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>What is the role of population genetics in conservation?
Delineate ESU/DPS boundaries, stock identification (GSI), 
parentage based tagging, and hatchery broodstock management 
(e.g. inbreeding avoidance).

>How is the emerging field of ‘adaptation genomics’ different?



Peterson et al. 2012, PLOS One

1996 2006 2016
1 locus Microsatellites/SNPs 1,000sà1,000,000 of SNPs

>Emerging due to change in our ability to find and quantify the 
effects of specific genetic elements using genome-wide DNA data:



Higher
Level
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phylogeny

Individual
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Fitness, Behavior

Level of biological question
Population
Structure,
Migration,
Stock ID)

Species &
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Relationships,
phylogeography

Relatedness
Parentage
Pedigrees,
Inbreeding

Scale of genetic data

Allozymes, Microsatellites, SNPs
Single-locus DNA sequences “Next-generation Sequencing” (NGS)

Type of genetic data

“Neutral” Population
Genetic Data

“Adaptive” or “Functional”
Genomic Variation



>Adap%ve	Genomic	Varia%on	(AGV);	Specific	SNPs	or	genomic	regions	
that	have	been	shown	to	have	an	adap8ve	evolu8onary	effect	in	wild	popula8ons.	
Almost	always	uncertain,	and	likely	to	have	intraspecific	varia8on.	
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>Sex-dependent
dominance reversal.

>Explains 39% of variance.

VGLL3 is associated with lipid storage and age of puberty in humans.

EE,  EL,  LL
2yo, het, 3yo

Barson et al. 2015

Early vs. Late Age-of-Return in Atlantic Salmon:



Hemmer-Hansen et al. 2013; Kirubakaran et al. 2016

>10,000 SNP loci

-LG1=29,521,491 bp

-1,262 genes

Genomic ‘islands of divergence’ in coastal and migratory Cod:



>Numerous genomic studies of life-history in O. mykiss:
Robison et al. 2001; O’Malley et al. 2003; Leder et al. 2006; Phillips et al. 2006; Nichols et al. 2007, 2008; Haidle et al. 2008;
Colihueque et al. 2010; Paibomesai et al. 2010; Easton et al. 2011; Le Bras et al. 2011; Martínez et al. 2011;
Miller et al. 2012; Narum et al. 2011;Limborg et al. 2012; Hecht et al. 2012a,b; Hale et al. 2014; Pearse et al. 2014; McKinney et al. 2015 

>Results highly variable, but many have associated
one region of chromosome Omy5 with correlated life-history traits.
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Smoltification in steelhead/Rainbow Trout:



>Rapid adaptation of Rainbow Trout above barriers associated with 
evolution on one genomic region.

>Repeated parallel evolution from standing variation.

>Significant effect of
above-barrier population age.
(natural populations fixed)

>Individual
smoltification effects.

>Genomic characterization
in progress.

Pearse et al. 2014, Proc. Roy. Soc. B

Smoltification in steelhead/Rainbow Trout: Omy5.
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Parallel evolution of residency in O. mykiss

Pearse et al. 2014Waples et al. 2004

387CHINOOK SALMON LIFE-HISTORY EVOLUTION

FIG. 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
episode in which trait B evolved from trait A (or vice versa). Bottom
panel: A minimum of four (left) or three (right) parallel evolutionary
changes is required to explain the observed pattern of relationships.

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 traits in 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 salmon.
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, Idaho, 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 a single 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 a full year of stream residence before smolting) and ocean-
type (because they migrate to sea as 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.

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 salmon species (Shaklee and Phelps 1990).
Laboratory procedures used for protein electrophoresis were
described by Aebersold et al. (1987) and Waples et 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*, sMDH-A1,2*,
sMDH-B1,2*, sMEP-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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Parallel evolution of residency in O. mykiss
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FIG. 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
episode in which trait B evolved from trait A (or vice versa). Bottom
panel: A minimum of four (left) or three (right) parallel evolutionary
changes is required to explain the observed pattern of relationships.

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 traits in 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 salmon.
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, Idaho, 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 a single 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 a full year of stream residence before smolting) and ocean-
type (because they migrate to sea as 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.

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 salmon species (Shaklee and Phelps 1990).
Laboratory procedures used for protein electrophoresis were
described by Aebersold et al. (1987) and Waples et 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*, sMDH-A1,2*,
sMDH-B1,2*, sMEP-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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Arciniega et al. 2016, Conservation Genetics
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Phenotypically distinct run-timings exist in the same 
geographic location.
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Parallel evolution of Summer/Winter run-timing in steelhead



  

The exact same locus completely explains the two 
distinct runs of Eel River steelhead. 

Arciniega et al. In Prep

Waples et al. 2004
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FIG. 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
episode in which trait B evolved from trait A (or vice versa). Bottom
panel: A minimum of four (left) or three (right) parallel evolutionary
changes is required to explain the observed pattern of relationships.

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 traits in 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 salmon.
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, Idaho, 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 a single 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 a full year of stream residence before smolting) and ocean-
type (because they migrate to sea as 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.

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 salmon species (Shaklee and Phelps 1990).
Laboratory procedures used for protein electrophoresis were
described by Aebersold et al. (1987) and Waples et 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*, sMDH-A1,2*,
sMDH-B1,2*, sMEP-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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“all naturally spawned anadromous O. mykiss (steelhead) 
populations below natural and manmade impassable barriers” 

NMFS 2006

Applied Conservation & Management:

How should we incorporate Adaptive Genomic Variation 
into steelhead management?

How is ‘Conservation Genomics’ different?



A)  Passive Monitoring

B)  Active Management

C)  Marker Assisted Conservation

Approaches to Adaptive Genomic Variation:



Allendorf et al. 2010, Nature Reviews Genetics

Passive Monitoring & Process Management:

AGV is subject to same genome-wide forces as neutral loci



Funk et al. 2012, TREE

Active Management:

>Follows existing ESA listing process.

>Additional potential level for Management
Unit designation (Adaptive Group).

>Likely only useful for major phenotypes.
>>Will not capture all AGV.

>Identify source populations for re-introductions.
(He et al. 2016 Con Bio)



>Use of genotype at specific loci to select individuals for breeding.

>Widely used for livestock and crops.

>Hatchery broodstock selection.

>Released animals must be fit in their environment.

>Habitat is critical.

Marker Assisted Conservation:



Adaptive variation reflects ecological conditions:

today
2016

since
1920

Carmel River

>Relative reproductive
success of alternative individuals.

>Balance of selection.

>Non-equilibrium populations.

>River connectivity, geologic time
and intermittent fish passage… 

>Dynamic equilibrium!



Summary: What should we do with this information?

Ø Adaptive genomic variation can be targeted for conservation. 

Ø Even genes of major effect are probabilistic indicators of individual phenotype.
(Major exception; immune system genes)

Ø Focus on evolutionary processes that promote diversity rather than an idealized
genetic composition. Evaluate that diversity using neutral and adaptive loci.
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