into a sequence of glacial
and interglacial sediments, including fluvial sands and gravels, coarse outwash deposits and lakebed clays,
as well as till and other drift from several glacial periods. Morphology varies greatly, from vertical,
unvegetated bluffs to gradual slopes with mature forest cover. Bluffs are typically fronted by a sand or
gravel beach that forms a thin wedge on a relatively flat erosional platform.

The erosion of coastal bluffs and cliffs has been described on many shorelines (for example: McGreal,
1979; Kamphius, 1987). In general, bluff erosion is a cyclical process in which wave-induced erosion
alternates with gravity-induced mass-wasting. Waves remove debris and undercut the base of the slope,
leading to the development of an unstable slope profile, allowing mass movements to occur. One
significant implication of this is that bluff recession rates are highly episodic, with rapid erosion events
punctuating long periods of relatively little change.

Coastal slopes are susceptible to a wide variety of mass-wasting mechanisms, depending on geology,
stratigraphy, hydrology, vegetation, and other factors (Tubbs, 1974; Thorsen, 1987; Macdonald et al.,
1994). These mechanisms include raveling of unconsolidated sands and gravels, block falls, shallow slides
and flows, and large rotational slumps. Soil creep may be a significant factor on many coastal slopes. The
Coastal Atlas (Washington Department of Ecology, 1978) contains detailed maps of coastal slope stability,
including the locations of large historic and prehistoric slides. Shallow slides and flows are probably the
most common form of slope failure on Puget Sound coastal bluffs. They typically involve only a
weathered layer 1 meter to 2 meters deep but may range in size from several cubic meters to tens of
thousands of cubic meters. These slides may be triggered by wave action; however, they often result from
geologic weakness developed along perched water tables and may occur well above the base of the slope.

Long-term bluff recession rates generally depend on three factors: the wave energy reaching the site,
the geology of the bluff, and the character of the fronting beach. The wave environment affects the energy
available to erode and transport material. Geology controls the resistance of the bluff toe to erosion as well
as the degree to which mass-wasting processes can deliver easily erodible debris to the base of the slope.
The fronting beach determines the frequency with which waves directly attack the base of the bluff and the
degree to which wave energy can be dissipated without eroding either the bluff toe or the erosional
platform. ‘ :

The toe of a typical bluff may be located about 0.5 m above MHHW. For waves to erode the toe,
storm waves must coincide with high spring tides. Wave-induced toe erosion is generally concentrated
during a very few events during the period of November to January, based on the seasonal occurrence of
significant windstorms and the year’s highest tides.
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Removal of material from the toe of the bluff would be a self-limiting process were it not for the
continued lowering of the beach and wave platform. Kamphius (1987) has pointed out that this
downcutting is the limiting factor in the recession of bluffs composed of coherent sediment. The rate of
downcutting depends on the lithology of the erosional surface and on the volume and character of the
beach material.

The beach is a crucial factor in protecting the bluff from wave action. Jacobsen and Schwartz (1981)
noted that beach width generally increased downdrift within a littoral cell. The additional width decreases
the frequency with which waves can act directly on the bluff. In addition, the additional beach volume
provides a buffer against large storms.

Bluff recession rates can be determined by several direct techniques, such as the analysis of old aerial
photographs, survey records, and historical documents. Indirect methods, such as inferences from the age
of undermined bluff vegetation or from the width of erosional shore platforms, may be useful but often are
not sufficient for quantitative analysis and may only provide a minimum or maximum bracketing rate.
Virtually all methods are limited by the generally slow rate of recession, its episodic character, and the
poorly documented record. The amount of recession expected over a several decades may simply be too
small to map accurately, particularly given the scale of errors associated with many of the techniques. The
highly episodic nature of bluff recession means that a very long period must be considered in order to
determine an accurate average erosion rate.

Qualitative evaluations of bluff erosion may be based on the steepness of the bluff or the amount of
bluff vegetation. Bare, vertical bluffs are interpreted as eroding rapidly, whereas heavily vegetated,
gradually sloping bluffs are interpreted as relatively stable. This technique is valuable, particularly at a
reconnaissance level, and provides a good measure of the relative role of wave erosion and upslope mass-
wasting. Caution must be taken, however, since vegetation and morphology may both depend on numerous
additional factors, including lithology.

The Washington Coastal Atlases (Washington Department of Ecology, 1978) map the erosional
character of the shoreline based largely, we believe, on interpret