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Abstract 

Lampreys on the West Coast of North America are an understudied group of native fishes. 

Many West Coast lamprey populations are in decline, but the lack of historical data and 

poor fundamental scientific understanding of these fishes obstruct conservation efforts. 

Taxonomic uncertainty is prevalent across the entire lamprey lineage, in part due to 

patterns of life history variation (i.e. migration, parasitism) and associated morphological 

diversity (i.e. body size, oral disc dentition). In some cases, different life history variants 

are accurately classified as distinct species, but in other cases, these life history variants 

co-occur within the same species. As genetic tools were developed, some taxonomic 

uncertainty has been resolved; however, previous research has been limited to few 

genetic markers and included few samples from California. This study utilizes 

mitochondrial phylogenetics and molecular species delimitation methods in tandem with 

phylogenomics and population genomic analyses to investigate species diversity, 

evolutionary relationships, and genomic diversity of lampreys in California (Entosphenus 

spp. and Occidentis spp.). Study results show relatively shallow divergences between 

Entosphenus species, deep divergences between Occidentis species, and high species 

richness in Occidentis in California, including two novel species found in the Napa River 

and Alameda Creek. In Entosphenus, results largely support current taxonomy, except 

the unnamed Goose Lake lamprey, which is not genetically distinct from E. lethophagus. 

Genomic differentiation across E. tridentatus individuals is isolated to a putative 

chromosomal inversion region, which is associated with variation in reproductive maturity 

timing. Study results advance our understanding of lampreys and inform conservation 

management.
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Chapter 1: Lampreys in California (Lampetra spp. and 
Entosphenus spp.): Mitochondrial phylogenetic analysis reveals 
previously unrecognized lamprey diversity 
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Chapter 1: Supplementary Files 
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Chapter 2: Phylogenomics and Population Genomics of Lampreys 
(Occidentis spp.) in California’s Central Valley 
Abstract: 

Biodiversity loss disproportionately impacts freshwater ecosystems, and lampreys are an 

important, yet often overlooked component of freshwater biodiversity. Lamprey (Entosphenus 

spp. and Occidentis spp.) populations in California are understudied, but evidence suggests 

many populations are in decline. Knowledge gaps, including taxonomic uncertainty, inhibit 

conservation action for lampreys in California. Though genomic tools have been utilized to study 

Entosphenus tridentatus, genome-wide patterns have not yet been characterized in Occidentis. 

To characterize the genomic diversity of Occidentis in California, we generated reduced-

representation genomic sequence data for individuals in the Occidentis genus collected from the 

San Francisco Bay Delta and the Sacramento and San-Joaquin River basins (N=131). 

Phylogenetic analyses at genome-wide SNPs confirmed the same deep phylogenetic 

divergences within Occidentis originally observed using single-gene mitochondrial DNA 

analyses. Phylogenetic results and estimates of genomic differentiation support the designation 

of the two lineages from the Napa River and Alameda Creek as novel species. Population 

genomic analyses showed that the migratory (anadromous) species, O. ayresii, is genetically 

homogenous across sampling locations in the San Francisco Bay Delta and Sacramento River 

basin, supporting the hypothesized lack of strict natal homing in this species. Each of the other 

species (O. hubbsi, Napa Occidentis sp., and Alameda Occidentis sp.) were each only found at 

one location, strongly supporting that these three species are non-migratory and each have a 

small, geographically restricted range. Estimates of nucleotide diversity for O. hubbsi, Napa 

Occidentis sp., and Alameda Occidentis sp. were similar to estimates for O. ayresii, which 

indicates these non-migratory lineages have maintained genetic diversity despite being 

relatively small and isolated. The taxonomic clarification and identification of novel species 
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provided by this study are fundamental for future research, monitoring, and conservation action 

to protect lampreys in California and across the West Coast. 

 

Introduction: 

Freshwater ecosystems provide habitat to disproportionately high levels of biodiversity (Tickner 

et al. 2020), and biodiversity loss in freshwater habitats is occurring up to three times faster than 

in terrestrial and marine habitats (Birnie-Gauvin et al. 2023). These losses are accelerated in 

systems that are heavily exploited by humans (Woodward et al. 2010). Existing legislative 

frameworks to protect freshwater diversity are species-specific (i.e. Endangered Species Act) 

and require clearly defined units of biodiversity (i.e. species, subspecies, distinct population 

segments). Therefore, the current system for conservation is not effectively leveraged for 

lineages with taxonomic uncertainty, like lampreys on the West Coast of North America.   

Once-abundant lamprey populations in freshwater systems across the West Coast of North 

America have dwindled over the last 50-75 years (Close et al. 2002, Wicks-Arshack et al. 2018). 

Lampreys in California inhabit the southernmost portion of their range on the West Coast, and 

populations at the edge of their natural species ranges are often at a higher risk of local 

extirpation or extinction (Wilson et al. 2005). Northward range contraction has already been 

documented for Pacific Lamprey (Entosphenus tridentatus; Reid and Goodman 2016), which 

highlights the urgent need to protect lampreys in California’s freshwater systems, especially in 

the face of accelerating climate change, a major driver of range shifts. This need for lamprey 

conservation in California is increasingly recognized, but conservation action is inhibited, 

especially within the Occidentis genus (formerly Lampetra; Carim et al. 2024), by the lack of 

clearly defined taxonomic units. 

Recent genetic studies on lamprey diversity across the globe have shown that taxonomic 

classifications based on morphology are often inaccurate, both over- and under-estimating 

species diversity (Spice et al. 2018, Docker and Potter 2019, Roguemont et al. 2021, Auringer 
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et al. 2023, Carim et al. 2024). Much of the taxonomic uncertainty within each genus is related 

to the life history variation in lampreys. Adult lampreys exhibit life history variation on two major 

axes: migratory type and feeding type. In many lamprey genera, there is one anadromous, 

parasitic species that gives rise to one or more closely related non-migratory, non-parasitic 

lineages. Original species descriptions based on morphology classified these non-migratory, 

non-parasitic lampreys as separate species given significant differences in adult body size, 

pigmentation, and oral disc dentition between these two life history types (Renaud 2011; Potter 

et al. 2015). Genetic data revealed that this classification is accurate in some cases (Docker 

and Potter 2019, Auringer et al.  2023), but in others, these migratory and non-migratory 

lineages maintain gene flow and should be classified as life history variants within the same 

species (i.e. European River Lamprey and European Brook Lamprey; Roguemont et al. 2021). 

Understanding the patterns of speciation in Occidentis will not only improve the accuracy of 

taxonomic classifications, but will also provide insight into the evolutionary processes that 

generate and maintain biodiversity. 

Occidentis ayresii, an anadromous, parasitic species, is widely distributed in coastal watersheds 

across the West Coast from Alaska to the Sacramento-San Joaquin Delta (Moyle 2002). Until 

recently, the sympatric, non-migratory counterpart to O. ayresii was classified as a separate 

species, O. richardsoni. However, genetic studies comparing O. ayresii and O. richardsoni from 

the northern latitudes of the West Coast found no species-level differentiation and 

recommended classifying these life history variants as part of the same species (Docker et al. 

2016, Carim et al. 2023). Interestingly, patterns of speciation in Occidentis seem to differ in the 

northern and southern portion of the O. ayresii range. The non-migratory counterpart (i.e. O. 

richardsoni) maintains gene flow with O. ayresii in the north, while further south, O. ayresii gives 

rise to several genetically divergent lineages (Auringer et al. 2023).  

Recent studies have begun to close knowledge gaps in Occidentis taxonomy through 

mitochondrial DNA (mtDNA) phylogenetic and species delimitation analyses (Carim et al. 2023, 
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Auringer et al. 2023, Carim et al. 2024) and genetic monitoring using markers that distinguish 

between life history variants within Occidentis ayresii (Silver et al. 2025). Mitochondrial DNA is 

widely used for estimating phylogenetic relationships because of its advantages over nuclear 

DNA. Due to the higher mutation rate in mtDNA, a single mitochondrial gene is more informative 

of evolutionary relationships between closely related taxa than a nuclear gene of the same 

length (Rubinoff and Holland 2005). Additionally, mtDNA is maternally inherited and does not 

usually recombine, which allows new mutations to reach fixation more quickly in mtDNA than 

nuclear DNA. These properties of mtDNA facilitate direct tracing of maternal lineages. However, 

analyses based on mtDNA have several important limitations that can obscure phylogenetic 

relationships (Ballard and Whitlock 2004; Waters et al. 2010; Lukic et al. 2021). Because 

mtDNA only reflects the maternal lineage, hybridization is not accurately reflected in mtDNA 

analyses, and in cases of sex-biased dispersal, mtDNA markers are likely to overestimate 

divergences (Rubinoff and Holland 2005). Other potential issues include selection on 

mitochondrial genes, lack of resolution in deep divergences due to substitution saturation, and 

nuclear mitochondrial DNA segments (NUMTs) (Ballard and Whitlock 2004). In general, studies 

that rely on one or few genes (mitochondrial or nuclear) only capture a very small portion of the 

variation found across the entire genome and can misrepresent patterns of diversity such that a 

phylogenetic tree based on one gene does not match the overall species tree (Degnan and 

Rosenberg 2009). 

Conducting phylogenetic and population genetic analyses on multiple markers across the 

nuclear genome can help overcome limitations of mtDNA, and no previous research has 

investigated Occidentis in California using genome-wide nuclear data. Determining accurate 

evolutionary relationships and taxonomic classifications within Occidentis is critical for future 

research because it is required to leverage legislative frameworks (i.e. Endangered Species 

Act) in order to guarantee protections for these native species. To fill this fundamental need, this 

study uses genome-wide SNP (single nucleotide polymorphism) data obtained from RADseq 
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(restriction-site associated DNA sequencing) to investigate inter- and intra-specific diversity, 

clarify evolutionary relationships, and contextualize the observed patterns of speciation within 

the Occidentis genus in California. 

 
Methods: 

Study area: California’s freshwater systems are extensively interrupted by dams, and natural 

flows are diverted via major water diversions for agriculture and municipal demands. Canals and 

aqueducts often export significant proportions of a river’s water, and in extreme cases, such as 

in the San Joaquin River, as much as 80% of total freshwater is extracted, causing the 

mainstem to frequently run dry for long stretches, up to 240 km (Lacán and Resh 2016). This 

study investigates Occidentis across the highly modified Sacramento and San Joaquin River 

basins and the San Francisco Bay Delta (Figure 2.1). 

The Sacramento River, Napa River, and Alameda Creek all drain into the San Francisco Bay. 

The Sacramento River is the largest river in California, and the second largest on the West 

Coast after the Columbia River. The Sacramento River drains over 26,000 square miles in 

northern California, provides 35% of municipal water for all of California and irrigates over 2 

million acres of agricultural land (Lacán and Resh 2016). Samples were collected from the Yolo 

Bypass and the mainstem of the Lower Sacramento River near Knights Landing. The American 

and Feather Rivers are tributaries to the Sacramento River. Tissue samples were collected from 

the American River east of Sacramento near Watt Ave and from the Feather River downstream 

of Oroville.  

The Napa River (North Bay) drains approximately 425 square miles in Napa Valley, most well-

known for its vineyards. As the wine industry exploded in Napa in the 1970s, the demand for 

water from the Napa River also rapidly increased. Napa River discharges through the Napa 

Sonoma marsh into San Pablo Bay, part of the broader San Francisco Bay-Delta system. 

Tissue samples were collected north of the city of Napa. 
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Alameda Creek is the third-largest tributary that flows into the San Francisco Bay via a 12-mile 

concrete waterway. Geological features indicate that Alameda Creek is a relatively ancient 

antecedent stream (1 MYA; Sloan 2006). Alameda Creek drains approximately 650 square 

miles of East Bay interior hills and valleys. Three million San Francisco Bay Area residents get 

their drinking water from Alameda Creek, and additional water is diverted for grazing and 

vineyards. Tissue samples were collected near the Sunol Regional Wilderness below Calaveras 

Reservoir. 

The Kings River historically drained into the Tulare Lake basin, but this basin experienced the 

most extreme water diversions for agricultural production. In the Tulare Lake basin, all water is 

extracted via canals and aqueducts; there is no longer a natural surface water pathway out of 

the watershed (Brown & Moyle 2005). The Kings River is the largest river draining the Sierra 

Nevada mountain range and was historically isolated from the Sacramento-San Joaquin but 

canal construction in the 1870s piped water from the Kings River to the San Francisco Bay via 

the San Joaquin River. Kings River tissue samples were collected downstream of Pine Flat 

Dam.  

Sample collection: Tissue samples were collected opportunistically by ongoing salmonid 

monitoring programs across the state of California in 2018 and 2019. Field sampling methods 

varied, but most samples came from rotary screw traps. The larval life stage was targeted 

because this would allow us to infer approximate natal origin. Lampreys do not exhibit strict 

natal homing behavior, so collections of adults from one stream would likely represent 

individuals from many different natal origins, complicating the investigation of genetic structure 

using geography of sampling locations. Though larval individuals were the primary focus, some 

adult specimens were included in the study to serve as reference individuals for adult 

morphological species identification. Most samples collected for this study were in the larval 

phase and not identified to species in the field; many were not identified to the genus level; 

therefore, our collections included both Entosphenus and Occidentis. 
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Genetic Sample Identification: To validate the field identifications provided and to determine 

which of the collected samples belonged to the Occidentis genus, a subset of individuals that 

were included in the RADseq library were sequenced at the mitochondrial cytochrome b (cyt b) 

gene, and these sequences were compared to publicly available sequences from voucher 

specimens confirmed to be members of the Occidentis genus (Auringer et al. 2023). Because 

not all individuals within the RADseq data set were included in the cyt b sequencing, there were 

still many samples unidentified to the genus level. The individuals identified to species (or at 

least genus) using the cyt b sequences served as reference individuals to classify all samples in 

the RADseq dataset by species or at least genus. 

Data collection: 

Genomic DNA (gDNA) was extracted from all lamprey tissue samples (N=480) collected in 

2018-2019 using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s 

protocol. Samples from each location were divided across plates to reduce plate effects in 

downstream analyses.  Samples were normalized to each contain 50 ng of gDNA and the 

BestRAD protocol (Ali et al. 2016) was used to prepare samples for sequencing. Genomic DNA 

was digested with the SbfI restriction enzyme, and adaptors with individual barcodes were 

ligated to the ends of digested gDNA. AMPure XP magnetic beads were used to wash away 

unligated adaptors and any fragments without adaptors. Individually barcoded samples were 

then pooled into one library and sonicated to obtain fragments within the target size range (200-

500bp). Fragment size was confirmed with gel electrophoresis and size selection was 

performed using Dynabead M-280 streptavidin magnetic beads to wash away any non-target 

fragments. The remainder of library preparation was performed using the NEBNext Ultra II DNA 

Library Prep Kit for Illumina, following the manufacturer’s protocol. The final library fragment 

size was confirmed with gel electrophoresis and DNA concentration was quantified with a Qubit 

(Thermo Fisher). Short-read high-throughput sequencing was performed on one lane on an 

Illumina HiSeq 4000x using paired-end 150 bp sequences. The sequencing was carried out by 
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the DNA Technologies and Expression Analysis Core at the UC Davis Genome Center, 

supported by NIH Shared Instrumentation Grant 1S10OD010786-01. 

Data processing: 

Raw reads were demultiplexed and aligned to the Pacific lamprey (Entosphenus tridentatus) 

reference genome (Etrf_v1; somatic genome; Hess et al. 2020) using the mem algorithm in bwa 

(Li & Durban 2009) Two genome assemblies are available for E. tridentatus, but the other 

version (Etrm_v1; Hess et al. 2020) was assembled from germline cells. In E. tridentatus, 

portions of the germline genome are eliminated from somatic cells in a process called 

programmed genome rearrangement (Timoshevskiy et al. 2017). Because gDNA for this study 

was extracted from somatic cells, data was aligned to the somatic genome assembly to avoid 

mapping errors. 

Alignment, mapping quality, and coverage was calculated in SAMtools (Li et al. 2009). BAM files 

were sorted, indexed, and PCR duplicates were removed using SAMtools. Reads with low 

mapping quality (MAPQ < 20) were removed and individuals with poor coverage (<100,000 total 

mapped reads) were dropped from further analysis. Single nucleotide polymorphisms (SNPs) 

were called using the likelihood ratio test in ANGSD (Korneliussen et al. 2014) if they had a 

minimum minor allele frequency of at least 0.05, if the SNP was present in at least 50% of 

individuals, and if the SNP p-value <1.0E-12. Sites with poor raw sequence quality (sequence 

quality PHRED score <20) and poor mapping quality (map quality PHRED score <20) were 

excluded from further analyses. 

Genotype likelihoods were used when possible to reduce biases related to genotyping errors in 

low-coverage, reduced-representation genomic sequencing data. Genotype likelihoods were 

calculated using the GATK model in ANGSD, and posterior probabilities were calculated for 

each site using allele frequencies as a prior. Genotype likelihoods were carried forward for 

analyses when posterior probabilities > 0.95. 
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When genotypes were required for analysis (rather than genotype likelihoods), an individual 

would only be assigned a genotype at a SNP if that individual’s data included at least 8 

sequencing reads (8x per-site, per-individual coverage) to reduce genotype error associated 

with low coverage data.  

Data analyses: 

We performed Principal Component Analyses (PCA) using the single-read sampling approach 

in ANGSD (-doIBS). This method randomly samples a single read at each SNP for each 

individual to estimate the covariance matrix. Principal components (PCs) were calculated from 

the covariance matrix and PCA plots were created in R (v. 4.5.0; R Core Team 2025).  

Eigenvalues were calculated and scree plots were generated in R to determine the optimal 

number of principal components to retain. We utilized a hierarchical approach to investigate 

genomic clustering at multiple levels (i.e. genus, species, population). First, we conducted PCA 

on: a) all individuals (both genera), b) all individuals in the Occidentis genus, and c) all 

individuals within each putative species. 

Maximum likelihood phylogenetic analysis was run in RAxML (Stamatakis 2014) using SNP 

genotype data (coverage >8x). Specifically, the analysis used the GTRGAMMA model of 

nucleotide substitution with an ascertainment bias correction (ASC_GTRGAMMA) using the 

Lewis correction method to account for the absence of invariant sites in SNP input data. Node 

support was assessed using rapid bootstrapping (1000 replicates). All Occidentis individuals 

(N=131) were included in phylogenetic analysis, and one E. tridentatus individual was included 

as an outgroup. After exporting SNP genotypes from ANGSD in PLINK format and converting 

from PLINK to VCF, SNPs were filtered by missingness (maximum 25% missing data across all 

individuals) in VCFtools. Then, SNPs in high linkage disequilibrium (r2> 0.25; calculated in 

windows containing 1000 SNPs) were removed using BCFtools. The resultant VCF file was re-

headered with sample names and converted to PHYLIP format, then input into RAxML. The 
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resulting maximum likelihood consensus tree was midpoint rooted and visualized using the R 

package ggtree (Yu et al. 2017).  

Population genomic summary statistics (𝜋, FST, and Edwards genetic distance) were calculated 

in snpR (Hemstrom and Jones 2023) using SNP genotype data. In these analyses, SNPs were 

filtered by coverage (excluded if per-site, per-individual coverage >8x), missingness (excluded if 

missing data >0.25), and SNPs were pruned to one SNP per 50 kb. For each of these three 

population-level metrics (𝜋, FST, and Edwards genetic distance), weighted averages were 

calculated to reduce bias introduced by varying levels of missing data between individuals. 

Individuals (N=10) collected from multiple sites in the Delta were combined into one population 

due to their close geographic proximity and limited sample sizes at each specific sample 

location. Few individuals were collected from the Lower American River (N=1) and Feather 

River (N=2) sampling locations, so we did not estimate nucleotide diversity within these sites. 

These sites were included in FST and genetic distance analyses despite their small sample sizes 

because they provide valuable insight into the connectivity between mainstem and tributary 

populations.  

 

Results: 

Illumina sequencing generated 115,696 Megabases of raw data, and 88% of all bases had a 

PHRED quality score >30. After alignment, the average number of mapped reads per individual 

was 729,355 reads. Within Occidentis, this average was 733,847, compared to 725,590 in 

Entosphenus. The average per-individual coverage of RAD loci was 6x.  Twenty-four individuals 

(5% of total samples) were dropped from further analysis due to poor sequencing coverage 

(<100,000 total mapped reads). 

Principal Component Analysis (PCA) including all samples (Entosphenus and Occidentis; 

N=456) and all SNPs that passed minimum quality filters (177,046 SNPs) showed that the 

largest axis of variation (PC1; 59.2%) split the samples into two groups that corresponded to the 
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two genera (Entosphenus: N = 325; Occidentis: N = 131; Figure 2.S1). Within Occidentis 

(N=131 individuals; 113,025 SNPs), PC1 and PC2 split samples into three main clusters: 1) O. 

ayresii, 2) O. hubbsi, and 3) Napa Occidentis sp. and Alameda Occidentis sp. (Figure 2.2a). 

Subsequent principal components (PC2 and PC3) split samples similarly, but split samples from 

the Napa River and Alameda Creek into distinct clusters (Figure 2.S2). The scree plot for PCA 

within Occidentis (Figure 2.S3) supports retaining the first three principal components. Within O. 

ayresii (N = 78 individuals; 82,592 SNPs), no clear clustering pattern is observed with PCA 

(Figure 2.S4).  

Phylogenetic analysis included all Occidentis samples (N = 131) and SNPs that passed 

coverage and missingness filters (N = 975). One E. tridentatus individual was included as an 

outgroup, but all other Entosphenus individuals were excluded. Results support patterns 

observed in hierarchical PCA analyses. Four reciprocally monophyletic lineages are observed: 

1) O. ayresii, 2) O. hubbsi, 3) Alameda Occidentis sp., and 4) Napa Occidentis sp. (Figure 2.2c). 

Bootstrap support for each of these nodes is ≥	95%, and bootstrap support was below 75% for 

any other nodes. Within O. ayresii, all samples across sampling locations form one large 

polytomy. 

Population genomic analysis including data across 7,841 SNPs showed that within-lineage 

nucleotide diversity (𝜋) was similar across all four main lineages, but was highest in O. ayresii 

(𝜋 = 0.28), lower in Alameda Occidentis sp. (𝜋 = 0.26), and Napa Occidentis sp. (𝜋 = 0.25), and 

lowest in in O. hubbsi (𝜋 = 0.23) (Table 2.1). Estimates of pairwise FST and Edwards genetic 

distance showed high levels of divergence between all four lineages and very little genomic 

divergence within O. ayresii across sampling sites (Table 2.2). 

 

Discussion:  

We found that Occidentis is characterized by relatively deep divergences between the migratory 

O. ayresii and all other lineages, corroborating the pattern observed in mtDNA analyses 
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(Boguski et al. 2012; Auringer et al. 2023; Carim et al. 2023). Occidentis ayresii were primarily 

found in estuarine habitat and lower reaches of freshwater systems. No genomic structure by 

geographic location was observed within O. ayresii. The other highly divergent lineages (O. 

hubbsi, Napa Occidentis sp., and Alameda Occidentis sp.) were each found at a single location 

where O. ayresii was absent, suggesting speciation was driven by isolation from O. ayresii and 

the resultant lineages are most likely non-migratory species with geographically restricted 

ranges. Genome-wide analyses support the designation of Napa Occidentis sp., and Alameda 

Occidentis sp. as distinct species. The geographic ranges of these two candidate species have 

not been delineated, but they are likely endemic to the north (Napa) and south (Alameda) 

regions of the San Francisco Bay Delta. Endemic species are generally at higher risk of 

extinction than widely distributed species, especially in the face of climate change (Manes et al. 

2021). High levels of endemism are observed across native fishes in California, and these 

endemic lampreys in Occidentis further highlight the need for conservation action to protect 

lampreys and all of California’s endemic freshwater fishes. 

Evolutionary relationships observed in this study broadly support previous phylogenetic work 

investigating Occidentis. Several of the lineages observed in this study were also reported in 

past work (Boguski et al. 2012; Auringer et al. 2023; Carim et al. 2024), and this study shows 

relatively high levels of genomic differentiation between them. Notably, the distinct Occidentis 

lineages originally sampled by Boguski et al. (2012) from Clear Lake, the Russian River, and 

Paynes Creek are absent in this study due to inability to obtain additional samples from these 

locations. Future targeted sampling in these areas will allow for a more complete understanding 

of the species diversity of Occidentis.  

Due to the opportunistic nature of sample collection, this study was not designed to 

systematically assess species distribution; however, we can draw some reasonable inferences 

about how O.  ayresii utilizes freshwater habitat in the Central Valley. Though this study focuses 

on Occidentis, Entosphenus tridentatus is the most widely studied species on the West Coast 
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and serves as a useful reference point when discussing O. ayresii. The described species 

ranges of E. tridentatus and O. ayresii overlap extensively, both within California and across the 

West Coast of N. America. Entosphenus tridentatus has a larger body size and is considered a 

more proficient swimmer than O. ayresii, so within-river occupancy likely differs between these 

two anadromous lampreys. For this study, both E. tridentatus and O. ayresii were collected in 

tandem, which allows us to clarify where species ranges overlap at a finer scale.  

O. ayresii was observed less frequently overall (N=78; 17% of total samples) than E. tridentatus 

(N=290; 64% of total samples), and O. ayresii was found at fewer sampled locations (6 sites; 

38% of total sites) than E. tridentatus (11 sites; 69% of total sites). Within the Sacramento River, 

the farthest upstream tributary sampled for this study was the Feather River, where both O. 

ayresii and E. tridentatus were present. However, only three O. ayresii individuals were 

collected from Sacramento River tributaries, and the majority (N=75; 96%) of all O. ayresii 

samples collected were concentrated in the Delta and mainstem Sacramento River, suggesting 

that O. ayresii heavily uses estuarine habitat and the lower reaches of the mainstem, but utilizes 

the upper reaches of the system to a lesser extent. These results support previous findings that 

O. ayresii tends to stay closer to the coastline than E. tridentatus, both in freshwater systems 

(i.e. largely inhabiting estuaries and lower reaches of coastal rivers) and during the marine 

phase (i.e. most likely to occupy shallow waters close to shore), while E. tridentatus was 

primarily found deeper in the water column and found both at nearshore and offshore marine 

sampling sites (Weitkamp et al. 2023).  

Although both E. tridentatus and O. ayresii were both present across the Sacramento River 

basin, a different pattern is observed in the San Joaquin River basin. Here, E. tridentatus was 

found in the Mokelumne, Stanislaus, and Tuolumne Rivers (Auringer et al. 2023), but O. ayresii 

was absent from all of these tributaries to the San Joaquin River. O. ayresii was collected from 

Sherman Lake, a lake at the confluence of the Sacramento and San Joaquin Rivers, and from 

the very lower reaches of the San Joaquin River within the Delta, but was not found any further 
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upstream. This suggests that O. ayresii might not enter the San Joaquin River system, while E. 

tridentatus utilizes tributaries in the San Joaquin basin relatively extensively (126 individuals 

collected across three tributaries; Auringer et al. 2023). Considering the patterns of O. ayresii 

habitat use in the Sacramento River (occupancy primarily in the Delta and lower reaches of the 

mainstem), it is possible that O. ayresii is utilizing the mainstem San Joaquin, but samples for 

this study were only collected in the tributaries and very lower reaches of the San Joaquin within 

the Delta. Future collections in the San Joaquin basin should target the lower reaches of the 

mainstem San Joaquin River to determine whether O. ayresii is utilizing this habitat. 

Within O. ayresii, no population structure was observed between locations. However, the 

geographic scope of this study is limited to the southernmost region of the species range, which 

extends northward to the Alaskan coast. In this study, O. ayresii was found at eight sampling 

locations that are all geographically proximate (all within the Sacramento-San Joaquin Delta and 

the lower reaches of the Sacramento River). Previous mtDNA work supported the presence of 

two distinct phylogenetic clades within O. ayresii in California – one spanning the northern coast 

of California and the other found in the San Francisco Bay Delta and California’s Central Valley 

(Auringer et al. 2023). Notably, when analyzed with mtDNA sequences from range-wide 

samples, the support for two phylogenetic clades decreases (Carim et al. 2024). Occidentis 

ayresii samples from the northern coast were not available for this study, so our results are 

unable to refute or support the existence of these two phylogenetic clades with genome-wide 

data. Further research using genome-wide data with samples across the entire geographic 

range will clarify patterns of population structure within O. ayresii.  

While O. ayresii appears to be restricted to the Delta and Sacramento River basin, other 

species in the Occidentis genus are present outside this region. Occidentis hubbsi is found in 

the upper San Joaquin River, and was found in this study in the Kings River, the only upper San 

Joaquin tributary sampled. Additionally, two candidate species occur in the Napa River and 

Alameda Creek, respectively. The presence of Occidentis species in Alameda Creek, the Napa 
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River and the Kings River suggests that O. ayresii previously utilized more upstream sections of 

California’s freshwater systems, but populations in the upper reaches of the system became 

isolated from the broader O. ayresii populations. 

Auringer et al. (2023) proposed that these distinct lineages in Alameda Creek and Napa River 

warrant species descriptions based on mtDNA molecular species delimitation analyses. 

Additional molecular species delimitation work including Occidentis sequences from a broader 

geographic range across the West Coast still consistently delimited Alameda Creek and Napa 

populations as distinct species (Carim et al. 2024).  In this study, phylogenetic analysis of 

genome-wide data shows that these lineages are reciprocally monophyletic, and the FST and 

genetic distance estimates (Table 2.2) demonstrate that these two candidate species show 

similar levels of divergence as those observed between O. hubbsi (a known species) and all 

other lineages. These findings increase support for the designation of Napa Occidentis sp. and 

Alameda Occidentis sp. as distinct species. Additional work, specifically morphological 

descriptions of adult individuals representing these populations, is needed to formally describe 

these two lineages as species. More collections from neighboring streams in the region will be 

important to delineate species ranges of Napa Occidentis sp. and Alameda Occidentis sp. 

Evolutionary forces seem to be impacting O. ayresii differently in its northern range and 

southern range, and this is most clearly demonstrated by the genetic relationship between life 

history variants. At southern latitudes, the freshwater-resident forms tend to become isolated 

and speciate, while at northern latitudes, gene flow is maintained between life history variants. 

In the northern portion of the O. ayresii species range, the migratory, parasitic form and 

freshwater-resident, non-parasitic form (previously classified as separate species) were found to 

be very genetically similar and were recently re-classified as one species (Boguski et al. 2012, 

Carim et al. 2023, Carim et al. 2024). The freshwater-resident form within O. ayresii, now 

referred to by the common name Western Brook Lamprey, is found frequently at these northern 

latitudes. 
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In contrast, at more southern latitudes, Western Brook Lamprey are uncommon. In Oregon, 

three genetically divergent freshwater-resident species are observed: O. pacifica, and two 

candidate species from Suislaw River and Fourmile Creek (Reid et al. 2011, Boguski et al. 

2012, Carim et al. 2023). Further south, in California, this pattern becomes more extreme, with 

six genetically divergent freshwater-resident species: O. hubbsi and five candidate species from 

Napa River, Alameda Creek, Paynes Creek, Clear Lake, and the Russian River (Boguski et al. 

2012, Auringer et al. 2023, Carim et al. 2024). In this study, all freshwater-resident individuals 

presumed to be Western Brook Lamprey (based on morphology) were found to be part of 

lineages that are highly genetically divergent from O. ayresii.  

The variation in the number of species-level divergences from O. ayresii at different latitudes 

suggests that each non-migratory population sits somewhere along the speciation continuum 

and the evolutionary trajectory of each is highly dependent on the specific system and how gene 

flow with the migratory lineage is impacted. Glaciation was much more extensive at northern 

latitudes during the Last Glacial Maximum (Smith et al. 2010), which may also explain the 

higher species diversity at more southern latitudes. Additionally, the high species diversity within 

Occidentis in California may be explained by the hydrology and topography of California, which 

is associated with high levels of endemism in freshwater fish (Moyle 2002, Ball et al. 2013). 

California has many endemism hotspots, generally characterized by geographical, 

topographical, or hydrological features that can explain the tendency of divergent lineages to 

accumulate. However, neither the Napa River nor Alameda Creek are considered highly 

isolated systems that would accumulate deeply divergent lineages. Both Alameda Creek and 

the Napa River are in the same hydrologic region (i03 regions used by California Department of 

Water Resources; Figure 2.1) and same zoogeographic subprovince (Moyle 2002). Genetic 

differentiation between the northern and southern regions of the San Francisco Bay has been 

observed in other fishes at the population level (rainbow trout; Leitwein et al. 2017) and 

subspecies level (sculpin; Moyle and Campbell 2022). However, the deep, species-level 
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divergences observed between Napa Occidentis sp. and Alameda Occidentis sp. reflect a 

unique evolutionary process. 

Interestingly, E. tridentatus was found in both the Napa River and Alameda Creek and was 

genetically homogenous across these sites and throughout the Central Valley, but O. ayresii 

was not found in the Napa River or Alameda Creek. These results highlight that the evolutionary 

forces that drove speciation in Occidentis in this region did not impact Entosphenus in the same 

way. One possible explanation is that limited migration and dispersal in Occidentis (compared to 

Entosphenus) increases the likelihood of isolation and speciation in Occidentis. Occidentis 

ayresii has a smaller body size and is a weaker swimmer than E. tridentatus, so the migratory 

form in Entosphenus may simply be more capable of accessing habitat and therefore is more 

likely to maintain some level of gene flow with freshwater-resident forms even amidst periods of 

isolation. Additionally, the larger population size of E. tridentatus compared with O. ayresii 

increases the likelihood of E. tridentatus re-connecting with a temporarily isolated population. 

Further research is needed to understand the differences in diversification and speciation 

between Occidentis and Entosphenus. Studies investigating the migratory behavior of O. ayresii 

will help answer these evolutionary questions as well as provide insight into migration timing for 

O. ayresii in California, which is currently unknown. Future genomic work expanding the 

geographic scope beyond California to the entire West Coast will allow for a more 

comprehensive investigation of within-species diversity across the entire O. ayresii range. 

Sequencing and assembling the O. ayresii genome is another important next step for lamprey 

research.  Additionally, as sequencing costs decrease, whole-genome sequencing will be 

feasible for future studies, which would eliminate the limitations of reduced-representation 

sequencing (i.e. non-uniform and incomplete genome coverage) and allow for investigation of 

structural variation that likely plays an important role in lamprey diversity. 

 

Conclusion: 
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California holds a high proportion of the known diversity within Occidentis. Though little is known 

about these lampreys, we do know they all rely heavily on the freshwater systems in the San 

Francisco Bay-Delta and the Central Valley, which means these lampreys are experiencing the 

same threats as all freshwater fishes in California’s ultra-modified waterways. Thus, Occidentis 

populations may be declining and are likely vulnerable to the effects of climate change. Action is 

needed to protect the diverse lampreys of California, but fundamental knowledge gaps obstruct 

conservation initiatives focused on lampreys. This study provides phylogenomic resolution for 

several taxonomically ambiguous lineages and improves our understanding of how Occidentis 

species are utilizing freshwater habitat to facilitate informed conservation management 

decisions about lampreys in California.   
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Figure 2.1. Map of sample locations at three scales: a) California state boundary, 
b) total study area, and c) San Francisco Bay-Delta. Yellow outlines represent the 
10 major geographic areas that the California Department of Water Resources 
uses to manage water resources (i03 Hydrologic Regions; based on river basins 
and watershed boundaries). 
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c) 

Figure 2.2. Genomic variation and phylogenetic relationships of 
Occidentis individuals (N=131) across study area. Points colored 
by sampling location. (a) Principal component analysis of all 
Occidentis individuals. (b) Simplified map of sampling locations 
(c) Maximum likelihood phylogenetic tree using SNP genotypes 
(genotypes called if individual per-site coverage ≥	8x). Nodes with 
<50% bootstrap support are collapsed to polytomies, and 
bootstrap support values >50% displayed. 
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Sample Location 
Sample 
Size 

Nucleotide 
Diversity (𝝅) 

Delta 9 0.278 
Feather River 2  
Lower Sacramento River 38 0.275 
Lower American River 1  
Yolo Bypass 28 0.276 
Napa River 20 0.251 
Alameda Creek 15 0.257 
Kings River 18 0.229 

Table 2.1. Sample size and average nucleotide diversity 
within each sample site (four Delta sites combined here). 

Table 2.2. Pairwise average FST values (above diagonal) and Edwards 
genetic distance values (below diagonal) comparing all sampling sites (four 
Delta sites combined here).  

Low 

High 
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Figure 2.S1. Principal component analysis of all Occidentis and Entosphenus 
individuals. Points representing individuals in the Occidentis genus are colored by 
sampling location (refer to Figures 2.1 and 2.2). Grey points represent 
Entosphenus individuals. 
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Figure 2.S2. Principal component analysis (PC2 and PC3) of all Occidentis 
individuals. Points are colored by sampling location (refer to Figures 1 and 2).  
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 Figure 2.S3. Scree plot for principal component analysis of all Occidentis 

individuals.  
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Figure 2.S4. Principal component analysis of all O. ayresii individuals. 
Points are colored by sampling location (refer to Figures 2.1 and 2.2).    
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Chapter 3: Genomic patterns of differentiation across 
Entosphenus in California 
Abstract 
Lampreys are an understudied lineage of native fishes in California. Two genera of lampreys 

(Entosphenus and Occidentis) are found in the state, but diversity within each genus is poorly 

understood. In California, three valid species and one unnamed species within Entosphenus are 

recognized based on morphology. Entosphenus tridentatus and E. similis are parasitic species 

and E. lethophagus is a non-parasitic species. The Goose Lake lamprey is an unnamed 

parasitic species of conservation concern. Single-locus mitochondrial DNA studies investigating 

species diversity have not supported these taxonomic classifications, but genome-wide patterns 

of Entosphenus across California remain unknown. This study uses genome-wide SNP data 

from Entosphenus individuals sampled across California to evaluate divergence between and 

diversity within species. Results support E. lethophagus and E. similis as distinct species from 

E. tridentatus, but we did not find evidence of genomic differentiation to warrant the designation 

of Goose Lake lamprey as a distinct species from E. lethophagus. Within E. tridentatus, no 

genome-wide differentiation was observed across sampling sites, supporting the findings of 

previous studies. However, divergence was observed between E. tridentatus individuals within a 

putative inversion region of chromosome 1 that is associated with adaptive variation. These 

findings clarify taxonomic uncertainty, inform management unit delineation, and highlight the 

importance of monitoring and conserving adaptive genomic variation across lampreys in 

California. 

 

Introduction 

Conservation of native lampreys on the West Coast of North America is inhibited by a lack of 

knowledge. The limited evidence we have about lampreys indicates that populations are 

declining due to habitat loss, land-use change, altered flow regimes, degraded water quality, 
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and climate change (Wang et al. 2020). These factors threaten many native fishes, but lamprey 

conservation efforts are at a unique disadvantage because historical misperceptions of 

lampreys have left gaps in our fundamental understanding of these species (Clemens and 

Wang 2021). 

Native lampreys are an important part of biodiversity and provide multiple ecosystem benefits. 

However, since European colonization lampreys have typically been considered “pest” fish by 

non-Indigenous peoples. As the environmental conservation movement gained traction amongst 

European settlers, salmonids and other native fishes were studied, monitored, and endangered 

species were legally protected. Meanwhile, lampreys were ignored at best, and at worst, rivers 

and streams were treated with poison in lamprey eradication efforts, which occurred as recently 

as the 1970s (Petersen 2006). 

Historical misperceptions of lampreys likely contributed directly to population decline but also 

resulted in a deficit of historical data and a gap in peer-reviewed literature evaluating threats to 

these fishes. The Endangered Species Act (ESA), the primary U.S. legislative framework for 

ecological conservation, cannot be leveraged for data-deficient taxa because it requires specific 

documentation of population decline or scientifically verified evidence of threats. Additionally, 

taxonomic uncertainty is prevalent throughout the lamprey lineage, and units of biodiversity (i.e. 

species, subspecies, distinct population segment) must be clearly defined to be eligible for 

listing under the ESA. In 2003, a petition was submitted to list four West Coast lamprey species 

as threatened or endangered under the ESA, but this petition was rejected due to the lack of 

information and undefined distinct population segments (USFWS 2004). This highlighted the 

urgent need for more research on lampreys.  

Several lamprey characteristics present logistical challenges to conducting scientific studies. 

Survey methods for other fishes may not be suitable for lampreys because they typically spend 

the first 3-9 years of their life cycle burrowed in sediment at the bottom of the streambed 

(Docker and Potter 2019). During this larval phase, all species start out very small and remain 
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morphologically similar until the juvenile phase, so species identification of larvae in the field can 

be difficult (Maitland et al. 2015). Life history variation and distinguishing morphological features 

become evident in the adult phase, but lampreys can be elusive during this phase as well, as 

they generally stay close to the bottom of the streambed and are primarily active at night 

(Clemens et al. 2017). 

In response to the rejected ESA petition, the Pacific Lamprey Conservation Initiative was 

formed, which led to the development of lamprey-specific research methodology, launched 

monitoring and management programs to advance lamprey conservation, and substantially 

increased our scientific understanding of West Coast lampreys (Wang and Schaller 2015). 

Despite the increase in lamprey research, many knowledge gaps remain. Most studies have 

focused on one species, Pacific lamprey (Entosphenus tridentatus), a large (adults: 96–800 mm 

total length), anadromous, parasitic, highly dispersive species that is found in coastal drainages 

throughout the West Coast from California to Alaska and around the Pacific Rim as far as Japan 

(Renaud 2011). Several Indigenous communities in the Pacific Northwest rely on E. tridentatus 

for food sovereignty and cultural practices (Shoeships 2014; Wicks-Arshack et al. 2018). Sharp 

population declines were initially unnoticed, except by these Indigenous Peoples, who can no 

longer fish for this once-abundant species at many of their traditional harvest sites (Close et al. 

2002). These Indigenous stewards were integral to the formation of the PLCI and continue to 

lead lamprey conservation efforts. Though research on E. tridentatus has increased significantly 

since the PLCI was established, much of this progress has been limited to the watersheds of 

Washington and Oregon. 

Southern California is the southernmost boundary of the E. tridentatus range, and though range-

edge populations are especially vulnerable to climate change, they may act as reservoirs of 

critical diversity required for a species to adapt to changing environments (Rehm et al. 2015). 

Therefore, studying range-edge populations is particularly important; however, most research 

on E. tridentatus takes place in the center of the species range. Furthermore, E. tridentatus in 
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California may be particularly at risk given that California’s waterways are heavily impacted by 

anthropogenic modifications, and dams prevent E. tridentatus from accessing approximately 

40% of their historical habitat (Reid and Goodman 2020). Improving our understanding of E. 

tridentatus in California is essential for range-wide conservation. 

Two other valid Entosphenus species are found in California: E. similis (Klamath River 

Lamprey), E. lethophagus (Pit-Klamath brook lamprey), and one unnamed species, Goose Lake 

lamprey (Entosphenus sp.). Entosphenus similis is a small-bodied (136–269 mm total length), 

parasitic species with a limited range in the Klamath River basin (Renaud 2011). The migratory 

behavior of E. similis is not well-documented; this species is not anadromous but may migrate 

shorter distances within freshwater in the Klamath River basin. Entosphenus lethophagus is a 

non-parasitic, non-migratory species found in the Pit River, Goose Lake basin, and the upper 

Klamath River basin. Goose Lake lamprey (Entosphenus sp.), found exclusively in the Goose 

Lake basin, has not been formally described, but was recognized as distinct based on 

morphology (Hubbs 1925). Goose Lake lamprey is thought to contain at least some parasitic 

individuals with similar dentition patterns to E. tridentatus, but with much smaller body size and 

different pigmentation (Hubbs 1925, Moyle 2002).  

Previous studies have not been able to distinguish between Entosphenus species using genetic 

markers (Docker et al.  2007), and phylogenetic work has also shown very low levels of 

divergence between species within Entosphenus in California (Auringer et al. 2023). However, 

previous research has been largely limited to one or few mitochondrial markers. A recent 

phylogenomic study supported at most four distinct clades within Entosphenus despite sampling 

six described Entosphenus species (Hughes et al. 2025). This study estimated that all 

Entosphenus species have diverged relatively recently (~1.6 mya; Hughes et al. 2025), which 

may explain the genetic similarity across Entosphenus species, especially in studies relying on 

highly conserved genes. 
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Some early genetic studies indicated that E. tridentatus was genetically homogenous, (Docker 

et al. 2007, Goodman et al. 2008), but others found evidence of genetic differentiation between 

specific regions and an overall pattern of isolation by distance (Lin et al. 2008, Spice et al. 

2012). This initial research was limited to one or few genetic markers, and results seemed to 

vary depending on the loci used and the geographic scope. Despite these variations in genetic 

results, all studies concurred that E. tridentatus does not exhibit natal homing, which is unusual 

for species with long-distance migration. Hypotheses about drivers of genetic differentiation in 

E. tridentatus include limited dispersal during the marine phase (Spice et al. 2012) and ecotypic 

variation, possibly related to migration timing (Clemens et al. 2017).  

Ecotypic variation in body size (Kostow 2002) and reproductive maturation (Clemens et al. 

2013) has been identified in E. tridentatus and genetic loci have been associated with these 

ecotypes (Hess et al. 2014, Parker et al. 2019). Hess et al. (2020) produced the first genome 

assemblies of E. tridentatus and found very high levels of gene flow across the species range, 

but determined that ecotypic and other adaptive genetic variation is maintained in ‘genomic 

islands of divergence’. One such genomic region on chromosome 1 (chr1) is of particular 

interest in this study. Hess et al. (2020) found evidence that this region is likely a polymorphic 

chromosomal inversion in E. tridentatus and SNPs within this region are associated with 

variation in reproductive maturity. Though this is a putative chromosomal inversion, this region 

(chr1: position 9908655 – 15463359) will be referred to as “chr1 inversion” in this study. 

Despite advances in genomic resources and research on E. tridentatus, genome-wide patterns 

of divergence across Entosphenus in California remain unknown. This study utilizes reduced-

representation genomic sequence data to further investigate divergence patterns between E. 

tridentatus, E. similis, E. lethophagus, and Goose Lake lamprey to clarify taxonomic 

classifications and evaluate genomic diversity within each species, particularly E. tridentatus. 

 

Methods 
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Study Area: This study investigates Entosphenus across the San Francisco Bay-Delta, 

Sacramento and San Joaquin river basins (the Central Valley), the Klamath River basin, and the 

Goose Lake basin. The Sacramento and San Joaquin rivers drain into the San Francisco Bay. 

The Sacramento River is the largest river (by discharge) in California, and the second largest on 

the West Coast of the United States of America after the Columbia River. The Sacramento 

River drains over 26,000 square miles in northern California, provides 35% of municipal water 

for all of California and irrigates over 2 million acres of agricultural land (Lacán and Resh 2016). 

The San Joaquin River is smaller and highly diverted; as much as 80% of total freshwater is 

extracted (Lacán and Resh 2016). The extreme demand for freshwater in the Central Valley of 

California and resultant dams and diversions have severely reduced and degraded fish habitat, 

particularly for anadromous species, such as E. tridentatus. 

The Klamath River drains over 15,000 square miles in Oregon and northern California, and is 

considered an important region for biodiversity conservation (DellaSala et al. 2026). Native 

species richness is very high in the Klamath-Siskiyou region across plant and animal kingdoms 

(DellaSalla et al. 1999), and the Klamath River basin provides important habitat for several 

endemic fishes (Moyle 2002), including marbled sculpin (Cottus klamathensis) and Klamath 

speckled dace (Rhinichthys klamathensis klamathensis). Though municipal demand is less 

extreme than in the Central Valley because of less urbanization surrounding the Klamath River, 

contentious disputes over water rights in the Klamath have been ongoing since the Gold Rush. 

One of the largest dam removal projects in the world was completed in 2024 with the removal of 

four large Klamath River dams (Hancock 2026). Samples for this study were collected before 

dam removal, but will provide a valuable pre-dam removal reference point for future work. 

Goose Lake is a high-desert, endorheic lake that is typically isolated, though in very wet years, it 

can overflow into the Pit River watershed (Moyle 2002). In dry years, it can desiccate 

completely. Though Goose Lake was previously connected to the Klamath River, it has been 

disconnected for 1-3 million years. The Goose Lake basin is another region with a unique fish 
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assemblage, which is expected given the long isolation from other basins. In this study, samples 

from the Goose Lake basin include samples from Lassen Creek, a tributary in California and 

from several tributaries in Oregon (Figure 3.S1). Due to the small sample size at each tributary 

in Oregon, the sample location is referred to as ‘Goose Lake’ for all samples from Oregon 

tributaries (Figure 3.1). Notably, this study only includes samples collected from tributaries, not 

from Goose Lake itself, but previous records indicate lampreys are found in the lake as well 

(Hubbs 1925; Moyle 2002). 

Sample collection: Tissue samples were collected opportunistically by ongoing salmonid 

monitoring programs across the state of California between 2018 and 2024. Field sampling 

methods varied, but most samples came from rotary screw traps. The larval life stage was 

targeted because this would allow us to infer approximate natal origin. Because E. tridentatus 

does not exhibit natal homing behavior, collections of adults from one stream would likely 

represent individuals from many different natal origins, complicating the investigation of genetic 

structure using geography of sampling locations. Though larval individuals were the primary 

focus, some adult specimens were included in the study to serve as reference individuals for 

adult morphological species identification. Because most samples collected for this study were 

in the larval phase, many were not identified to species or even genus level in the field. Initial 

collections included both Entosphenus and Occidentis, but all Occidentis individuals were 

identified and excluded from analyses. Locations for all Entosphenus collections are displayed 

in Figure 3.1.  

Data collection: Genomic DNA (gDNA) was extracted from all lamprey tissue samples (N=666) 

using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol. 

Samples from each location were divided across plates to reduce plate effects in downstream 

analyses. Samples were normalized to each contain 50 ng of gDNA and the BestRAD protocol 

(Ali et al. 2016) was used to prepare samples for sequencing. Genomic DNA was digested with 

the SbfI restriction enzyme, and adaptors with individual barcodes were ligated to the ends of 
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digested gDNA. AMPure XP magnetic beads were used to wash away unligated adaptors and 

any fragments without adaptors. Individually barcoded samples were then pooled into one 

library and sonicated to obtain fragments within the target size range (200–500 bp). Fragment 

size was confirmed with gel electrophoresis and size selection was performed using Dynabead 

M-280 streptavidin magnetic beads to wash away any non-target fragments. The remainder of 

library preparation was performed using the NEBNext Ultra II DNA Library Prep Kit for Illumina, 

following the manufacturer’s protocol. The final library fragment size was confirmed with gel 

electrophoresis and DNA concentration was quantified with a Qubit (Thermo Fisher). Short-read 

high-throughput sequencing was performed on two lanes on an Illumina HiSeq 4000x using 

paired-end 150 bp sequences. The sequencing was carried out by the DNA Technologies and 

Expression Analysis Core at the UC Davis Genome Center, supported by NIH Shared 

Instrumentation Grant 1S10OD010786-01. 

Genetic Sample Identification: To validate the field identifications provided and to determine 

which of the collected samples belonged to the Entosphenus genus, a subset of individuals that 

were included in the RADseq library were sequenced at the mitochondrial cytochrome b (cytb) 

gene. These sequences were compared to publicly available sequences from voucher 

specimens confirmed to be members of the Entosphenus genus (Auringer et al. 2023). Because 

not all individuals within the RADseq data set were included in the cyt b sequencing, there were 

still many samples unidentified to the genus level. The individuals with species identifications 

confirmed using the cyt b sequences served as reference individuals to classify all samples in 

the RADseq dataset by genus, and species, when possible. 

Data Processing: Raw reads were demultiplexed and aligned to the Pacific lamprey 

(Entosphenus tridentatus) reference genome (Etrf_v1; somatic genome; Hess et al. 2020) using 

the mem algorithm in bwa (Li and Durbin 2009). Two genome assemblies are available for E. 

tridentatus, but the other version (Etrm_v1; Hess et al. 2020) was assembled from germline 

cells. In E. tridentatus, portions of the germline genome are eliminated from somatic cells in a 
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process called programmed genome rearrangement (Timoshevskiy et al. 2017). Because gDNA 

for this study was extracted from somatic cells, data was aligned to the somatic genome 

assembly to avoid mapping errors. 

Alignment, mapping quality, and coverage was calculated in SAMtools (Li et al. 2009). BAM files 

were sorted, indexed, and PCR duplicates were removed using SAMtools. Reads with low 

mapping quality (MAPQ < 20) were removed and individuals with poor coverage (<100,000 total 

mapped reads) were dropped from further analysis. Single nucleotide polymorphisms (SNPs) 

were called using the likelihood ratio test in ANGSD (Korneliussen et al. 2014) if they had a 

minimum minor allele frequency of at least 0.05, if the SNP was present in at least 50% of 

individuals, and if the SNP p-value <1.0E-12. Sites with poor raw sequence quality (sequence 

quality PHRED score <20) and poor mapping quality (map quality PHRED score <20) were 

excluded from further analyses. 

Genotype likelihoods were used when possible to reduce biases related to genotyping errors in 

low-coverage, reduced-representation genomic sequencing data. Genotype likelihoods were 

calculated using the GATK model in ANGSD, and posterior probabilities were calculated for 

each site using allele frequencies as a prior. Genotype likelihoods were carried forward for 

analyses when posterior probabilities > 0.95. 

When genotypes were required for analysis (rather than genotype likelihoods), an individual 

would only be assigned a genotype at a SNP if that individual’s data included at least 8 

sequencing reads (8x per-site, per-individual coverage) to reduce genotype error associated 

with low coverage data.  

Data Analyses: We performed Principal Component Analysis (PCA) using the single-read 

sampling approach in ANGSD (-doIBS). This method randomly samples a single read at each 

SNP for each individual to estimate the covariance matrix. Principal Components (PCs) were 

calculated from the covariance matrix and PCA plots were created in R (v. 4.5.0; R Core Team 

2025). Eigenvalues were calculated and scree plots were generated in R to determine the 
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optimal number of principal components to retain. We utilized a hierarchical approach to 

investigate genomic clustering at multiple levels (i.e. genus, species, population). First, we 

conducted PCA on: a) all individuals (both genera), b) all individuals in the Entosphenus genus, 

and c) all individuals within E. tridentatus, E. lethophagus (including Goose Lake lamprey), and 

E. similis, respectively. Additionally, we utilized region-specific PCA to explore the putative 

inversion regions on chromosomes 1, 2, 4, and 22 identified by Hess et al. (2020). 

Maximum likelihood phylogenetic analysis was run in RAxML (Stamatakis 2014) using SNP 

genotype data (coverage >8x) for all Entosphenus individuals (N=307). After exporting SNP 

genotypes from ANGSD in PLINK format and converting from PLINK to VCF, and SNPs were 

filtered by missingness (maximum 25% missing data across all individuals) in VCFtools. Then, 

SNPs in high linkage disequilibrium (r2> 0.25; calculated in windows containing 1000 bp) were 

removed using BCFtools. The resultant VCF file was re-headered with sample names and 

converted to PHYLIP format, then input into RAxML. The RAxML analysis used the 

GTRGAMMA model of nucleotide substitution with an ascertainment bias correction 

(ASC_GTRGAMMA) using the Lewis correction method to account for the absence of invariant 

sites in SNP input data. Node support was assessed using rapid bootstrapping with the number 

of bootstraps required for stable support values determined automatically using the bootstrap 

convergence test (autoMRE). The resulting maximum likelihood consensus tree was midpoint 

rooted and visualized using the R package ggtree (Yu et al. 2017). 

Graphical genotyping was conducted on all Entosphenus individuals to investigate genotypes at 

the chr1 inversion. Genotypes were called in ANGSD (doGeno -2) at sites with per-site, per-

individual coverage >8x. Individuals and sites with over 75% missing genotype data were 

removed. Output genotypes (-1, 0, 1, 2) were converted to ABHN genotype format, and 

genotypes were plotted in R using the ABHgenotypeR package. The non-inverted haplotype 

was present in the reference genome used, so the reference allele is classified as the non-

inverted genotype, and the alternate allele is classified as the inverted genotype. 
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To determine whether outlier loci are present in other regions of the genome across E. 

tridentatus, genome scans to detect loci under selection were conducted in the individual-level, 

differentiation-based program, pcadapt (v4.4.0, Luu et al. 2017; Privé et al. 2020). For all E. 

tridentatus individuals (N = 233), genotypes were called in ANGSD (doGeno -4) at sites with 

per-site, per-individual coverage >8x and output in PLINK format. Loci with >10% missing data 

were removed, SNPs were thinned to 1 SNP per 1000 bp, unmapped scaffolds were removed, 

and files were converted to bed/bim/fam format in PLINK. In pcadapt, PCA was conducted and 

a screeplot was used to determine the number of principal components driving differentiation 

(optimal K), p-values were computed, and adjusted p-values from a Bonferroni correction were 

used to identify outlier loci (p < 0.05). Outlier loci were visualized via a Manhattan plot, 

generated using qqman (Turner 2014). 

Population genomic summary statistics (π, FST, and Edwards genetic distance) were calculated 

in snpR (Hemstrom and Jones 2023) using SNP genotype data. In these analyses, SNPs were 

filtered by coverage (excluded if per-site, per-individual coverage <8x), missingness (excluded if 

missing data >0.25), and SNPs were pruned to one SNP per 50 kb. Locations with less than 

three individuals were excluded from analyses. For each of these three population-level metrics 

(π, FST, and Edwards genetic distance), weighted averages were calculated to reduce bias 

introduced by varying levels of missing data between individuals. Nucleotide diversity (π) was 

also calculated for SNPs in the chr1 inversion in E. tridentatus; in this analysis, individuals were 

grouped by inversion genotype (homozygous inverted, heterozygous, homozygous non-

inverted). Mantel tests for isolation-by-distance in E. tridentatus and E. lethophagus were also 

conducted in snpR. 

 

Results: 

Illumina sequencing generated 2,158,388 Megabases of raw data, and 92% of all bases had a 

PHRED quality score >30. After alignment, the average number of mapped reads per individual 
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was 1,288,115 reads. The average per-individual coverage of RAD loci was 7x. One plate (96 

individuals) was dropped from further analysis due to barcode contamination during library 

preparation. Fifty-eight individuals (9% of total samples) were dropped from further analysis due 

to poor sequencing coverage (<100,000 total mapped reads). The remaining individuals 

(N=512) were considered of sufficient quality and were eligible for downstream analyses. 

In the PCA of all individuals (N=512), PC1 (53.9%) split samples into the two genera 

(Entosphenus = 307 individuals; Occidentis = 88 individuals; Figure 3.S2). In a subsequent PCA 

excluding all Occidentis samples, PC1 and PC2 divided all Entosphenus individuals into three 

clusters: 1) E. tridentatus, 2) E. lethophagus and Goose Lake lamprey and 3) E. similis (Figure 

3.2). In a PCA with only E. lethophagus and Goose Lake lamprey, PC1 and PC2 separate 

individuals into three clusters: 1) Goose Lake basin, including Goose Lake lamprey, 2) McCloud 

River and Pit River, and 3) South Fork Pit River (Figure 3.3). Within E. similis, PCA failed to 

concentrate variance to any particular axis, possibly due to the low sample size (N=12) relative 

to the number of SNPs (N=79,868) (Figure 3.S3).  

In the most highly supported phylogenetic tree, all E. tridentatus samples are contained in a 

large polytomy, and E. lethophagus (including Goose Lake lamprey) and E. similis are 

reciprocally monophyletic sister clades, each with 100% bootstrap support (Figure 3.4).  

Within E. tridentatus, PC1 divides individuals into three clusters, each cluster comprised of 

samples from various sampling locations (Figure 3.5a). In region-specific PCA of the chr1 

inversion (chr 1 pos. 9908655 – pos. 15463359) across all E. tridentatus individuals, the same 

three clusters are observed (Figure 3.5b). When including SNPs from the whole genome, 

except SNPs from the chr1 inversion, we see no clustering pattern, and all individuals are 

dispersed randomly on the PCA plot (Figure 3.5c). In the region-specific PCA of the chr1 

inversion across all Entosphenus individuals, E. similis and E. lethophagus cluster with the 

homozygous non-inverted E. tridentatus individuals (Figure 3.6). In PCA excluding SNPs in the 

chr1 inversion (Figure 3.S4), we see the same clustering by species as observed in genome-
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wide PCA. Region-specific PCA was run for the three other putative chromosomal inversion 

regions (on chromosomes 2, 4, and 22) identified by Hess et al. (2020), but PCA results did not 

indicate that these putative inversions were polymorphic among our samples. Individuals in this 

study were fixed for the reference allele across these three regions, which indicates our 

samples all have the same inversion haplotypes as the reference genome (Etrf_v1; Hess et al. 

2020). We can infer that all samples in this study are homozygous for the non-inverted 

haplotype at chr2, homozygous for the inverted haplotype at chr4, and we cannot infer inversion 

haplotype at chr22 due to the complexity of the putative chromosomal rearrangement. 

Graphical genotyping of the entire chr1 across all Entosphenus individuals (N=270) shows a 

large (5.5 Mb) haploblock spanning the chr1 inversion (Figure 3.S5). Within the chr1 inversion, 

graphical genotyping shows that all E. lethophagus (N=54) and E. similis (N=12) individuals are 

homozygous for the reference allele (associated with the non-inverted haplotype) (Figure 3.7). 

In E. tridentatus, most individuals (N=153, 75%) are homozygous for the alternate allele 

(associated with the inverted haplotype), many individuals (N=45, 22%) are heterozygous, and 

few individuals (N=6, 3%) are homozygous for the reference allele at all SNPs in the chr1 

inversion. Diversity in genotypes at the chr1 inversion was observed at each geographic 

sampling location, and heterozygotes were found at every sampling location (Figure 3.8).  

The pcadapt genome scan of E. tridentatus individuals (N=233) identified 58 outlier loci, with 42 

of the 58 loci localized to the chr1 inversion (Figure 3.9). Four outlier loci fell within the ‘genomic 

island of divergence’ on chromosome 4 identified by Hess et al. (2020). The other 12 outlier loci 

were distributed across chromosomes 2, 3, 5, 10, 19, 25, 30, 38, 39, 44, and 60. All outlier loci 

and their p-values are listed in Table 3.S1. 

Summary statistics estimating genomic differentiation (FST, genetic distance) between species 

(and geographic locations) showed moderate divergence between E. tridentatus and E. 

lethophagus (FST = 0.216–0.342; genetic distance = 0.301–0.364), and between E.  tridentatus 

and E. similis (FST = 0.273–0.335; genetic distance = 0.339–0.353) (Table 3.1). E. similis and E. 
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lethophagus were also moderately differentiated from one another (FST = 0.305-0.375; genetic 

distance = 0.301-0.323).  Samples from Goose Lake basin (including the northern streams in 

Oregon and Lassen Creek in California) were not substantially differentiated from E. 

lethophagus in the Pit River and McCloud River (FST = 0.090–0.103; genetic distance = 0.188–

0.194). Within E. tridentatus, very little divergence was observed (FST = 0.000–0.020, genetic 

distance = 0.066–0.153). Mantel tests showed no significant correlation of genetic distance and 

geographic distance in E. tridentatus (r = -0.054, p = 0.50) or E. lethophagus (r = 0.296, p = 

0.10). 

Genome-wide nucleotide diversity was highest in E. tridentatus (π = 0.283–0.294), slightly lower 

in E. lethophagus (π = 0.174–0.231), and lowest in E. similis (π = 0.154) (Table 3.2). When 

considering only SNPs in the inversion region on chromosome 1, nucleotide diversity was 

highest in E. tridentatus individuals that were homozygous for the reference haplotype (non-

inverted; π = 0.436), intermediate in heterozygotes (π = 0.398), and lowest in individuals 

homozygous for the inversion haplotype (π = 0.286).  

 

Discussion:  

This study finds support for recognizing E. tridentatus, E. similis, and E. lethophagus as distinct 

species. The Goose Lake lamprey (Entosphenus sp.) was consistently nested within E. 

lethophagus and similar to E. lethophagus collected from the Goose Lake basin. Within E. 

tridentatus, individuals did not exhibit neutral population genetic structure except at the putative 

inversion region on chromosome 1, which has previously been identified as a ‘genomic island of 

divergence’ implicated in local adaptation (Hess et al. 2020). Within E. similis, no population 

structure was observed between the two sampling locations, suggesting that relatively high 

gene flow occurs in this species across its range in the Klamath River basin. In the non-

migratory species, E. lethophagus, we observed relatively low levels of genomic differentiation 

between geographically distant sites, indicating that these populations should all be classified as 



 75 

one species. Goose Lake lamprey (Entosphenus sp.) were not genomically differentiated from 

E. lethophagus collected from the Goose Lake basin, contradicting the hypothesis that Goose 

Lake lamprey should be classified as a distinct species. 

Our findings support the designation of E. similis and E. lethophagus as distinct species from E. 

tridentatus. Principal component analysis of all Entosphenus individuals (Figure 3.2) divides 

samples into three distinct clusters corresponding to species and phylogenetic analysis resolves 

E. similis and E. lethophagus as reciprocally monophyletic clades with maximum bootstrap 

support (Figure 3.4). Though the magnitude of genomic divergence is less than what has been 

observed between species in Occidentis (Auringer et al. 2026; Chapter 2), pairwise FST and 

genetic distance values (Table 3.1) demonstrate clear differentiation consistent with species-

level genomic differences. This result contradicts the genetic patterns observed in single gene 

mtDNA analyses (Auringer et al. 2023), highlighting the importance of genomic data, which 

provides a more complete representation of genetic patterns than studies relying on a single or 

few genes. The relatively shallow divergences observed between species within Entosphenus in 

California may be explained by recent gene flow between E. tridentatus and the two other 

species. Alternatively, E. similis and E. lethophagus may have diverged from E. tridentatus 

relatively recently. 

E. similis and E. lethophagus 

Entosphenus similis individuals collected from the Shasta site and Scott site comprised one 

phylogenetic clade and clustered together in the PCA of all Entosphenus individuals, but PCA 

within E. similis failed to determine a major axis of variation to allow for inferences of population 

structure (Figure 3.S3). Overall, results suggest relatively high gene flow across the limited 

range of E. similis throughout the Klamath River basin, but population structure may be present 

across more geographically distant sites.  

Further genomic investigations with increased sample sizes and more sampling sites in the 

Klamath River basin are needed to determine population structure within E. similis. Additionally, 
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Miller Lake lamprey (E. minimus), a small, parasitic species endemic to the upper Klamath 

basin, was not included in this study given that it was not expected in our study area. However, 

future genomic research should include E. minimus to clarify relationships between all 

Entosphenus species in the Klamath River basin. Notably, all samples in this study from the 

Klamath River were collected before dam removal (completed 2024). Entosphenus similis is 

considered freshwater-resident, but moves between streams and lakes, and the extent of this 

movement is not well understood. The removal of the Klamath dams may change migratory 

behavior, dispersal, and patterns of population structure of Klamath River lamprey and all 

lamprey species in the Klamath River basin. 

Genomic differentiation was observed across geographically distant sampling sites within E. 

lethophagus in PCA (Figure 3.3) as well as FST and genetic distance values (Table 3.1), 

suggesting genetically distinct populations are found within this species at geographically distant 

sites. This intraspecific divergence is expected due to the lack of migration and limited dispersal 

in non-migratory species. Among the sites where E. lethophagus was collected, three 

genetically distinct clusters were distinguished: 1) McCloud River and mainstem Pit River, 2) 

South Fork Pit River, and 3) Goose Lake basin (northern Oregon sites and Lassen Creek in 

California).  

Goose Lake lamprey 

Goose Lake lamprey (Entosphenus sp.; formally undescribed) have been taxonomically 

ambiguous since this group was initially described as anatomically distinct (Hubbs 1925; Moyle 

2002). Lampreys within the Goose Lake basin are understudied but records indicate the 

presence of both parasitic and non-parasitic lampreys. Two major questions have been 

outstanding regarding Goose Lake lampreys: 1) whether these parasitic and non-parasitic 

lampreys are life history variants within one species, or two distinct species occupy the Goose 

Lake basin, and 2) whether the lampreys in Goose Lake should even be classified as a distinct 
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species, or whether they are a morphologically distinct population of E. tridentatus or E. 

lethophagus with sufficient plasticity to express both parasitic and non-parasitic phenotypes.  

Our analyses included adult individuals morphologically identified as parasitic Goose Lake 

lamprey (N=4) as well as adults with non-parasitic morphology, identified as E. lethophagus 

(N=3), all collected from the Goose Lake basin. We found no genomic divergence between 

Goose Lake lamprey and E. lethophagus within the Goose Lake basin, refuting the hypothesis 

that two distinct species inhabit Goose Lake. Hubbs (1925) noted that male Goose Lake 

lamprey exhibit characteristics more typical of brook lamprey with atrophied intestines and 

precocious sexual development. Female Goose Lake Lamprey on the other hand, resembled 

“normal parasitic young” of E. tridentatus (Hubbs 1925, p. 589). We do not have associated sex 

metadata with our samples, but evolutionary trade-offs such as the creation of energy-intensive 

eggs versus sperm may contribute to different life history strategies for sexes and associated 

anatomical differentiation (Crook et al. 2010; Rundio et al. 2012). While we are unable to 

validate that sex may be driving these apparent outward anatomical differences, it is a testable 

hypothesis. Overall, low genomic divergence between individuals from Goose Lake and E. 

lethophagus from the Pit River, McCloud River, and South Fork Pit River further support the 

hypothesis that all of the lampreys across these sites are part of a single species with 

genetically distinct populations. 

Under this hypothesis, the single species contains both parasitic and non-parasitic types, and 

variation in dispersal potential. Within the Goose Lake basin, previous work found lampreys at 

approximately 40% of all sampled sites between 2007 and 2022 (Dickey 2024), and flow, 

sinuosity, and elevation are positively associated with lamprey presence in Goose Lake 

tributaries (Dickey et al. 2025). High gene flow observed across the entire Goose Lake basin 

suggests that individuals move extensively between the lake and its tributaries. The modest, yet 

evident genomic differentiation (FST = 0.008–0.194) between Goose Lake, Pit River, McCloud 
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River, and South Fork Pit River populations indicate that outside the Goose Lake basin, 

individuals are relatively immobile and behave more like a typical non-migratory brook lamprey.  

Because E. lethophagus is currently defined as a non-migratory, non-parasitic lamprey, with 

underdeveloped dentition, reclassifying all Goose Lake lampreys under E. lethophagus is 

insufficient. A possible alternative would be to expand the definition of E. lethophagus to include 

the observed life history diversity. Under this scheme, the common name (Pit-Klamath Brook 

Lamprey) should be used only to describe the non-migratory, non-parasitic life history variant, 

since ‘brook’ in the common name signifies non-migratory lampreys and often implies a lack of 

parasitism. A separate common name should be established to refer to the parasitic form. 

Future studies should investigate whether the parasitic form observed in Goose Lake is present 

across the rest of the E. lethophagus range to inform accurate taxonomic classification and 

description of the life history variation. 

Pacific lamprey (Entosphenus tridentatus) 

Entosphenus tridentatus individuals are highly genetically similar throughout most of the 

genome, across all sampling locations. Genome-wide genetic distance and FST values are low 

(FST <0.02) between all sampling sites (Table 3.1). Phylogenetic results show that all E. 

tridentatus samples are part of a large polytomy (Figure 3.4), further supporting the lack of 

genetic differentiation throughout this species in California. These results support the 

hypothesized lack of natal homing in this anadromous species. Though E. tridentatus lacks 

population structure, nucleotide diversity in this species is the highest of all Entosphenus 

species in California. This is not surprising given the relatively large population size and high 

levels of gene flow across the entire species range.  

Within E. tridentatus, genome-wide PCA shows three distinct genetic clusters (Figure 3.5a), but 

the clusters are not associated with sampling location. This pattern is driven by a single 5.5 Mb 

region of the genome on chromosome 1 (chr 1 pos. 9908655 – pos. 15463359), which suggests 

this region may contain large effect loci. In PCA when this region is excluded, individuals are 
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randomly scattered with no discernable clusters, (Figure 3.5c), indicating that genomic 

differentiation in E. tridentatus is isolated to this genomic region. Previous work has identified 

this region on chromosome 1 as a putative inversion region (Hess et al. 2020), but this pattern 

could also be explained by other mechanisms of recombination suppression. Nevertheless, our 

results from region-specific PCA, pcadapt outlier analysis, graphical genotyping, and region-

specific estimates of nucleotide diversity, all substantiate the claim that this haploblock is the 

result of a chromosomal inversion. Though studies have shown that natural selection can 

maintain relatively large (10 kb – 500 kb) divergent haploblocks without structural variation 

(Lamichhaney & Andersson 2019), very large haploblocks, as observed in E. tridentatus, are 

still most likely explained by a chromosomal inversion. Overall, our study provides multiple lines 

of indirect evidence supporting the hypothesis presented by Hess et al. (2020) that this 

haploblock on chromosome 1 is most likely caused by a chromosomal inversion, and we will 

continue to refer to this region as the ‘chr1 inversion’.  

Adaptive genetic variation is more easily detected in species without population structure like E. 

tridentatus (Hess et al. 2014). Interestingly, pcadapt genome scan results from this study 

(Figure 3.9) suggest that adaptive variation is primarily limited to the chr1 inversion. The 

majority of total outlier loci identified fall within this region (N = 42 SNPs; 72% of all outliers; 

Table 3.S1) The other potentially adaptive variation falls into the previously identified region on 

chromosome 4, but few SNPs (N=3) were identified as outliers and p-values were significant but 

substantially higher than all outliers on chromosome 1 (Table 3.S1).  

The pcadapt method has important limitations, including the lack of a direct association with 

environmental variables or phenotypes and the sensitivity to missing data, but is advantageous 

given that it does not require pre-defined populations and does not rely on population genetics 

models (Flanagan 2018). Additionally, the key finding from this analysis – that the chr1 inversion 

contains adaptive variation – is strongly supported by previous findings (Hess et al. 2020) that 

have conducted association testing with phenotypes and environmental variables.  
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Each cluster on the region-specific PCA of all E. tridentatus individuals at the chr1 inversion 

(Figure 3.5b) corresponds to the inversion genotypes, verified by graphical genotyping (Figure 

3.7). Heterogeneous nucleotide diversity across the putative inversion genotypes (homozygous 

inverted: π = 0.286; heterozygous: π = 0.398; homozygous non-inverted: π = 0.436) also 

supports the hypothesis that this haploblock is caused by a chromosomal inversion. The 

reduced nucleotide diversity across the chr1 inversion in homozygous inverted individuals 

suggests that the inversion first occurred relatively recently (on evolutionary timescales). 

Regardless of how this haploblock on chromosome 1 was created and maintained, this region is 

likely a reservoir of important genetic diversity and should be considered in genetic 

management of this species. Upon further characterization of this region, it should be 

considered in delineating distinct population segments of E. tridentatus. Adaptive variation, 

especially large-effect loci like those associated with run-timing in salmon, are generally 

accepted as an important component of delineating management units (Waples et al. 2022).  

Across all individuals in the study area, there is a stark imbalance of genotypes, with relatively 

few heterozygous individuals and very few individuals homozygous for the non-inverted 

genotype. This excess of homozygous inverted individuals in the study area may be related to 

the coastal/interior gradient of SNP genotypes observed in this chromosomal region; previous 

studies have shown that coastal populations have higher proportions of the ocean-maturing 

genotypes and interior populations have higher proportions of the stream-maturing genotypes 

(Hess et al. 2020, Clemens et al. 2026). Additionally, SNPs in this region have already been 

identified as adaptive (associated with reproductive maturation timing), so inversion haplotypes 

are likely to be out of Hardy-Weinberg Equilibrium (HWE). Because of the extensive gene flow 

throughout E. tridentatus, in order to assess and interpret deviations from HWE, the inversion 

should be genotyped across the entire species range.  

Across the landscape, inversion genotypes are distributed relatively uniformly in the study area.  

In E. tridentatus, genotypes at the chr1 inversion were distributed heterogeneously across the 
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Sacramento and San Joaquin River basins (Figure 3.8). Though the most abundant genotype in 

E. tridentatus was homozygous inverted (N = 158), none of the sampled locations contained 

100% inverted haplotypes. Heterozygotes were less common (N = 45), but were found at all 

locations. Homozygous non-inverted were the least frequent genotype (N = 6); interestingly, this 

genotype is disproportionately represented in the Klamath River basin (3 out of 8 individuals). 

Though previous work has not investigated the distribution of inversion genotypes across the 

landscape, studies tracking SNP genotypes within this chromosomal region (i.e. Etr_464; Hess 

et al. 2020, Clemens et al. 2026) have found that there is a coastal vs. interior association with 

genotypes. The Klamath River is the most coastal site in this study, which may explain the high 

proportion of homozygous non-inverted genotypes at this site compared to all other sites in the 

Central Valley. Range-wide monitoring of inversion genotypes will clarify whether the distribution 

of inversion genotypes is consistent with the SNP genotype patterns. 

Previous research has demonstrated an association between SNPs in the chr1 inversion and 

egg mass, a proxy for reproductive maturation timing (ocean-/river-maturing ecotypes) in E. 

tridentatus (Hess et al. 2012, Parker et al. 2019, Hess et al. 2020). Gene functions within the 

chr1 inversion were previously investigated with enrichment analysis; while the analysis for fish 

gene functions had no statistically significant tests, reproductive behavior, response to absence 

of light, and entrainment of circadian clock by photoperiod were the highest ranked phenotypic 

terms, and genes related to these phenotypes would likely be good candidates for further 

exploration of gene functions in this region (Hess et al. 2020). The specific SNPs associated 

with these phenotypes were not captured in our genomic data, so we cannot associate inversion 

genotype to phenotype. However, the observed diversity of chr1 inversion genotypes suggests 

that ecotypic diversity is present in our study area. Also, the large size of this region (~5.5 Mb) 

and the strong signal of adaptive variation identified in this study suggest that additional 

important functional genetic diversity is contained in this region. Entosphenus tridentatus 

exhibits high levels of gene flow across its range, and inversions often act as a mechanism to 
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“bundle” adaptive alleles together in species with high gene flow in order to protect these 

adaptive ‘supergenes’ from recombination (Zhang et al. 2026).  

Based on region-specific PCA of all Entosphenus individuals at the chr1 inversion, both E. 

similis and E. lethophagus appear to be homozygous for the ancestral (non-inverted) haplotype 

(Figure 3.6). Given the high levels of genome-wide differentiation between these species even 

when the chr1 inversion is excluded (Figure 3.S4), the region-specific PCA alone is an 

insufficient method to determine inversion genotypes for E. similis and E. lethophagus. When 

the region-specific PCA results are combined with the graphical genotyping results (Figure 3.7), 

our data confirm that all E. similis and E. lethophagus individuals are all homozygous for the 

ancestral (non-inverted) haplotype.  

Four SNPs within the previously identified ‘genomic island of divergence’ on chromosome 4 

(Hess et al. 2020) were also identified as putatively adaptive in the pcadapt analysis (Figure 3.9; 

Table 3.S1). The signal in this region was not as strong as that observed for the chromosome 1 

region, but the findings warrant further exploration of this region on chromosome 4 as a 

putatively adaptive genomic region in California. Though the pcadapt analysis identified 12 

additional outlier SNPs, none were clustered together as expected in adaptive regions, nor were 

they supported by other lines of evidence or previous research. Therefore, these 12 SNPs do 

not have sufficient evidence to be considered putatively adaptive. The lack of a strong signal of 

adaptive variation on regions (i.e. chr 2, chr 22) identified as putatively adaptive by Hess et al. 

(2020) may be explained by the geographic differences between studies. The populations in 

California sampled in this study are likely fixed for one allele at these loci, while the same loci 

are polymorphic across a wider geographic scope. Future range-wide studies will help elucidate 

these patterns. 

 

Conclusion 
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Genome-wide differentiation is observed between E. tridentatus, E. similis, and E. lethophagus, 

which largely supports the current taxonomic classifications based on anatomical differentiation. 

However, the lack of genomic differentiation between Goose Lake lamprey and E. lethophagus 

indicates that Goose Lake lampreys should not be classified as a distinct species or subspecies 

and should likely be considered part of E. lethophagus. The discordance between previous 

mtDNA results and genome-wide SNP results highlights the limitations of mitochondrial and 

single-gene studies and emphasizes the utility of genomic data in clarifying evolutionary 

relationships. Within E. tridentatus in California, genomic differentiation is primarily restricted to 

one specific region of the genome, the chr1 inversion. This region likely contains adaptive 

variation and should be included in genetic monitoring and may inform translocation decisions. 

Additionally, this region should be considered when delineating distinct population segments to 

ensure the maintenance of this adaptive variation. 
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Figure 3.1. Map of all sampled locations for Entosphenus. Colors of the circles are 
specific to that location and utilized in subsequent figures to represent which samples 
came from each location. In location names, “R” means River and “Ck” means Creek. 
Yellow lines represent HUC-8 (Hydrologic Unit Code-8) watershed boundaries.  
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  Figure 3.2. PCA of all Entosphenus samples. Points are colored by 

sampling location and point shape is determined by species. 
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Figure 3.3. PCA of all E. lethophagus samples. Points are colored by 
sampling location. 
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Figure 3.4. Phylogenetic tree of all Entosphenus 
individuals. Points are colored by sampling location 
and point shape represents species. Individuals 
identified morphologically as Goose Lake lamprey 
are indicated by asterisks. Larger, high resolution 
version of this figure is attached in supplementary 
files. 
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Figure 3.4. (continued) Phylogenetic tree of all 
Entosphenus individuals. Points are colored by 
sampling location and point shape represents species. 
Individuals identified morphologically as Goose Lake 
lamprey are indicated by asterisks. Larger, high 
resolution version of this figure is attached in 
supplementary files. 
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Figure 3.5. a.) PCA of all E. tridentatus samples.  Points are colored by sampling 
location. b.) Region-specific PCA of chr1 inversion, including all E. tridentatus 
samples. Points are colored by sampling location. c.) PCA of all E. tridentatus 
individuals at SNPs throughout the genome, except SNPs in the chromosome 1 
putative inversion region. Points are colored by sampling location. 
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Figure 3.6. Region-specific PCA of chr1 inversion, including all Entosphenus 
samples. Points are colored by sampling location. 
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Figure 3.7. Graphical genotyping of chr1 inversion. Each row represents one individual, and 
each column represents one SNP. Rows are sorted by species, and within E. tridentatus, 
rows are sorted by inversion genotype. Blue indicates homozygous inverted genotypes, 
green indicates heterozygous genotypes, and orange indicates homozygous non-inverted 
genotypes. 
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Figure 3.8. Map of the distribution of chr1 inversion genotypes across E. tridentatus. Pie 
charts indicate proportions of genotypes at each sampling location. Blue indicates 
homozygous inverted genotypes, green indicates heterozygous genotypes, and orange 
indicates homozygous non-inverted genotypes. 
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Figure 3.9. Manhattan plot of all loci included in pcadapt genome scan. Outliers are 
highlighted in green. 
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Table 3.1. Pairwise FST (above diagonal) and genetic distance (below diagonal) values 
between each sampled location. Cells are colored by value such that red cells have 
highest values and green cells have lowest values.  
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Table 3.2. Table including sample sizes for snpR analyses and nucleotide diversity 
values for each sampling location.  
 



 101 

 
 

Table 3.S1. List of outlier SNPs 
identified in pcadapt analysis and 
their respective p-values and 
metadata. 
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a) 

Figure 3.S1. a) Sample sizes of each sampled Oregon tributary of Goose 
Lake. b) Map of all ‘Goose Lake’ sampling sites, including Lassen Creek 
and all sampled tributaries in Oregon. 

b) 
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Figure 3.S2. PCA plot of all individuals (Entosphenus and Occidentis) 
that passed minimum quality filters. Entosphenus points are colored by 
sampling location (reference Figure 3.1 in main text), and Occidentis 
points are black. 
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Figure 3.S3. a-c) PCA plots of all E. similis. Plots for first 4 PCs displayed.  
d) Scree plot for PC 1-11. 
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Figure 3.S4. PCA plot of genome-wide SNPs excluding chr1 inversion 
across all Entosphenus individuals. Points are colored by sampling 
location. 
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Figure 3.S5. Graphical genotyping of entire chromosome 1. Each row represents 
one individual, and each column represents one SNP. Rows are sorted by species, 
and within E. tridentatus, rows are sorted by inversion genotype. Blue indicates 
homozygous inverted (reference) genotypes, green indicates heterozygous 
genotypes, and orange indicates homozygous non-inverted (alternate) genotypes. 
 




