
121

Journal of Heredity, 2022, 121–144
https://doi.org/10.1093/jhered/esab069

Invited Review
Advance Access publication March 19, 2022

Published by Oxford University Press on behalf of The American Genetic Association 2022. This work is written by (a) US Government 
employee(s) and is in the public domain in the US.

Invited Review

Implications of Large-Effect Loci for 
Conservation: A Review and Case Study with 
Pacific Salmon
Robin S. Waples, Michael J. Ford, Krista Nichols, Marty Kardos, Jim Myers, 
Tasha Q. Thompson, Eric C. Anderson, Ilana J. Koch, Garrett McKinney, 
Michael R. Miller, Kerry Naish, Shawn R. Narum, Kathleen G. O’Malley, 
Devon E. Pearse, George R. Pess, Thomas P. Quinn, Todd R. Seamons, 
Adrian Spidle, Kenneth I. Warheit, and Stuart C. Willis

From the Northwest Fisheries Science Center, National Marine Fisheries Service, 2725 Montlake Blvd. East, Seattle, WA 
98112, USA (Waples, Ford, Nichols, Kardos, Myers, McKinney, and Pess); the University of Montana, Missoula, MT, USA 
(Kardos); the Michigan State University, East Lansing, MI, USA (Thompson); the Southwest Fisheries Science Center, 
National Marine Fisheries Service, Santa Cruz, CA, USA (Anderson and Pearse); the Columbia River Inter-Tribal Fish 
Commission, Hagerman, ID, USA (Koch, Narum, and Willis); the Washington Department of Fish and Wildlife, Olympia, 
WA, USA (McKinney, Seamons, and Warheit); the University of California, Davis, CA, USA (Miller); the School of Aquatic 
and Fishery Sciences, University of Washington, Seattle, WA USA (Naish and Quinn); the Oregon State University, 
Newport, OR, USA (O’Malley); and the Northwest Indian Fisheries Commission, Olympia, WA, USA (Spidle).

Address correspondence to R. S. Waples at the address above, or e-mail: robin.waples@noaa.gov.

Received June 1, 2021; First decision September 17, 2021; Accepted November 7, 2021.

Corresponding Editor: C Scott Baker 

Abstract

The increasing feasibility of assembling large genomic datasets for non-model species presents 
both opportunities and challenges for applied conservation and management. A popular theme 
in recent studies is the search for large-effect loci that explain substantial portions of phenotypic 
variance for a key trait(s). If such loci can be linked to adaptations, 2 important questions arise: 
1) Should information from these loci be used to reconfigure conservation units (CUs), even if 
this conflicts with overall patterns of genetic differentiation? 2) How should this information be 
used in viability assessments of populations and larger CUs? In this review, we address these 
questions in the context of recent studies of Chinook salmon and steelhead (anadromous form of 
rainbow trout) that show strong associations between adult migration timing and specific alleles 
in one small genomic region. Based on the polygenic paradigm (most traits are controlled by 
many genes of small effect) and genetic data available at the time showing that early-migrating 
populations are most closely related to nearby late-migrating populations, adult migration 
differences in Pacific salmon and steelhead were considered to reflect diversity within CUs rather 
than separate CUs. Recent data, however, suggest that specific alleles are required for early 
migration, and that these alleles are lost in populations where conditions do not support early-
migrating phenotypes. Contrasting determinations under the US Endangered Species Act and the 
State of California’s equivalent legislation illustrate the complexities of incorporating genomics 
data into CU configuration decisions. Regardless how CUs are defined, viability assessments 
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should consider that 1) early-migrating phenotypes experience disproportionate risks across large 
geographic areas, so it becomes important to identify early-migrating populations that can serve 
as reliable sources for these valuable genetic resources; and 2) genetic architecture, especially the 
existence of large-effect loci, can affect evolutionary potential and adaptability.

Keywords:  conservation, genetic architecture, Pacific salmon, phenology, steelhead

I. Introduction

Efforts to conserve biodiversity at the species or population level 
often wrestle with 3 complex questions: Q1: What are the most ap-
propriate units of conservation (aka conservation units, CUs)? Q2: 
What is the status of each unit? Q3: What conservation measures 
will best ensure persistence of these units into the future? These 
questions are generally addressed in sequence but they are not in-
dependent, and uncertainty in one propagates into the others. This 
review focuses on recent advances in genome science that have chal-
lenged previous approaches to Q1, as well as the consequences for 
Q2 and Q3.

The 20th century witnessed increasing need and interest in pro-
tecting threatened and endangered species, and recent decades have 
seen a greater appreciation of the role that populations and other sub-
specific units play in species persistence (Rojas 1992; Houlahan et al. 
2000; Ceballos and Ehrlich 2002; Gustafson et  al. 2007). Defining 
CUs within species is generally a 2-step process: 1)  Describe the 
(often hierarchical) biological relationships among populations; and 
2) Choose an appropriate hierarchical level for defining separate units 
(Waples 1995). The first step is to characterize the continuum from 
individuals to species, and the attributes that define the intermediate 
levels. In theory, this process is objective, but in reality it is subject to 
continual discussion, refinement, and debate (Sanderson and Shaffer 
2002; Lotterhos and Whitlock 2014; Shirk et al. 2017). On the second 
issue—where should the threshold level for distinctiveness be—there 
is no single “correct” answer; instead, the best approach for any par-
ticular application depends on several factors, including goals, legal 
mandates, and available resources (Waples 1995, 2006). Even after 
considering these factors, it is inevitable that some reasonable people 
will be inclined to combine units that others might view as separate.

In these ongoing discussions, considerable interest has centered on 
the concept of evolutionarily significant units (ESUs), which represent 
major components of diversity within species (Ryder 1986; Waples 
1991; Moritz 1994; Crandall et  al. 2000; Fraser and Bernatchez 
2001). The most widely used ESU frameworks can be mapped onto 
2 axes of diversity: isolation and adaptation (Figure 1). The isolation 
axis reflects the strength and duration of reproductive isolation, typ-
ically quantified using data from putatively neutral genetic markers. 
The adaptation axis is more difficult to evaluate directly, and for this 
reason conservation practitioners have typically relied on proxies, 
such as phenotypic traits that might reflect adaptations (e.g., morph-
ology, behavior, life history) or ecological features of the species’ 
habitat, which might create selective pressure for adaptations to local 
environments. These proxies have important limitations, however. 
Phenotypic traits are influenced to varying degrees by both genes and 
the environment; inferring selective pressures from habitat features is 
fraught with difficulties; and common-garden experiments that might 
document adaptations are difficult or impossible to conduct for most 
species of conservation interest.

Following major technological advances around 2007, the ex-
plosive increase in availability and affordability of genomic data for 
non-model species (Primmer 2009; Allendorf et  al. 2010; Narum 

et al. 2013; Supple and Shapiro 2018) has raised a new possibility: Is 
it now feasible to use genomics data to help parameterize the adap-
tation axis, without relying entirely on proxies (Funk et  al. 2012, 
2019; Pearse 2016; Waples et al. 2020)? If so, how might this affect 
division of species into CUs? And do new genomics data suggest dif-
ferent weightings for the isolation and adaptation axes (Ralls et al. 
2020; Fernandez-Fournier et al. 2021)? Here, we explore these and 
related questions, using a case study involving 2 species of anadro-
mous Pacific salmonids (Oncorhynchus spp.) for which a strong as-
sociation has recently been found between a key life-history trait 
(timing of adult migration to fresh water) and a small genomic re-
gion on one chromosome. This topic has attracted a great deal of 
general attention because of its broad relevance to conservation and 
management (Langin 2018; Waples and Lindley 2018; McKinney 
2020).

This review is organized as follows. For context, in Section II, 
we review key features of evolutionary ecology of Pacific salmonids 
that are relevant to themes discussed later, and we explain the legal 
framework that allows for federal protection of these species under 
the US Endangered Species Act (ESA). Section III reviews theory and 
empirical data for large-effect loci in other species. Recent genomics 
studies that have reported strong associations between adult migra-
tion timing and specific alleles are reviewed in Section IV. Finally, in 
Section V (Discussion), we 1) summarize major conclusions; 2) iden-
tify critical uncertainties; 3)  discuss implications for conservation 
and management; and 4) identify research priorities for the future.

Isolation

Adaptation
[Proxies, esp.

ecology, life history]

[molecular
genetics]

Increasing
support 
for ESUs

Moritz 1994
Waples 1991

Crandall et al.
2000

Genomics
data?

Figure 1. Two major axes of diversity that characterize the most widely used 
ESU concepts. Moritz’s (1994) method based on reciprocal monophyly of 
mtDNA places almost all emphasis on the isolation axis. Crandall et al.’s (2000) 
method based on exchangeability places more emphasis on adaptations. The 
NMFS salmon ESU framework (Waples 1991) places relatively equal weight 
on the 2 axes. Isolation is most easily documented using molecular genetic 
methods, whereas inferences about adaptations have traditionally had to 
rely on proxies like ecology and life history. The advent of new genomics 
tools raises the possibility that it will be possible to study adaptations directly 
at the DNA level. Modified from Waples and Lindley (2018).
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Box 1. Salmonid Life History

The term salmonid fishes, as used here, refers primarily to the genera Salmo, Oncorhynchus, and Salvelinus, native to the Northern 
Hemisphere. These species show exceptional levels of within-species life-history diversity (Figure 1.1). All spawn in freshwater (stream 
and lake) habitats, where females select and prepare a nest site, bury their eggs after fertilization, and in some species guard them as 
well. Eggs are unusually large for freshwater fishes, and have a long incubation period, emerging as free-living fish in the spring or 
early summer. Depending on species and population, they migrate immediately to sea; feed and grow for some weeks, months, or years 
in fresh water before migrating to sea; or remain in freshwater habitats (with either limited or extensive movements) before returning 
to spawn at or near their natal site years later. Anadromous and nonanadromous populations can be genetically distinct from one an-
other, even when breeding in the same river, but some or considerable interbreeding often occurs between life-history variants; genetic 
and environmental controls over anadromy are complicated, and variable. Finally, most species are capable of breeding in more than 
1 year (i.e., are iteroparous), but the Pacific salmon (a subset of the Oncorhynchus species) all die after spawning.

Salmonids differ markedly from most migratory animals in several important ways related to the evolution of migratory timing. 
Many species such as birds, butterflies, and whales make regular seasonal migrations between breeding and feeding grounds at dif-
ferent latitudes (e.g., north in the spring and south in the fall in the northern hemisphere). In intervening seasons the animals experi-
ence a changing photoperiod that helps synchronize their circannual rhythms, as well as the common ecological pressures that caused 
migration to evolve. In contrast, salmon migrate into rivers to spawn at every month of the year, commencing during increasing or 
decreasing photoperiod while at sea. Moreover, their distributions at sea are very broad, such that some individuals will migrate 
southward to get to the mouth of their natal stream, while others are simultaneously migrating northward, to reach the same river 
mouth at the same time, or a completely different time, of year.

In addition to the complexities introduced by the diversity in timing and direction of migration from the ocean to the freshwater 
habitats for breeding, spatial and temporal connections between entry into freshwater and actual breeding are equally diverse. Some 
populations enter a river and spawn within a few km of salt water only a few days later, so timing of river entry and breeding are 

Figure 1.1. Common life-history patterns within Oncorhynchus mykiss. Adults that go to sea as juveniles (anadromous steelhead) and those that mature 
in fresh water (resident rainbow trout) both spawn and lay eggs in freshwater habitats. Juveniles (alevin, fry [not shown], and parr) grow in fresh water 
until they either undergo a physiological transformation and migrate to sea as smolts, or remain in fresh water until they mature. Unlike true Pacific 
salmon, O. mykiss is iteroparous so adults can spawn in multiple years, although repeat spawning by steelhead is uncommon. Return migration timing by 
steelhead can occur in any month of the year, generally categorized as summer (April–September) or winter (October–March), but spawning consistently 
occurs in the spring. The life cycle of Chinook salmon (Oncorhynchus tshawytscha) is simpler in 2 major ways: 1) all Chinook salmon die after spawning; 
2) apart from some rare exceptions (introduced populations in the US Great Lakes; precocious males that mature as parr and never migrate to sea), 
Chinook salmon are always anadromous.
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II. Background

II.1 Speciation of Pacific Salmonids
Lineages leading to Pacific (Oncorhynchus spp.) and Atlantic sal-
monids (Salmo spp.) diverged an estimated 15–27 MYA (Behnke 
1992; Stearley 1992; Devlin 1993; Montgomery 2000; Macqueen 
and Johnston 2014). By the late Miocene (6–8 MYA), the extant 
species of North American Pacific salmon and trout had appeared 
(Smith 1992; Wilson and Turner 2009), leaving a great deal of 
time for diversification within species. Of the anadromous Pacific 
salmonids, intraspecific genetic and life-history differentiation is 
greatest in sockeye salmon (Oncorhynchus nerka), Chinook salmon 
(Oncorhynchus tshawytscha), and steelhead (the anadromous form 
of rainbow trout, Oncorhynchus mykiss) (Waples et al. 2001; Quinn 
2018; Box 1). Here, we focus on associations between genomic vari-
ation and timing of spawning migrations from the ocean into rivers 
in the latter 2 species, as examples of the broader concept of the ap-
plication of phenotypic and genomic data to conservation problems.

II.2 Life-History Diversity
Compared to their relatives that live exclusively in fresh water, an-
adromous salmonids undergo a complex series of transitions to 
successfully complete their life cycle (Figure 1.1 in Box 1). Our 
understanding of their life cycle and migrations has grown from ob-
servations by early naturalists, including patterns that were widely 
recognized by indigenous peoples of the region (Swezey and Heizer 
1977), to experimental demonstrations of the heritability of pheno-
logical traits (related to seasonal timing), and recent identification 
of specific alleles correlated with adult run timing. From all these 
perspectives, the timing of return from the ocean to breed defines 
salmon in meaningful ways. Most salmon life-history traits have at 
least a partial genetic basis, and traits related to phenology generally 
have the highest heritabilities (median 0.51; Carlson and Seamons 
2008). Adult migration timing (departure from the ocean to ini-
tiate upriver migration prior to spawning) is particularly important 
because it transitions fish from the sea (where they must balance 
opportunities for growth against risks of predation) to fresh water 
(where they have to contend with anorexia and energetic demands 
of migration and spawning). A  genetic influence on adult migra-
tion timing was initially demonstrated by Rich and Holmes (1928); 
formal heritability studies of within-run adult migration/spawn 
timing include Quinn et al. (2000, 2011) for Chinook salmon and 
Abadia-Cardoso et al. (2013) for steelhead.

In western North America, both Chinook salmon and steelhead 
return to fresh water in every month of the year (Figure 2), but the 
range of return times within a given drainage is shorter and often 
multimodal. No consensus has been reached in the scientific litera-
ture regarding the most appropriate terminology to describe adult 
migration timing (see Healey 1983 and Quinn et al. 2016 for prom-
inent examples). Here, we use the terms “early” or “early-migrating” 
to refer to spring-returning Chinook salmon and summer-returning 

steelhead and “late” or “late-migrating” to refer to fall-returning 
Chinook salmon and winter-returning steelhead. Early-migrating 
fish enter rivers many months prior to spawning, whereas late-
migrating fish enter shortly before spawning. The “early” and “late” 
terms are simplistic, given that adult migration timing occurs along 
a continuum, but they capture major modes in migration timing.

Early-migrating forms exist in many anadromous fishes, but the 
phenomenon is especially common in salmonids (Hearsey and Kinziger 
2014; Quinn et al. 2016). Early-returning Chinook salmon and steel-
head are prized by fishers for their flesh quality and high fat content, 
and spring Chinook salmon are of special cultural significance to Native 
American tribes, who value them as the “First Fish” to return each year 
(Lord 1866, Powers 1877). The early-migration strategy entails sev-
eral costs, including foregone opportunity for growth in the ocean, and 
exposure to predation, pathogens, and extreme temperature and flow 
regimes in freshwater habitats where they hold while fasting prior to 
spawning (Quinn et  al. 2016). Because the early-migration strategy 
is nevertheless widespread, it must generate benefits to offset these 
costs. Several potential benefits have been identified, but for Pacific sal-
monids it is generally thought that the crucial factor is access to specific 
spawning and rearing habitats that temperature/flow conditions make 
unavailable (or less available) to later-migrating fish (Quinn et al. 2016).

Diverse entry times allow anadromous salmonids to more fully 
exploit suitable habitats for spawning and rearing (Beechie et  al. 
2008; Quinn et al. 2016). Environmental conditions that differ sig-
nificantly between headwater and lower mainstem spawning habi-
tats can limit gene flow between fish spawning in separate areas, 
particularly where spawning habitat is discontinuous. Gene flow is 
also limited by flow-dependent barriers to migration (Withler 1966; 
Smith 1969). Prior to anthropogenic modifications, rivers such as 
the Klickitat in Washington, Willamette in Oregon, and Salmon in 
California had waterfalls or cascades that prevented upstream mi-
gration, except during high flows that are common in winter and 
spring (Fulton 1968; Howell et  al. 1985; Olson and Dix 1993), 
whereas other cascades or falls are passable only during low flows 
that are common in the summer and early fall (WDF et al. 1993; 
Kostow 2012). Low flows on the southern Oregon-California coast 
in summer/fall result in barrier sandbars at river entrances that block 
migration and can disrupt timing patterns (Shapovalov and Taft 
1954, Nicholas and Hankin 1988). These barrier bars are a selective 
effect across a large geographic region, but waterfalls are more lo-
calized and depend on specific geologic features (Myers et al. 2006).

Temperature also plays an important role in diversifying adult 
migration timing. If suitable habitat is continuously distributed, 
spawning generally occurs earliest in the cooler upper reaches of a 
given river (Hard et al. 1996; Doctor and Quinn 2009), although ex-
ceptions do occur (Olsen et al. 2008). However, many rivers have tem-
poral modes of migration and spawning, which typically are spatially 
segregated to reflect thermal conditions experienced by spawning 
adults and developing embryos. These thermal patterns tend to reduce 
gene flow between early and late components of populations.

essentially the same, in which case sexual maturation was largely completed while they were at sea. In other cases, populations 
breeding within a large watershed might enter many months apart but breed at overlapping times (e.g., enter in spring and fall and 
breed in fall, or enter in summer and winter and breed in winter and spring). In their natal rivers, these life-history types would thus 
experience entirely different patterns of photoperiod and river temperatures prior to breeding. Within a single river system, it is not 
uncommon for some individuals to spend 6–8 months in fresh water prior to breeding, and thus undergo sexual maturation in an 
entirely different osmotic environment than other individuals that largely completed maturation at sea but nevertheless spawn nearby 
at the same time of year.
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Managers have long used adult migration timing, combined with 
other kinds of information, to define management units for salmon 
and steelhead, regulate harvest, and operate hatchery programs 
(Kostow 2009). These management units are generally considered 
to be demographically independent, meaning that their dynamics are 
determined more by local births and deaths than by immigration 
(McElhany et al. 2000; Box 2). As part of this review, we consider 
whether genomics data provide new insights regarding demographic 
independence.

II.3 Population-Genetic Diversification
By 1950, it was widely recognized in the scientific community that 
homing to natal sites for spawning—and the resulting population 
differentiation—were essential features of salmon biology and man-
agement (e.g., Moulton 1939; Thompson 1959), but a detailed 
understanding of population structure had to await development 
of suitable genetic markers. Population-genetic studies in Chinook 
salmon and steelhead now span 6 decades and cover a succession of 
technologies, including allozymes (e.g., Utter et al. 1973), microsat-
ellites (e.g., Beacham et al. 2006), single nucleotide polymorphisms 
(SNPs; e.g., Narum et al. 2008; Hecht et al. 2015) and whole-genome 
sequences (e.g., Narum et al. 2018; Thompson et al. 2020).

A series of large-scale studies of North American Chinook 
salmon have included both early- and late-returning fish from the 
same set of watersheds (Table 1). In coastal drainages and in the 
lower Columbia River, the following pattern has consistently been 
found: different life-history types of Chinook salmon and steelhead 
within the same stream are genetically more similar to each other 
than either is to the same life-history type in another stream (Figure 
3). This pattern, which is consistent with repeated divergence of the 
more specialized early-migrating forms from the more generalized 
later-migrating forms, is limited to coastal rivers and was initially 
described with allozymes and subsequently confirmed with micro-
satellites (Moran et al. 2013) and SNPs (Narum et al. 2008; Hecht 
et al. 2015; Arciniega et al. 2016; Prince et al. 2017). A different 
pattern is seen in the interior Columbia and Snake river basins, 
where early- and late-returning Chinook salmon are strongly di-
verged genetically (FST ~0.1 or higher), while relatively modest dif-
ferences are found among geographically separated populations of 
the same run type (Waples et al. 2004; Moran et al. 2013).

II.4 Anthropogenic Influences
Native Americans have harvested anadromous Pacific salmonids for 
at least the last 10 000 years (Chatters et al. 1995; Campbell and 

Figure 2. Freshwater entry times for different migration times of returning adult Chinook salmon and steelhead in Puget Sound, Washington Coast, Oregon 
Coast, and California rivers. Within each species, rivers are arranged from North to South. Light shaded bars are early-migrating populations, dark shading is 
for late-migrating populations. Data are from Myers et al. (1998) and Busby et al. (1996).
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Butler 2010; Morin et al. 2021), but anthropogenic effects on salmon 
ecosystems greatly accelerated following major European settlement 
and land development in the last 2 centuries (Waples et al. 2009). 
Status assessments typically focus on anthropogenic stressors such as 
habitat loss and modification, blockage of migratory routes, harvest, 
and artificial propagation (Myers et al. 1998; McClure et al. 2003), 
all of which can affect salmon life histories and population resilience 
(NRC 1996) and can interact with effects of climate change (Irvine 

and Fukuwaka 2011; Crozier et  al. 2019; Tillotson et  al. 2021). 
Several types of anthropogenic modifications to salmonid ecosys-
tems can influence adult migration timing (Tillotson et  al. 2021). 
Blockage of specific up-stream breeding habitats due to migration 
barriers (e.g., dams) can lead to the eradication of early-migrating 
adult salmonids (Beechie et  al. 2006; McClure et  al. 2008; Pess 
et al. 2014). This may be a key reason why in both Chinook salmon 
and steelhead, early-migrating populations have been extirpated at 

Box 2. Demographic Independence

It is becoming increasingly clear that most problems in conservation biology are not strictly ecological or evolutionary, but rather are 
eco-evolutionary in nature. The concept of a population is central to many aspects of applied conservation and management, so it is 
important that populations are defined in a way that reflects both ecological and evolutionary processes. At a minimum, individuals 
within a population must co-occur in space and time for at least part of their life cycle, so that they can interact ecologically (com-
petition, predation, etc.) and interbreed. To be biologically meaningful, populations also should have somewhat limited interactions 
with other conspecific groups of individuals—but how strong must isolation be? A criterion often applied in this context is “demo-
graphic independence”—roughly speaking, different units are considered demographically independent if population trajectories are 
driven more by local births and deaths than by immigration/emigration. But what level of migration is consistent with demographic 
independence? Considering the importance of this fundamental question, it has received remarkably little rigorous evaluation. The 
most comprehensive analysis still appears to be a nearly 3-decades-old study by Hastings (1993), which suggested that migration rates 
above about 10% generally produce correlated trajectories in 2 population units. Ten percent migration is very high in genetic terms 
and leads to very low levels of neutral genetic differentiation unless effective population size is low enough that genetic drift is strong 
(Figure 2.1). Furthermore, because of the nonlinear relationship between FST and Ne, statistical power here is very asymmetrical: It is 
easy to demonstrate demographic independence if you get a moderate or large FST, but with a small FST it will generally be very difficult 
to determine from genetic data alone which side of the threshold you are on.

In salmon conservation and management, the concept of demographic independence has been used to identify salmon and steel-
head populations for which it is meaningful to conduct separate viability analyses (McElhany et al. 2000). These evaluations have 
used a variety of criteria in addition to genetics, including population size, natural barriers to migration, distance between watersheds, 
and ecological characteristics of natal watersheds. Even in coastal drainages where genetic differences between early- and late-run 
populations are typically modest (FST of a few percent or less), spring and fall Chinook salmon (and summer and winter steelhead) 
have generally been considered to reflect closely related but demographically independent populations. Furthermore, another major 
uncertainty is whether the transition from demographic dependence to independence is gradual or sharp (Figure 2.2). In conjunction 
with the limited statistical power of genetic data alone to evaluate demographic independence, these uncertainties make it challenging 
to determine whether early- and late-migrating types within a given river basin should be considered separate populations, or simply 
life-history diversity within a single population.

Figure 2.1. Relationship between FST (a measure of genetic differentiation) 
and effective population size (Ne), based on Wright’s (1943) island model 
of migration. FST depends on the product of migration rate (m) and Ne, 
and expected results are plotted for 3 migration rates that are equal to 
a generally accepted threshold for demographic independence (m = 0.1; 
solid line) and twice or half as large as the presumed threshold. Any 
given FST value is consistent with a range of migration rates, and (unless 
Ne is small) rates that are and are not consistent with demographic 
independence lead to FST values that are very small and hard to 
distinguish. Reproduced from Waples et al. (2008).

Figure 2.2. Two hypothetical relationships between migration rate 
(fraction of individuals exchanged per time unit, m) and the strength 
of the correlation between trajectories of 2 interacting populations. 
Even if m = 0.1 is a useful general guideline for assessing demographic 
independence (as suggested by results of Hastings 1993), the shape of the 
relationship has important implications for practical application, as well 
as for the feasibility of distinguishing between levels of connectivity that 
are and are not consistent with demographic independence.
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higher rates than late-migrating populations (Gustafson et al. 2007). 
Where flow-dependent and/or thermal migration barriers have been 
removed or their temporal passage windows altered (e.g., falls are 
laddered or cascades altered), early-migrating populations can be 
displaced by their late-migrating counterparts (Hemstrom et  al. 
2018; Thompson et al. 2019a). Flow regulation by dams also can 
affect adult migration timing. Changes to downstream flow and 
temperature conditions are thought to have selected against spring-
run Chinook salmon in the Rogue River by allowing for expan-
sion of the fall-run Chinook salmon distribution into habitat that 
was previously accessible primarily by spring-run (Thompson et al. 
2019a). Hatchery operations can artificially impose selection on 
timing (Tillotson et al. 2021), and propagation of populations with 
different migration timings from the same facility has resulted in 
interbreeding and changes in migration timing (Kinziger et al. 2008; 
Hess et al. 2011; Fraser et al. 2020). In some cases at least, removal 
of these anthropogenic impacts can also alter adult migration timing 

and “reawaken” historical life-history types (Quinn et  al. 2017), 
provided the underlying genetic diversity still persists. For instance, 
summer steelhead that migrate prior to winter steelhead and spawn 
in an entirely different location have re-emerged recently in the 
Elwha River following removal of 2 dams (Fraik et al. 2021).

II.5 Salmonids under the US ESA
The 1990s was a decade of reckoning for Pacific salmonids in the Pacific 
Northwest and California. A  key report (Nehlsen et  al. 1991) docu-
mented over 200 at-risk wild stocks, and Native American tribes and 
conservation groups filed petitions for legal protection under the US 
ESA. Although the species in their entirety were not threatened with ex-
tinction, the ESA allows for protection of Distinct Population Segments 
of vertebrate species, and this DPS provision has been used to protect US 
populations of iconic species like grizzly bears, wolves, and bald eagles 
that are more abundant elsewhere (Scott et al. 2006). During the 1990s, 
the US National Marine Fisheries Service (NMFS)—the agency primarily 

Table 1. Population genetic studies of Chinook salmon that encompass multiple populations of early and late returning fish throughout 
much of the species’ North American range

Study Number and type of loci Comments

Myers et al. (1998) 31 allozymes  
Waples et al. (2004) 32 allozymes Largely the same samples as Myers et al. (1998)
Beacham et al. (2006) 13 microsatellites Some samples likely the same as earlier studies
Seeb et al. (2007) 13 microsatellites  
O’Malley et al. (2008) 13 microsatellites, 2 circadian rhythm genes  
Narum et al. (2008) 13 microsatellites, 37 SNPs Same samples as Seeb et al. (2007)
Moran et al. (2013) 13 microsatellites Same samples as Seeb et al. (2007)
Clemento et al. (2014) 96 SNPs Same samples as Seeb et al. (2007)
Hecht et al. (2015) 19 703 SNPs  
Davis et al. (2017) 21 microsatellites and 96 SNPs  
Prince et al. (2017) 215 354 SNPs (posterior prob >.8 in >50% inds)  

Figure 3. Schematic representation of some possible ways of configuring conservation units (Panels II–V), given patterns of genetic relationship depicted in 
Panel I. In Panel I, 2 ecotypes (E, L) occur in each of 3 locations (streams, in this example). Overall patterns of genetic similarity (bold arrows) reflect geography 
rather than ecotype, but at one large-effect locus specific alleles are strongly associated with specific ecotypes (ellipses). Depending on whether one is inclined 
to be a lumper or a splitter, a CU concept based on evolutionary lineages could produce units as depicted in Panels II, III, or IV. The scenario in Panel V would be 
consistent with a lineage-based approach only if the large-effect gene were weighted more heavily than all other genes combined, but this scenario could be 
consistent with approaches that use other frameworks to define CUs. Modified from Ford et al. (2020).
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responsible for implementing the ESA for marine and anadromous spe-
cies—conducted a series of status reviews of North American anadro-
mous Pacific salmonids. Collectively, these status reviews identified 
over 50 salmon and steelhead DPSs, of which about half are now pro-
tected under the ESA (https://www.fisheries.noaa.gov/species-directory/
threatened-endangered). A  retrospective analysis estimated that, of all 
the US populations of salmon outside Alaska that existed prior to major 
European contact, about one-third had been extirpated, another third 
were considered Threatened or Endangered under the ESA, and the final 
third were not known to be at risk (Gustafson et al. 2007).

Salmon and steelhead DPS evaluations were conducted using 
both prongs of the ESU concept depicted in Figure 1. According to 
a policy developed by NMFS (NMFS 1991; Waples 1991), a group 
of salmon populations is considered an ESU and hence a DPS if it 
satisfies both of 2 criteria: 1) substantial reproductive isolation, and 
2)  substantial contribution to the evolutionary legacy of the spe-
cies. In this context, “reproductive isolation” refers to restricted 
gene flow, and “evolutionary legacy” is both backward looking 
(the product of past evolutionary events) and forward looking (raw 
material for future evolution). Thus, salmon DPSs are major evolu-
tionary components of the species as a whole. Together with data on 
straying and inferences based on geography, population-genetic data 
were used to evaluate the degree of reproductive isolation among 
populations. Evolutionary legacy was evaluated using the adapta-
tion axis; the most important proxies used were ecological features 
of the habitat (e.g., freshwater migration distance; water flow and 
temperature; main source of precipitation—rain or snow) and life-
history traits (esp. timing of juvenile and adult migrations; age and 
size at maturity; ocean distribution patterns). Canada has adopted 
a similar framework for identifying “designatable units” (DUs) of 
Canadian species and is in the process of evaluating the status of 
Pacific salmon DUs for potential listing under their Species at Risk 
Act (COSEWIC 2018, 2019).

Most salmon and steelhead DPSs cover relatively large spawning 
and rearing areas (e.g., Oregon Coast; Puget Sound; Snake River; 
Figure 4) and include up to several dozen demographically inde-
pendent populations, which nevertheless share common ecological, 
phenotypic, and genetic characteristics (Weitkamp et al. 1995; Busby 
et al. 1996; Myers et al. 1998). Adult migration timing was one of 
the most important life-history traits considered in making DPS/ESU 
determinations. Based on the genetic and life-history data described 
above, it was concluded that adult migration differences had evolved 
independently many times within both Chinook salmon and steel-
head (Thorgaard 1983; Busby et al. 1996; Myers et al. 1998; Waples 
et al. 2004). Furthermore, it was thought that the early-migration 
phenotype could evolve from late-migrators on relatively short time-
scales (perhaps around 100 years; Waples et al. 2004). Therefore, in 
defining ESUs of coastal and lower Columbia River populations in 
both species, it was concluded that adult migration differences re-
flected diversity within ESUs (as illustrated in Figure 3).

These ESU configurations are consistent with the conventional 
paradigm that most quantitative genetic traits are due to many genes 
of small effect (Falconer and Mackay 1996; Mackay et al. 2009). 
Many studies support this paradigm; for example, height in humans 
is associated with many thousands of SNPs spread throughout the 
genome (Wood et al. 2014). However, recent findings—in both steel-
head and Chinook salmon—of strong associations between specific 
alleles and adult migration timing pose the following questions:

• Should existing conservation units be reconfigured in response to 
these new data?

• Should methods for viability assessment be modified (and if so, 
how)?

• Should new/different conservation measures be implemented to 
ensure persistence of important components of biodiversity?

In the following sections, we first review the empirical details and 
then return to consideration of these questions.

III. Review of Theory and Empirical Data for 
Large-Effect Loci

III.1. A Quantitative-Genetics View of Trait Variation
Most phenotypic traits, including salmon life-history traits, are in-
fluenced by both genetic and environmental variation. Quantitative 
genetics is the theoretical foundation for describing the genetic 
component of variation in such traits within a population (e.g., the 

Figure 4. Distribution and size of Steelhead ESUs in the western USA. as 
defined by Busby et al. 1996.
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heritability of the trait), as well as predicting responses to selection 
(Falconer and Mackay 1996; Walsh and Lynch 2018).

The adaptive phenotypic response (R) to a single generation of 
selection is predicted by the breeder’s equation R  = h2S, where h2 
is the narrow sense heritability (Falconer and Mackay 1996). h2 is 
the fraction of phenotypic variance in a population (VP) that is due 
to additive genetic effects (VA—the component of genetic variation 
that is directly inherited). The selection differential S is the difference 
between the population mean phenotype and the mean phenotype 
among parents of the next generation. Traditional quantitative gen-
etics approaches assume that VA within a population arises from 
additive genetic effects at many loci, each with a small phenotypic 
effect (the polygenic or “infinitesimal” model of inheritance; Barton 
et al. 2017). This model predicts that adaptation results in extremely 
small changes in allele frequency at each locus, and little or no loss in 
h2 over time. The maintenance of h2 for many traits in domesticated 
species despite many generations of selection (Hill 2008; Havenstein 
et al. 2003; Dudley and Lambert 2003) suggests that the polygenic 
model is often a useful approximation.

It is important to consider outcomes of selection when assumptions 
underlying the polygenic model are not met (Lande 1983; Chevalet 
1994; Hospital and Chevalet 1996). In some cases, genetic variation 
underlying a quantitative trait might be explained by one or more loci 
with large effects, combined with many small-effect loci (Lande 1983; 
Schielzeth et  al. 2012; Walsh and Lynch 2018; see Table 2). When 
large-effect loci are involved, response to multiple generations of se-
lection is expected to deviate from predictions of the polygenic model 
because evolution caused by changes in large effect allele frequencies 
causes temporal changes in VA (Walsh and Lynch 2018). VA, h2, and 
the rate of adaptive phenotypic change can increase substantially as 
a large-effect allele approaches intermediate frequency and decrease 
when frequency approaches 1 or 0 (Figure 5). Fixation or loss of a 
large-effect allele can erase much of the initial VA, leaving only the 
small-effect component to respond to future selection.

The genetic architecture of a trait describes the number of loci 
involved, the variants at those loci, and their component effects 
on phenotypic variation. Effects of genetic architecture on evolu-
tionary responses to selection can translate into effects on popula-
tion dynamics when selection is sustained over multiple generations 
(Kardos and Luikart 2021). For example, holding initial h2 constant 
while varying the underlying genetic architecture shows that evolu-
tionary potential and population viability are often higher when the 
selected trait is explained by many loci of small effect than when 
large-effect loci are involved (Kardos and Luikart 2021). Therefore, 
an improved understanding of the relative contribution of different 
loci to the genetic architecture underlying fitness-related traits has 
important implications for our understanding of adaptation and for 
the conservation of natural populations.

Widespread availability of genomic data has led to new in-
sights into the genetic basis of phenotypic variation and adapta-
tion in non-model organisms. The genetic architecture of a trait is 
frequently characterized by detecting associations between specific 
loci and variable traits through pedigree-based analyses (of quan-
titative trait loci, QTLs; Schielzeth and Husby 2014) or population 
surveys (genome-wide association studies, GWAS; Visscher et  al. 
2012). Combining information from GWAS with genomic related-
ness among individuals can provide a more complete understanding 
of how loci across the genome contribute to trait variation (Sella and 
Barton 2019). Termed “genomic selection” or “genomic prediction,” 
implementation of these approaches in agricultural taxa for genetic 
improvement has evolved into sophisticated methods for predicting 

how both small- and large-effect loci contribute to complex traits 
and to phenotypic variation (Meuwissen et  al. 2001). These ap-
proaches show great promise for understanding contributions of 
small- and large-effect loci in nature (e.g., Ashraf et  al. 2020). In 
genomic-based studies on natural populations, there has been some 
emphasis to date on detecting molecular signatures of natural selec-
tion, and using these to pinpoint genomic regions involved with his-
torical adaptation in natural populations (Zhan et al. 2014; Epstein 
et al. 2016; Jones et al. 2018). These signatures of selection can be 
driven by historical selection favoring variants at protein coding 
loci, or loci related to gene regulation. It is important to recognize 
that genomic signatures of selection arise from historical selection 
events (Pritchard et al. 2010; Le Corre and Kramer 2012), and they 
might not contribute to variation in a trait under current conditions 
(Pritchard and Di Rienzo 2010; Brieuc et  al. 2015; Ashraf et  al. 
2020).

Describing the genetic architecture underlying conservation-
relevant traits is a developing area of research, so current under-
standing is limited. Large-effect loci are easier to detect and therefore 
likely to be identified earlier. Detectability is influenced by experi-
mental design, including the number of variable loci surveyed, the 
additive variance underlying the trait, the evolutionary history of a 
population, and the number of individuals and frequency of recom-
bination events in the survey population (e.g., Wang and Xu 2019). 
For example, by using a larger study design, Sinclair-Waters et al. 
(2020) describe a more complex architecture comprising a mixture 
of large and small effect loci underlying age at maturity in Atlantic 
salmon than previously reported (Barson et  al. 2015). Effect sizes 
can be reported either as the proportion of phenotypic (Barson et al. 
2015) or additive genetic variance (Johnston et al. 2013) explained, 
or phenotypic values for specific genotypic classes or vice versa might 
be given (Barson et al. 2015; Thompson et al. 2019a). Many studies 
report statistically significant associations between a trait and one 
or more loci, but not effect sizes. In these cases, the loci might be 
simply designated as loci of large effect because they were detected in 
studies with relatively low power. In natural populations, reporting 
effect size can be challenging because the association analyses them-
selves might require statistical approaches that make interpretation 
difficult. For example, Waters et al. (2021) report significant associ-
ation between a locus Six6 and age at maturity in 2 Pacific salmon 
species, but study design and corrections for factors such as popula-
tion structure meant that a measure of effect size was not reported. 
Finally, the underlying biology of the genetic architecture itself can 
influence interpretation (Oomen et al. 2020). For example, large ef-
fect loci might represent 2 or more loci that are linked with each 
other along a continuum of distances along the chromosome, and 
the strength of statistical association among such loci (linkage dis-
equilibrium) can vary by population. Such variation creates uncer-
tainty in predicting evolutionary change (Oomen et al. 2020).

Albeit challenging, studies that characterize the relative contri-
butions of large-effect versus small-effect loci would improve under-
standing of evolutionary potential as well as the evolutionary and 
conservation consequences of changes in large-effect allele frequen-
cies. Changes in the frequency of an allele that underlies a substantial 
proportion of the additive genetic variance could have important 
ecological effects, including removing a large fraction of the additive 
trait variance. Conversely, when the polygenic variance is high, fix-
ation of any specific allele would be less important ecologically, even 
if the allele was considered to be large-effect. Considering the pheno-
typic effects of polygenic variation given the varying effect sizes of 
explanatory loci would improve our understanding of phenotypic 
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responses to selection, and the consequences of management actions 
over time.

IV. Genomic Studies of Adult Migration Timing 
in Pacific Salmonids

IV.1 Identification of the GREB1L/ROCK1 Region
Several studies have reported that a single genomic region has a 
strong statistical association with adult migration timing in steel-
head (Hess et  al. 2016; Prince et  al. 2017; Micheletti et  al. 2018; 

Collins et al. 2020; Willis et al. 2020) and Chinook salmon (Prince 
et al. 2017; Narum et al. 2018; Thompson et al. 2019a, 2019b; Koch 
and Narum 2020, Thompson et al. 2020; Willis et al. 2021). These 
studies have identified one approximately 200 Kb region of chromo-
some 28, centered on the regulatory region between 2 genes called 
GREB1L and ROCK1 and containing part of the coding region of 
each gene (Figure 6). The strong association between this region and 
various measures of adult-migration phenotypes has been found 
in multiple populations of both species, from coastal California 
and Oregon, to the interior Columbia River, the Strait of Juan de 

Table 2. Examples of large-effect loci detected in natural populations

Trait Summary Citation

Atlantic salmon age at maturity SNPs in VGLL3 six6 associated with age at maturity in Atlantic salmon. 
VGLL3 exhibits sex specific dominance. Polygenic variation also present.

Barson et al. (2015); Sinclair-Waters 
et al. (2020)

Presence of burrows in old field mice Presence of an escape tunnel is controlled by single locus, length of tunnel 
is complex trait controlled by at least 3 genomic regions, suggests that 
complex behaviors (extended phenotypes) can evolve through multiple  
genetic changes each affecting distinct behavior modules.

Sinclair-Waters et al. (2020)

Stationary vs. migratory Atlantic cod Migratory life-history influenced by 2 adjacent inversions. Kirabukaran et al. (2016)
Beak size in Darwin’s finches Beak size in finches is influenced by 2 distinct haplotypes in ~500 kb  

region of HMGA2 gene.
Lamichhaney et al. (2016a)

Mating strategies in ruffs Different male mating strategies are influenced by chromosomal  
inversions.

Lamichhaney et al. (2016b)

Steelhead resident vs. migrant Resident vs. migrant life-history influenced by double inversion. Pearse et al. (2019a)
Chinook male age at maturity Chinook salmon male age at maturity associated with Y-chromosome 

haplotypes. Presumed to be due to heterochiasmy but could be caused by 
inversion.

McKinney et al. (2020)  
McKinney et al. (2021)

Winter coat color in snowshoe hares Winter coat color in snowshoe hares is influenced by variation in Agouti 
gene, including ~1 kb insertion in white coat haplotype and 4.3 kb  
deletion in brown coat haplotype. Brown winter coat haplotype likely 
arose from introgression with jackrabbit.

Jones et al. (2018)

Coat color in deer mice Coat color in deer mice is influenced by multiple mutations that form 
haplotypes in Agouti gene.

Linnen et al. (2013)

Horn morphology in Soay sheep Horn morphology (normal vs. scurred vs. polled) is influenced by SNPs in 
the RXFP2 gene. Further fine-mapping is needed to determine causal  
variant, but gene as a whole explained 76% of variation in horn  
morphology.

Johnston et al. (2011)

Ecotypic variation in sunflowers Several haplotypes spanning tens of megabases were associated with traits 
involved with local adaptation in sunflowers (e.g., seed size and flowering 
time).

Todesco et al. (2020)
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Fuca, and Puget Sound (Supplementary Tables S1 and S2). Initial 
studies (Hess et al. 2016; Prince et al. 2017) were based on relatively 
sparse (<1%) genome coverage using restriction-site associated 
DNA sequencing (RAD-seq) markers and identified only a handful 
of associated markers in the GREB1L/ROCK1 region. Subsequent 
studies with more complete genome coverage, either for the whole 
genome or targeted at the GREB1L/ROCK1 region (Micheletti et al. 
2018; Narum et al. 2018; Thompson et al. 2019a; Thompson et al. 
2020) found even stronger statistical associations between genomic 
markers and adult migration phenotypes. The exact causal genetic 
variants within this region remain unknown, and the peak of statis-
tical association with adult migration timing spans GREB1L and the 
intergenic region between the GREB1L and ROCK1 genes (Figure 
6), suggesting that the causal variant might be regulatory.

IV.2 Strength of Association and Phenotype 
Complexity
Precisely quantifying the strength of association or the variance ex-
plained by variation in the GREB1L/ROCK1 region is challenging, 
primarily due to the difficulty of accurate and consistent migration 
phenotyping. Ideally, a study examining association with adult mi-
gration timing would directly measure freshwater entry time (at a 
river’s mouth) across a broad geographic range. Resources neces-
sary to do this are rarely available, so proxies for freshwater entry 
time (e.g., passage date at a facility farther upstream, carcass re-
covery date/location) usually are employed. The correlation be-
tween such proxies and actual freshwater entry time tends to erode 
with distance upstream and as the migration season progresses 
(Thompson et al. 2019a; Willis et al. 2020, 2021), so associations 
based on such proxies can appear substantially weaker than they 

would be if timing were assessed at a river’s mouth. Associations 
with other aspects of adult migration are also likely to be affected 
by phenotyping methodology, but not necessarily in the same way 
as migration time (e.g., associations with spawning-ground arrival 
timing of interior Columbia River stocks can become more apparent 
with distance upstream; Narum et al. 2018).

To date, only a single study has presented a time series of fish 
sampled upon (or within a few days of) freshwater arrival, and 
only in a single river system. Thompson et al. (2020) directly meas-
ured freshwater entry time by collecting Chinook salmon samples 
from the Yurok tribal fishery in the estuary of the Klamath River 
and calculated that GREB1L/ROCK1 genotypes accounted for 
85% of the variance in sample collection date, with nearly com-
plete separation between entry-time distributions of the 2 homo-
zygous genotypes (Figure 7). Analyses of Chinook salmon in the 
Columbia Basin directly comparing phenotypes of freshwater pas-
sage timing at 235 river kilometers (Rkm) versus spawning ground 
arrival timing found the strongest association of markers in the 
GREB1L/ROCK1 region with freshwater passage timing for all 
lineages (Willis et  al. 2021). An analysis of Klickitat River steel-
head collected at a fish ladder approximately 280 Rkm from the 
mouth of the Columbia River estimated that GREB1L/ROCK1 
genotypes accounted for 46% of the variance in ladder passage 
date (Hess et al. 2016). A study in Hood River steelhead collected 
approximately 235 Rkm from the mouth of the Columbia River 
found a similar result (Willis et al. 2020), although results varied 
between coastal and inland lineages elsewhere in the Columbia 
Basin. Regardless of challenges associated with phenotyping, it is 
clear that variation in the GREB1L/ROCK1 region is strongly as-
sociated with adult migration timing and explains a large degree of 
the variance in both species.
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Figure 6. Genomic location of variation associated with adult migration timing within 1.3 Mb surrounding the GREB1L/ROCK1 region in Chinook salmon and 
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in allele frequency between 64 spring-run and fall-run Chinook salmon from California (modified from Thompson et al. 2020). Bottom panel: allele frequency 
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The relationship between GREB1L/ROCK1 and other traits 
associated with migration time (responses to photoperiod, endo-
crine controls over osmoregulation and sexual maturity, adiposity, 
spawn timing, etc.) might be less direct than the relationship with 
return time, or associated with it in complex ways. In their ana-
lysis of Klamath River Chinook, Thompson et al. (2020) measured 
the gonadosomatic index [GSI: (gonad mass)/(somatic mass)] of 
fish entering fresh water. They found that, after controlling for dif-
ferences in sampling date, there was no detectable direct effect of 
GREB1L/ROCK1 genotype on GSI. In other words, prior to and 
at the time of freshwater entry, the sexual maturation process of 
both spring- and fall-run Chinook salmon in the Klamath River 
appears to proceed along a single, common trajectory (Figure 7). In 
that study, GREB1L/ROCK1 genotype accounted for 67% of the 
variance in spawn time at the Trinity River Hatchery, but the au-
thors suggest this difference between genotypes might be due to the 
relatively warm river environment accelerating maturation of early 
migrators, rather than a direct effect of genotype on spawning time. 
Thompson et al. (2020) also concluded that, in the Klamath River, 
differences in adiposity (measured as liver non-water fraction) are 
also better explained by sampling date than genotype, and that the 
association between GREB1L/ROCK1 variation and other traits 
associated with run type may be indirect and mediated by the direct 
influence of GREB1L/ROCK1 variation on migration timing.

Variation in the GREB1L/ROCK1 region appears to have a 
more complex relationship to adult migration characteristics in 
populations from the interior Columbia River basin. For example, 
some interior spring/summer Chinook salmon populations, such as 
Johnson Creek in the Salmon River basin (Idaho), segregate for vari-
ants at GREB1L/ROCK1 that are evolutionarily related to “early” 
and “late” alleles in coastal populations (Narum et  al. 2018). The 
Johnson Creek population has a unimodal “early” freshwater time of 
entry (compared to any coastal or Columbia River fall-run popula-
tion), but exhibits a bimodal return timing to the spawning grounds 
that is associated with early and late alleles at GREB1L/ROCK1 
(Narum et  al. 2018; Koch and Narum 2020). Results from these 
studies indicate that freshwater entry timing and arrival at spawning 
grounds might be 2 different phenotypes that are highly correlated 
in coastal lineages, but which can be uncoupled for interior popu-
lations. Distinctive patterns of linkage disequilibrium also occur in 
this region of chromosome 28, which suggests 2 haplotype blocks for 

the interior spring/summer lineages instead of one block as seen in 
other lineages of Chinook salmon and steelhead (Collins et al. 2020; 
Koch and Narum 2020; Willis et al. 2020, 2021). Thus, GREB1L 
and ROCK1 (and/or their regulatory regions) might have a different 
effect on each of these 2 phenotypic traits, with the portion of the 
region proximal to ROCK1 more directly associated with timing of 
arrival to spawning grounds than freshwater entry.

Boundaries of these haplotype blocks appear to coincide with 
the duplicated genomic region identified by Thompson et al. (2020). 
This is indicated by the fact that the interior spring/summer lineages 
[represented by the Johnson Creek fish used for the CHI06 refer-
ence genome (Narum et al. 2018)] share nucleotide variation with 
California spring-run near GREB1L, but share nucleotide variation 
with California fall-run fish within the duplicated region (Figure 
S2 in Thompson et  al. 2020). Thus, within the GREB1L/ROCK1 
region in Chinook salmon there appear to be adjacent haplotypic 
blocks with distinct evolutionary histories, including histories of 
introgression and spread through a large swath of the species’ range.
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Figure 7. Freshwater entry dates and GREB1L/ROCK1 region genotype of 502 Klamath River Chinook salmon Modified from Thompson et al. (2020).

Figure 8. Distribution of GREB1L/ROCK1 genotypes in juvenile steelhead 
sampled in the Van Duzen River, a major tributary of the Eel River, CA. 
Genotype calls were made using the combined likelihoods from snp649286 
and snp649467. The black arrow indicates direction of flow of the Van Duzen 
River and the grey arrow indicates direction of flow of the Eel River. Modified 
from Kannry et al. (2020).
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Figure 9. Distribution of GREB1L/ROCK1 SNP1 genotypes across survey reaches and time in Chinook salmon from the Rogue River, Oregon (combined data 
for 2016–2018). GREB1L/ROCK1 SNP1 (snp640165) is more diagnostic of adult migration phenotype in Rogue River Chinook salmon than SNP2 (snp670329) (T. 
Thompson, unpublished data). The Julian week when carcass samples were collected is on the x axis and ranges from 37 (10–16 September) to 44 (28 October–4 
November), grouped by survey reach. The most upstream survey location is Cole Rivers Hatchery (CRH) and the furthest downstream location is the old Gold 
Ray Dam site (GR). Number of carcass samples collected is on the y axis. Reproduced from O’Malley et al. (2020b).

Table 3. Summary of determinations for state and federal petitions requesting changes to Chinook salmon or steelhead CUs and/or listing 
status, based primarily on new genomics data

CU Type Request Determination Citation

SONCC 
Chinook

Federal Split CU by run type and list spring run Splitting not warranted NMFS 
(2021)

Oregon 
Coast Chi-
nook

Federal Split CU by run type and list spring run Splitting not warranted NMFS 
(2021)

N Cal 
Steelhead

Federal Split CU by run type and list summer steelhead as endangered Splitting not warranteda NMFS 
(2020)

N Cal 
Steelhead

State Split CU by run type and list summer steelhead as endangered List summer steelhead separ-
ately as endangered

CFGC 
(2021a)

UKTR 
Chinook

Federal Split CU by run type and list spring Chinook, or list current 
CU based on declines of spring-run

Pending NA

UKTR 
Chinook

State Split CU by run type and list spring Chinook, or list current 
CU based on declines of spring-run

List spring Chinook separately 
as threatened

CFGC 
(2021b)

N Cal = Northern California; SONCC = Southern Oregon–Northern California Coast; UKTR = Upper Klamath-Trinity Rivers.
aThe CU is currently federally-listed as threatened.

Finally, it is clear that variation at the GREB1L/ROCK1 region con-
tributes to variation both within and between the interior Columbia 
and coastal Chinook salmon lineages, but current studies do not rule 
out the possibility that other genomic regions also play a role in some 
of the major adult migration difference between these lineages. Interior 
Columbia steelhead (which all have relatively early freshwater entry 
times) also appear to have a complex and not-fully-resolved relationship 
between adult migration phenotypes, related traits, and variation in the 
GREB1L/ROCK1 region (Micheletti et al. 2018; Willis et al. 2020).

IV.3 Evolution of Early-Migration Alleles
The evolutionary history of the GREB1L/ROCK1 region is 
complex and has not been well characterized throughout each 

species’ entire range. But it is clear that the early and late haplo-
types evolved long ago in each species’ evolutionary history (Prince 
et al. 2017; Thompson et al. 2020). Based on available data, it is 
also clear that allelic variants for early migration have not arisen 
independently via new mutations from the genomic background of 
late migration individuals in each watershed. Rather, the dominant 
evolutionary feature of these alleles appears to have been migra-
tion, which has spread the alleles throughout most of the range 
of both species, followed by repeated and parallel increases in fre-
quency in habitats that support early-run ecotypes.

Maintenance of variation at GREB1L/ROCK1 is as interesting 
as its genesis. Large-effect alleles that are beneficial for all individuals, 
in all environments, and at all times are expected to rapidly sweep 
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to fixation. Maintenance of large-effect polymorphisms is therefore 
thought to require that fitness effects vary among individuals, envir-
onments, or through time. For example, large-effect polymorphisms 
can be maintained when one allele confers higher juvenile survival, and 
another confers a reproductive advantage Johnston et al. 2013, when 
the phenotypic optimum and large-effect allelic dominance are both 
sex-dependent (Barson et al. 2015), or when the ends of the pheno-
typic distribution have a fitness advantage over intermediate pheno-
types (Narum et  al. 2018). Large-effect polymorphisms also can be 
maintained in populations experiencing immigration from other 
population(s) with different phenotypic optima (Savolainen et  al. 
2013). It seems likely that at least some of these factors have helped to 
maintain the large-effect polymorphism at GREB1L/ROCK1.

IV.4 Dominance
An important consideration is the fact that although salmonid 
phenotypes are typically characterized as dichotomous—e.g., early 
vs. late run-timing—a locus of major effect with 2 alleles has 3 
possible genotypes: 2 homozygotes and 1 heterozygous. However, 
the relative phenotypes of these 3 genotypes—i.e., the dominance 
pattern—can be sensitive to when and how phenotypes are meas-
ured. For both Chinook salmon and steelhead, robust, generaliz-
able conclusions regarding dominance can be difficult in light of 
uncertainties associated with accurately and consistently measuring 
run-timing phenotypes. For example, Thompson et  al. (2019a) 
found that heterozygous Chinook salmon in the Rogue River over-
lapped more with homozygous-late than homozygous-early fish 
when collected relatively high in the system, but that this was likely 
an artifact of phenotyping methodology, as the heterozygotes had 
entered earlier but held lower in the river before migrating to the 
collection site during the spawning season (O’Malley et al. 2020b). 
In the California Central Valley, Thompson et  al. (2020) found 
that heterozygous Chinook salmon were more likely to be classi-
fied as fall run than as spring run when phenotyping was based 
on spatio-temporal patterns related to spawning; however, in the 
Klamath River, they found that heterozygotes entering fresh water 
overlapped in timing slightly more with homozygous-early than 
with homozygous-late fish (Figure 7). Similarly, in the interior 
Columbia River Basin, heterozygous steelhead appeared more inter-
mediate with respect to passage date lower in the system (Prince 
et al. 2017; Willis et al. 2020), but more similar to homozygous-late 
individuals with respect to spawning-ground arrival date, poten-
tially because environmental conditions at intermediate times af-
fect the rate of upstream movement (Willis et al. 2020). Consistent 
with this, Pearse et al. (2019b) found that heterozygotes had com-
plete overlap with late-migrating individuals in Eel River steelhead 
collected near the spawning grounds. Conversely, in all examined 
coastal locations where spring-run Chinook salmon are not cur-
rently present and were either extirpated (Shasta River, Scott River, 
Iron Gate, and Wynoochee Rivers) or were never known to exist 
(Eel and Russian Rivers), early alleles are absent or extremely rare 
(Thompson et al. 2019a, 2019b; Thompson et al. 2020), which sug-
gests that the early allele is not completely recessive. Similarly, in 
steelhead, early alleles are absent from the South Fork Eel River, 
which is not currently occupied by summer steelhead, suggesting 
that the early allele is not completely recessive (Kannry et al. 2020). 
Finally, some evidence supports the idea that dominance relation-
ships in the GREB1L/ROCK1 region might be dependent upon 
the specific migration phenotypes, specific lineages, and marker 
proximity to the 2 genes in this region: alleles near ROCK1 asso-
ciated with early arrival migration timing appeared to have strong 

dominance effects across the 3 Columbia Basin lineages, but effects 
differed by lineage for markers near GREB1L (Koch and Narum 
2020; Willis et al. 2021). Thus, while empirical data so far show that 
heterozygotes in general have a run-timing phenotype intermediate 
between the 2 homozygotes (i.e., an additive or codominant pat-
tern), the apparent dominance relationships can vary depending on 
how the phenotype is measured and/or the dynamics of the habitat 
in a given population.

IV.5 Spatial Distribution
For Chinook salmon, the GREB1L/ROCK1 region and its asso-
ciation with adult migration timing has been best characterized in 
coastal and Columbia River watersheds (Supplementary Table S1), 
including the Sacramento/San Joaquin, Klamath, Rogue, Nooksack, 
Puyallup, and Chehalis rivers on the coast and the Cowlitz, Lewis, 
McKenzie, Clearwater, Deschutes, Yakima, Methow rivers, Johnson 
Creek, and Priest Rapids Hatchery in the Columbia; smaller sample sets 
have also been analyzed from some other rivers. Characterization of 
GREB1L/ROCK1 variation in steelhead has also largely focused on 
coastal and Columbia River watersheds (Supplementary Table S2). 
Although populations in Canada, Alaska, and Russia are yet to be 
studied in detail (and those from Alaska in particular have a smaller 
range of river-entry timing than do southern populations), it is clear that 
GREB1L/ROCK1 variants are strongly associated with adult-migration 
phenotypes across at least a substantial portion of each species’ range, 
as well as in diverse geographic and ecological environments.

Several studies have examined distributions of early- and late-
migration alleles within individual watersheds (Thompson et  al. 
2019a, 2019b, 2020; Collins et al. 2020; Ford et al. 2020; Kannry 
et al. 2020; O’Malley et al 2020a, 2020b). Three general patterns have 
emerged from studies conducted within coastal drainages. First, alleles 
associated with early migration tend to be found at higher elevations 
(Figures 8 and 9), consistent with what is known about the ecology of 
adult migration timing (Section II). Second, in locations where early 
and late migrators overlap in spawning, heterozygotes are relatively 
common (Figures 8 and 9). This suggests that individuals of different 
migration times readily interbreed when the opportunity is present 
(either through natural or anthropogenic causes), and provides an 
explanation for the low overall genetic differentiation observed be-
tween run-types in coastal watersheds (Waples et  al. 2004; Prince 
et al. 2017; Thompson et al. 2019b, Thompson et al. 2020; Ford et al. 
2020). Third, in locations where the early-migration phenotype does 
not exist—either naturally or as a result of recent extirpation—early-
migration alleles are rare or absent, and when they are seen, might be 
due to recent migration from nearby reservoirs of the allele (Thompson 
et al. 2019a, 2019b, 2020; Collins et al. 2020; Kannry et al. 2020). 
This suggests that early-migration alleles tend to be lost in locations 
that lack suitable habitat to support the early-migration phenotype, 
which cannot be expected to arise from late-migrating populations 
that lack early alleles. For O.  mykiss, resident (non-anadromous) 
populations above barriers to anadromy can carry the early-migration 
allele (Pearse et al. 2019b; Kannry et al. 2020), consistent with the his-
torical presence of early-run phenotypes in these areas. In these cases, 
residents could provide an important source of genetic variation for 
the early phenotype, which has apparently occurred recently following 
dam removal in the Elwha River (Fraik et al. 2021).

In Chinook salmon from the interior Columbia River, the early 
(nominally spring- and summer run, depending on the location) 
and late (nominally summer- and fall-run) lineages remain strongly 
differentiated in both genetics and life history (Waples et al. 2004; 
Narum et al. 2008; Moran et al. 2013), but phenological diversity 
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within the 2 major lineages is associated with adult migration alleles 
(Hecht et al. 2015; Fraser et al. 2020).

IV.6 Demographic Relationships between Early- and 
Late-Migrating Fish
Interbreeding between individuals with different adult migration tim-
ings has occurred historically, is expected, and likely varies depending 
on environmental conditions (Prince et  al. 2017; Ford et  al. 2020; 
Thompson et al. 2020). However, the degree of interbreeding in some 
watersheds has undoubtedly increased over the past century, as habitat 
alterations and other human actions have increased the potential for 
spatiotemporal overlap between early and late runs (see Section II.4). 
But precisely estimating natural/historical levels of interbreeding is 
challenging. For example, an analysis of recombination patterns in 
the Klamath River rejected the hypothesis that no interbreeding oc-
curred between spring and fall runs prior to 200 years ago, but did not 
distinguish among a wide range of historical interbreeding scenarios 
(e.g., 1% vs. 25%; Thompson et al. 2020). In addition, salmon habitat 
is dynamic over a variety of temporal scales even in pristine water-
sheds (Waples et  al. 2008), and as a consequence natural levels of 
interbreeding must have varied over time as well.

In many locations, there are indications that human-driven 
habitat modifications have increased opportunities for interbreeding. 
In Chinook salmon, many heterozygotes have been observed in 
contemporary samples from the Salmon (Klamath, CA), Rogue 
(OR), and Chehalis (WA) River basins, indicating high levels of 
current and/or recent interbreeding among fall and spring-run fish 
(Thompson et al. 2019a, 2019b, 2020; Ford et al. 2020; O’Malley 
et al. 2020b). In the Salmon River, the homozygous-early, heterozy-
gous, and homozygous-late genotypes were found in nearly Hardy–
Weinberg equilibrium proportions in one data set, suggesting spring 
and fall Chinook salmon are currently interbreeding at a high rate 
(Thompson et al. 2020). Documented anthropogenic alterations in 
that watershed (e.g., modification of low flow barriers that previ-
ously hindered fall-run migration) have likely increased opportun-
ities for interbreeding (Olson and Dix 1993). In the Rogue River, 
1942–2009 data from an upper-basin fish-counting station indicate 
that the frequency of fall-run fish accessing historical spring-run 
habitat increased sharply after a dam was constructed, with a con-
comitant increase in intermediate migrators (putative heterozygotes; 
Thompson et al. 2019a; ODFW 2000). Importantly, the frequency of 
fall-run and intermediate migrators in the Upper Rogue was consist-
ently low across almost 40 years, before a substantial increase cor-
responding to construction of the dam. Despite this increase, there 
is currently a significant degree of temporal and spatial separation 
among homozygous-early and homozygous-late genotypes, and, to a 
lesser extent, among homozygous-early and heterozygotes (O’Malley 
et  al. 2020b), likely due to improvements in flow management in 
recent years. However, the current extent of reproductive isolation 
between spring and fall Chinook salmon in the Rogue is below pre-
dam levels (Thompson et al. 2019a; ODFW 2000; O’Malley et al. 
2020b). Similarly, US Fish and Wildlife surveys noted a reduction in 
spatiotemporal segregation between spring- and fall-run spawning 
in the Chehalis basin after a dam was built (Hiss et al. 1985), and 
a substantial proportion of heterozygotes observed in the Chehalis 
were sampled near this dam (Thompson et al. 2019b).

To date, comparable genomic studies of steelhead have not 
been published, but steelhead undoubtedly face the same issues. 
High frequencies of heterozygotes in some steelhead populations 
indicate recent and likely ongoing interbreeding (Pearse et  al. 
2019a, 2019b; Kannry et al. 2020), and one non-genomic study in 

the Siletz River (OR) found summer-winter hybrids in a summer-
run population after a fish ladder installed at a barrier falls gave 
winter-run steelhead access to habitat that had previously been ac-
cessible only to early migrators (Hemstrom et al. 2018). Therefore, 
although the degree of demographic interaction between early- 
and late-run fish naturally varies over time and some degree of 
interbreeding is normal, habitat modifications undoubtedly have 
increased opportunities for interbreeding in many locations.

V. Discussion

V.1 Conclusions Emerging from the Review
Major conclusions from the previous sections can be summarized 
as follows:

• Loci of large effect are not uncommon, in salmon or other spe-
cies. Changes in large-effect allele frequency, either by adaptation 
or random genetic drift, can substantially affect adaptive poten-
tial. For traits with little background polygenic variation, loss of 
polymorphism at a large-effect locus can preclude future adapta-
tion to a shifting phenotypic optimum.

• Evolutionary potential for polygenic traits is much more tempor-
ally stable through bouts of adaptation than is the case for traits 
controlled by large-effect genes.

• In genomics-scale datasets for Chinook salmon and steelhead, 
overall patterns of population genetic differentiation continue 
to support relationships found in earlier studies. However, at a 
single small region of chromosome 28 in both species, a strong 
association is found between specific alleles and adult migration 
timing.

• Strongest associations have been found in coastal drainages, with 
more complex patterns evident in the interior Columbia River.

• The strength of these associations is positively correlated with 
marker density, indicating the importance of marker choice in 
interpretation of results.

• Dominance patterns in both species are largely consistent with an 
additive (codominant) model, with perhaps slight partial domin-
ance for the early allele in some populations.

• In many cases, difficulty in precisely defining migration pheno-
types for individual fish creates uncertainty in evaluating domin-
ance patterns and strength of association.

• It does not appear that “early” alleles can persist indefinitely in 
systems that do not support the early-migrating phenotype.

• Interbreeding between alternate adult migration homozygotes 
is common in many streams. Interbreeding almost certainly oc-
curred historically to some degree; however, various anthropo-
genic modifications within the last century or so have increased 
opportunities for genetic exchange, to a degree that varies by lo-
cation and is difficult to quantify precisely due to lack of robust 
historical data.

• Early-migrating populations have been adversely affected by an-
thropogenic changes that both increase and decrease migratory 
capabilities. Impassable dams have precluded access by early-
migrating fish to preferred upriver spawning and rearing areas. 
Conversely, habitat modifications that reduce flow and/or tem-
perature barriers have allowed late-migrating fish to access areas 
that were previously available primarily to early-migrating popu-
lations.

• In some cases at least, resident O.  mykiss trapped above im-
passable barriers can provide a reservoir of early-run alleles that 
could be tapped for restoration/recovery efforts.
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V.2 Conservation Implications

V.2.1 Identification of CUs
For coastal Chinook salmon and steelhead, federal ESA status reviews 
conducted in the 1990s concluded that differences in adult run timing 
represent diversity contained within larger CUs. Part of the rationale for 
these conclusions was genetic data suggesting that early-migrating popu-
lations had evolved many times independently from nearby late-run 
populations. Subsequent genomic data have confirmed the close overall 
genetic similarity between early- and late-migrating fish in these systems, 
but have also shown that adult migration timing is strongly associated 
with specific alleles in a single genomic region. What are some of the 
potential implications for CU designations? Answering this question re-
quires consideration of inherent tradeoffs between lumping and splitting 
in defining CUs, as well as the objectives one is trying to accomplish. 
Different management goals can result in different CU configurations, 
so there is unlikely to be a single “correct” way to identify CUs. Our lit-
erature review indicated that large-effect loci are not uncommon, in sal-
monids as well as other species, so identifying CUs based on these small 
genomic regions could potentially lead to an unmanageable plethora of 
small CUs, or situations in which different large-effect loci suggest con-
flicting CU configurations. Conversely, including multiple life-history 
types within a single CU could also be potentially problematic by 
making it more difficult to implement separate conservation and man-
agement regimes. Furthermore, because not all large-effect loci warrant 
equal consideration from a conservation perspective, due to their highly 
variable characteristics (e.g., effect size, trait importance, dominance pat-
tern), potential problems associated with fine-scale splitting of CUs could 
be alleviated by developing stringent criteria for evaluating if/when large-
effect loci might be useful in CU identification (Kardos and Shafer 2018). 
A recent workshop reviewed these issues and concluded that “using pat-
terns of genetic variation throughout the genome remains important for 
identifying CUs, rather than identifying units based solely on small gen-
omic regions associated with specific traits” (Ford et al. 2020, p. 35).

After publication of Prince et al. (2017) and subsequent articles, 
a number of petitions were filed seeking legal protection of early-
run populations of Chinook salmon and steelhead under the federal 
ESA or the state of California’s similar legislation (CESA 1970). The 
petitions shared the primary argument that new genomics data in-
dicate that previous listing determinations should be revised, with 
respect to CU configuration and/or listing status. As of December 
2021, determinations had been made for all but one of these peti-
tions (Table 3).

The Northern California steelhead CU, which includes both 
summer and winter steelhead, has been listed as threatened under the 
ESA (NMFS 2000, 2006) but not listed under the CESA, and both 
federal and California state petitions asked that the summer steel-
head be placed in a separate CU and listed as endangered. Following 
a scientific review (Pearse et al. 2019b), NMFS (2020) determined 
that the request to split the current federal CU was not warranted, 
and that both summer and winter steelhead would remain together 
in a single unit listed as threatened. In response to the state petition, 
the California Department of Fish and Wildlife (CDFW) conducted a 
status review and concluded that Northern California summer steel-
head do not qualify as a listable unit under CESA (CDFW 2021). 
However, after considering the CDFW status review as well as infor-
mation presented by the petitioners and through public comments, 
the California Fish and Game Commission (CFGC), which imple-
ments CESA, concluded that the petitioned actions were warranted: 
Northern California summer steelhead constitute their own CU and 
warrant an endangered listing under the CESA CFGC 2021a.

Federal and CESA petitions were also filed for Chinook salmon 
from the upper Klamath River basin, where NMFS (1998) identified an 
Upper Klamath-Trinity Rivers (UKTR) CU that includes both early- and 
late-run populations but concluded that listing under the ESA was not 
warranted. These petitions asked that either 1)  early-run populations 
be assigned to a separate CU and listed as threatened or endangered, 
or 2) the entire CU be listed as threatened or endangered. Although a 
NMFS scientific review panel concluded that separation of the spring 
run into a separate CU was not appropriate (Anderson et al. 2018), the 
agency had not made a final determination on listing status of UKTR 
Chinook salmon at the time this article was finalized. The state deter-
mination for UKTR Chinook salmon under CESA paralleled that for 
Northern California steelhead: the status review (CDFW 2020) con-
cluded that the federally defined CU should not be split, and that listing 
the entire unit was not warranted, but the CFGC agreed with the peti-
tioners that UKTR spring Chinook salmon constitute a separate CU, and 
concluded that a threatened listing for the early-run CU was warranted 
under the CESA (CFGC 2021b).

The remaining 2 petitions requested ESA listing of spring 
Chinook salmon from the Oregon Coast and Southern Oregon–
Northern California Coast (SONCC) CUs; both CUs include early 
and late migrators and neither has been listed under the ESA. Both 
petitions requested that early-run populations be considered a sep-
arate CU and listed as threatened or endangered under the ESA. 
A scientific review panel concluded that spring-run Chinook salmon 
from the Oregon Coast or SONCC do not meet the criteria to be a 
CU as it is defined by NMFS policy (Ford et al. 2021), and NMFS 
subsequently found that listing of the spring-run populations was 
therefore not warranted (NMFS 2021).

The biological arguments for and against separate CU status for 
early-run populations, including considerations of recent genomics 
studies, are complex, and the reader should look to the referenced 
petitions and status reviews for details. In brief, those favoring sep-
arate CU status based on the genomics findings 1)  emphasize the 
monophyletic nature of early-run alleles in the GREB1L region 
instead of average patterns of variation throughout the genome; 
2) argue the early-run life-history depends upon unique alleles that 
are at risk of being lost from a large portion of the species, and if 
that occurs it would be difficult if not impossible to regain those 
alleles; and 3)  argue that new genomics data further underscore 
the distinct biological characteristics of the early-run life-history. 
Arguments against changing CU status tend to focus on 1) the lack 
of reproductive isolation between the early- and late-run forms, and 
2) concerns about defining noncongruent CUs based on the average 
patterns of variation throughout the genome.

Additional factors, not directly related to genomic architecture, 
that are potentially relevant in considering these federal and state 
listing decisions include the following:

• Although a provision to list units smaller than species or subspe-
cies was included in the original 1973 version of the ESA, the cur-
rent DPS language comes from 1978 amendments (Endangered 
Species Act Amendments of 1978, 16 U.S.C. § 1531, Definition 
16). The ability to list DPSs provides agencies with considerable 
flexibility to determine what subspecific groups merit legal pro-
tection under the ESA (e.g., 619 F.3d 1024 (C.A.9 (Cal.), 2010); 
Alagona 2016). On the other hand, Congress recognized that the 
ability to list units smaller than formally-defined species or sub-
species also provides “great potential for abuse,” and accordingly 
they directed that the DPS provision be used “sparingly” (Sen. 
Rep.151, 96th Cong., 1st Sess., 1979).
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• Unlike the federal ESA, the CESA has no formal provision for 
listing DPSs or similar units below the species/subspecies level. 
The 1984 amendments to the CESA define an “endangered 
species” to be “a native species or subspecies. However, on a 
number of occasions, the CFGC has listed units at a lower level 
than a taxonomic subspecies, and this approach has been upheld 
by the State Court of Appeals (California Forestry Association v. 
California Fish and Game Commission, 2007). The CFGC con-
cluded that UKTR spring Chinook salmon qualify as a ‘subspe-
cies’ according to CESA (CFGC 2021b), and (as this paper goes 
to press) a similar formal determination regarding Northern 
California summer steelhead is expected early in 2022.

• In their listing determinations, agencies implementing the ESA 
“shall make determinations … solely on the basis of the best sci-
entific and commercial data available” (Sec. 4(b)(1)(A)). Among 
many other types of data, this can include traditional ecological 
knowledge (TEK). Whereas the recent NMFS scientific reviews 
and listing determinations for Chinook salmon (Anderson et al. 
2018; Ford et al. 2021; NMFS 2021) did not specifically reference 
TEK, the CFGC clearly considered TEK to be an important source 
of information in their listing determination for UKTR spring Chi-
nook salmon under CESA (CFGC 2021b). The Karuk (and other 
indigenous peoples) have considered spring- and fall-run Chinook 
distinct since time immemorial, using a different name for each run 
type and reserving for the spring-run a profound sociocultural sig-
nificance (Langin 2018). Canada has developed a formal process 
under their Species At Risk Act to consider Aboriginal Traditional 
Knowledge (ATK), a close analogue of TEK (https://cosewic.ca/
index.php/en-ca/assessment-process/atk-guidelines.html).

• The California rulings do not change the number or boundaries 
of federally identified CUs, but they differ from the federal frame-
work in one important respect: within each of the federally listed 
CUs, the state listings group all early-run populations into a unit 
separate from all late-run populations. That is, the recent state 
listings follow Panel V in Figure 3. In contrast, federally defined 
ESUs generally follow Panel IV, grouping run-timing life-history 
types within CUs, consistent with overall genetic affinities fol-
lowing geography more than life history (as in Figure 3, Panel I).

Regardless of the challenges and uncertainties outlined above, there is 
widespread agreement that diversity of adult migration timing is im-
portant to conserve, so even if that diversity exists within a single CU, 
an approach like that proposed by Funk et al. (2012) might be used 
to emphasize adaptively important groups of populations within larger 
CUs. In fact, most recovery teams for ESA-listed Pacific salmon and 
steelhead have adopted a similar approach by identifying diversity 
strata, including adult migration variation, within ESUs or DPSs that re-
flect important components of eco-evolutionary diversity (Myers et al. 
2006; Ruckelshaus et al. 2006; Lawson et al. 2007; Spence et al. 2008).

V.2.2 Population Viability
Even if CU configurations remain unchanged, it is important to 
consider ramifications of the new genomics data for assessments of 
population viability. Important considerations include the following:

• Spring Chinook salmon and summer steelhead occupy a 
specialized ecological niche—upstream areas accessible primarily 
during spring flow events—and status review and recovery plan-
ning teams have consistently concluded that viable populations 
of both early- and late-migrating forms are necessary for the 
larger ESUs as a whole to be considered viable (Busby et al. 1996; 

Myers et al. 1998; McElhany et al. 2006; Shared Strategy De-
velopment Committee 2007; Dornbush 2013; Hard et al. 2015; 
Pearse et al. 2019b).

• These specialized habitat requirements make early-run popu-
lations particularly vulnerable to decline or extirpation due 
to habitat degradation, blockage of migratory routes, climate 
change, and interactions with hatchery and harvest management 
(Nehlsen et al. 1991; Gustafson et al. 2007; Tillotson et al. 2021).

• Discovery that specific alleles in one genomic region are asso-
ciated with the early-run trait implies that the trait is at greater 
risk than if it were highly polygenic, because loss of the “early” 
allele(s) equates to loss of the phenotype. If early allele(s) were 
recessive, a genetic reservoir might persist in late-run popu-
lations, but that does not appear to be the case. Available evi-
dence indicates that early allele(s) are codominant or partially 
dominant, and surveys in multiple Chinook salmon populations 
indicate that early alleles disappear or become extremely rare 
after extirpation of the early phenotype. This indicates that, al-
though hatchery propagation might be an important conserva-
tion strategy and source of early-run alleles in the short term, 
the only reliable way to conserve early-run genes in nature is by 
maintaining habitat that supports early-run phenotypes.

• Evolutionary potential for polygenic traits is much more tempor-
ally stable through bouts of adaptation (Barton and Keightley 2002; 
Oomen et  al. 2020; Kardos and Liukart 2021). Accelerated gen-
etic drift can further compound the loss of rare alleles in declining 
populations experiencing limited gene flow of adapted alleles. If 
adaptive large-effect alleles are lost from a population under such 
circumstances, the phenotypes they are associated with are un-
likely to re-evolve in timescales relevant to conservation, unless the 
large-effect alleles are restored through immigration. Conservation 
monitoring of ecologically important genes of large effect (i.e., key-
stone genes; Skovmand et al. 2018) can identify populations where 
allele frequencies have shifted to favor a particular phenotype (e.g., 
Thompson et al. 2019a) and adaptive alleles have become rare across 
a broad geographic region (e.g., Collins et al. 2020).

These developments in turn have important ramifications for con-
servation planning and management. The most reliable strategy is 
to conserve adult migration diversity in situ by providing conditions 
that can support early-run phenotypes at sustainable levels. If an 
early-migrating population is lost, the original polygenic paradigm 
suggested that, providing suitable habitat conditions were available, 
an early run might re-evolve from a local late-run population within 
ecological time scales. New genomics data, by contrast, suggest that 
restoration of an extirpated early-run population would have to rely 
on natural immigration of fish carrying the early allele(s), or active 
anthropogenic intervention (enhancing connectivity to allow nat-
ural recolonization, or actively through translocations or assisted 
migration).

If restoration were as simple as finding some fish with the de-
sired GREB1L/ROCK1 genotypes, this could be good news from 
a conservation perspective. However, 2 major factors also need to 
be considered. First, empirical data demonstrate that attempts to 
transplant Pacific salmon within their historical range have rarely 
been successful in producing sustainable populations (Withler 
1982), with most exceptions being related to recolonization events 
involving newly accessible habitat (Pess et  al. 2014; Pitman et  al. 
2020). Reasons for these failures appear to be related to disruption 
of the complex series of adaptive life-history events required to com-
plete the anadromous life cycle (Allendorf and Waples 1996; Wood 
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and Foote 1996; Figure 1.1 in Box 1). Therefore, success of such ef-
forts cannot be taken for granted, and any potential benefits would 
have to be weighed against risks, including disease transfer and unin-
tended interactions with non-target species/populations.

Second, it will be important to expand the geographic scale for 
assessing viability. Under the polygenic paradigm, conservation and 
management of adult migration diversity could focus on a local scale 
(within CUs or even within watersheds). However, since early-run 
phenotypes appear to require early-run alleles, and early-run popu-
lations appear to be at relatively high risk everywhere, it becomes 
important to consider which populations can be considered viable 
sources for these valuable genetic resources into the foreseeable fu-
ture. This broader perspective could be challenging to implement 
under the US ESA, as salmon ESUs are considered separate ESA 
“species” and there is little precedent for conducting risk assess-
ments for multiple interacting ESA “species.”

V.3 Uncertainties and Complications
One critical area of uncertainty is the degree to which adult migra-
tion diversity is partitioned among populations versus among in-
dividuals within populations. In many cases, federal, state, tribal, 
and local salmon management strategies consider early and late mi-
gration timing to be characteristic of demographically independent 
populations, albeit with substantial variation among individuals. 
However, heterozygous genotypes at the GREB1L/ROCK1 region 
are common in contemporary samples of Chinook salmon and steel-
head from many coastal drainages. Thus, distinguishing between 
“natural” levels of interbreeding between the 2 life-history types and 
recent increases caused by anthropogenic modifications to salmon 
habitats is a pressing, albeit challenging, problem. In some situations, 
high-quality monitoring data from prior to major anthropogenic 
habitat alteration might provide targets for future management and/
or restoration actions (e.g., Rogue River fish counts from Gold Ray 
Dam; Thompson et al. 2019a).

Whether human-mediated or not, interbreeding between run types 
presents challenges for status monitoring, recovery planning, and other 
management actions. If early and late runs are not demographically 
independent (and making that determination can be very challenging; 
Box 2), current population modeling approaches for assessing risk are 
flawed and potentially could be improved by incorporating genomic 
information to allow estimation of run-type mixture proportions. 
Limited interbreeding with late-run fish might help maintain viability 
of the early phenotype, especially for smaller, more isolated popula-
tions, but this “genetic rescue” benefit generally can be achieved with 
even very low levels of interbreeding (Mills and Allendorf 1996). High 
levels of interbreeding currently reported in some areas indicate that 
early and late individuals substantially overlap in space and time. In 
some locations that might have occurred historically, but in others this 
pattern suggests that early individuals have lost access to their historic 
habitats, or late individuals are now able to access them. In either case, 
it is likely that the late-run phenotype would experience a competitive 
advantage because they would not have to face the same risk-benefit 
tradeoffs as early-migrating individuals.

Another important unknown is how much genetic variance 
for adult migration timing is present in the genome outside of 
GREB1L/ROCK1. There is clearly a large phenotypic variance 
among individuals with the same GREB1L/ROCK1 genotypes 
(Thompson et al. 2020). This remaining variation is either attribut-
able to random environmental differences among individuals, or to 
genetic variants elsewhere in the genome with substantially smaller 

effects than at GREB1L/ROCK1. Obtaining a broad, comprehen-
sive understanding of the genetic basis of adult migration timing, 
and of the evolutionary potential of populations devoid of genetic 
variation at GREB1L/ROCK1, will require determining what pro-
portion of the h2 is due to genome-wide polygenic variation.

Dominance affects our understanding of conservation implica-
tions and optimal management strategies. In the Klamath, the genetic 
effect on time of freshwater return appears to be additive (Thompson 
et al. 2020)—heterozygous fish return earlier than homozygous-late 
fish, but not as early as homozygous-early fish. Such codominant 
inheritance of the trait might have facilitated the original dispersal 
of early alleles: under additivity the heterozygous offspring of rare 
early-run strays into late-migrating populations would have re-
turned earlier than most existing late-run fish in the basin, giving 
heterozygotes the potential to mate assortatively, greatly increasing 
the chance of producing homozygous early-run offspring to colonize 
any habitat suitable for early-run fish in the new basin. In the present 
day, however, persistence of early-run alleles in basins with early-run 
fish would be most likely if the allele were recessive. If the allele were 
recessive (which does not appear to be the case based on available 
data), then heterozygous fish and late-run fish would have the same 
phenotype, allowing heterozygotes to serve as a long-term reservoir 
of the allele, even if conditions in the basin changed to disadvantage 
earlier-arriving fish.

Another key uncertainty involves the optimal way to define adult 
migration phenotypes. Applying the most widely-used criterion 
(time of entry into fresh water on the spawning migration) is diffi-
cult because most fish are not monitored at that point. This requires 
a backward extrapolation from the date and location where a fish 
is first encountered, such that variation in true migration time can 
be difficult to distinguish from estimation error. Furthermore, when 
a salmon or steelhead physiologically commits to mature the fol-
lowing year, that “decision” is typically made many months before 
it begins to migrate (Thorpe et al. 1998), and that migration might 
cover thousands of kilometers at sea before the fish enters fresh 
water (Groot and Margolis 1991). A  complete migratory pheno-
type thus might include timing of these other key maturation-related 
events, which are even more challenging to measure.

Regarding one empirical observation, there appears to be little 
uncertainty or disagreement: across large geographic areas in both 
Chinook salmon and steelhead, early-run populations have been ex-
tirpated at a disproportionate rate, and remaining populations are 
under greater stress than late-run populations. Science can provide 
insights into likely consequences of alternative conservation and 
management actions to respond to this observation, and some of the 
suggestions in the next section could be useful in that regard. But 
science alone cannot determine which action(s) “should” be taken, 
because doing so requires consideration of myriad social, cultural, 
economic, legal, and ethical tradeoffs that arise when natural re-
source decisions also affect society as a whole (Lackey 2004). For 
example, the observation of a disproportionate decline in early-run 
phenotypes can be viewed from at least 2 fundamentally different 
perspectives. In one view, this indicates that strong conservation 
measures focused on early-run populations are needed, because 
genetic change and biodiversity loss can compromise both the cur-
rent viability and the future evolutionary potential of the species. 
Conversely, if major human-mediated changes in the Anthropocene 
are accepted as a given, decline of early-migrating phenotypes could 
be viewed as the natural consequence of a species adapting to its cur-
rent, anthropogenically modified environmental conditions.
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V.4 Research to Address Uncertainties
In this rapidly moving field, the vast majority of the information 
reviewed here has emerged within the last 5 years. Priority research 
needs for the future include the following:

• More thorough marker development and validation, including 
identification of functional variant(s) in the GREB1L/ROCK1 
region associated with migration phenotypes.

• Better standardization and characterization of adult migration 
phenotypes in multiple populations and lineages, including when 
the “decision” to migrate is made, how it relates to timing of 
sexual maturity, and relationships between date of freshwater 
entry and subsequent upstream movements. Populations with 
intermediate migration patterns should be examined as well as 
those with extreme phenotypes.

• More thorough characterization of patterns of dominance and 
effect sizes and how they vary in space and time.

• Greater understanding of physiological mechanisms leading to 
alternative migration phenotypes, including circannual rhythms, 
responses to photoperiod, fat deposition, onset of anorexia, 
osmoregulation, sexual maturation, and other processes crucial 
for successful migration from marine to freshwater habitats.

• Tests for association of GREB1L/ROCK1 variation with other 
phenotypic traits, such as juvenile migration and timing of sexual 
maturity relative to freshwater entry.

• Replication across different genetic lineages of Chinook salmon 
and steelhead throughout their ranges. Adult phenotypes of 
interest include dates of freshwater entry, arrival to spawning 
grounds, and spawning, state of maturation (GSI) at various 
migration stages (ocean, freshwater entry, spawning grounds), 
and lipid content and composition in different tissues. Future re-
search should carefully consider the effect of phenotyping meth-
odology on interpretation of results.

• Comparative analyses on systems with both run types that have been 
differentially affected by human activities, resulting in differing levels 
of interbreeding between life-history types, to improve our under-
standing of how interbreeding affects persistence of run-type alleles.

V.5 Broader Relevance
Although this review was inspired by and focused on new genomics 
data for Pacific salmonids, all of the issues discussed here are likely 
to resonate with many other species of conservation interest. Large-
effect loci have been identified in many taxa, and genetic architecture 
has predictable consequences for species persistence and biodiversity 
conservation. Similarly, how best to define and/or assess the viability 
of CUs is a generic problem that arises in a wide variety of regula-
tory frameworks, and several recent articles have discussed the rela-
tive importance of neutral versus adaptive variation, whether genome 
wide or in a few large-effect loci, in making conservation decisions 
(Ralls et  al. 2020; Xuereb et  al. 2020; Teixeira and Huber 2021; 
Fernandez-Fournier et al. 2021). However, regardless of how the CUs 
are defined, we suggest that the best overall conservation strategy is 
to maintain the ecological and evolutionary processes necessary to 
sustain endemic life-history variation. Our review also indicates that, 
when large-effect loci influence an important trait, viability assess-
ments should take a broader geographic view to ensure that reser-
voirs of the required genes are conserved across the landscape.

Supplementary Material

Supplementary data are available at Journal of Heredity online.

Glossary

Units of Conservation
Conservation Unit (CU): a general term for a group of one or more 
populations considered to be a useful unit for organizing and/or 
prioritizing conservation efforts.
Evolutionarily Significant Unit (ESU): a CU that is defined with 
special attention to evolutionary significance.
Distinct Population Segment (DPS): a subspecific CU that is con-
sidered a “species” under the U.S. ESA and can be listed if deter-
mined to be threatened or endangered.

Sequencing Methods
Whole-genome sequencing (WGS): General term for methods that 
sequence the entire genome of an organism, as opposed to methods 
that sequence subsets of the genome (see reduced-representation 
sequencing).
Pooled WGS: A cost-saving approach whereby pools of DNA from 
multiple individuals are sequenced to estimate allele frequencies 
of the pool, rather than obtaining individual genotypes. Typically 
used as a variant of whole-genome sequencing.
Reduced-representation sequencing (RRS): General term describing 
methods that sequence subsets of the genome. Commonly used to 
economically genotype thousands to tens of thousands of SNPs.
Restriction-site associated DNA sequencing (RAD-seq): Reduced-
representation sequencing method that sequences DNA adjacent to 
restriction sites. This method has many variants that differ in de-
tails of sample preparation and in number of loci generated, which 
typically ranges from thousands to tens of thousands.

Genetic Variants
Locus: Context dependent term used to describe a specific location 
in the genome.  This can encompass single SNPs or larger gen-
omic regions, particularly when these regions are inherited as a 
non-recombining block (i.e., inversions).
Allele: One of the genetic variants at a locus.
Haplotype: A set of DNA variants that are inherited together. A 
haplotype can refer to a combination of alleles or to a set of SNPs 
found on the same chromosome.
Allozymes (allo + enzymes): Variant sites at protein-coding loci 
that are detected with protein electrophoresis based on differences 
in amino acid sequence.
Microsatellites: Noncoding regions of DNA that contain variable 
numbers of short (usually 2-4 base pairs), repeated DNA sequences.
Single-nucleotide polymorphisms (SNPs): Single DNA base pairs 
that are variable within the target population; most SNPs only 
have two variant alleles.
Genome-wide association study (GWAS): Study of genetic vari-
ation spanning the genome to detect variants associated with spe-
cific phenotypic traits.

Quantitative Genetics
Additive genetic variance: Genetic variance attributed to the 
average effects of substituting one allele for another at a given 
locus.  It is the component of variance that allows prediction of the 
rate of response for selection of quantitative traits.
Dominance:  The relative importance of different alleles at a locus 
in determining the phenotype.  A single copy of a dominant allele is 
sufficient to determine the phenotype (as in heterozygotes).  If the 
phenotype of heterozygotes is intermediate, the alleles are said to 
be co-dominant with additive effects.
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Phenotypic variance: The observed variance in the trait of interest.
Genetic architecture: The underlying genetic basis of a phenotypic 
trait; the number and effect sizes of genes, their interactions within 
and between each other, and their inheritance pattern.
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