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Preface

In 1994, after receiving several petitionsto list West Coast salmonid (Oncorhynchus spp.)
populations under the U.S. Endangered Species Act (ESA), the National Marine Fisheries
Service (NMFS) undertook a series of coast-wide reviews of the status of seven anadromous
species of salmonid: coho salmon (O. kisutch), chinook salmon (O. tshawytscha), pink salmon
(O. gorbuscha), chum salmon (O. keta), sockeye salmon (O. nerka), steelhead trout (O. mykiss),
and cutthroat trout (O. clarki).

This workshop was convened to provide NMFS with scientific expert opinion regarding
the best methods for assessing the extinction risk of Pacific salmon population units for the ESA
listing decisions and recovery planning. The agenda and list of panelists were assembled under
the advice of a steering committee composed of Dan Goodman (Montana State University), John
Emlen (National Biological Service), Mike Lynch (University of Oregon), Alex Wertheimer
(NMFS Alaska Fisheries Science Center), Alec MacCall (NMFS Southwest Fisheries Science
Center), and Tom Wainwright (NMFS Northwest Fisheries Science Center). The participantsin
this symposium were selected as having both informative and provocative viewpoints that could
contribute to the improvement in the science and underlying application of the ESA to salmonid
populations. The opinions expressed in the workshop proceedings are those of the individuals,
and not necessarily those of NMFS.

Assessing the extinction risk of any group of organisms under the ESA requires
answering two questions: 1) Isthe entity in question a*“species’ as defined by the ESA? 2) If so,
isthe “species’ threatened or endangered?

Fundamental Questions

The first question is one of taxonomy: isthe entity a species, subspecies, or “distinct
population segment” that would qualify asa* species’ under the ESA. Answering that question
requires examination of information regarding reproductive isolation and genetic legacy of the
entity, by considering evidence regarding: 1) natural rates of straying and recolonization,

2) natural barriers to migration, 3) measurements of genetic differences among populations,

4) phenotypic and life-history traits, and 5) local adaptations and habitat structure. Dueto the
demographic complexity of salmonid populations, NMFS devel oped the concept of
Evolutionarily Significant Units (ESUs) as the functional “species’ unit for treatment under the
ESA (NMFS 1991).

The second question considers the degree of risk facing a species or ESU. The ESA
(section 3) defines the term “endangered species’ as “any species which isin danger of extinction
throughout all or asignificant portion of itsrange.” The term “threatened species’ is defined as
“any species which islikely to become an endangered species within the foreseeable future
throughout all or asignificant portion of itsrange.” NMFS considers avariety of information in
evaluating the level of risk faced by an ESU. Important considerationsinclude: 1) absolute
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numbers of fish and their spatial and temporal distribution, 2) current abundance in relation to
historical abundance and carrying capacity of the habitat, 3) trends in abundance, based on
indices such as dam or redd counts or on estimates of spawner-recruit ratios, 4) natural and
human-influenced factors that cause variability in survival and abundance, 5) possible threats to
genetic integrity (e.g., selective fisheries and interactions between hatchery and natural fish), and
6) recent events (e.g., adrought or a change in management) that have predictable short-term
consequences for abundance of the ESU. Additional risk factors, such as disease prevalence or
changesin life-history traits, may also be considered in evaluating risk to populations.

According to the ESA, the determination of whether a speciesis threatened or endangered
should be made on the basis of the best scientific information available regarding its current
status. Thisworkshop aimed at defining the best approaches and determining the most accurate
information to use in answering the second question.

| ssues Discussed

The Steering Committee identified alist of topics that would cover maor issues. The
workshop began with a series of presentations on these topics by members of a scientific panel.
Each presentation was followed by a brief question/discussion period. Following these
presentations, members of the audience participated in breakout-discussion groups to provide
broader representation of issues and opinions. Following the public workshop, members of the
scientific panel met to develop their recommendations regarding the best methods for assessing
the extinction risk of Pacific salmon under the ESA. The panel attempted to address all issues
discussed at the workshop.

Based on the issuesidentified by the steering committee, presentations were divided into
several topical areas, asfollows. Not all speakers submitted manuscripts for this proceedings
volume, and one manuscript was published el sewhere before this volume was compl eted
(Goodman 2002). The full agendalisting all presentationsis given in Appendix 1.

« Background
Two presentations provided an overview of key scientific issuesin the ESA listing
determinations and presented NMFS approaches to risk assessments under the ESA.

» Overview
Two speakers presented contrasting reviews of factors contributing to salmon extinction
risk. Topics discussed were:
(1) What factors should be considered in evaluating risks to salmon popul ations
and species under the ESA?
(2) Are some factors more important than others?
(3) Aredifferent factors more important for different species or in different
geographic areas?
(4) Arethere some factors (e.g., water regulations, habitat modifications) that
might be positive for some species but negative for others, resulting in
management tradeoffs?
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Ecological I1ssues
Speakers in this session considered three ecological issues: 1) the role of environmental
fluctuation and change, 2) population risk and habitat condition, and 3) risks and
benefits of hatchery production.

Diversity Issues
Speakers considered issues of metapopulation structure, ecological diversity, and genetic
diversity.

» Assessment Methods
Two speakers addressed the use of quantitative modeling and the role of uncertainty in
ESA risk assessments.

Workshop Summary: Summary of Major Points Raised in Presentations and Discussions
These presentations were followed by three breakout-group discussions allowing
audience members to interact with panelistsin discussing three areas. 1) habitat and
environmental fluctuations; 2) genetic and ecological diversity, and hatchery issues; and
3) assessment methods.

Pand Recommendations

After the public sessions were completed, the scientific panel met to develop and present
their advice to NMFS on the best approaches for ESA listing determinations. Panelists were
asked to go asfar asthey could toward developing a framework for Pacific salmon extinction
risk assessment and specific recommendations for listing and delisting criteria. Several generd
guestions were presented for their consideration:

1) Can specific, quantitative criteria be established that indicate whether a population or ESU
Is presently in danger of extinction or likely to become so in the foreseeabl e future?

2) Can qualitative or quantitative measures be established that describe the overall degree of
risk (or any particular aspect of this such as demographic or genetic risk) facing an ESU?

3) What are the best methods that can be applied to assessing the extinction risk, combining
the effects of multiple factors with varying degrees of information?

4) Where should monitoring efforts be focused to best improve our ability to conduct risk
assessments in the future?

5) What avenues of research or methods' development would be most productivein
improving our abilities to assess the extinction risk of Pacific salmon?

A Summary of the Panel's Recommendationsisincluded in Appendix 2. Inall, over 200
peopl e attended the workshop, providing awide array of valuable insight during discussions. All
three sections of this workshop (presentations, breakout discussions, and panel report) have
contributed subsequent ESA listing and recovery deliberations within NMFS.



viii
Acknowledgments

Aswith any scientific workshop, success depends upon alarge cast. In addition to the
Steering Committee identified above, we extend our thanks to the panelists (Pete Bisson, Gayle
Brown, Bob Francis, Dan Goodman, Mike Lynch, Mark Mangel, Nate Mantua, Phil Mundy, Jay
Nicholas, Brian Riddell, Stewart Schultz, and Tommy Williams) and to the workshop attendees
who contributed many ideas for the panel’'s consideration. Recording and reporting was done by
Suzanne Montgomery. This proceedings volume would have been impossible without the
editorial and production assistance of Kathleen Jewett, Cheryl Read, and Cid Hughes, and the
workshop would not have happened without the registration and logistics efforts of Kathleen
Neely.

Alec D. MacCall Thomas C. Wainwright
Southwest Fisheries Science Center Northwest Fisheries Science Center
Santa Cruz, California Newport, Oregon

Citations

National Marine Fisheries Service (NMFS). 1991. Policy of applying the definition of species under the
Endangered Species Act to Pacific salmon. Federal Register [Docket No. 9120248-1255,
November 20, 1991] 56(224):58612-58616.

Goodman, D. 2002. Uncertainty, risk, and decision: the PVA example. InJ. M. Berkson, L. L. Kline,
and D. J. Orth (eds.), Incorporating uncertainty into fisheries models. Am. Fish. Soc. Symp.
27:171-196.



Overview






11

A Review of Essential Factors for Assessing the Extinction Risk of
West Coast Salmon Populations: Identifying and Defining Normative Conditions
Relevant to Pacific Salmon Stock Assessment

Phillip R. Mundy

Fisheries and Aquatic Sciences
1015 Sher Lane
Lake Oswego, OR 97034-1744

In order to conduct an analysis of the extinction risk of West Coast salmon (anadromous
forms of Oncorhynchus spp.) populations which are being considered for listing under the U.S.
Endangered Species Act (ESA, 16 U.S.C. §§ 1531 to 1544), it is desirable to have broad
scientific agreement on the risk factors which are important to consider, and on how to apply
those factors to the salmon risk assessment in consistent manner (U.S. Department of Commerce
[USDOC] 1996). Asrecommended by a number of authorities (National Research Council
[NRC] 1995), the selection of risk factors of interest in determining the risk of extirpation of
West Coast salmon populations proceeded under an ecological approach which was fully
inclusive of both biotic and physical factors. Published status reviews of anadromous salmonids
and other authorities were consulted to identify risk factors (Table 1). To identify and establish
the relative importance of factors, a primary screening criterion of demonstrated ability to impact
the rate of change in population size was adopted. The screening criterion was employed in a
manner designed to provide an inclusive menu of ecologically important factors from which the
reader could draw combinations relevant to specific localities and salmon life-history types.
Factors so selected are organized into two classes, endogenous and exogenous, which separate
factors with regard to their mode of action on the individual member of the salmon population.

In populations, the extinction risk, or extirpation, is determined by a multiplicity of
factors which are capable of producing changes in the average, and in the variance, of the time
rate of change in living biomass. Under extinction by trend, when the rate of change in biomass
is negative, the probability of extirpation becomes an increasing function of time until such time
as the rate of change becomes non-negative. Under hypothetical equilibrium conditions, there
may be no extinction risk, if the level of biomass is high enough that random fluctuations cannot
extinguish the population. At equilibrium, the rate of change in biomass would alternate signs
frequently, the population biomass would oscillate about some constant level, and the long-term
average rate of change in biomass would be zero. On the other hand, under extinction by trend,
when the biomass of a population is in a steady decline, the longer the rate of change remains
negative, and the closer the biomass comes to zero, the more certain extinction becomes. When
circumstances are such that the population cannot achieve positive growth rate, extinction is
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Table 1. Factors identified by other authorities to be considered in assessing the extinction risk of
salmon populations.

Factors

1. (Thompson 1991) In the review of models, the risk factors are endogenous population
attributes. Exogenous risk factors are not treated explicitly as parameters to be estimated.
Exogenous factors are lumped into stochastic elements, expressed as variability in population
size through time.

2. (Waples et al. 1991a) Made determination based on trend in abundance and present
abundance.
3. (Waples et al. 1991b) Risk factors cited are reduction in geographic distribution, alteration

and reduction of spawning habitat, decline in abundance, low abundance, but no threshold
established, potential threat to genetic integrity from straying of hatchery fish onto wild
spawning areas. Introduces the six general risk factors to be considered in status reviews,
pending availability of information: 1) absolute numbers and their spatial and temporal
distribution, 2) current abundance in relation to historical abundance and carrying capacity of
the habitat, 3) trends in abundance, based on indices or dam or redd counts or on estimates of
spawner-recruit ratios, 4) natural and human-influenced factors that cause variability in
survival and abundance, 5) possible threats to the genetic integrity such as selective fisheries
and interactions between hatchery and wild fish, and 6) recent events that have predictable
short-term consequences for abundance of the ESU such as changes in management or
drought. In addition, risk factors are also disease prevalence, and changes in life history traits.
Future effects of conservation measures were not considered and a steady state was assumed.

4. (Matthews and Waples 1991) Risk factors considered were historical, current, and projected
abundance, trends in abundance, and the geographic distribution and migratory timing.
Trends in salmon abundance were analyzed using the Dennis model to compute the probability
that the 5-year running sums of redd counts would fall below a fixed number of redds (15,474
threatened, 7,065 endangered) within a time period of 100 years.

5. (Johnson et al. 1991) Risk factors identified are intense human perturbation of freshwater
habitats, particularly spawning habitats, and commercial exploitation responsible for reducing
numbers to near extinction of native runs in combination with habitat degradation. There was
drastic reduction in geographic range, hatchery swamping of decimated native runs,
continuing over harvest of native runs, blockage of habitat. (No ESU was discovered so there
is no listing.)

6. (Busby et al. 1993) Risk factors identified decline in apparent abundance to very low levels,
and declining trends in abundance of sports catches. Efforts were refocused on finding the
ESU. None was found so there was no listing.

7. (Johnson et al. 1994) A wide variety of risk factors was considered, including alteration of
temperature regimes, hatchery releases and supplementation, however the only conclusive
evidence of risk was found to be time trends in abundance.
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Table 1. Factors identified by other authorities to be considered in assessing the extinction risk of

salmon populations. Continued.

Factors

10.

11.

12.

13.

(Busby et al. 1994) Risk factors evaluated are population trends, reductions in available
habitat (dams, logging, mining), hatchery swamping or replacement. ESU was identified but
no listing.

(National Research Council [NRC] 1995) Sources of risk are habitat loss, effects of
introduced species, and overharvesting. Low population numbers puts populations at risk.
Risk factors identified are random changes in demographics (age structure, sex composition,
vital statistics) and environmental fluctuations, catastrophes (natural disaster), accumulation
of deleterious genetic factors on reduction of low population size, loss of adaptive variation
within the population, habitat fragmentation, supplementation (by which is meant hatchery
swamping, not support of natural populations by artificial means).

(Waples 1995) Risk factors explicitly defined were: 1) loss of evolutionary legacy: loss of
genetic variability which represent the reservoir for future evolutionary potential, 2) loss of
genetic building blocks to preserve representative collection of components for future
evolution, and 3) loss of ecological diversity. This also cites the risk factors in earlier status
reviews (Waples et al. 1991b).

(Waknitz et al. 1995) Risk factors considered were dam and redd count-based abundance and
trends in abundance. Habitat alterations were part of the preliminary considerations of risk.

(Weitkamp et al. 1995) Factors considered were habitat loss, adverse ocean conditions,
hatchery practices, and harvest.

(Hard et al. 1996) Risk factors listed by petitioners were habitat alterations in the form of
water withdrawals during spawning times, habitat degradation as diking and sewage releases,
timber harvest, hatchery releases of potentially predatory coho salmon, and mixed-stock
harvests. Risk factors mentioned were present abundance, historical abundance and carrying
capacity, trends in abundance, climate trends, and threats to genetic integrity from hatchery
fish. Reliance on population trends from Nehlsen et al. (1991). Data evaluations of risk
factors were current and historical abundance, trends in escapement, proportion of spawners
due to hatcheries, geometric mean of the 5 most recent years for run size and escapement,
estimated abundance, not indices. Average percent annual change in escapement regressed
against year. Risk of artificial production was considered less a problem than habitat
degradation. A major risk factor driving the conclusions was a trend in abundance of
spawners.
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Table 1. Factors identified by other authorities to be considered in assessing the extinction risk of

salmon populations. Continued.

Factors

14.

15.

16.

(Busby et al. 1996) Risk factors mentioned were present abundance, historical abundance and
carrying capacity, trends in abundance, climate trends, and threats to genetic integrity from
hatchery fish. Blockages to habitat by locality as risk factors were identified. In some cases,
there were references to changes in temperature regimes. On the Oregon coast, risk of habitat
blockages and shifts in temperature regimes were identified. Workhorse risk factors were
trends in abundance, reduction in geographic range, degradation of habitat, introgression of
hatchery fish, and present abundance (recent 5-year geometric mean).

(Slaney et al. 1996) Risk factors identified are anthropogenetic habitat destruction,
overutilization, disease, hatchery introgression, exotic-species interactions, and natural
disasters.

(Baker et al. 1996) Factors causing declines were: habitat degradation, overfishing, disease,
hatchery introgression, and natural disasters. Loss of habitat for spawning and rearing due to
development and logging are risk factors. Overfishing was also a factor in mixed-stock
situations where enumeration of individual stocks is not feasible.
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inevitable (NRC 1995). But biomass and its rate of change, as functions of time, are only crude
indicators of population status, and they may be only two variables among the many which may
be considered in assessing the extinction risk. Nonetheless, the criterion of the ability of a factor
to control population size has been applied to identify factors of interest in determining the risk
of extirpation for a population.

Among anadromous salmon populations (Oncorhynchus spp.) along the West Coast of
North America, as in all animal populations, the rate of change in biomass is determined by the
relation of births to deaths over some arbitrary time period. Note, that growth and reproduction
are chosen as criteria to identify endogenous risk factors because they are explicitly related to
survival for a great many fish species (Jensen 1996). Since any factor, which either decreases the
birth rate or increases the death rate, is potentially of interest in determining the risk of
extirpation for a salmon population, an examination and discussion of these factors is necessary
for effective salmon stock assessment under the ESA. To remain effective in the face of
changing environments, any salmon stock assessment requires knowledge of a suite of such
critical factors, since it may not be feasible to measure all factors in every salmon-bearing
locality, and since the length of time for which any given observation has been recorded may
vary. In addition, identifying a suite of critical factors is desirable because no single factor can
be expected to reliably serve stock assessment over all geographic ranges and time frames of
interest.

The suite of factors which needs to be considered when assessing the extinction risk of
West Coast salmon populations are those which define the terms on which the individual animal
is allowed to exist. The terms of this ecological contract for survival fall into two categories:
endogenous and exogenous. The endogenous ecological characteristics which determine the risk
of extirpation of a West Coast salmon population are necessarily genetically based, phenotypic
attributes of the animal that have been determined by the process of natural selection. The
exogenous terms of the survival contract are the geophysical and biological forces with which the
genome interacts to produce the endogenous characteristics, and the time series of annual
population abundance is the resultant of the vectors formed by the interaction of exogenous and
endogenous factors.

Exogenous Factors Defined

Exogenous factors determine the probability of loss for a salmon population through their
control of the endogenous physiological functions of the individual salmon. The search for the
relations between exogenous environmental factors, such as water movement, and the adaptive
fish behaviors with which they interact to influence survival, is key to understanding the range of
physical conditions which allows fish species to persist at any point in space and time. The suite
of exogenous factors which directs the evolution of the species, and which defines the suite of
adaptive traits (endogenous factors) which permit the species to cope with its environment, are
called normative conditions. Within the bounds of normative conditions the species can express
its full range of life-history diversity, occupying the environment to maximum advantage in
sustaining the viabilities of its populations.
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As watersheds are altered by impoundment and other aspects of human development, the
suite of environmental conditions with which the species must cope in order to persist may
change. Should the alterations move the exogenous conditions outside the normative, it is
axiomatic that population viabilities decline as the extinction risk increases. Within some
arbitrary time period, the number of extirpations of salmon populations should be proportional to
the degree to which exogenous conditions coincide with the normative. In order to understand
the role of changing environment in the viability of local populations of a species, it is essential
to define the envelope of exogenous factors within which the extinction risk would be on the
order of zero for an arbitrarily long period of time, all other factors being neutral.

As is the case with protection of a component of any aquatic ecosystem, any identification
and assessment of the relative importance of factors bearing on the extinction risk of salmon
populations needs to proceed with a conceptual foundation, which is appropriate to the
community level of ecological organization (Tonn et al.1983). Resource management decisions
made on the basis of measures of the population dynamics of a single life-history type of a single
species are unlikely to address the principal sources of extinction risk which are habitat loss,
effects of introduced species, and overharvest (NRC 1995). A survey of approaches available to
the analysis of fish communities, for the purposes of identifying risk factors, reveals a large body
of information which is currently not being used in Pacific salmon recovery measures.
Approaches for the identification of exogenous risk factors generally link biological production
or productivity, as measured by individual fish species or by groups of aquatic species, to the
geophysical and geochemical processes which pertain to reproduction and survival.

Endogenous Factors Defined

The extent to which the quantitative and qualitative phenotypic characters of population
are appropriate to the exogenous circumstances, within the range of the population, is a factor
relevant to the extinction risk. In theory, the coevolution of a suite of adaptive characters is
expressed as a distribution of phenotypes which provides the maximum average survival for
some suite of endogenous characteristics (NRC 1995). The tails of the distribution of phenotypes
provide the responses to shifts in exogenous factors. Presumably, the coadapted gene complexes,
which produce the suite of endogenous factors, are selected for their ability to produce the
distribution of phenotypic traits and behaviors which maximize survival.

The best understood endogenous factors which bear directly on reproduction and survival
are size-at-age, fecundity and egg size, age composition, ontogenetic patterns in rheotropism,
timing and geographic patterns of migrations, and disease resistance. The genetic basis of these
adaptive endogenous factors has been confirmed for a wide variety of species and life-history
types of anadromous salmon.

Interactions Between Endogenous and Exogenous Factors

The extent to which the endogenous properties of a salmon population may modify
exogenous factors, which are important determinants of reproductive success and survival, forms
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the basis for a control feedback process with consequences for the assessment of the extinction
risk. Salmon populations are essential constituents of the biogeochemical cycle, and nutrient
feedback from adults to their offspring can be an important factor in salmon population dynamics
(Mathisen 1972). The chemical elements essential to terrestrial ecosystem function which are
removed by erosion during runoff, and through emigration of anadromous, and to a lesser extent,
catadromous species, are returned to the terrestrial ecosystems (Kline et al. 1990). Salmon
populations are the transport mechanisms whereby marine carbon and nitrogen reach terrestrial
ecosystems, and substantial portions of the food webs in salmon spawning areas are supported by
materials from the decomposing carcasses.

Discussion of Exogenous Factors
Exogenous factors: Climate

Reproduction and death in salmon are functions of many exogenous factors which are
ultimately dependent on climate, as the proximate agent of geophysical action on salmon.
Adverse ocean conditions have been identified by the National Marine Fisheries Service (NMFS)
as a principal threat to coastal coho salmon (USDOC 1996). Critical exogenous factors have
been described in physical, chemical and biological terms. The interrelated annual-temporal
patterns of temperature and runoff, to which natural selection has shaped the timing of salmon
migrations (Quinn and Adams 1996) are critically important functions of climate, among other
factors.

As the ultimate arbiter of the geographic extent and function of the ecosystem (Cushing
1982), climate is a factor important to assessing the extinction risk of West Coast salmon
populations (Beamish and Bouillon 1993, Francis and Hare 1994, Williams et al. 1998). Climate
impacts individual survival and reproduction in a salmon by its interaction with every component
of the ecosystem. By determining the timing and location of nutrient transport, climate
influences growth rates and survival by determining how much, and what, the salmon may find
to eat. Climate also directly impacts reproductive success by controlling both the amounts, and
the physical and chemical qualities, of the water over the spawning beds. Through its influence
on temperature, climate determines the geographic distributions of salmon populations and all
the populations of other species with which salmon interact. As the ultimate arbiter of the
location and functioning of the ecosystem, climate is a factor important to assessing the
extinction risk of West Coast salmon populations.

Exogenous factors: Anthropogenesis

Salmon populations have evolved in a freshwater environment of lotic waters, but today
the assessment of the extinction risk of salmon populations must contend with the anthropogenic
effects of impoundment (Raymond 1979). Risk assessment for salmon populations must address
the extent to which water movement may be necessary for the persistence of the species.
Consequently, the answer to the question of the extent to which the success of reproduction and
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survival of a salmon population may be associated with water movement is fundamental to
establishing its extinction risk.

Anthropogenic effects are the results of impoundment, agriculture, logging, and
development, associated with human population growth such as road building. Negative effects
on the ecological carrying capacity of salmonids in portions of the Columbia River Basin have
been extensive (Bisson 1996). Alteration of the natural annual runoff patterns have degraded
water quantity and quality with respect to salmon populations. Loss of seasonally flooded habitat
has had serious consequences for production of salmonids (Bisson 1996). Input of sediment and
removal of large woody debris are but two of the anthropogenic effects which have reduced
salmon’s ability to reproduce and to survive as juveniles.

Anthropogenic shifts in aquatic temperature regimes are factors of interest in assessing
the extinction risk of salmon populations. A recent bibliography documents the extensive
scientific basis of the effects of elevated temperature on growth, reproduction and survival in
salmon populations (McCullough 1993). The insidious and potentially far-reaching effects of
temperature on salmon are evident in research which indicates that temperature-dependent sex
determination occurs in sockeye salmon, and that it could occur in all salmon species (Craig et al.
1996). Adult salmon have a limited ability to alter their migratory timings in response to
environmental factors due to their semelparous nature (Mundy 1982, Quinn and Adams 1996).
Therefore, unfavorable environmental alterations in the adult migratory corridor are factors to be
considered in assessing the extinction risk of salmon populations. Potentially lethal temperatures
are encountered by endangered chinook salmon and sockeye salmon species during spawning
migrations in the Columbia and Snake Rivers. Water temperatures in the Snake River exceeded
the threshold at which prolonged exposure could be lethal (20°C) during the latter part of July,
August, and early September, 1991. A hiatus was noted in the fall chinook salmon spawning
migration into the Snake River. The hiatus was attributed to the high temperatures in the Snake
River in 1991 (Bjornn et al. 1992). Endangered fall chinook salmon species attempting to pass
the fish ways at John Day in 1995 were subjected to potentially lethal water temperatures for the
majority of their migratory period (Dalen et al. 1996). Water temperatures in the fishways of
three lower Columbia River dams reached or exceeded 21.1°C (70.0°F) at Bonneville Dam for 7
days (August 1-August 7, 1991), at The Dalles Dam for 16 days (July 27-August 11, 1991), and
at the John Day Dam (July 25-September 23, 1991). High water temperatures in the fishways at
these localities are known to occur in late afternoons, and at all times in the late summer (Dalen
et al. 1996).

Exogenous factors: Habitat dependency measures

The degree to which the needs of the salmon population for habitat is met at any locality
for any life-history stage, is a factor important to the assessment of the extinction risk. A number
of quantitative and qualitative methods which link changes in attributes of habitat, which are
critical to reproduction and survival of fishes (including salmon), are available for consideration
in computation of the extinction risk. In general form, the habitat-dependency methods attempt
to define the proportion of the population dependent upon various habitat attributes, or on indices
of habitat attributes.
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The scientific basis for predicting associations between habitat type and the nature of
plant and animal assemblages is extensive. A very old and rich literature of the aquatic
organisms of running waters describes the longitudinal succession of plant and animal species
assemblages encountered in moving through a watershed from its headwaters to the estuary
(Hynes 1970). Measures of the distribution of biomass among species in ecological communities
and species diversity indices (Pielou 1966), have been used for some time to characterize
temporal variability in response to natural seasonal changes in habitat for fish species
assemblages, both marine (Dahlberg and Odum 1970) and freshwater (Harima and Mundy 1974).
A measure of longitudinal succession, the variation in fish species assemblages as a function of
stream size, has been used to predict changes in species in fish species composition as a function
of habitat alteration (Mundy and Boschung 1981).

Individual measures of fish assemblages and indexes of habitat quality have been
combined into two lines of research which attempt to match the suitability of available habitat to
the optimum habitat requirements of individual species. These are the instream flow incremental
methodology (IFIM), and the habitat suitability index (HSI), (Pajak and Neves 1987). It is
interesting to note that recommendations on fish-production estimation methodology for a
non-salmonid species from an HSI study on small streams in Virginia (Pajak and Neves 1987),
are very similar in concept to methodologies recently proposed for salmon in the Columbia River
Basin (Lestelle et al. 1996). The 1987 Virginia study recommended improving fish-production
estimation by including in the study area stream sections (called bands in the 1996 study)
throughout the home range of the species; or the inclusion of the annual habitat requirements of
all life stages of the target species. This is a fundamental concept of the 1996 study. The 1996
study (Lestelle et al. 1996) is discussed later in this document.

An example of a habitat-dependency measure, which is the method of weighted usable
area (WUA; Glova and Duncan 1985), defines the amount of usable habitat in a river for juvenile
chinook salmon, adult chinook salmon, and other life-cycle stages of other fish species, based on
measures of association between fish and average water velocities, depths, and substrate size
expressed as habitat-suitability curves. Changes in the WUA as a function of water discharge
(m’s™) and the closely related variable, river channel width (m), can be used to illustrate the
importance of discharge to different life-cycle stages of chinook salmon in maintaining diversity
in channel form and flow. Levels of discharges which maintain the diversity in channel form and
flow provided more WUA for chinook salmon and other species. At low discharge levels, an
overall decrease in WUA was attributed to complete loss of the habitats associated with small
channels (Glova and Duncan 1985).

The index of biotic integrity (IBI) is designed to evaluate the state of an aquatic resource
based on the attributes of indigenous fish communities (Karr 1981). Three categories of fish
community attributes are the species composition, trophic composition, and health and
abundance of fish. The scores of these attributes reflect the condition of the fish community in
relation to an ideal undisturbed situation. The IBI reflects the hypothesis that key attributes of
the fish community change in proportion to degradation of habitat.

Even though the IBI was developed for low gradient, warm-water streams in agricultural
areas, it has been successfully applied to small, mountain cool-water streams (Leonard and Orth
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1986). In the cool-water stream application, a modified IBI, based on six fish-community
attributes was consistent with independent rankings of stream degradation. The six critical
exogenous attributes identified by Leonard and Orth (1986) are representative of those which
may be important to the assessment of the extinction risk in salmon. These are: 1) total number
of species, 2) proportion of individuals as creek chubs, 3) species richness, 4) composition of
darters, 5) number of fish in sample, and 6) proportion of fish with disease or anomalies. With
substitutions for the ecological equivalents of creek chubs and darters, the IBI may be applicable
for assessing the extinction risk of salmon. An IBI as applied to small streams was found to vary
spatially and temporally in conjunction with known water quality (Karr et al. 1987). None of the
individual components of the IBI, such as the species diversity index, performed as consistently
at ranking sites with respect to habitat quality as did the IBI. The IBI was found to reflect known
habitat and water quality perturbations of both natural and anthropogenic origin over time and at
a variety of locations (Karr et al. 1987).

Mathematical techniques which may quantify factors important to the assessment of the
extinction risk have been developed by U.S. government scientists from agencies associated with
salmon management and recovery. Models of habitat dependency for salmonids have been
developed which describe freshwater salmon production as a function of habitat attributes
(Murphy et al. 1990). Other relevant U.S. government models have been developed to help
understand the risks posed to salmon production by government forest-management practices
(Murphy 1995).

Another class of habitat-dependency measures currently being developed specifically for
salmon in damaged habitats are the patient-template analysis (PTA) (Lichatowich et al. 1995),
and the closely related ecosystem diagnosis and treatment method (EDT) (Lestelle et al. 1996).
Both PTA and EDT are conceptually closely similar to HSI, WUA and IBI, in that they link
attributes of the aquatic organisms of interest to the productive capacities of a series of critical
habitats, called life-history trajectories (Lestelle et al. 1996). EDT is more narrowly focused on
the indicator organism than is IBI, being based on the classic assumption that populations which
are dependent on the stability of ecological processes over a large portion of a watershed can be
used to help diagnose conditions for sustainability (Lestelle et al. 1996). PTA, like HSI and
WUA, evaluates productive capacity of habitats for a life-history type of a species by comparing
the habitat conditions presently available to support production to an optimum or historical set of
habitat conditions.

A note of caution is in order for all indicator species habitat-dependency measures.
Although PTA and EDT reduce the carrying-capacity problem to small dimensions of individual
habitat bands and collections of life-cycle stages, EDT, in particular, is heavily dependent on the
measures of habitat capacity of the individual habitat bands. Unless the habitat-capacity
estimates explicitly incorporate understandings of how exogenous factors act on endogenous
factors to affect reproduction and survival, the associated estimates of salmon performance and
cumulative carrying capacity indices will be retrospective quantities, not prospective quantities.

As recognized by the authors of PTA and EDT, habitat-dependency measures need to be
combined with understandings of interactions between exogenous and endogenous factors. A
panel of scientists, convened to consider the issue of estimating salmon carrying capacities,
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concluded that the approach of identifying factors limiting survival of salmon, in order to
quantify the number of salmon which the environment can support, is an oversimplification of
complex ecological processes (Neitzel and Johnson 1996). The panel of scientists went on to
conclude that to pursue a single number or set of numbers that quantify how many salmon can be
supported will not provide useful information, and that an understanding of the relations among
factors that affect salmon performance in a serial fashion throughout the life cycle of the
individual is needed. The panel recommended that the region approach the estimation of
carrying capacity from a number of different scientific perspectives (Neitzel and Johnson 1996).

A specialized form of habitat-dependency measures of interest to the assessment of the
extinction risk of sockeye salmon is the productive capacity of the nursery-lake rearing
environment. Reductions in lake rearing capacity were directly proportional to losses of
production in Columbia River sockeye salmon (Fryer 1995). Models of sockeye salmon
escapements needed to maximize production, based on photosynthetic rates (euphotic volume),
produced accurate production predictions and required only two years of data to make the
predictions (Hume et al. 1996). This method shows promise for models which project the
distribution of times to the extinction risk of sockeye salmon. Given the recent work on the
trophic basis for stream production of salmonids (Bilby et al. 1996), it is reasonable to speculate
that a similar approach for stream-rearing species such as coho salmon, steelhead, cutthroat, and
chinook salmon might be worth trying.

Exogenous factors: Mixed stock harvest and bycatch

The extent to which all salmon life-history stages may be caught (not necessarily landed)
in directed mixed-stock salmon fisheries is important in assessing the extinction risk of a salmon
population. The risk posed to salmon populations by mixed-stock fisheries has long been
understood. The understanding was that different management strategies, which result in similar
sustained yields, could have markedly different effects on the relative abundance of the
individual salmon populations which were harvested in the fishery (Paulik et al. 1967). In a
mixed-stock harvest situation, the desirability of preserving enough genetic diversity to allow
populations to respond to environmental change within a salmon run might be important enough
as a management objective to rule out the application of those strategies which over-exploit small
stocks to the level of extinction (Paulik et al. 1967).

The bycatch problem is potentially a serious factor of concern in the assessment of the
extinction risk of a salmon population (Williams et al. 1998). Since bycatch is not landed to be
sampled, the knowledge of stock composition in bycatch may be lacking or incomplete. The risk
of bycatch to a salmon population would increase in proportion to the number and the magnitude
of the catches in the intercepting fisheries.

Exogenous factors: Biogeochemical cycle

A very large body of evidence indicates that salmon populations are important
constituents of the biogeochemical cycle, functioning as important conduits carrying the
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chemical resources of the North Pacific Ocean to the terrestrial salmon-bearing ecosystems. The
presence and duration of the organic matter contained in spawned-out salmon carcasses in the
fresh and marine waters has been understood for over a quarter of a century (Brickell and
Goering 1970). Studies (in Little Port Walter estuary, Alaska, and in its rapidly flushing
tributary, Sashin Creek) of the chemical fate of pink salmon and chum salmon carcasses showed
that decomposition had substantial effects on freshwater and marine chemistry for periods
exceeding 6 weeks. Ammonium and dissolved organic nitrogen (N) were 5 to 10 times higher in
the salmon-bearing portion of the stream than in the inaccessible control portion of the stream for
up to 6 weeks during the spawning time. Similar temporal patterns in dissolved organic nitrogen
were seen in the receiving estuary (Brickell and Goering 1970).

Subsequent studies in the same locality (Sashin Creek, Alaska), using stable isotope
methods, found that marine-derived nitrogen (MDN) is the predominant source of N for food
webs found in the lower 1,200 m of the stream where salmon spawn (Kline et al. 1990). Outside
the zone of salmon spawning, in the lake above a barrier waterfall in the creek, respired carbon
(measured as the isotope °C) is very important. The source of C in the remainder of the stream
is C fixation by autochthonous producers and marine organic C within the salmon-spawning
section. Resident fishes in the salmon-spawning section depend on marine-derived nitrogen and
some of the C delivered by the annual run of returning salmon (Kline et al. 1990).

The feedback loop between the nutrients contained in adult carcasses and the chemical
constituents of their offspring has been substantiated in enough cases to make it a strongly
tenable hypothesis. Biota in Iliamna Lake, Alaska, had higher '’N compared with control lakes,
verifying a mixing model correlating '’N with marine-derived nitrogen (Kline Jr. et al. 1993).
Periphyton "N reflected localized input from salmon-spawning populations. Juvenile sockeye
salmon had relative levels of MDN which corresponded to escapement size, suggesting the
importance of large escapements (>10 million) for maintaining a predominantly MDN lacustrine
N pool. Resident species, other than juvenile sockeye salmon, showed shifts in MDN between
years of high and low escapements. Dual-isotope approach "N and "*C showed that fish
production is primarily dependent on the limnetic primary and secondary productivities. The
coast range sculpin was shown by "N and "°C levels to have a diet consisting heavily of salmon
eggs and fry.

The role of marine enrichment in freshwater growth and productivity is not limited to the
pink salmon and sockeye salmon. In coho salmon-bearing streams of western Washington State,
aquatic invertebrates and juvenile coho salmon and riparian vegetation were substantially
enriched by marine nitrogen from adult coho salmon carcasses (Bilby et al. 1996). Growth of
age-0 coho salmon was doubled following spawning in late fall, but the highest level of
enrichment of the stream biota, with the marine isotopes, came in the spring during carcass
decomposition. Interestingly, uptake by primary producers was not an important avenue of
incorporation of marine carbon and nitrogen. Therefore, the loss of marine enrichment due to
declines in salmon abundance could have devastating effects on the productivities and structure
of freshwater food webs. Loss of marine enrichment is likely to be an important factor in
assessing risk of extirpation of salmon.
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Exogenous factors: Spawning substrates

Loss of spawning substrate due to the loss of normal sediment transport and river renewal
(Ward and Stanford 1995) and the effects of accelerated erosion and siltation of stream beds, is a
factor to be considered in assessing the extinction risk of salmon populations. Although the
relations between salmon survivals and spawning substrates depend on the velocity and on the
depth of spawning, and the nature of the flow and fine sediments, it is well established that
survival of salmon embryos regresses positively on mean particle diameter, fredle index (an
index of gravel quality), permeability, and dissolved oxygen. The geometric structure of the redd
can mitigate the effects of fine sediments on survival of developing embryos because it permits
formation of a seal which blocks out fine sediment through accretion of small gravels (Chapman
1988). The formation of the silt-excluding cap depends on the Froud number which is a function
of the square of water velocity, gravity and the depth of redd. Under high and turbulent flows,
the silt cap has trouble forming, and siltation becomes a higher risk to embryo survival
(Chapman 1988).

Exogenous factors: Connecting the patches

Fragmentation of habitat is an important factor in establishing the extinction risk of
salmon populations for two reasons. First of all, local salmon populations may impact
reproduction of other local salmon populations by providing spawners (Quinn 1984). The
reproductive links among local salmon populations are evolutionarily important to survival of the
species (Quinn 1984). The organization of salmon spawning aggregates into metapopulations
means that the extinction risk of any one local population should be defined in terms of its degree
of connectivity to other local populations (Mundy et al. 1995). In modeling studies conducted
under assumptions realistic for salmon populations, patches of animals which were both subject
to environmental degradation and complete reproductive isolation, from other patches, had a
higher probability of extinction (became extinct much faster on average), than patches under the
same environmental degradation which were allowed low levels of reproductive input from other
patches (dispersal, or straying) (Berkson 1996). Secondly, fragmentation of habitat is an
important factor in establishing the extinction risk of salmon populations. For salmon, as
anadromous species, the connections between patches of spawners are themselves vitally
important patches for other life-history types of the same and other salmon species (Lestelle et al.
1996, ISG 1996).

Given that the goal of metapopulation recovery for wildlife, including salmon, is to
establish landscapes in which populations can survive and prosper by themselves (McCullough
1996), the probability of the extinction risk of a salmon population is a function of the degree to
which the landscape is connected. Corridors suitable for salmon may also be suitable for other
wildlife such as birds, making the probability of extinction, of even terrestrial species, covariates
of the probability of salmon extinction. For example, buffers of vegetation, left along riparian
zones after clear cutting, functioned to permit dispersal of juvenile birds (Machtans et al. 1996).
As also noted in the bird study, the geographic scale of the corridors and patches is an important
risk factor for salmon populations, since scale factors shift ecological balances as the landscape is
fragmented into smaller patches (McCullough 1996). Additionally, patches altered by humans to
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be suitable to one salmon life-cycle stage, or to one life-history type of a species, may be a
disadvantage for other life-cycle stages or species which function on different-sized geographic
ranges, or in patches of differing characteristics under anthropogenic control. For example,
reducing the risk of the migratory corridor for yearling emigrant chinook salmon and steelhead,
by regulating water flows upward, may in some circumstances increase the risk of loss at the
same locality for subyearling chinook salmon, coho salmon, and steelhead, which use the
margins of the corridor for rearing and feeding (Williams et al. 1998).

Discussion of Endogenous Factors

Endogenous factors: Threats to genetic integrity through loss of inherent vulnerability to
disease

Genetically determined characteristics which confer adaptive advantage on the salmon
population are factors to be considered in determining the extinction risk. An innate character of
salmon populations, which is subject to natural selection, is disease resistance. Steelhead,
chinook salmon, cutthroat, coho salmon, and other salmonid species are known to have a
susceptibility to the mxyosporidean parasite, Ceratomyxis shasta. However, the actual
vulnerability had been observed in some species to vary geographically, according to whether the
parasite was endemic or not (Buchanan and Sanders 1983). The hypothesis that resistance to C.
shasta is the result of natural selection was tested using three Oregon coho salmon populations
known to have differing degrees of susceptibility. When coho salmon offspring from all possible
crosses of the three stocks of varying susceptibility were exposed to Ceratomyxishasta in
Willamette River water, susceptibility of crossbred individuals was intermediate to that of the
original stocks (Hemmingsen et al. 1986). The hypothesis that resistance to C. shasta observed
in some salmon and steelhead trout stocks has a genetic basis resulting from selective pressure,
was validated.

Endogenous factors: Threats to genetic integrity through loss of inherent adaptive
behavior

Behavior, and especially the serial ontogeny of adaptive behaviors, is a key factor in
determining the survival of a migratory species which occupies a series of habitats during its life
cycle. Inherent adaptive behaviors are genetically determined characteristics, which confer
adaptive advantage on the salmon population, and, as such, they are factors to be considered in
determining the extinction risk.

Juvenile coho salmon display a variety of life-history strategies over a fairly wide range
of stream habitats which involve territoriality (Sandercock 1991). The territorial mechanisms
were hypothesized to function as specific, local adaptations which provided for dispersal,
prevention of contagion and parasitism, reduction of predation, and partitioning of food supply
(Chapman 1966). Experimental evidence is consistent with the hypothesis that territorial
behavior in juvenile coho salmon has a genetic basis which natural selection shapes into
agonistic behavior suitable to the availability of food (Roseneau 1987).
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Migratory timing is a genetically inherited, environmentally mediated, adaptive response
which is key to the survival of both juvenile (Northcote 1984) and adult (Brannon 1984, Quinn
and Adams 1996) salmon. A striking demonstration of the genetic basis for adaptive migratory
behavior is available for early post-emergent sockeye salmon fry (Brannon 1967). In most local
populations of sockeye salmon, the fry need to reach a lake to start feeding soon after emerging
from the gravel. Sockeye salmon fry from populations spawning in lake outlets swam into the
current, fry deposited from lake inlet spawners swam with the current, and fry crossbred from the
two populations showed both kinds of rheotropism (Brannon 1967).

Endogenous factors: Threats to genetic integrity through loss of inherent adaptive
morphological traits

Morphological traits such as size-at-age are genetically determined characteristics which
confer adaptive advantage on the salmon population. Morphological traits are factors to be
considered in determining the extinction risk. The size of the spawner is a genetically heritable
trait which is adaptive for stream size in pink salmon and chum salmon (Beacham and Murray
1987, Beacham et al. 1988, Smoker et al. 1994). Given the importance of the geometry of
salmon redd construction to the survival of salmon embryos (Chapman 1988), and given the
tendency of spawning substrate to vary with the size of the river (Beacham et al. 1988), and given
the territorial defense of spawning areas by males in some species (Burgner 1991), it is probable
that selection for body size is quite heavy in some salmon populations. Depth of egg deposition
is heavily dependent on body size of the female spawner. The ability to resist the mortalities
associated with scouring floods of the spawning grounds is dependent on depth of egg deposition
in coho salmon (Sandercock 1991).

Endogenous factors: Threats to genetic integrity through loss of inherent reproductive
potential and egg size

The influence of the number of eggs per female on reproduction and population mortality
schedules is profound. The number of eggs per female, and the reproductive potential (or
fecundity) of a salmon population is an endogenous characteristic which adapts a salmon
population to a particular life-history strategy. As a general rule, it is recognized that fecundity in
salmon is a function of the length of the freshwater residency, an adaptive trait of evolutionary
significance (Semko 1954a. in Burgner 1991). Ultimately, the number of eggs per female must
be linked to the average total mortality that the population is adapted to withstand. Since, at
theoretical equilibrium levels for population numbers (assuming a sex ratio of 1:1), each female
must replace herself and her mate. For the semelparous salmon, in a theoretical population with
a stable age distribution, the average total mortality needed to avoid declines in population size is
a function of fecundity. Let

2 = N(¢) be the number needed for replacement at the end of one generation,

t be one generation unit, and

N(0) be the average number of successfully deposited fertilized eggs per female, as
the average over all reproductive age classes.
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Then,
N(@®)/N(0)=(-Z1),
exp(—Z)=2/N(0) , and
Z=InN0)-In2.

Thus Z[N(0)], the total instantaneous mortality as a function of average fecundity, is the
maximum average total mortality for which the probability of extinction is nominally non-zero.
For all Z > Z[N(0)] the probability of extirpation is an increasing function of time. As long as Z
> Z[N(0)] the length of time to extirpation is a function of the magnitude Z and the initial number
of spawners in the population.

The size of the egg is also a potentially important adaptive trait in at least some salmon
species, which is linked to fecundity. Egg size has a bearing on how much yolk is available to
the developing embryo, which is hypothesized to be of adaptive significance due to its influence
on the time of emergence of fry in chum salmon (Beacham and Murray1987), although no such
relation was found for pink salmon (Beacham et al.1988). Within a salmon population, the size
of the egg is inversely proportional to the number of eggs per female. It has been suggested that
for each combination of exogenous factors there is an optimum combination of egg size and
fecundity (Rounsefell in Burgner 1991). The point of balance occurs where the survivals
permitted by exogenous factors, favorable to rapid development and survival of the embryo,
balance mortalities inflicted by exogenous factors, limiting survival of later life-history stages.

Endogenous factors: Threats to genetic integrity through loss of inherent life-history
diversities

Life-history diversities, and genetically determined characteristics, which confer adaptive
advantage on the salmon populations, are factors to be considered in determining the extinction
risk. Loss of big-river habitats for spawning and rearing threatens the fall chinook salmon in the
Columbia River Basin (ISG 1996). Mitigative measures, such as juvenile fish transportation and
mechanical turbine-intake bypasses (submerged fixed and traveling screens) which discriminate
against certain life-history types while providing benefits to other life-history types, apply
selective pressure against life-history diversity. Transportation of juveniles and mechanical
bypass are factors contributing to the risk of loss in fall chinook salmon and sockeye salmon in
the Snake River basin (Mundy et al. 1994, ISG 1996) .

Endogenous factors: Abundance and age structured abundance

Abundance, the time series of age-structured abundance, and abundance by year of
spawning, or stock and recruitment, are not, strictly speaking, endogenous factors in their own
right. These measures bear discussion because they are the salmon population attributes most
commonly employed in the assessment of extinction risk (NRC 1995). Unfortunately, trends in
population abundance have not been consistently applied to assess the extinction risk of West
Coast salmon populations by published authorities, so conflicting information on population
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status exists in the literature (NRC 1995). Often, the definition of stock or population is
inconsistent among authorities, making stock status and trends in abundance information difficult
to interpret (Weitkamp et al. 1995). Stock and recruitment is a function of the factors which
determine the extinction risk, hence, it is circular to use it as a means of assessing the extinction
risk. When the suite of exogenous factors is moving sharply outside the normative, the historical
time series of age-structured abundance and its variability may give no information relevant to
assessing the extinction risk of salmon populations. For example, the declines in Columbia
River Basin sockeye salmon from 1900 to 1990 was a series of declining step functions, which
closely followed the occlusion of nursery lakes by impassable agricultural and hydroelectric
dams (Fryer 1995). This example is apt for all species of anadromous Pacific salmon due to the
enormous pressure exerted by anthropogenic factors on exogenous conditions essential for
salmon reproduction and survival.

Conclusions

The exogenous factors are considered to be far more important than the endogenous
factors (Table 2). Biological organisms are shaped by their environments. How the animal is
capable of using its environment, and the degree to which it is still adapted to its environment,
are critically important for understanding the future of the population. The loss of ecological
integrity, as shown by breaks in the biogeochemical cycle and by loss of connectivity among
salmon populations, is a serious threat to the survival of salmon populations. The influence of
climate is all pervasive. Understanding the effects of trends in marine survival and changes in
the trophic structure of marine and freshwater environments, as a function of climate, is essential
knowledge. Anthropogenic factors are obviously serious threats to the survival of salmon
populations throughout their range. Mixed-stock harvest and bycatch lend themselves to
overharvest of salmon populations, and their effects are insidious due to the lack of monitoring
and stock identification information at the level of the native population.

Endogenous factors are shaped by the environment. Genetically inherited adaptive traits
are a key to how the population is suited to survive in any environment. Abundance and trends
in abundance are least important among the factors identified, since they are poor substitutes for
understanding the causes of changes in salmon population size. Trends in abundance work best
for populations which are clearly on the verge of extinction, but yield poor information at higher
population levels.

Lack of information should not drive how we approach factors for assessing the
extinction risk of salmon populations. In identifying the knowledge we need, but do not have,
we have taken a major step toward understanding the reliability of our conclusions. With
uncertain critical information, we have uncertain conclusions. Only by improving the knowledge
base can we become more certain about the future of West Coast salmon populations.
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Table 2. Prioritized list of factors important to the assessment of risk in salmon populations.

1. Exogenous Factors

Habitat Dependency Measures (Spawning Substrates)
Biogeochemical Cycle

Connecting the Patches

Climate

Mixed Stock Harvest and Bycatch

Anthropogenesis

2. Endogenous Factors

Threats to Inherent Adaptive Traits
Abundance and Age-Structured Abundance
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1. Introduction

A number of recent studies have verified the fact that many stocks of Pacific salmon are
threatened with extinction. For example, the Wilderness Society (1993) estimates that naturally
reproducing Pacific salmon are mostly extinct or imperiled in 56% of their historic range in the
Pacific Northwest and California. This undesirable state of affairs has developed in response to
both natural variability and a legacy of human activities that are related to land use, harvest and
hatchery practices (National Research Council [NRC] 1996). In this document, we examine the
role that climate variability plays in driving salmon population changes. Ultimately, we develop
a paradigm for the role of climate variations in the concern over future salmon extinctions.

One of the most obvious and important characteristics of the climate system is its
variability. At time scales ranging from seasonal to millennial, records of climate from around
the globe all highlight the fact that the normal state of the physical environment is one of
dynamic change. Throughout the history of their existence, Pacific salmon and the ecological
communities they are a part of have demonstrated tremendous resilience by evolving upon and
adapting to a naturally variable environmental template. Thus, from a long-term historical
perspective it seems clear that natural climate variability, by itself, should not be a primary
concern in maintaining salmon stocks.

Anthropogenic influences on the salmon’s environment play a primary role in our
discussion of climate influences on salmon extinctions. Human activities have degraded, and in
some cases completely eliminated much of the Pacific salmon’s historic stream and estuarine
habitat in the past century and a half. In many ways, human actions have forced semi-permanent
changes to the salmon landscape that parallel those typically associated with climate change
(Karr 1994). For example, stream temperatures, flow regimes, sediment transports, and
pool-to-riffle ratios are all subject to anthropogenic and climate changes. Karr (1994) points out
that one major difference between perturbations due to natural climate events versus one caused
by human activities is the time scale of the resulting impacts. A warm phase of the El
Nifio/Southern Oscillation (ENSO) generally impacts precipitation and stream flows over the
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course of a single year, while the construction hydropower dam alters stream flows for decades to
centuries.

In this document, we present results from two distinct types of analysis. In the first type,
we adopt a Pacific Basin-scale perspective and search for linear relationships between climate
and salmon-metapopulation variability along the Pacific Coast, from Alaska to California. This
approach yields a robust large-scale pattern of salmon metapopulation responses to climate
variability. In the second approach, we select a few case studies that illustrate complex,
nonlinear relationships between climate and salmon population variability. With case studies, we
examine a hierarchy of spatial scales, starting with a regional perspective of metapopulations,
then step down to more local spatial scales, bringing us much closer to evolutionarily significant
units (ESUs) of salmon populations. It is this latter approach that we see as most applicable to
the issue of climatic influences on salmon extinctions and potential listings under the Endangered
Species Act (ESA).

We will argue that the superposition of natural-climate variability upon anthropogenically
stressed salmon ecosystems is an issue of grave concern for the sustainability of salmon
populations. We offer some ideas about salmonid vulnerabilities to climate fluctuations, and
discuss possible strategies to preserve and enhance salmon metapopulation resilience in the face
of climate fluctuations.

The remainder of this document is organized as follows: In Section 2, we describe the
data and methods of analysis used. In Section 3, we discuss two recurring patterns of Pacific
climate variability generally believed to be important to Northeast Pacific salmon, the ENSO and
the Pacific Interdecadal Oscillation (PDO). In Section 4, we discuss results of a retrospective
study linking large-scale Pacific climate variability to that in Pacific salmon populations. Case
studies detailing climate impacts on salmon populations over a range spatial scales are presented
in Section 5. A discussion of climatic influences on salmon extinctions is presented in Section 6,
and conclusions follow in Section 7.

2. Data and Methods
2.1. Climate and salmon landings data

Historical salmon-catch records and climate data were obtained from a variety of sources.
In each case, we assembled annual values for each measure of interest, covered in the period of
record 1925 to 1993, unless otherwise noted.

We obtained salmon-landings data from the following agencies: the Alaska Department
of Fish and Game (ADFGQG) (1991), the Canadian Department of Fisheries and Oceans (CDFO),
the Washington Department of Fisheries (WDF), the Oregon Department of Fish and Wildlife
(ODFW), and the California Department of Fish and Game (CDFG). Following the various
fisheries agencies listed above, we divided our salmon landings data into 10 regions: 1) western
Alaska, 2) central Alaska, 3) southeast Alaska, 4) northern British Columbia, 5) the Strait of
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Georgia, 6) west Vancouver Island, 7) Washington Coast, 8) Puget Sound, 9) Oregon, and 10)
California (Figure 1).

Average annual catch of all salmon (in millions) and fractional composition by species
for each region for the period of record 1925 to 1993 are shown in Figure 2. On average, the
largest salmon catches have been recorded in Alaskan waters where sockeye salmon and pink
salmon are the dominant species. In contrast, southern salmon catches (and populations) are
primarily composed of coho salmon and chinook salmon, and overall numbers in the southern
regions are typically an order of magnitude lower than those in the far north. In British
Columbia, between the extremes in the Northeast Pacific salmon’s range, annual-average salmon
landings have been both relatively large and evenly distributed among each of the five
commercially exploited species. The average landings data for the period of record studied here
are regarded as generally reliable indicators for the variability in adult salmon populations
(Beamish and Boullion 1993, Francis and Hare 1994, Hare and Francis 1995).

An alternative approach is to compare salmon survival to climate variability, but such
information is available for only a few select stocks and for a relatively short period of time
(Coronado-Hernandez 1995). It is our hope and expectation that by averaging over relatively
broad regions, variability in the catch data that is coherent with that in the climate data will
emerge if the relationships are robust. The results presented in Section 4 suggest that, indeed, a
climate signal does exist in the admittedly difficult-to-interpret fishery data set.

Our analysis of climate relationships with coast-wide salmon populations utilizes three
indices for naturally occurring marine climate variability in the Pacific Basin. These are: 1) the
Pacific Interdecadal Oscillation (PDO) index, 2) an index of sea-surface temperature (SST)
variability along the coast of British Columbia and Washington State (BCSST), and 3) an index
for SST variability in the eastern equatorial Pacific, hereafter the cold-tongue (CT) index. Each
index was chosen to represent the time history of recurring climate patterns thought to be
important to Pacific salmon and/or climate variability in the Northeast Pacific. The source
regions for each of the SST indices are shown in Figure 3, and the time series are plotted in
Figure 4.

The PDO index, derived from a principal component/empirical orthogonal function
(PC/EOF) analysis (Preisendorfer 1988) of North Pacific SST for the period of record from 1900
to April 1996, is the dominant pattern of SST variability in the extratropical North Pacific (Zhang
et al. 1996). The PDO has clear signatures in North American winter-air temperatures,
precipitation, stream flows, and select salmon populations (Mantua et al. 1997). PDO-related
SST and sea-level pressure (SLP) patterns are shown in Figure 5a.

The CT index is the average SST anomaly in the region from latitude (lat.) 6°N to 6°S,
longitude (long.) 180°W to 90°W. It is a commonly used ocean-based measure of the ENSO
(a recurring phenomenon that has been linked to large-scale climate anomalies) that are similar,
in many respects, to those associated with the PDO (Zhang et al. 1996). The ENSO is known to
impact a number of fisheries in the nearshore waters of the eastern Pacific (Baker and Chavez
1983, Mysak 1986, Sharp and McClain 1993). CT-related SST and SLP patterns are shown in
Figure 5b.
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(a) SST and SLP regressed upon the PDO index
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Figure 5. Winter mean (November-March) COADS SST regressed upon (a) the winter mean PDO
index, and (b) the winter mean CT index for the period of record 1900-1992. Contour
interval is 0.1°C. Positive (negative) contours are solid (dashed). Reproduced from Zhang et

al. (1996).
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We include the BCSST index' (which is a regional measure of SST anomalies from shore
stations between the Queen Charlotte Islands in British Columbia, Canada, and Neah Bay in
Washington State) because it represents coastal marine climate variability in the center of the
Northeast Pacific salmon’s range. A more comprehensive discussion of the climate indices and
related patterns is presented in Section 4.

A selection of regional climate data is examined in this document as well. In Figure 6,
we show annual water year (October through September), streamflow indices from the Gulf of
Alaska and the Pacific Northwest, wintertime surface air temperatures from the Gulf of Alaska,
and coastal SST from Scripps Pier in southern California.

2.2. Analysis strategy

To objectively identify recurring patterns of climate variability in the North Pacific, a
PC/EOF analysis of gridded SST data, poleward of 20°N in the Pacific Basin, was done (compare
analysis with Zhang et al. 1996). We used the covariance matrix from monthly SST anomalies
provided by the Climatic Research Unit, University of East Anglica, for the period of record
1900 to April 1996 (Folland and Parker 1990, 1995). The analysis produced the PDO index
shown in Figure 4.

To objectively identify linear relationships between our climate indices and salmon catch
data, we follow a four-step procedure. The end products of this analysis are patterns of regional
and species-specific salmon catch variability with time-varying indices. Each pattern explains
relatively large fractions of the total variance in the salmon-catch data set.

First, we compute lag-correlations between each of the 47 salmon-catch records and each
of the three climate indices. Before the lag-correlations are computed, each time series is
prewhitened following Katz (1988).> This part of the analysis was done for two reasons. First,
to gain insights into which part of each species’ life history (e.g., early versus late in the ocean
phase where the relationships with climate appear). The second reason is to provide guidance
for building a data matrix to be used in the PC/EOF analysis. The time lags (number of years),

"' BCSST index is a composite of nine individual SST time series from coastal British Columbia, Canada,
and Washington State. These stations are at: Amphitrite Point, Departure Bay, Race Rock, Langara Island, Kains
Island, Mclnnes Island, Entrance Island, and Pine Island, in British Columbia (B.C.), Canada; Neah Bay, in the NW
corner of Washington State. The time series from B.C. was obtained from the Institute of Ocean Sciences in Sidney,
B.C., Canada, while that for the Neah Bay was obtained from the Scripps Institute of Oceanography in La Jolla, CA.

? The presence of strong autocorrelations in time series, which is a common property of environmental data
sets, can introduce spurious cross-correlations at numerous time lags. Prior to computing the lag-correlations
between the catch and climate time series, we removed the 1-year autocorrelation. An exception was made with the
pink salmon catch records because they exhibit a clear peak in autocorrelation at 2-year lags, thus, we removed the
2-year autocorrelation from these catch records (see Hare 1996 for a more detailed discussion of problems
introduced by autocorrelations in environmental data).
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for which there are statistically significant cross-correlations between the prewhitened climate
and salmon time series, are recorded. From these time lags, frequency distributions for
significant catch-climate lags stratified by species, are constructed (shown in Fig. 7, and
discussed in Section 4.1).

In the next step, we create a data matrix composed of the 47 selectively-lagged catch
records. The appropriate time lags for each species are determined by the peaks in the
histograms of statistically significant lag-correlations.

In step three, we compute a population-weighted covariance matrix. The weighting
amounts to a normalization of each group of catch time series, by region, such that each of the
10 fishery areas has the same total variance. Within each region, the variance for each species is
weighted by its fractional contributions to the annual mean catch in that region.

In the final step, we apply a PC/EOF analysis to the population-weighted covariance
matrix. The products of the PC/EOF analysis are a set of objectively derived orthogonal
principal components (PCs), or expansion-coefficient time series and corresponding loading
vectors. Each PC is a time series that describes the time varying amplitude of the associated
loading vector. In a less formal analysis presented in Section 5, we examine three case studies,
which exemplify nonlinear complex responses of salmon populations to environmental forcing,
of which climate is a part.

3. A Retrospective Look at North Pacific Climate Variability

Previous work has demonstrated that climate fluctuations captured by the BCSST, CT,
and PDO indices are important to marine ecosystems along the Pacific Coast of the Americas.
For example, coastal SST variability represented by the BCSST index has been implicated as an
important environmental forcing on nearshore marine ecosystems in the Northeast Pacific (e.g.,
Wooster and Fluharty 1985, Mysak 1986). Tropical SST variations marked by the CT index
have been identified as a factor in pelagic fish population change in the eastern tropical Pacific
(Barber and Chavez 1983, Sharp and McClain 1993). Large-scale SST fluctuations projecting
onto the PDO have been linked to variability in large marine ecosystems of the Northeast Pacific
and Bering Sea (Hollowed and Wooster 1992, Beamish and Boullion 1993, Francis and Hare
1994, Hare and Francis 1995, Beamish et al. al. 1995, Hare 1996, Mantua et al. 1997). In the
remainder of this Section, we discuss the characteristics of the climate patterns associated with
the three SST indices shown in Figure 4.

At the top of Figure 4 is the PDO index which represents the time history of the dominant
pattern of North Pacific SST variability for the period of record from 1900 to April 1996. The
PDO has experienced strong interdecadal fluctuations over the past century, with mostly positive
values from the mid-1920s to the mid-1940s, negative values from the mid-1940s to 1976, and
positive values since 1977. In this century interdecadal fluctuations in this index have closely
paralleled those in the dominant pattern of North Pacific SLP (Hare 1996, Latif and Barnett
1996, Zhang 1996, Zhang et al. 1996). Thus, the PDO represents a large-scale, coherent
ocean-atmosphere interaction at preferentially interdecadal time scales.
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Shown at the bottom of Figure 4 is the CT index, which represents the time history of the
dominant pattern of tropical Pacific SST variability. Over the past century, the CT index has
varied mostly at interannual time scales and is highly correlated with an index for the leading
pattern of SLP variability in the tropical Pacific. The CT index is a commonly used oceanic
indicator for the well-known ENSO?, which involves large-scale, ocean-atmosphere interactions.

Shown in the middle of Figure 4 is the BCSST index. The BCSST index has exhibited
regime-like behavior that parallels behavior in the PDO for much of the common period record.
Exceptions are clearly evident during the 1958 to 1962 and 1988 to 1992 periods of record when
the PDO was weak or negative but BCSST was positive. Time variability in BCSST appears to
contain a mix of the lower- and higher-frequency variability that is contained in the PDO and CT
indices, respectively.

By regressing records of gridded wintertime SST and SLP data upon the PDO index,
spatial patterns typically associated with a positive unit standard deviation of the PDO are
generated (Fig. 5a). The largest PDO-related SST anomalies are found in the central North
Pacific Ocean, where a broad pool of cooler-than-average surface water has been centered for
much of the past 20 years. The peak amplitude of the SST regression coefficients in the cold
pool are on the order of -0.5°C. The narrow belt of warmer-than-average SST that, in the past 2
decades, has prevailed in the near shore waters along the West Coast of the Americas, is also a
distinctive feature of this pattern and is consistent with the relatively strong positive correlations
between the PDO and BCSST indices. The SLP anomalies (not shown) that are typical of the
positive PDO are characterized by basin-scale negative anomalies between 20°N and 60°N. The
peak amplitude of the mid-latitude wintertime SLP signature is about 4 mb, which represents an
intensification of the climatological-mean Aleutian Low. This SLP pattern is very similar to the
dominant pattern of wintertime North Pacific SLP variability (Hare and Francis 1995).

Shown in Figure 5b are the SST fields regressed upon the CT index. The map in Figure
5b shows anomalies typically associated with a unit standard deviation ENSO pattern.
Comparing Figure 5a with 5b, it is evident that the tropical PDO spatial signatures are in many
ways, reminiscent of canonical warm-phase ENSO SST anomalies (Rasmussen and Carpenter
1982). However, the PDO amplitudes in the tropical fields are weaker than those obtained by
regressing the surface fields upon the CT index. Likewise, the PDO regression amplitudes in the
Northern Hemisphere extratropics are stronger than those obtained from regressions upon the CT
index (Zhang et al. 1996), both in the interior North Pacific and along the coastal strip of the
Northeast Pacific.

Over the past century, the CT, BCSST, and PDO indices are positively correlated at
statistically significant levels (see Table 1). With a linear multiple regression, using the CT and
PDO indices as predictors, one can explain 44% of the variance in the BCSST index for the
period of record between 1925 and 1993. Using the PDO index alone to model BCSST

? Note that the essence of ENSO is thought to be contained within the tropical latitudes of the Pacific Basin
(see Battisti and Sarachik 1995 for a comprehensive review on understanding and predicting ENSO), while that of
the PDO remains an area of active research.
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variability, one can predict about 40% of the variance. Using the CT index alone explains about
20% of the BCSST variance.

Table 1. Correlation coefficients between the PDO, BCSST, and CT indices.

PDO BCSST CT
PDO - 65 43
BCSST - - 40

CT —--- —--- ——--

There is little evidence that the BCSST region is the locus for a strong, ocean-atmosphere
interaction important to larger scales of Pacific climate variability. In our view, BCSST is best
understood to vary in response to the PDO, tropical ENSO, and other patterns of Pacific climate
variability.

For example, the tropical ENSO is known to influence Northeast Pacific SST via two
pathways. First, by so-called atmospheric teleconnections (Wallace and Gutzler 1981) and
second, via coastally trapped, poleward-propagating, internal ocean waves (Gill 1982).

ENSO-related changes in tropical precipitation excite changes in the wintertime
atmospheric circulation over the mid-latitude North Pacific (Bjerknes 1969, Julian and Chervin
1978, Horel and Wallace 1981, Hoskins and Karoly 1981). It is the teleconnected change in
extratropical surface winds that ultimately force changes in North Pacific ocean temperatures
through air-sea fluxes of heat and momentum (Namias 1969, Miller et al. 1994, Miller 1996).

ENSO-related changes in tropical winds can influence Northeast Pacific SST, via the
generation of coastally trapped, upper-ocean disturbances in the equatorial Pacific (Enfield and
Allen 1980, Chelton and Davis 1982). Results of empirical, theoretical, and numerical modeling
studies suggest that the oceanic connections between variability in the tropical ENSO and
mid-latitude coastal waters of the eastern Pacific are most robust equatorward of San Francisco.
Poleward of San Francisco, coastal SST and sea-level variability are primarily driven by
atmospheric forcing in the North Pacific (Chelton and Davis 1982, Parres-Sierra and O’Brien
1989, Miller et al. 1994).

Large-scale atmospheric-circulation anomalies that impact coastal SST also generate
terrestrial climate variability. Typical of positive (negative) PDO and warm (cool) ENSO years
are relatively warm (cool), wet (dry) winters with high (low) water-year (October-September)
stream flows in the coastal regions of the Gulf of Alaska. During those same years, the Pacific
Northwest tends to experience relatively warm (cool), dry (wet) winter with low (high) snowpack
and low (high) stream flows (Cayan 1996, Mantua et al. 1997).
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Selected climate records from western North America highlight the widespread signatures
of the PDO (Fig. 6). Interdecadal fluctuations in wintertime surface-air temperature in the Gulf
of Alaska, and SST near the coast from Alaska to southern California, varies in phase with the
PDO. During positive PDO years the annual, water-year discharge in the Skeena, Fraser, and
Columbia Rivers is on average 8%, 8%, and 14% lower, respectively, than that during negative
PDO years. In contrast, positive PDO year discharge from the Kenai River in the central Gulf of
Alaska region is on average about 18% higher than that during the negative-polarity PDO years
(Mantua et al. 1997).

In summary, evidence suggests that it is primarily by their North Pacific atmospheric
expressions that the PDO and ENSO climate phenomena influence the terrestrial and coastal
oceanic environments in which Northeast Pacific salmon live. Over the past century,
interdecadal variability associated with the PDO climate pattern has dominated that associated
with teleconnections to the interannual ENSO (as expressed by the CT index) in the North
Pacific.

4. Climate Influences on Salmon Populations

4.1. Linear Climate-Catch Data Relationships

Following the analysis outlined in Section 2.2, we generated frequency distributions for
years with significant lag-correlations between the climate indices and catch records, constructed
a population-weighted catch-data covariance matrix, and then applied a PC/EOF analysis to
identify coherent patterns of salmon metapopulation variability along the Pacific Coast of North
America.

Histograms showing the number of statistically significant, climate-catch, lag-
correlations, stratified by year, lag and species, are shown in Figure 7. For this part of the
analysis, we collected the significant lag-correlations from all 10 regions for each species where
they exist. The histogram for chinook salmon shows statistically significant correlations at lags
of 2 and 3 years, with a few significant correlations occurring at 0-, 1-, and 4-year lags as well.
For coho salmon, the peak in the histogram occurs at 2 years, and there are significant lags at 0,
1, 2, and 4 years. Two- and 4-year lags emerge as the peaks in the histogram for lag-correlations
between sockeye salmon catch and climate indices®. The histograms for pink salmon and chum
salmon show that the most frequent significant correlations with the three climate indices occur
at a l-year lag.

Based on the results of the climate-catch lag-correlations, the following time lags were
used to construct the catch-data matrix for the PC/EOF analysis: chinook salmon — 3 years, coho
salmon — 2 years, sockeye salmon — 2 years, pink salmon — 1 year, and chum salmon — 1 year.

* The 4-year lag appears to be related to year-class cycles in some sockeye salmon breeding populations
(Burgner 1991). We follow Francis and Hare (1994) and Hare and Francis (1995) by focusing on the 2-year lag-
correlation peak which points to an early ocean life-history connection between most Alaskan sockeye salmon stocks
and climate variability.
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For all but chum salmon, the years emerging as peaks in significant lag-correlations suggest that
the climate patterns considered here are most often impacting salmon populations early in the
ocean or late in the freshwater phases of their life histories (compare with Pearcy 1992, Francis
and Hare 1994, Hare and Francis 1995, Hare 1996).

The leading pattern of salmon-catch variability, emerging from our statistical analysis of
the selectively-lagged, salmon catch covariance matrix, explains 34% of the variance from the
original data matrix (Figs. 8a, 8b). The leading principal component (PC1), or expansion-
coefficient time series, is shown by the shaded bars in Figure 8a. The time variability in PC1
depicts an interdecadal vacillation with predominantly positive values from 1925 to 1942,
negative values from the early 1940s to about 1976, and then positive values from 1977 through
1992. For the common period of record, the similarity between the PDO index (shown by the
solid line with open circles in Fig. 8a) and PCl1 is striking. PC1 is also positively correlated with
the BCSST and CT indices, much more strongly with the former than the latter (Table 2).

Table 2. Correlation coefficients between catch data PC1 and climate indices.

PDO BCSST CT

PCI: 0.55 0.46 0.17

The loading vector that corresponds with PC1 is shown in Figure 8b. Each weight is
plotted as the correlation coefficient between PC1 and each individual catch record, and only
those correlations which exceed a 95% confidence interval are plotted. This loading vector is
interpreted as follows: temporally coherent and positively correlated with PC1 are catches of
coho salmon and sockeye salmon in the three Alaska regions; pink salmon in central and
southeast Alaska and Oregon; chum salmon in western and central Alaska, west Vancouver
Island, and Puget Sound; chinook salmon in Puget Sound and central Alaska; coho salmon in
Puget Sound; and sockeye salmon on west Vancouver Island. Temporally coherent but
negatively correlated with PC1, are coho salmon landings on the Washington Coast, Oregon and
California, and chinook salmon catches in west Vancouver Island, the Washington Coast and
California.

To test the robustness of these results, the PC/EOF analysis was repeated with several
modified versions of the catch data covariance matrix. In one case, the climate indices were
added to the catch data, and a catch-climate data matrix was analyzed. The leading PC-loading
vector pair that emerges is very similar to that shown in Figure 8b, and the variance explained
was slightly greater at 36%. In another case, none of the catch records were lagged. The leading
PC-loading vector pair from this version of the analysis again remained like that in Figure 8b,
though the variance explained was slightly weaker at 33%. The PC from this analysis, like that
in Figure 8a, is strongly auto-correlated with negative values from the mid-1920s through the
mid-1940s, then negative values from the late 1940s to the late 1970s, and positive values
thereafter.
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Figure 8.  Results from the salmon catch PC/EOF analysis. In Panel (a) PC1 is shown with the grey
shaded bars; the PDO index (from Fig. 3) is repeated with the solid line and open circles. In
Panel (b ) is the corresponding loading vector. Bars are plotted a correlation coefficients
between PC1 and the selectivily lagged normalized time series for each catch record. The
variance of the total data set explained by this PC/loading vector pair is printed in the upper
right hand corner.
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Based on the suite of PC/EOF analyses discussed, we are confident that the leading
pattern of salmon-catch/climate variability shown in Figures 8a and 8b is robust. Clearly, the
interdecadal climate variability associated with the PDO is coherent with that in many catch
records, and presumably regional populations, for salmon in the Northeast Pacific.

4.2. Biophysical linkages between Pacific salmon and the PDO

Results of studies by Pearcy (1992) and Francis and Hare (1994) indicate that it is very
early in the salmon’s marine life history - likely just months after they enter the ocean - when
many climate-related biophysical linkages to salmon populations take place. The early ocean life
history also emerges as an important period in our climate versus salmon-catch lag-correlation
analysis.

Recent work suggests that the marine-ecological response to the PDO-related
environmental changes starts with phytoplankton and zooplankton at the base of the food chain
and works its way up to top level predators like salmon (Venrick et al. 1987, Hare and Francis
1995, Roemmich and McGowan 1995, Brodeur et al. 1996, Hare 1996). This bottom-up
enhancement of overall productivity appears to be closely related to upper ocean changes that are
characteristic of the positive polarity of the PDO. For example, some phytoplankton-
zooplankton population dynamics models are sensitive to specific upper ocean mixed-layer
depths and temperatures. For the decade following the 1977 climate regime shift, such models
have successfully simulated aspects of the observed increases in Gulf of Alaska productivity as a
response to an observed 20% to 30% shoaling and 0.5°C to 1°C warming of the mixed layer
(Polovina et al. 1995).

Variability in the strength of wind-driven mixing of the upper ocean is also influenced by
the PDO. Wind-driven mixing replenishes vital nutrients to the light- and phytoplankton-rich,
near-surface waters from below the thermocline. The strength of wind-driven mixing in the
upper ocean is proportional to the cube of the SLP gradient (Garwood 1979), so that small
changes in the latter field may cause relatively large changes in wind stirring. We speculate that,
during positive PDO winters in the Gulf of Alaska, enhanced mixing of the upper ocean may also
promote increased biological productivity.

Finally, to the extent that high- or low-stream flows favor high or low survival of juvenile
salmon respectively, PDO-related stream-flow variations are likely working in concert with the
changes to the marine environment in regard to impacts on salmon production. For Alaska
salmon, the typical positive-PDO year brings relatively warm winter air temperatures, enhanced
stream flows, and ocean mixed-layer conditions favorable to high biological productivity.
Generally speaking, the converse appears to be true for Pacific Northwest salmon. In the Pacific
Northwest, typical positive-PDO year stream flows are anomalously low, while nearshore upper
ocean conditions appear to be unfavorable for high biological productivity.
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5. Nonlinear and Complex Responses of Salmon Populations to Climate: Case Studies

In Section 4 we described a pattern of regional salmon-metapopulation variability that is
related to a pattern of large-scale interdecadal climate forcing. Now, we would like to look at
three cases: 1) Bristol Bay sockeye salmon, 2) Prince William Sound pink salmon, and
3) Oregon Production Index (OPI) coho salmon. For these three cases, there is more detailed
information than what was presented in Section 4. These cases tend to display characteristics
that are particularly important to the issues which arise around potential population extinctions.
Extinctions are non-linear population events and, except on very large time and space scales
(e.g., ice age/interglacial cycles), they are likely to be population responses to more than climatic
forcing alone. We present the following three cases to give some perspective into complex
salmon population responses to environmental forcing, of which climate is a part.

5.1. Bristol Bay Sockeye salmon

The Bristol Bay (Alaska) sockeye salmon fishery is the largest sockeye salmon fishery in
the world. It appears to be extremely well-managed with the major goal of management to keep
escapements to the various watersheds (Fig. 9) at optimum levels. Egegik is one watershed in
Bristol Bay. From the 1950s through the 1980s, it accounted for less than one-third of the total
sockeye salmon production (total run) of the region. Then in the early 1990s, production
suddenly exploded to where, in 1992 and 1993, it accounted for well over 50% of the total
sockeye salmon production (Fig. 10, top panel). This all occurred under relatively constant long-
term escapement levels (Fig. 10, bottom panel).

This seems to us to be a classic example of a rapid and unpredictable shift in the
organization of an ecosystem (Bak and Chen 1991, Waldrop 1992): in this case, the entire Bristol
Bay salmon production system. It appears that it is also an example of density-dependent
constraints operating from the top down (Apollonio 1994) and at the ecosystem level rather than
the population level (Wilson et al. 1994). If one examines the top panel Figure 10 carefully, it
appears that all systems in Bristol Bay responded to the climate-driven increase in production felt
throughout Alaska starting in the late 1970s (Francis and Hare 1994). It also shows that most
Bristol Bay production systems, except Egegik, declined in production in the early 1980s.

During this time, Egegik became the major producer, as production once increased in the late
1980s, setting the stage for the explosion in Egegik production in the early 1990s.

What this points out to us is that in complex systems, history is important. A change in
the constraint structure could have occurred in the early 1980s which set the stage for the sudden
outbreak at Egegik in the early 1990s. This is the essence of self-organized criticality (Bak and
Chen 1991). Hare (1996) tends to further support this, when he reports estimation failure when
trying to fit the most common form of a spawner-recruit model (Ricker 1954) to Egegik data. No
simple model can explain the dynamics of the stock over the past several decades — in particular,
the response to the 1976/1977 climate shift, coupled with the sudden outbreak at Egegik in the
early 1990s.
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Figure 9.  Sockeye salmon drainages in southwestern Alaska.
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Figure 10. Top panel: Bristol Bay (excluding Egegik) and Egegik sockeye salmon total run size
(millions), 1956-1993. Bottom panel: Egegik sockeye salmon escapement and catch
(millions), 1956-1993.
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5.2. Prince William Sound pink salmon

Our guess is that a similar thing happened in Prince William Sound (PWS), Alaska, with
very different results. The top panel of Figure 11 shows the total PWS pink salmon wild and
hatchery runs (catch plus escapement) from 1960 to 1994. To be brief, in the mid-1970s, when
catches and runs of pink salmon in Prince William Sound (and throughout the Gulf of Alaska)
had been at an all-time low for a number of years, a group of fishermen and processors formed a
nonprofit hatchery corporation with the idea of enhancing depressed levels of wild production.
The hope was to create runs which would provide bountiful harvests even in years when wild
runs were weak. By the mid-1980s, the consortium had created the largest man-made pink
salmon run in North America. In the late 1980s, however, the wild run declined significantly,
while the hatchery run stayed strong. The run (mostly hatchery fish) became so large that it
outgrew its market in 1990, forcing the dumping of millions of fish, which could not be sold, and
then the market crashed in 1992 and 1993.

The causes of both the rapid increase in the early to mid-1980s, the decline of the wild
run in the late 1980s, and the precipitous fluctuations of the total run in the early 1990s are hotly
debated issues. Candidates to take credit for the increase are the new hatchery system and the
marine environment. Causes for the subsequent declines and fluctuations are the 1989 Exxon
Valdez oil spill and its effects on both freshwater and marine habitats, overfishing,
over-production by the hatcheries, and changes in the marine environment.

As was mentioned earlier, it is clear that salmon production in Alaska increased
significantly starting in the late 1970s due to a climatic shift in the marine environment (Fig. 12).
It is clear that there was a significant increase in wild pink salmon production in the region in the
late 1970s, and that it occurred long before hatchery production had become significant (Fig. 11).

The top panel of Figure 13 shows the PWS wild pink salmon run and hatchery releases
the previous year. The rapid decline in wild production in the late 1980s occurred at a time when
hatchery production had become significant. This decline does not appear to be related to a
reduction in overall wild pink salmon escapement (Fig. 13, bottom panel), which would result
from overharvest of wild populations. As a matter of fact, the exploitation rate for wild pink
salmon in PWS stayed well below that for hatchery pink salmon during the late 1980s and early
1990s. The likely cause of declines in wild pink salmon production is due to competition
between wild and hatchery juveniles when they first enter the marine environment (Cooney
1993). Hatchery smolts are generally released before wild smolts migrate from their natal
streams into the near shore marine environment. As a result, not only do they swamp the
environment due to the recent quantities of releases, but they get a competitive jump on their
wild counterparts in the timing of entry. Of course, this is just speculation but it appears to be a
likely scenario.

The abrupt fluctuations in both wild and hatchery production which occurred in the early
1990s could reflect a reorganization of the system in response to what happened at approximately
the same time in Bristol Bay. Prince William Sound could have been in a state of severe tension,
far removed from equilibrium at that time, and manifested a significant response in the early
1990s. The balance could have been tipped by an event as significant as the Exxon Valdez
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Figure 11. Top panel: Prince William Sound (PWS), Alaska, pink salmon estimated run sizes (millions),
1960-1994. Bottom panel: estimates of PWS and Central Alaska (exclusing PWS) pink
salmon total run sizes (millions).
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oil spill of 1989 (and its ramifications through the system), or as insignificant as a slight shift in
marine climate or fishery dynamics. As Allen (1985) says, when this tension or disequilibrium
reaches a certain intensity, “then many amazing and surprising things can happen.”

The difference between the Prince William Sound and Bristol Bay experiences, however,
comes down to one (Bristol Bay) being considered to be within the realm of normal variability
around sustainable use, and the other (Prince William Sound) being considered a biological,
social and economic disaster. In neither case is cause directly attributable. However, in one
(Bristol Bay), human activities are clearly expected to ebb and flow with the vagaries of nature.
In the other (Prince William Sound), blame is quickly passed around from one human institution
to another.

5.3. Oregon production index (OPI) coho salmon

A third case involves the OPI of coho salmon. The OPI area is a portion of the Pacific
coastal water bounded by Leadbetter Point, Washington, on the north and Monterey Bay,
California, on the south. The top panel of Figure 14 shows coho adult salmon returns from 1960
to 1985 (Brodeur 1990, Emlen et al. 1990). The bottom panel of Figure 14 shows the
corresponding increases in smolt production, all of which are due to increased hatchery output.
However, it is clear that there is a point in the mid-1970s when there was an abrupt decrease in
OPI coho salmon run size which persists through the end of the time series. Table 3 shows wild,
hatchery and the total OPI coho salmon run size estimates (millions) for 1966 to 1975 and 1976
to 1985.

Table 3. Wild, hatchery, and total OPI coho salmon run size estimates (in millions).

Wild Hatchery Total
1966-1975 0.77 2.04 2.81
1976-1985 0.36 1.23 1.59

A number of factors have been implicated in both the relatively large run sizes of the
1960s and early 1970s and the subsequent decreases in coho salmon numbers during the late
1970s and 1980s. These factors include: changes in the marine environment, compensatory and
depensatory effects of increases in hatchery production, habitat loss, and overfishing. For years,
the debate has been on whether the declines in both wild and total OPI coho adult salmon
production are due to: 1) density-dependent factors operating early in the marine life history,
which are imposed by competition between smolts (overproduction of hatchery smolts), or
2) shifts in constraints induced by the effects of large-scale climate variations in the marine
environment and its productive capacity (Nickelson 1986, Emlen et al. 1990, Pearcy 1992,
Francis and Brodeur 1996).
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Figure 15 attempts to show how difficult it is to sort these factors out. Estimated
hatchery and wild smolt-to-adult (ocean) survival rates against total smolt production by year
class, are shown in the top panel of Figure 15. It is clear that as smolt production increased due
to increased hatchery output, ocean survival of both wild and hatchery populations decreased.
The same variables are plotted against time in the bottom panel of Figure 15. It is clear that there
was a significant and abrupt decrease in ocean survival which occurred in the late 1970s and,
with the exception of the 1983 year class (1985 smolt year), it has persisted to the present.

Recall that in the late 1970s, a climate-induced increase in Alaska salmon production
occurred (Francis and Hare 1994). Consistent with the results of our analysis in Section 4.1
many (e.g., Francis and Sibley 1991, Hollowed and Wooster 1992) believe that climate-driven
effects on biological production tend to operate in opposite directions in the California Current
and Alaska Current ecosystems. As a result, corresponding to the late 1970s increase in Alaska
salmon production, one would expect to see a corresponding decrease in Washington-
Oregon-California salmon production (Fig. 8). The bottom line is that wild coho salmon
populations in the OPI region are at very low levels, and have been petitioned to be declared
endangered under the ESA (Weitkamp et al 1995).

Francis and Brodeur (1996) attempted to deal directly with this issue of compound effects
on OPI coho salmon fishery production by building a simple model to explore the consequences
of empirical relationships in smolt-to-adult survival:

1) between wild and hatchery fish,

2) under a range of ocean environmental (coastal upwelling) conditions believed to
influence early ocean survival,

3) as a function of the total number of smolts entering the marine environment, and

4) as a function of improved freshwater spawning and rearing habitat for wild
populations.

Figure 16 shows a number of the relationships that were input to the model. The top
panel shows two habitat scenarios under which the model was run. Current habitat reflects the
Ricker spawner-to-smolt relationship currently used by ODWF to predict wild smolt production
from spawner abundance in the OPI area (P. Lawson’). Double Habitat reflects a modification of
the Ricker relationship to reflect a doubling of the smolt production resulting from an increase of
wild coho salmon spawning and rearing habitat (the Ricker b parameter was halved).

The bottom two panels of Figure 16 show the empirical smolt-to-adult survivals used in
the model. These were computed as functions of total smolts entering the marine environment in
a particular year, and mean coastal-upwelling volumes (March through September) partitioned

3p. Lawson, ODFW, Newport OR. Pers. commun. 1996.
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Figure 15.

Top panel: OPI coho salmon wild and hatchery ocean survival versus total smolts release
(millions), 1960-1985. Bottom panel: OPI coho wild and hatchery ocean survival versus
year of ocean entry, 1960-1985 from Francis and Brodeur (1996, F&B). Shown with the
dashed line are the official ODFW hatchery ocean survival estimates from 1970-1995
(courtesy of P. Lawson, footnote 5).
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into strong and weak upwelling as defined by Nickelson (1986) for wild (middle panel) and
hatchery (bottom panel) populations.

Figure 17 shows one set of model results which clearly illustrates the findings of the
study. The two panels show estimates of maximum average wild catches and associated total
(hatchery + wild) catches plotted against fixed levels of hatchery releases under both current and
doubling of wild spawning and rearing habitat. The model was run under a time-varying pattern
of ocean environmental conditions meant to reflect what was observed over the 1960 to 1981
period of record. Above each point is the harvest rate at which those yields of wild coho salmon
adults are obtained. This example illustrates the apparent constraint on the production potential
of wild salmon populations posed by high-levels of hatchery release, apparently similar to the
Prince William Sound situation discussed previously. Two important conclusions arose from
this study:

1) The levels of OPI-coho salmon hatchery releases in the late 1970s and early 1980s,
which were 40-to-50 million per year, were significantly in excess of those necessary
to maximize the total catch or realize increases in wild adult fishery production.

2) The more one increases wild spawning and rearing potential, the more one must
reduce hatchery production in order to realize that potential in terms of wild adult
salmon.

This modeling study was clearly at the metapopulation level. As Francis and Hare (1996)
have pointed out, the connection between large-scale climate forcing and Pacific Northwest
salmon production may relate more to interdecadal time-scale changes in the structure of the
mixed-layer of the coastal ocean, than to variability in the winds that drive the coastal upwelling
process. However, no matter how one represents these processes, the implications for individual
breeding populations at risk seem to us to be even more acute than these model results reflect.

6. Discussion

How do the case studies relate to the issue of potential extinctions of salmonid
populations? Mundy (1997) states: “What the currently prosperous salmon populations have,
that the failed populations do not, is adequate habitat. In all cases where harvest of salmon
apparently has been sustained indefinitely, there are two common elements; maintenance of
adequate habitat, and the eventual implementation of rational limits on harvest.”

One can argue that all three cases have relatively rational limits on harvest, although
debate might arise in the case of OPI coho salmon. What really distinguishes the three cases is
habitat. Bristol Bay is essentially pristine. Prince William Sound is relatively pristine from the
physical point of view. However, the existence of massive populations of hatchery juveniles and
adults likely have had a serious impact on the productive capacities of the wild pink salmon
populations of the region. In this case, artificially-produced populations of pink salmon become
part of the habitat for wild populations.
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OPI coho salmon have experienced a quadruple whammy. First, OPI coho salmon
spawning and rearing habitat is largely damaged and/or lost (Fig. 18). Second, the region has
experienced a significant increase in hatchery salmon production. Third, unfavorable marine and
terrestrial environmental conditions have persisted in the region for most of the past two decades.
Fourth, as both the wild and hatchery populations and fisheries have declined, the fraction of the
catch harvested out of the region (called interceptions) has greatly increased (Fig. 19) The end
product has been disaster not only for the populations themselves but also for the fisheries which
depend upon them for their sustenance.

7. Conclusions

The results of our analyses demonstrate clear linear relationships between naturally
occurring and large-scale changes to the physical environment and a number of salmon
populations in the Northeast Pacific. Of particular interest to the issue of climatic influences on
salmon extinctions, interdecadal environmental fluctuations, associated with the Pacific
Interdecadal Oscillation (PDO), appear to have significantly reduced the ecosystem(s) carrying
capacity for West Coast coho salmon since the 1977 regime shift. The overall productivity of
salmon in Alaska has dramatically increased during this same time period in response to
PDO-related climate changes. Our results agree with those of previous studies that identify the
first few months of the salmon’s ocean life as the period of critical climatic influences on
survival, which in turn, suggests that coastal and estuarine environments are key areas of
biophysical interaction.

It seems likely that the polarity of the PDO climate pattern will continue to change at
interdecadal time scales as it has over (at least) the past century. If and when that happens, West
Coast coho salmon will once again experience favorable climatic conditions while Alaska
salmon will be faced with poor marine and terrestrial climate conditions. However, wild West
Coast coho salmon will continue to face the problems caused by the legacy of human land use,
hatchery and harvest practices.

In summary, what are the lessons to be learned regarding the effects of climate on the
extinction of salmon populations?

1) Climate alone is not likely to tip the balance. However, climate variability clearly has
the capacity to amplify the risk and likelihood of extinction when superimposed upon
salmonid ecosystems under extreme stress from humans.

2) Since climate effects on salmon seem to be much more significant at interdecadal than
annual time scales, and since interdecadal time-scale climate change can only be
recognized in hindsight, the effects of climate need to be hard wired into fishery
management policy (e.g., different management strategies and algorithms may be
required for different climatic regimes).
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3) Climate-related negative impacts on salmon production at the regional scale likely
have much more severe implications for individual breeding populations than for
metapopulations as a whole. Clearly, this has been the case for thousands of years.
However, combining the effects of human activities with climate fluctuations likely
amplifies a number of these negative influences.

It is also important to note that human activities have not only altered the salmon’s
terrestrial and estuarine environments, but they have also contributed to the envelope of climate
variability by rapidly increasing the concentrations of radiatively important gases in the
atmosphere. At present, our analysis of the climate record for the Pacific Basin suggests that
anthropogenic climate change, if it is occurring, has been swamped by natural variability in this
century. However, anthropogenic changes to the Earth’s radiation budget are expected to lead to
rapid changes to the climate system over the next few decades and centuries. Can Pacific salmon
adapt to new climatic regimes?

It is our opinion that salmon populations in regions with healthy habitat will probably
survive as long as the time scale of environmental change does not exceed their rate of
adaptation. On the other hand, those populations that are presently stressed by occupying
healthy, marginal or fragmented habitat, will most likely face more acute threats of extinction
with the additional burden of significant anthropogenic climate changes.
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(This paper was finished in fall 1996. My views on some of these subjects has changed since
then, and much new work has appeared. It was not possible to revise the paper and cite this new
work, but I would like to point readers towards two of my own pieces: Cooper, A. B., and M.
Mangel. 1999. The dangers of ignoring metapopulation structure for the conservation of
salmonids. Fish. Bull. US 97:213-226, which was motivated by a question from Andy Cooper at
the workshop, and Shea, K., and M. Mangel. 2001. Detection of population trends in threatened
coho salmon (Oncorhynchus kisutch). Can. J. Fish. Aquat. Sci. 58:375-385.)

In this paper, I address various aspects of metapopulation ecology, particularly
metapopulation models, in regard to the extinction risk of West Coast salmonid (Oncorhynchus)
populations. A metapopulation is a “population of populations” (Levins 1970) linked by
immigration and dispersal. Individual locations will be characterized by extinction and
colonization events, but if the collection of populations is not too closely synchronized, the
metapopulation may persist for longer times than any individual population.

I briefly describe the history of metapopulation ecology, including Hanski’s “practical”
metapopulation model. After that, I describe characteristics of salmonids that challenge existing
models. I develop models for: 1) presence/absence analysis in spatially linked stocks, and
2) metapopulation dynamics in slowly varying environments. I conclude with operational
recommendations that arise from the models.

Classical Metapopulation Ecology

In the remarkable period of the late 1960s, optimal foraging theory (Emlen 1966,
MacArthur and Pianka 1966), island biogeography (MacArthur and Wilson 1967) and
metapopulation ecology (Levins 1969) developed. Island biogeography is concerned with the
numbers of many species occupying a set of islands populated by a source of colonists, whereas
metapopulation ecology deals with many populations of one species linked by dispersal. Each
continues to make contributions to modern ecological science and some authors (Rosenzweig
1995) consider them to be gems of the merging of theory and experiment in biology, in terms of a
strong predictive ecological theory (of which we do not have many).
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The theories of optimal foraging and island biogeography developed rapidly, leading to
experiments and the development of new fields, such as behavioral ecology. On the other hand,
metapopulation theory languished for quite a while before a phase of development, and the
subsequent development in the 1980s, was mainly theory (Hanski 1989). The rapid success of
island biogeography and optimal foraging theory relative to metapopulation ecology involves two
issues.

First, the developers of optimal foraging theory and island biogeography provided a
prescription: 1) measure a certain set of empirically clear parameters, and 2) given these
parameters, compute a quantity of interest. Levins did not do this as explicitly. Second, Levins
published his seminal paper in an entomology journal and on biological control. In the heady
times of the late-1960s, such “applied” biology was s