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Abstract

Fish migrations are energetically costly, especially when moving between fresh and saltwater, but are a viable strategy for Pacific
salmon and trout (Oncorhynchus spp.) due to the advantageous resources available at various life stages. Anadromous steelhead
(0. mykiss) migrate vast distances and exhibit variation for migration phenotypes that have a genetic basis at candidate genes
known as greblL and rockl. We examined the distribution of genetic variation at 13 candidate markers spanning grebIL,
intergenic, and rock! regions versus 246 neutral markers for 113 populations (n = 9,471) of steelhead from inland and coastal
lineages in the Columbia River. Patterns of population structure with neutral markers reflected genetic similarity by geographic
region as demonstrated in previous studies, but candidate markers clustered populations by predominate genetic variation
associated with migration timing. Mature alleles for late migration had the highest frequency overall in steelhead populations
throughout the Columbia River, with only 9 of 113 populations that had a higher frequency of premature alleles for early
migration. While a single haplotype block was evident for the coastal lineage, we identified multiple haplotype blocks for
the inland lineage. The inland lineage had one haplotype block that corresponded to candidate markers within the greb1L
gene and immediately upstream in the intergenic region, and the second block only contained candidate markers from the
intergenic region. Haplotype frequencies had similar patterns of geographic distribution as single markers, but there were
distinct differences in frequency between the two haplotype blocks for the inland lineage. Redundancy analyses were used
to model environmental effects on allelic frequencies of candidate markers and significant variables were migration distance,
temperature, isothermality, and annual precipitation. This study improves our understanding of the spatial distribution of
genetic variation underlying migration timing in steelhead as well as associated environmental factors and has direct conservation

and management implications.
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Abstract

Fish migrations are energetically costly, especially when moving between fresh and saltwater, but are a viable
strategy for Pacific salmon and trout (Oncorhynchus spp. ) due to the advantageous resources available



at various life stages. Anadromous steelhead (O. mykiss ) migrate vast distances and exhibit variation
for migration phenotypes that have a genetic basis at candidate genes known as greb!L and rock! . We
examined the distribution of genetic variation at 13 candidate markers spanning greb1L , intergenic, and
rockl regions versus 246 neutral markers for 113 populations (n = 9,471) of steelhead from inland and
coastal lineages in the Columbia River. Patterns of population structure with neutral markers reflected
genetic similarity by geographic region as demonstrated in previous studies, but candidate markers clustered
populations by predominate genetic variation associated with migration timing. Mature alleles for late
migration had the highest frequency overall in steelhead populations throughout the Columbia River, with
only 9 of 113 populations that had a higher frequency of premature alleles for early migration. While
a single haplotype block was evident for the coastal lineage, we identified multiple haplotype blocks for
the inland lineage. The inland lineage had one haplotype block that corresponded to candidate markers
within the grebIL gene and immediately upstream in the intergenic region, and the second block only
contained candidate markers from the intergenic region. Haplotype frequencies had similar patterns of
geographic distribution as single markers, but there were distinct differences in frequency between the two
haplotype blocks for the inland lineage. Redundancy analyses were used to model environmental effects
on allelic frequencies of candidate markers and significant variables were migration distance, temperature,
isothermality, and annual precipitation. This study improves our understanding of the spatial distribution
of genetic variation underlying migration timing in steelhead as well as associated environmental factors and
has direct conservation and management implications.

1 Introduction

Many animals undertake long-distance migration from their natal sites to capitalize on abundant resources
that may increase survival, fecundity, and fitness (Dingle & Drake, 2007). Migrations offer temporal and
spatial availability of resources, along with seasonal suitability of migratory corridors and natal areas (Ed-
wards & Richardson, 2004; Forrest & Miller-Rushing, 2010). The migration of Oncorhynchusspp. (Pacific
salmon and trout) is a critical cultural, economic, and ecological resource throughout their native range.
Conservation of salmon and steelhead is based upon maintaining phenotypic and genetic variation of dis-
tinct populations and a principal focus involves conserving migration timings across large drainages such
as the Columbia River basin. Many populations are managed according to degree of reproductive isolation
and life history variation. Evolutionarily significant units (ESU) of Pacific salmon and trout are defined as
a Distinct Population Segment (DPS) under the US Endangered Species Act (ESA) (Ryder, 1986; Waples,
1991) and each DPS is determined by whether it is sufficiently reproductively isolated and of evolutionary
importance to the species (Waples, 1991). Since the late 1800s, wild Pacific salmon and trout have experi-
enced a steady decline in abundance and range. The freshwater range of Pacific salmon and trout has shrunk
to about 60% of the historical range (National Research Council, 1996; English et al., 2006). The decline has
been initially attributed to overharvest, habitat degradation (logging, mining, agricultural practices), and
other anthropogenic development, but modern anthropogenic activity including hydroelectric dams’ disrup-
tion of migratory routes, climate change, and an ongoing decrease in suitable habitat have also contributed
to decline (Chapman, 1986; Meehan, 1991; Crozier et al., 2008).

Steelhead (O. mykiss ) may undertake long migrations (over a thousand kilometers) in early life stages and
return to natal sites to spawn (Busby et al., 1996; Keefer et al., 2014). Migratory phenotypes in the Columbia
River basin vary by genetic lineage that have been previously characterized as either coastal or inland (Utter
et al., 1980; Busby et al., 1996; Quinn, 2018). The two genetic lineages are geographically separated; the
coastal lineage inhabits streams west of the Cascade Mountains and the inland lineage inhabits streams east
of the Cascades (Busby et al., 1996; Brannon et al., 2004). Out of 15 steelhead ESUs in the Columbia
River basin, 11 are listed under the ESA (Waples et al., 2001); one steelhead ESU is endangered and ten
are threatened (Quinn, 2018). According to the ESA, an estimated one-third of Pacific salmon and trout
populations and all five DPS of steelhead in the Columbia River are listed as threatened or endangered
(Gustafson et al., 2007). Steelhead have also been extirpated from the upper Snake River and Columbia
River head-waters (Gustafson et al., 2007).



Populations of steelhead consist of individuals that spawn at similar times and are genetically similar at
neutral genetic markers, but individuals within a population may display significant variation in when they
enter freshwater or arrive at spawning grounds (Quinn, 2018). Steelhead spawn in the spring, but can begin
migration as early as summer of the previous year before spawning or as late as winter/spring just before
spawning (Quinn et al., 2015). Steelhead migration may be characterized as bimodal in some rivers (Leider
et al., 1986; Hess et al., 2016), with migrations referred to as early migrating summer-run (premature) or late
migrating winter-run (mature; Quinn et al., 2015). Steelhead that exhibit early migration enter freshwater
before they are sexually mature, and then hold in freshwater for several months throughout the winter before
maturing and spawning the following spring (Quinn et al., 2015; Quinn, 2018). Steelhead that exhibit late
migrations become sexually mature in the ocean before migration into freshwater only weeks to a few months
before spawning at natal sites in the spring (Quinn et al., 2015; Quinn, 2018). Significantly more stream-
maturing steelhead populations have been extirpated than ocean-maturing steelhead populations (Gustafson
et al., 2007).

Migration timing in Pacific salmon and trout has been demonstrated to be heritable (Quinn et al., 2000;
Thériault et al., 2007; Carlson & Seamons, 2008; Quinn et al., 2015). Further, migration timing is associated
with a genomic region of major effect in both steelhead and Chinook salmon (O. tshawytscha ) (Hess et al.,
2016; Prince et al., 2017; Micheletti et al., 2018a; Narum et al., 2018; Thompson et al., 2019). Restriction
site associated DNA sequencing (RAD-seq) studies have revealed single-nucleotide polymorphisms (SNPs)
within thegrebIL gene region that are associated with steelhead migration timing (Hess et al., 2016; Prince
et al., 2017). Additional candidate genes associated with migration timing have been identified using a
genome resequencing technique (Pool-seq; Micheletti and Narum, 2018) that generates allele frequencies at
the population level spanning nearly half the genome. Pooled-sequencing (Pool-seq) methods and PoolParty
analysis pipeline (Micheletti & Narum, 2018) revealed further SNPs associated with migration timing and
expanded the genomic region of discovered SNPs to three more candidate genes (rockl, mibl, abhd3 |
and intergenic region between grebIL and rockl ) (Micheletti et al., 2018a). While this genomic region
of major effect may have direct conservation applications such as refining conservation units and fisheries
harvest (Waples & Lindley, 2018), further understanding is needed including inheritance patterns and linkage
relationships among candidate markers, and the influence of landscape characters on the distribution and
frequency of candidate markers.

The greb1L gene is broadly present and conserved in vertebrates and the function is believed to be similar
to grebl , which has been shown to modulate estrogen receptors and augment the role of estrogen in trans-
cription in humans (Mohammed et al., 2013). Markers shown to have non-conservative and non-synonymous
mutations by Micheletti et al. (2018a) indicate that this genetic region is under selection and the markers in
the intergenic region, upstream ofgreb1L , associated with migration timing could be promoters or enhancers
and regulate expression of greb!L (Kilpinen et al., 2013). Recent studies suggest that grebIL plays a role
in early and late migration phenotypes in steelhead and Chinook salmon (Hess et al., 2016; Prince et al.,
2017; Micheletti et al., 2018a; Narum et al., 2018; Thompson et al., 2019). Migration to spawning grounds
is intrinsically linked to sexual development and maturation in Pacific salmon and trout and these processes
have been attributed togreb!L in chum salmon (Oncorhynchus keta ) and other species (Ghosh et al., 2000;
Rae et al., 2006; Pellegrini et al., 2012; Choi et al., 2014).

In this study, we examined the distribution of genetic variation for the candidate genomic region in steelhead
and were able to expand upon the number of candidate markers associated with migration timing, the
number of individuals sampled, and improved sampling coverage across the Columbia River basin compared
to previous studies (Hess et al., 2016; Prince et al., 2017; Micheletti et al., 2018a). We used 13 candidate
markers spanning greb1L ,rockl , and the intergenic region to test combinations of markers that resulted in
haplotypes representative of migration timing phenotypes. Four of the candidate markers were previously
identified with RADseq and pooled sequencing methods (Hess et al., 2016; Micheletti et al., 2018a), and nine
additional candidate markers were developed with pooled sequencing methods (Table 1). Sample collections
were distributed across the Columbia River basin, allowing for comparisons of candidate allelic and haplotypic
frequencies for migration timing in a variety of steelhead habitats to better understand the spatial distribution



of genetic variation underlying steelhead migration timing. Finally, we use landscape genetic analyses to
expand upon the evaluation of environmental drivers of genetic variation identified by Micheletti et al. (2018b)
for these candidate markers and for an expansion of collection sites. To distinguish between migration timing
phenotypes and associated genetic variation, we use the terminology of ‘early’ and ‘late’ to refer to migration
phenotypes and ‘premature’ and ‘mature’ to refer to genetic variation (alleles, genotypes, or haplotypes).

2 Methods
2.1 Sample Collection

Natural-origin steelhead were collected from populations of both the inland and coastal lineages across
multipe years from 1996 to 2018 and exhibit a range of migration timing. Samples were collected with a variety
of methods, such as electrofishing, smolt traps, and weirs. Non-lethal fin tissue samples and biologically
relevant metrics were collected from both smolts and returning adults. Steelhead were collected from locations
distributed throughout the Columbia River basin. Sample sizes and coordinates for each collection provided
in Figure 1 and Appendix S1 in Table S1.

2.2 Molecular methods

DNA was extracted from tissue in accordance with a Chelex 100 method (Sigma-Aldrich, St Louis, MO).
All specimens were genotyped with genotyping-in-thousand by sequencing method (GT-seq; Campbell et
al., 2015). All samples and loci with [?] 10% missing genotypes were removed from further analyses for
quality control purposes. Over the period that these individuals were genotyped, various genetic marker
panel updates occurred, resulting in slight variances of the mix of putatively neutral and adaptive markers
available (Appendix S1 Table S1). Samples were genotyped with GTseq panels ranging from 368-390 SNPs,
and genotype data were retained when >90% loci successfully genotyped and had an estimated <0.5%
genotyping error based on replicate genotyping.

2.8 Molecular analyses

Putatively neutral markers were assessed using a combination of multivariate methods to detect underlying
population structure, which we expected to coincide with coastal and inland lineages described in previous
studies. A principal component analysis (PCA) was plotted for all populations based on allele frequencies
of putatively neutral markers determined to be without linkage disequilibrium (LD). The PCA of putatively
neutral markers accompanies a discriminate analysis of principal components (DAPC) with the R package
adegenet 2.1.0 to assign probability of individual membership to genetic groups, K , revealed with the
putative neutral marker PCA (Jombart, 2008; Jombart & Ahmed, 2011). The DAPC recovers maximum
genetic variation between groups, while minimizing genetic variation within groups (Jombart, 2008; Jombart
& Ahmed, 2011). The ‘find.clusters’ adegenet function ran for 25 instances for K =1 through K =10. The
Bayesian information criterion (BIC) was averaged and scaled by the standard deviation for each K value.
The most appropriate number of genetic groups was determined with the greatest AK value as described in
Evanno et al. (2005).

The distribution of genetic variation underlying adult migration timing in steelhead across the landscape was
described by genotype frequencies. We examined 13 markers occurring on chromosome 28 within thegreb1L,
rockl , and intergenic region between greb1L androckl that were previously shown to be strongly associated
with adult migration timing (Hess et al., 2016; Micheletti et al., 2018a; Table 1). Initially the two most
significant SNPs were retained from a previous RAD study (Hess et al. 2016), and the remaining 11 with the
strongest association with migration timing from the whole genome resequencing conducted by Micheletti et
al. (2018a).To reduce ascertainment bias, we examined genetic variation in this candidate region from several
populations of O. mykiss in the region to design primers (Table 1). Premature, mature, and heterozygote
genotypes for migration timing were established based on genotype association from previous studies (Hess
et al., 2016; Micheletti et al., 2018a), as well as using reference Skamania broodstock genotyped, which is
a hatchery-strain intensively selected for early migration and cultured since 1956 with steelhead from the
Washougal and Klickitat Rivers (Chilcote et al., 1986). Premature, mature, and heterozygote migration



timing genotype proportions were assessed across all collection locations. A PCA of allele frequencies of
adaptive markers was also conducted for all collection locations to assess genetic groupings based on migration
timing.

We assessed linkage disequilibrium (LD) within the 13 candidate markers to identify haplotype blocks that
would be informative for estimating frequencies of migration types. Haplotype blocks within the 13 candidate
markers were defined with solid spine LD analysis in the Java Runtime Environment software, Haploview 4.2,
across all collection locations (Barrett et al., 2005). A solid spine of LD was extended across a haploblock
if D’, or a normalization of the coefficient of LD, exceeded 0.74. The same markers were assessed for LD in
individuals from coastal and inland lineages (as delineated by DAPC) separately. The effect of population
structure on the LD of the markers was corrected in the analysis with the LDcorSV 1.3.2 R package (Mangin
et al., 2012; Appendix S1 Table S2). Variation of genotype proportions were also evaluated with various
groupings of the candidate markers.

Redundancy analyses (RDA) were conducted for all Columbia River basin collections to model the degree
to which the variation in environmental variables explained the variation in allele frequencies of candidate
markers included in the haplotype blocks (Borcard et al., 1992; Kierepka & Latch, 2015). Redundancy analy-
sis was performed on two sets of collections, all populations and each lineage (coastal vs. inland) using the R
package Vegan 2.5-6 (Oksanen et al., 2019). We used environmental variables that were significantly associ-
ated with adaptive genetic variation in a previous study (Micheletti et al., 2018b; Table 2; Appendix S1 Table
S3). When two highly correlated (>0.75 pairwise correlation; Asuero et al., 2006) environmental variables
were identified, one was removed from further analyses and the variable kept was determined from biological
relevance to salmonids according to previous studies (Olsen et al., 2011; Hecht et al., 2015; Micheletti et al.,
2018b). One-way analysis of variance (ANOVA) with a Tukey’s range test (Tukey, 1949) identified significant
variability in salmonid habitat. Environmental variables were analyzed with the “envfit” PCA function of
the vegan R package. The ANOVA test and PCA together determined significant environmental variables
within and among O. mykiss habitats measured in this study. The final RDAs were run with significant
environmental variables retained from permutation tests with 1000 permutations («=0.05). Frequency of
alleles in the haplotype block associated with migration timing were correlated to environmental variables
with RDA constraint scores. Constraint scores indicated the degree of correlation and whether there was a
positive or negative relationship between environmental variables and allelic frequencies.

3 Results

After aligning markers in common for all samples, 246 neutral markers (Hess et al., 2016) and up to 13
candidate markers from chromosome 28 (Table 1) were included for further analyses. A total of 9,471 indi-
viduals from 113 populations met inclusion criteria (>90% loci successfully genotyped and had an estimated
<0.5% genotyping error based on replicate genotyping) and were included in this study.

Population structure as visualized by the PCA of allelic frequencies of neutral markers indicated genetic
divergence by geographic locations (Figure 2). DAPC and AK revealed two genetic groupings that coincided
with coastal and inland localities (Appendix S1 Figure S1). Most coastal collections, except for Mill Creek
and Indian Creek, exhibited non-overlapping allele frequencies relative to all inland collections. The Klickitat
River which is located between coastal and inland populations formed a cluster intermediate of the two
population types. Inland collections from the Yakima and Clearwater rivers clustered distinctly from others
in study (Figure 2).

A second PCA produced using candidate markers separated individuals according to proportion of prema-
ture and mature migration genotypes (Figure 3). In contrast to results with neutral markers that separated
individuals by sample location and population structure, the PCA with adaptive markers separated indi-
viduals by migration timing genotypes. Cluster membership delineated via DAPC assuming K=2 grouped
individuals from 25 putatively coastal lineage collections together and grouped individuals from 90 putatively
inland lineage collections together in a second cluster (Appendix S1 Figure S1).

Candidate markers were analyzed for all sampling locations in Haploview with solid spine and this resulted



in two haploblocks, one with markers 1-7 and another with markers 8-13 (Figure 4a). One haplotype block
contained all markers within greb!L and another included all or the majority of markers located within the
intergenic region upstream ofgrebi1L and rock! . There was one marker located withinrock! , but it did
not demonstrate as strong of LD as other markers included in the second haplotype block. The intergenic
haplotype block, containing markers 8-12, maintained high LD in both inland and coastal collections.

When haplotype blocks were examined separately for coastal (Figure 4b) and inland (Figure 4c) lineages,
high LD was retained at markers 8-12 for both lineages. Additionally, minor allele frequencies (MAF) were
lower for all inland markers except for candidate markers 8-12 (Appendix S1 Table S3; Figure S2). Variation
in LD occurred among markers 1-7 and was stronger in the coastal lineage (Figure 4b-c). Elevated LD in the
coastal lineage markers resulted in one haplotype block, spanning markers 1-12 (Figure 4b). The solid spine
analysis revealed three haplotype blocks in the inland lineages which were split between markers two and
three and markers seven and eight (Figure 4c). The haplotype block split between markers seven and eight
observed in the inland lineage was the same position as the split in all collections (Figure 4a), indicating
the split for all collections was influenced by the inland collections. Further, a greater divergence between
average MAF values can be observed between markers seven and eight of the inland collections than in the
coastal collections (Figure S2). Confidence intervals (0.95 upper, 0.7 lower; Gabriel et al. 2002) and the
four gamete rule, which assumes recombination when all four possible haplotypes are detected at frequencies
exceeding 0.01 (frequency > 0.02-0.03; Wang et al. 2002), were applied in further LD analyses Variation
in haplotype blocks was observed between analyses and the differences were the inclusion or exclusion of
markers 1 and 13 and the split between markers 5 and 6 or between markers 7 and 8. The difference in the
location of where haplotype blocks were split could be influenced by fixed alleles at markers 4, 6, and 7 in
some collections (Appendix S1 Table S3). All Snake River collections were limited to markers 2, 3, 6, and
9 because these markers were developed earlier than the rest and were the only markers available for these
collections. This resulted in limited data availability (4 instead of 13 candidate markers) for the farthest
inland collections. Haploview analysis comparing lineages was done both with and without the individuals
that were only genotyped at 4 of the 13 markers and both analyses yielded the same results.

We examined six different combinations of markers to determine which markers produce similar frequency
results: a single marker (9), three markers (2,3,6), four markers (2,3,6,9), five markers (8-12), six markers
(2-7), and 11 markers (2-12). This allowed for comparison across marker groups to determine if frequencies
across different marker combinations were similar. In general, all six combinations of marker groups provided
similar haplotype frequencies with differences in associated haplotypes only differing by 1-7% (Figure S3).
The groups with the most similar haplotype frequencies were marker 9 alone and markers 8-12, followed by
markers 2, 3, and 6 and markers 2-7, markers 2, 3, 6, and 9 and markers 2-12 have similar average genotype
frequencies (Figure S3).

Average genotype proportions were mapped across all collection locations with markers 2, 3, 6, and 9 because
all collections were genotyped at these markers (Figure 5). The most common genotype in individuals
sampled was the mature genotype. The mature genotype was predominant throughout much of the range
in the Columbia River, however many populations west of the Cascade Mountains and in the Salmon River
have greater proportions of the premature genotype than other collections (Figure 5). However, only 9 of
the 113 populations had a higher frequency of premature alleles for early migration.

To evaluate haplotype frequencies for a single haplotype block in as many locations as possible, we further
scrutinized haplotypes for markers 2, 3, 6 across the landscape and found five unique haplotypes (Figure
S4a). Haplotype frequencies for collections (Figure S4a) showed similar patterns of geographic distribution
as the genotype frequencies (Figure 5), but with improved resolution for heterozygous haplotypes that were
within a single haplotype block underlying greb1L . According to results of overall haplotype frequency
(Figure S4a), the heterozygote haplotype 4 is present more frequently than the premature haplotype 5.
Additionally, there is a distinct separation of heterozygote haplotypes between coastal (haplotypes 2 and 3)
and inland (haplotype 4) collections (Figure S4a).

To model impacts of significant environmental variables on allelic frequencies of migration timing associated



markers, RDAs were done for all Columbia River basin collections and then separately for coastal and inland
lineage collections. Significant environmental variables retained in the RDA for all collections were migration
distance, minimum temperature of the warmest month, 20-year average August water temperature, annual
mean temperature, isothermality, and annual precipitation (Figure 6). Annual precipitation had the greatest
effect when all collections were analyzed together (Figure 6). Environmental variables retained in the coastal
lineage RDA were average temperature of the coldest quarter and precipitation of the wettest month (Figure
S5a). Environmental variables retained in the interior lineage RDA were 20-year average August water
temperature and minimum temperature of the warmest month (Figure S5b).

4 Discussion

This study provides further insight to the spatial distribution of genetic variation underlying migration timing
in a broad range of steelhead populations. Genetic relationships were characterized for neutral and candidate
markers for 113 populations, supporting previous findings of population structure and demonstrated strong
differences between major lineages. We determined linkage blocks for 13 candidate markers associated with
migration timing and found different heterozygote haplotypes were found to be predominant in coastal versus
inland lineages. Environmental drivers of candidate variation revealed the importance of temperature and
precipitation to selection on variation for migration in this system. Overall, this study provides extensive
geographic variation for candidate markers associated with migration timing that is expected to be important
for conservation applications in this species (Waples & Lindley, 2018).

Patterns of genetic variation among steelhead populations were highly distinct between neutral and candidate
markers. Neutral structure was consistent with previous studies with various marker types that largely
correspond to geographic population structure and significant heterogeneity in environmental conditions at
collections sites (Blankenship et al., 2011; Matala et al., 2014; Micheletti et al., 2018b). For example, the
Clearwater River steelhead have consistently showed a distinct genetic signal from others in the Snake River
basin regardless of marker type (Narum et al., 2008; Campbell et al., 2012; Matala et al., 2014; Micheletti
et al., 2018b). Additionally, the neutral markers provided further resolution than previous studies for the
inland lineage especially for populations in the Yakima River drainage that were distinct from the rest of
the populations in the middle Columbia River. The distinct neutral patterns in the Clearwater and Yakima
River drainages were likely due to different levels of genetic influence from hatchery programs (Blankenship
et al., 2011). Populations in the Yakima River have likely been minimally influenced by hatchery programs
as there has been no direct hatchery program for steelhead in this subbasin. Similarly, large stretches of
the Clearwater River basin, including the Selway and Lochsa Rivers, are managed exclusively for wild fish
(Nielsen et al., 2009; Campbell et al., 2012). Presence of dams and historical rapid population declines may
also differentiate sub-basins of inland steelhead from one another (Blankenship et al., 2011; Matala et al.,
2014). Finally, the Klickitat River is positioned in a geographically intermediate location at the eastern base
of the Cascades and considered to be on the boundary of the coastal and inland lineages. The intermediate
status of the Klickitat River collections was evident in the neutral PCA population structuring which is
consistent with previous studies (e.g., Micheletti et al., 2018b). This intermediate signal was also observed
in two other populations, Fifteenmile Creek and Mill Creek, which may indicate gene flow with steelhead in
the Klickitat R. or admixture. In contrast to geographical patterns observed at neutral loci, the candidate
PCA divided collections by their predominant adult migration timing. The Skamania stock was a useful
reference for the extreme extent of fixed genetic variation for premature alleles due to artificial selection for
early migration timing over several decades in this hatchery program. At the other end of the spectrum,
the mature genotype was predominant in most collections, while the heterozygote collections were dispersed
across the basin, but with divergent ratios of haplotypes between coastal and inland lineages. The presence
of genetic variation for premature alleles in the inland lineage suggests that some populations of steelhead
(i.e., those in the Salmon R. drainage) may exhibit phenotypic variation for early and late arrival timing to
spawning grounds as shown by Micheletti et al. (2018b).

Haplotype blocks of markers with the greatest association with one another and with the migration timing
phenotype improve ability to evaluate genetic variation associated with migration timing across the land-



scape. In addition to LD assessments, we evaluated differences between average genotype frequencies with
fewer candidate markers. Marker 9 had the most similar average genotype frequencies to markers 8-12 for
all genotypes and markers 8-12 had the greatest LD in all collections. This finding suggests that marker 9
could be useful under circumstances of limited genotyping abilities. This same marker was also helpful at
distinguishing patterns in steelhead arrival timing to spawning grounds (Micheletti et al., 2018b). However,
it is still beneficial to assess collections with entire haplotype blocks when possible, to generate numerous
haplotype combinations instead of only three genotypes gained from a single marker.

We observed significant association between multiple environmental variables and candidate markers when
examined across lineages, which was expected given that environmental conditions vary significantly across
the Columbia River basin landscape. We found migration distances, temperature variables, and precipitation
variables had the strongest association to adaptation for all collections which was consistent with previous
landscape genomics analyses (Micheletti et al., 2018b). Migration distance traveled between the Pacific
Ocean and spawning sites ranged from 60 to 1,400 km, presenting a vast difference between coastal and inland
lineages in energetic allocation before spawning (Olsen et al., 2011; Hecht et al., 2015). Migration distance
was not significantly associated with migration timing within each lineage suggesting that variation at
candidate markers is not highly distinct among populations at small geographic scales. Significant association
of temperature with candidate markers was not surprising since fish rely on environmental temperatures to
regulate body temperatures and trigger migratory behavior (Jonsson 1991; Sykes et al., 2009), and extreme
temperatures can inhibit cardiac and metabolic proficiencies (Chen et al., 2018). Further, genetic disparities
in thermal tolerance when encountering temperature barriers has been found to contribute to local adaptation
in salmonids (Eliason et al., 2011; Narum et al., 2013; Munoz et al., 2015). Finally, the significance of
precipitation with variation at candidate markers is expected to be important since precipitation conditions
can impact survival and selection on genes associated with thermal tolerance when flow is low (Heath et al.,
2002) and water temperatures are elevated (Narum et al., 2013). In contrast, when precipitation is high and
stream flow is powerful, conditions may become energetically costly for migrating steelhead, but also provide
cues for migration to spawning grounds (Keefer et al. 2014; 2018). Significantly associated environmental
variables within each lineage were more limited than across lineages of steelhead, and largely reflected regional
differences in precipitation within the coastal lineage and temperature within the inland lineage.

In this study, we assessed the spatial distribution of candidate haplotype frequencies because selective pres-
sures on steelhead migration are disparate across the heterogeneous landscape. The coastal lineage contained
steelhead maturing both in the ocean and streams, whereas inland lineage steelhead only matured in streams.
Initial studies (Hess et al., 2016; Prince et al., 2017; Thompson et al., 2019) identified and associated greb1L
genotypes with freshwater entry, while Micheletti et al. (2018a) revealed a greater greb1L association with
arrival timing to spawning grounds. We also detected more than one genotype present in inland collections,
further supporting an association with arrival timing to spawning grounds introduced by Micheletti et al.
(2018a). Our study incorporated more collections and more candidate markers associated with migration
timing than previous studies, which allowed us to determine haplotypes to describe the spatial pattern of
mature and premature genotypes across the Columbia River basin in greater detail. Coastal collections exhi-
bited greater genetic diversity at candidate markers, but greater influence of premature alleles from Skamania
and other hatchery stocks. In the inland lineage, the mature genotype was detected at high frequency despite
all inland steelhead maturing in freshwater, supporting findings by Micheletti et al. (2018a). Variation in the
second haplotype block, which includes markers in the intergenic region, indicates that inland populations
retain genetic variation that may allow for variable timing in arrival to spawning grounds. However, further
studies are needed that dissect arrival phenotypes and the association at candidate markers atgreb!L and
rockl .

From a management perspective, detailing the distribution of migration run timing has direct conservation
implications. Early migrating fish spend less time feeding in the nutrient rich ocean, resulting in less op-
portunities for growth and potential for decreased reproductive success. Further, more time in freshwater
systems exposes early migrators to thermal stress, disease, and greater risk for impacts of climate change and
selective fisheries (Quinn et al., 2015). Thus, steelhead with this early migration pattern have increased odds



of extirpation and may require greater conservation efforts (Prince et al., 2017). Previous findings (Miche-
letti et al., 2018a) were bolstered by this study that indicate greater genetic diversity at candidate genes for
inland collections than previously understood. Effective conservation efforts to maintain or increase genetic
variation underlying migration timing is expected to provide broader life history diversity for populations
to endure stochastic environments. Thus, maintenance of genetic diversity associated with migration timing
across the Columbia River basin may be a key to promote resilient steelhead populations that are able to
recover from anthropogenic impacts.
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Tables

Table 1. Migration timing associated candidate marker information. The number corresponds to the SNP
order. SNP names, chromosome number, position, gene, primers, probes, and orientation are also listed.

Table 2. Notation and descriptions, units, resolution, variable class, source, and if the variable was retained
in the model are listed for all environmental variables assessed with the RDA models.

Figures

Figure 1. Collection sites numbered according to Table S1.
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Figure 2. Neutral marker PCA plot for all populations. See Table S1 for collection names.
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Figure 3. PCA of adaptive markers (2,3,6,9) for all populations identified by predominate genotype (prema-
ture, mature, heterozygous). See Table S1 for collection names.
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Figure 4. R? values defined by LDcorSV and blocks defined with solid spine LD in Haploview for all
populations (a) genotyped at 13 markers. Coastal (b) and inland (c) populations (based on DAPC) R?
values of 13 markers and blocks defined with solid spine LD in Haploview.
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haplotypes from markers 2, 3, 6, and 9. These 4 markers were evaluated to include all collections. Populations
with 100 individuals or greater were reduced to 100 with the same haplotype proportions to keep the circles
on the map as visible as possible. See Table S1 for collection names and exact genotype proportions.
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Figure 6. RDA of all collections in Columbia River basin to model the degree to which the variation in
environmental variables explains the variation in allele frequencies for candidate markers for all collections
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in the greb1L haplotype block (2,3,6). The populations are represented by text and colored black or red in
accordance with their lineage determined by DAPC in adegenet. The arrows spatially denote a significant
influence of environmental variables and the length of the arrow indicates the extent of the effect. Envi-
ronmental variables retained were migration distance, minimum temperature warmest month, August water
temperature over a 20-year average, annual mean temperature, isothermality, and annual precipitation.

B5_maxtwarmmon
B1_meanT Clackamas
mig_dist
o
B12_Prec AFTC y 3
D n 4
~ ﬁalamaeaﬂw CWa T}Spgngs
AigiRidiagaaidin Cowiche_Crow
72} Mad —
3 Swale_Wheeler Pt
E - Bowman
v Snyder Mérgan
Summit
Bargamin
IGtripeKigio
rout
o
! White
® Coastal
Skamania Surveyors ® Inland
T T I
-1 0 1 2
RDA AXIS 1

Hosted file

Tables_Figures.docx available at https://authorea.com/users/316699/articles/446837-distribution-
of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-
basin

Hosted file

Appendix_S1_materials.docx available at https://authorea.com/users/316699/articles/446837-distribution-
of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-
basin

18


https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin
https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin
https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin
https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin
https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin
https://authorea.com/users/316699/articles/446837-distribution-of-genetic-variation-underlying-adult-migration-timing-in-steelhead-of-the-columbia-river-basin

