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Abstract
High rates of dispersal can breakdown coadapted gene complexes. However, concen-
trated genomic architecture (i.e., genomic islands of divergence) can suppress recom-
bination to allow evolution of local adaptations despite high gene flow. Pacific lamprey 
(Entosphenus tridentatus) is a highly dispersive anadromous fish. Observed trait diver-
sity and evidence for genetic basis of traits suggests it may be locally adapted. We 
addressed whether concentrated genomic architecture could influence local adapta-
tion for Pacific lamprey. Using two new whole genome assemblies and genotypes 
from 7,716 single nucleotide polymorphism (SNP) loci in 518 individuals from across 
the species range, we identified four genomic islands of divergence (on chromosomes 
01, 02, 04, and 22). We determined robust phenotype-by-genotype relationships by 
testing multiple traits across geographic sites. These trait associations probably ex-
plain genomic divergence across the species’ range. We genotyped a subset of 302 
broadly distributed SNPs in 2,145 individuals for association testing for adult body 
size, sexual maturity, migration distance and timing, adult swimming ability, and larval 
growth. Body size traits were strongly associated with SNPs on chromosomes 02 and 
04. Moderate associations also implicated SNPs on chromosome 01 as being associ-
ated with variation in female maturity. Finally, we used candidate SNPs to extrapolate 
a heterogeneous spatiotemporal distribution of these predicted phenotypes based 
on independent data sets of larval and adult collections. These maturity and body 
size results guide future elucidation of factors driving regional optimization of these 
traits for fitness. Pacific lamprey is culturally important and imperiled. This research 
addresses biological uncertainties that challenge restoration efforts.
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1  | INTRODUC TION

Highly dispersive species such as Pacific lamprey (Entosphenus 
tridentatus) present an evolutionary conundrum for adaptation. 
Adaptation is facilitated when particular combinations of gene vari-
ants (i.e., coadapted gene complexes) that confer optimal fitness in 
an environment can be passed on to the next generation. The action 
of recombination to rearrange genes operates regardless of the rate 
of gene flow. However, convention suggests that with high rates of 
gene flow recombination breaks down coadapted gene complexes 
which in turn disrupts local adaptation. Yet there is evidence from 
Pacific lamprey and other dispersive species that local adaptation 
may occur despite these high rates of gene flow. For example, Pacific 
lamprey body size is correlated with upstream migration distance in 
the Columbia River (Hess et al., 2014; Keefer, Moser, Boggs, Daigle, 
& Peery, 2009) and traits in other dispersive species appear to be 
optimized for specific environments within their broader range 
(Asaduzzaman et al., 2019; Miller et al., 2019; Phair, Toonen, Knapp, 
& von der Heyden, 2019).

Genomic architecture appears to be one factor that can in-
fluence local adaptation in highly dispersive species. In general, 
the closer two genes occur in the genome the smaller the chance 
for recombination events that may separate an optimal combina-
tion of variants (Yeaman & Whitlock, 2011). Inversions suppress 
recombination between inverted haplotypes and can effectively 
lock an optimal combination of variants together over longer dis-
tances within the inverted segment (sometimes referred to as a 
supergene). The fitness conferred by these inversions can help 
maintain them as a polymorphism in a population through both 
forces of balancing and divergent selection (Faria, Johannesson, 
Butlin, & Westram,  2019; Wellenreuther & Bernatchez,  2018). 
In Pacific lamprey, if there are particular phenotypes that have 
a polygenic basis and confer differential fitness across environ-
ments, we might expect these genes to be maintained together 
within inverted segments which would appear as long polymor-
phic intervals of DNA sequence.

Several traits in Pacific lamprey have been found to have a ge-
netic basis. These include body size, reproductive migration-timing 
(Hess et al., 2014, 2015), and advanced maturity of females at onset 
of freshwater migration (i.e., ocean-maturing versus river-matur-
ing ecotypes, Parker, Hess, Narum, & Kinziger,  2019). There also 
appears to be evidence for statistical linkage of multiple loci that 
show high divergence in the species’ range (Hess, Campbell, Close, 
Docker, & Narum, 2013). One thing that is unclear is whether range-
wide divergence that has been observed can be explained by phe-
notype-by-genotype associations reported thus far. Phenotypic 
traits are often interrelated, which can obscure the true target of 
selection (Powell & MacGregor,  2011). Testing a large variety of 
phenotypic trait associations with genotypes at different sites in the 
species’ range can help to disentangle these correlations and help 
elucidate the true target of selection (Chanock et al., 2007). Once 
phenotype-by-genotype associations are confirmed across geo-
graphic sites, these relationships can be exploited to extrapolate a 

phenotype across large geographic areas in which only genotypes 
have been measured. This genetic tool then becomes a powerful 
predictor and can generate hypothesis testing frameworks to guide 
future studies aimed to validate these predicted phenotypic distri-
butions across the range and elucidate factors driving regional opti-
mization of these traits.

Pacific lamprey is a culturally important and imperiled anad-
romous fish with a parasitic ocean phase distribution in the North 
Pacific Ocean and a freshwater distribution throughout the Pacific 
Northwest and Alaska (Close, Fitzpatrick, & Li,  2002; Orlov, 
Beamish, Vinnikov, & Pelenev, 2009). There are still a number of bi-
ological uncertainties that remain before complete characterization 
of the life history diversity and complex life cycle of Pacific lamprey 
is achieved, especially for the marine phase of its life cycle (Clemens 
et al., 2019). Basic biological information and life-history research is 
needed to explain observed trait variation and inform management 
actions that are being implemented to help restore abundance of 
the species within the Columbia River basin (an area that covers 
Washington, Oregon, and Idaho of the Pacific Northwest). For ex-
ample, proactive conservation measures such as translocations in 
which adults are transferred from a source of abundance to a target 
site of low abundance are currently being implemented in the inte-
rior Columbia River (Ward et  al.,  2012). Information on which life 
history traits are regionally optimized could help inform these types 
of actions (Hess et al., 2014).

In this study we addressed four major objectives: (a) Divergence 
mapping: Test whether previously observed genomic divergence 
across the species’ range is either concentrated or diffusely orga-
nized in the genome; (b) Association testing: Test phenotypic trait 
associations with genotypes across geographic sites to identify ro-
bust phenotype-by-genotype relationships; (c) Association mapping: 
Test whether phenotypic-by-genotype associations mapped to the 
genome can explain genomic divergence across the species’ range; 
and (d) Extrapolation of spatiotemporal phenotypic distributions: 
Use candidate SNP genotypic distributions across time and space 
to characterize the ecological conditions that may favor particular 
life history traits. Our findings supported a high concentration of 
genomic divergence to regions within four chromosomes, referred 
to as genomic islands. Two of these four genomic islands showed 
robust correlation with maturity and body-size traits and could be 
used to predict their spatiotemporal distributions across the species’ 
range.

2  | MATERIAL S AND METHODS

2.1 | Divergence mapping

Two new Pacific lamprey genome assemblies (83 linkage groups/
chromosomes) were constructed using the whole genome sequence 
from the milt and blood from a male (representing the gametic and 
somatic genomes; Genbank Accession #: JAAVTP010000000) and 
the blood of a female (Genbank Accession #: JAAXLI010000000), 
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and using a high density linkage map (Smith et al., 2018) to validate 
and extend higher order scaffolding of chromosomes (Appendix S1).

For characterization of SNP densities and FST statistics, we used 
a set of 7,716 unique SNP loci from previously published RAD-seq 
data sets (Hess et al., 2013; Smith et al., 2018), which passed a set 
of population genetic quality control filters (Appendix S1). This set 
of 7,716 unique SNPs was a combination of overlapping groups of 
SNPs from a previous data set (Hess et al., 2013; SNPs N = 8,772) 
and a de novo linkage mapping data set (Smith et  al.,  2018; SNPs 
N  =  7,977). BOWTIE2 (Langmead & Salzberg,  2012) was used to 
align these two data sets to the male reference assembly to define 
homologous loci. For the 7,716 total SNPs passing the QC filters, 
4,046 loci were unique to Hess et al. (2013), 1,418 loci were unique 
to Smith et al. (2018), and 2,252 SNPs were shared across data sets. 
Marker positions based on BOWTIE2 alignments were compared 
between Pacific lamprey male and female genomes and the Pacific 
lamprey male and sea lamprey (Petromyzon marinus) male gametic 
genome (GenBank assembly accession: GCA_002833325.1) to char-
acterize synteny.

Using these 7,716 SNPs genotyped for the same individuals from 
Hess et al. (2013; i.e., 16 collections with >20 individuals which to-
talled 482 individuals; Table 1), LOSITAN (Antao, Lopes, Lopes, Beja-
Pereira, & Luikart, 2008) was run using parameter settings of 50,000 
simulations, confidence interval of 0.99, false discovery rate set to 
0.1, subsample size of 20, simulated FST of 0.019 and an attempted 
FST of 0.021. We considered loci candidates for positive selection 
(adaptive loci) above a probability level of 0.995, and neutral loci 
were defined as falling between the 10th and 90th quantiles of the 
FST distribution. Any remaining SNPs were conservatively consid-
ered undetermined (neither adaptive nor neutral).

Genes located within adaptive regions were identi-
fied using published sea lamprey gene annotations that were 
found in the homologous regions corresponding to the follow-
ing Pacific lamprey male genome positions (a) chromosome 01 
positions: 8,939,466…14,772,759 (sea lamprey scaf_00003: 
6,777,250…13,554,086); (b) chromosome 02 positions: 
3,351,206…18,794,404 (sea lamprey scaf_00006: 1,198,871–
13,859,281); (c) chromosome 04 positions: 6,408,032…19,202,839 
(sea lamprey scaf_00005: 2,591,251…16,864,119); and (d) chromo-
some 22 positions: 617,460…11,364,740) (sea lamprey scaf_00012: 
1,160,196…12,993,068). We used the website Enrichr (https://amp.
pharm.mssm.edu/Enric​hr/) (Kuleshov et  al.,  2016) to gain insights 
into the potential function of these genes via both the manifested 
phenotypes in mammals (i.e., MGI Mammalian Phenotype Level 4 
2019) and in fishes (FishEnrichr; Phenotype AutoRIF Predicted Z 
score).

2.2 | Association testing

Genotyping-in-thousands by sequencing (GT-seq, Campbell, 
Harmon, & Narum, 2015) was employed to genotype 308 genetic 
markers for the association testing analyses. The GT-seq 308 loci TA
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were a subset of markers developed from the paired end consensus 
reads from the Hess et al. (2013) RAD-seq data set. The selection of 
loci and steps in development are described in detail in Appendix S1. 
Locus selection began with a group of 457 total SNP loci considered 
in round 1, which included 120 for which TaqMan assays had already 
been designed (Hess et  al.,  2015). Final optimization left 308 loci 
that worked best in GT-seq genotyping. For all data sets used below 
in the association testing we filtered out individuals missing >10% 
of genotypes at the 308 loci. Excluding the four species diagnostic 
loci and two duplicated loci provided 302 unique loci for association 
tests.

There were six data sets, five comprised of adults (JDD, S_BON, 
T_BON, WFA♀, and WFA♂) and one comprised of larvae (GAR), with 
which we performed association testing (Table  1). Adult data sets 
were from the following three locations: males (WFA♂, N = 136) and 
females (WFA♀, N = 133) from Willamette Falls collected in 2016 
(Willamette River, Oregon City, OR; 205.6 Rkm upstream from the 
Columbia River mouth), two data sets (S_BON, N = 295 and T_BON, 
N = 883) from Bonneville Dam in 2014 (235.1 Rkm upstream from the 
Columbia River mouth), and one data set (JDD, N = 656) from John 
Day Dam in 2014 and 2015 (346.9 Rkm upstream from the Columbia 
River mouth). The following five adult traits were measured on all 
adult data sets: ordinal “day” of collection (timing of migration to the 
sample point), girth (mm), total “length” (mm), weight (g), and distance 
between dorsal fins (“interdorsal”, mm). Interdorsal measurements 
have been suggested to serve as an indicator of maturation status in 
Pacific lamprey because the distance tends to decrease with matu-
ration (Clemens, van de Wetering, Kaufman, Holt, & Schreck, 2009). 
We measured an additional migration trait for three adult data sets 
(S_BON, T_BON, and JDD) via a combination of passive integrated 
transponder (PIT) and radio tagging of individual fish and observing 
their furthest upstream detection from the release location (“Rkm”). 
Further, since the males and females collected at Willamette Falls 
(WFA♂ and WFA♀) were being harvested, we were able to measure 
gonad weight as a proxy for maturity in those data sets. Finally, a 
subset of the adult data set from Bonneville Dam (S_BON) was used 
in a swim trial experiment within a flume (Kirk, Caudill, Tonina, & 
Syms.,  2016), in which the following three swimming behavioral 
traits were measured: “approached” experiment, passed challenge 
(“pass”), and passed challenge without fallback (“passrep”). Details 
of these swimming performance experiments can be found in Kirk 
et al. (2016) and Appendix S1.

A single group of larvae were artificially propagated using adults 
captured at Bonneville Dam. These larvae were reared in a common 
garden experiment to generate early larval growth (“GAR”) rate data 
(N  =  337). All larvae were spawned in the spring of 2015 and al-
lowed to rear from 30 to 163 days after hatching at which point they 
were measured for growth. Growth rate was measured as length/
time (“growth”), and also corrected growth rate (“growth rate_b”; 
[length − 4 mm]/time) to correct for length at hatch (~4 mm).

Intercorrelation among all measured traits in these six data sets 
(i.e., JDD, S_BON, T_BON, WFA♀, WFA♂, and GAR) was examined 

(based on Pearson's r) to avoid excessive redundancy of predictor 
variables (│r│ > .95), and p-values were calculated (SAS Institute & 
Inc., 2000). We performed univariate analyses using a general linear 
model (GLM) and a mixed linear model (MLM) with TASSEL v. 5.1.0 
(Bradbury et al., 2007). The GLM is a fixed effects linear model that 
is used in TASSEL to identify significant associations between phe-
notypes and genotypes. TASSEL takes population structure into ac-
count by using genetic principal coordinate axes as covariates in the 
model. The MLM is similar to GLM but includes both fixed effects 
(e.g., population structure, and genetic marker) and random effects 
(i.e., relationships among individuals) and can thus account for both 
population structure and kinship to reduce false positive associa-
tions (Yu et al., 2006). Details on the covariates and ways in which 
loci were used taking population structure and relatedness into ac-
count in the GLM and MLM tests are provided in the Appendix S1. 
To account for multiple tests, only those associations with p-values 
less than the critical value as determined using the false discovery 
rate procedure described by Benjamini and Hochberg (1995) were 
considered significant. The Benjamini and Hochberg (1995) false dis-
covery rate approach has more power to detect significant differ-
ences than sequential Bonferroni correction (Narum, 2006). Critical 
values were calculated using the function p.adjust within the R pack-
age stats (R Core Team, 2019).

2.3 | Association mapping

The 308 SNP loci in the GT-seq panel were aligned to reference ge-
nomes using BOWTIE2. There were 306 that were each assigned 
to a single location on the Pacific lamprey male genome (99.4%), 
covering 70 different chromosomes with an average of 4.4 loci per 
chromosome (range 1–22). Marker locations were based on the 
alignments of marker sequences to the Pacific lamprey male and fe-
male genomes, homologous scaffolds of the sea lamprey genome, 
and positions on the previously published Pacific lamprey linkage 
map (Smith et al., 2018).

Adjusted p-values from the association testing described above 
were log transformed (−LOG10) and plotted by consensus genome 
position on the Pacific lamprey male genome. We tested correla-
tion of association tests −LOG10(P) with FST from the range-wide 
divergence to understand whether trait associations may explain 
the high divergence observed at the range-wide scale for the sub-
set of markers shared between data sets. Among the 308 SNPs, 
there were 230 neutral SNPs, 41 adaptive markers SNPs, and a set 
of 31 “intermediate” SNPs that did not fit definitions of putatively 
neutral and putatively adaptive (divergence mapping). Finally, four 
loci were species-diagnostic, and 2 loci were duplicated. Therefore, 
there were 302 unique markers available for these association 
analyses. These markers included 38 SNPs that were mostly adap-
tive loci that were categorized into the following 4 groups of sta-
tistically linked loci: A (N = 10), B (N = 13), C (N = 7), and D (N = 8, 
Hess et al., 2013).
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2.4 | Extrapolation of spatiotemporal phenotypic 
distributions

We characterized candidate SNP genotypic distributions across time 
and space to better understand the ecological conditions that may 
favour particular life history traits. These spatiotemporal distribu-
tions were characterized using the candidate SNPs with the most 
robust associations with body size (chromosome 02) and sexual ma-
turity (chromosome 01). Distributions of representative SNPs of the 
other adaptive chromosome regions (chromosomes 04 and 22) were 
also characterized (Figures S1 and S2).

We used three independent data sets to characterize spatial 
and temporal distributions of genetic variation (Table 1). These data 
sets were independent of each other and separate from the asso-
ciation testing data sets, and they were optimally suited for these 
characterizations. For the spatial data set, we primarily used col-
lections of larvae and juveniles (95% of data set of N = 3,435) but 
included some adult collections that were distributed widely across 
the species’ range. Larvae and juveniles were the ideal life stage to 
represent genotypic distributions of individuals that successfully 
spawned at discrete locations throughout the range. Adult collec-
tions were used to fill in portions of the range where larval sam-
ples were not available. Genotyping was partially conducted with 
a TaqMan assay panel (Hess et  al.,  2015), which overlapped the 
GT-seq panel by 85 SNPs they had in common. COLONY v. 2.0.6.5 
(Jones & Wang, 2010) was used to reconstruct full-sibling families 
(Wang, 2004) using the 85 shared SNPs on each of the 70 collec-
tions. We analysed all collections together as one using the following 
parameter settings: polygamous mating for males and females with-
out inbreeding, full-likelihood, medium length of run, no allele updat-
ing, and no sibship priors. Only one collection out of the seven adult 
collections had full siblings (N = 13, Stamp River, B.C.) which were 
maintained to accurately represent this small spawning segment. We 
excluded duplicate genotypes, 797 full siblings, and collections with 
fewer than five individuals, resulting in a final set of 57 collections 
consisting of a total of 2,581 individuals each representing a unique 
family (Table S1). This data set was then used to calculate allele fre-
quencies across collections for the representative candidate SNPs 
Etr_464 and Etr_5317 within the adaptive regions on chromosomes 
01 and 02, respectively.

For the temporal data sets, we used individuals collected from 
two successive spawning runs at Willamette Falls (2014–2015; N of 
868 and 581, respectively) over which it was possible to randomly 
sample the majority of the annual adult migration of Pacific lamprey 
(typically February–August) in weekly strata. A daily abundance es-
timate (Whitlock, Deweber, & Peterson, 2019) was used to expand 
candidate SNP genotypic proportions in the weekly strata. We esti-
mated the abundance and 95% confidence intervals of the candidate 
genotypes using a bootstrapping method (Steinhorst, Copeland, 
Ackerman, Schrader, & Anderson,  2017) that was automated in R 
for a broad set of fisheries applications that require stratified sam-
pling (Thomas Delomas, PSMFC/IDFG, https://github.com/delom​
ast/fishC​ompTools)". One biological complexity was that a portion 

of the adults encountered before May probably overwintered and 
experienced shrinkage in body size due to advanced maturation 
(Beamish, 1980). Therefore, in addition to characterizing allele fre-
quencies of candidate SNPs Etr_464 and Etr_5317, we categorized 
fish by body length to provide insight into the transition between 
overwintered fish and newly-arrived migrants.

3  | RESULTS

3.1 | Divergence mapping

Outlier analyses identified 311 (4.0%) SNPs as candidates for posi-
tive selection (out of a total of 7,716 SNPs; p > .995). LOSITAN was 
also used to identify neutral loci, which we defined using a conserva-
tive threshold range of probabilities between 0.10 and 0.90. There 
were 350 (4.5%) and 4 (<0.1%) SNPs below and above this range, 
respectively (i.e. candidates for balancing and positive selection, 
respectively), and 7,051 neutral loci (91.4% of 7,716 loci) that fell 
within these probability levels.

A total of 7,385 out of 7,716 loci (95.7%) and 7,366 out of 7,716 
loci (95.4%) aligned to the Pacific Lamprey female and male genome 
assemblies, respectively, and 4,916 out of 7,716 loci (63.7%) aligned 
to the male gametic sea lamprey genome. The alignment to the 
Pacific lamprey male genome was used to order the loci by scaffold 
position, and in cases in which only alignments to the other assem-
blies were available we interpolated values to estimate relative po-
sitions. Manhattan plots were used to visualize the distribution of 
the outlier SNPs in both the Pacific lamprey and sea lamprey male 
genome assemblies (Figure 1), and alignments were generated be-
tween Pacific lamprey male and female genomes (Figure S3). These 
results illustrated that genomic divergence is highly concentrated 
as demonstrated by the fact that 65% of the outlier loci are local-
ized to each of the following four chromosomes:01, 02, 04, and 22; 
which share homology with sea lamprey scaffolds (scaf_00003, 
scaf_00006, scaf_00005, and scaf_00012, respectively; Figure  1). 
The patterns of synteny within these four chromosomes indicated 
large regions of inversions that overlapped with concentrations of 
outlier SNPs (e.g., chromosomes 01 and 02, Figure S3) and may be 
polymorphic within Pacific lamprey given the differences between 
male and female genome assemblies. The same inversion patterns 
on chromosomes 01 and 02 were present between species (male as-
semblies, Figure S3).

3.2 | Association testing

Examination of the intercorrelation of predictor variables indicated 
that many of the morphological variables related to body size at-
tributes were highly correlated, however, none had a significant 
correlation above 0.95 (Tables  S2–S7), and therefore all were re-
tained for association analysis. Significant intercorrelations among 
traits were consistent across data sets and using these correlations 

https://github.com/delomast/fishCompTools
https://github.com/delomast/fishCompTools
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we categorized traits into the following four main groups: (a) body 
size; (b) female sexual maturity; (c) larval growth; and (d) swim-
ming ability. The “body size” category included the body metrics of 
length, weight, girth, and interdorsal, which were all significantly 
positively correlated across data sets (Tables S2–S7). This trait cat-
egory also included migration distance which was positively corre-
lated with increasing body size metrics, and migration timing which 
was negatively correlated with these body size metrics. The male 
gonad mass was intended to serve as a proxy for male sexual ma-
turity, but it also was significantly positively correlated with other 
body size metrics. However, the female gonad metric was not cor-
related with the other body size metrics and was potentially an 
accurate proxy for “female sexual maturity”. The “larval growth” 
category was populated by the only two measures of growth in 
the common garden experiment. The “swimming ability” category 
contained the three metrics of swimming performance which were 
all significantly positively correlated, and included migration day, 
which was positively correlated.

We examined the relative strength of associations of the total 
302 SNPs with the traits within each of the four trait categories 
(Table S8) but were primarily interested in associations of SNPs on 
the four chromosomes 01, 02, 04 and 22, where evidence for range-
wide adaptive divergence was concentrated.

3.2.1 | Body size traits

Highly significant associations (adjusted p < .001) were observed for 
body size traits and SNPs on the four adaptive regions across data 
sets (WFA♀, WFA♂, T_BON, S_BON, and JDD; Table 2). The strong-
est associations between SNPs and body size traits (−LOG(10P) > 30) 
were with length (Figure  2), weight, and girth and SNPs on chro-
mosome 02 for the T_BON data set; however, the S_BON and JDD 
data sets also showed significant associations for the same SNPs 
and traits (−LOG(10P)  >  2). This result was similar to the findings 
of Hess et al. (2014) where they show that a SNP (Etr_5317), herein 

F I G U R E  1   Manhattan plot of the Pacific lamprey SNPs aligned to the (a) Pacific lamprey male gametic (N = 7,366; 95.5% of total loci) 
and the (b) sea lamprey (N = 4,916; 63.7% of total loci) genome. FST values were generated in LOSITAN using 7,716 SNPs and the 16 
collections with >20 individuals (N = 518 individuals). The critical FST value of 0.07 is indicated by the dashed line (SNPs above this line 
were considered outliers p > .995). SNPs are shown by alternating odd (black) and even (grey) linkage groups (a total of 83 chromosomes 
have been characterized in Pacific lamprey based on a linkage map and shown in numbers on this figure; the sea lamprey genome assembly 
is comprised mostly of super scaffolds (≥1 Mb) anchored to 94 linkage groups (chromosomes), Smith et al. (2018). The first 94 numbered 
sea lamprey scaffolds (scaff) represent defined linkage groups and the larger numbers are unanchored scaffolds. The asterisks indicate the 
synteny between Pacific lamprey and sea lamprey for concentrations of outlier loci
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mapped to chromosome 02, had strongest association to body size 
traits at Bonneville Dam. In contrast, the WFA♀ and WFA♂ data sets 
had fewer total significant associations with body size traits across 
the four adaptive chromosome regions. The WFA♀ and WFA♂ data 
sets significant associations to body size traits were concentrated on 
chromosome 02 and chromosome 04, and of these chromosomes, 
SNPs on chromosome 04 appeared to have the strongest associa-
tions with body size traits, and primarily with length and weight. For 
WFA♂, similar to the length and weight traits, male gonad size was 
also associated with chromosome 04 and chromosome 02 SNPs, 
which is probably due to the high intercorrelation observed among 
these traits. Overall, the results support strong association of SNPs 
with body size traits, primarily length and weight, compared to other 
intercorrelated traits (e.g., migration timing and migration distance). 
The chromosome that showed the highest association with body 
size was chromosome 02 and these associations were greatest in 
the data sets from furthest upstream locations (T_BON, S_BON, and 
JDD). This chromosome 02 association with body size was consist-
ent among data sets located both within and outside the Columbia 
River basin (Parker et al., 2019).

The genotypes in the chromosome 02 adaptive region (SNP 
Etr_5317) in the T_BON data set were also predictive of average 
lengths, such that the average size of homozygotes for large body 
size alleles “AA”, heterozygotes “AC”, and homozygotes for small body 
size alleles “CC” were 677, 627, and 592 mm, respectively (Figure 3a). 
Although the average body sizes differed across sites and sexes (WFA♀ 
were larger on average than WFA♂), the trends were consistent be-
tween data sets (Figure  3a). Further, similar genotype and average 
length associations have been detected in Pacific lamprey collected 
from the Klamath River (634, 602, and 557 mm for the AA, AC, and CC 
genotypes at Etr_5317, respectively; Parker et al., 2019).

3.2.2 | Female sexual maturity

Female gonad size was significantly associated with chromosome 01 
and none of the other three adaptive regions in the WFA♀ collection 
(Table 2, Figure 2). This finding is concordant with Parker et al. (2019) 
who also resolved a significant association between female gonad 
size and chromosome 01. The average gonad sizes associated with 
genotypes at candidate SNP Etr_464 (chromosome 01) were 25, 20, 
and 18 g for the AA, AC, and CC genotypes, respectively (Figure 3b). 
While gonad mass was less in the Klamath River collection, catego-
rizations by genotype were consistent (average egg mass of 13, 7, 
and 6 g for the AA, AC, and CC genotypes at Etr_464, respectively; 
Parker et al., 2019).

3.2.3 | Swimming ability and larval growth rate

No significant associations were observed on the four adaptive chro-
mosome regions or any of the other chromosomes for the short-term 
swimming performance trials or the larval growth rates (Table 2).

3.3 | Genotypic prediction of phenotypic traits and 
potential gene-interaction effects

In most of the trait associations, the representative candidate SNPs 
chosen on the four adaptive chromosome regions (Etr_464, Etr_5317, 
Etr_1806, and Etr_4281 on chromosomes 01, 02, 04, and 22, respec-
tively) represented above average genotype-by-phenotype associa-
tions of all 34 of the significant SNPs on these four chromosomes. In 
many cases, these four SNPs lie at the extreme end of the range of 
observed p-values (Table S8).

Parker et al. (2019) found evidence for epistatic interactions that 
involved loci on chromosomes 01 and 04 (referred to previously as 
linkage groups D and B, respectively), which were found to represent 
the model with highest predictive ability for the female maturity trait 
(or ocean- and river-maturing ecotypes). We used single SNP locus 
representatives for each chromosome and conducted gene inter-
action tests for the maturity and body-size candidate loci following 
Parker et  al.  (2019, Appendix S1). For both traits, the model with 
highest support was a single locus model such that Etr_464 (chro-
mosome 01) and Etr_5317 (chromosome 02) were the loci with high-
est predictive ability for the female maturity and adult total length 
traits, respectively (Table S9).

3.4 | Overlap of genomic divergence and 
association mapping

The range-wide FST values that were mapped to the male Pacific 
lamprey genome were plotted by genomic position with the subset 
of SNPs used in the association testing for the two traits with con-
sistent strong associations (i.e., adult total body length as measured 
at Bonneville Dam “T_BON” and female gonad size as measured at 
Willamette Falls “WFA♀”; Figure 2a,b). For chromosomes 01 and 02, 
the adjusted −LOG10(P) values from the association tests were highly 
correlated with the genomic divergence as measured by FST for the 
female gonad size and adult body size traits, respectively (Figure 2a, 
b). We quantified the overlap of genomic divergence and trait as-
sociation by regressing range-wide FST and the adjusted −LOG10(P) 
values for the 302 SNPs in the GT-seq panel. These 302 SNPs show 
positive linear trends for both traits, but the linear trends with high-
est slope and R2 were observed for SNPs on chromosomes 01 and 
02 for the gonad size and body length traits, respectively (Figure S4). 
These results suggest that the high geographic divergence exhibited 
by SNPs on chromosomes 01 and 02 may be related to selection on 
the traits with which these same SNPs are highly associated.

3.5 | Functions enriched within adaptive 
chromosome regions

The mammalian phenotype terms showed some significant tests for 
enrichment based on the overlap of annotated genes from the four 
chromosome regions (Table S10). The top three terms with lowest 
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p-value from our list of 98 candidate genes on chromosome 01 
(which is associated with maturity) were abnormal social investiga-
tion, abnormal blood urea nitrogen level, and induced hyperactivity. 
The three top terms output for our list of 260 genes on chromo-
some 02 (which is associated with body size traits) were short tibia, 
decreased brown fat cell lipid droplet size, and Purkinje cell degen-
eration. The phenotypes in fishes did not show significant Fisher's 
exact tests for enrichment of terms, although for chromosome 01, 
the top three ranked phenotypic terms (based on combined score, 
Chen et al., 2013) may be relevant to the associations we observed 
in this study. These terms were reproductive behavior, response to 
absence of light, and entrainment of circadian clock by photoperiod 
(Table S11).

3.6 | Extrapolation of spatial and temporal 
distribution of phenotypic traits based on 
candidate SNPs

One general pattern observed consistently across candidate SNPs 
(e.g., Etr_464 on chromosome 01 and Etr_5317 on chromosome 02) 
was a divergence between coastal and interior collections (Figure 4). 
This pattern was most evident within the Columbia River basin, where 
both candidate SNPs increased in one allelic variant with increasing 
distance from the river mouth (Figure S5). The most dramatic increase 
was with the frequency of the allelic variant of Etr_5317 associated 
with large adult body-size (“A” allele) from ~10% at the river mouth to 
near fixation (~98%) upstream of river kilometer 644. A more moder-
ate increase was observed for the allelic variation of Etr_464 associ-
ated with small gonad size (40%–95% shift in “C” allele from the river 
mouth to river kilometer 644). Similar clines were observed within the 
Willamette River subbasin of the Columbia River (Figure S5), such that 
strong linear trends were observed with a change in frequencies 53% 
to 77% (Etr_464, R2 = .42) and 22% to 61% (Etr_5317, R2 = .87) over 
the span of 180 river kilometers. We classified all collections of the 
spatial data set into putative “Mature” and “Premature” forms based on 
the whether the Etr_464 mature allele frequency was ≥50% or <50%, 
respectively (Table S1). We also classified all collections of the spatial 
data set into putative “Small” and “Large” body-size forms based on the 
whether the Etr_5317 large body-size allele frequency was <50% or 
≥50%, respectively (Table S1).

Intra-annual temporal heterogeneity was observed at Willamette 
Falls among the adult Pacific lamprey returning in run years 2014 and 
2015. The abundance of the AA genotype of Etr_464 (chromosome 01) 
associated with large gonad size arrived earlier than the CC genotype 
associated with small gonad size (Figure 5a, b). When the abundance of 
each run year was divided into equal halves, we estimated that the AA 
genotype decreased by 3× and 2× between the first and second halves 
of the run in 2014 and 2015, respectively (Figure 5a, b). This decrease 
was significant based on nonoverlapping 95% confidence intervals 
(C.I.) of the relative abundances estimated for individuals with the AA 
genotype in the first and second halves of the run in 2014 (i.e., 26.8% 
AA fish comprised the early run, 22.2%–31.5 95% C.I.; and 7.9% of AA C

at
eg

or
y

Tr
ai

t
D

at
as

et

Ch
ro

m
os

om
e 

01
Ch

ro
m

os
om

e 
02

Ch
ro

m
os

om
e 

04
Ch

ro
m

os
om

e 
22

N
P_

N
Av

g.
Ra

ng
e

N
P_

N
Av

g.
Ra

ng
e

N
P_

N
Av

g.
Ra

ng
e

N
P_

N
Av

g.
Ra

ng
e

M
at

ur
ity

G
on

ad
W

FA
♀

13
8

1.
8

1.
6–

1.
9

12
0

22
0

7
0

Sw
im

m
in

g
A

pp
ro

ac
h

S_
BO

N
13

0
12

0
22

0
7

0

Pa
ss

S_
BO

N
13

0
12

0
22

0
7

0

Pa
ss

re
p

S_
BO

N
13

0
12

0
22

0
7

0

N
ot

e:
 p

-v
al

ue
s 

w
er

e 
ad

ju
st

ed
 fo

r m
ul

tip
le

 te
st

in
g 

us
in

g 
th

e 
Be

nj
am

in
i a

nd
 H

oc
hb

er
g 

(1
99

5)
 fa

ls
e 

di
sc

ov
er

y 
ra

te
 a

nd
 th

en
 tr

an
sf

or
m

ed
 w

ith
 −

Lo
g1

0(
P)

. T
he

 −
Lo

g1
0(

P)
 v

al
ue

s 
w

er
e 

sh
ad

ed
 li

gh
t t

o 
da

rk
 to

 
in

di
ca

te
 c

rit
ic

al
 v

al
ue

s 
of

 1
.3

, 2
.0

, a
nd

 3
.0

 c
or

re
sp

on
di

ng
 to

 a
lp

ha
 le

ve
ls

 o
f 0

.0
50

, 0
.0

10
, a

nd
 0

.0
01

, r
es

pe
ct

iv
el

y.
 In

cl
ud

ed
 in

 th
is

 ta
bl

e 
ar

e 
th

e 
to

ta
l n

um
be

r o
f l

oc
i (

N
) g

en
ot

yp
ed

 o
n 

ea
ch

 c
hr

om
os

om
e,

 
th

e 
nu

m
be

r o
f l

oc
i w

ith
 s

ig
ni

fic
an

t a
dj

us
te

d 
p-

va
lu

es
 (P

 N
), 

an
d 

th
e 

“a
ve

ra
ge

” a
nd

 “r
an

ge
” o

f −
Lo

g1
0 

(P
) v

al
ue

s 
ac

ro
ss

 lo
ci

 w
ith

 s
ig

ni
fic

an
t a

dj
us

te
d 

p-
va

lu
es

. S
ee

 M
et

ho
ds

 te
xt

 fo
r t

ra
it 

de
fin

iti
on

s.
 A

 m
or

e 
de

ta
ile

d 
Ta

bl
e 

is
 a

va
ila

bl
e 

in
 th

e 
A

pp
en

di
x 

S1
.

TA
B

LE
 2

 
(C

on
tin

ue
d)



3850  |     HESS et al.

fish comprised the late run, 4.5%–11.8 95% C.I.) and 2015 (i.e., 26.8% 
AA fish comprised the early run, 22.2%–31.5 95% C.I.; and 7.9% of AA 
fish comprised the late run, 4.5%–11.8 95% C.I.).

For the genotypes at Etr_5317 (chromosome 02) associated with 
adult body-size we did not observe consistent intra-annual trends 
across years (Figure  S6). Genotype proportions at Etr_5317 were 
similar for both halves of the runs in 2014 and 2015; further, all 
of these relative proportions did not show significant changes be-
tween halves of the run in 2015 based on overlap of the 95% C.I. 
(Figure S7). However, when we paired phenotypic body-size with the 
genotypes at Etr_5317, we observed a relatively large and consistent 
trend of a decrease in proportions of AA and AC genotypes that ex-
hibited phenotypic small body-sizes (“ShortAA/AC”) across the runs 
in 2014 and 2015 (Figure 5c,d). We estimated that the ShortAA/AC 
fish decreased by >2.5× between the first and second halves of the 

run (Figure 5a, b). This large decrease of ShortAA/AC fish was signif-
icant based on nonoverlapping 95% CI of the estimated proportions 
for this category of individuals (Figure  S7) in the first and second 
halves of the run in 2014 (i.e., 46.8% ShortAA/AC fish comprised 
the early run, 41.1%–52.8 95% CI; and 16.2% of ShortAA/AC fish 
comprised the late run, 10.9%–21.7 95% CI) and 2015 (i.e., 56.7% 
ShortAA/AC fish comprised the early run, 49.1%–64.2 95% CI; and 
20.8% of ShortAA/AC fish comprised the late run, 13.7%–28.5 95% 
CI). On the basis of multiyear observations of migration patterns, 
we infer that this category of AA and AC Etr_5317 genotype with 
phenotypic small body size is a proxy for fish that exhibit advanced 
maturity. Association testing conducted on pre-mature adults with 
genotypes AC and AA at Etr_5317 (e.g., at Bonneville Dam) demon-
strated strong association with intermediate to large adult body-
size, respectively. However, Willamette Falls data sets contained 

F I G U R E  2   Manhattan plots of SNP positions on the male Pacific lamprey gametic genome of (a) chromosome 01 and (b) chromosome 
02. FST values among range-wide collections generated in LOSITAN are indicated on the primary y-axis (grey). The critical FST value of 0.07 is 
indicated by the grey dashed line (SNPs above this line were considered outliers p > .995). The −LOG10(P) values from association testing are 
indicated on the secondary y-axis (black), and show values from (a) testing gonad size in females for the WFA♀ data set and (b) testing adult 
body size for the T_BON data set. The solid black line was used to distinguish the group of SNPs with labeled names used for association 
testing from the larger number of SNPs used for range-wide divergence mapping (i.e., grey dots). Further, the representative candidate SNPs 
used in subsequent analyses (Figures 3–5) are indicated with a square. The critical value of 1.3 −LOG10(P) indicates the adjusted p-values 
using the Benjamini and Hochberg (1995) false discovery rate for alpha = 0.05
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mixtures of fish in varying states of maturity. Since these fish tend 
to shrink in body size as they reach maturity, these AC and AA gen-
otypes can also be found at Willamette Falls in adults with relatively 
small-body size (i.e., total length in the lower 50% of the length dis-
tribution). Our proxy for fish with advanced maturity (AA and AC 
Etr_5317 genotype with phenotypic small body-size) made it possi-
ble to demonstrate that these fish arrive shortly before spawning as 
compared to premature fish that spend several months in freshwater 
prior to spawning (Figure 5c, d).

4  | DISCUSSION

4.1 | Phenotypic trait associations explain existence 
of genomic islands of divergence on chromosomes

Trait associations with adult body-size metrics and female gonad 
size (a proxy for maturity) appear to explain the presence of high 

levels of genomic divergence on two of the four major adaptive 
chromosome regions in Pacific lamprey (i.e., chromosomes 01 and 
02). Genotype-phenotype association testing across multiple data 
sets from the Columbia and Klamath River basins consistently had 
strong association of body size with chromosome 02. Using samples 
from the Klamath River in California, Parker et al. (2019) associated 
the maturity trait (“ocean” and “river-maturing” ecotypes) with mark-
ers we have now mapped on chromosome 01. In this study, the as-
sociation has been extended geographically to include Willamette 
Falls, in Oregon City, OR. We have evidence, particularly on chro-
mosome 01, that the divergent alleles on these chromosomes are 
tightly linked across extensive genomic regions because they are 
captured within inversions that are polymorphic in the species. This 
concentrated genomic architecture could be key to the landscape 
genetics and apparent local adaptation for this highly dispersive and 
near panmictic species. The genotype-by-phenotype associations 
of candidate markers were exploited for their predictive ability to 
extrapolate putative distributions of the phenotypes across the spe-
cies’ range. These predicted phenotypic distributions provide insight 
into how these traits may be heterogeneously distributed in space: 
ocean-mature and small-bodied lamprey appear concentrated in 
coastal streams, whereas stream-mature and large-bodied lamprey 
are concentrated in interior streams. These phenotypes also appear 
temporally heterogeneous based on their arrival at Willamette Falls 
where stream-mature fish return to freshwater long before spawn-
ing in contrast to ocean-mature fish that arrive shortly before spawn-
ing. This predicted heterogeneity of the spatiotemporal distribution 
of maturity and body size traits provides a basis for understanding 
what combinations of traits may be optimally suited for particular 
freshwater habitats across the species’ range.

4.2 | Genetic architecture of Pacific lamprey 
body forms

The genetic architecture underlying these traits related to body 
size and maturity is highly concentrated. However, this result is 
somewhat expected given the high degree of gene flow exhibited 
in Pacific lamprey (Spice, Goodman, Reid, & Docker,  2012). When 
natural selection is strongly acting on a particular trait in the face 
of high gene-flow, the genes involved in the trait tend to become 
highly concentrated and physically linked within the genome. 
Concentrated genetic architecture (i.e., few quantitative trait loci, 
QTL, of large effect) has been predicted to evolve under a set of 
conditions that include, among other factors, higher rates of gene 
flow between diverging populations compared to conditions leading 
to more diffuse genetic architecture (i.e., many QTL of small effect, 
Yeaman & Whitlock, 2011). We have previously found that the adap-
tive genetic markers were statistically linked (i.e. exhibited linkage 
disequilibrium within populations) and that allowed categorization of 
these markers into four groups of linked loci (groups A, B, C, and D; 
Hess et al., 2013). Now we can confirm that groups previously char-
acterized as A, B, C, and D loci (Hess et al., 2015; Parker et al., 2019) 

F I G U R E  3   Average total body length (a) and average gonad 
weight (b) for genotypes at the representative candidate SNPs 
on chromosome 02 and chromosome 01, respectively. For each 
point, the sample size and standard error bars are shown. Data set 
abbreviations as in Table 1
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localize to chromosomes 02, 04, 22, and 01, respectively, out of 
a total of 83 chromosomes characterized based on a linkage map 
(Smith et al., 2018). Further, we observed that several of these chro-
mosomes have one or more inversion alleles that distinguish the 
species from a noninverted state (based on sea lamprey) and appear 
polymorphic within the species (based on alignments between male 
and female Pacific lamprey genome assemblies). These inversions 
appear to coincide with the adaptive SNPs identified as FST outliers, 
particularly for the cases of chromosome 01 and 02, which suggests 
that polymorphic inversions may play an important role in the adap-
tation of Pacific lamprey to local environments. Since recombination 
is highly reduced, the fitness conferred by these inverted haplotypes 
can help maintain them as a polymorphism in a population through 
both forces of balancing and divergent selection (Faria et al., 2019; 
Pearse et al., 2019; Wellenreuther & Bernatchez, 2018).

4.3 | Targets of selection

Although the phenotypes that we measured and observed in as-
sociation with candidate SNPs cannot be concluded to be the 
causal variants that are the actual targets of selection, we can use 

the genotype-by-phenotype associations to guide future research 
aimed to identify these targets. Further, we can also narrow down 
some traits and life stages that do not appear relevant to any ob-
served adaptive variation. For example, the adaptive genetic vari-
ation had no predictive ability for the short-term swimming ability 
of migration-phase adult lamprey at Bonneville Dam or the growth 
differences among young-of-year larvae. These two cases of failure 
to reject a null hypothesis help narrow down the search for a mech-
anism that manifests in large body size adults that tend to travel 
further upstream to spawn (a trait highly associated with genes on 
chromosome 2). These genes apparently do not confer adult swim-
ming endurances, at least for the short timeframe that could be 
tested in swim trials at Bonneville Dam. Further, these adult body 
size differences do not translate to faster growth in young of year 
larvae. However, these adult body size differences could be influ-
enced by differential growth at older life stages; prey selection, 
length of time in the ocean, or ocean distribution probably affect 
growth (Clemens et al., 2019). It will require further investigation of 
multiple life stages in both freshwater and the ocean to understand 
Pacific lamprey life history strategies. For the maturity trait, gene 
ontology could suggest other traits to examine as potential targets 
of selection including circadian rhythm.

F I G U R E  4   Interpolated candidate gene distribution map for prediction of maturity (Etr_464, left) and body size (Etr_5317, right) 
phenotypic trait distributions. Dots indicate the locations of the 57 collections used for this spatial data set (Table S1). Allele proportions 
are colour coded from low to high proportions of the C allele for Etr_464 and the A allele for Etr_5317 which are associated with premature 
(“stream-mature”) female gonad and large adult body size, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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4.4 | Trait comparisons with other 
anadromous fishes

Despite strong differences in philopatry and population genetic 
structure, there are similarities between the Pacific lamprey 
ecotypes and those of steelhead trout (anadromous Oncorhynchus 
mykiss) and Chinook salmon (O. tshawytscha), as described by Parker 
et  al.  (2019). In this study, we observed even greater similarities 
with steelhead of these ecotypes in the Willamette River than were 
apparent in the Klamath River Pacific lamprey. Notably, like steel-
head (Hess, Zendt, Matala, & Narum,  2016), the Pacific lamprey 
ocean- and river-maturing ecotypes exhibit seasonal separation 

where premature fish return to freshwater long before spawning 
in contrast to mature fish that arrive shortly before spawning. Also 
similar to steelhead (Micheletti, Hess, Zendt, & Narum, 2018), the 
Pacific lamprey ocean-maturing form is only distributed in coastal 
regions and the river-maturing ecotype is distributed further inland. 
However, it is unknown whether inland migrating Pacific lamprey 
exhibit both early and late arrival to spawning grounds as observed 
for inland migrating steelhead (Micheletti et al., 2018) and Chinook 
salmon (Narum, Di Genova, Micheletti, & Maass, 2018). Finally, 
although we found no evidence that the homologous genes were 
conserved with salmonids, Pacific lamprey ecotypes were associ-
ated with a single locus of major effect as shown in steelhead (Hess 

F I G U R E  5   Temporal distributions of candidate SNPs for characterizing phenotypes of the adult Pacific lamprey migration at Willamette 
Falls. The timing of AA versus CC genotypes at Etr_464 demonstrates relative migration of the “mature” and “premature” ecotype for both 
(a) 2014 and (b) 2015 runs. The line charts (a–b) indicate the relative abundance of genotypes at Etr_464 across statistical weeks and the pies 
indicate the relative proportions of those genotypes for first and second halves of the run. The migration timing of the AA and AC genotypes 
at Etr_5317 of fish that were phenotypically small-bodied “ShortAA/AC” versus phenotypically large-bodied “LongAA/AC” was relatively 
early and late, respectively, for both (c) 2014 and (d) 2015 runs. Late stages of maturation cause body size shrinkage (Clemens et al., 2009) 
and so even genotypes associated with large and intermediate body size (i.e., genotypes AA and AC at Etr_5317) can exhibit relatively short 
body lengths in the lower 50% distribution of length (“ShortAA/AC”) when they mature. The line charts (c–d) indicate relative abundance of 
the “Short” and “Long” phenotypes of the Etr_5317 genotypes and the pies indicate the relative proportions of those phenotype-genotype 
groups for the first and second halves of the run
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et al., 2016; Micheletti et al., 2018) and Chinook salmon (Prince et al. 
2017; Narum et al., 2018).

The adult body size trait that was associated with chromosome 
02 genes in Pacific lamprey may share similarities with the age-at-ma-
turity trait described in Pacific salmon (McKinney et al., 2019), steel-
head (Copeland, Ackerman, Wright, & Byrne,  2017), and Atlantic 
salmon (Salmo salar, Barson et al., 2015). In salmonids, the number 
of consecutive years spent in the ocean before returning to freshwa-
ter as a mature adult is highly correlated to body size (e.g., Chinook 
salmon, Lewis, Grant, Brenner, & Hamazaki, 2015). It has also been 
shown that larger, older Chinook and Sockeye salmon (O.  nerka) 
tend to arrive earlier at Bonneville Dam compared to the smaller 
1-ocean-age adults (Anderson & Beer, 2009). Similarly, larger Pacific 
lamprey arrive earlier at Bonneville Dam than the smaller bodied 
forms (Keefer et al., 2009, 2013), which may be related to life history 
decisions in seasonal environments. The primary growth of Pacific 
lamprey occurs during the ocean phase of the lamprey's parasitic life 
cycle and so bigger lamprey may also be older in ocean age. There 
is not yet an accurate way to measure the total age or ocean age of 
lampreys since they lack bony structures, but this hypothesis could 
be tested once an aging method is developed (e.g., statolith micro-
structure). Collectively, the convergence of traits in salmonids and 
lamprey suggest strong tradeoffs between allocation of resources in 
capital breeding fishes, whereby long distance migration constrains 
maturation schedules and in at least some cases (e.g., lamprey) body 
size.

4.5 | Hypothesis testing framework

Pacific lamprey genetic traits and their associated phenotypes 
appear to be inherited independently and may occur in combina-
tions that manifest as different life history strategies to fit unique 
ecological conditions throughout the species’ range. For example, 
in the Willamette River basin there is relatively high diversity of 
traits and nearly equal portions of genetic variants associated with 
alternate forms of small and large-bodied adults and ocean- versus 
river-maturing ecotypes. The following multiple strategies appear 
to be represented: (a) stream-maturing small- and large-bodied 
fish that have overwintered below the Falls; (b) ocean-maturing 
small- and large-bodied fish that arrive shortly before spawning 
above the Falls; and (c) stream-maturing small- and large-bodied 
fish that arrive after June and ascend the Falls. The fact that 
there are four separate chromosomes with important adaptive 
genes (some with undetermined trait associations) provides for 
the possibility that various combinations of adaptive variants at 
these four chromosomes could underpin a multitude of life his-
tory strategies. Patterns in the occurrence of the two phenotypic 
traits we emphasized in this study suggest that Pacific lamprey life 
history traits may exhibit differential fitness across the range. For 
example, extrapolation predicts a predominance of large-bodied, 
stream-maturing forms in northern B.C. and the interior Columbia 
River, small-bodied ocean- and stream-maturing forms in Puget 

Sound, intermediate-bodied ocean- and stream-maturing forms in 
the lower Columbia, and large-bodied ocean- and stream-maturing 
forms in the southern coastal range. This provides a hypothesis 
testing framework to examine the incidence likelihoods of life his-
tory traits across the range, and understand factors driving opti-
mization of these traits.

In conclusion, we identified four chromosomes that appear to 
contain adaptive regions and represent genomic islands of diver-
gence across the species’ range. Although there may be other ge-
nomic islands of divergence that we have not yet identified, it is 
unlikely that other regions will harbor similar magnitudes of diver-
gence at broad geographic scales. Characterization of adaptive ge-
nomic divergence in general terms is relatively easy compared to the 
efforts involved in characterizing phenotypic variation. It is the latter 
effort that is sorely needed for future insights into the evolution-
arily important traits for this species. Of the phenotypes we antici-
pate would be difficult to characterize but especially illuminating for 
testing associations with the four genomic islands would be spawn 
timing, marine duration, marine distribution, and prey preference. 
Some of these traits may be the true target phenotypes of selection, 
for which the traits we found to be most important in this study (i.e., 
body size and female gonad size) probably serve as proxies.

Nonetheless, we have provided information on how at least two 
traits related to body size and maturity may be optimally selected 
for suites of ecological conditions across the species’ range. This 
type of trait information addresses some of the critical uncertain-
ties that have needed further clarification to increase the success 
of restoration activities that are currently being implemented in the 
Columbia River basin and other regions. Despite the fact that this 
species seems to maintain high rates of gene flow across broad geo-
graphic regions and should be resilient to loss of genetic diversity, 
these results underscore the importance in maintaining life history 
diversity and the genes that underlie it to allow this species to oc-
cupy and persist in its range effectively.
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