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PREFACE

It has been 13 years since the last conference on biotic and abiotic factors affecting

- oceanic and estuarine survival of salmon. The proceedings from that meeting, "The Influence
of Ocean Conditions on the Production of Salmonids in the North Pacific,” edited by William
Pearcy (1983), summarized existing information linking oceanic conditions and salmonid
survival, distribution, and abundance. All four work groups at the 1983 meeting emphasized
the need to understand the effects of ocean conditions on salmonid survival, and called for
long-term studies of the marine environment. |

Unfortunately, the recommendations from the 1983 meeting have gone largely
unheeded. Although the salmon research community has continued to spend large amounts of
time and funding on freshwater habitat issues, relatively little has been spent on estuarine and
marine salmonid habitat issues. In the meantime, Northwest salmon populations have
continued to decline, with “poor” ocean conditions often being acknowledged as playing some
ill-defined role.

In an effort to once again highlight the importance of estuarine and oceanic residency
to salmon survival and year-class strength, we convened a small group in the summer of 1995
to begin planning a workshop to bring together scientists whose research addresses some
aspect of this important issue. Providing further impetus to our efforts were several recent
reports, including the National Research Council's "Upstream: Salmon and Society in the
Pacific Northwest"” (1996) and the Snake River Salmon Recovery Team's "Final
Recommendations for the National Marine Fisheries Service," which have highlighted the
need to fully understand salmonid estuarine and marine life histories--not just because these
environments are where salmonids spend most of their lives, but also because substantial
mortalities occur there, and rigorous evaluations of freshwater salmonid enhancement projects
require information on estuarine and ocean survival.

The workshop consisted of 25 presentations, organized in the following six sessions:

1) selected aspects of salmonid life histories

2) interannual variations in Northeast Pacific marine habitats and the effects on
marine survival of salmonids

3) decadal variations in Northeast Pacific marine habitats and the effects on marine
survival of salmonids

4) processes and mechanisms in estuarine habitats

S5) processes and mechanisms in nearshore coastal habitats

6) processes and mechanisms in offshore marine habitats

On the final day of the workshop, four working groups were organized to identify and discuss
critical research needs, formulate testable hypotheses, and identify potential research strategies
to enhance understanding of the role of estuarine and oceanic habitats in salmonid survival.
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Since the four work groups met independently, their results are presented in slightly different
formats. -

As with any scientific meeting, the ultimate success depended largely on the
thoughtful planning of the steering committee. For the 1996 Newport workshop, "Estuarine
and Ocean Survival of Northeast Pacific Salmon,” the steering committee was composed of
Dr. George Boehlert of NMFS's Southwest Fisheries Science Center, Dr. Robert Francis of
the University of Washington, Dr. Steve Ignell of NMFS's Alaska Fisheries Science Center,
Dr. William Pearcy of Oregon State University, and Drs. Michael Schiewe and William
Peterson, and Mr. Robert Emmett of the Northwest Fisheries Science Center. Drs. William
Peterson, Richard Brodeur, Michael Bradford, Colin Levings, Steve Ignell, and Bruce
McCain, and Ms. Kate Myers served as chairs and rapporteurs for the working groups.
Finally, Ms. Sharon Damkaer and Dr. David Damkaer greatly assisted with compiling,
editing, and reviewing the manuscripts in these proceedings.

Although it has taken 13 years to reconvene a conference on oceanic and estuarine
survival of salmon, the results perhaps justify the wait. More than 140 scientists, representing
disciplines ranging from fisheries ecology to population dynamics, and physical and biological
oceanography to climatology, spent three intellectually stimulating days listening to papers,
engaging in discussion, and planning future collaborations. To all the participants, we extend
our sincere thanks. '

Robert L. Emmett and Michael H. Schiewe
Northwest Fisheries Scienpe Center
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WELCOME

I take great pleasure in welcoming you to this conference on estuarine and ocean
survival of northwestern Pacific salmon. Both the topic of this conference and its location
in Newport are very significant to the Northwest Fisheries Science Center NWFSC). 1
think most of you know that just a few minutes south of here is the campus of Oregon
State University’s Hatfield Marine Science Center. The Hatfield Center also houses
laboratories of the National Marine Fisheries Service (NMFS), the Environmental Protection
Agency, and the Oregon Department of Fish and Wildlife. This setting provides an ideal
opportunity to undertake cooperative research programs among the federal, state, and
university scientists. We began capitalizing on that potential about a year ago, when we
transferred a few of our Seattle researchers to the Newport laboratory. We have also been
very fortunate to hire a small number of highly qualified scientists to work on two new
research programs at Newport. The first is the west coast groundfish ecology and
assessment program. The second is a program to develop research strategies on estuarine
and ocean survival of both marine and anadromous fishes.

I am very pleased to be here because this conference allows scientists from different
institutions and different disciplines to come together to discuss important issues regarding
salmon survival. I think all of you are aware of the national attention focused on the
declining salmon stocks in the Pacific Northwest. The salmon problem encompasses the
entire West Coast. There is a great deal of concern that we scientists are focusing
considerably more attention on certain problems and not enough on others. One of the areas
that requires good scientific planning and effort is the understanding of the factors that
affect estuarine and ocean survival of salmon.

Salmon, in the course of their natural life cycle, originate in fresh water, pass
through estuaries, adapt to salt water, and travel long distances in the ocean before
returning to their natal stream to spawn. This life-history strategy is very complex and
demanding for the species to maintain, as well as difficult for the scientists to study. The
salmon species also has to cope with a number of natural and human-induced habitat
changes. When these anthropogenic changes are superimposed on natural upheavals, they
cause major impacts on salmon survival. As a result, on the West Coast where
environmental and anthropogenic changes have been catastrophic, we are seeing
considerable decline in many salmonid populations.

Considering all of the stresses that we are putting on salmon and their habitats, it is
amazing that we still have any salmon left. Nevertheless, I believe that with a combination
of dedicated scientific effort, wise environmental effort, and good management, we can
mitigate at least some of the major stresses that salmon are facing. Most of the attention so
far has been on the alterations in fresh water, partly because the changes are much more
obvious and easier to study and correct. However, it has become very clear that we need to
focus on and develop considerable information about all stages and geographic phases of
the salmon life history. ’
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The importance of this information has been emphasized in the Snake River Recovery
Team recommendations, in the NMFS-proposed Snake River Salmon Recovery Plan, and in
the National Research Council's report. This is the right time for us to come together. I'm
very thankful to Mike Schiewe and the steering committee, who have worked for the last 6-8
months to develop this agenda and to bring you all together here. I think it is time for us to
identify the areas in which we presently have a lack of information and understanding, and
what actions we should undertake collectively for the next few years. So I'm looking forward
to your presentations and to the directions for new research that you will recommend. I'm
very pleased that NMFS is able to sponsor this conference along with our colleagues at
Oregon State University -- I am a strong believer in multi-disciplinary efforts to address and
develop innovative research strategies.

My own experience as a scientist, working for about 20 years on marine pollution
issues, has shown that success has always occurred when scientists from different disciplines
come together in somewhat untraditional alliances. I hope that the people who study natural
processes, those who study anthropogenic stress, those who study biology, and those who
study toxicology can come together. I think this is a good opportunity to develop some
innovative strategies and a collaborative plan that we can all pursue for the next few years to
come.

Thank you very much.

Usha Varanasi, Ph.D.
Director, Northwest Fisheries Science Center

e
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KEYNOTE ADDRESS: SALMON OCEANOGRAPHY?

Warren S. Wooster

School of Marine Affairs
University of Washington
3707 Brooklyn Ave. N.E.
Seattle, WA 98105-6715

The last time I was in Newport, in 1983, was for a workshop on the influence of
ocean conditions on the production of salmonids in the North Pacific. It arose from the idea
that the environment in which salmon spend their oceanic years had some important effect on
their survival and growth. At the time, we thought that interannual variability was the most
important frequency--hence our book from a preceding workshop on nonsalmonid species was
called From Y ear to Y ear. But since then, as today's lectures have made clear, many have
come to believe that longer scales, decadal and beyond, are probably more important.

The preface to the 1983 salmon workshop report speaks of the devastating effects of
the 1982-83 Nifio event on ocean catches of coho and chinook salmon (Oncorhynchus kisutch
and O. tshawytscha) off Oregon and Washington. More recently, I have even heard El Nifio
described as a "catastrophe." Like hurricanes and earthquakes perhaps, El Nifio is only a
catastrophe to the extent that it negatively affects humans. Otherwise, it is a particular feature
of natural variability and may be as beneficial as it is harmful to the marine ecosystems that it
influences. For example, salmon biologists have been forced since 1983 to contemplate the
medium in which their favorite fish spend a critical part of their life history. Of course, that
has not been sufficient to turn all salmon biologists into fishery oceanographers overnight.

When I came to the University of Washington (UW) nearly 20 years ago, I almost fell
into the chasm that lay between Fisheries and Oceanography. It was my impression then that
the College of Fisheries was interested mostly in salmon and oysters--not a bad combination
if you are hungry, but not really representative of the broad scope of contemporary fishery
problems. There was little interaction with the Department of Oceanography, which stood
aloof from such messy problems. In contrast, I had spent much of my career at an institution
on the edge of a pelagic realm, where interactions between fish and their environment were
accepted as an article of faith, at least after Harold Sverdrup and Elton Sette had cooked up
what became CalCOFI (California Cooperative Oceanic Fisheries Investigations), a program
in which fishery scientists and oceanographers have comfortably cohabited for nearly 50
years.

Of course, there can be too much of a good thing. EIl Nifio has become a convenient
deus ex machina for all sorts of unexplained events, a curious viewpoint for those who
normally see all stock variations as caused by man. In 1982-83, I was asked what El Nifio
would mean for salmon returns--I ventured a guess that the effect would be similar to that of
the 1957-58 event, but I was left with the impression that no one had paid much attention to
that. I tend to see El Nifio not as some sort of plague but rather as an important climatic
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signal that arises in the equatorial Pacific Ocean and sometimes extends into the subarctic
Pacific, even into the Bering Sea, and in extra-tropical latitudes is usually associated with
decreased upwelling, warming, and deeper thermoclines. These in turn influence primary and
secondary production, distribution of both plankton and nekton, and growth and mortality of
higher level carnivores, including salmon.

But El Nifio is not the only influence on these factors, and in the case of fish that are
harvested, the effects of fishing, not only on target stocks, but on their prey, predators, and
competitors, have also to be taken into account. It is my impression that no one really
understands how changes, however induced, in one important component of an oceanic
ecosystem trickle down or bubble up to affect other components. The question comes to a
head in what has been called the carrying capacity problem.

With the increase in the number and output of salmon hatcheries around the North
Pacific rim, and with the observation of reduced growth (smaller size at age) of returning
salmon, the question arises, "Is there a finite carrying capacity for salmon (and other high
trophic level, pelagic carnivores) in the subarctic Pacific, and is it in danger of being
exceeded?" A related question concerns whether carrying capacity is a constant, as tends to
be assumed in the case of marine mammals, or whether it changes in response to climate
variations. These questions led PICES (an international North Pacific organization comprising
Canada, China, Japan, Korea, Russia, and the United States), in 1993, to initiate development
of a GLOBEC program on Climate Change and Carrying Capacity, the so-called CCCC (four
Cs) program.

From the beginning, considerable controversy arose over the definition of the term
"carrying capacity." For purists, it was "k" in the exponential growth curve, what I call the
"bugs in a bottle" approach, and could not be extended to ecosystems. Much of the thinking
on these matters comes from terrestrial or other enclosed systems (e.g., lakes) and does not fit
relatively open-ended systems such as those in the ocean. The debates led ultimately to a
definition that I, at least, am comfortable with: "Carrying capacity for a given population is
considered to be the limiting size of that population that can be supported by an ecosystem
over a period of time and under a given set of environmental conditions."

The carrying capacity problem is a subset of a grander scientific question: "How are
marine ecosystems of the subarctic Pacific Ocean affected over periods of months to centuries
by changes in the physical environment, by interactions among components of the
ecosystems, and by human activities?"

So how do you study such a vast problem? People find it difficult to think freely
about this question because of the funding situations in which scientists here and in most
other countries find themselves. Thinking is constrained by the perception that only limited
resources are available to support such studies. Without new funding, the only solution is to
reprogram existing funds, a prospect that strikes terror into most bureaucracies and causes
them to develop elaborate defensive strategies. While some coastal programs are already

“Y
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funded and under way, studies of the open subarctic Pacific Ocean, the main feeding ground
for most salmon stocks, are much more difficult both to design and to fund.

Two relatively inexpensive approaches are probably the ways to begin, retrospective
studies and modeling/theoretical studies. These are needed both to frame hypotheses and to
design process studies and monitoring efforts. PICES is holding a CCCC Workshop on
Conceptual/Theoretical Studies and Model Development in Nemuro, Hokkaido on 23-28 June
1996 and is convening a one-day symposium on Methods and Findings of Retrospective
Analyses at its Fifth Annual Meeting in Nanaimo, British Columbia in October. PICES has a
Working Group on Monitoring the Subarctic Pacific Ocean and a Technical Committee on
Data Exchange--these will also support the CCCC program. The other desideratum at this
early stage is a network of committees and study groups in which scientists participate in
planning in a systematic way, achieving some sort of coordination among the different
national GLOBEC and GLOBEC-like programs.

Development of an effective scientific program is colored by fishery politics, in the
United States (Alaska vs. the rest of the country) and internationally. Salmon politics seem to
be particularly virulent. In some countries, fishery agencies take the view that all research on
salmon and ecologically related species--that is, everything else--is their exclusive property.
Perhaps in those countries, fishery science is intimately linked with the other disciplines
necessary for ecosystem studies--meteorology and climatology, oceanography of the several
flavors (physical, chemical, biological), and ecology in the broader sense--but I have not seen
any evidence of such a happy interdisciplinary, interinstitutional marriage there nor in most
other countries. Yet it seems to me that without such a broad approach, the scientific
questions that underlie those of more immediate interest to management are unlikely to be
resolved.

Of course this tension goes beyond any single country. Many here work for
government agencies charged with managing fisheries or with providing the scientific
assessments used by the managers. Some such people tend to follow the accepted population
dynamics paradigms and to be impatient with those who are more free to challenge them and
to pursue other approaches without the day-to-day responsibilities of management. I
remember hearing the director of one fisheries center refer to those in what I thought of as a
particularly productive and insightful research group as "playing in an intellectual sandbox." I
spoke earlier of the ancient schism. between oceanographers and fishery scientists, and my
experience at UW shows that the chasm remains despite more bridges across and more
student interest in crossing those bridges.

I hope we can emerge from this workshop with the conviction that the scientific
questions relating salmon growth and survival to oceanic and estuarine conditions are
important to oceanographers as well as to fishery scientists, and that study of these questions
calls for a full sharing of ideas and joint action among those who can bring their knowledge
and skills to all facets of the question. Perhaps then we will be ready to celebrate the
development of a field that might reasonably be called "salmon oceanography."
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Special Topics in Salmonid Life Histories
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CHANGES IN OCEAN SURVIVAL OF COHO AND CHINOOK SALMON
IN THE PACIFIC NORTHWEST

Ray Hilborn and Claribel Coronado

Fisheries Research Institute
University of Washington
Seattle, WA 98195-7980

Abundance of salmon has fluctuated greatly. Figure 1 shows the fluctuation in
landings of-chinook (Oncorhynchus tshawytscha) and coho (O. kisutch) salmon in the United
States. While we have tended to concentrate on the general decline of chinook and coho
salmon from California to British Columbia, we should not lose sight of the fact that even in
the 1970s there was a general perception that salmon stocks were declining, and in Canada
the Salmonid Enhancement Program was begun with the objective of doubling the number of
salmon. ’ ‘

We want to understand what causes the changes in abundance and what the impacts of
alternative human actions will be. The traditional explanations for changes in salmon
abundance have been the 4-Hs: habitat, harvest, hatcheries, and hydropower. We might
therefore compare the trends in catch, escapement, total run, etc., to human action in one of
these factors, or perhaps in several of them.

It has long been recognized that there is variability in ocean survival of salmon, and
most analyses of human impacts on salmon will treat ocean survival as a form of uncontrolled
noise that confounds the analysis. However, the increasing recognition of large-scale changes
in ocean conditions suggests that we might need to do more than simply allow for random
ocean survival, but rather try to measure it directly.

Since the early 1970s, there has been an extensive program of tagging Pacific salmon
using coded wire tags. At present, approximately 30 million fish are tagged every year, and
the salmon management agencies on the Pacific coast conduct an extensive tag recovery
program. These data can be used to estimate the survival of tagged fish in the ocean.
Coronado (1995) and Coronado and Hilborn (in prep. (a,b)) have used these data to describe
the changes in ocean survival. _

VPA Methodology

We used the estimated recoveries of commercially and recreationally caught fish, and
the estimates of tagged fish in hatchery returns, to calculate the survival rate using virtual
population analyses (VPA) (Hilborn and Walters 1992). For each species we calculated the
estimated survival from time of ocean migration to age 3, the most common age of return for
coho and fall chinook salmon. While VPA does require making an assumption about the rate
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of natural mortality for fish in the ocean after age 1, all trends and relative survival are quite
insensitive to these assumptions. :

Trends

Figures 2 to 4 show the geographic trends in survival for coho and spring and fall
chinook salmon by state and province. In each case, the vertical bars represent standard
errors of the mean computed by using each tag code within the state or province for that year
as.a replicate sample. The shaded region represents total hatchery releases.

The trends in survival are both striking and geographically diverse. For instance,
British Columbia coho salmon showed high initial survival in the early 1970s, followed by a
steady decline through the 1980s to a level of about one-third of the initial survival. In
contrast, Washington coho salmon showed steady survivals up until the 1987 brood year and
then a decline after that. For fall chinook salmon, British Columbia and Washington showed
reasonably similar trends, while Oregon and California were quite different. Spring chinook
salmon showed yet a different pattern.

Within geographic regions, there tends to be considerable coherence. For instance,
Figure 5 shows the trends in coho salmon survival for Columbia River hatcheries in
Washington and Oregon. Even though the hatcheries are run by different agencies, the trends,
particularly in the 1980s, are almost identical.

We have performed cluster analysis of survival trends for coho and fall chinook
salmon, and the data tend to cluster by geographic region. We believe these trends reflect the
survival in the early ocean life history of these fish, and this is, in turn, related to the general
oceanographic production regime of the stock.

It is our contention that the survival rate reflects the early ocean survival, and what we
see in the hatchery stocks reflects similar trends in wild fish. While the majority of coded
wire tags are placed on hatchery fish, there has been some tagging of wild stocks. Figure 6
shows the trends in survival of wild and hatchery coho salmon. While far from conclusive,
these data suggest to us that the trends in survival seen in the hatchery fish are likely a
reflection of the survival of wild fish.

Management Implications

This analysis suggests that much of the fluctuation in abundance of chinook and coho
salmon can be explained by changes in ocean survival. This does not mean, however, that we
should ignore human impacts and simply hope for better ocean conditions. The major
purpose of looking at ocean survival is to eliminate this form of variability from analysis
when we consider modification of habitat, harvest, hatcheries, and hydropower.
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As an example, we have constructed a simple analysis of optimal harvesting for a
coho salmon population with constant freshwater conditions, but under two different ocean
regimes (Fig. 7). Here we assume that there is a freshwater carrying capacity and a density-
independent ocean survival. In case 1, we assume a 15% ocean survival, roughly comparable
to the conditions in British Columbia in the early 1970s. The optimal escapement of this
hypothetical stock is 315, and the optimal exploitation rate is 63%. The sustainable yield is
about 500 fish. If the ocean then turns bad and survival drops to 5% (roughly current
survival rates), the sustainable yield drops to 50 fish. The optimum escapement is now only
105, and the optimum harvest rate is 37%.

Thus, while we cannot control the ocean, we must change our management actions as
ocean conditions change. We suggest that under present ocean conditions there is little if any
sustainable yield for chinook and coho salmon in Oregon, Washington, and British Columbia.
Harvest rates need to be drastically reduced, and we should expect the escapements to drop.
We might choose to maintain escapements at the old levels, but we should recognize that the
reason to do this would be to try to retain a large population size until ocean conditions
improve.
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PARTITIONING MORTALITY IN PACIFIC SALMON

Michael J. Bradford

Freshwater Habitat Science
Department of Fisheries and Oceans
West Vancouver Laboratory
4160 Marine Dr., West Vancouver, BC
V7V 1IN6, Canada

Pacific salmon (Oncorhynchus spp.) utilize three or four different habitats during their
life: the subsurface of streams and lakes as embryos and larvae, streams and lakes as young
juveniles, and estuaries and the ocean as older juveniles. Variability in survival in each of
these habitats will contribute to recruitment variation, as will spawner abundance. Here I
briefly review the relative roles of each factor in determining adult abundance.

Parent Stock Size

Pacific salmon are relatively unique among nontropical commercial species in that
their semelparous life history and often simple age structure results in many spawning
populations being dominated by a single cohort of recruits. Thus there is often great variation
in spawner abundance from year to year. Further, the low fecundity of salmon compared to
many marine fish implies that egg-recruit mortality for salmon is much lower (M = 6 to 7;
Bradford 1995) than for many commercial marine species (M = 11 to 14; Koslow 1992).
Interannual variability in mortality is correlated with the mean (Bradford 1992, Bradford and
Cabana 1996), implying that variation in egg-recruit survival in salmon is probably lower than
that for marine fish, depending on the strength and timing of density-dependent mortality.

The result of these observations is that there is often a relatively strong relationship
between stock and recruitment for Pacific salmon compared to similar data for other species
(Fig. 1), and in many cases recruitment can be forecasted from stock sizes with precision not
available for marine fish. However, because the harvested stock consists only of recruits, and
harvest rates in excess of 70% are common, forecasts of recruitment from stock size are
usually not precise enough for modern-day management. Nonetheless, the point I wish to
highlight is that in many cases a significant portion of variability in adult returns can be
related to parent stock size, irrespective of survival conditions in the various habitats.
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Survival in Fresh Water

Salmon use the substrates of rivers and lakes for incubation, and some species use
freshwater habitats for rearing. Survival from egg deposition to fry emergence the following
spring averages about 10%, although there are some data that suggest survival might be
higher for coho (O. kisutch) and chinook (O. tshawytscha) salmon eggs and alevins (Bradford
1995). The coefficient of variation (CV) for interannual survival is about 30%, averaged over
all species. Density effects due to crowding on spawning grounds seem common for species
that spawn in dense aggregations (i.e., pink (O. gorbuscha), sockeye (O. nerka), and chum (O.
keta) salmon; Foerster 1968). '

Coho, sockeye, and some chinook salmon populations spend a year or more in fresh
water, and survival rates for this year range from 5% to 25%. In virtually all cases examined,
there is strong evidence for density-dependent population regulation in coho salmon (Table 1),
probably due to limited amounts of suitable rearing habitat (Bradford et al. in press).
Density-dependent survival has also been observed in lake-rearing sockeye salmon juveniles
(reviewed by Hume et al. in press). In some cases, the density effects are strong enough to
virtually eliminate the effects of parent stock size on smolt abundance, except at very low
stock size.

While the roles of interannual variation in the physical environment (i.e., weather,
hydrology) and density on survival have been fairly well documented, there are few data sets
that allow analysis of decadal changes in freshwater survival due to low-frequency climate
change or habitat degradation. One exception is the long series of egg-smolt survival rates
for Chilko Lake, B.C. sockeye salmon (Fig. 2). Visual examination of these data suggests an
approximately 15-year cycle in survival, although these data have not been quantitatively
‘examined. It is not clear whether the overall downward trend in freshwater survival is real or
has resulted from changes in the methods for estimating spawner abundance. Lower survival
rates in the most recent years may also be related to record high spawner abundances that
occurred in the 1980s (Hume et al. in press).

Marine Survival

Most estimates of marine survival are based on smolt abundances made some distance
inland from the sea and, therefore, include mortality during downstream migration and
residence in the estuary. The survival of salmon in the ocean ranges from less than 1% to
more than 10%, depending on the species, the size at ocean entry, and the length of time
spent in the ocean (Bradford 1995). Interannual variability in survival can be quite high (Fig.
2). Although it might be expected that species that enter the ocean at small size are more
susceptible to ocean conditions, and have more variable survival rates, the evidence for this is
equivocal (Bradford 1995).
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Table 1. Density-dependent mortality of juvenile coho salmon. Shown are regression
slopes (b) and standard error (SE) for regression of log, (smolts) on log, (adults) for
streams with more than 10 years of data. Slopes significantly less than 1 indicate
survival decreases with increasing abundance.

Stream N b SE P(b=1)

Snow 15 0.76 0.07 0.01
Black 10 0.54 0.12 0.00
Carnation 20 -0.05 0.16 0.00
Deer 13 0.44 0.15 0.00
Flynn ' 13 026 0.19 0.00
Needle 12 0.33 0.11 0.00

Minter 11 0.15 0.09 0.00
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In contrast to the freshwater environment, the evidence for density-dependent survival
in the ocean is not as clear (Pearcy 1992). The analysis of such data is often difficult because
of measurement error (Peterman 1982) and time trends in abundance data, hatchery releases,
and oceanic conditions. In most analyses, density-dependent effects contribute only a small
fraction of the total variability in marine survival rates.

Partitioning Survival

A question that is sometimes posed is what is the relative importance of freshwater,
estuarine, or marine habitats for recruitment variation? It is difficult to comment on the role
of the estuary on variation in adult abundance due to the technical problems in accurately
estimating survival in this habitat, so it is necessary to consider the estuary with the marine
environment.

For the other two major habitats, at the species level, empirical analysis indicates
mortality is roughly equally divided between the two habitats (Fig. 3), and we expect that the
variability in mortality would also be divided similarly (Bradford and Cabana 1996).
~Available data suggest that this is true (Bradford 1995), and each habitat contributes
significantly to recruitment variation, although the exact distribution of mortality among
habitats varies by species.

The preceding is based on the naive assumption that mortality in each habitat varies
randomly and is independent of events in the other habitat. The sometimes strong density-
dependent mortality that occurs in fresh water means that variation in the number of smolts
produced by a stream or lake is lower than might be expected based on estimates of the
variability in survival or initial egg abundance. In such cases the role of the marine
environment in determining recruitment strength will be greater.

Perhaps of greater interest for conservation purposes is determining the relative roles
of long-term trends in survival in marine and freshwater habitats. A number of recent
analyses have shown decadal trends in adult salmon abundance, which appear to be related to
changes in oceanographic conditions that occur at similar scales (e.g., Hare and Francis 1995).
Nonetheless, at the moment it is difficult to apportion these trends in abundance to changes in
survival in the marine or freshwater environment, or to changes in the number of parent
spawners caused by harvest management. The only way to directly address this issue is with
long-term data sets where all major stages of the life cycles are accurately enumerated. With
these data we may be able to determine the effect that long-term changes in climate have on
productivity of both marine and freshwater environments.

Chilko Lake sockeye salmon time series is an example of such data (Fig. 2). From the
smoothed trends in freshwater and marine survival rates there might be some evidence for
interdecadal cycles in survival. However, the cycles (if real) appear to be out of phase with
each other, and there is little correlation in survival between environments. Coupling of
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freshwater and marine survival rates may be more likely for coastal stocks (e.g., Cooney et al.
1995).

In summary, partitioning survival to different parts of the salmon’s life cycle is
somewhat scale dependent. At the annual scale, we can generalize that survival and its
variability are roughly equally divided between freshwater and marine habitats. However,
there are only a few instances where we can examine the effects of interdecadal-scale climate
forcing on freshwater and marine survival simultaneously. Such analyses will be difficult
because density-dependent effects and anthropogenic habitat changes in fresh water will tend
to obscure climate effects. Nonetheless, these analyses are essential to correctly interpret
changes in salmon production at decadal or longer scales.
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GEOGRAPHICAL VARIATION IN LIFE HISTORIES OF SALMONIDS

Laurie Weitkamp, Peggy Busby, and Kathleen Neely
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Pacific salmonids (Oncorhynchus spp.) have complex life histories. They display

- considerable inter- and intraspecific variability at all life stages, which results from the
influence of numerous factors. Despite this variability, geographical patterns in some of the
better-studied life stages can provide considerable insight into ecological processes that occur
during estuarine and ocean residency, a period for which little is known. This paper describes
several examples of how life history trait patterns provide information about key questions
concerning estuarine and ocean residence, such as when and why significant mortality. occurs,
which fish survive, and how widespread particular patterns are. Estuarine and ocean
residency is just one part of the life cycle, but considerable insight can be gained by viewing
it in the context of the entire life cycle.

A review of data for salmonid populations along the west coast of North America
(from numerous sources including Aro and Shepard 1967, Atkinson et al. 1967, Groot and
Margolis 1991, Weitkamp et al. 1995) suggests that life history traits largely fall into two
categories--those with clear latitudinal and altitudinal trends (e.g., smolt outmigration and
spawn timing) and those without apparent trends (e.g., adult size and smolt size).
Presumably, traits with strong latitudinal/altitudinal trends are most affected by factors that
also have strong latitudinal trends (e.g., temperature, photoperiod), while traits that do not
show strong latitudinal trends may be affected by single factors without latitudinal trends or
by numerous factors working at smaller geographic scales.

One life history trait that shows a mixed pattern is freshwater age. Two species, pink
(0. gorbuscha) and chum (O. keta) salmon, always leave fresh water shortly after emergence.
In contrast, all other species examined (chinook (O. tshawytscha), sockeye (O. nerka), coho
(O. kisutch), Atlantic (Salmo salar), and masu (O. masou) salmon and steelhead (O. mykiss))
generally have extended (> 1 year) freshwater residence and clear latitudinal/altitudinal trends
in the duration of the residence.!

! Both ocean-type chinook and sea-type sockeye salmon leave fresh water within their first
year, but only after spending several months in fresh water (Healey 1983, Wood 1995).
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The difference in patterns of freshwater age (leaving immediately vs. extended
residence) suggests the existence of two general juvenile strategies used to make the transition
between fresh water and salt water. Possible advantages of the pink/chum (and, to a lesser
degree, ocean-type chinook and sea-type sockeye salmon) strategy include avoiding fresh
water and its associated problems (such as relatively low average productivity and high
mortality and low growth during winter), and taking advantage of highly productive estuarine
or nearshore marine habitats, where rapid growth can be achieved to quickly outgrow high
levels of size-specific predation. The other strategy (extended freshwater residence) might be
driven by low predation levels in freshwater habitats or a longer period of freshwater growth
to avoid high predation on small fish in estuarine and marine environments. Because fish
using these two strategies enter estuarine and marine waters at dramatically different ages and
sizes, they have different requirements from initial estuarine and marine habitats, and
mortality patterns are likely to be quite different. Consequently, the results of studies
examining populations using one type of strategy may not be relevant to populations using the
other strategy.

One example of how knowledge of freshwater residency may provide insight into
ocean mortality comes from freshwater age measurements from southeast Alaska populations
of coho salmon (Halupka et al. 1993), a species with extended freshwater residence.
Freshwater ages in these populations were measured on outmigrating smolts as well as
returning adults, allowing a comparison of freshwater age of fish going to sea with those
returning from sea. Although freshwater ages measured at these two stages were similar for
most populations, two populations were notable exceptions. In both cases, the average
freshwater age measured from the smolts was older than the freshwater age measured from
the adults, suggesting that ocean mortality within these populations was not random, but
rather was higher on the older juveniles. In this example, patterns of life history traits
provide insight about which fish do and do not survive, and suggest processes (i.e., low
freshwater growth rates) that might have some bearing on marine survival.

Another example of how life history traits provide insight into ocean residence comes
from ocean migration patterns for coho salmon as inferred from coded wire tag (CWT)
recovery patterns. We compiled marine (as defined in the database) CWT recovery records
(PSMFC 1994) for 65 coho salmon hatcheries from southeast Alaska to central California,
using recoveries expanded for sampling effort but not for untagged fish (Weitkamp et al.
1995). The proportion of recoveries occurring in each state or province for each hatchery are
indicated; CWT recovery patterns are fairly consistent among hatcheries within regions (e.g.,
British Columbia, Puget Sound and Hood Canal, Columbia River, etc.), but there are abrupt
changes between adjacent regions, rather than a gradual transition as might be expected due
strictly to the geographic location of the hatcheries (Fig. 1). For example, CWT recovery
patterns for coho salmon released from the Naselle Hatchery on Willapa Bay (Washington
coast) and from Grays River Hatchery on the lower Columbia River are very different from
each other, even though the two hatcheries are separated by less than 20 air miles. Naselle
and other Washington coast hatchery coho salmon have much higher recovery rates from
British Columbia and Washington and correspondingly lower recovery rates from Oregon and
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California than do Grays River and other lower Columbia River hatchery fish (Fig. 1).
Although these patterns reflect only the last few months of a 1.5-year migration, the dramatic
differences in migration patterns suggest that there also may be significant differences earlier
in ocean residence as well.

Although patterns of CWT recoveries also vary over time, the responses of stocks
within a region are generally strongly correlated. Figure 2 displays the percentage of total
marine CWT recoveries from Oregon for fish released from Washington, Oregon, and
California coastal hatcheries between 1978 and 1992. Within each of the three regions,
patterns over time are very similar across populations, but they are quite different between the
three regions. This suggests that fish within each region are responding in similar manner to
the ocean conditions they encounter, but that conditions vary significantly between regions.

We also examined trends in coho salmon adult size from different regions and found
the same pattern of high similarity within, and large differences between, regions, particularly
during anomalous years (Fig. 3). For example, Oregon coast coho salmon returning to rivers
north of Cape Blanco in 1983 were exceptionally small, presumably a result of the strong El
Nifio that year (Johnson 1988). In contrast, coho salmon from rivers south of Cape Blanco or
north of the Columbia River were not unusually small in 1983, suggesting they were not
experiencing the same ocean conditions as the Oregon coast fish, or, if they were, they were
not affected to the same degree. Puget Sound coho salmon were unusually small the
following year (1984, Fig. 3), suggesting that either 1) conditions that caused the small size
for Oregon coast coho salmon also affected Puget Sound fish, but at an earlier age, or 2)
marine conditions moved and affected Puget Sound coho salmon at the same age as the
Oregon fish, but 1 year later.
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