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Meeting Summary

The public Symposium, attended by over 200 participants, provided a general
introduction to this large and complex issue and helped to educate salmon biologists about
evolutionary concepts, as well as evolutionary biologists about salmon biology. In the
Workshop, separate workgroups focused in more detail on seven specific issues related to
evolutionary changes and salmon. Key points that emerged from these sessions include:

Selective harvest.—The evolutionary consequences of selective harvest have recently
been evaluated for some fish species, but no comprehensive treatment of the topic exists for
salmon. Fisheries can be selective for behaviors as well as size and age. Genetic effects of
fishing must be evaluated in both the short term and the long term. A key question to address
will be, To what degree is genetic risk of fishing adequately dealt with by risk-averse fishery
management—e.g., sSimply through reduction of fishing mortality? The workgroup has already
drafted a paper outlining the major issues considered.

Disease.—Disease is an important factor in all ecosystems and an important agent of
evolutionary change. Changing environmental conditions often trigger disease outbreaks,
particularly for cold-blooded species such as salmon. Of the anthropogenic factors that could
modulate the host-pathogen relationship (or host resistance for non-infectious diseases), the
workgroup identified two of particular concern: isolated populations that have experienced a
bottleneck of reduced population size, and introduction of novel pathogens. Both factors could
substantially change selection pressure on salmon populations and hence cause an evolutionary
response.

Selective loss of habitat.—Habitat loss for salmon across the Pacific Northwest has not
been random; rather, it has been concentrated in two types of areas: upstream areas that are
above barriers to migration, and lower river and estuary areas that have been strongly affected by
urbanization and associated effects on habitat quality. These selective losses have three
potentially important evolutionary consequences for salmon. First, numerical reductions in
population size can erode evolutionary potential and disrupt metapopulation processes necessary
for long-term viability. Second, selective loss of particular habitat types creates selective
pressures against the life history traits that have evolved to take advantage of those habitats,
resulting in substantial evolutionary change within the population. Third, the remnant population
might be forced to utilize sub-optimal habitats, at a cost to overall population fitness.

Water temperature and flow.—This group focused primarily on the effects of water
temperatures that are altered by operation of dams. Two hypotheses were developed: 1)
increased variance in thermal regimes would lead to increased variance in spawn timing,
migration timing, and egg development rates, and reduced variability in the environment might
lead to a reduction in variance of life-history parameters such as spawn-timing or growth rate. 2)
Large dams that release unseasonably warm water in the fall will increase development rates,
causing fish to emerge earlier at a time that might be maladaptive. The group outlined research
that could be conducted to determine whether Chinook salmon have evolved changes in spawn
timing or development rate to compensate for altered thermal regimes associated with dams.

Habitat fragmentation and population structure.—This group considered the general
questions, What is the relationship between salmon population structure and population fitness?
and, Does loss of population structure per se lead to measurable reductions in population
performance? The workgroup identified four steps to help improve our understanding of these
relationships: 1) Make better use of recently developed population genetic models to obtain




more accurate estimates of gene flow rates among populations. 2) Develop focused research
projects to gain a better understanding of spatial/temporal variation in selection gradients on
salmon populations. 3) Conduct analyses to determine the scale of gene flow relative to the scale
of spatial heterogeneity in the environment. 4) Analyze how rates of gene flow will change with
human actions.

Snake River fall Chinook salmon.—This population has experienced a wide range of
anthropogenic influences that could elicit evolutionary changes. The workgroup focused on
empirical data showing that the size of juveniles in June has declined substantially from the
1950s to the present. In addition, whereas virtually all juveniles historically migrated to sea as
subyearling smolts, some now overwinter in the reservoirs and migrate to sea as yearlings.
Evidence suggests current conditions selectively favor survival of yearling smolts, which could
drive evolution of a novel life history strategy for this population. An evolutionary model
indicates that the observed rate of change in juvenile size cannot be explained by random
processes, but it is consistent with evolutionary rates measured in other natural populations. A
strictly phenotypic response to altered environmental conditions could also explain the observed
changes, and research was identified that could distinguish between the latter two hypotheses.

Climate change.—Climate change will interact with and modulate evolutionary responses
to all of the anthropogenic changes discussed above. In the near future, climate change is not
likely to cause local environmental changes that fall outside the range of conditions experienced
by Pacific salmon. However, local populations will be challenged to rapidly adapt, move, or go
extinct. Useful insights can be gained by reviewing the capacity of Pacific salmon for adaptive
change and phenotypic plasticity, in the context of the magnitude of environmental changes
expected to occur as a result of climate change. Some key life history traits such as spawn
timing are capable of rapid response to selection and thus by themselves might not preclude
adaptations to climate change. However, population fitness depends on the timing and execution
of many key life history events, and changes in one trait (e.g., spawn timing) can affect timing of
other traits (e.g., emergence timing and timing of smolt migration) in maladaptive ways.

Each of the workgroups identified key topics for research that could help elucidate the
nature and importance of evolutionary responses by salmon to anthropogenic changes. A
number of manuscripts arising from the meeting will be submitted for publication in a special
issue of the new journal Evolutionary Applications that will be devoted to salmon evolution.

An issue that is likely to become important in future evaluations is the concept of a
Darwinian debt—an evolutionary change associated with human-altered environments that must
be repaid before the population can re-adapt to more natural conditions, if the human changes to
the ecosystem are ever reversed. This concept is already familiar to those who have evaluated
the evolutionary consequences of size-selective harvests. If harvests come preferentially from
fish that are larger, the population will evolve toward a slower growth rate and earlier age at
maturity, to maximize reproduction before the age at which exposure to the fishery is high. This
evolution can affect not only productivity but also long-term viability (e.g., in many fishes there
is a positive relationship between size and gamete quality). If size-selective harvest is
terminated, it might take a long time for the population to re-evolve something approximating its
historical age/growth-rate relationships, and during this period (while it repays the Darwinian
debt) the population could experience reduced productivity and viability. This basic principle
could apply to many anthropogenic changes associated with Pacific salmon, including
hatcheries, harvest, hydropower operations, and other types of habitat modification.



Background

During the 1990s, approximately half of the existing populations of Pacific salmon and
steelhead in the contiguous U.S. were listed as threatened or endangered under the federal
Endangered Species Act. Anthropogenic change is believed to be at least partially responsible
for many of these listings. Subsequently, considerable effort has been expended trying to
quantify effects of what in the Pacific Northwest are commonly referred to as the “four Hs”
(habitat, harvest, hatcheries, hydropower development) on survival, mortality, and population
growth rate of listed salmon and steelhead. The implicit and widespread view is that
anthropogenic change is primarily an ecological problem. However, virtually every
anthropogenic change that affects these key ecological and demographic parameters will also
have profound evolutionary consequences. Evolutionary responses to altered environments
affect fitness and resilience, with attendant affects on long-term viability of populations. To date
only the evolutionary consequences of artificial propagation, and recently those of size-selective
harvest, have received much attention. This issue, however, is much more pervasive and is
relevant to all anthropogenic activities. For example, consider the selective impact of the
Columbia River hydropower development: selection for migration timing that maximizes
survival through the current hydropower system rather than through a pristine river; selection on
physiology and morphology for ability to migrate (as both juveniles and adults) through large
reservoirs; selection for ability to find juvenile bypass openings or adult fish ladders; selection
for the physiological capacity to survive in dramatically changed environments (temperature,
flow regime, structural habitat) in the lower river and estuary; selection from invasive species
(predators, competitors, disease vectors) in reservoirs; selection imposed by genetic and
ecological interactions with large numbers of hatchery-propagated salmon and harvest regimes
targeting these fish; etc.

More broadly, any anthropogenic activity that affects salmon and steelhead directly—or
that affects their environments—nhas the potential to change selective regimes. Recent studies
demonstrate remarkably fast responses of fish to novel selection patterns, so the concerns raised
are not merely academic. We therefore expect that a broad array of anthropogenic factors will
have already had — and will continue to have -- evolutionary impacts on salmon and steelhead
populations. It is much less clear, however, what these changes mean for the long-term viability
of natural populations in human-altered environments. Will they ameliorate the impacts of
anthropogenic change, or will they potentially exacerbate them?

This is a large, complex topic that should ideally form the basis of an extended research
program in the future. As an initial effort, we convened a 3-day Symposium/Workshop in
December 2006 in Seattle that brought together a) top evolutionary biologists with expertise in
evaluating responses of natural populations to altered selective regimes; and b) top regional
scientists with detailed knowledge of salmon and the nature of anthropogenic changes to their
environments. The overall goal was to explore the nature and scale of this broad issue, to
identify factors that can be particularly important as agents of evolutionary change, and to help
define the types of analyses, monitoring, and research that will be most productive to conduct in
the future.

The Symposium (December 7) was open to the public and had two major objectives: a)
to provide a public forum for discussing these important issues and raising awareness of their
importance for salmon conservation; and b) to provide necessary information on salmon biology
to evolutionary biologists and information on evolutionary biology to salmon biologists, in the



hope of establishing substantive collaborations and exchanges. With just over 200 registered
attendees, the symposium provided a lively forum for initiating discussions. The day was capped
with a hosted social and poster session, with 40 posters on topics related to evolution and
salmon. Abstracts for the posters and Symposium speakers are in the following sections.

The Workshop (December 8-9) included about 55 invited participants, organized into
seven groups that considered evolutionary responses to specific kinds of anthropogenic change
faced by Pacific salmon. To the extent possible, these workgroups focused on empirical datasets
for salmon. Each workgroup included a mix of regional scientists familiar with specific datasets
and evolutionary biologists who have experience in interpreting such data in an evolutionary
context. Workshop topics included the following:

Evolutionary consequences of size-selective harvest

Anthropogenic influences on salmon disease prevalence and resistance

Evolutionary responses of Pacific Northwest salmon to global climate change

Selective loss of habitat types and effects on life history diversity within and among
populations

Evolutionary response to changes in water flow regimes and temperature patterns caused by
hydropower operation

Habitat fragmentation and population structure

Snake River fall Chinook salmon: a case study in evolutionary responses to multiple
anthropogenic changes

Reports of each workgroup appear at the end of this report.
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Agenda: Evolutionary Changes and Salmon Symposium
December 7, 2006 Seattle

Welcome
Introduction/background (Robin Waples, Northwest Fisheries Science Center)
Overview of evolutionary considerations (Ruth Shaw, University of Minnesota)

Salmon Primer

The life history of salmonid fishes: nature, nurture, and the hand of man (Tom Quinn,
University of Washington)

Changes to salmon habitats, environments, and ecosystems: Pulses, presses, and spatial
extent (Mary Power et al., University of California Berkeley)

Break
Harvest & hatchery impacts on salmon (Ray Hilborn, University of Washington)
Evolution Primer

Selection (Stevan Arnold, Oregon State University)
Evolutionary rates in natural populations of salmon and other vertebrates (Andrew
Hendry, McGill University)

Lunch (provided on site)

Phenotypic plasticity: what is it and why is it important? (Sonia Sultan, Wesleyan
University)

Phenotypic plasticity: what does it mean for salmon? (Jeff Hutchings, Dalhousie
University)

Variation, selection and evolution of function-valued traits (Joel Kingsolver, University
of North Carolina)

Habitat fragmentation and population structure (Michael Whitlock, University of
British Columbia)

Break
Evolution under size-selective harvesting (Richard Law, University of York)
Case studies
Evolution of disease resistance in transplanted Chinook salmon (Maureen Purcell, US
Geological Survey, Seattle)
Response to global warming: A perspective based on Atlantic salmon (Bill Bradshaw,

University of Oregon)
Poster session (until 1830)



Speaker Abstracts

Introduction to the symposium
Robin Waples, Northwest Fisheries Science Center, Seattle

In recent decades U.S. and Canadian populations of Pacific salmon and steelhead have
experienced widespread declines, and considerable effort has been expended trying to quantify
effects of the “four Hs” (habitat, harvest, hatcheries, hydropower development) on survival and
population growth rate. However, virtually every anthropogenic change that affects these key
demographic parameters also can have profound evolutionary consequences. These latter
effects, which have received much less attention, are the focus of this Symposium. The
Symposium will bring together top regional scientists with detailed knowledge of salmon and the
nature of anthropogenic changes to their environment, and top evolutionary biologists with
expertise in evaluating responses of natural populations to altered selective regimes. The
Symposium and subsequent Workshop has two major objectives: 1) to provide a public forum
for discussing these issues and raising awareness of their importance for salmon conservation;
and 2) to provide necessary information on salmon biology to evolutionary biologists and
information on evolutionary biology to salmon biologists, in the hope of establishing substantive
collaborations and exchanges. By the end of the meeting, we hope to have a better sense of the
relative importance of different anthropogenic agents in eliciting evolutionary changes in
salmon, and some ideas for promising lines of future research to attack this large and complex
topic.

Overview of evolutionary considerations
Ruth Shaw, Department of Ecology, Evolution, and Behavior, University of Minnesota

In considering evolutionary responses to rapid anthropogenic change, it is reasonable to
expect that all of the primary processes of evolution will play important roles. | will focus on
ones that seem of particular interest in relation to current concerns about salmon and emphasize
the interplay between genetic and demographic consequences of evolutionary change. A potent
evolutionary phenomenon is subdivision of populations, whether chronic or due to recent
fragmentation, which promotes genetic divergence among demes and may enhance genetic drift.
Beyond this, radical alteration of environment may impose novel selection and has, in well-
documented cases, resulted in rapid adaptation to new conditions. Prediction of when to expect
adaptation to keep pace with environmental change requires quantifying the components of
selection response: the strength of selection, the genetic variability of traits subject to selection,
and the dependence of both on environmental context. To illustrate ways these processes can be
studied, with potential application to salmon, | will draw examples from research I have
conducted with collaborators in populations of wild and model plants.



The life history of salmonid fishes: nature, nurture, and the hand of man
Thomas P. Quinn, School of Aquatic and Fisheries Sciences, University of Washington

The primary purpose of this presentation is to provide an introduction to the general life
history patterns of Pacific salmon, emphasizing key themes that are common among species, and
also the fundamental differences between species that depend on streams only for spawning and
incubation of embryos (pink, chum and sockeye salmon) and those that also rely on streams for
rearing by juveniles (coho and Chinook salmon, and the Pacific trout species). The secondary
purpose is to follow the generalized life history of Pacific salmon, illustrating the ways in which
patterns reflect genetic and environmental influences, and opportunities for direct and indirect
selection from human activities. Examples include reproduction, survival of embryos, residence
in streams, seaward migration (including the option not to migrate at all), ocean migration
patterns, age and size at maturity, and return migration to spawn.

Changes to salmon habitats, environments, and ecosystems: Pulses, presses, and spatial
extent

Mary Power®, Beth Sanderson?, George Pess?, Tim Beechie?, Michelle McClure?,

Wendy Palen’, and Mike Limm®; *U.C. Berkeley and “Northwest Fisheries Science Center

Drawing on reconstructions and ongoing research by a geomorphologists,
paleontologists, and ecologists, we will contrast ancient and contemporary environments of
Pacific salmon. During their early evolution, Pacific salmon confronted tectonically active
coastal environments that were periodically disturbed vulcanism, earthquakes, huge landslides,
and glaciation. Some of these catastrophes obliterated huge areas of salmon habitat, but river
drainages that were catastrophically destroyed were probably re-habitable after years or decades.
These large extent but short duration (pulse) disturbances, given vast remaining habitat and
ocean life cycles that allowed straying as well as recolonization, did not threaten persistence of
these fish. Their long life spans, life history variation, high fecundity, and remarkable long
distance migratory capacity allowed individuals to quest far and wide for good habitat, if it
existed somewhere and could be reached by swimming.

Post-European human alteration of coastal watersheds have imposed long-lasting (press)
threats to salmon persistence: habitat simplification, fragmentation, and pollution; introductions
of exotic biota including predators and pathogens; locally and regionally altered thermal and
hydrologic regimes. These changes are also vast in spatial extent—little unaltered salmon
habitat remains. Despite the large research effort directed at understanding contemporary factors
limiting salmon populations, we have much to learn about the current temporal and spatial
bottlenecks in salmon life histories and in their watershed and ocean environments, where
restoration efforts and management could be most efficiently targeted. We also have much to
learn about the extent to which variation and plasticity will support salmonid resilience through a
future of accelerating environmental change. Focusing on terrestrial watershed habitats, we will
briefly discuss research targeted at the environmental knowledge gaps, ranging from small scale
studies of habitat effects on growth, behavior, and survival of juvenile salmonids and the food
webs that support them, through attempts to parameterize effects of habitat on life stage specific
stock recruitment relationships, to the remaining challenge of upscaling to link basin-specific
performances of individuals to population dynamics.



Harvest and hatchery impacts on salmon
Ray Hilborn, School of Aquatic and Fisheries Sciences, University of Washington

In this talk 1 will review the range of impacts that harvest and hatchery practice have had
on both the population dynamics, but also the potential for evolutionary impacts on salmon.
Harvest impacts have been shown in numerous fisheries to be size selective, usually selecting
against larger fish. Harvest may also be very selective for run timing, and age at return. Any
fisheries on immature fish in the ocean will provide selection for shorter ocean life and earlier
age at return. While little documentation exists some harvests may select for migration paths and
areas of ocean migration. Hatcheries have been identified as providing population level
impacts on wild fish through competition, disease, and genetic introgression of domestication.
Each of these impacts has potential evolution impacts.

Selection
Stevan J. Arnold, Department of Zoology, Oregon State University

The aim of this talk is to review aspects of phenotypic selection that may prove useful to
students of salmonid biology. | will focus on four main ideas. (1) Selection on phenotypic traits
changes their statistical distributions (means, variances, covariances). (2) The mode and
intensity of selection can be assessed by measuring those changes in means, variances and
covariance. (3) Such measures of selection can be related to characteristics of an adaptive
landscape for phenotypic traits. (4) That landscape can in turn be used to model short term as
well as long term evolution. Each of these ideas will be illustrated with examples from the
empirical literature.

Evolutionary rates in natural populations of salmon and other vertebrates
Andrew Hendry, McGill University

The ability of natural populations to respond adaptively to environmental change or other
stressors will depend on their rate of phenotypic change. | will review rates of phenotypic change
in natural populations of vertebrates to address questions about typical rates of phenotypic
change and how these rates are influenced by human activities. In salmon, rates of phenotypic
change are typically estimated for introduced populations or for those experiencing harvest. |
will compare rates of change estimated for salmon to those observed in other vertebrates. Finally,
I will speculate on the likelihood that phenotypic change in salmon can keep pace with
environmental change, and the constraints on this ability. | will also discuss the likely
contributions of genetic change and phenotypic plasticity to phenotypic changes in natural
populations of salmon.
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Phenotypic plasticity: what is it and why is it important?
Sonia Sultan, Department of Biology, Wesleyan University

Phenotypic plasticity is the ability of a genetic individual to express different phenotypes
in different environmental conditions. An individual’s plasticity pattern or “norm of reaction” for
a developmental, behavioral, or life-history trait of interest is determined by raising genotypic or
family replicates in a range of ecologically relevant potential environments. These expression
patterns are trait- and environment-specific, and may vary at the genotype, population, and
species levels. Accordingly, plasticity patterns can be understood as evolving traits.

Under certain conditions, adaptive plasticity can buffer populations from selective change
in an unfavorable and/or novel environment. The evolutionary impact of phenotypic plasticity in
a given system will depend on a number of factors, including patterns of genetic variation for
plasticity, the distribution of alternative environments, and whether the expressed plasticity is
adaptive or maladaptive. When environments are changed (for instance by human activities), all
three of these parameters can be affected. In addition, such changes can disrupt adaptive
plasticity by decoupling the environmental cues that induce plasticity from the selective
conditions in which plasticity is expressed. This is particularly likely in the case of cross-
generational plasticity, in which a parent’s environment induces adjustments to offspring
phenotype in traits such as size or developmental timing.

Phenotypic plasticity: what does it mean for salmon?
Jeffrey Hutchings, Department of Biology, Dalhousie University, Halifax, NS

The persistence of a species depends on the resistance and resilience of its populations to
anthropogenic and natural environmental perturbation. Correspondingly, risk of extinction is a
function of the breadth of population responses to environmental change. At the individual level,
these responses are ultimately reflected by genotypic differences in phenotypic plasticity,
responses that can be represented heuristically and graphically by norms of reaction. Although
empirical data on fishes are comparatively few, studies on salmonids to date (including chum
salmon, Atlantic salmon, brook trout, grayling) suggest that there can be considerable variability
in plasticity within and among populations, notably in early-developmental characteristics and
life-history traits. Regarding spatial scales of adaptation, a broadcast-spawning marine fish
(Atlantic cod) with apparently high dispersal capabilities can be comprised of populations that
differ genetically in their reaction norms at spatial scales undetected by microsatellite DNA.

Data on brook trout and grayling further suggest how evolutionary changes to reaction norms can
be affected by fishing. Key questions concerning species persistence pertain to level of genetic
variability in reaction norms within and among populations, the developmental stage(s) at which
reaction-norm variation is greatest, and the links that exist between plasticity, individual fitness,
and rate of population growth.
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Variation, selection and evolution of function-valued traits
Joel Kingsolver, Department of Biology, University of North Carolina

Many important phenotypic traits of organisms are curves or functions: body size or
survival rate as a function of age; growth rate as a function of temperature or food level; 2-D or
3-D body shape. There is a useful theoretical framework for analyzing phenotypic and
genetic variation, selection and evolution of such 'function-valued' traits. | will illustrate this
approach with several examples from our work with insects (and maybe bacteriophage):
individual and population variation in developmental trajectories (size and life stage as a
function of age); quantifying variation and evolution of thermal reaction norms (growth rate as a
function of temperature); and predicting how environmental (climate) variation affects selection
on continuous reaction norms. I'll describe some of the benefits and limitations of a function-
valued approach for different biological questions and types of data.

Habitat fragmentation and population structure
Michael Whitlock, Department of Zoology, University of British Columbia

Spatial subdivision of a species can affect its evolution in a number of important ways.
The effects of space on evolution are mediated through various forms of local similarity:
individuals in the same local population are more likely to experience similar selection pressures,
similar habitats, and similar catastrophes. If migration is limited between local areas, then
individuals chosen from the same local population will be genetically similar as well.

Evolutionary theory has many predictions about the effects of spatial population structure on
evolutionary processes. Spatial structure affects a long list of important evolutionary processes
and patterns, including:

= response to selection,

= Jocal adaptation,

= mutation load (the reduction in fitness caused by recurrent deleterious mutations),

= probability of fixation of new mutations,

= heterosis and/or hybrid breakdown (the increases and decreases in fitness associated with

mating among populations),

= maintenance of total genetic variance,

= partitioning of genetic variance,

= frequency dependent selection,

= the effective population size.

The effects of population structure on evolution depend on demographic features that are in
principle measurable in real populations, including Fst (a standardized measure of genetic
differentiation among populations), migration rates, local population sizes, and the pattern of
variation among populations in reproductive success.

I will discuss some of these effects of population structure. Moreover, | will emphasize
when deviations from the simplest theory matter. Real populations, in particular salmon
populations, do not follow the assumptions of population genetics' toy representation of space,
the island model. I'll explore how isolation by distance, local catastrophe, and variation in
reproductive success affect the predictions of the models.
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Evolution under size-selective harvesting
Richard Law, Department of Biology, University of York

Fisheries around the world appear to be a theatre in which large scale selection
experiments are being played out. The actors are first the fishery managers who set patterns of
selection through regulations such as net mesh size and catch quotas, second the fishers who
apply the selective mortality, and third the fish stocks that may undergo genetic change due to
selection caused by fishing. This paper considers the kinds of selection on life histories that
fishing can generate, and whether the conditions needed for a genetic response to such selection
are likely to be met on timescales that matter in fisheries management. The evidence for genetic
change in exploited fish stocks, and the implications of such evolution for management of such
stocks, are also discussed.

Evolution of disease resistance in transplanted Chinook salmon
Maureen Purcell, USGS, Western Fisheries Research Center, Seattle

In the late 1960s, Chinook salmon (Oncorhynchus tshawytscha) from the Green River in
Washington State were successfully introduced into Lake Michigan. The stock of Chinook
salmon increased dramatically and contributed to a popular fishery. Beginning in 1988, large
disease outbreaks associated with significant adult mortality occurred among Chinook salmon in
the lake. The only pathogen consistently found was Renibacterium salmoninarum, the causative
agent of bacterial kidney disease (BKD). R. salmoninarum has been endemic in the Lake
Michigan stock since that time. We compared the relative BKD susceptibility in a contemporary
Lake Michigan stock from Wisconsin to the progenitor stock from the Green River in
Washington. The Lake Michigan groups injected with the ATCC type strain 33209 had
significantly greater survival (80%) relative to the Green River group (30%) in the challenge (p <
0.0001). The genetic relationship between these contemporary stocks was confirmed by
analyzing thirteen microsatellite loci. The data suggest that a phenotypic change in BKD
resistance occurred in the Wisconsin Chinook salmon over approximately eight generations since
introduction in response to intense disease selection. Recent estimates of the heritability for BKD
resistance (Hard et al.) support this hypothesis.

13



Response to global warming: A perspective based on Atlantic salmon
Bill Bradshaw and Chris Holzapfel, Center For Ecology and Evolutionary Biology, University of
Oregon

Recent rapid climate change has been attributed in large part to anthropogenic emission
of greenhouse gases. In response to climate change, many species have expanded their ranges
northwards or altered the timing of their seasonal activities. In fact, rapid climate change
is now driving evolution (genetic change) in animal populations as diverse as insects, birds, and
mammals. In each case, the genetic changes observed in animal populations relate to seasonal
adaptation; to our knowledge, there are no documented examples of thermal adaptation.

We use Atlantic salmon (Salmo salar) as a case study to predict how salmon populations are
likely to evolve in response to continued global warming.

Atlantic salmon range around the perimeter of the north Atlantic basin, breed in fresh
water streams and rivers and, for the most part, mature in a marine environment before returning
to their natal stream to spawn. Atlantic salmon use the length of day or photoperiod in
conjunction with an endogenous circannual rhythm to time smoltification, migration, and sexual
maturation. Evolved differences in the timing of salmon migration and spawning are highly
subject to local conditions and, as those conditions change, so also should the timing of
migration and spawning. Photoperiodic responses tend to have high heritabilities and have
already been shown to change in parallel with recent rapid climate change. The principal
adaptation of salmon to global warming is therefore likely to be in the photoperiodic response
used to time the seasonal events in their life histories, rather than in an increase in
thermal tolerance or altered thermal optima.

14
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Poster Abstracts

Note: each workgroup also presented a poster on December 7. See the workgroup reports in the
next section for more details about individual workgroups.

Reproductive success and effective population size of steelhead: a case study on artificially
supplemented populations in the Hood River

Hitoshi Arakit, William R. Ardren® 2, Robin S. Waples®, Erik Olsen?, Becky Cooper* and
Michael S. Blouin®

! Department of Zoology, Oregon State University, USA

2U.S. Fish and Wildlife Service, USA

® Northwest Fisheries Science Center, USA

*The Oregon Department of Fish and Wildlife, USA

While evolutionary consequences of hatchery supplementations have been evaluated
theoretically, there is little empirical evidence for such hatchery effects. Here we investigate
reproductive success and effective population size (Ne) of anadromous steelhead (Oncorhynchus
mykiss), addressing 1) direct impacts of different hatchery programs on natural populations, 2)
the primary factor that restricts Ne, and 3) influences of hatchery programs on the primary factor.
We genetically analyzed parentage of steelhead in the Hood River, Oregon, from which an
almost complete sample is available for up-migrating anadromous adults over 15 years. We
found that fish from traditional hatchery programs (nonlocal, multiple generations in a hatchery)
had negative impacts, not only by reducing mean reproductive success but also by increasing
variance in reproductive success among breeding parents, which is the primary factor that
restricts Ne. No sign of such effects was found in fish from supplementation hatchery programs
(local, single generation in a hatchery). Furthermore, we found an inferred, yet significant
contribution of nonanadromous parents to anadromous offspring especially when anadromous
run is weak, suggesting that the nonanadromous population serves as a buffer when anadromous
population size fluctuates. Thus, any anthropogenic changes that reduce the nonanadromous
population size would negatively affect the anadromous populations.
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Pedigrees in captive broodstock populations provide insight into reproductive success and
evolutionary processes in ESA-listed Chinook salmon populations

Melissa Baird;, Ewann A. Berntson;, Tim Hoffnagle,, Richard W. Carmichael,, Paul Moran;
1 Northwest Fisheries Science Center
2 Oregon Department of Fisheries and Wildlife

Despite extensive artificial propagation, Snake River spring Chinook salmon (Onchorynchus
tshawytscha) in northeast Oregon have experienced severe population decreases and potential
bottlenecks in naturally spawning populations. These declines have stimulated recovery efforts,
which include captive broodstock programs that raise wild-caught juveniles to adulthood, spawn
them, and release their offspring. In this study we used microsatellite variation to conduct
parentage analysis and quantify relative reproductive success. Preliminary analyses of 5 years of
spawning data show substantial variability in relative fitness among sites, years, and mating
classes, especially in early maturing jacks. In stark contrast to results from similar studies in
steelhead, artificially propagated Chinook salmon show no clear pattern of diminished fitness
relative to their wild counterparts. It is still unclear whether this difference is related to
propagation method (conservation steelhead hatchery versus captive broodstock production) or
intrinsic differences between species. We seek to put these results in a context that will provide
specific guidance to managers on issues such as appropriate proportions of jacks to allow in
natural spawning populations. In addition to applied information for monitoring effectiveness of
artificial propagation, these pedigree studies allow detailed evaluation of selective pressures and
specific factors that drive differences in reproductive success.
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Consequences of gillnet-induced delayed mortality in sockeye salmon

Matt Baker® and Daniel Schindler*?
!School of Aquatic and Fishery Sciences, University of Washington
Department of Biology, University of Washington

Sockeye salmon (Oncorhynchus nerka) in many commercial fisheries are caught in gillnets.
While most are harvested by the fishery, many escape from nets and continue their migration to
spawning areas, despite sustaining injuries. Although damaged fish are counted as part of the
aggregate escapement, many seriously injured fish fail to contribute to the reproductive capacity
of the escaped stocks. The effects of this unaccounted mortality may have important implications
for the estimation of spawner-recruit relationships and the designation of escapement targets,
especially if the incidence of injury varies year to year. Since gillnets are size selective, the
effects of gillnet scarring on escaped populations of sockeye may also exert important
evolutionary pressures related to morphology and life history. To explore these questions, we
estimated the incidence and severity of injury in escaped fish and determined its effect on pre-
spawning mortality and spawning success through field experiments in the Wood River system,
Bristol Bay, Alaska (2005-2006). Specifically, we sought to: (1) estimate the incidence of
scarred fish among spawning adults at natal streams; (2) determine whether scarring has a size or
sex-selective bias and varies inter-annually as a function of fishing intensity; and (3) determine
the severity of scarring and its relative effect on spawning success. The findings suggest that
such injuries are common, inhibit spawning and may exert long-term evolutionary pressures
related to the life history and morphology of exploited populations.
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Life history plasticity in Sacramento River winter-run Chinook salmon: interactions
among photoperiod at emergence and growth modulate smolting and early male
maturation.

Brian R. Beckman'", Brad Gadberry", Paul Parkins?, Kathleen A. Cooper?, and Kristen D.
Arkush®

INWFSC, NOAA Fisheries, Seattle, WA. 2SAFS, UW, Seattle WA. *UC Davis, Bodega Marine
Laboratory, Bodega Bay CA.

Brian.Beckman@NOAA.gov

Chinook salmon posess a great deal of plasticity with regard to juvenile life history traits
including smolting. Smolting is a physiological process that both allows and stimulates juvenile
salmonids to undertake the initial freshwater to seawater migration. The age, season, and size at
which smolting occurs varies both within and among populations. Juvenile life history of
Sacramento River winter-run Chinook salmon (ESA listed) is currently poorly described. We
examined the relative effects of photoperiod at emergence and growth rate on smolting pattern
and early male maturation rate in these fish. Pooled fry from 4 male by female crosses were
ponded on the same day but under three different photoperiods, mimicking the natural range of
emergence timing in this population. Physiological changes indicative of smolting were found
during March and April in all treatments, similar to yearling smolting patterns found in many
salmonids. Fish that emerged early and grew at a relatively high rate also demonstrated signs of
smolting in autumn. Early male maturation (age 1) was dependent on growth and photoperiod at
emergence. The differentiation among life history traits between Sacramento River winter-run
and better described Columbia River spring-run Chinook salmon demonstrate the evolutionary
potential for variation of Chinook salmon life history.
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Hydrologic regime and the conservation of salmon life history diversity

Tim Beechie, Eric Buhle, Mary Ruckelshaus, Aimee Fullerton, and Lisa Holsinger
Northwest Fisheries Science Center, NOAA Fisheries, Seattle, Washington

Life history diversity of imperiled Pacific salmon Oncorhynchus spp. substantially contributes to
their persistence, and conservation of their diversity is a critical element of recovery efforts.
Preserving and restoring diversity of life history traits depends in part on environmental factors
affecting their expression. We analyzed relationships between annual hydrograph patterns and
life history traits (spawn timing, age at spawning, age at outmigration, and body size) of Puget
Sound Chinook salmon (Oncorhynchus tshawytscha) to identify environmental indicators of
current and historic diversity. Based on mean monthly flow patterns, we identified three
hydrologic regimes: snowmelt-dominated, rainfall-dominated, and transitional. Chinook
populations in snowmelt-dominated areas contained higher proportions of the stream-type life
history (juvenile residence >1 year in freshwater), had older spawners, and tended to spawn
earlier in the year than populations in rainfall-dominated areas. There are few extant Puget
Sound populations dominated by the stream-type life history, as several populations with high
proportions of stream-type fish have been extirpated by construction of dams that prevent
migration into snowmelt-dominated reaches. The few extant populations are thus a high priority
for conservation. The low level of genetic distinction between stream-type and ocean-type
(Juvenile residence <1 year in freshwater) life histories suggests that allowing some portion of
extant populations to recolonize habitats above dams might allow re-expression of suppressed
life history characteristics, creating a broader spatial distribution of the stream-type life history.
Climate change ultimately may limit the effectiveness of some conservation efforts, as stream-
type Chinook may be dependent on a diminishing snowmelt-dominated habitat.
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Holocene landscape evolution and potential influences on salmon life histories

Tim Beechie, George Pess
Northwest Fisheries Science Center, NOAA Fisheries, Seattle, Washington

The quantity, quality, and distribution of salmonid habitats in the Skagit and Stillaguamish River
basins have changed dramatically in response to post-glacial landscape evolution and volcanism
over the last 14,000 yrs, and the more recent (~150 yr) history of land use. Within the first few
thousand years after retreat of the Cordilleran ice sheet, streams incised more than 100 meters
into valley-filling glacial sediments, sea level rose 90 m, and Puget Sound land masses rose 200
m as the continental crust rebounded from ice sheet depression. VVolcanic mud flows from
Glacier Peak ~12,000 ybp and ~5,500 ybp rerouted the Sauk River drainage from the
Stillaguamish basin to the Skagit basin, and created an extensive low-gradient delta on the Skagit
River. The interaction of these changes lengthened rivers, narrowed valley floors, and steepened
tributaries. Main stems and floodplain sloughs on valley floors provided the majority of habitat,
but moderate-gradient tributaries (<0.04) on terraces provided additional habitat for some
salmonids. Channels in steep, bedrock terrain were too steep to support anadromous salmonids,
and remain so today. Since non-native American settlers arrived in the mid-1800s, removal of
beaver ponds, diking, ditching, and dredging of streams on the floodplains and deltas has isolated
or obliterated approximately 50% of the coho salmon winter rearing habitat in both basins. These
losses are associated mainly with agricultural practices, which occupy the same landforms as the
majority of historical coho salmon habitat. Forestry activities are concentrated on the steeper
slopes of the glacial sediments and bedrock terrain, and contribute to habitat losses by increasing
sediment supplies and reducing wood recruitment. Understanding the interplay of Holocene
landscape evolution, geomorphic processes, land use, and salmonid habitat provides a context for
developing reasonable predictions for restored habitat conditions, and for understanding habitat
dynamics that influence evolution of salmon life histories. Likely influences on life history
evolution include reduced gene flow between the Stillaguamish and Sauk River populations
while gene flow increased between Skagit and Sauk River populations, and reduction in spatial
extent of cold water habitats that support the stream type life history in Chinook salmon. Recent
land-uses have dramatically reduced availability of slow water habitats that provide winter
refugia for stream type life histories in several salmon species.
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Reproductive success of steelhead (Oncorhynchus mykiss) from a supplementation
hatchery compared to their natural counterparts in Little Sheep Creek, Snake River basin
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Hatchery supplementation programs are designed to boost natural production; however, it can be
difficult to evaluate these programs. This study investigated population genetic structure and
created pedigrees for hatchery-reared and natural steelhead. We genotyped adult steelhead
returning to the weir on Little Sheep Creek, as well as adult rainbow trout from upstream of the
weir, and determined the parentage of sampled progeny at various life history stages. This
presentation includes the initial 5 years of data for a 10-year study. Initial results suggest the
relative reproductive success of hatchery fish was significantly less than that of their natural
counterparts in 4 of the 5 years (30-60%). In the 5" year, a single very successful hatchery male
resulted in a similar average success between hatchery and wild fish in that year. This result
underscores the observation of high variance in reproductive success, especially in hatchery
males. Although these supplementation hatchery fish spend just a single year of their lives in the
hatchery, that year may be sufficient to cause a measurable decrease in fitness. Although the
evolutionary implications are unclear, our study shows substantial impacts of hatchery fish, some
of which are counter to the goals of the program.
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Ten years of varying lake level and selection on size-at-maturity in sockeye salmon
(Oncorhynchus nerka).

Stephanie M. Carlson and Thomas P. Quinn
School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA

Despite the many documented consequences of climate change on aquatic ecosystems, the
consequences of fluctuating lake levels on organisms have received little attention. We report a
case where lake level is a selective factor acting on sockeye salmon length-at-maturity because
low lake levels cause large salmon to strand and die rather than reach the breeding grounds. We
combined information on the level of Lake Aleknagik (southwestern Alaska) from 1952-2005
with a detailed comparison of the length of salmon that died at the mouth of Hansen Creek
versus individuals that ascended to the spawning grounds over nine breeding seasons (1997—
2005). The proportion of salmon stranding at the mouth varied among years from 2 to 45% in
males and <1% to 19% in females. Formal selection analyses indicated that the largest
individuals were most susceptible to stranding mortality, especially in years when many salmon
stranded, and these were years with low lake levels. These results suggest that lake level was a
strong and consistent selective force acting on this salmon population. Hansen Creek has a
shallower creek mouth than most of the nearby creeks and the breeding salmon there tend to be
smaller, younger, and more fusiform than conspecifics from neighboring populations.
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Four decades of opposing natural and human-induced selection acting on Windermere pike
(Esox lucius)
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The ability of natural selection to drive local adaptation has been appreciated ever since Darwin.
Whether human impacts can impede the adaptive process has received less attention. Here we
quantify natural selection and human induced harvest-selection acting on a freshwater fish (pike,
Esox lucius) over four decades to test whether these selective forces typically act in concert or in
opposition. Both natural selection and harvest selection were found to be remarkably consistent
in direction setting up the possibility that they often act either in concert or in opposition.
Specifically, directional natural selection tended to favor large individuals whereas the fishery
targeted large individuals (i.e., favored small individuals). Moreover, non-linear natural selection
tended to favor intermediate sized fish whereas the fishery targeted intermediate sized fish
because the smallest and largest individuals were often not captured. Thus, our results
unequivocally demonstrate that natural selection and fishery-induced, artificial selection acted in
opposition within this natural system. Moreover, natural and artificial selection combined to
produce reduced fitness overall and stronger stabilizing selection relative to natural selection
acting alone. The long-term ramifications of such human-induced modifications to fitness
landscapes are currently unknown and certainly warrant further investigation.
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Predicting differential population responses to climate change

Lisa G. Crozier and Richard W. Zabel
NWFSC, NOAA-Fisheries, 2725 Montlake Blvd, Seattle, WA 98112

Climate change is a major threat to many species. Salmon physiology and behavior are finely
tuned to temperature and streamflow regimes in natal streams. How will changes in these
environmental factors affect population viability? Using 12 yrs of mark-release-recapture data
from the Salmon River Basin, Idaho, we detected different patterns in annual survival among
populations. Summer temperature predicted annual survival in 6 of 16 populations, and fall flow
predicted survival in 10 populations. We used these relationships to predict how environmental
change would affect population growth using a density-dependent, stochastic life-cycle model.
We input general circulation model (GCM)-predicted changes in air temperature and
precipitation into a hydrological model to simulate stream flow under 2 climate change
scenarios: 1) a composite of 4 GCMs and 2) the Max-Planck Institute GCM. All metrics of
population viability declined under both scenarios. Temperature-sensitive populations did worse
under the more moderate scenario than the flow-sensitive populations, but all populations did
badly under the drier MPI scenario. A sensitivity analysis showed that the freshwater survival
parameters were relatively more important under climate change. We propose a way to quantify
how relative costs and benefits of occupying different habitats over the life cycle (i.e., fitness)
may change, such that evolution might lessen extinction risks.
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Evaluation of segregation in a steelhead (Oncorhynchus mykiss) hatchery system using scale
pattern analysis

Michael Dauer, Todd Seamons, Lorenz Hauser, Tom Quinn, Kerry Naish
School of Aquatic and Fishery Sciences, University of Washington, Seattle, WA

Steelhead (Oncorhynchus mykiss) hatcheries provide a logical platform to study the effectiveness
of the *Segregated Hatchery Model” (Mobrand et al. 2005) because hatchery populations have
historically been managed to return earlier than wild populations. In order to avoid risks of
introgression with wild fish, it is has been recommended that the proportion of hatchery fish
spawning in the wild be minimized. To demonstrate whether there is the potential for interaction
in situ, we examined an out-of-basin steelhead fishery-enhancement hatchery at Forks Creek,
WA from its inception in 1994 through 2003. Because hatchery fish were sacrificed once they
return to the hatchery as adults, and hatchery fish are numerically abundant to wild fish, any
evidence of spawn checks in hatchery-origin individuals indicates out-of-hatchery spawning
behavior and increased risk for gene