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A complex phenotype in salmon controlled by a
simple change in migratory timing
Neil F. Thompson1,2,3*, Eric C. Anderson2,3,4*†, Anthony J. Clemento2,3, Matthew A. Campbell2,3,5,
Devon E. Pearse3,5, James W. Hearsey6, Andrew P. Kinziger6, John Carlos Garza1,2,3*†

Differentiation between ecotypes is usually presumed to be complex and polygenic. Seasonal patterns of
life history in salmon are used to categorize them into ecotypes, which are often considered “distinct”
animals. Using whole-genome sequencing and tribal fishery sampling of Chinook salmon, we show
that a single, small genomic region is nearly perfectly associated with spawning migration timing but
not with adiposity or sexual maturity, traits long perceived as central to salmon ecotypes. Distinct
migration timing does not prevent interbreeding between ecotypes, which are the result of a simple,
ancient polymorphism segregating within a diverse population. Our finding that a complex migratory
phenotype results from a single gene region will facilitate conservation and restoration of this iconic fish.

B
iodiversity exists on a continuum, but
human perception of biological differ-
ences is often distorted by the cognitive
benefits of categorization (1–4). Con-
spicuous phenotypic differences may

serve as the basis for such categorization, but
there can be a mismatch between the extent
of perceived distinction and the biological basis
that underpins it. In some cases, substantial
phenotypic differencesmay be entirely environ-
mental, with no genetic differences between
individuals with alternative phenotypes (5, 6).
The seasonal timing of animal migrations is

a particularly conspicuous trait, with indige-
nous peoples around the world using these
migrations as the basis for customs related to
subsistence and culture. Many human socie-
ties have historically depended upon the fishes
in the familySalmonidae,which includessalmon,
trout, and charr, as a central component of their
subsistence economies. Among the most well-
known animal migrations are those made by
anadromous salmonids, which travel up to
3000 km from the ocean to spawn in natal
streams (7). In Chinook salmon (Oncorhynchus
tshawytscha), the largest of the anadromous
salmonids, multiple ecotypes exist and are
characterized primarily by migration timing
(8). Early-migrating fish are generally termed
winter-run and spring-run ecotypes, whereas
late-migrating fish include the fall-run and
late-fall–run ecotypes (7). Early-migrating salmon
return to fresh water up to 6 months before

late-migrating fish and hold during summer
in cold-water pools until spawning. In addi-
tion, early-migrating fish have a suite of other
prominent phenotypic differences, including
smaller size, higher fat content, earlier spawn-
ing time, and the capacity to use different
habitats (9–11), often at higher elevation, where
they play a distinctive ecological role, conveying
marine-derived nutrients and altering food
webs. They are prized by fishers for their higher
fat content and presence in fresh water when
other salmon are not available. These traits
have led many to regard the spring run as an
entirely distinct type, or species, from the
fall run (12). This sentiment mirrors the idea
that migration timing is a “magic” trait that
causes assortative mating, and potentially
sympatric reproductive isolation, and which is
also under disruptive selection (13).
Two broad themes have emerged in the

study of seasonal animal migrations. First,
successfully adopting newmigration patterns
requires a “syndrome” of physiological, mor-
phological, and life-history traits to mediate
the trade-offs involved with changes in mi-
gration (14, 15). Second, by exposing animals
to new habitats, migration can promote re-
productive isolation and speciation (16). Ge-
nomic studies accord with these two ideas. In
birds, migration-linked genes have been im-
plicated in divergence between subspecies
with distinct migratory directions (17), and
migratory forms of the same species can
display different genomic and transcriptional
patterns (18–20). In fishes, genomic variation
associated with distinct migratory behaviors has
been shown to bemaintained in chromosomal
inversions spanning hundreds of genes (21, 22).
Recently, a region on Chinook salmon chro-

mosome 28 that contains two protein-coding
genes, GREB1L and ROCK1, was found to be
consistently associated with run-timing eco-
types in multiple drainages of North America
(23–25). It has been suggested that this asso-
ciation is due to genetic adaptation for in-

creased fat storage to offset early migrators’
extended lack of feeding in fresh water (23).
This migration phenotype has also been linked
to reproductive maturity, with the adoption of
“premature” and “mature”migrator nomencla-
ture (23). As changes in migration have pre-
cipitated evolution in other key traits, it has
been suggested that this trait variation is lead-
ing to reproductive isolation sufficiently pro-
found that early- and late-migrating salmon
should be categorized andmanaged as separate
species (26).
We used whole-genome sequences, targeted

genotyping assays, and individual-specific
phenotype information from an indigenous
fishery to elucidate the genetic architecture
of ecotypic differentiation in Chinook salmon
and determine the origin of phenotypic var-
iation between ecotypes in these iconic fish.
We focus on theKlamathRiver, wheremassive
restoration efforts, including the removal of
four mainstem dams, portend a renaissance
for anadromous fishes. We also evaluate the
role of genomic variation in ecotypic differen-
tiation in the Sacramento River basin (Fig. 1),
which harbors the greatest salmon run–type
diversity known.
We resequenced the whole genomes of 160

fish from all ecotypes of Chinook salmon in
the Klamath and Sacramento river basins (two
of the largest rivers tributary to the Eastern
Pacific Ocean), including fish from winter-,
spring-, fall-, and late-fall–run ecotypes (Fig.
1, table S1, and data S1). Fish in these basins
are not sister lineages evolutionarily, despite
their geographic proximity (27, 28). Notably,
in a combined analysis of these lineages, fixed
differences between 64 fall-run and 64 spring-
run fish were found only in a single ~140-kb
region on chromosome 28 (Fig. 2A). Within
this region, a smaller ~30-kb region, the “region
of strongest association” (RoSA), included var-
iants that were also fixed in the winter run, an
early-migrating ecotype endemic to the Sacra-
mento River (Fig. 2B).
Variation in the RoSA is organized in dis-

tinct, reciprocally monophyletic early- (E) and
late- (L) migrating haplotype lineages (Fig. 3).
Notably, the Sacramento basin possesses two
divergent haplogroups within both the E and
L lineages, whereas the Klamath basin has
only one per lineage. Early-migrating, spring-
summer–run Chinook salmon from the Upper
Columbia River (Idaho, USA) are highly diver-
gent from all other Chinook salmon (27–29)
and carry a similar, but nonidentical, E-lineage
haplotype in the RoSA (figs. S1 and S2) (25).
This suggests that the E-lineage haplotype
may be shared by all early-migrating Chinook
salmon. We aligned the RoSA with the ho-
mologous region in its closest relative, coho
salmon (O. kisutch), and estimate that the di-
vergence between the E and L haplogroups
is ~6% of that between coho and Chinook
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salmon, indicating that the split occurred rela-
tively recently within the Chinook salmon
lineage (fig. S3).
Two of the fixed differences in the RoSA are

nonsynonymous, single-nucleotide polymor-
phisms (SNPs) within GREB1L and show a
near-perfect association between early- and
late-migrating genotypes (table S2). GREB1L
is a central regulator of vertebrate development,
specifically affecting renal, gonadal, and inner
ear organ systems (30, 31). Additionally, there
are structural changes—short duplications be-
tween GREB1L and ROCK1 (fig. S4) that might
affect gene regulation and are strongly asso-
ciated with distinct haplogroups (figs. S5 and
S6). The structural differences might interact
with the nonsynonymous SNPs or other var-
iants to influence the phenotype. Evident with-
in the RoSA is a block-like structure of allelic
variation, high conservation, and linkage dis-
equilibrium (Fig. 2B), but evaluationof sequences
from this region did not yield evidence of a large
inversion. The high conservation in this region
may be attributable to its function as a small
supergene, with multiple coadapted variants
contributing to the phenotypic effects and large
fitness differences associatedwith recombinant
haplotypes.

We evaluated the effect of RoSA genotype
on the phenotype of 502 adult Chinook salmon
harvested by the Yurok Tribe in the Klamath
River Estuary (table S1).We assayed eight SNPs
(table S3 and data S2) that perfectly tag the E
and L haplogroups (fig. S2) and compared the
RoSA genotype to the phenotypic traits of
freshwater entry date, fat content, and reproduc-
tive maturity. We found that the RoSA genotype
predicted 85%of the variance in freshwater entry
timing (table S4), with nearly disjunct freshwater
entry windows among EE and LL genotypes
(Fig. 4A). Heterozygotes enter with interme-
diate timing, on average, but overlap com-
pletely with the timing of homozygous fish.
Thus, the RoSA genotype directly influences
individual freshwater entry timing and, by
extension, the initiation of spawning migra-
tion during the ocean phase. It may be that
the RoSA influences individual response to
photoperiod, as this is used bymost organisms,
including salmon (32), to detect seasonal
changes, but other physiological processes
are likely also involved.
By contrast, the RoSA genotype had no sig-

nificant effect on maturation status or adiposity
at freshwater entry [Fig. 4, B and C; likelihood
ratio tests (LRT), table S5A], after accounting for

significant effects of sampling date, sex, and
collection year (LRT, table S5, B and C). The
strongest effect on maturation status and ad-
iposity was due to sampling date, with partial
correlations of 0.53 and −0.26, respectively.
Notably, all estuary-sampled fishhadmaturation-
status values well below those of spawning
fish (fig. S7), contrasting with the recent cat-
egorization of fall-run salmon as “mature
migrators” (7, 23, 24).
The RoSA genotype explained 67% of the

variance in spawn timing at Trinity River
Hatchery (table S6), where EE and LL in-
dividuals have a mean difference in spawn
timing of 45 days (fig. S8). However, because
the RoSA genotype does not affect matura-
tion status at freshwater entry, this difference
is likely a consequence of different freshwater
residence durations, with warmer freshwater
temperatures (33), relative to the ocean (fig.
S9), acceleratingmaturation in early-entering
fish during summer months. Water temper-
ature is known to influence the rate and
onset of final maturation in fishes, includ-
ing salmonids (34, 35). Thus, although the
reproductive physiology of spring- and fall-
run fish is indeed distinct, validating indige-
nous knowledge, the RoSA directly influences
freshwater entry timing, with other aspects of
the spring-run “syndrome” (adiposity and ma-
turity) attributable to differences in sampling
date and environmental factors experienced
as a consequence of differences in freshwater
entry timing. We thus provide a counter-
example to the widely held notion that differ-
ences in lipid metabolism and storage are
central to migratory biology in vertebrates.
We next characterized the extent to which

spawning behavior contributes to assortative
mating and distinct populations in natural
areas where both ecotypes persist, by evaluat-
ing differences in mating location and timing
by RoSA genotype in the SalmonRiver (Klamath
River tributary, which is mostly wilderness). The
distribution of RoSA genotypes from 183 post-
spawning carcasses indicates substantial overlap
and opportunity for interbreeding among RoSA
genotypes (figs. S10 and S11). This finding is
bolstered by a large number of heterozygotes
(table S7) and RoSA genotype frequencies
close to those expected with random mating
(fig. S12). As such, matings between hetero-
zygotes must occur with some frequency, lead-
ing to full-sibling families that express both
early- and late-migrating phenotypes.
We expanded our RoSA-marker survey to

populations ranging from Coastal Oregon to
the Sacramento basin (Fig. 1 and table S1).
Heterozygous (EL) fishwerewidespreadwhere
early-migrating fish occur and suitable habitat
for them exists (table S8 and data S3), and
not only where hatchery propagation, or other
anthropogenic influences,maintain them.How-
ever, we investigated whether spring-run and
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Fig. 1. Waterways from which Chinook salmon were sampled. Ecotypes are represented by letters
(W, winter; S, spring; F, fall; LF = late-fall). Collections in bold are from the Klamath River basin, and names in
italic-bold are from the Sacramento River basin. White circles indicate amplicon data; gray circles, whole-
genome sequence data; and black circles, both data types.
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fall-run fish were historically reproductively
isolated via a simulation analysis of recombi-
nant genotypes between previously reported
SNPs in the imperfectly associated flanking
region (23) and the RoSA (figs. S2 and S13
and table S3). We found that there is a long
history of interbreeding between spring- and
fall-run Chinook salmon in the Klamath River,
consistent with earlier work (36), and that the
high frequencies of recombinants (table S9
and data S4), necessarily generated in hetero-
zygous fish, could not have arisen solely in the
~180 years since large-scale human manip-
ulation of the watershed began (fig. S14 and
table S10).
Disruptive selection between salmon eco-

types has been hypothesized to be strong,
with heterozygotes particularly vulnerable
(23, 24). Our data indicate that the RoSA has a
partially dominant or additive inheritance
pattern in the Klamath basin. Heterozygotes
have migration timing that is skewed toward
the early-migrating ecotype but overlaps en-
tirely with the two homozygous classes. More-
over, we find that RoSA heterozygotes in the
Sacramento basin are phenotypically more
similar to late-migrating, than early-migrating,
ecotypes for traits related to spawning (table
S8), indicating that the dominance relation-

ship of the RoSA may be lineage specific and
influenced by modifier loci. Unidentified mod-
ifier genes of smaller effect are known to in-
fluence within-season variation in migration
timing of salmonids (37). Ultimately, it is clear
that with temporally variable selection, fish
with intermediate migration timing (hetero-
zygotes) will periodically have equal or higher
fitness than fish migrating earlier or later.
The importance of early-migrating fish to

indigenous peoples and ecological functioning
cannot be overstated, and early-migrating
haplotypes are undoubtedly an important
component of diversity in ecosystems and
populations where they exist. Early-arriving
fish are a critical early-season food source for
indigenous peoples, and the early-migrating
phenotype allows fish to exploit habitats that
are less accessible to late-migrating fish (10),
providing increased fitness and resilience to
salmon populations, as well as important
ecological effects, including deposition of
marine-derivednutrients and altered foodwebs.
In some cases, such as the upper Columbia
River, early- and late-migrating lineages coexist
with little gene flow, are not closely related,
and evolved separately over long periods of
allopatry (27–29). In general, however, fall-
and spring-run Chinook salmon interbreed,

and the primary axis of genomic variation is
associated with geography. As such, genome-
wide adaptation to local environmental con-
ditions is shared by sympatric spring- and
fall-run ecotypes (27, 29, 36), and the gene
flow between them provides critical con-
nectivity for the maintenance of genetic
diversity and long-term viability, consistent
with a more inclusive definition of salmon
populations (38–40).
The finding that the RoSA E-lineage hap-

logroup is conserved across Chinook salmon
lineages and evolutionarily significant units
(i.e., “species” under the U.S. Endangered Spe-
cies Act) is a positive development for conser-
vation, indicating that the most important
diversity related to the evolution of ecotypes
has not been lost withwidespread extirpation
of early-migrating salmon. As restoration efforts
continue, the reestablishment of early-migrating
populations will be facilitated by the evolution-
ary conservation and exchangeability of the
E-lineage haplogroup. In addition, this high-
lights the importance of maintaining migra-
tory opportunities and viable early-migrating
source populations for recolonization.
In the Klamath River, the largest fish res-

toration project in history, removal of four dams
that have blocked access to the upper basin
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Fig. 2. Allele frequency
differences between eco-
types of Chinook salmon.
(A) Absolute value of allele
frequency differences
between 64 spring-run and
64 fall-run Chinook salmon.
Each point is a genomic
variant (differences
<0.25 not shown).
Colors alternate by
chromosome. (B) Absolute
value of allele frequency
differences in a 1.3-Mb
region around the peak in
(A). Black points indicate
nearly fixed (>0.98)
differences. Vertical
pink rectangle shows the
RoSA. Violet horizontal
bars at bottom show
two nearby genes and
exons within them
(thin vertical bars).
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(~22,600 km2) since 1912 (41) is imminent. In
populations where the E haplotype occurs, it is
highly likely that an early-run phenotype can
emerge given suitable habitat. We found the E
haplotype to be absent from adult returns to
Iron Gate Dam (table S8), the current terminus

of anadromy in the Klamath River, indicating
extirpation of the ancestral spring run from the
upper Klamath basin. The lack of cool water
required for summer survival in the mainstem
Klamath River below Iron Gate Dam selects
against both EE and EL genotypes during the

summer months and is likely responsible for
this absence (33). However, our analysis of
recombinants shows that descendants of the
extirpated spring run persist below Iron Gate
Dam, likely maintaining much of the genetic
variation, outside of the RoSA, that resulted
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Fig. 3. Two hundred and two biallelic
variants (columns) within the RoSA
(chromosome 28, 12.26–12.29 Mb). Variants
were from 202 haplotypes (rows) derived
from whole-genome resequencing of 146 fish,
with gold indicating the allele at highest
frequency among spring run and blue the allele
at lowest frequency among spring run. The
local coalescent tree is at left, with the length
of portion excised from the internal branches
shown at top. Ecotype of the fish is in the
first column right of the tree. The RoSA
Zygosity column indicates whether the
fish carried both an E- and an L-lineage
haplotype (heterozygous) in the RoSA.

Fig. 4. Migration timing, physiological
status, and RoSA genotype of Klamath
River Chinook salmon (A) Distribution
of freshwater entry timing by day and
RoSA genotype of 502 Chinook salmon
sampled in the Klamath River estuary.
(B) Maturation status, and (C) adiposity
of estuary fish by sampling date and color
coded by RoSA genotype. Data from 2009
and 2010 are combined.

RoSA genotype EE EL LL

1 M
ay

1 J
un

1 J
ul

1 A
ug

1 S
ep

1 O
ct

1 N
ov

0

10

20

30

0

10

20

30

0

10

20

30

Estuary sampling date

C
ou

nt

A Female Male

0

0.05

0.1

0.15

G
onadosom

atic Index

B

1 M
ay

1 J
un

1 J
ul

1 A
ug

1 S
ep

1 O
ct

1 N
ov

1 M
ay

1 J
un

1 J
ul

1 A
ug

1 S
ep

1 O
ct

1 N
ov

0.2

0.3

0.4

0.5

0.6

Estuary sampling date

L
iver N

W
F

C

RESEARCH | REPORT
D

ow
nloaded from

 https://w
w

w
.science.org at N

ational O
ceanic and A

tm
ospheric A

dm
inistration H

eadquarters (M
A

IN
) on January 30, 2024



from local adaptation to the upper Klamath
basin. In addition, the E lineage remains
abundant in the Klamath River basin (tables
S8 and S11) but mostly as a consequence of
the Trinity River Hatchery (36), which is
~450 river km from the dam removal site. As
such, reconstituting a historically accurate,
locally adapted, spring-run is possible by mi-
gration of E haplotypes into the population cur-
rently residing below Iron Gate Dam. Given
the strong pattern of equilibrium between
migration and genetic drift in the basin (40), E
haplotypes will arrive in the upper Klamath
basin through intrabasin migration, but this
could be facilitated more rapidly by human-
assisted translocation.
An association between ecotypic designa-

tion and a genomic region homologous to the
RoSA has also been demonstrated in steelhead
trout (O. mykiss), with similar ecological im-
portance associated with the early-migrating
ecotype (23, 42, 43). In addition, the three
primary genera in the subfamily Salmoninae
all have distinct early- and late-migrating forms
that co-occur (7). We show that a complex
migratory phenotype arises from a single gene
region, which may facilitate its existence on
multiple genetic backgrounds, and suggests
that a similar, simple control of migratory
traits may exist in other genera. Further re-
search will elucidate how universally such
apparent complexity and ecologically impor-
tant phenotypic variation arises from a sim-
ple Mendelian polymorphism.
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