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PREFACE




SALMON. THE WORD CONJURES UP IMAGES OF THE PACIFIC Northwest. But not too long ago salmon also filled the rivers of New England and before that Great Britain. What happened?




The stories of declining salmon runs are remarkably parallel across the English-speaking world, yet the similarities are not well known even by people running salmon-recovery efforts. I trained to study how rivers and landslides shape topography and only came to study salmon after moving to Seattle to take a faculty position in geology at the University of Washington, where it is hard to study rivers without thinking about salmon. Intrigued by the connections between rivers and salmon, I began to explore how the changing landscapes of the Pacific Northwest affected the evolution and abundance of salmon. Digging into the history of the Atlantic and Pacific salmon fisheries, I found a fascinating story of how valuable public resources can gradually decline despite high-profile concerns over conservation.




Izaac Walton dubbed salmon the King of Fish in 1653. Today we know that much of what Walton wrote about salmon in The Compleat  Angler is wrong. Yet, ironically, as knowledge of the salmon, their amazing life history, and their basic habitat requirements grew, the human impacts on salmon and their environment accelerated even faster. We now know more about the natural history of salmon than about how to save them.




Scientists typically argue that we need to do more research, that our understanding of complex natural systems is not yet complete enough, to confidently forecast their behavior. In a general sense this certainly is true. Much remains to be learned about salmon and rivers. The need for more research comes up all the time in salmon-recovery efforts. I’ve made this argument myself at times. But as I learned more about both the history of salmon fisheries and the effects of habitat change on rivers and salmon, I realized that knowledge alone is not enough.




Salmon are not in trouble because people didn’t know about the impacts of human actions on salmon runs. Forty years ago, in his opening speech to the Second Governor’s Conference on Pacific Salmon in Seattle in January 1963, Washington state governor Albert D. Rosellini declared, “We are presently faced with a desperate situation on salmon. . . .[T]he ugly truth is that if we continue as we have during the past few years, our salmon stocks are doomed to extinction!” Ignorance was not the primary problem; neither was an incomplete knowledge of the natural history of salmon. The King of Fish is not in trouble because people don’t care about salmon. Laws to protect salmon have been on the books for over a century in the Pacific Northwest, and attempts to save salmon date back hundreds of years in England. Efforts to save the Columbia River salmon began well before dams tamed the river. The biggest problem for salmon lies elsewhere—in the way we make decisions and in the mismatched time scales over which societal and evolutionary processes operate, as well as the slow accumulation of little changes into large impacts that can radically alter natural systems. Under human influences the landscape gradually evolved right out from under salmon.




This book is not meant to be a rallying cry to save wild salmon at all cost in every stream across the Pacific Northwest. Neither is it intended to support the rationalizations of those who seek to write wild salmon off in favor of unfettered land use. I don’t care more about fish than I do about people. Neither do I believe that we can bring salmon back to their former glory across the region as the human population doubles over the coming century. I suspect that advocates on both sides of the salmon wars will find things to praise and to criticize in this book. Such is the risk of writing about an emotionally and politically charged subject.




Many writers over the past century and a half have remarked that salmon and civilization appear to be mutually exclusive—that the development of the landscape for the use of modern societies must inevitably banish salmon to shrinking refuges uninhabited by people. I reject this argument. Although past experience certainly endorses this view, it is based on the faulty premise that we lack the ability to adapt our behavior to accommodate salmon. Salmon and civilization can coexist, if we so choose. I hope that this book brings some longer-term perspective to current debates over how to accommodate salmon in the changing landscape of the Pacific Northwest, where the next several decades will be pivotal in determining whether salmon survive in significant numbers. It simply would be tragic to lose wild salmon in the Pacific Northwest because we failed to learn the lessons of Scotland, England, and the Northeast. Moreover, those lessons tell us as much (or more) about our societies and ourselves as they do about salmon.
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CHAPTER 1
 HISTORY, THE FIFTH H
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We all thought . . . that the supply of fish would continue forever.




Ezra Meeker, Seventy Years of Progress in Washington, 1921









MY PROFESSORS WOULD NEVER HAVE IMAGINED THAT I, who had been trained as a geologist, would study salmon. Neither, for that matter, did I. Geologists learn to read evidence of changes that happen so slowly that they cannot be perceived in a lifetime. Perhaps this is why most people consider geology to concern deep time, dinosaurs and drifting continents—a science with little relevance to contemporary policy issues beyond natural hazards like earthquakes, landslides, and volcanic eruptions. But just as geologists read the rocks, they also read topography and glimpse the shadows of lost landscapes. 

As a geomorphologist—that variety of geologist who studies landscape evolution—I study how flowing water and the sediment it carries shape topography. In coming to understand the forces shaping the rivers and 

 mountains of the Pacific Northwest, I learned to see the evolution and near extinction of salmon as a story of changing landscapes.




A lot of books have been written about salmon. Why write another one? Salmon are trapped between human population growth, economic development, degradation of environmental quality, and the politics of public policy. The King of Fish, whose slippery hordes once filled rivers across Europe and North America, is becoming rare, either vanished or disappearing across much of its ancestral range.




Though the fate of salmon rests in human hands, it is not clear that we will be able to save them even if our society wants to. Part of the problem lies in conflict between the inherent uncertainty of the natural sciences and the certainty demanded by policy makers when balancing natural resource protection against economic opportunities. But perhaps the biggest problem lies in the way that individual decisions accumulate into big effects: how land use gradually changed river basins into regions inhospitable to salmon over time spans far longer than social and political processes last.




Salmon evolved with and adapted to a changing, dynamic landscape that shaped their behavior and life history. By intentionally and unintentionally altering how landscapes work, modern human societies transformed whole regions into new worlds to which salmon are not well adapted. As odd as it may sound, geology—the study of changing, dynamic landscapes—provides the context for the rise and fall of salmon as the King of Fish.




Pacific salmon diverged from their cousins, the Atlantic salmon, when western North America began to crack up and the western coastal mountains rose during a geological reorganization millions of years before humans evolved. The topography and the salmon of the Pacific Northwest share a common history. Salmon evolved with the region. They are as much a part of the landscape as they are a symbol of the Northwest’s natural splendor.




The fate of salmon is closely tied to changes on the land. The fall of the Pacific salmon is the direct result of both overfishing and other actions that subsequently reshaped the landscape. The story is not simple. But the basic connections are clear.




Humans have conducted at least three full-scale experiments on how well salmon adapt to a changing landscape. Salmon failed each time, first in Great Britain, then New England, and now in the Pacific Northwest. The current salmon crisis is nothing new. We kind of know how it generally works, even if the details change and we insist on ignoring (or having to relearn) old lessons. The strikingly similar history of salmon across these three regions carries clear implications for modern salmon recovery efforts.




Many changes to the landscape that contributed to the decimation of salmon populations occurred gradually, without particular thought to their demise. Some of these changes happened rapidly and for very specific purposes other than killing fish. Nonetheless, human indifference to the needs of the fish played a leading role. In medieval times, people knew that salmon disappear from rivers when dams block them from their spawning grounds. Some five hundred years later, the Oregon Territorial Constitution and early laws in Washington State required provisions for fish passage around all dams. Though well intended, such laws were not aggressively enforced. As development and changes swept across the land, modern fisheries managers placed their faith in the gamble that hatcheries could substitute for lost habitat, even as experience demonstrated otherwise. Today, when concern flares over the status of wild salmon, politics still impedes accommodating the salmon’s basic needs, and hatcheries remain the backbone of plans to sustain many salmon runs.




Many share the blame for the decline of salmon in the Pacific Northwest. Not surprisingly, there is no shortage of finger-pointing: Land developers blame the fishing industry. Fishermen blame the timber industry. Loggers blame land developers. Everybody except dry-land farmers blames the dams. Some even blame hungry sea lions and fish-eating birds. And there is a long history of blaming declining salmon populations on Native American fishing. Yet even though there is a broad consensus among scientists regarding the primary factors driving salmon declines, actions to stem known causes remain either mired in institutional, corporate, and societal denial, dissipated by spin-doctoring, or thwarted by political agendas and bureaucratic inertia.




[image: i_Image1]





A Columbia River chinook salmon.







Policies that changed the landscape, and especially those that affected salmon most directly, resulted from both explicit decisions and implicit choices. Other choices were made by default through deferred decisions and avoidance of issues. More than a century ago, the salmon’s current predicament was forecast, but warnings made little difference as changes sweeping across the land drove salmon from river after river. Although policies that reshaped the land were not intended to destroy salmon, the precarious state of salmon in the Pacific Northwest comes as no surprise.




Nevertheless, the listing since 1991 of sixteen Pacific salmon runs under the Endangered Species Act (ESA) created a regional political and policy crisis. Although the crisis could be considered a series of local issues that endanger fishing communities and traditional ways of life, the problem directly threatens a cultural icon of the Pacific Northwest and its natural wealth. The situation also represents a national crisis that compels us to address endangered species listings for charismatic emblems clinging tenuously to life across other rapidly urbanizing regions. And broadening our view even more, the fall of salmon populations is part of a global crisis as well, for how it unfolds may foretell the environmental future of many other regions and ecosystems. What does it say for the long-term prospects of endangered species around the world if one of the most prosperous regions of the richest country on Earth cannot accommodate its own icon species?




Hand-wringing and finger-pointing over the decline of salmon obscure recognition that the current crisis was predicted long ago. Our modern salmon crisis is a strikingly faithful retelling of the fall of Atlantic salmon in Europe, and again later in eastern North America. Just as in a Shakespeare festival, there are few new surprises in this show. The protagonists and forces that structure their interactions have been known for centuries. Even though we have the script in hand, the modern drama remains fraught with problems that cannot be fixed overnight and that impede efforts to rewrite the final act.




Factors influencing salmon abundance are often generalized into four H’s: harvest, hydropower (dams), habitat, and hatcheries. Often overlooked is a fifth H: history. Learning from the past is important for public policy, particularly if policies have objectives such as the protection of rare and endangered species, or if policy failure irreversibly leads to extinction. Understanding the extent of historical modifications to river systems where salmon evolved can help clarify how to restore rivers and promote salmon recovery. First, we must ask how well we know how to restore our rivers. We then need to ask which rivers are in fact restorable. More difficult still may be deciding where we are willing to do what it takes to restore the salmon that live in them.




Salmon are a symbol of our time, icons of the Northwest, and an indicator of environmental quality—a river full of salmon is a healthy river. The dominant influences driving decreased salmon abundance are well known. But all too often the lessons of history and the impact of factors outside human control are ignored in salmon-recovery planning.




This book relates the rise and fall of salmon and their natural landscape, how salmon influenced and were influenced by human actions, and how this history relates to options and debate over issues at the center of salmon-recovery efforts. Some of the simplest, most logical proposals for accommodating salmon appear too radical for policy makers to even discuss, much less implement. Instead, the policy menu features actions least onerous to those allowed a place at the table. Consequently, salmon-recovery efforts can fail to deal with well-known causes of salmon declines and focus instead on placebos or failed approaches from the past.




Much of what is known about Atlantic and Pacific salmon is not widely appreciated by the general public, and elected officials wrangling over salmon recovery may appreciate it even less. Scientists working on salmon recovery also generally know little of the history that led to, frames, and constrains the current crisis. With legions of professionals engaged in salmon recovery, it remains rare to hear policy makers or anyone else acknowledge that how we live on the land leads directly (and sometimes indirectly) to the risk of local or regional salmon extinction. We seldom, if ever, hear a public official admit that the decline of salmon has been an implicit, even if inadvertent, policy for over a century. And yet unless we address the fundamental underlying issues, we may well spend a lot of money and still end up with no fish to show for it.




Saving salmon in the Pacific Northwest will not succeed as a surgical effort orchestrated by fishery technocrats. If history has a lesson here, it is that technological fixes and politically motivated half-measures will at best delay the inevitable. Both science and past experience show that restoring salmon runs will require reshaping our relationship to the landscape, guided by the humility to admit that we do not know how to manufacture, let alone manage, a natural ecosystem. It will also require recognition that we cannot simply engineer our way out of this crisis, as has been decreed so often in the past.




Will we be able to recover the salmon and remove it from the endangered species list, as we have succeeded in doing with the American national symbol, the bald eagle? Or will the range of salmon in the United States become restricted to Alaska and history books? Although my crystal ball is no clearer than anyone else’s, one thing is certain: Decisions made now will shape the future of salmon not only in the Pacific Northwest but around the world.






















CHAPTER 2
  SALMON COUNTRY
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Civilized mankind has never yet had a fresh chance of developing  itself under grand and stirring influences so large as in the  Northwest. 
 



Theodore Winthrop, The Canoe and Saddle, 1863









NORMALLY I MANAGE TO AVOID SEATTLE’S INFAMOUS traffic. Yet here I am crawling along with the morning commuters, braving Interstate 5 to attend the first meeting of the state’s Independent Science Panel, charged with ensuring that “sound science” 

is used in Washington’s salmon recovery efforts. I’m not sure what I’ve gotten into by agreeing to serve on the panel. But I do know that even when seen at 70 miles an hour, the land tells a story. 






This stretch of freeway crosses through a running mural of a century and a half of landscape change. It is a four-lane time machine running backwards from the modern Seattle-Tacoma metropolis to the less developed Fort Lewis military reservation and the narrow strip of virtually undisturbed forest along the floodplain of the Nisqually River. Heading south along Puget Sound, the drive returns to the urbanized present at the state capital of Olympia.




In the 1850s, when Territorial Governor Isaac Stevens negotiated the treaties between the U.S. government and the area’s tribes to acquire title to the Puget Sound region from its native inhabitants, it took weeks to make this journey from Seattle to Olympia through thick forests and across marshy floodplains cut by wood-clogged channels. Now only the narrow corridor along the Nisqually River preserves a landscape Stevens and his contemporaries would recognize. No doubt they would marvel at this highway and my pickup truck, much as I marvel at pioneer journals that tell of arduous journeys covering just a few miles a day.




With my field assistant, a black Lab–chow mix named Xena, I roll back through time in my Ford truck. Xena stares out the window watching the world slide by. Daydreaming too, I wonder about how this landscape has changed since my ancestors traveled west across America.




Seattle grew from the forest in just over a century. The first permanent European settlement was established in 1851 by Arthur Denny, whose name now graces a downtown boulevard. For the following half century, converting massive trees into shingles and boards provided a living for many and a fortune for the timber barons whose corporate ghosts still own much of the state. At the dawn of the twentieth century, the Yukon gold rush drove Seattle’s first general boom as merchants prospered selling hardware to miners seduced north to Alaska. Expansion of the region’s shipyards and aircraft production during World War II sparked the second economic boom, which was ended by Boeing’s dark days, immortalized in the famous 1970s billboard requesting the last person leaving Seattle to please turn out the lights. Microsoft and biotechnology fueled the third major boom, which transformed Seattle’s skyline and remodeled the verdant river valleys at the base of the Cascade Range into Silicon Valley North. Each of these periods of economic restructuring left its mark upon the landscape, and the salmon.
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Seattle, Washington Territory, 1870.







I’ve lived in Seattle for just over ten years, a quarter of my life. Growing up in California’s Silicon Valley, I watched the slow-motion paving of the fields and orchards of the Santa Clara Valley. Now, year by year, I see similar changes in Washington’s landscape. The remnant old-growth forests of both private and state timberlands are gone—cut fast enough to preempt serious debate over whether they actually should be cut.




Across the state, the once impenetrable forest sports a buzz cut of angular patterns that form bizarre mosaics when viewed from commercial airliners. In a land where settlers hollowed houses out of the stumps of monstrous trees, it is now hard to find a tree big enough for a kid to hide behind. Tattered forests on the urban fringe are being cut for the second or third time to make way for suburbs and shopping malls. You have to go farther from Seattle to walk in a serious patch of old-growth forest than you do from San Francisco. Each time I drive south to Olympia, or north toward Canada, I see the concrete, pavement, and steel creep a bit farther over the Puget Lowland.




The first time that salmon compelled me to drive to Olympia was ten years ago, when I received an invitation of Phil Peterson, a biologist working with a state wildlife program. I had just arrived in Seattle, fresh from completing my doctoral thesis on where streams begin, to head a new research program at the University of Washington. The program, affectionately dubbed the “Bigdirt” project by the committee that funded it, was part of Washington’s Timber, Fish and Wildlife (TFW) program, one facet of the state’s efforts to defuse legal battles over declining salmon runs. The goal of the program was to understand better how humans influence landscape processes, and how salmon respond to these changes in the mountainous Pacific Northwest.




Phil was working on another TFW project, and he wanted to borrow my surveying equipment to document salmon-spawning locations on Kennedy Creek, a small stream just outside Olympia. I decided to tag along to see the fish, having never seen salmon in the wild, even though I now made my living off of them. Phil said that I wouldn’t believe how many fish were in the creek.




Upon arriving at the creek, however, I was astounded not by the number of fish, but by the army of fishermen stationed along the banks. I remember wondering how any fish could make it past this human gauntlet. Only later did I learn that, unlike fishermen, salmon returning to spawn are not particularly interested in eating. This makes them sportingly difficult to catch.




In a plaid shirt and waders that made him indistinguishable from the crowd gathered around the mouth of the creek, Phil led me along the creek up a dirt road far above the row of fishing poles. We traveled down a narrow path through the woods to the valley bottom and then across the spongy floodplain. I was prepared to remain still and quietly wait for the shy creatures to grant an audience.




No need for that. I heard the fish before I saw them. And then I saw them everywhere. Splashing up the shallow stream. Hanging out in pools. Milling about, spawning, carving into the gravel streambed with their tails. Dead, rotting fish, too, draped like old shirts hung out on whatever snagged them as they floated downstream.




It is striking to see that many fish in a river. Our popular imagery celebrates the wily fish lurking in the murky depths of a dark pool—a solitary soul that can be teased out only with a well-placed fly. But this creek was crawling with the slippery beasts, bright streaks of color dancing through the stream in a chaotic ballet. These fish couldn’t care less when we waded into the stream. They simply kept at it. Every now and then one of them would smack into my legs as it careened purposefully yet recklessly up the creek.
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Salmon leaping a falls on its migratory trip to spawning grounds.









For all the wild motion, for all the splashing and bolting to and fro, the salmon have a singular goal: spawning. The dance begins as the female prepares a nest in the gravel. She lies on her side and thrashes her tail, hydraulically digging a pit roughly two feet by two feet pit in the streambed. She then lays her eggs into the hole, where an eager male fertilizes them. To cover the fertilized eggs the female digs another pit just upstream. Disturbed gravel rises into the water and settles back down onto the excavated nest, burying her fertilized eggs. Once spawning is done, the exhausted fish die. Incredibly, salmon get just one shot at reproduction. If a fish’s single fling doesn’t produce viable progeny, its DNA is expelled from the gene pool.




The fertilized eggs develop gradually in the streambed and emerge from the gravel several months later as small fish called fry. The length of time that young salmon spend in the gravel depends on the temperature of the water. The colder the water, the longer it takes for them to develop. The total time spent in the gravel varies from species to species and place to place, as does the time of year in which spawning occurs. In western Washington, most salmon spawn in the fall, just before the rainy season. If the nest is not deep enough, the developing embryos are vulnerable to being crushed by moving gravel during winter high flows.




All those spawning fish completely rearranged Kennedy Creek. They carved away the gravel bars on the edge of the flow, evening out the streambed. Their combined efforts turned the gravel over across the entire channel, replacing stained, oxidized riverbed with truckloads of fresh, light-colored gravel.




I was impressed. That was a lot of work. As a geologist, I’ve seen how termites pile up huge mounds of earth in the tropics and have studied how gophers reshape hill slopes in California. I’ve even seen my share of valleys flooded by beaver dams. But I had never even thought that fish could rearrange streams. Yet here were the Kennedy Creek salmon changing the very structure of the stream—its width, its gravel bars, its topography. These salmon were so effective at changing their environment that it was hard to believe that their kind were endangered.




What I later came to learn amazed me more. That morning Phil and his colleagues were installing scour chains into the river. Each of these ingenious low-tech devices is a string of plastic golf balls that is anchored on one end in the streambed but whose other end floats free above. When the gravel moves during high flows, the current whisks to the end of the string any of the balls that become exposed to the flow. There they bob until someone returns to measure the depth to which the streambed has been scoured, as revealed by the number of balls at the end of the string.




These marvelously adapted fish dig nests just deeper than the depth of scour during typical winter high flows, just deep enough to allow their eggs to develop unmolested, safely buried below the dangerously mobile gravel. Some places scour more deeply than others—for example, where fallen logs constrict the current, causing it to blast out a deep hole in the streambed. So not all locations in a streambed are equally well suited for spawning. Relying on behavior honed over generations, salmon use water velocities, water depth, and gravel size as clues to good spawning locations.




The depth to which salmon bury their eggs also depends on the size of the fish. Big fish dig deep nests. Small fish dig shallow nests. The finely tuned system of digging nests to just below the depth of streambed scour during typical winter high flows means that salmon are vulnerable to both environmental changes that increase bed scour and selective fishing that takes the biggest fish. If gravel size controls scour depth, and salmon size evolved to allow them to dig deep enough to safely bury their eggs in the stable gravel beneath the streambed, then it follows that the size of streambed gravel influences the size of salmon in different rivers and streams. Large fish can spawn anywhere, since they can move gravel of any size, but small fish can only breed in small-gravel streams. Factors other than gravel size, such as habitat quality and competition with each other and other species, then take over to set population size and structure fish communities.




The fish in Kennedy Creek were chum salmon—not the most popular species at the grocery store. It is no coincidence that chum are not particularly endangered in the Pacific Northwest. That honor belongs to chinook, coho, and sockeye salmon, the tastiest salmon.




There are two genera of salmon, in the family Salmonidae. The Atlantic salmon belong to the genus Salmo, and the various Pacific salmon belong to Oncorhynchus. In addition to the five species of Pacific salmon found in the Pacific Northwest, there is an Asian species of Pacific salmon, O. masou, not found in North America. In contrast, the Atlantic salmon is less diverse, with variants of a single species, Salmo  salar, distributed across Europe and eastern North America.




The scientific names of the North American species of Pacific salmon are inherited from the local Russian names reported by explorers who first described them. Each species is also known by various common names. Oncorhynchus tschawytscha, better known as chinook salmon, is also known as the king, tyee, or spring salmon. Oncorhynchus kisutch, or coho salmon, is also known as the silver salmon. Oncorhynchus nerka, or sockeye salmon, is also called red or blue-back salmon. Oncorhynchus  keta is called chum or dog salmon. And Oncorhynchus gorbuscha, commonly called pink salmon, is also referred to as the humpback salmon or simply as the humpy. It can get confusing. From here on I’ll stick with chinook, coho, sockeye, chum, and pink.




Each species reaches a different size and returns to spawn at different times. Chinook, the largest of the Pacific salmon, typically average 20 to 30 pounds and have two distinct races. Spring-run chinook enter rivers in March and April and spawn in late summer or early fall. Fall-run chinook enter rivers in September and October and spawn in fall and early winter. The largest chinook can reach an incredible 100 pounds or more. The smaller coho salmon average between 8 and 10 pounds, enter rivers and streams from September to November, and spawn in late fall or early winter. Pink salmon, which average 5 to 6 pounds, enter fresh water in August and September and then spawn in the early fall. Runs of chum salmon, which average between 10 and 12 pounds, extend from September through December but individuals typically spawn within a month after entering fresh water. Finally, sockeye salmon, which average 5 to 7 pounds, run up rivers from early June into December. The specific timing of when salmon run up rivers, and when they then spawn, varies somewhat from river to river, and sometimes between different populations of the same species in the same river.




The different species of salmon in the Pacific Northwest occupy different parts of river systems, reflecting adaptation of different life history traits and characteristics to different local conditions. Each species’ predilection for certain kinds of streams is no accident. Factors like body size and run timing relate directly to the preferred habitat of each species. Chinook salmon occupy large rivers. The smaller coho salmon spawn in tributaries and are known for their jumping ability, which helps them surmount logjams and other obstructions common in small streams. Chum salmon spawn in small channels near the estuaries where freshwater meets saltwater. Pink salmon spawn in estuaries. Sockeye salmon spawn in lakes and in streams flowing into lakes. The diversification of Pacific salmon into species that live in different parts of a river system contrasts with the Atlantic salmon’s more generalized use of river systems.




Although different species of salmon prefer different portions of a river, they all share a basic life history. They all begin life as fertilized eggs buried in the streambed gravel, where they incubate, hatch, and develop until they emerge as small fry. The behavior of different species of salmon begins to diverge as they emerge from the egg phase, leave the safety of the gravel, and venture out into the river. Juvenile salmon remain in freshwater for up to several years, depending on the species, and then migrate downriver to the ocean, where they spend one to four years eating and growing into the big fish that most of us recognize as salmon. Once fully grown, they return to freshwater streams and rivers, where they pair up, spawn, and then die. The unusual life cycle of migrating from freshwater to saltwater and back again is called anadromy and fish that exhibit this pattern are anadromous.




One difference between Atlantic and Pacific salmon that the fish themselves could hardly consider a detail is that whereas all Pacific salmon die after spawning, about one in ten Atlantic salmon survives spawning, returns to sea, and then returns to spawn again. Most salmon in one age class, meaning they go to sea in the same year, will come back together, and most will return to the same stream in which they hatched—but not all of them. A few come back early, and a few swim up other streams. Whether bold explorers or ineptly lost, these wayward salmon allow salmon to colonize new streams and rivers and thus are the key to the wide geographic range of the species. Occasional strays can, over time, expand salmon into new areas.




These wanderers can also recolonize streams whose original populations may have been wiped out in a disaster, for fish out at sea represent a reserve fish population for a given river. For example, if the salmon in a river are wiped out by a landslide or an erupting volcano, there are more fish from that same river waiting to mature and reenter it in coming seasons. The reserves of fish at sea are important to restocking rivers disturbed by natural catastrophes.




Salmon have several tools at their disposal to find their way back to the stream of their birth. Small amounts of the mineral magnetite secreted in their brains may function as tiny magnets that aid navigation and facilitate long migrations at sea. Some argue that in the open ocean salmon navigate by the stars, much like Polynesian navigators on transoceanic voyages. Salmon can smell differences in naturally occurring chemicals carried by runoff that impart a distinctive bouquet to a stream. Once they near the coast, smells imprinted on the journey downstream help guide the salmon back up their home river; they follow the scent of their river carried in surface waters to guide them on the final leg of their journey back from the ocean.




The natural ranges of the Atlantic and Pacific salmon are the periphery of the Pacific rim of Asia and North America, the Atlantic rim of northeastern North America, and the northern shores of Europe. Salmon are adapted to cold water and do not inhabit tropical waters. Their presence in the Southern Hemisphere is attributable to human intervention, without which they never could have crossed the warm equatorial seas. Although threatened in their Northern Hemisphere homelands, chinook salmon are thriving “down under” after being introduced to New Zealand as game fish in the early 1900s. As with many other introduced species, there is now growing concern over transplanted salmon displacing native fish. A rapidly growing salmon-farming industry in Chile and South Africa has triggered similar concerns that non-native salmon could escape into the wild, and invade southern waters. One hemisphere’s endangered icon is another hemisphere’s alien invader.




The awesome chinook salmon, the most endangered of the Pacific salmon in Washington State, are hard to appreciate unless one has had a direct encounter. I saw my first chinook in the early 1990s during a canoe trip down the Queets River, a day’s drive west of Seattle on the Olympic Peninsula. The Queets is as close to a pristine salmon river as still exists in the lower forty-eight states. Most of the river lies within Olympic National Park, created by President Franklin D. Roosevelt in 1938 with a boundary designed to preserve at least one river in the continental United States in a natural state from its source to the sea. But Roosevelt didn’t quite get the whole Queets River watershed into the Park. In the 1960s, the Washington State Department of Natural Resources blazed logging roads through the still-virgin forest outside the park boundary, ensuring that the park could not readily expand.
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Logjam in the Queets River, Olympic National Park, ca. 1994.







In the late afternoon, a dorsal fin broke the surface of the Queets and headed on a collision course for our canoe. This big chinook, its back sticking awkwardly out of the water as it navigated a shallow riffle, seemed hell bent on ramming us but veered once it sensed our presence. Still speeding, it shot past our canoe toward the safety of the next deep pool, at the base of a huge natural logjam formed by fallen trees. When migrating upriver to spawn, chinook rest in pools where they can submerge and hide from predators. Once this big fish passed us and settled into the deep water we turned our attention toward not hitting the massive trees held in the next logjam.




Tim Abbe, one of my graduate students, and I were on the Queets to study how salmon-harboring pools form in a river full of old-growth logs. In particular, we were studying how the diversion of flow around large logjams scours out the deep pools favored as resting sites by migrating chinook. Our plan was to canoe down the river, measure the dimensions and depth of each pool, note the nature of the process that formed each one, and thereby determine the nature and relative importance of processes responsible for forming big pools. It turned out that in the Queets River the deepest pools form where huge trees fall into the river and snag more detritus being carried downriver. Eventually the pile becomes organized into stable logjams, which then deflect flow scouring deep holes into the riverbed. By measuring the depth of all the pools we canoed past, we found that those formed around logjams were two to four times deeper than those formed solely by the normal current of the river. More big pools means more space for more big fish, like chinook. Conversely, smaller pools provide room for fewer fish. Once they have fallen into the river, huge old-growth trees create the deep pools that provide spaces large enough to house big fish.




Stable logjams may create and enhance salmon habitat, but they are also hazards to navigation. Over the past century and a half, most Pacific Northwest rivers had logs pulled out of them and large trees cut from their banks. Consequently, the number of deep pools has decreased in rivers throughout the region. Studies of historical records and the few reaches of rivers still flowing through old-growth forest indicate that an estimated two thirds of the pools have disappeared from Puget Sound rivers over the last 150 years. Field studies also show that the abundance of chinook and coho in a river is related to the number of pools. Connect the dots and the historical loss of large pools in Puget Sound rivers significantly reduced the number of big fish that could be supported by the available habitat.




The Queets River is a historical anachronism—a large river with an intact floodplain forest. The giant trees that still fall into the Queets are not cut up for firewood or lumber. The Army Corps of Engineers does not pull them from the river. These logs remain free to do what they have done for thousands of years: sink, roll, float, pile up into huge logjams, become buried in the floodplain, and gradually decay. Observing what happens to these huge logs in river ecosystems on a canoe trip down the Queets River provides another time machine–like experience.




Knowing what rivers were like in the Pacific Northwest before development of the region helps us to assess how different our current rivers are from those in which the Pacific salmon evolved. This understanding, in turn, provides insight into how habitat changes contribute to ongoing salmon declines and how these trends might be reversed.




Intensive fieldwork on the Queets River showed that interactions between the river and the floodplain forest control pool formation, the creation and maintenance of small side channels that branch off from the main channel to rejoin it downstream, and even the topography of the valley bottom. Deep pools and quiet side channels are key elements of a good salmon stream. They form when huge logs knock sediment and water around in a river. Tim and I realized that the big trees were a critical foundation for the processes that structured and maintained the river ecosystem, and especially salmon habitat.




But how does this work? Tree trunks float, so how can they shape a river? As one might imagine, only very large logs are stable in big rivers. In addition, a root wad sticking off the end of a log can act like an anchor so that as the current pushes the log downstream it digs itself into the riverbed. Then other logs moving down the river can be pinned against the snagged log and a logjam starts to grow. A stable logjam not only diverts flow, carving out a pool where the current slams into the riverbed, but it also causes deposition of sand and gravel in the low-velocity water immediately downstream of the logjam.




Eventually, enough sediment can build up to form an island, which over time can become incorporated into the floodplain. Small back-channels left between these logjam-formed islands mean that the “river” is actually not a single channel filled with flowing water. Instead, ribbons of water moving across the valley bottom split into a complex web of small side channels where massive logjams block the main flow.




Using a combination of tree-ring counting and radiocarbon dating, we compared ages of the biggest floodplain trees to the ages of ancient logjams sticking out of the riverbanks on which the big trees grew. Most of the big trees were just a little younger than the logjams beneath their roots, demonstrating that the big trees started to grow in the sheltered zone behind a logjam. The buried logjams were themselves founded upon huge logs from an older forest stand, no doubt sheltered by an even earlier logjam. Over hundreds of years the floodplain of the Queets River was built by repetition of this process across the valley bottom.




It was startling to learn that logjams not only could prove stable over centuries but also could actually push around one of the largest rivers in the region. Most research on salmon habitat in the Pacific Northwest has focused on small streams. After all, small streams are easy to work in— you can wade across them, see the streambed, and safely take measurements without a boat. And it is not too hard to imagine that a tree falling into a stream may remain where it fell, divert the flow, and scour out a pool. Until recently, however, the perception among stream ecologists and geomorphologists was that logs just float right on down big rivers. We’re still learning the extent to which logs from floodplain forests influenced rivers in the old-growth forests of the Pacific Northwest.




Following European colonization of the Pacific Northwest, big lowland rivers were the first to change, and there is little documentation or cultural memory of their prehistoric condition. Yet the first crisis involving the listing of salmon under the Endangered Species Act (ESA) in Washington State involves the chinook that live in the biggest rivers. It is an awkward truth that our scientific understanding of the processes shaping big rivers in forested regions lags behind our societal need to make decisions. Nonetheless, decisions are being made—often with inadequate consideration of what we do know about salmon, their habitat, and the effects of both past and potential future human actions on them.




Through all the finger-pointing and political posturing it remains clear that the interaction of geology, rivers, and fish defined the rise of the Pacific salmon, just as the interaction of people, rivers, and fish is driving their fall. Settlement of the Pacific Northwest involved massive changes to rivers and streams—and these changes have had clear, predictable impacts on salmon. Even without the benefit of hindsight, the present ESA listing of various species of Pacific salmon can be seen as the direct, logical, and foreseeable outcome of a century and a half of explicit policies and implicit choices. How we respond to this latest salmon crisis will determine whether in the future there will be salmon passed on to our children’s children.






















CHAPTER  3
  MOUNTAINS OF SALMON
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You cannot step in the same river twice, for the second time it is  not the same river.






Heraclitus (535–475 B.C.)













IN 2001, ALMOST A DECADE AFTER THE TRIP TO KENNEDY Creek in the early 1990s that hooked me into studying salmon streams, Phil Peterson gave me another opportunity to see salmon in the wild, this time along the headwaters of the Skokomish River on the southeast corner of the Olympic Peninsula. Phil had left the Timber, Fish, and Wildlife program for a position as a biologist with the Simpson Timber Company. We had continued to work together on the geomorphology of salmon and in the later 1990s I had helped Phil develop ideas for a habitat conservation plan for Simpson’s tree farm. Unlike our visit to Kennedy Creek years earlier, our quarry this time was fossil salmon. 






A local fisherman, Jeff Heinis, had noticed large fish fossils protruding from the bank of a remote reach of the river on Simpson Timber Company land. Phil followed up on the report and went out to see the fossils. Upon returning he called me to ask if the University of Washington had a paleontologist interested in salmon, and whether I was interested in helping interpret the deposit that contained the fossils. Phil was concerned that erosion of the riverbank could destroy the fossils during winter high flows. I referred him to the Burke Museum, the University of Washington’s natural history museum, and its experienced fossil collectors and curators.




He then emailed me photos of the fossils. They were remarkable. The fish were quite large, and numerous. The outcrop of sediment that held the fossils was set in the bottom of a deep canyon, and the fossils were in lake deposits within the canyon. Layer upon layer of fine-grained sediment formed a series of small “steps” or terracettes down to the river’s edge. Fossil fish lay in the sediment like pressed flowers. The photos revealed relatively complete skeletons and impressions of scales and other fine features that had been preserved when the fish settled into the soft mud at the bottom of the ancient lake.




This was too good to pass up. After all, fieldwork is one of the basic pleasures of geology. And Xena the dog would be appalled if I turned down an invitation to work along a stream or river where she could explore. So we piled into my truck and headed south to meet Phil in a Denny’s parking lot in Olympia. After I introduced Phil to Xena, we transferred our gear into Phil’s unmarked company truck and drove over Kennedy Creek, past Simpson’s main office, and out to the floodplain of the Skokomish River.




The South Fork of the Skokomish begins in steep U.S. Forest Service land deep in the Olympic Mountains. On its way to Puget Sound, the river cuts through a narrow canyon and then traverses Simpson timberlands. After leaving the mountains, the river flows across a broad floodplain and deposits its gravel load. Farms and houses now cover the floodplain.




The North Fork of the river begins in Olympic National Park but is diverted into a tunnel that flows through a ridge directly to an arm of Puget Sound, powering turbines along the way to light the city of Tacoma. This diversion means that less water now reaches the confluence with the South Fork. Downstream, the river completes its journey through the Skokomish Indian Reservation before emptying into the sound. We drove up along the river past the canyon on the South Fork and into the headwaters.
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Selected rivers and creeks of western Washington State.









We reached the end of the road in late morning and parked on a broad upland that formed a surface a few hundred feet above the river, where a logging track became a foot trail. Well past the end of the road we started to descend a narrow path that led toward the canyon. As usual, Xena was in the lead scouting for good smells to savor and critters to chase. I could see how glaciers had planed into a gentle upland the landscape into which the river had then carved its canyon. At the edge of the canyon the terrain dropped over a series of terraces, the lowest of which formed a narrow valley bottom, to which Phil led us.




The fossil-laden outcrop was just upstream of where the canyon narrows. Apparently ice had dammed the river at some time in the distant geological past, creating a lake that entombed the fossils in its sediments. The terraces over which we dropped to get down to the river were like geological bathtub rings that recorded the progressive incision of the river after the ice retreated back down the valley and home toward Canada.




Xena lost no time in getting down to business, scampering down the riverbank and starting to paw at fossil salmon protruding from the bank. “Leave it!” echoed off the canyon walls. In response I got the soulful-brown-eyes treatment. But this was serious business. I responded with the coolest “Yes, I really mean it” that my eyes can muster.




The fossil salmon were best preserved in the lowest levels of the lake sediments, the earliest chapters of this geological story. Immediately below the lake sediment and its beautiful salmon skeletons lay the gravel of an ancient streambed. We collected sticks and wood in the lake sediments to be radiocarbon dated, a technique that measures the amount of carbon-14 (an isotope present in all living matter that is subject to radioactive decay) that is left in the organic material being dated. It turned out that all the carbon-14 maintained by living tissue had disappeared, indicating that the samples were older than 40,000 years—the limit of conventional radiocarbon dating. So the lake formed well before the last glacier overran Puget Sound less than 20,000 years ago.




Once back at the university I started inquiring whether anyone had studied glacial lake deposits around the Skokomish River. It turned out that in the next valley over, U.S. Geological Survey scientists had found million-year-old volcanic ash interbedded, or inter-layered, in deposits almost identical to those containing the fossil salmon. It seemed our lake had been formed about a million years and several glaciations ago, in the middle of the Pleistocene Epoch, the most recent 2 million years of geologic time. We had an outcrop that contained million-year-old salmon.




Not long after my first visit to the fossil site with Phil Peterson I met Gerald Smith, a renowned expert in salmon paleontology at the University of Michigan. Over dinner we discussed the evolution of salmon and I invited him to visit the Skokomish River site. The following summer, Jerry, Phil, and I returned to the site along with Bruce Crowley and Jim Goedert, senior fossil curators for the Burke Museum. While Bruce and Jim calved off great slabs of sediment to collect whole fish for exhibits, Jerry was on his knees with his face in the dirt painstakingly picking away at the outcrop. The finely laminated clay and coarser silts formed easily discernible bands (called varves) reflecting the alternation of slow fine-particle sedimentation in summer (clays) and more rapid sedimentation of coarser particles in winter (silts). After a couple of hours, Jerry rose and filled us in. The salmon were four-year-old sockeyes. Fossils of males and females together in the silty layers indicated that the fish had been on a spawning run when they died—for sockeye, it would have been in the fall.




That evening Jerry explained why he likes to examine little bits of bone rather than whole fish preserved on an intact slab cut from the rock. He can turn fragments around to examine them from all sides. He can see the details of their shape in three dimensions and pick apart the outcrop bit by bit to see how the ancient fish bones sit within the fine layers of sediment. Fossils stuck in a big slab of rock are beautiful, and ideal for display, but to Jerry they present just a single view—more like a photograph than the real thing.




A fundamental problem in understanding the evolution of salmon is that there is almost no fossil record of these fish. Most adult salmon die in mountain streams. As mountains erode, so do the river deposits that contain fragile salmon bones. Consequently, there is little geologic record of salmon streams, let alone salmon. For many years the evolutionary history of salmon was obscure because of this simple fact— there simply are not many salmon fossils. Finds of freshwater fish fossils, like those on the Skokomish, are few and far between.




One of the biggest puzzles for salmon paleontologists has been where and how the salmon survived during the repeated glaciations, ice ages, that characterized the Pleistocene Epoch. Historically, the conventional wisdom was that salmon in the Pacific Northwest rode out the ten or more glacial advances between 2 million and 10,000 years ago in ice-free areas in the Columbia River Basin as well as rivers in Oregon and California. In this view, salmon gradually spread from these sanctuaries after the ice melted. But there are other possibilities. Salmon also could have survived glacial times in ice-free areas along the coast of Washington, Alaska, and perhaps even British Columbia. Today, salmon inhabit rivers at the foot of modern glaciers in Alaska. Sea level was hundreds of feet lower at the height of glaciation, owing to the immense volume of water trapped in polar ice caps, and much of the now-underwater continental shelf was exposed. Perhaps salmon escaped the glaciers by simply moving downstream into rivers flowing across the continental shelf. Salmon can inhabit glacially fed rivers, and they inhabit rivers at the foot of modern glaciers in Alaska. Although this new view is gaining acceptance, it is not yet settled as to which stocks spread from which refuges after the glaciers melted off.




Enter modern technology. Genetic analyses are being used to sort out salmon populations with different histories. DNA sequencing techniques also allow a researcher to use the accumulation of minuscule genetic errors—mutations that pile up over generations at a relatively constant rate—as a clock to estimate when populations diverged. Sequence differences in genes from Atlantic and Pacific salmon indicate that they began to diverge from one another about 20 million years ago. This was a time when cooling of the Arctic Ocean isolated populations in the Atlantic and Pacific Oceans. Freezing of the polar seas below the tolerance of salmon imposed a barrier that prevented the commingling of salmon stocks in different oceans.




DNA sequencing of North American and Asian Pacific salmon shows that a little more than 10 million years ago the Pacific salmon started branching into clans. By 6 million years ago the five different species of Pacific salmon found in North America had separated both from the Asian salmon (O. masou), which is most like the ancestral Pacific salmon, and from each other.




But why are there so many species of Pacific salmon and only one Atlantic salmon? What led to the striking difference in the evolutionary trajectories for salmon on the East and West coasts of North America? The dearth of fossil evidence for salmon evolution has led to a variety of arguments for the diversification of Pacific salmon from the common ancestor they shared with the Atlantic salmon. Conventional explanations invoke advance and retreat of glaciers as the trigger for isolation, diversification, and behavioral modification of local Pacific salmon stocks into distinct species. But why would this only occur in western North America? Glaciers affected not only both coasts of North America but also Europe and northeastern Asia. Why would an evolutionary response to glaciations have been restricted to just the Pacific side of the salmon family?
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Salmon family tree. Courtesy of Ray Troll.







Genetic analyses of mitochondrial DNA show that the modern species of Pacific salmon evolved before the glaciers began advancing 2 million years ago. But even without sophisticated biochemical tools, the idea that the North American species of Pacific salmon evolved during the age of ice can be dismissed. Geologists have been finding fossils of the modern species of salmon in deposits that predate the earliest glacial advances.




Accumulating evidence shows that most of the differentiation leading to the modern species occurred long before the start of glaciation. The oldest known fossil of ancestral salmon, Eosalmo driftwoodensis, found in British Columbia, is from roughly 40 million years ago. The fossil record shows that the Pacific and Atlantic salmon had diverged by 20 million to 10 million years ago, during the Miocene Epoch. By 6 million years ago, the Pliocene Epoch, species resembling the modern sockeye, pink, and chum salmon were present in Idaho and Oregon. Genetic sequencing and analyses of mitochondrial DNA in modern salmon also suggest similar date ranges for the divergences in the salmon family. This is good news for those trying to solve the puzzle of what led to the different species of Pacific salmon. The fossil record and genetic analyses each independently confirm that speciation of the Pacific salmon occurred long before the glaciers began their cycle of advance and retreat. So much for the glacial theory of salmon evolution.




What about anadromy as a basis for explaining salmon evolution? One would hope that a fish would have a good reason to swim thousands of miles and shift from freshwater to the ocean and back again. Why not just stay put, relax, and skip that epic odyssey to sea? One idea invokes changes in the relative availability of food in terrestrial versus marine environments to explain speciation of the Pacific salmon. Global cooling between 40 million and 20 million years ago led to decreased primary productivity in temperate streams and to increased marine productivity—and supply of food for salmon—through enhanced upwelling of deep marine water. It’s plausible, therefore, that going to sea and returning to spawn in freshwater streams or rivers evolved in concert with the oceans’ becoming more productive and terrestrial streams’ becoming less productive as the climate cooled. Climate-driven changes in food availability made going to sea a wise move as streams and rivers became depleted of nutrients in the cooler climate. Even in today’s warm interglacial climate, the streams in the Pacific Northwest remain nutrient-limited. Development of a sea-going life cycle may simply reflect that the Miocene oceans provided richer feeding grounds for growing salmon than the streams in which they hatched.




Recent studies show that salmon, gaining well over 90 percent of their body weight at sea, carry vast quantities of marine-origin nutrients when they return to their home streams to spawn and die. Their rotting bodies nourish stream-dwelling insects that, in turn, feed young salmon the following season. Juvenile salmon have also been known to nibble on the rotting carcasses of their elders. In this way, anadromous salmon provide an organic inheritance for their offspring by fertilizing their home stream. Salmon carcasses also provide a huge infusion of nutrients to aquatic and streamside communities as they decay, get scavenged, and become incorporated into other organisms. In some places, fisheries managers now dump carcasses of hatchery-produced salmon into streams to promote the growth of wild salmon.




This infusion of nutrients into streams sustained a diverse, interdependent ecosystem. Scavengers pull almost half the carcasses of coho salmon from small streams on the Olympic Peninsula. Twenty-five to 90 percent of the nitrogen in the bones and hair of grizzly bears in the Columbia River basin came from marine sources. More than 90 percent of the nitrogen in Alaskan brown bears comes from salmon. Marine nitrogen brought up rivers in salmon even finds its way into streamside trees. Up to a third of the nitrogen in valley-bottom forests swam up the river as a fish. Trees growing along salmon-bearing streams grow up to three times faster than those growing along salmon-free streams. For Sitka spruce along streams in southeast Alaska this shortens the time needed to grow a tree big enough to create a pool, should it fall into the stream, from over three hundred years to less than a century. Salmon fertilize not only their streams but the huge trees that create salmon habitat when they fall into the water.




Evolution of an anadromous life cycle and the resulting transfer of nutrients from oceans to freshwater ecosystems is an important aspect of salmon biology. Salmon could never grow as large as they do in the nutrient-poor environment of freshwater rivers and streams. There just isn’t enough food.
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