University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Publications, Agencies and Staff of the U.S.

Department of Commerce U.S. Department of Commerce

2004

Life-History Divergence In Chinook Salmon: Historic Contingency
And Parallel Evolution

Robin Waples
NOAA, robin.waples@noaa.gov

David J. Teel
Northwest Fisheries Science Center, david.teel@noaa.gov

James M. Myers
Northwest Fisheries Science Center, jim.myers@noaa.gov

Anne R. Marhsall
Washington Department of Fish and Wildlife, annermarshall22@gmail.com

Follow this and additional works at: https://digitalcommons.unl.edu/usdeptcommercepub

Waples, Robin; Teel, David J.; Myers, James M.; and Marhsall, Anne R., "Life-History Divergence In Chinook
Salmon: Historic Contingency And Parallel Evolution" (2004). Publications, Agencies and Staff of the U.S.
Department of Commerce. 454.

https://digitalcommons.unl.edu/usdeptcommercepub/454

This Article is brought to you for free and open access by the U.S. Department of Commerce at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Publications, Agencies and
Staff of the U.S. Department of Commerce by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/usdeptcommercepub
https://digitalcommons.unl.edu/usdeptcommercepub
https://digitalcommons.unl.edu/usdeptcommerce
https://digitalcommons.unl.edu/usdeptcommercepub?utm_source=digitalcommons.unl.edu%2Fusdeptcommercepub%2F454&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/usdeptcommercepub/454?utm_source=digitalcommons.unl.edu%2Fusdeptcommercepub%2F454&utm_medium=PDF&utm_campaign=PDFCoverPages

Evolution, 58(2), 2004, pp. 386—403

LIFE-HISTORY DIVERGENCE IN CHINOOK SALMON: HISTORIC CONTINGENCY AND
PARALLEL EVOLUTION

RosIN S. WaPLES, 12 DaviD J. TEeL,! JaAMES M. MYERS,! AND ANNE R. MARSHALL3
INational Marine Fisheries Service, Northwest Fisheries Science Center, 2725 Montlake Boulevard East,
Seattle, Washington 98112
2E-mail: robin.waples@noaa.gov
3Washington Department of Fish and Wildlife, 600 Capitol Way North, Olympia, Washington 98501

Abstract.—BYy jointly considering patterns of genetic and life-history diversity in over 100 populations of Chinook
salmon from California to British Columbia, we demonstrate the importance of two different mechanisms for life-
history evolution. Mapping adult run timing (the life-history trait most commonly used to characterize salmon pop-
ulations) onto atree based on the genetic data shows that the same run-time phenotypes exist in many different genetic
lineages. In a hierarchical gene diversity analysis, differences among major geographic and ecological provinces
explained the majority (62%) of the overall Gy, whereas run-time differences explained only 10%. Collectively, these
results indicate that run-timing diversity has developed independently by a process of parallel evolution in many
different coastal areas. However, genetic differences between coastal populations with different run timing from the
same basin are very modest (Gsr < 0.02), indicating that evolutionary divergence of this trait linked to reproductive
isolation has not led to parallel speciation, probably because of ongoing gene flow. A strikingly different pattern is
seen in the interior Columbia River Basin, where run timing and other correlated life-history traits map cleanly onto
two divergent genetic lineages (Gsr ~ 0.15), indicating that some patterns of life-history diversity have a much older
origin. Indeed, genetic data indicate that in the interior Columbia Basin, the two divergent lineages behave essentially
as separate biological species, showing little evidence of genetic contact in spite of the fact that they comigrate through
large areas of the river and ocean and in some locations spawn in nearly adjacent areas.

Key words.—Allozymes, gene diversity analysis, life-history evolution, Pacific salmon, parallel speciation, run timing.
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The question of how rapidly and by what mechanisms
adaptive differences arise among populations is of central
interest to both evolutionary biologists and conservation bi-
ologists. Evidence is accumulating that evolution can occur
at a rate high enough to be amenable to experimental ob-
servation within the lifetime of humans (Thompson 1998;
Hendry and Kinnison 1999; Reznick and Ghalambor 2001).
In addition, a number of recent studies have demonstrated
the importance of parallel evolution, or repeated evolution
of ecologically equivalent traits within a taxon (Reznick et
al. 1996; Pigeon et al. 1997; Rundle et al. 2000; Johannesson
2001; Johnson 2001). Both types of studies raise questions
about the importance of conserving existing life-history di-
versity and the likelihood that traits, once lost, will evolve
once again—questions that are increasingly relevant to un-
derstanding the consequences of current rates of decline in
biodiversity (Bernatchez 1995; Pimm and Raven 2000; Myers
and Knoll 2001).

Understanding the evolution of life-history diversity in
salmon is particularly challenging, both because of the enor-
mous complexity in life-history traits expressed by these spe-
cies (Groot and Margolis 1991; Waples et al. 2001), and
because of the conservation crisis faced by both Pacific salm-
on (Oncorhynchus spp.) and Atlantic salmon (Salmo salar)
populations throughout much of their natural range (Nehlsen
et al. 1991; National Research Council 1996; Parrish et al.
1998). Consideration of existing life-history diversity in Pa-
cific salmon presents an evolutionary conundrum (Allendorf
and Waples 1996). One the one hand, the strong homing
fidelity and considerable habitat diversity across the geo-
graphic range of the species provides ample opportunity for
local adaptation, and numerous empirical examples have

demonstrated that such adaptations can occur on small geo-
graphic scales (Ricker 1972; Taylor 1991). The failure of the
vast mgjority of stock transfers of Pacific salmon to produce
self-sustaining populations within the historic range of the
species (Withler 1982; Wood 1995) testifies to the general
lack of ecological exchangeability (Crandall et al. 2000) of
populations. On the other hand, in some areas a great deal
of life-history diversity has evolved relatively recently. For
example, almost all of British Columbia was covered with
icein the last stage of the Wisconsin glaciation (McPhail and
Lindsey 1986), so diversity among salmon populations there
has devel oped through a combination of recolonization from
different lineages and evolution in situ within the last 10,000
years. Pacific salmon transplanted to novel environments
(e.g., New Zealand and the North American Great Lakes)
have evolved variation in life-history traits over much shorter
time frames (Kwain and Thomas 1984; Kinnison et al. 1998;
Quinn et al. 2000). Recently, it has been proposed that adap-
tive differences in morphology and life-history traits of sock-
eye salmon (O. nerka) can also evolve rapidly within the
historic range of the species, although this issue remains
controversial (Hendry et al. 2000; Gustafson et al. 2001).
Collectively, these results emphasize to both evolutionary
and conservation biologists the importance of understanding
the tempo and mode of life-history evolutionin salmon. Three
different processes might be involved: (1) phenotypic plas-
ticity, or the expression of different phenotypes from the
same genotype under different environmental conditions; (2)
parallel evolution; and (3) historical contingency, including
more ancient divergence due to rare or unique evolutionary
events. Each of these processes has been shown to be im-
portant in salmon. Hard and Hershberger (1995) found that
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all studies that have used an adequate experimental design
have found a genetic component to observed life-history var-
iation in Pacific salmon. Nevertheless, most heritabilities for
life-history traitsin anadromous salmonids are only moderate
in size (typically 0.1-0.5, similar to values found in a wide
range of taxa; Roff 1992), indicating a strong environmental
component as well. Several authors (e.g., Schluter and Nagel
1995; Bernatchez et al. 1996; Taylor et al. 1996) have de-
scribed parallel evolution of life-history traits in salmonids
and other fishes, while Healey (1983, 1991), McPhail and
Lindsey (1986), and Taylor (1990) have argued for the im-
portance of evolution in different glacial refugia in shaping
the present day diversity in Pacific sailmon.

In this study we jointly consider two extensive and com-
plementary datasets to examine the evolution of life history
in Chinook salmon (O. tshawytscha). Data for juvenile and
adult life-history traits were collected from more than 100
populations from California, Oregon, Washington, |daho, and
British Columbia, and these data were evaluated in the con-
text of molecular genetic data taken from the same popula-
tions. Ordination techniques and nested gene diversity anal-
yses were used to map the life-history traits onto the genetic
structure of the populations, thus providing insight into the
evolutionary processes that have led to current patterns of
diversity. We tested the following expectation: if life-history
evolution is a rare or unique event in Chinook salmon, we
would expect to find specific traits confined to asingle genetic
lineage; in contrast, if parallel evolution of life history has
been common, we would expect to find the same traits rep-
licated across many genetic lineages (Fig. 1). We also used
the genetic and life-history dataset to test Healey’'s (1983,
1991) hypothesis of two races of Chinook salmon, which he
referred to as stream-type (because of their strong dependence
on afull year of stream residence before smolting) and ocean-
type (because they migrate to seaas subyearlings). According
to this hypothesis, the two lineages occupied separate glacial
refugia, with coastal ocean-type populations persisting in the
Pacific and Columbia/Snake refugium to the south and the
stream-type populations emerging from the Bering refugium
to the north to reinvading the interior Columbia and Fraser
Basins following retreat of the glaciers about 13,000 years
ago (McPhail and Lindsey 1986). If this hypothesis is true,
we would expect to find populations with stream-type life-
history traits in one genetic lineage and those with ocean-
type traits in another. Finally, we used the magnitude of
genetic differences among populations with different life-
history traits to roughly estimate the time periods over which
life-history evolution can be expected to occur in this species.

MATERIALS AND METHODS

Geographic Scope

Populations were grouped into a number of geographic
provinces (Fig. 2) based on geography and major ecological
features of the habitat. We used the geographic provinces
described by Waples et al. (2001), with some modification
to accommodate the slightly larger geographic scope of this
study.

387

Single evolutionary event

Parallel evolution

Fic. 1. Two generalized patterns of evolution of life-history traits.
An asterisk denotes an evolutionary change. Top panel: The pattern
of genetic/life-history relationships can be explained by a single
episodeinwhich trait B evolved fromtrait A (or vice versa). Bottom
panel: A minimum of four (Ieft) or three (right) parallel evolutionary
changesisrequired to explain the observed pattern of relationships.

Genetic Data

Genetic data used in this study were drawn from a coast-
wide dataset collected by laboratories that have cooperated
since the early 1980s to standardize the allozyme analysis of
Chinook and other sal mon species (Shaklee and Phel ps 1990).
Laboratory procedures used for protein electrophoresis were
described by Aebersold et al. (1987) and Wapleset al. (1993).
The present study used data from 118 populations (see Ap-
pendix 1) scored for the same suite of 32 polymorphic gene
loci (abbreviations follow Shaklee et al. 1990): mAAT-1*,
SAAT-1,2*, SAAT-3*, SAAT-4*, ADA-1*, ADA-2*, mAH-
4%, sAH*, FDHG*, GPI-A*, GR*, mIDHP-2*, sIDHP-1*,
sIDHP-2*, LDH-B2*, LDH-C*, mMDH-2*, sSMDH-A1,2*,
sMDH-B1,2*, sSMEP-1*, MPI*, PEPA*, PEPB-1*, PEPD-2*,
PEPLT*, PGDH*, PGK-2*, PGM-1*, PGM-2*, sSOD-1*,
TPI-3*, TPI-4*.

Populations were selected to provide broad coverage of
geographic and life-history diversity and to be representative
of indigenous gene pools. Hatchery samples were used in
some cases if the hatchery population was derived from a
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Fic. 2. Map of study area showing populations sampled for genetic and life-history data. Populations are coded by adult run time (see
Appendices 1, 2): closed circle, spring; open square, summer; open circle, fall; asterisk, winter. Twelve geographic provinces (A—L)
used in the analysis of genetic and life-history data are outlined in bold.

local gene pool. Samples from multiple years were pooled
within populations to provide an overall estimate of popu-
lation allele frequencies. Mean sample size for the combined
collections was 174 fish per population, with a range from
29 to 543 (Appendix 1). Collection dates spanned the years
1981-2000, although the majority of samples were collected

from the mid-1980s to the mid-1990s (a period covering
about two to three salmon generations). Previous studies (Ut-
ter et al. 1989; Waples and Teel 1990; Teel et al. 2000) have
shown that the major features of Chinook salmon population
genetic structure are stable over these time periods.

Allele frequency data for 77 of the populations have been



CHINOOK SALMON LIFE-HISTORY EVOLUTION

TaBLE 1.
(Ggy) that is explained by that hierarchical level.
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Hierarchical gene diversity analysis for Chinook salmon. Values in parentheses are the percent of the total gene diversity

Sample/total Run/total Province/run Arealprovince Sample/area
(Gsr) (Grr) (Ger) (Gar) (Gsa)
0.138 0.014 (10.2) 0.085 (62.0) 0.019 (13.9) 0.019 (13.9)

previously published (see Appendix 1). Additional data for
many of those populations and data for the remaining pop-
ulations are unpublished. (A complete set of allelic frequen-
cies can be retrieved by accessing the website http://
www.nwfsc.noaa.gov/publications/). The genotypic frequen-
cies for these samples generally conform to Hardy-Weinberg
expectations (Utter et al. 1989; Bartley et al. 1992; Waples
et al. 1993; Teel et al. 2000), and the banding patterns con-
form to expectations based on subunit structure of the en-
zymes, indicating that the data generally meet the criteria
Utter et al. (1987) suggested for inferring a genetic basis for
phenotypic variation of alozymes. In Chinook salmon, the
duplicated loci SAAT-1,2*, sMDH-A1,2*, and SMDH-B1,2*
are considered isoloci (Waples 1988). In the analyses con-
sidered here, however, the observed genotypes were consis-
tent with variation at a single gene locus, so the isolocus
pairs were treated as a single locus with allele frequencies
calculated as the mean across both loci.

Population genetic structure was evaluated in several ways.
Ggr-values were computed among pairs or groups of popu-
lations, and a hierarchical gene diversity analysis (Chakra-
borty 1980; Chakraborty et al. 1982) was used to partition
Ggsr into genetic variance related to geography and life his-
tory. Genetic relationships among populations were depicted
using unrooted trees (PHYLIP; Felsenstein 1993) based on
pairwise genetic distance values. We evaluated results using
two distance measures (chord distance, Cavalli-Sforza and
Edwards 1967; unbiased distance, Nei 1978) and two tree-
building algorithms (neighbor-joining and UPGMA). Be-
cause the major patterns were robust to the type of analysis,
for simplicity we present results only for UPGMA treesusing
the chord distance. Robustness of tree topology was eval uated
by performing 1000 bootstrap samples over the 32 loci.

Life-History Data

A recent review (Myers et al. 1998) of the status of Chi-
nook salmon under the U.S. Endangered Species Act, to-
gether with additional sources, provided life-history data for
the same set of populations examined in the genetic analysis
(see Appendix 2 available online at http://dx.doi.org/10.
1554/03-323.1.s1). After considering arange of possiblelife-
history traits, we focused on four for which adequate data
were available and that covered a broad spectrum of the life
cycle, including juvenile, marine, and adult phases. As dis-
cussed by Hard and Hershberger (1995) and below, a genetic
basis has been demonstrated for each of these traits. Data
were averaged across years to provide a mean trait value for
each population.

Adult run timing.—Adult run timing (time of peak entry
into fresh water on the adult spawning migration) is the life-
history trait most commonly used to discriminate among and
define salmon populations. All of the populationsin the study
could be characterized as belonging to one of four seasonal
runs (peak run time of March—May, spring [S]; June-August,
summer [SU]; September—November, fall [F]; December—
February, winter [W]), which facilitated comparisons with
the genetic data.

Time of spawning.—We considered the month of peak
spawning activity as a measure of reproductive behavior. The
difference (in months) between peak run and peak spawn
timing was used as an indication of the residence time of
adults in fresh water before spawning.

Juvenile migration.—Salmon are known as smolts when
they migrate to sea as juveniles. Chinook salmon typically
smolt either in their first year of life (as subyearlings) or after
spending an entire winter in fresh water (as yearlings), and

TaBLE 2. Hierarchical gene diversity analysis of Chinook salmon within 12 geographic and ecological provinces. Values in columns
are the percent of the total within-province gene diversity (Ggp) that is explained by that hierarchical level. Bold letters indicate the
hierarchical level that explains the greatest amount of genetic diversity within each province.

Run/

Province Ggp province Arealrun Sample/area
A. Central Valley 0.018 38.9 5.6 55.6
B. Northern California 0.015 — — —
C. Klamath Mts. 0.055 3.6 85.5 10.9
D. Oregon/Washington coastal 0.038 10.5 31.6 57.9
E. Lower Columbia 0.050 32.0 42.0 26.0
F Middle Columbia 0.131 76.5 9.8 13.6
G. Upper Columbia 0.164 93.9 2.4 3.6
H. Snake River 0.091 73.9 7.6 18.5
|. Rainforest 0.055 — 50.0 50.0
J. Georgia Basin 0.064 12.3 41.5 46.2
K. Upper Fraser 0.067 7.6 25.8 66.7
L. Central British Columbia 0.039 46.2 33.3 20.5
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this difference has been used by many authors (e.g., Gilbert
1912; Healey 1983, 1991) to distinguish Chinook salmon
populations. We characterized each population according to
the percentage of smolts that migrate as subyearlings, based
on scale patterns in returning adults. Hatchery data were not
used for thistrait because age at smoltification can be strongly
influenced by environmental conditions (Taylor 1990; Beck-
man and Dickhoff 1998). In some cases, juvenile life-history
data for the natural source population were used to charac-
terize a hatchery population for which we had genetic data.

Marine distribution.—Chinook salmon from the study area
spend one to three (or rarely more) years at sea before com-
mencing their spawning migration. We used the ocean harvest
rate (percent of adult population captured in marine fisheries
before they return to spawn) as an indication of the oceanic
distribution of adults. These fisheries typically are conducted
within 30 miles of shore, so they provide an indication of
the presence of adults along the continental shelf. Harvest
rates were based on fish marked as part of an extensive coast-
wide database (Pacific States Marine Fisheries Commission
2002). To minimize bias dueto recent, region-specific harvest
restrictions to address conservation concerns, we used harvest
data from the decade 1980-1989 whenever possible.

Multivariate analysis.—Standardized scores for three life-
history traits (smolt age, marine harvest rate, and run-spawn
difference) were computed for 86 populations having data
for all three traits. For each trait, an overall mean (X) and
standard deviation (S) among populations were computed,
and a standardized deviate for each population was computed
as (X; — X)/S,, where X; isthe value for the trait in population
i (from Appendix Table 2). In cases where the value for a
population consisted of a range rather than a point estimate,
the midpoint of the range was used in this analysis.

REsSULTS
Genetic Analyses

Results of our genetic analyses are consistent with other
allozyme studies of Pacific sailmon (e.g., Utter et al. 1989;
Phelps et al. 1994) in finding quantitative (frequency) rather
than qualitative (fixed) genetic differences among popula-
tions. Nevertheless, moderate genetic differentiation is evi-
dent over the geographic area covered, as indicated by the
Ggr-value for the overall dataset (0.138). This is slightly
higher than the value (0.123) reported by Utter et al. (1989)
for Chinook salmon from a slightly smaller geographic area
and larger than Ggr- or Fgr-values that have been reported
for comparable geographic areas for any other Pacific salmon
species except sockeye salmon (O. nerka; Johnson et al. 1999;
Altukhov et al. 2000).

The hierarchical gene diversity analysis partitioned the
overall Ggr-value into genetic variance related to run timing
and geography: Ggr, differences among run times within the
total; Gpr, among provinces within run times; Gap, among
areas within provinces, Gga, among samples within areas
(Table 1). For the overall dataset, Ggr was just 0.014, in-
dicating that run timing explained only 0.014/0.138 = 10.2%
of the overall genetic differences among populations. Most
of the differentiation was explained by geography (Gpg =
0.085, 62.0%; Gap = 0.019, 13.9%), with the remainder (Gga

ROBIN S. WAPLES ET AL.

= 0.019, 13.9%) resulting from differences among samples
within areas. Because gene diversity analyses can be sensitive
to the hierarchical structure used, we repeated the analysis
with run time nested within geographic areas; the results were
similar, with run timing explaining only 13.9% of the total
differences among samples and geography explaining over
70% (data not shown).

Levels of genetic differentiation within geographic prov-
inces varied considerably over the study area (Table 2). Rel-
atively low levels of genetic differentiation (Ggp < 0.02) were
found within the California Central Valley and the Northern
California Coast provinces, whereas differences within prov-
inces in the interior Columbia River Basin were extensive
(Ggp = 0.091-0.164 for the mid and upper Columbia and
Snake River provinces). The large Ggp for the upper Colum-
bia province is consistent with the analysis of Utter et al.
(1995) for that region. Other provinces were characterized
by intermediate levels of population subdivision (Ggp =
0.038-0.067). However, even within the provinces with rel-
atively low Ggp-values, highly significant genetic differences
were found among almost every pair of populations. Overall,
more than 99% of the pairwise comparisons among the 118
samples indicated highly significant differencesin allele fre-
quency (P < 0.01 for a combined G-test over all gene loci).
Thus, considerabl e fine-scal e population genetic structure ex-
istsin Chinook salmon that is beyond the scope of this paper
to consider.

The provinces also differ markedly in the proportion of
the overall genetic differences that can be attributed to run
timing. Ggrp (run timing nested within provinces) explains
the major fraction (> 70%) of the Ggp in the three provinces
intheinterior ColumbiaRiver Basin, whereasthislife-history
trait explains little (only about 10%) of the differentiation in
the Northern Coastal and Georgia Basin provinces (Table 2).
Again, results were similar when the analysis was redone
with run timing nested within arearather than province (data
not shown).

The genetic distance analyses (Figs. 3, 4) provide addi-
tional and complementary insights into population genetic
structure of Chinook salmon. The strong geographic com-
ponent to the genetic structuring is apparent. Populations
from the California Central Valley (province A), Northern
California(B), upper Klamath (C1), coastal populations south
of Cape Blanco (C2, C3), Washington coast (D, 11), lower
Columbia (E1), upper Willamette (E2), and interior Fraser
(K) all form discrete genetic groups with bootstrap support
of 70-100%. Populations in the upper Klamath and upper
Willamette are notable in being strongly differentiated from
all nearby populations. Other geographic and genetic groups
of populations are also apparent (Puget Sound, J1; western
Vancouver Island, 12; and central British Columbia, L) but
not as strongly supported. Populations from the Strait of
Georgia (J2; IDs 92—-96) do not form a coherent genetic group
and are plotted as outliers, as are Adams and Lower Shuswap
(IDs 99, 100), two populations from the south Thompson
River. In most cases, the relationships among the major geo-
graphic and genetic population groups are not well resolved
(lack of strong bootstrap support in Fig. 3). A distinctive
pattern found in the interior Columbia Basin (provinces F,
G, H)—extreme genetic divergence between groups of pop-
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Fic. 3. UPGMA phenogram of genetic distances (Cavalli-Sforza and Edwards 1967) among 118 Chinook salmon populations. Upper
case letters and numbers indicate provinces and areas, respectively, identified in Figure 2 and Appendix 1. Population symbols indicate
adult run timing (Appendices 1, 2): closed circle, spring; open square, summer; open circle, fall; asterisk, winter. Genetic outliers
(populations not closely affiliated with other nearby populations) are identified by their population number (Appendix 1). Pie diagrams
show the range of other life-history trait values (upper: percent subyearling smolts; lower: marine harvest rate). Numbers at branch points
indicate bootstrap support >70%. Strong bootstrap support also exists for nodes within some labeled clusters but is not shown.

ulations in close geographic proximity—is discussed in more
detail below. Our results extend the work of Utter et al.
(1989), who identified nine major genetic groups of Chinook
salmon from California to British Columbia and noted that
within these groups genetic differences among different run
times were generally relatively small.

Life-History Analyses

Run timing.—Mapping run-timing diversity onto the ge-
netic relationships (Figs. 3, 4) confirms the two primary con-
clusions of the gene diversity analysis. First, geography has

a much more profound influence on population genetic struc-
ture of Chinook salmon than does run timing. Spring-run
populations are distributed broadly throughout the population
genetic space and can be found in almost every major genetic
group. Summer- and fall-run populations are also found in
many divergent genetic groups; only the winter-run life his-
tory has a restricted geographic range, limited to the Sac-
ramento River.

Second, in spite of this overall pattern, a strong association
between population genetic structure and run timing is found
within the interior Columbia River Basin. In this area up-
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Fic. 4. UPGMA phenogram of genetic distances (Cavalli-Sforza and Edwards 1967) among 34 Chinook salmon populations from the
Columbia River. Numbers, symbols, and labels correspond to those in Figure 3.

stream of the Cascade crest, all spring-run populations form
a coherent genetic group that is strongly divergent from all
the summer- and fall-run populations (Figs. 3, 4). Four sep-
arate lineages can be identified within the Columbia Basin,
each with at least 96% bootstrap support (Fig. 4): lower Co-
lumbia River spring- and fall-run populations (E1); upper
Willamette River populations (E2); interior Columbia sum-
mer- and fall-run populations (F, G, H); and interior Colum-
bia spring-run populations (F, G, H). The interior spring-run
populations do not share a genetic affinity with spring-run
populations from the lower Columbia River or coastal drain-
ages in Oregon and Washington, but they do show some
similarities to spring- and summer-run populations from Brit-

ish Columbia and to populations in the upper Klamath (Figs.
3, 4).

Juvenile migration.—Although many Chinook salmon pop-
ulations have a mixture of subyearling and yearling smolts,
when one considers the dominant life-history form in each
population, a stronger geographic contrast is apparent than
was found for run timing. In abroad geographic arearanging
from the California Central Valley to British Columbia, vir-
tually every population is dominated by subyearling smolts,
whereas populations that are invariant (or nearly so) in pro-
ducing yearling smolts are confined to the interior Columbia
and Fraser Rivers (Figs. 3, 4). The only exceptions to this
pattern are some coastal populations in Northern British Co-
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lumbia and the upper Willamette River populations, which
have primarily yearling smolts and are genetically distinct
from all other populations coastwide.

Marine distribution.—Marine distribution patterns (in-
ferred from harvest rates) also differed substantially among
populations in a pattern similar to that for smolt age. Harvest
rates during the 1980s were in excess of 50% of the total run
for the majority of populations coastwide for which data are
available (Appendix 2 online). In the same broad geographic
area dominated by subyearling smolts, we did not find any
population with a marine harvest rate lower than 24%. In
sharp contrast, many populations in the interior Columbia
River basin and upper Fraser River scarcely appear at al in
any marine fisheries (marine harvest rates estimated to be
below 5%, often below 1%). It appears that Chinook salmon
from these populations either are not present on the conti-
nental shelf during the periods the other populations are, or,
if present, have behavioral patterns that do not make them
susceptible to capture. The finding (Healey 1983; Myers et
al. 1987) that Chinook salmon from these areas appear in
disproportionate numbers in fisheries in the central North
Pacific lends support to the former hypothesis

Multivariate analysis.—A trivariate plot of standardized
scores for the three key life-history traits (Fig. 5) identifies
a group of populations from the upper tributaries of the in-
terior Columbia and Fraser Rivers with avery distinctive and
tightly correlated suite of life-history traits (Birkenhead [I1D
92], an upriver population of atributary of the lower Fraser
River, also shares these life-history traits). These popul ations
all return to fresh water well before spawning (positive scores
on the run-spawn axis), but that trait is also found in several
coastal populations. What really distinguishes this group of
populations is the combination of a fixed or nearly fixed
yearling life-history strategy and a very low marine harvest
rate. The remaining populations, including summer- and fall-
run populations from the interior Columbia River, in general
can be characterized as having subyearling smolts, high ma-
rine harvest rates, and a relatively short residence in fresh
water before spawning. The similar geographic pattern for
variation in smolt age and marine distribution is supported
by correlation analysis of standardized scores for the life-
history traits: a strong positive relationship (r = 0.76, P <
0.001) was found between the percent of subyearling smolts
and harvest rate across all populations. Weaker (albeit still
highly significant), and negative, correlations were found be-
tween run-spawn difference and smolt age and harvest rate
(r = —054 and —0.37, respectively; both P < 0.001).

Rate of Life-History Evolution

Joint consideration of the genetic and life-history data pro-
vides a means of estimating the length of isolation of pop-
ulations with different run times and, hence, the rate of life-
history evolution. Under the assumption that populations
were once panmictic but are no longer exchanging genes, Fst
or Ggr can be interpreted as a function of long-term effective
population size (Ng) and time (t, in generations) since iso-
lation (Nei and Chakravarti 1977): Fgr = 1 — @, If tis
not too large (t <« 2N), this expression can be simplified
and rearranged to provide an estimate of divergence time (£),
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given an estimate of Fgr (we used pairwise Ggr-values for
Fsr) and an estimate of long-term (harmonic mean) effective
size (N,): f = 2F st N generations. For comparisons of closely
related populations, the appropriate value for N, is the local
effective population size; for comparisons of populations in
divergent lineages (each comprised of several closely related
populations), Fsr will be most strongly affected by the ef-
fective size of the lineages as a whole.

In the coastal basins and the lower Columbia River, the
absolute levels of divergence between run types are low. For
example, pairwise Ggr-values between spring- and fall-run
populations in eight basins from California to Puget Sound
are al less than 0.02 (Fig. 6). If we consider Ggr = 0.01 to
be typical for these comparisons, the second equation, above,
yields f = (0.02) N,. Assuming 1000 spawners per year per
population (a plausible historic value for these populations;
Puget Sound Technical Recovery Team 2001), a generation
length of 4-5 years for Chinook salmon (Puget Sound Tech-
nical Recovery Team 2001; Waples 2002), and an N¢/N ratio
of 0.2-0.25 for Chinook salmon (Waples 2002, 2004), N is
about 1000 per population per generation, leading to t ~ 20
generations. Thus, the level of divergence in (presumably)
neutral genes found between run times in a typical coastal
basin could have arisen within approximately 80-100 years
of complete isolation. Alternatively, under an equilibrium
model that assumes observed genetic divergence represents
a balance between migration (m, fraction of immigrants per
generation) and drift, Fst = 1/(1 + 4mNg) (Wright 1943).
Under that model, a Gt of 0.01 is consistent with the ex-
change of approximately 25 genetically effective migrants
per generation (or about five to six per year for a typical
Chinook salmon population).

In the interior Columbia Basin, pairwise Ggr-values be-
tween spring-run and summer/fall-run populations are an or-
der of magnitude larger (Gsr = 0.12-0.16; Fig. 6). The two
lineages occur in the closest geographic proximity in the
upper Columbia River (province G), where spawning areas
of spring- and summer-run populations may overlap in the
lower reaches of the major tributaries. This province also has
the highest gene diversity among populations (Ggp = 0.164;
Table 2), and over 94% of this results from differences be-
tween runs, leading to Ggp > 0.15, in agreement with the
pairwise comparison of spring- and summer-run populations
in the Methow River (Ggr = 0.153; Fig. 6). In an equilibrium
model, Fst = 0.15 implies slightly more than one successful
migrant per generation among the two lineages, or about one
every 4-5 years, avery low level of geneflow for populations
that are essentially sympatric. Under an isolation model, Fsr
= 0.15 implies t = (0.3)N,. Because most of the genetic
difference between run-timing comparisons in the interior
Columbia is due to differences between lineages, the rate of
divergence is a primarily determined by the effective size of
the lineages. If we assume N, = 10,000 for each lineage, we
are led to the conclusion that the observed genetic differences
could have arisen in complete isolation over a period of ap-
proximately 3000 generations (about 12,000—15,000 years),
or approximately since the end of the Pleistocene. If thelong-
term effective size of the two lineages was closer to 100,000
(not implausible, as historic estimates place the annual run
size of Chinook salmon in the Columbia River at several
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Fic. 5. Trivariate plot of variation among 78 Chinook salmon populationsin three life-history traits, using standardized data from Appendix
2 online. Only populations with data for all three traits are plotted. Run-time symbols and labels correspond to those in Figure 3.

million adults; National Research Council 1996), the genetic
data would be consistent with isolation of the two lineages
for more than 100,000 years.

DiscussioN
Patterns of Genetic and Life-History Differentiation

The allozyme data identify two divergent lineages of Chi-
nook salmon in the Columbia River Basin, a pattern also seen
in recent studies of nuclear DNA (Ford 1998; Rasmussen et
al. 2003) and mitochondrial DNA (Brannon et al. 2002). Con-
gruent with these genetic differences are a suite of largely
invariant juvenile and marine life-history traits (negligible
marine harvest rates and exclusively yearling smolts) that
distinguish interior Columbia spring-run populations from
other Chinook salmon in the Columbia River. Outside the
Columbia River, most interior Fraser River Chinook salmon
share the life-history traits of the interior Columbia spring-
run populations, whereas most coastal populations from Cal-
iforniato British Columbiashare traits of the lower Columbia
River populations.

This genetic/life-history dichotomy in the interior Colum-
bia has some strong parallels with the two lineages of Chi-
nook salmon proposed by Healey (1983, 1991). However, on
a broader geographic scale it is apparent that the pattern of

genetic/life-history relationships in Chinook salmon is more
complicated than proposed by Healey or in other recent stud-
ies with a more restricted geographic scope (e.g., Teel et al.
2000). First, the extremely divergent upper Willamette River
populations suggest that Healey’s hypothesis of only two
major lineages may be too simplistic. Willamette Falls, which
is only passable to anadromous fish early in the spring, pre-
sumably is responsible for the uniquely early run timing of
these populations and has apparently been an effective iso-
lating mechanism for a considerable period of time, but the
origins of this divergent group are not clear. The populations
from the upper Klamath River Basin, which generally have
ocean-type life-history traits but show some genetic affinity
with interior Columbia stream-type fish, also do not fit clean-
ly into a dichotomous scheme involving two separate line-
ages. Second, the genetic affinity between interior Columbia
and interior Fraser populations is not as strong as would be
predicted assuming a common origin for all stream-type pop-
ulations. Third, interior Fraser populations are not as strongly
separated genetically from other Chinook salmon in British
Columbia as are the stream- and ocean-type populations in
the interior Columbia (pairwise Ggr-values ~0.06 for the
interior Fraser-Georgia Basin comparisons vs. ~0.15 in the
Columbia; Fig. 6, Table 2). Nor is the pattern of differenti-
ation as consistent in British Columbia asit isin the Colum-
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biaRiver. For example, Birkenhead (92) haslife-history traits
characteristic of a stream-type population (Figs. 3, 5), but it
isagenetic outlier with only aweak genetic affinity to interior
stream-type populations, while some interior Fraser popu-
lations (Adams and Lower Shuswap, 99, 100) have ocean-
type life-history traits but genetically are somewhat inter-
mediate to the other interior and coastal populations.
Finally, Healey’s (1983, 1991) detailed analysis of Chi-
nook life-history traitsfocused primarily on British Columbia
and Alaskan populations and did not include the full range
of life-history diversity within the ocean-type populationsin
the U.S. coastal ocean-type populations can return to spawn
at any season of the year (not only fall, asindicated by Heal-
ey), and may spend as much as four to six months in fresh
water before spawning (not the days or weeks indicated by
Healey). Furthermore, Beckman (2002) showed that the trait
classified here as subyearling smolt actually comprises at
least three separate life-history trajectories, and Myers et al.
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(1998) showed that the coastal populations migrate to a va-
riety of different areas along the continental shelf. Life-his-
tory diversity within the ocean-type populations, therefore,
is more extensive than described by Healey and merits more
detailed treatment than can be afforded here.

Several different scenarios might explain the observed pat-
terns in stream- and ocean-type Chinook salmon. First, as-
suming they are derived from separate lineages, more inter-
breeding of the two lineages may have occurred in British
Columbia than in areas to the south. This mixing could have
led to the mosaic pattern of genetic and life-history variation
seen in several British Columbia populations. Based on mi-
crosatellite data, Beacham et al. (2003) suggested that mixing
of the two lineages predated their invasion of the Fraser River
following deglaciation. If this mixing occurred to different
degrees in different areas of British Columbia and not at all
in the Columbia, it could explain the observed pattern of
genetic relationships. Second, because large parts of the
Snake and Columbia River were ice-free during the last gla-
cial period, stream-type populations from an earlier invasion
might have persisted there during the Pleistocene, in spite of
periodic deluges from glacial Lake Missoula that formed the
channeled scablands of eastern Washington (Parfit 1995). A
more recent, postglacial invasion of British Columbia from
the north by the same ancestral lineage could explain the lack
of close genetic affinity between the current populations in
the interior Fraser and Columbia Basins. This hypothesis is
testable with additional genetic data; if true, the interior Co-
lumbia and interior Fraser stream-type populations should
both be more closely related to Alaskan populations than they
are to each other. Finally, if Ford (1998) was correct in sug-
gesting that there may not have been a northern glacial re-
fugium for Chinook salmon, the current patterns in British
Columbia could have resulted from various levels of inter-
breeding of two lineages reinvading from the south (rather
than the north). More extensive sampling of Alaskan popu-
lations is necessary to resolve these uncertainties.

Processes of Life-History Evolution

We return now to the primary goal of this study—under-
standing the processes that have shaped life-history evolution
in Chinook salmon—and the evolutionary conundrum posed
in the introduction: Is life history diversity found in Chinook
salmon the result of divergence during long periods of iso-
lation, or isit more recently derived and evolutionarily |abile?
Results discussed above suggest that both processes have
been important in producing the current landscape of Chinook
salmon life-history diversity.

Run timing.—In coastal drainages and the lower Columbia
and Fraser River Basins, none of the seasonal run times (ex-
cept perhaps the winter run) is monophyletic. Each run time
isfound in avariety of genetic lineages, and populationswith
different run timing within a geographic area are genetically
more similar to each other than to populations with similar
run timing from different geographic areas—exactly the pat-
terns expected to result from repeated episodes of parallel
evolution (Fig. 1). Is it possible that populations with the
same run timing really are monophyletic, and they just appear
not to be in our analysis as a result of random error? The
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fact that two or more run times are found in many different
genetic lineages with strong bootstrap support (A, C2, D2,
El, F—H summer/fall, J2, K) argues strongly against this
possibility. As an additional test, we evaluated how many
bootstrap replicates were consistent with a monophyletic or-
igin of run timing diversity. For this test, we restricted the
analysis to spring- and fall-run populations (separated by a
minimum of three months, and a mean of five months, in
peak run timing) to avoid possible effects of the somewhat
arbitrary cutoff dates for seasonal run times. A replicate was
judged consistent with a single origin of run-timing diver-
gence if all of the genetic lineages in Figure 3 with more
than 70% bootstrap support contained only spring- or only
fall-run populations. Of 1000 bootstrap replicates, none sat-
isfied this criterion. We conclude that parallel evolution of
run-timing diversity has occurred many times in Chinook
salmon. We believe that the direction of evolution has gen-
erally been from the more generalized fall-run type to the
more specialized spring-run type.

A very different pattern of genetic/life-history relation-
ships is seen in the interior Columbia Basin: all interior
spring-run populations are genetically quite divergent from
all summer/fall-run populations, consistent with the top panel
in Figure 1 and providing no evidence for parallel evolution.
Colonization of the various spring-run populations has ap-
parently occurred through a process of radiation from asingle
lineage rather than evolving from a nearby summer- or fall-
run population. In the interior Columbia Basin, therefore, the
major run-time diversification represents a much older, and
perhaps singular, evolutionary event.

That divergent selection for run timing can lead to rapid
evolutionary change in Pacific sailmon has been well estab-
lished (e.g., Flagg et al. 1995; Quinn et al. 2002). The evi-
dence for widespread parallel evolution of run timing dif-
ferences in Chinook salmon is of particular interest because
run timing is closely tied to spawn timing, which in turn
directly affects the degree of reproductive isolation. It has
been suggested (Bush 1994; Schluter and Nagel 1995; Jo-
hannesson 2001) that divergent natural selection on traits
related to reproductiveisolation can lead to sympatric parall el
speciation, and data presented by Taylor et al. (1996) suggest
that such a process may be occurring in sockeye salmon (O.
nerka). However, we found no evidence for parallel specia-
tion in Chinook salmon. Although run timing differentiation
within a river basin might be expected to increase opportu-
nities for reproductive isolation, the genetic data suggest that
in most cases this process has been retarded by ongoing gene
flow between the run types. It appears that divergent natural
selection on run and spawn timing is not sufficient to over-
come the effects of gene flow in coastal basins, which may
not be large enough to provide substantial opportunities for
geographic separation (and hence genetic isolation) of the
different run types. Strong genetic differencesassociated with
run timing are found only in the interior Columbia (and, to
alesser extent, the interior Fraser), which does provide ample
opportunities for extensive geographic and genetic isolation.
For example, in the Snake River, fall Chinook salmon are
primarily mainstem spawners that historically inhabited
reaches of about 500-1000 m elevation, whereas spring Chi-
nook salmon spawn in upper tributaries at elevations of 1500—
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2000 m. If extensive geographic separation is necessary for
substantial genetic differences to accumulate between run
types in Chinook salmon, it would suggest that the large
differences found between spring and summer/fall Chinook
in the upper Columbia (where the two forms live in close
proximity) are the result of secondary contact rather than
evolutionary divergence in situ.

Juvenile migration.—A number of coastal populationshave
a moderate proportion of yearling smolts, and it is possible
that a genetic tendency to produce yearling smolts has
evolved several times from the subyearling phenotype most
commonly found in coastal Chinook salmon populations.
However, smolt age is also known to be one of the most
labile traits in Chinook salmon and can be affected by growth
rate, photoperiod, or other factors (Clarke et al. 1994; Beck-
man and Dickhoff 1998). Diversity in age at smolting may
be adaptive in areas that are particularly proneto yearly fluc-
tuations in stream flow and water temperature. The occur-
rence of yearling smolts in some populations that have al-
lozyme profiles similar to nearby subyearling populations
may be a response to environmental conditions that vary in
space and time. However, more research is needed to deter-
mine whether this reflects evolution toward a stable, genet-
ically based polymorphism or evolution of phenotypic plas-
ticity per se (Via et al. 1995).

Marine distribution.—Marine distribution patterns appear
to be the most invariant of the life-history traits examined
here, and we found little evidence for parallel evolution.
Ranging widely off the continental shelf appears to be atrait
characteristic of all interior stream-type populations. In sharp
contrast, our data support the conclusions of previous authors
(Healey 1983; Myers et al. 1987) that Chinook salmon from
coastal ocean-type populations are present on the continental
shelf throughout their adult lives and are not commonly found
in the central North Pacific. Given the ambiguity of genetic
evidence for monophyly of the stream-type lineage, we can-
not be certain that the offshore migration pattern evolved
only once in Chinook salmon, but in any case the evolvability
of this trait appears to be much more limited than is the case
for run timing or smolt age. Notably, we found no evidence
that the coastal, ocean-type lineage has produced any pop-
ulations in which most individuals range widely off the con-
tinental shelf during their marine phase.

This trait also does not show evidence of phenotypic plas-
ticity. Translocation of populationsto novel geographic areas
(and hatchery programs that force ocean-type populations to
smolt as yearlings rather than subyearlings) do not result in
substantial changes in marine harvest patterns (J. M. Myers,
unpubl. data), suggesting a limited role for environmental
influences. Similar results for coho salmon (O. kisutch; Weit-
kamp et al. 1995) suggest a strong genetic basis to marine
distribution patterns in that species as well.

Life-history constraints—In spite of the sensitivity of
smolt age to environmental conditions, the yearling smolt
phenotype is fixed or nearly fixed in interior stream-type
populations. In these populations, returning adults that went
to sea as subyearling smolts are essentially nonexistent (Tay-
lor 1990), and hatchery programs that have attempted to force
interior Columbia stream-type fish into a subyearling smolt
phenotype have not been effective in producing adults (R.
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Carmichael, pers. comm.). Thus, although it may be possible
to induce a population with a yearling smolt phenotype to
smolt as subyearlings (and vice versa), the subyearling life-
history trajectory does not appear to be viable in the natural
habitat of the interior Columbia. Why should this be the case?

We believe that the distinctive marine ecology of the in-
terior stream-type populations may be an important constraint
to expression of other life-history features, either directly or
indirectly. Juveniles must reach the sea at a time conducive
to growth and survival in the marine environment. Healey
(1983, 1991) and others have shown that the early ocean
ecologies of stream- and ocean-type Chinook salmon differ
considerably: juveniles from coastal populations typically
spend weeks or months in estuaries or nearshore marine en-
vironments, whereas juveniles from interior populations mi-
grate rapidly to the north and off the continental shelf. Welch
et al. (2002) monitored marine migration rates in juvenile
Chinook salmon and found that Snake River populations mi-
grated the fastest, with some individuals migrating at over
two body lengths per second for periods of at |east one month.
Smolting in the spring and rapidly migrating northward and
offshore to the preferred marine habitat appears to be an
essential link in the life cycle of Chinook salmon from in-
terior stream-type populations; smolting as subyearlings (and
hence later in the previous year) may not deliver juveniles
to the ocean at atimethat is conducive to growth and survival
in the part of the marine environment they occupy as adults.

Given the constraint of producing yearling smolts, the en-
vironmental conditions in the headwater streams inhabited
by the interior stream-type populations (characterized by low
water temperatures, a short growing season, and seasonal
flows) may constrain the populations to early run timing.
Adults must return to fresh water early enough to take ad-
vantage of snowmelt runoff in the upper tributaries and must
spawn early enough to provide sufficient thermal units (Bran-
non 1987) for the embryos to fully develop in the cold water

by spring.

Rate of Life-History Evolution

Estimates of divergence time based on the genetic data
should be regarded as only rough approximations, given the
uncertainty about the appropriate model and the numerous
underlying assumptions. Nevertheless, the data indicate that
in coastal drainages and in the lower ColumbiaRiver, genetic
differences between populations with different run timing are
small enough that they could have arisen within about 80—
100 years of complete isolation—comparable to the amount
of time within which Chinook salmon transplanted to New
Zealand have shown similar levels of life-history evolution
(Quinn et al. 1996). Because this is considerably less than
the amount of time available for life-history evolutionin even
the most recently glaciated coastal drainages, and because
we are not aware of any events that would have caused recent
isolation of many populations with different run timing, we
believe it is likely that run-timing diversity in these areas
evolved much earlier than a century ago, but genetic diver-
gence at neutral markers has been retarded by ongoing or
episodic gene flow. Thus, although the failure of most stock
transfers indicates that local populations may be largely ir-

397

replaceable on human time frames, at least some patterns of
Chinook salmon life-history diversity appear to be evolu-
tionarily replaceable, perhaps over time frames of a century
or so. The evidence for repeated parallel evolution of run
timing in Chinook salmon indicates that such a process is
likely, provided that habitats capable of supporting alterna-
tive life-history trajectories are present and sufficient, robust
source populations are maintained.

Some patterns of life-history traits are more strongly con-
served and perhaps have evolved only once. In the interior
Columbia, genetic data suggest that two groups of popula-
tions with highly divergent and tightly correlated life history
straits either have been completely isolated for aconsiderable
time (perhaps 10*-10° years), or have exchanged genes at a
very low level (about one per generation between the two
lineages). In either case, the two lineages are effectively be-
having as separate biological species in sympatry.

If al interior stream-type populations were lost (and most
in the interior Columbia are now listed as threatened or en-
dangered species under the U.S. Endangered Species Act;
http://www.nwr.noaa.gov), it is reasonabl e to expect that fish
from ocean-type populations might eventually evolvethe ear-
ly run timing and yearling smolt life history to allow them
to use upper level tributaries. However, empirical data pro-
vide no reason to expect that these populations would evolve
the ability to use the vacated marine habitat off the conti-
nental shelf. Loss of these interior populations would there-
fore represent a loss of ecological and genetic diversity that
might be difficult to replace even on evolutionary time
frames. These evolutionary considerations are reflected in the
identification of evolutionarily significant units (ESUs) of
Chinook salmon, which can be considered for listing as spe-
cies under the Endangered Species Act (Waples 1991, 1995).
In coastal and lower Columbia River drainages, ESUslargely
reflect the major geographic and genetic units identified in
Figures 2 and 3, with run-timing differences generally con-
sidered as reflecting patterns of within-ESU diversity (Myers
et al. 1998). In the interior Columbia Basin, however, where
run-timing differences reflect a much older divergence,
spring- and fall-run populations are in separate ESUs (Ford
2004).
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Samples used in the genetic analysis. Provinces are shown in Figure 1. N is the total number of individuals sampled in the years indicated.
Samples were taken from natural populations except those marked with an asterisk, which were taken from hatcheries.

Province/Area ID Population Run?t N Dates Reference?
A. Central Valley
1. San Joaquin 1 Merced F 138 1998-1999 10
2 Tuolumne F 139 1998-1999 10
3 Stanislaus F 105 1998-1999 10
2. Sacramento 4 Upper Sacramento W(LF) 160 1999-2000 10
5 Upper Sacramento w 198 1999 10
6 Yuba S 32 2000 10
7 Butte S 146 1998-2000 10
8 Deer S 76 1998-2000 10
9 American F 145 1998-1999 10
10 Upper Sacramento F 188 1999 10
B. Northern California coast
11 Mattole F 150 1984, 1987 5,10
12 Middle Fork Eel F(LF) 95 1987 5
13 North Fork Mad F(LF) 61 1987 5
14 Redwood F(LF) 195 1987 5
C. Klamath Mountain Province
1. Klamath 15 Trinity* S 250 1982, 1984, 1998 2,10
16 Salmon S 29 1998 10
17 South Fork Trinity SuU 100 1987 5
18 Salmon SuU 98 1987 5
19 Shasta SuU 131 1984, 1987 5,10
20 Bogus SuU 128 1987 5
2. Coastal 21 Winchuck F 170 1984, 1995 10
22 Chetco F 343 1981, 1984, 1988, 1996 2,5,10
3. Rogue 23 Cole Rivers* S 263 1981, 1985, 1995 2,10
24 Applegate F 181 1984, 1988 5, 10
25 Rogue F 100 1988 5
D. Oregon and southern Washington coast
1. Oregon 26 Rock Creek* S 300 1981, 1985, 1995 2,10
27 Trask S 300 1981, 1985, 1997 2,10
28 Elk F 100 1995 10
29 Sixes F 268 1981, 1983, 1995 2,10
30 South Fork Coquille F 100 1988 5
31 Smith F 80 1998 10
32 Alsea F 181 1981, 1983, 1995 2,10
33 Trask F 400 1981, 1985, 1987, 1997 2,910
34 Nehalem F(SU) 53 1996 10
2. Southern Washington coast 35 Skookumchuck S 74 1990-1994 9
36 Naselle F 448 1987-1990 9
37 Wishkah F 96 1990, 1993 9
38 East Fork Satsop F 102 1993 9
E. Lower Columbia
1. Lower Columbia 39 Cowlitz* S 152 1982, 1987 2,9
40 Kalama* S 159 1982, 1987 2,9
41 Lewis* S 135 1988 9
42 Cowlitz* F 198 1981, 1982, 1988 2,9
43 Kalama* F 199 1982, 1988—-1989 2,9
44 Lewis F(LF) 120 1990 9
45 Sandy F(LF) 140 1990-1992 9
2. Upper Willamette 46 McKenzie S 100 1997 10
47 North Santiam S 99 1998 10
48 North Fork Clackamas S 80 1997 10
F Mid Columbia
1. Mainstem 49 Hanford Reach F 258 1982, 1990 1,7
2. Oregon Tributaries 50 Warm Springs S 80 1987 2
51 North Fork John Day S 85 1990-1992 9
52 Deschutes F(SU/F) 179 1982, 1985, 1990-1992 2,9
3. Yakima 53 Yakima S 261 1986, 1989—-1990 4
54 American S 226 1986, 1989—-1990 4
55 Yakima F 109 1990 4
G. Upper Columbia
1. Wenatchee 56 White S 137 1989, 1991-1992 9
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AprenDIX 1. Continued.
Province/Area ID Population Run? N Dates Reference?
1989, 1992-1993
57 Nason S 122 1989-1994 9
58 Chiwawa S 247 1985, 1988—-1990 9
59 Wenatchee SuU 350 1,7
2. Methow 60 Methow S 93 1993 9
61 Twisp S 107 1992-1993 9
62 Methow SuU 59 1992-1993 9
3. Okanogan 63 Similkameen SuU 206 1991-1993 7,9
H. Snake
1. Mainstem 64 Lyons Ferry* F 299 1985-1987 1,3
2. Blue Mts. 65 Minam S 100 1990 6
66 Lostine S 297 1989-1991 6
67 Imnaha S(SU) 280 1989-1991 6
3. Salmon 68 Secesh S(SU) 254 1989-1991 6
69 Johnson S(SU) 316 1982, 1989-1991 6
70 Marsh S 259 1989-1991 6
71 Valley S 279 1989-1991 6
72 Upper Salmon S 60 1989 6
|. Temperate coastal rainforest
1. Olympic Peninsula 73 Queets F 190 1981, 1990 2,9
74 Hoh F 176 1981-1982, 1990 2,9
75 Hoko F 80 1993 9
2. Western Vancouver |s. 76 Kennedy F 150 1991-1992 9
77 Conuma F 140 1985, 1992 8,9
J. Georgia Basin
1. Puget Sound 78 Suiattle S 543 1985-1990 9
79 Elwha SU(F) 200 1988, 1990 9
80 North Fork Nooksack SU(S) 109 1988 9
81 South Fork Nooksack SU(S) 51 1993 9
82 Sauk SuU 74 1986 9
83 Sauk SU(S) 147 1986, 1994 9
84 Skagit SuU 284 1986, 1994—-1995 9
85 North Fork Stilliguamish SU 106 1987-1988 9
86 Skykomish SuU 235 1987-1989 9
87 White* SU(S) 400 1992-1993 9
88 Skagit F 69 1987 9
89 Sultan F 95 1987-1989 9
90 Snoqualmie F 101 1988 9
91 South Prairie F 86 1992-1993 9
2. Strait of Georgia 92 Birkenhead S 280 1985, 1987 8
93 Nanaimo Lake SuU 104 1989-1990 9
94 Harrison F 100 1989 9
95 Butte Inlet F 109 1991 9
96 Nanai mo* F 241 1985, 1988—1990 8,9
K. Interior Fraser
1. Thompson 97 Coldwater S 202 1982, 1987 8
98 Nicola SU(S) 196 1987 8
99 Adams SuU 102 1987 8
100 Lower Shuswap SuU 120 1987 8
101 Horseshoe SU 120 1987 8
102 White Horse Bluff SuU 120 1987 8
2. Upper Fraser 103 Chilcotin S 80 1988 8
104 Cottonwood S 220 1985, 1987 8
105 Chilko SU(S) 267 1982, 1987-1988 8,9
106 Blackwater SuU 334 1985, 1987 8
107 Bowron SU(S) 270 1985, 1987 8
108 Fraser/Tete Juane SU(S) 137 1982, 1988 9, 10
L. Central British Columbia
1. Centra 109 Atnarko SU(S) 329 1985, 1990-1991 8
110 Kitimat SuU 190 1985, 1988 8
111 Wannock F 180 1988, 1991 8
2. Skeena 112 Cedar S 100 1991 8
113 Morice SU(S) 272 1989, 1991, 1995 8, 10
114 Babine SU(S) 313 1982, 1988, 1995—-1996 8, 10
115 Bear SU(S) 243 1988, 1991, 1995 8,9 10
116 Kitsumkalum SuU 338 1988-1989, 1991, 1995- 8, 10

1996
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ApPENDIX 1. Continued.

Province/Area ID Population Run? N Dates Reference?
3. Nass 117 Cranberry SU(S) 93 1988-1989 8
118 Damdochax SU(S) 75 1988 8

1 Run indicates season of entry of adults into fresh water for their spawning migration: S, spring; SU, summer; F, fall; W, winter; LF, late fall (see
Appendix 2 online for run-time data). For some populations, the seasonal run designation used here conflicts with the nominal run time typically used to
characterize the population. In those cases, the nominal run time is shown in parentheses.

2 Data sources: 1, Milner et al. 1986; 2, Utter et al. 1989; 3, Bugert et al. 1991; 4, Busack et al. 1991; 5, Bartley et al. 1992; 6, Waples et al. 1993; 7,
Utter et al. 1995; 8, Teel et al. 2000; 9, A. R. Marshall, unpubl. data; 10, D. J. Teel, unpubl. data.
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