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Dissertation Abstract 

Freshwater fishes in California are challenged by anthropogenic activities, especially 

habitat fragmentation and introduction of invasive species. Restriction Site Associated (RAD) 

Sequencing, a commonly applied Next Generation Sequencing technique in non-model 

organisms, can provide essential and actionable genomic information for managers to assess 

population statuses and for developing  species conservation plans. In this dissertation, I 

explored varied application of RAD sequencing to two native California species, Speckled Dace 

(Rhinichthys osculus) and Paiute cutthroat trout (Oncorhynchus clarkii seleniris). The Speckled 

Dace are widespread in western North America, and to this point, have been considered a single 

species. In Chapter One, the California Speckled dace is divided into three distinct evolutionary 

lineages based on the genetic differentiation detected by thousands of single nucleotide 

polymorphisms extracted using RAD sequencing. Paiute cutthroat trout are a subspecies of 

cutthroat trout threatened by competition and hybridization with introduced non-native trout. To 

protect and recover the subspecies, populations were previously translocated by conservation 

biologists to nine refuge populations thought to approximate historical habitats. Yet long-term 

genetic monitoring is required to monitor genetic diversity over space and time to assess the 

efficacy of these management actions. In Chapter Two, we selected 1,114 SNPs that generate 

comparable results in genetic diversity and genetic population structure to 6,187 SNPs in RAD 

sequencing after resolving technical questions related to the RAD sequencing approach. Results 

ultimately demonstrate the SNP panel is useful for genetic monitoring of population structure 

and heterozygosity, and thus helpful for conservation management. In Chapter Three, we applied 

1,114 SNPs to estimate genetic diversity, genetic population structure for all nine refuge 

populations. We also applied these SNPs to estimate parent-offspring relationships and the 
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change of genetic diversity after the translocation between two refuge populations.  We also 

applied these SNPs to estimate parent-offspring relationships and the change of genetic diversity 

after the translocation between two refuge populations. 
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Chapter 1: Population genomic analysis of the Speckled Dace 

species complex (Rhinichthys osculus) identifies three distinct 

lineages in California. 

Abstract  

Speckled Dace Rhinichthys osculus is small cyprinoid fish that is widespread in western North 

America. In California and elsewhere it is currently treated as a single species with multiple 

subspecies, many undescribed. However, these subspecies may represent evolutionary lineages 

that are cryptic species because they cannot be distinguished using standard morphometric 

techniques. To determine evolutionary lineages within California populations of Speckled Dace, 

we collected samples from 38 locations in the western USA, with a focus on California. We used 

RAD sequencing to extract thousands of SNPs across the genome to identify genetic differences 

among all the samples. We performed principal component analysis, admixture analysis, 

estimated pairwise FST, and constructed molecular phylogenies to characterize population genetic 

and phylogenetic relationships among sampled Speckled Dace populations. Our analyses 

detected three major lineages of Speckled Dace in California that align with geography: 1) 

Sacramento River, Central California Coast, Klamath River and Warner Basin; 2) Death Valley 

and Lahontan Basin; 3) Santa Ana River basin, in southern California. These lineages fit well 

with the geologic history of California, which has promoted long isolation of populations of 

Speckled Dace and other fishes. The presence of distinct evolutionary lineages indicates that 

Speckled Dace in California should be managed with distinct population segments to preserve 
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within-species diversity. This study highlights the importance of genetic analyses for 

conservation and management of freshwater fishes. 

1. Introduction  

The Speckled Dace Rhinichthys osculus is a small (usually <10 cm total length) cyprinoid 

(Cypriniformes, Leuciscidae) fish that is widely distributed across western North America. It is 

found in northern Mexico and southern, central, and northern California, the Great Basin, and the 

Pacific Northwest to southwestern Canada (Moyle 2002; Smith et al. 2017). Despite its wide 

distribution, the Speckled Dace is considered to be one highly variable species, albeit with 

numerous subspecies, many undescribed and of uncertain taxonomic status (Moyle 2002; Smith 

et al. 2017). We refer to the species therefore as the Speckled Dace complex (SDC). The SDC 

diverged from the Longnose Dace Rhinichthys cataractae of eastern and northwestern North 

America over 6 million years ago (mya) (Spencer et al. 2008). The common ancestor of the SDC 

was presumably initially isolated from Longnose Dace in the ancestral Columbia River and then 

spread throughout the western USA, parts of Mexico, and British Columbia as the result of 

geologic events that connected and disconnected watersheds (Smith et al. 2017). Speckled Dace 

Complex populations are found in a wide array of habitats, from desert springs to large rivers 

and lakes to (most typically) small to medium-sized streams. Their morphology is variable but 

generally reflects the habitat in which a particular population lives. For example, narrow caudal 

peduncles and large pectoral fins characterize swift-water populations while more robust bodies, 

thicker caudal peduncles and smaller pectoral fins characterize slow-water populations (Sada et 

al. 1995; Page and Burr 2011; Smith et al. 2017). Consequently, morphological and meristic 

differences do not reflect phylogenetic relationships among populations of the SDC, resulting in 

a long and complex taxonomic history (Smith et al. 2017). 
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The most comprehensive study of the systematics of the SDC is that of Smith et al. 

(2017) who compared dace populations from throughout western North America, using 

mitochondrial DNA (mtDNA), morphology, fossils, and the geologic record of the entire region. 

While their analyses indicated multiple lineages, they concluded that there was considerable, if 

sporadic, gene flow among populations, reflecting complex geologic events that promoted both 

connectivity and isolation. Smith et al. (2017) suggest that gene flow has prevented the formation 

of morphologically distinct populations that might be defined as species through the process of 

reticulate evolution. 

Overall, genetic studies have produced mixed results as to whether or not any lineages in 

the SDC are distinct enough to be designated as species or subspecies. The default position is to 

follow Spencer (2008) and Smith et al. (2017) that the SDC is a single species throughout its 

range because the various populations lack diagnostic characteristics that would allow them to be 

described as distinct phylogenetic entities. This default position is particularly problematic for 

California, a region rich in endemic fish species, many of which are threatened with extinction 

(Leidy and Moyle 2021; Moyle 2002). Notably, California SDC populations are among those 

most distant from the region of origin in the Columbia River and also among the most southern 

populations of the taxon. California SDC populations thus reflect their remarkable record of 

colonizing new regions during the wetter periods of the Pleistocene and then adapting to new 

conditions as waters they colonized became smaller and more isolated (Smith et al. 2017). 

In this paper, we analyze Speckled Dace relationships using restriction-site associated 

DNA sequencing data (RAD-seq). This approach is well suited for analyzing the SDC because it 

uses thousands of loci distributed across the genome from each individual rather than only a 



 4 

single locus or handful of loci compared with earlier methods. For further discussion of this 

approach to resolving issues with identifying cryptic fish species, see Baumsteiger et al. (2017). 

We investigated the following question using RAD sequencing to look at relationships 

among populations of Speckled Dace collected over much of their wide range: Based on genetic 

distinctness, should members of the SDC in California be treated as a single lineage or multiple 

lineages for conservation and management? 

1.1 Previous Genetic Studies of Speckled Dace  
 

Historically, many populations of Speckled Dace were described as separate species. For 

example, Jordan and Evermann (1896) list nine species, which had mostly been described based 

partially on their isolation from other populations and partially on morphological and meristic 

characteristics even though these characters overlapped among populations (Jordan and 

Evermann 1896). However, the presence of many isolated populations of Speckled Dace with 

similar adaptations to local environments and hence convergent morphologies suggests that 

cryptic species exist within the SDC and that some of the recognized subspecies (listed in Smith 

et al. 2017) could be recognized as species (Evermann and Meek 1896). 

The advent of molecular genetic techniques resulted in renewed efforts to examine 

diversity within the SDC. Resulting genetic information was used to test hypotheses of 

evolutionary relationships among populations and generate biogeographic scenarios relating 

Speckled Dace to the development of the western aquatic landscape (Smith et al. 2017). Thus far, 

mitochondrial DNA has been the primary genetic approach used to investigate the systematics of 

Speckled Dace (Oakey et al. 2004; Smith et al. 2017). Smith et al. (2017) compared dace 

populations from throughout western North America and concluded that while geographically-

based lineages existed, as shown by Oakey et al. (2004), there was no basis for declaring them 
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separate species. Oakey et al. (2004) used restriction sites in the mitochondrial genome of dace 

distributed across the western USA to construct a molecular phylogeny. They found a close 

match between mtDNA patterns and the geologic history and isolation of drainage basins, 

concluding that the SDC consisted of three main evolutionary lineages: (1) Colorado River Basin 

and Los Angeles Basin, (2) Great Basin (Snake River, Bonneville, Death Valley and Lahontan 

basins) and (3) Columbia and Klamath-Pit Rivers (Oakey et al. 2004). Pfrender et al (2004) 

showed that mtDNA patterns reflected long isolation of populations in five river basins in 

Oregon and suggested that some of the lineages were distinct enough to be considered species. In 

contrast, Billman et al (2010) did not find species-level differences in mtDNA among SDC 

members found in Great Basin waterways (Snake, Bonneville, Lahontan). 

More narrowly, Ardren et al. (2010) applied mtDNA analysis to dace from throughout 

the Warner Basin and concluded that some lineages could qualify as a species. Hoekzema and 

Sidlauskas (2014) also examined SDC fish from the Warner Basin, along with dace from five 

other isolated Great Basin populations in Oregon. They used mtDNA and nuclear DNA (nuclear 

s7 intron) and found that dace in the Warner Basin were different, potentially at the species level, 

from dace in the other five basins (Hoekzema and Sidlauskas 2014). 

Recognizing the limitations of mtDNA for determining evolutionary lineages, Mussmann 

et al. (2020) compared isolated populations of Speckled Dace from throughout the Death Valley 

region, in the Owens and Amargosa river basins, using double-digest RAD. They found that the 

region has four distinct evolutionary lineages of R. osculus with each of the lineages being 

recognizable as a Distinct Population Segment (DPS) for management purposes. 
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2. Methods  

2.1 Sampling and DNA sequencing  
 

We obtained samples from 38 locations across several major zoogeographic regions 

throughout the range of Speckled Dace (Figure 1-1 and Supplemental Table S.1-1). Samples 

from Butte Lake in Lassen Volcanic National Park were included to determine if the population 

is native or introduced. Fin clips were taken from live adults or from the whole fish stored in 

ethanol, and the fin clips were dried on Whatman qualitative filter paper and stored at room 

temperature. DNA was extracted from fin clips with a magnetic bead–based protocol (Ali et al. 

2016) quantified using Quant-iT PicoGreen dsDNA Reagent (Thermo Fisher Scientific) with an 

FLx800 Fluorescence Reader (BioTek Instruments). Genomic DNA was used to generate SbfI 

RAD libraries (Ali et al. 2016) and sequenced with paired-end 100-bp reads on an Illumina 

HiSeq 2500. Demultiplexing was performed requiring an exact match with well and plate 

barcodes (Ali et al. 2016). Sequencing coverage was assessed at the 50 bp position of each de 

novo RAD contig (see below) across all individuals using the depth function in SAMtools (Li et 

al. 2009). 

2.2 RAD De Novo Assembly and Alignments 

To generate a reference sequence for Speckled Dace, we performed RAD de novo 

assembly on eight individuals from the Walker River (Supplemental Material S.1). Specific 

details of the de novo assembly methods may be found in Baumsteiger et al. (2017), but briefly, a 

bioinformatic pipeline including a genome assembler was used to construct a partial reference 

for Speckled Dace. After de novo assembly, the mem algorithm in the Burrows–Wheeler aligner 

(BWA) was used to align each sample to the reference under the default parameters. SAMtools 
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was used to convert SAM files to BAM files, calculate the percentage of aligned reads, remove 

PCR duplicates, filter for the proper pairs, and combine the alignments if needed (Li et al. 2009). 

After this process, we removed low-coverage individuals with less than 70,000 mapped reads. 

2.3 Genetic population structure 

2.3.1 PCA 

To begin investigating population structure, we used Analysis of Next Generation 

Sequencing Data (ANGSD 1.9) to identify SNPs (-SNP_eval 1e-12), calculate genotype 

likelihoods using SAMtools model (-GL 1), infer major and minor alleles directly from the 

genotype likelihoods (-doMajorMinor 1), and estimate allele frequencies assuming a fixed major 

allele with unknown minor allele (-doMaf 2) (Korneliussen et al. 2014). Only reads with a 

mapping quality score above 20 (-minMapQ 20) and only bases with a quality score above 20 (-

minQ 20) were used in this process. Furthermore, only SNPs with a minor allele frequency of at 

least 0.01 (-minMaf) and that were represented in at least 50% of the included samples (-minInd 

88) were included. These SNPs were then used to calculate a covariance matrix (-doCov 1), 

which was used to generate eigenvalues and eigenvectors for Principal Component Analysis 

(PCA). The percentage of total genetic variation explained by each PC was calculated, and PCs 

explaining a relatively large proportion of genetic variation were plotted with ggplot2 (Wickham 

2009). To view the substructure within groups from the initial PCA, subsequent PCAs were 

performed on samples from each group using the same methods described above. 

2.3.2 Admixture 

To further assess population structure in Speckled Dace, we used the same parameters as 

above to generate a beagle file with ANGSD 1.9 for admixture analysis. The beagle output file 

was then used as the input file for NGSadmix (Skotte et al. 2013). The parameter K (the number 



 8 

of clusters NGSAdmix partitions samples into), was tested from 2 to 9, and each run had a minor 

allele frequency filter of 0.01. After population structure was initially characterized, we repeated 

the procedure as described above on subsets of samples in order to determine substructure within 

each group. 

2.3.3 Pairwise FST  

To quantify the genetic divergence among populations, we calculated genome-wide 

pairwise FST values for population units identified by the analysis above and/or the sample 

collection locations. The folded site allele frequencies (SAF) were estimated for each group with 

RealSFS in ANGSD 1.9. The SAF files for the pairwise locations were the input to estimate two-

dimensional site frequency spectrum (SFS). SFS files were then indexed by the SAF files to 

generate FST files. Then we estimated the weighted genome-wide FST values from the FST files 

with the stats function set in RealSFS. 

2.4 Molecular Phylogeny  

To further investigate the relationships among different genetic lineages, a range-wide 

phylogenetic tree was generated using SVDQuartets (Chifman and Kubatko 2014; Chifman and 

Kubatko 2015) and IQ-TREE 1.6.12 (Schrempf et al. 2019). Relict Dace (Relictus solitarius) and 

Tui Chub (Siphatales bicolor) were used as outgroups to root molecular phylogenies 

(Supplemental Material S.2). For SVDQuartets, samples were pooled by the locations where 

they were collected (Sub-region 1 of Supplemental Table S.1-1). If a significant genetic 

difference was shown between locations within a geographic region in PC or admixture analyses, 

the region was separated into two tips (Sub-region 2 of Supplemental Table S.1-1) accordingly. 

We used ANGSD 1.9 to perform genotype calling, and we used the same parameters as 

mentioned above except we generated a VCF file (-dovcf 1). BCFtools 1.13 was used to prune 
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the SNPs with r2 greater than 0.9 within each RAD contig 

(https://samtools.github.io/bcftools/bcftools.html). The pruned VCF file was transformed into 

NEXUS format by vcf2phylip (https://github.com/edgardomortiz/vcf2phylip). The pruned 

NEXUS file was analyzed by SVDQuartets within PAUP* 4.0 (Swofford 2002). We used a 

multispecies coalescent model to construct the phylogeny with 1,000,000 random quartets and 

100 bootstraps.  

We used the same SNP alignment with IQTREE as we did with SVDQuartets. The 

optimal substitution model was determined with ModelFinder under the Bayesian information 

criterion (-m MFP selected TVM+F+R4) (Kalyaanamoorthy et al. 2017) and 1,000 bootstraps 

were performed with ultrafast bootstrap approximation (-bb 1000) (Hoang et al. 2017). The 

resulting consensus tree was visualized with ggtree (Yu et al. 2017). Individuals with a 

substantial degree of missing data (<10,000 contigs with mapped reads) were pruned from the 

consensus tree for presentation. 

3. Results 

3.1 Sequencing, de novo RAD assembly, and alignment 

Demultiplexed sequence data is available on from the NCBI Sequence Read Archive 

under BioProject PRJNA851170and code for analyses is available at 

https://github.com/yingxins/speckled-dace/tree/Script. The final assembly contained 17,639 

contigs, with a mean contig length of 456.20, a maximum length of 788, and a minimum length 

of 89 (Supplemental Material S.3). After filtering individuals with sequencing and mapping 

quality, there were 175 individuals and 421,929 SNPs for range-wide analysis. The mean 

individual coverage (i.e., the average coverage across all the contigs in one individual) was 7.69, 

with a maximum 24.88, a minimum of 2.50, and a standard deviation of 3.92 (Supplemental 

https://github.com/yingxins/speckled-dace/tree/Script
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Figure S.1-1). For further analyses, there were 76 individuals and 108,746 SNPs for Group One, 

67 individuals and 196,412 SNPs for Group Two, and 32 individuals and 142,578 SNPs for 

Group Three. 

3.2 Genetic structure 

3.2.1 Range-Wide  

Across all Speckled Dace samples range-wide, the first two PCs explained 16.7% of the 

total variance and divided our samples into three clusters (Figure 1-2A). Because the percentage 

of genetic variation explained by PCA is highly influenced by the minor allele frequency (MAF) 

cutoff (we selected 0.01 as a cutoff) and our samples cover several distinct lineages, 16.7% 

genetic variation is a considerable amount of genetic variation to be explained. Group One 

(upper right) consists of populations of Speckled Dace from Sacramento River, Central 

California Coast, Klamath River, Warner Basin and Butte Lake. Group Two (upper left) is made 

up of the Speckled Dace from Amargosa River, Long Valley, Owens River Basin, and Lahontan 

Basin. Group Three (lower middle) is composed of populations from the Santa Ana River as well 

as locations outside California such as the Bonneville Basin, Washington Coast, Columbia River, 

and Lower Colorado River. Speckled Dace from the four regions outside California showed that 

the California populations we sampled are distinct from populations in the rest of the range of 

Speckled Dace. 

 We next used an admixture analysis of range-wide samples to complement our PCA. The 

admixture analysis was run with K = 2-9 (Supplemental Figure S.1-3). At K=3, members of each 

group in admixture analysis comprised Group One, Group Two and Group Three as indicated by 

PCA (Figure 1-2B). Furthermore, pairwise FST calculated between different populations varied 

from 0.16 (Speckled Dace from Owens River and Amargosa River) to 0.68 (Speckled Dace from 
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Amargosa River and Santa Ana River) (Supplemental Table S.1-2). Taken together, these results 

revealed that the Speckled Dace groups in California have highly variable levels of genetic 

divergence, and taxonomic revision may be warranted. 

Our SVDQuartets range-wide phylogenetic analyses indicated that the Speckled Dace in 

California are mainly distributed into two monophyletic groups with the exception of Santa Ana 

Speckled Dace, which is a distinct evolutionary lineage (Figure 1-2C). Similar to the results of 

PCA and admixture analyses, Speckled Dace from the Sacramento River, Central California 

Coast, Klamath River, Warner Basin, and Butte Lake belong to the same monophyletic group 

(Group One, bootstrap support = 100%). Lahontan, Long Valley, Amargosa, and Owens 

Speckled Dace are another monophyletic group (Group Two, bootstrap support = 100%), which 

is the sister group of Group One. Speckled Dace collected from the Santa Ana River are the 

sister lineage of Speckled Dace from the lower Colorado River drainages (bootstrap support = 

100%). Speckled Dace from the Santa Ana River and lower Colorado River are the earliest-

branching lineage in the species-tree, followed by subsequent branching of (a) Speckled Dace 

from the Washington Coast and the Columbia River, (b) Speckled Dace from the Snake River 

and Bonneville, and (c) all other California Speckled Dace.  

The phylogeny generated by IQTREE indicates three main lineages of California 

Speckled Dace (Supplemental Figure 1-S.4): (1) Group One as previously defined, and, (2) 

Group Two as previously defined are distinct lineages that are sister to each other; (3) Speckled 

Dace from the Santa Ana River are sister to Speckled Dace from the lower Colorado River 

drainage (placement and monophyly bootstrap support = 100%), and this combined lineage is 

sister to Group One and Group Two (bootstrap support = 100%). Speckled Dace from the 

Columbia River and Washington Coast combined are the earliest-branching lineage in this 
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phylogeny (placement and monophyly bootstrap support = 100%), and sister to all other 

Speckled Dace. Individuals sequenced from Snake River (n=4) and Bonneville (n=2) were 

filtered out due to low number of contigs with aligned reads. Overall, the genetic 

structure/divergence of Speckled Dace in California is hierarchical with multiple levels of 

genetically distinct lineages (Figure 1-2). 

3.2.2 Group One: Klamath River, Central California Coast, Sacramento 

River, and Warner Basin 

Group One Speckled Dace include Speckled Dace collected from Klamath and 

Sacramento rivers and Central California Coast plus Speckled Dace collected from Butte Lake 

and Warner Basin. After our range-wide data showed that Group One is distinct, we performed 

additional PC and admixture analyses using only Group One samples. For this PCA, the first 

three PCs explain the largest proportion of the genetic variation (Supplemental Figure S.1-2B). 

PC1 splits the Warner Basin population from populations in the other regions. PC2 separates the 

Klamath River population from Sacramento River populations (Figure 1-3A). PC3 separates the 

Central California Coast populations from populations in the Sacramento Basin (Pit River, 

Goose Lake, and Sacramento River) (Figure 1-3B). The Butte Lake population clusters with 

Speckled Dace from Sacramento River in all the PCs, indicating genetic similarity. Admixture 

analysis supports the PCA (Figure 1-3C): all the locations are separated in different K values. 

More specifically, admixture analysis splits out the Warner Basin and Central California Coast 

population when K = 2; the Klamath River and Sacramento River populations are distinct when 

K = 3. At K=4, the Butte Lake population is separated from the Sacramento River population. 

Pairwise FST analysis also supports the results from PC and admixture analyses; the highest FST 

values are found between Warner Basin and the other locations (mean: 0.32) and between the 
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Central California Coast and the other locations (mean: 0.28) (Supplemental Table S.1-2), 

whereas the FST value between the Klamath and Sacramento River populations is 0.18. The FST 

value between Sacramento River and Butte Lake populations is only 0.084. The Central 

California Coast population has relatively low pairwise FST values with Sacramento River and 

Butte Lake, which are 0.19 and 0.23 respectively.  

The range-wide SVDQuartets analysis (Figure 1-2C) and the IQTREE phylogeny 

(Supplemental Figure S.1-4) are concordant with the above, placing Speckled Dace from the 

Klamath River, Central California Coast, Sacramento River, and Warner Basin into one clade 

(bootstrap support =100%). The Warner Basin population diverges first within the Group One 

clade in both the SVDQuartets species-tree and the IQTREE phylogeny. Subsequent to the 

branching of the Speckled Dace, both with the SVDQuartets species-tree and IQTREE 

phylogeny, Speckled Dace from the Klamath population separate. A well-supported clade of 

Speckled Dace representing the Klamath population is present in the IQTREE phylogeny. The 

remaining sampling locations - Butte Lake, Central California Coast, and Sacramento River - are 

not monophyletic with regard to sampling location when analyzed in a concatenated 

phylogenetic framework. Instead, these four geographic regions are mixed together into a single 

well-supported Group One subclade, which may be caused by lower genetic differentiation 

(Supplemental Figure S.1-4).  

3.2.3 Group Two: Death Valley and Lahontan Basin 

Speckled Dace in Group Two includes samples from three locations in the Death Valley 

region (Amargosa River, Owens River, and Long Valley) and four in the Lahontan Basin. To 

investigate the genetic structure within Group Two, we performed PC and admixture analyses on 

these samples. The first two PCs explain the largest proportion of the genetic variation 
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(Supplemental Figure S.1-2C): Amargosa River and Owens River populations are very close to 

each other in both PCs; both PC1 and PC2 split Lahontan Basin and Long Valley populations 

from Owens River and Amargosa River populations (Figure 1-4A). Admixture analysis supports 

the results of the PC analysis. The Lahontan Basin population is split from all the other Speckled 

Dace when K =2, and the Long Valley population is split from populations from the Owens 

River and Amargosa River populations when K = 3. At K=4 and K=5, we observed the local 

substructure in Amargosa River population, which is not discussed in this paper (Figure 1-4B) 

(but see Mussmann et al. 2020). Although not as obvious as in Group One, FST results support 

the PC and admixture analyses. The FST value between Speckled Dace collected from the Owens 

and Amargosa rivers is 0.16, which is the lowest of all Group 2 pairwise FST values. This is 

consistent with their close distance in PC analysis and differentiation at higher K values using 

admixture analyses. The FST values between Long Valley-Owens River and between Long 

Valley-Amargosa River are 0.38 and 0.30, respectively, which is concordant with their 

separation in the PC analyses and early split in admixture analyses (Supplemental Table S.1-2). 

However, though the Lahontan Basin population is the first lineage to separate in the admixture 

analysis, it does not have the highest pairwise FST values; the FST value between Amargosa River 

and Lahontan Basin is 0.33, which is higher than FST values for Lahontan-Owens (0.25) and 

Lahontan-Long Valley (0.26). These contradictory findings may be the result of multiple 

evolutionary events (e.g. hybridization between taxa or genetic drift in a dynamic landscape).  

The range-wide SVDQuartets analysis is concordant with PC and admixture analyses in 

Group Two. The Lahontan Basin population, which split at K = 2, is the sister group of all the 

Death Valley populations. The result of IQTREE is also similar to the result of SVDQuartets, but 

exhibits structuring between Martis Creek, Humboldt River and Walker River sampling locations 
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from the Lahontan Basin (Supplemental Figure S.1-4). The Owens and Amargosa rivers, which 

show little genetic divergence in the PC and admixture analyses, are sister lineages in the 

SVDQuartets species-tree and form a monophyletic clade in the IQTREE phylogeny. The 

position of the Speckled Dace from Long Valley in the SVDQuartets species-tree and IQTREE 

phylogeny as sister to Owens River + Amargosa samples is also supported by admixture 

analysis, where Long Valley splits after Lahontan Basin but before Amargosa and Owens rivers 

(bootstrap support = 100%). Although PC analyses and pairwise FST indicate that the Long 

Valley population is a separate lineage from the Amargosa River and Owens River populations, 

this incongruence could be caused by overestimation of genetic divergence caused by genetic 

drift in a small population under long isolation. 

3.2.4 Group Three: Santa Ana River 

The only California Speckled Dace lineage in Group Three is that of Speckled Dace from 

the Santa Ana River, which clusters with non-California Speckled Dace (Supplemental Table 

S.1-1). To investigate the distinctiveness of the Santa Ana River population, we performed PC 

analysis, admixture analysis, and estimated pairwise FST for sample collections in Group Three. 

PC and admixture analyses show that Santa Ana River population is strikingly genetically 

different from non-California Speckled Dace in the Group Three. In the PC analysis for Group 

Three, the largest proportion of the genetic variation is explained by PC1 and PC2 (Supplemental 

Figure S.1-2D). Both PC1 and PC2 split the Santa Ana River population from all other Speckled 

Dace lineages. Admixture analysis for Group Three was run from K = 2 to K = 5, and the Santa 

Ana River population split from the other locations (Lower Colorado Basin, Bonneville, 

Columbia Basin, and Washington) coast from K = 3 to K = 5 (Figure 1-5B). In addition, the 
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Santa Ana River population has high pairwise FST values with all other California Speckled Dace 

and non-California Speckled Dace (Supplemental Table S.1-2B). 

The range-wide SVDQuartets analysis places the Santa Ana population sister to samples 

collected from lower Colorado Basin (bootstrap support = 100%). IQTREE also places the Santa 

Ana population and lower Colorado Basin as sister lineages (bootstrap support = 100%), and 

indicates that each of these two populations are monophyletic as well (bootstrap support = 

100%). The results of admixture analysis and PCA support the genetic affinity between Santa 

Ana Speckled Dace and those from the Colorado Basin: the lower Colorado population clusters 

with Santa Ana River population when K = 2 and the lower Colorado population is the closest 

lineage to the Santa Ana River population in the PCA. However, due to the limited number of 

samples of non-California Speckled Dace, we did not further explore the relationship between 

non-California Speckled Dace and Speckled Dace from Santa Ana River. 

4. Discussion 

4.1  The Speckled Dace Has Multiple Lineages. 

Our genomic data analyses show that the Speckled Dace has hierarchical, genetically 

distinct lineages. In other words, they are genetically divergent at different levels as opposed to 

having relatively uniform relatedness as might be expected for a single widespread population. 

Our genetic analysis of California populations divides them into three lineages with sub-lineages. 

These lineages and sub-lineages coincide with zoogeographic regions that are largely isolated 

from one another and that contain other endemic fishes, suggesting long isolation (Moyle 2002). 

If allopatry sustains the genetic divergence for a sufficient duration, presumably phenotypic and 

genotypic differences will accumulate. It is thus unlikely that the split lineages can merge into a 

single lineage again and unlikely that genetic differences will be lost to hybridization upon 
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secondary contact. Thus, we assume that hybrid individuals from two distinct lineages would be 

poorly adapted to whatever ecological system in which they occur and have reduced fitness 

(Coyne and Orr 2004). We therefore find it appropriate to label geographically isolated lineages 

with large genomic differences as distinct lineages and geographically isolated lineages with less 

genomic differentiation as sub-lineages (Freudenstein et al. 2016). These lineages and sub-

lineages will be a precondition of the formal species delimitation of taxa within SDC. A more 

comprehensive definition of species in the SDC, will be presented in a separate paper that 

formally describes species and subspecies in California. 

 

4.1.1 Speckled Dace from Klamath River, Sacramento River, Central 

California Coast, and Warner Basin are a Single Genetically Distinct 

Lineage.  

In all the analyses, Speckled Dace from the Klamath River, Sacramento River, Central 

California Coast and Warner Basin are a monophyletic lineage (Group One). These dace have 

relatively low FST values within the lineages compared to FST values between them and other 

populations. For example, FST values between Sacramento River and Klamath River populations 

and the Warner Basin population are 0.17 and 0.29, but the FST values between the Sacramento 

River population and Speckled Dace from Death Valley (Amargosa River, Owens River, Long 

Valley) are 0.56, 0.51, 0.44 respectively. The Klamath River and Sacramento River populations 

have less genetic divergence from each other than either does from the Warner Basin population, 

but the geographical basins in which each occurs are all well-defined and contain other endemic 

fishes. This means the isolation of these three basins has been long enough for diversification, 
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although the Sacramento and Klamath river lineages have closer ties to each other than either 

does to the Warner Basin. The Klamath River has not drained south into the ancestral 

Sacramento River system since the end of the Pliocene (c.a. 3 mya); however, extensive 

deformation (e.g. downfaulting of the Klamath Graben) and volcanism (both from the Cascade-

arc and Medicine Lake volcanic field) have occurred almost continuously in the northern 

Sacramento and southern Klamath Basins (Colman et al. 2004). It is probable that this volcanism 

led to repeated drainage captures of headwater streams (habitat for dace and other native fishes 

with a common genetic heritage between the two basins) and allowed for intermittent gene flow. 

This intermittent inter-basin connectivity was presumably less frequent between the 

Klamath/Sacramento streams and those in the Warner Basin. The onset of Great Basin faulting 

and extension of the transnational Walker Lane belt into Surprise Valley resulted in uplift of the 

Warner Range (c.a. 3 mya) which likely resulted in a permanent topographic division of the 

Basins sometime in the late-Pleistocene (1.0-0.1 mya) (Egger and Miller 2011). 

The large geographic extent of the Klamath and Sacramento drainages has resulted in 

some geographic population structure in each basin, creating genetically distinct population 

segments that need further investigation for determination of taxonomic status (Oakey et al. 

2004). For example, Speckled Dace from the Central California Coast (San Luis Obispo Creek, 

Santa Maria River, Monterey Bay drainages) show enough genetic differentiation that this group 

of populations could be recognized as a genetically distinct sub-lineage within dace populations 

from the Sacramento drainage. 

4.1.2 Speckled Dace from Butte Lake is an Introduced Population. 

Butte Lake is located in Lassen Volcanic National Park and historically drained into the 

Lahontan basin, so Speckled Dace from Butte Lake were assumed to be genetically related to the 
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Speckled Dace in Lahontan Basin. However, Speckled Dace from Butte Lake have much greater 

similarity to Speckled Dace from the and Central California Coast and the Sacramento River 

than to Lahontan Speckled Dace in all the analyses. Therefore, we classify Speckled Dace from 

Butte Lake as part of the Central California Coast or Sacramento River population and 

hypothesize that the population most likely represents a bait-bucket introduction. Butte Lake 

drains northward from Mount Lassen through Butte Creek (which also has Speckled Dace) and 

may have been connected at one time to the Eagle Lake watershed in the Lahontan Basin, 

although frequent lava flows have obscured drainage patterns. The three other fishes present in 

Butte Lake, Tahoe Sucker (Catostomus tahoensis), Lahontan Redside (Richardsonius egregius), 

and Tui Chub (Siphatales bicolor) are Lahontan basin fishes, lending credence to the bait bucket 

hypothesis. 

4.1.3 Speckled Dace from Death Valley and the Lahontan Basin are a 

single lineage. 

In range-wide PCA, admixture analysis, and the phylogenetic analyses, Speckled Dace 

from Death Valley (Owens River, Amargosa River, Long Valley) and the Lahontan Basin are 

most closely related to each other (Group Two). The two geographic regions – Death Valley and 

Lahontan Basin – are isolated geological basins, and Speckled Dace reflect this division in 

analyses of Group Two (e.g. Figure 1-4B). Similar to Speckled Dace from the Sacramento and 

Klamath rivers, we also consider Speckled Dace from Death Valley and Lahontan Basin a single 

lineage with two distinct sub-lineages with a common ancestor. 

Within the Death Valley lineages, the Amargosa River and Owens River populations 

only show small genetic differences, a finding consistent with Mussmann et al. (2020). Smith et 

al. (2017) found that Speckled Dace from the Amargosa River shared haplotypes with dace from 
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the Owens Valley. Dace from Oasis Valley, Nevada, the headwaters of the Amargosa River, and 

from Ash Meadows (Bradford Spring), are sister lineages of Speckled Dace from Owens River. 

Unlike the situation for Speckled Dace from Klamath and Sacramento rivers, the Owens River 

and Amargosa River watersheds are internal drainages that were connected via a chain of large 

lakes during extended wet periods in the late Pleistocene. Given the results of our analyses and 

their recent geographic separation and isolation, we place Speckled Dace from the Amargosa and 

Owens rivers as one sub-lineage. Although Speckled Dace from Long Valley are in the same 

watershed as the Owens Valley, dace from Long Valley are genetically distinct from dace in the 

Owens and Amargosa rivers. Mussmann et al. (2020) observed a similar pattern in the phylogeny 

and FST estimates. This is probably the result of genetic drift due to isolation of small dace 

populations in small streams flowing into the Long Valley caldera. Climatic shifts and volcanism 

in the southern Mono Lake Basin subsequently isolated the Owens Basin from the Lahontan 

Basin. Here we treat the Long Valley population as a sub-lineage under Lahontan Basin 

Speckled Dace. 

Speckled Dace from the Walker River, Humboldt River, Eastern Sierra Nevada streams, 

and Death Valley system streams are one lineage: the Lahontan Speckled Dace R. o. robustus, 

which is a widely recognized taxon (Deacon and Williams 1984; Rutter 1902; Moyle 2002). 

Although Lahontan Basin Speckled Dace split at K=2 in the admixture analysis for Group Two, 

FST values between Lahontan-Owens and Lahontan-Long Valley Speckled Dace are somewhat 

small: 0.25 and 0.26, respectively, and even lower than the FST between Long Valley-Owens 

Speckled Dace. 

 Long Valley Speckled Dace originally occurred in a series of Hot Spring marshes in the 

Long Valley Caldera, located in the headwaters of Owens Valley watershed. Upstream 
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movement of Speckled Dace is prevented by a series of large drops in the Owens River Gorge. 

The Long Valley caldera drains into the Owens River before it enters this canyon as it flows 

from Long Valley to the Owens Valley. Downfaults of the Owens Valley occurred 

approximately 1.5 mya (Hildreth and Fierstein 2016). Low FST values suggest that 1) either a 

hybridization event took place between Speckled Dace from the Lahontan Basin and Owens 

River, creating Long Valley Speckled Dace, or 2) Lahontan and Long Valley share an early 

evolutionary history and were later separated by geologic change. The presence of Owens Tui 

Chub (Siphatales bicolor snyderi) and Owens Sucker (Catostomus fumeiventris) in Long Valley 

support the first hypothesis because the closest relatives of both taxa are in the Lahontan basin 

(Moyle 2002). Therefore, we consider Lahontan Speckled Dace to have two genetic distinct 

lineages in the Death Valley region: Speckled Dace in Death Valley that includes Amargosa and 

Owens River systems and Speckled Dace in Long Valley. However, the presence of other R. 

osculus subspecies, some described, in the Lahontan Basin indicates that additional subspecies 

will likely eventually be added to the list (Deacon and Williams 1984). 

4.1.4 Speckled Dace from the Santa Ana River are a Distinct Lineage 

Our range-wide analyses revealed that Speckled Dace from the Santa Ana River Basin 

are strikingly different from all other populations of Speckled Dace in California (Group Three). 

Speckled Dace in the Santa Ana River share more genetic similarities with Speckled Dace from 

the lower Colorado Basin, Bonneville, Washington Coast, and the Columbia River than with 

other dace lineages in California. Due to the small number of samples, the genetic diversity 

within non-California basins is not discussed in this paper. The evolutionary history of Speckled 

Dace from the Santa Ana River can be linked most closely with Speckled Dace from the lower 

Colorado Basin because they did not split from each other in the admixture analysis with all the 
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samples from K = 3 to K = 8 (Supplemental Figure S.1-3). According to Smith et al. 2017, 

Speckled Dace collected from Colorado Basin and Speckled Dace collected from Santa Ana 

Basin are sister lineages in the Colorado Group with relatively weak bootstrapping support in the 

mtDNA phylogeny. Regarding pairwise FST values, we find that Santa Ana Basin Speckled Dace 

have high genetic divergence from both California and non-California Speckled Dace. The lower 

bootstrapping in Smith et al. (2017) is likely caused by high genetic divergence and relatively 

low diversity in mtDNA.  

In our study, we clarify the genetic distinctness of Speckled Dace from the Santa Ana 

Basin. All analyses show that these dace have remarkably large genetic differences from other 

populations (Supplemental Table S.1-2). Due to their unique genetic structure, Santa Ana 

Speckled Dace are clearly a distinct lineage. This same basic conclusion was reached by 

Cornelius (1969) who conducted a detailed study of the morphometrics and meristics of Santa 

Ana Basin Speckled Dace, as well as of dace from neighboring streams (Sacramento Basin), the 

Virgin River (Lower Colorado basin), and Lake Tahoe (Lahontan basin). His study was the first 

to link the origins of Speckled Dace from the Santa Ana Basin to the lower Colorado River 

Basin. Details of how this connection occurred can be found in Axen and Fletcher (2010), 

McClay and Bonora (2001), and Dorsey and Langenheim (2015).  

5. Conclusion and Conservation Implications 

If we view the SDC as a single lineage, it is a species that does not merit special 

consideration for conservation because of its wide distribution and large population size. 

However, our genetic analyses show as that Speckled Dace in California have a hierarchical 

order of divergence and that the different levels of genetic distinctness divide California 

Speckled Dace into multiple lineages. More specifically, our genetic analyses place all California 
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populations into three major genetic lineages: 1) Speckled Dace from the Sacramento River, 

Central California Coast, Klamath River, and Warner Basin; 2) Speckled Dace from Death 

Valley, Long Valley, and Lahontan Basin, 3) Speckled Dace from the Santa Ana River. Each 

distinct population within the three lineages can represent a sub-lineage under the main lineage. 

Each of these lineages needs further study to locate populations within them that need special 

protection. Indeed, the naming a species can improve its protection. 

In this study, the populations across geographical regions are genetically divergent at 

different levels, depending on time and degree of isolation from other populations of Speckled 

Dace. However, populations in different geographical regions face different environmental 

threats. For example, the Amargosa region in Death Valley is one of the hottest and driest places 

in North America, where fish depend on springs that draw ancient water from underground 

aquifers; pumping water from these aquifers threatens to deplete this small flow (Robbins 2017; 

Belcher et al. 2019). In the Death Valley region, the Ash Meadows Speckled Dace was listed as 

Endangered in 1984 which is probably the main reason it still exists. The Center for Biological 

Diversity CBD has filed a petition (2020) to have that status apply to all dace populations in the 

Death Valley region, based on Mussmann (2020). 

 In the Los Angeles region, the Santa Ana Speckled Dace persists through urbanization, 

which has eliminated much of their habitat throughout the Santa Ana, San Gabriel and Los 

Angeles River systems and altered much of what is left. The dace presently inhabits small-

isolated streams and creeks in the Santa Ana and San Gabriel watersheds where they are 

vulnerable to the effects of fire, droughts and floods (Nunziata et al. 2013; SAWPA 2004). A 

petition to list the Santa Ana Speckled Dace as threatened under the federal Endangered Species 

Act in 1996 was rejected largely because of lack of a formal species description (USFWS 1996). 
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The genetic and evolutionary distinctiveness of Santa Ana Speckled should no longer be an 

issue, so listing is justified. 

These taxonomic issues will be further explored in a paper devoted solely to the 

taxonomy of the SDC in California. We can now combine our knowledge of genetic divergence 

with that of ecosystem status and characteristics to design distinct conservation management and 

policy strategies for different populations of Speckled Dace. 

The focus of this paper is Speckled Dace in California, so how our findings relate to 

Speckled Dace outside of California is not discussed. However, it seems likely that there are 

non-California lineages that can also be designated (or redesignated) as species or subspecies 

when genomic methods are applied with careful sampling. Further genomic research in other 

zoogeographic areas will undoubtedly reveal heretofore unrecognized genetic structure. 
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8. Figures and Tables 

FIGURE 1-1. Sampling map. Map of sampling sites in which Speckled Dace were collected for 

this study. The location represented by each number and the number of individuals sampled are 

detailed in Supplemental Table S.1-1.  
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FIGURE 1-2. Range-wide Speckled Dace population structure. (A) Principal Component 

Analysis (PC) of all samples. Color represents locations from which the Speckled Dace were 

collected. 16.7% genetic variation is explained in total (PC1 explains 8.6% variation while PC2 

explains 8.1% variation). Three groups are distinguishable. Group One includes Speckled Dace 

from Sacramento River (SAC), Central California Coast (CCA), Klamath River (KLA), Butte 

Lake (BUT) and Warner Basin (WAR). Group Two includes Speckled Dace from Amargosa 

River (AMR), Owens River (OWE), Long Valley (LV), and Lahontan Basin (LAH). Group 

Three includes Speckled Dace from the Santa Ana River (ANA) and from Washington Coast 

(WA), Columbia River (CLB), Bonneville Basin (B), and Colorado River Basin (CO). (B) 

Admixture analysis of all samples when K = 3, which means we assumed the current populations 

were admixed by three populations in the past. (C) SVDQuartets results of all samples. Group 

One and Group Two are monophyletic and are the sister groups of each other, while Santa Ana 

Speckled Dace were clustered with Speckled Dace from Lower Colorado Basin and are the sister 

group of all other Speckled Dace included in this study. 
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FIGURE 1-3. Population structure of Speckled Dace from the Sacramento River, Central 

California Coast, Klamath River, and Warner Basin. (A) Principal Component Analysis of 

samples in Group One; color represents locations of the Speckled Dace. 12.3% of the genetic 

variation is explained by PC1(7.6%) and PC2 (4.7). (B) PC analysis of samples in Group One 

when genetic variation is explained by PC1 (7.6%) and PC3 (3.7%). (C) Admixture analysis of 

samples in Group One when K = 2, 3, 4, 5. The abbreviation labels represent locations as in 

Figure 1-2. 
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FIGURE 1-4. Death Valley Speckled Dace and Lahontan Speckled Dace population structure. 

(A) Principal Component Analysis of samples in Group Two; color represents the locations 

where Speckled Dace were collected. 20.13% of the genetic variation is explained by 

PC1(10.3%) and PC2 (9.8%). (B) Admixture analysis of samples in Group Two when K = 2, 3, 

4, 5. The abbreviation labels represent the locations as in Figure 1-2. 
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FIGURE 1-5. Non-California and Santa Ana Basin Speckled Dace population structure. (A) 

Principal Component Analysis of samples in Group Three. Color represents locations where 

Speckled Dace were collected. 34.4% genetic variation is explained in total (PC1 explains 21.5% 

variation while PC2 explains 12.9% variation). (B) Admixture analysis of samples in group three 

when K =2, 3, 4, 5. The abbreviations correspond to locations in Figure 1-2. Both PC and 

admixture analyses support Speckled Dace from the Santa Ana River as distinct from non-

California Speckled Dace but have a distant relationship to Speckled Dace from the Lower 

Colorado Basin.  
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SUPPLEMENTAL FIGURE S.1-1. Contig depth. The distribution of mean depth of all the 

contigs at 50 bp in each individual. 

 

 

 

SUPPLEMENTAL FIGURE S.1-2. Genetic variation explained by each Principal Component. 

(A) The percentage of genetic variation explained by the first 30 PCs for range wide PCA. (B) 

The percentage of genetic variation explained by the first 30 PCs for PCA for California 

Speckled Dace, Warner Speckled Dace and Speckled Dace in Butte Lake (Group One). (C) The 

percentage of genetic variation explained by the first 30 PCs for PCA for Death Valley Speckled 

Dace and Lahontan Speckled Dace (Group Two). (D) The percentage of genetic variation 

explained by the first 30 PCs for PCA for Non-California and Santa Ana Speckled Dace (Group 

Three).  
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SUPPLEMENTAL FIGURE S.1-3. Admixture analysis of all the samples from K = 2-9. K refers 

to the number of the ancestral populations that the current populations are admixed from. Each 

color represents one of the ancestral populations. The abbreviations correspond to locations in 

Figure 1-2.  
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SUPPLEMENTAL FIGURE S.1-4. Maximum-Likelihood phylogeny generated by IQTREE. 

Tips are labeled according to Sub-region 1 following Supplemental Table S.1-1, except Butte 

Lake and Santa Ana, which are labeled by Sub-region 2, with the exception of the outgroup that 

is labeled according to species. The circle at each node indicates bootstrap support with black > 

90% and gray > 75% but < 90%. Nodes with < 75% bootstrap support are presented as 

polytomies. The tree is rooted with Relict Dace and Tui Chub and groups of Speckled Dace as 

found by Principal Component Analysis (Figure 1-2) are indicated.  
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SUPPLEMENTAL TABLE S.1-1. Collection information for samples analyzed in this study. 

Sample sizes for geographic regions are indicated and further subdivided at Sub-region 1 and 

Sub-region 2 levels. Specific sampling locations are presented with GPS coordinates and 

corresponding location number to Figure 1 with the number of samples included in analyses after 

quality control as detailed in the text. 
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SUPPLEMENTAL TABLE S.1-2. Pairwise FST for Speckled Dace. Lower pairwise FST numbers 

indicate lower genetic differentiation between the two populations. (A) Pairwise FST of 

California samples and samples that share the same node with California samples. (B) Pairwise 

FST between non-California samples (Washington, Columbia, Colorado, Washington) and 

Speckled Dace from the Santa Ana River. 

 

 

 

 

 

 

 

 

 

 

SUPPLEMENTAL MATERIAL S.1-1. Individuals selected for reference genome. Names of the 

filtered BAM files of eight Speckled Dace collected from the Walker River, which are selected 

to generate a reference genome. 

 

SUPPLEMENTAL MATERIAL S.1-2. Outgroup sequences. Sequences of Tui Chub and Relict 

Dace used as outgroups for phylogenetic analysis.  
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SUPPLEMENTAL MATERIAL S.1-3. The list of contigs in the reference genome. Contigs 

included in the reference genome with the average, minimum, and maximum lengths. 
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Chapter 2: Creation of a baseline for genetic monitoring of 

Paiute Cutthroat Trout 

Abstract 

Refuge populations are frequently created by managers as safeguards against species or 

lineage extinctions. Yet refuge populations are often small and geographically fragmented, 

thereby risking loss of genetic diversity and promoting potential rapid genetic divergences. 

Quantifying genetic baselines is essential for monitoring genetic change in refuge populations, 

and for informing management actions, such as future translocations. One useful approach for 

monitoring genetic structure and diversity in refuge populations is to develop a panel of single 

nucleotide polymorphism (SNPs). The SNP panel should contain non-paralogous, unlinked, 

neutral markers that can be reliably genotyped to accurately reflect genetic diversity. Paiute 

cutthroat trout (Oncorhynchus clarkii seleniris, PCT) is a subspecies of cutthroat trout 

historically distributed only in Lower Silver King Creek. However, the subspecies experienced 

massive population declines because non-native trout were introduced into their native habitat, 

competing and hybridizing with them. PCT have been restored in nine small refuge populations 

over the past ~100 years, but the genetic structure and diversity of these populations remains 

unknown. In this study, we developed a SNP panel to monitor genetic structure and diversity of 

the nine PCT refuge populations. We applied restriction-site associated (RAD) sequencing on 

854 PCT samples collected from 1996 to 2021 from all nine refuge populations to select 1,114 

SNPs for our panel to detect the genetic population structure and calculate the population 

heterozygosity. We compared results between our larger RAD sequencing dataset containing 

6,187 SNPs to our 1,114 panel SNPs and found that the panel SNPs generate comparable results 
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to RAD sequencing SNPs in population heterozygosity. They also produce more resolved 

estimates of genetic population structure, demonstrating the usefulness of our SNP panel for 

current and future monitoring and conservation efforts. 

1. Introduction 

Many species at risk of extinction are restricted to fragmented populations that no longer 

experience connectivity. These fragmented populations are often numerically small, which 

simultaneously puts them at risk of losing genetic diversity while promoting divergence over 

time. One particular kind of fragmented population an at-risk species may have is a refuge 

population. While definitions of refuge population vary, the one that is applied here is a 

population created by managers or remains in situ under protection as a safeguard against species 

or lineage extinction (Meretsky et al. 2006). Refuge populations may be especially at risk 

because upon creation they undergo founder effects, where only a small subset of genetic 

diversity from the source population(s) is transferred to the new population. This creates an 

initial reduction in diversity corresponding to the number of individuals used for initial 

establishment (Finger et al. 2012; Fraser 2008; Templeton et al. 2001). Refuge populations also 

commonly have small population sizes which further leads to genetic drift and differentiation 

over time.  

To maintain the health of refuge populations, active management may be undertaken. 

Translocating individuals between populations is one management tool that promotes gene flow 

among refuge populations. Throughout the western North America, translocations remain one of 

few tools available to assist with the protection and recovery of native trout species (Stead et al. 

2022; Larig and Fausch 2002). Translocations may replace historic gene flow among now 

isolated populations and mitigate both the loss of the genetic diversity and the increase in genetic 
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differentiation through drift or local adaptation (Aitken and Whitlock 2013; Hoban et al. 2021; 

Waters et al. 2015). It is especially critical that translocation efforts be paired with robust genetic 

monitoring so that success can ultimately be measured; translocations to restore the gene flow 

among refuge populations are only successful if translocated individuals successfully breed with 

the resident population, infusing new genetic material. If translocated individuals do not integrate 

into the recipient population, significant resources may have been wasted, which can setback a 

conservation program or species recovery.  

It is helpful to quantify a genetic baseline before translocation and refuge efforts are 

initiated at scale. For example, an accurate baseline can be used to inform genetic monitoring 

and evaluate success over space (across multiple populations), and over time within single 

populations of interest. A genetic baseline typically includes information on genetic diversity, 

effective population sizes, and genetic population structure. Additional applications of the 

baseline include prioritization of populations for additional management actions, genetic stock 

identification, and evaluations geared towards effectiveness of other habitat, ecosystem and 

population conservation activities (Clemento et al. 2014).  

Genetic markers must be carefully selected for monitoring, particularly when chosen 

from a large reduced representation sequencing data set (e.g., RAD sequencing). Although large 

genome wide-datasets provide significant power and can be used without a reference genome, 

they often take significant time to produce (sequencing is often outsourced), require substantial 

experience to analyze, and can produce inconsistent results making combining data sets difficult 

(Deagle et al. 2015; Flanagan and Jones 2018; Leigh et al. 2018; Meek and Larson 2019). These 

characteristics suggest methods such as RAD sequencing are ideal for generating genetic 

baselines, with thousands of individuals available for marker discovery. Yet this tool may also 
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become inefficient for tasks requiring a high throughput of many individuals over prolonged 

periods of time such as genetic monitoring (Deagle et al. 2015; Leigh et al. 2018). Instead, a 

well-designed panel of single nucleotide polymorphisms (SNPs) derived from RAD sequencing 

can provide a useful alternative that enables rapid genotyping with minimal loss of the power 

and accuracy associated with larger data sets (Bootsma et al. 2020; Clemento et al. 2014; Narum 

et al. 2008; Smith et al. 2007). Ideally, SNPs selected for genetic monitoring are unlinked, non-

paralogous, present in every population of interest in a study system, and can be reliably 

genotyped. These characteristics enable unbiased estimates of genetic diversity, effective 

population size, population assignment, and genetic population structure (Bootsma et al. 2020; 

Du et al. 2019; May et al. 2020; Rufo et al. 2019).  

Though SNP panels are highly effective, developing panels for genetic monitoring may 

not be straightforward. For example, in cases where multiple small refuge populations have 

undergone significant drift due to isolation and low effective population sizes, they likely have 

low levels of diversity to begin with, and there may be a limited number of shared polymorphic 

sites for all the populations (Fraser 2008). This is because over time a high proportion of SNPs 

have drifted to fixation or loss. Though there may be novel SNPs generated through mutation, if 

they are only found in a single population, they are not helpful for monitoring all the refuge 

populations. In addition, natural “noise” generated in the evolution of the species is a factor that 

can generate inaccurate results. Whole-genome duplications have occurred in the recent 

ancestors of many fish families, resulting in pervasive paralogous loci (Campbell et al. 2019; 

Ferris and Whitt 1980). Sequencing reads from paralogous loci in different parts of the genome 

can collapse into a single SNP locus during assembly, causing fixed differences between 

paralogs to be erroneously identified as heterozygous genotypes (McKinney et al. 2017; Willis et 
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al. 2017). Collapsed paralogs can in turn artificially inflate heterozygosity estimates at the 

individual and population level if they are not properly filtered out of the RAD sequencing 

dataset (O'Leary et al. 2018; Willis et al. 2017).  

The Paiute cutthroat trout (Oncorhynchus clarkii seleniris, PCT) provides a unique 

opportunity to overcome methodological obstacles articulated above for selecting SNP markers 

for use in monitoring multiple refuge populations. The Paiute cutthroat trout is a subspecies of 

cutthroat trout, belonging to the Salmonidae family, that experienced whole genome duplication 

approximately 88 million years ago, and therefore has a high proportion of paralogous genes in 

their genome (Macqueen and Johnston 2014). Paiute cutthroat trout were historically found in 

Lower Silver King Creek, which is a headwater of the East Fork of the Carson River, flowing 

through California and Nevada in the western United States (Finger et al. 2012). Non-native trout 

including rainbow trout (O. mykiss) and Lahontan cutthroat trout (O. c. henshawi) have been 

stocked in the native habitat of PCT, hybridizing with and out-competing them (Cordes et al. 

2004). Nine small refuge PCT populations were established 1968-1998 (with founding 

population sizes ranging from 20 to 401 fish; see Finger, et al. 2012) to protect PCT from 

competition and hybridization (Table 2-1). 

In 2017, a large wildfire burned the North Fork Cottonwood Creek watershed, and 

ultimately created dangerously low water levels in the stream. It was during this period that the 

first attempt was made at translocating PCT among the refuge populations, when 88 fish were 

translocated from North Fork Cottonwood Creek to Upper Silver King Creek (Table 2-1). The 

primary goal of this study is to analyze change in genetic diversity of the recipient population 

after this translocation, and to identify a panel of SNPs for future genetic monitoring of all nine 

refuge populations. We used BestRAD protocol (Ali et al. 2016) to prepare RAD sequencing 
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libraries for 854 individuals sampled across all refuge populations. We removed paralogous 

SNPs, filtered SNPs for depth of coverage, and removed FST outliers associated with RAD 

sequencing library batch differences. Using this set of unlinked and filtered SNPs, we developed 

a SNP panel to genetically monitor PCT refuge populations. Ultimately, this study provides a 

critical tool for managers to monitor multiple refuge populations at risk of extinction. The work 

may also be useful for researchers who encounter similar batch effects in RAD sequencing 

datasets more generally.   

 

2. Methods 

2.1 Sample collection, DNA sequencing, and quality filtering 

Biologists from the California Department of Fish and Wildlife, U.S. Department of 

Agriculture Forest Service, and U.S. Fish and Wildlife Service collected fin clips from nine PCT 

refuge populations over multiple years from 1996 to 2021(Figure 2-1, Table 2-1). Five study 

populations are located within the Carson River Basin, including Upper Silver King Creek, Four 

Mile Canyon Creek, Fly Valley Creek, Corral Valley Creek, and Coyote Valley Creek (hereafter, 

we refer to these populations as ‘within-basin’). The remaining four populations are Sharktooth 

Creek and Stairway Creek, which are located in San Joaquin River Basin, and North Fork 

Cottonwood Creek and Cabin Creek which are located in the Great Basin (hereafter we refer to 

these four populations as ‘out-of-basin’). 

Fin clips were taken from live fish and were either dried on Whatman qualitative filter 

paper, placed in coin envelopes, or stored in ethanol at room temperature. We extracted DNA 

from fin clips with a magnetic bead-based protocol (Ali et al. 2016) and quantified using Quant-

iT PicoGreen dsDNA Reagent (Thermo Fisher Scientific) with an FLx800 Fluorescence Reader 
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(BioTek Instruments). We prepared RAD libraries using the Sbf1 restriction enzyme following 

the protocol in Ali et al. (2016) for ten 96-well plates, and then pooled and sequenced all ten 

libraries across three lanes of an Illumina NovaSeq at the DNA Technologies and Expression 

Analysis Core at the University of California Davis with paired-end 150-bp reads. We used 

fastq-multx 1.4.2 to demultiplex the sequencing data with an exact match with plate barcodes 

(https://github.com/brwnj/fastq-multx) using BarcodeSplitListBestRadPairedEnd.pl provided in 

Ali et al. (2016). Demultiplexed data was aligned to the rainbow trout reference genome 

downloaded from NCBI (Bioproject: PRJNA623027) by bwa-mem algorithm in the Burrows-

Wheeler Aligner 0.7.17 (Li and Durbin 2009). We used SAMtools 1.7.2 (Li et al. 2009) to sort, 

remove duplicates, and count the mapped reads for each individual.  

We next tested the maximum number of genotypes that could be successfully called for 

each individual. We ran called genotypes on all 854 individuals in SAMtools 1.7.2 genotype 

likelihood model (-GL 1) with a uniform prior (-doPost 2) to identify genotypes with mapping 

scores above 30 (-minMapQ 30), base scores above 20 (-minQ 20) but no minInd filter (-minInd 

0). We used R to count the number of called SNPs in each individual and filtered out individuals 

with < 600,000 mapped reads and < 16,000 called SNPs (Figure 2-2).  

 
2.2 Identifying and removing the batch effect. 

2.2.1 Identifying the batch effect.  

Initially, we performed a principal component analysis (PCA) on all the individuals that 

passed screening described above using PCAngsd (Meisner and Albrechtsen 2018) to assess 

overall quality. To generate the beagle input file in ANGSD 1.9, we calculated genotype 

likelihoods using the SAMtools model (-GL 1), inferred major and minor alleles directly from 

https://github.com/brwnj/fastq-multx
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA623027/
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genotype likelihoods (-doMajorMinor 1), estimated posterior genotype probability assuming a 

uniform prior (-doPost 2) and estimated allele frequencies assuming a fixed major allele and 

minor allele (-doMaf 1) (Korneliussen et al. 2014). We only used reads with mapping score > 30 

(-minMapQ 30) and bases with a quality score 20 (-minQ 20). Furthermore, we only included 

SNPs with a minor allele frequency of at least 0.01 (-minMaf 0.01) that were represented in at 

least 60% of samples (-minInd 315).  

We found PCA results did not reflect expected population genetic structure based on 

Finger et al. (2012). Rather, PCA revealed a strong signal associated with RAD library from 

which samples originated, especially for samples from Library 9 (Figure 2-3A, D). According to 

Finger et al. (2012), within-basin populations have more similar genetic variation than out-of-

Basin populations, so we created two subsets of our data that each included samples in Library 9 

and the other libraries that were sourced from the same populations in the similar year (Table 2-

2). The first dataset included samples from all within-basin populations that were located both in 

Library 9 and the other libraries (Library 1, 6). The second dataset included individuals from one 

out-of-basin population, North Fork Cottonwood Creek (NFC), which were located in Library 9 

and the other libraries (Library 7, 8).  This allowed us to identify variants associated with library 

batch differences rather than a true biological signal. We called genotypes for within-basin 

populations and NFC separately using the same parameters as above using ANGSD 1.9 

(Korneliussen et al. 2014). We only called genotypes with data for 60% of individuals (-minInd 

222 for within-basin populations, -minInd 99 for NFC) and generated vcf files (-dovcf 1) for 

each subset.  
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2.2.2 Removing the batch effect caused by non-overlapping regions. 

When we discovered SNP loci for each library independently, some SNPs only appeared 

in one or several libraries instead of all of them. To assess if these non-shared SNPs contributed 

to the observed batch effect, we used bedtools (Quinlan and Hall 2010) to identify SNPs in 

common between Library 9, which had the strongest batch effect, and the other libraries for NFC 

and within-basin populations separately. We combined all the intersected SNPs that were shared 

between NFC dataset and within-basin populations dataset, and then called genotypes for all 

range-wide samples at this combined SNP list, then performed PCA to assess if the batch effect 

was reduced (Figure 2-3 B, E).  

2.2.3 Removing the batch effect caused by a coverage issue. 

To investigate cause of the batch effect, we calculated pairwise FST for each SNP in the 

samples that were influenced by the batch effect (Table 2-2). We grouped individuals from the 

sample location (North Fork Cottonwood Creek) or from all within-basin populations that have 

minimal genetic difference (Finger et al. 2012) to identify SNPs that can be the false positive FST 

outliers. We used VCFtools 0.1.14 (Danecek et al. 2011) to compare Weir and Cockerham FST 

for every locus in our combined SNP list. We used intersected SNPs and identified SNPs with 

FST values >1.5x the interquartile range as outliers (Grubbs 1969). We extracted depth of each 

SNP for each individual using VCFR 1.12.0 (Knaus and Grünwald 2017), calculated the mean 

depth of each SNP, and conducted a Wilcoxon signed rank test in R package rstatix 0.7.0 

(Kassambara 2020) to compare mean depth of FST outliers and non-outliers. To reduce the batch 

effect, we removed all SNPs that we identified as FST outliers or had the mean depth <5 or >50 

(Figure 2-4, Figure 2-3C, F).  
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2.3 Selecting SNPs for genetic population structures and individual 

heterozygosity.  

2.3.1 Selecting the SNPs 

After excluding SNPs that were FST outliers or had mean depth < 5 or > 50, we 

performed genotype calling on remaining SNPs for each population or several populations 

together to evaluate if they share the same genetic population structure in PCA and Finger et al. 

(2012) (Figure 2-3C, F). We used the same criteria to select the SNPs that have the depth 

between 5 and 50 (-geno_mindepth 5 and -geno_maxdepth 50). Next, we used HDplot to remove 

paralogous SNPs called in each population separately to avoid the genetic population structure 

(McKinney et al. 2017). We selected SNPs with heterozygosity frequency (H) < 0.45 in each 

population (Danecek et al. 2021; Li 2011). This set of SNPs is referred to as RAD-seq SNPs. To 

select approximately 1000 SNPs for our genetic monitoring SNP panel, we identified SNPs with 

allele ratio (D) between 0.4 and 0.6 in each population. This set of SNPs is referred to as ‘panel 

SNPs’. We used BCFtools 1.14 to prune the SNPs that had Lewontin’s D > 0.1 to remove 

linkage disequilibrium and kept only SNPs called in all populations for both SNP sets. 

2.3.2 Result validation  

To validate accuracy of our panel SNPs, we compared population structure and 

individual heterozygosity results produced using the RAD-seq SNPs and the panel SNPs. We 

used a PCA to visualize population structure using each set of SNPs. We used realSFS in 

ANGSD 1.9 to calculate individual heterozygosity from the folded site frequency spectrum for 

each set of SNPs (Korneliussen et al. 2014). We calculated mean and variance of individual 

heterozygosity for each population (excluding sites with < 8 samples). We verified that RAD-seq 
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SNPs and panel SNPs produced similar individual heterozygosity results by performing a 

Wilcoxon signed rank test using the R package rstatix with a strict Bonferroni adjusted-P value 

(Kassambara 2020).  

3. Results 

3.1 Removing the batch effect.  

After filtering individuals for sequencing and mapping quality, 524 out of 854 individuals 

were kept for further analysis (Figure 2-2). We used 212,592 SNPs in the initial range-wide 

PCA, where we observed a strong batch effect (Figure 2-3A, D). Genetic variation explained by 

PCA is extremely low due to the batch effect, noise, and temporal effect. Filtering our SNP 

dataset to only include loci in common between Library 9 and the other libraries resulted in a 

dataset with 95,932 SNPs, but PCA using these common SNPs revealed little improvement on 

the original batch effect (Figure 2-3B, E). We observed FST outliers in both NFC and within-

basin populations (Figure 2-4A, B). We identified 6,533 out of 54,049 SNPs as FST outliers in 

NFC, and 6,680 out of 48,711 SNPs FST outliers in within-basin populations. These FST outliers 

had significantly lower depth than the non-outlier SNPs in both NFC and within-basin 

populations (Figure 2-5). After filtering for FST outliers and depth of coverage, our final dataset 

included 29,390 SNPs and a PCA showed the batch effect was substantially reduced (Figure 2-3 

C, F). Although the batch effect is removed, the genetic variation explained by each PC is still 

low due to the existence of a temporal effect.  
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3.2 Selecting the SNPs to assess population structure and individual 

heterozygosity.  

Based on the final PCA, we identified all within-basin populations as a single genetic group and 

Cabin Creek (CAB) as a single genetic group. For each of the sites NFC, Stairway Creek (SWC), 

and Sharktooth Creek (SHK), a strong temporal effect led us to separate samples collected before 

or after 2012 as two genetic groups in each population (Figure 2-3C). After the genotype calling, 

SWC, SHK in 2000, and NFC in 2011 were excluded for the further analyses due to the low 

number of genotypes called compared to the other populations. After merging all the non-

paralogous SNPs selected by HDplot in each population, we selected 12,085 SNPs for the RAD-

seq SNP dataset and 1,716 SNPs for the panel SNPs dataset. After pruning for linkage 

disequilibrium, our final RAD-seq SNP dataset included 6,187 SNPs and our final panel SNPs 

dataset included 1,114 SNPs.  

3.3 Validating SNP panels. 

3.3.1 PCA 

 PCAs generated by RAD-seq SNPs (Figure 2-6A) and panel SNPs (Figure 2-6B) were 

similar, but panel SNPs produced a clearer resolution of the expected population structure 

(Finger et al. 2012) and revealed less temporal genetic drift between the samples. In the PCA 

generated by RAD-seq SNPs, the primary result is very similar to results before applying HDplot 

and pruning linkage disequilibrium (Figure 2-3C). PCA generated by RAD-seq SNPs 

emphasized temporal genetic drift more than geographic relationships among sampling locations. 

The out-of-basin populations collected before and after 2012 were separated into two clusters by 

PC1, which explains 2.62% of the genetic variation in the dataset. within-basin populations and 
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out-of-basin populations are separated into two groups by PC2, which explained 1.61% of 

genetic variation. However, genetic population structure at a finer geographical scale, such as for 

each refuge population, is not observable in the RAD-seq PCA.  In contrast, the PCA generated 

by panel SNPs is less impacted by the temporal effect, and the PCA shows genetic population 

structure among refuge populations besides the basin level only. Thus, the proportion of genetic 

variation explained by PC1 and PC2 were also increased compared to RAD-seq PCA as the 

paralogous SNPs and temporal effect were removed (Figure 2-3). Out-of-basin populations are 

more differentiated than within-basin populations. Besides the genetic population structure, 12 

individuals from Upper Silver King Creek (USKC) sampled in 2021 were located intermediately 

between within-basin and out-of-basin populations in the RAD-seq PCA, and between NFC and 

USKC genetic clusters in the panel SNPs PCA. These individuals could be offspring resulting 

from interbreeding after the 2017 translocation from NFC into USKC, which will be tested in the 

next chapter.  

 
3.3.2 Individual heterozygosity 

 To test if our SNP panel accurately estimates genetic diversity compared to the RAD-seq 

SNPs dataset, we compared individual heterozygosity values using both SNP sets. For most of 

our populations, we found no significant difference in mean heterozygosity estimates for Panel 

SNPs compared to RAD-seq SNPs; however we observed more variance in panel SNPs (Figure 

2-6C, Table 2-1). However, we did find a significant difference in SWC samples during 2021. 

Mean individual heterozygosity was only 0.034 lower in SWC 2021, which is also a minimal 

difference in heterozygosity at the population level. 
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4. Discussion  

4.1 The panel SNPs can successfully monitor genetic diversity. 

In this study, we applied RAD sequencing to identify a panel of 1,114 unlinked, non-

paralogous SNPs that can be used for long-term genetic monitoring and conservation of all nine 

refuge PCT populations. After comparing genetic diversity using our panel SNPs to the 6,187 

unlinked, non-paralogous RAD-seq SNPs, we found panel SNPs generated comparable 

measurements of genetic diversity at the population level for all nine refuge populations. This 

SNP panel can be used to identify potential donor and recipient populations for future 

translocations and to monitor spatiotemporal genetic diversity changes, including following 

future translocation events.  

4.2 Batch effect was successfully identified and removed.    

In this study, we encountered a strong artificial effect of library preparation in RAD 

sequencing data, which interfered with data analysis to identify informative SNPs for genetic 

monitoring. Refuge population architecture, containing multiple refuge populations, ultimately 

creates analytical challenges that make batch effects more problematic. In each refuge population 

with low levels of genetic diversity or little genetic differentiation among populations, batch 

effects may present a stronger signal than the biological pattern, making it difficult to discern 

true genomic relationships among populations. Batch effects can arise in a variety of ways that 

are not mutually exclusive, including preparation of sequencing libraries by different personnel, 

errors in standardizing input DNA concentrations, or stochasticity in PCR steps during the 

process of next generation sequencing (De-Kayne et al. 2021; Leigh et al. 2018; O'Leary et al. 

2018). Previous studies have demonstrated how batch effect can be caused by poly-G tails, base 
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quality score miscalibration, coverage differences, reference bias and alignment errors caused by 

difference in read type and read length, and DNA degradation (De-Kayne et al. 2021; Lou and 

Therkildsen 2022; O'Leary et al. 2018). In the process of identifying the cause of the batch 

effect, we speculate coverage difference is more likely to explain the batch effect in this study. 

We identified FST outliers in NFC as well as within-basin populations between Library 9 and the 

other libraries and the mean depth of the FST outliers was significantly lower than the non-

outliers (Figure 2-5). This indicated that the batch effect was highly associated with SNPs in low 

depth that can likely cause false homozygosity during genotype calling, which is a common way 

of associating low depth and inaccuracy in genotype calling (Lou and Therkildsen 2022). To 

solve the batch effect, we removed all SNPs identified as FST outliers, and all the SNPs with a 

depth >50 or <5, which also modulates influence of the missing values in measurement of 

individual heterozygosity. We acknowledged that some FST outliers not caused by technical 

artifacts were also removed from the data set, but we aimed at selecting a neutral SNP panel to 

detect the population structures and heterozygosity in individual and population levels and 

therefore would have excluded these high FST sites anyway. Removing FST outliers associated 

with different batches (RAD sequencing libraries, in our case) can sufficiently remove the batch 

effect for populations with minimal population structure that are sequenced across multiple 

libraries. This method may be especially valuable for selecting SNPs when the samples from the 

same populations are partitioned into two libraries and only one of them is influenced by batch 

effect. If no samples in the library with a batch effect originate from the same location as the 

samples in the other libraries, performing genotype calling in one batch and applying the SNPs 

on another batch can also be an effective way to solve the issue (Lou and Therkildsen 2022). 
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4.3 The selected SNPs can generate a comparable result to RAD 

sequencing data. 

We selected 1,114 SNPs for the genetic monitoring SNP panel and compared the result of 

PCA and individual heterozygosity to 6,187 SNPs representing the RAD sequencing data, after 

filtering the paralogous SNPs with low quality depth. In the PCA, panel SNPs reflected the 

population structures more clearly than the RAD-seq SNPs, while the RAD-seq SNPs reflected 

more on temporal differences within re-sampled populations. Samples collected before 2012 

were removed after the depth threshold was added in the genotype calling, which may be caused 

by the lower depth due to DNA degradation or the rapid genetic differentiation due to a founder 

effect. Removal of lower depth samples in the same locations strengthened our ability to 

distinguish among populations. One common concern for SNP panels used for long-term genetic 

monitoring is fixation or loss of alleles in selected loci in one or more populations. This effect 

could ultimately weaken the genetic signal as SNPs become monomorphic for some analyses 

such as parentage analysis but would record the change of population heterozygosity. We 

recommend using all the SNPs to measure population heterozygosity but monitoring minor allele 

frequency over time to ensure effectiveness of analyses requiring additional genetic variation.  

In the measurement of individual heterozygosity, Panel SNPs and RAD-seq SNPs have no 

significant difference in the mean individual heterozygosity in most of the populations. Although 

SWC in 2021 had significant differences, mean heterozygosity differences generated by either 

SNP set were minimal. Therefore, panel SNPs likely produce an unbiased measurement of 

genetic diversity at the population level. The unbiased result can be attributed to our use of the 

site frequency spectrum to estimate heterozygosity. In a previous study, allele frequency of SNPs 

was modified by its purpose: if the panel is designed for detecting population structure, SNPs 
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selected for the panel have high variance between populations (May et al. 2020). This selection 

step can break down site frequency spectrum of populations and thus generate a biased estimate 

of heterozygosity. However, maintaining site frequency spectrum also means keeping additional 

SNPs with low minor allele frequencies such as singletons and doubletons. These SNPs with 

lower minor allele frequency are less informative and ultimately require the panel to contain 

more SNPs to accomplish the goal of detecting population structure.  

Development of the panel SNPs will allow for use of less expensive and technically 

demanding technologies to perform long-term monitoring of PCT. Compared to methods that 

requires a long time and high costs to sequence, these SNPs can be included in amplicon 

sequencing methods such as GT-seq (Campbell et al. 2015). Due to limits in number of SNPs 

that can be included in a GT-seq panel, we would need to run 2-3 panels of GT-seq to include all 

1,114 SNPs. Hybridization capture methods are an alternative method that allow all the SNPs to 

be tested simultaneously. In hybridization capture methods, hybridization between sequencing 

reads and probes allows an effective and equal enrichment of SNPs located in introns to SNPs 

located in exons (Gasc et al. 2016). These non-primer methods provide a higher limit for number 

of SNPs than the primer-based method (GT-seq) as no PCR reaction needs are required to 

produce sequencing amplicons (Turner et al. 2009; Zhang et al. 2001).  

5. Conclusion 

In this study, we aimed at selecting non-paralogous, unlinked SNPs that exist in all nine 

refuge populations to develop a SNP panel for long-term genetic monitoring of PCT. In the 

process of performing RAD sequencing, we met a strong batch effect. To resolve the batch 

effect, we identified FST outliers in NFC or all within-basin populations sequenced in two RAD 

sequencing libraries, and the batch effect was successfully removed after filtering FST outliers 
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and the SNPs with extremely high or low read depth. After removing the paralogous and linked 

SNPs, we selected 1,114 SNPs for the panel and verified that these SNPs can generate unbiased 

results compared to non-paralogous and unlinked SNPs in RAD sequencing. We compared the 

result of the population heterozygosity calculated by these SNPs to 6,187 RAD-seq SNPs and 

found that the 1,114 SNPs indeed generate a comparable population heterozygosity to the RAD-

seq SNPs. This SNP panel can be used for conservation management, specifically in genetic 

monitoring of population structure and heterozygosity metrics. However, efficacy of the method 

should be revisited over time as analyses that require more genetic variation, such as parentage 

analysis may ultimately emerge and be more effective.  
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8. Figures and Tables  

FIGURE 2-1. Maps showing relative geographical location of each refuge population. (A) Two 

out-of-basin refuge populations are located in the Cottonwood Creek and Cabin Creek; (B) 

Within-basin refuge populations include: Upper Silver King Creek, Four Mile Canyon Creek, 

Fly Valley Creek, Corral Creek and Coyote Creek. (C) Two out-of-basin refuge populations are 

located in Stairway Creek and Sharktooth Creek. Sampling years are included on the stream 

label for each refuge population.  
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FIGURE 2-2. Called SNPs plotted as a function of mapped reads highlights individuals passing 

the quality filtering procedure. Individuals from each library were selected by number of called 

SNPs and the number of the mapped reads. Color represents libraries where the individual was 

obtained. The dashed line denotes the threshold for number of called SNPs and number of 
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mapped reads. The inset figure zooms into the distribution of called SNPs and mapped reads near 

the threshold to aid interpretability.  
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FIGURE 2-3. PCAs with samples coded by population and sequencing library. PCAs colored by 

population structures are generated using SNPs (A) with no filter, (B) after removing non-

overlapping SNPs, (C) after removing FST outliers. PCAs colored by RAD sequencing libraries, 

are generated by SNPs (D) with no filter, (E) after removing non-overlapping SNPs, (F) after 

removing FST outliers. Shapes indicate sampling years in all PCAs and individuals most 

impacted by the batch effect were circled using purple ovals. 
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FIGURE 2-4. FST of SNPs (black and gray points) vary alongside position in the 

genome. However, FST values also vary for the shared SNPs between Library 9 and other 

libraries for (A) NFC, (B) within-basin populations.  
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FIGURE 2-5. Mean depth in FST outliers and non-outlier SNPs. Distribution of mean depth was 

plotted for FST outliers and non-outlier SNPs in (A) NFC in Library 9, (B) NFC in other libraries, 

(C) within-basin in Library 9, (D) within-basin in other libraries. (E) Significant differences in 

depth between FST outliers and non-outlier SNPs in NFC. (F) Significant differences in depth 

between FST outliers and non-outlier SNPs for within-basin populations (P-values: 

****=0.0001). 
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FIGURE 2-6. Validation of selected SNPs. (A) PCA generated by unlinked, non-paralogous 

SNPs in RAD sequencing. (B) PCA generated by unlinked, non-paralogous SNPs in panel SNPs. 

(C) Comparison of individual heterozygosity estimated by RAD-seq SNPs and panel SNPs. 

Significance is labeled with * and P-value > 0.05 was not labeled. 
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TABLE 2-1. Refuge population sampling information and individual heterozygosity values. Number of SNPs discovered in each 

population for RAD-seq and panel SNPs before and after filtering paralogous SNPs by HDplot, mean and variance of individual 

heterozygosity generated using RAD-seq and panel SNPs are listed in the table. NFC 2020 and 2021, and COR 2019 and 2020 were 

merged into one population separately (labeled as NFC 2020 and COR 2019 in the analyses) because of the low sampling size in NFC 

2021 and COR 2020.  

Basin Type Location Sample 
collection 

year 

Sample 
size 

Selected SNPs  Mean Variance 
Before 
HDplot  

After  
HDplot 

RAD-seq 
SNPs 

Panel 
SNPs 

RAD-
seq 
SNPs 

Panel 
SNPs 

Carson River 
Basin  

within-
basin 

Corral Valley Creek (COR) 2019 10 8423 305 0.256 0.231 0.00078 0.0021 
2020 39 

Coyote Valley Creek (COY) 2019 55 0.255 0.232 0.00099 0.0025 
Four Mile Canyon Creek 

(FMC) 
2019 2 NA 

Fly Valley Creek (FVC) 2019 9 0.256 0.234 0.00022 0.001 
Upper Silver King Creek 

(USKC) 
2019 19 0.264 0.269 0.00037 0.00011 
2021 87 0.276 0.267 0.00067 0.0023 

Great Basin out-of-basin  Cabin Creek (CAB) 2000 6 filtered out NA 
2020 8 6823 662 0.233 0.235 0.00082 0.0035 

North fork Cottonwood 
Creek (NFC) 

2017 75 8054 621 0.270 0.258 0.00074 0.002 
2020 14 0.249 0.234 0.00044 0.0018 
2021 6 

San Joaquin 
Basin 

Sharktooth Creek (SHK) 2000 9 filtered out  NA 
2012 20 
2021 37 6898 589 0.216 0.241 0.0011 0.002 

Stairway Creek (SWC) 2000 11 filtered out  NA 
2012 20 
2021 32 5383 365 0.177 0.211 0.0012 0.0019 
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TABLE 2-2. The sampling populations in each RAD sequencing library.  Populations 

highlighted in red represent samples influenced by the batch effect, and populations highlighted 

in yellow denote samples not influenced by the batch effect but were used as the comparison 

group in pairwise FST.  

Library Population Sampling Year  Sample size  Sample size after filter  

Library 1 Upper Siver King Creek 2021 96 87 

Library 2 Upper Siver King Creek 2021 20 0 

 North Fork Cottonwood Creek 1996 37 0 

 Cabin Creek  2000 39 0 

Library 3 Cabin Creek  2000 11 7 

 Four Mile Canyon Creek 2000 9 7 

 Fly Valley Creek 2000 31 0 

 Corral Valley Creek  2000 39 3 

 Coyote Valley Creek 2000 1 0 

 Stairway Creek 2000 4 1 

 Upper Siver King Creek 2000 1 1 

Library 4 
Stairway Creek 

2000 43 10 

 2012 25 13 

Library 5 Stairway Creek  2012 14 7 

 Sharktooth Creek 2012 40 20 

 North Fork Cottonwood Creek 2011 42 35 

Library 6 North Fork Cottonwood Creek 2011 8 5 

 Coyote Valley Creek 2019 35 32 

 Corral Valley Creek  2020 44 39 

 Sharktooth Creek 2021 9 8 

Library 7 Sharktooth Creek 2021 31 29 

 Stairway Creek  2021 40 32 

 North Fork Cottonwood Creek 2020 19 14 

  2021 6 6 

Library 8 North Fork Cottonwood Creek 2020 10 10 

 Cabin Creek 2020 8 8 
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 Sharktooth Creek 2000 28 9 

Library 9 North Fork Cottonwood Creek 2017 48 47 

 Coyote Valley Creek 2019 15 15 

 Corral Valley Creek  2019 8 7 

 Upper Silver King Creek 2019 18 17 

 Four Mile Canyon Creek 2019 2 2 

 Fly Valley Creek 2019 5 5 

Library 10 Coyote Valley Creek 2019 12 8 

 Corral Valley Creek  2019 8 3 

 Upper Silver King Creek 2019 6 5 

 North Fork Cottonwood Creek 2017 37 28 

 Fly Valley Creek 2019 5 4 

  Total 854 524 
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Chapter 3: The role of genetic monitoring of refuge populations 

to save Paiute Cutthroat Trout 

Abstract 

Genetic monitoring is commonly employed in conservation management to track the 

health and robustness of refuge populations, especially when multiple populations persist. Paiute 

cutthroat trout (Oncorhynchus clarkii seleniris) is a subspecies of cutthroat trout listed as 

‘Endangered’ under the US Endangered Species Act by the US Fish and Wildlife Service 

(USFWS). The subspecies was historically confined to only Lower Silver King Creek, 

California; thus it has long been at high risk of extinction. Nine refuge populations (five located 

within the Carson River drainage and four outside the Carson River drainage) were developed by 

managers using translocation after non-native salmonids invaded their small natal footprint. 

Because founding populations for the refuges were naturally small, potential loss of genetic 

diversity and rapid genetic divergence has always been a conservation concern. For example, 

populations may lack genetic diversity such that they fail to adapt to novel environments (to 

which they were translocated) over time. In 2017, 88 PCT from North Fork Cottonwood Creek 

were rescued and translocated to Upper Silver King Creek. This provided an opportunity to 

assess how gene flow generated via the translocation contributed to genetic diversity in the 

recipient population. In this study, we applied 1,114 single nucleotide polymorphisms that had 

been identified for genetic monitoring of Paiute cutthroat trout, to estimate genetic population 

structure and population heterozygosity on all refuge populations as well as parentage 

assignment on translocated individuals. We found refuge populations located outside Carson 

River drainage have more genetic differentiation than those located within the Carson River 
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drainage. Every refuge population had similar population heterozygosity levels, but Upper Silver 

King Creek had the highest and Stairway Creek had lowest population heterozygosity. We found 

12 hybrid offspring in Upper Silver King Creek after translocation and the parents of seven 

individuals were successfully identified. Overall, selected SNPs can successfully identify hybrid 

offspring generated by translocation and can assess the change of genetic diversity in the 

recipient population after the translocation. These techniques will be useful for conservation 

management of PCT, and similar efforts may be helpful to monitoring spatiotemporal variation 

in genomics of other native and declining trout species. 

1. Introduction  

The Paiute cutthroat trout (Oncorhynchus clarkii seleniris, PCT) is a subspecies of 

cutthroat trout that is endemic to California and has the narrowest range of any cutthroat trout 

subspecies; it is found only in the headwaters of the East Fork Carson River, California (Cordes 

et al. 2004; Finger et al. 2012; Alber 2020). Originally PCT occupied no more than 16 km of 

Lower Silver King Creek (LSKC) below Llewellyn Falls and above a barrier falls in Silver King 

Canyon gorge (Behnke 2002). Isolation of PCT from its sister subspecies, Lahontan cutthroat 

trout (O. c. henshawi, LCT) is estimated to be from 0.26-0.85 million years ago (Saglam et al. 

2017). This relatively long isolation from LCT resulted in loss of body spotting in PCT; thus 

PCT became the only cutthroat trout that has almost completely lost body spotting (Behnke 

1965). Since at least 1924, Paiute cutthroat trout intensely threatened by introduction of non-

native salmonids such as rainbow trout (Oncorhynchus mykiss, RT) and Lahontan cutthroat trout 

(Corde et al. 2004, Finger et al. 2010). These non-native salmonids compete and hybridize with 

Paiute cutthroat trout, which significantly impair PCT populations and make them vulnerable to 

extinction. PCT was listed as 'endangered’ in 1967 under the federal Endangered Species 
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Preservation Act of 1967 (USFWS 1967) but was down-listed to 'threatened’ (USFWS 2004) to 

allow more flexible management, including increased translocation experimentation (Finger et 

al. 2012). 

Starting in 1946, in order to protect PCT from introgression, individuals were 

translocated out of their native habitat in Silver King Creek to establish refuge populations, 

resulting in nine total populations that persist today (Figure 2-1, Table 3-1, Finger et al. 2012). 

While the existence of multiple refuge populations helps to protect PCT from extinction, each 

individual refuge population was established with relatively few individuals and continues to 

support just small populations (founding size from 20-145, Finger et al. 2012). In turn, these 

small, isolated populations are threatened by a series of interacting factors including loss of 

genetic diversity, inbreeding depression, reduced population fitness, and lower effective 

population sizes, all of which can ultimately promote extinction (Whiteley et al. 2015). Small 

and isolated populations are also more vulnerable to catastrophic environmental events such as 

wildfires and drought (Caughley 1994; Hedrick et al. 1996). Thus, each refuge population is still 

at high risk of extinction and requires ongoing science-based management and monitoring. 

Moving individuals among refuge populations via translocation is one management option 

strongly considered because translocated individuals will generate hybrid F1 offspring and 

transfer new genetic variation to the recipient population (Whiteley et al. 2015). This assisted 

gene flow can ultimately slow the erosion of genetic diversity and possibly increase genetic and 

phenotypic diversity for individual refuge populations (Whiteley et al. 2015; Kolodny et al. 

2019). However, genetic rescue may be complicated by genetic differentiation from bottlenecks 

and local adaptation following the translocation (Weeks et al. 2011; Furlan et al. 2020). Thus, 

populations that have divergent genetic population structure or possess local adaptations should 
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be avoided for translocation because they can lead to outbreeding depression and failed 

translocation efforts (Gilk et al. 2004; Furlan et al. 2020).  

Over the last 60 years there have been numerous management efforts aimed at promoting 

recovery of PCT (Cordes et al. 2004) including a recent rescue leading to a translocation. In 

2017, a wildfire burned inside of the North Fork Cottonwood Creek (NFC) watershed, one of the 

out-of-basin populations located in physiographical province Great Basin, California, and the 

water level of North Fork Cottonwood Creek was extremely low (Alber 2020). To rescue this 

refuge population from drought, 88 PCT that were ready to spawn were translocated from North 

Fork Cottonwood Creek to Upper Silver King Creek (USKC). Yet it remains unclear whether 

this translocation was at all successful. A translocation or genetic rescue can only be considered 

successful if translocated individuals breed with the recipient population, and genetic monitoring 

is required to detect interbreeding. After the translocation, the success of generating F1 hybrid 

offspring by the translocated individuals should be evaluated to guarantee enhanced genetic 

diversity in the recipient population. In this study, we used a panel of SNPs discovered by Su et 

al. (In prep) to measure genetic diversity of all the refuge populations and to monitor change in 

genetic diversity before and after the translocation to Upper Silver King Creek. Characterizing 

genetic population structure and diversity of all refuge populations would be helpful in selecting 

donor populations for future translocation efforts.  

2. Methods 

2.1 Sampling, DNA sequencing, and quality filtering 

Biologists from California Department of Fish and Wildlife (CDFW), US Forest Service 

(USFS), and USFWS collected fin clips from all nine refuge populations over a period of 

multiple years (Table 3-1). Five of the refuge populations (Upper Silver King Creek, Four Mile 
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Caynon Creek, Fly Valley Creek, Coyote Valley Creek, Corral Valley Creek) were located 

within the Carson River Drainage (hereafter called “within-basin” populations). The remaining 

four populations are split into the San Joaquin River Basin, Sharktooth Creek and Stairway 

Creek, and the Great Basin, North Fork Cottonwood Creek and Cabin Creek (hereafter we refer 

to these four populations as “out-of-basin”).To monitor effects of translocation, 24 

approximately one-year-old (< 60 mm) individuals were sampled from Upper Silver King Creek 

to detect F1s (fish with 1 NFC parent and 1 USKC parent) in 2019 (Wong, 1975; Titus et al. 

2009), and Upper Silver King Creek was fully resampled for the first time after NFC 

translocation in 2021. 

To collect the DNA, adipose fin clips were taken from live fish and were either dried on 

Whatman qualitative filter paper, placed in coin envelopes, or stored in ethanol at room 

temperature. DNA was extracted from fin clips with a magnetic bead-based protocol (Ali et al. 

2016) and quantified using Quant-iT PicoGreen dsDNA Reagent (Thermo Fisher Scientific) with 

an FLx800 Fluorescence Reader (BioTek Instruments). We prepared RAD libraries using the 

Sbf1 restriction enzyme following Ali et al. (2016) for ten 96-well plates, and then pooled and 

sequenced all ten libraries across three lanes of an Illumina NovaSeq at the University of 

California Davis DNA Technologies and Expression Analysis Core with paired-end 150-bp 

reads. We used fastq-multx 1.4.2 to demultiplex sequencing data with an exact match with well 

and plate barcodes (https://github.com/brwnj/fastq-multx). Demultiplexed data were aligned to 

the rainbow trout reference genome downloaded from NCBI 

(https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_013265735.2/) using the bwa-mem 

algorithm in the Burrows-Wheeler Aligner 0.7.17 (Li and Durbin 2009). We used SAMtools 

https://github.com/brwnj/fastq-multx
https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_013265735.2/
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1.7.2 (Li 2011) to sort, remove duplicates, and count all mapped reads. We only selected 

individuals with > 500,000 mapped reads for downstream analysis (N=524, Table 3-1).  

2.2 Detecting the genetic population structure of nine refuge 

populations.  

2.2.1 PCA 

To investigate range-wide population genetic structure of the refuge populations, a 

Principal Component Analysis (PCA) was conducted with all the samples (range-wide PCA). 

We used the SNP panel from Su et al. (in prep) (-rf) and filtered SNPs with minor allele 

frequencies < 0.05 (-minMaf 0.05) to generate a beagle input in ANGSD 1.9 (Kalyaanamoorthy 

et al. 2017). Afterward, we used PCAngsd (Meisner and Albrechtsen 2018) to generate a genetic 

covariance matrix. We used eig() function in R 4.1.2 to compute the eigen matrix and used 

ggplot2 (Wickham 2016) to visualize dimensionality and variation within the context of the 

PCs.    

2.2.2 Range-wide Admixture Analysis  

We further characterized genetic structure of PCT by running a range-wide admixture 

analysis on the nine refuge populations. We used the same beagle file generated for PCAngsd to 

perform the admixture analysis. We used NGSadmix (Skotte et al. 2013) to run 10 iterations of 

each K value (the number of genetic groups) from 1 to 10. After using Evanno method (Evanno 

et al. 2005) to select optimal K from 1 to 10, we visualized the admixture plot for the selected 

optimal K value and its adjacent K values.  

2.2.3 FST 
 To quantify degree of genetic differentiation among refuge populations, we estimated 

pairwise FST values. We used ANGSD 1.9 to perform genotype calling on all SNPs and 
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generated a VCF file (-dovcf 1). We used VCFtools 0.1.14 (Danecek et al. 2011) to calculate the 

Weir and Cockerham FST for every SNP. We considered missing values and the negative FST 

values as 0 and calculated the mean of the FST values for all the SNPs for each population. The 

pairwise FST between different years for the same location was also calculated if the sampling 

year of one location is > 1. To compare if genetic differentiation is greater among within-basin 

populations, out-of-basin populations, or between them, pairwise comparisons were categorized 

into “In ~ In” (within-basin population and within-basin population), “In ~ Out” (within-basin 

population and out-of-Basin population), “Out ~ Out” (out-of-basin population and out-of-basin 

population). The heatmap of the pairwise FST and the boxplot of each category were visualized 

using R package ggplot2 (Wickham 2016). 

2.3 Estimating population heterozygosity for all refuge populations. 

To estimate levels of genetic diversity within each population, we calculated mean of the 

individual heterozygosity. To calculate individual heterozygosity, we generated the folded site 

allele frequency file (.saf) for all SNPs in each individual using ANGSD (Kalyaanamoorthy et al. 

2017). Single site allele frequency files were used as the input to generate the site frequency 

spectrum for each individual, and the individual heterozygosity was estimated based on the site 

frequency spectrum. We excluded populations with fewer than eight individuals sampled for this 

analysis and performed Wilcoxon signed rank test with Bonferroni adjustment to detect 

significant differences among the refuge populations. To detect change in heterozygosity 

following translocation, we compared heterozygosity between non-hybrid individuals and hybrid 

individuals identified by the admixture analysis in USKC 2019 and 2021 and performed a 

Wilcoxon signed rank test with Bonferroni adjustment using R package rstatix (Kassambara 

2020). Mean individual heterozygosity was calculated by mean() function in R (R Core Team 
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2023), and the boxplot of the individual heterozygosity was visualized in R package ggplot2 

(Wickham 2016).   

 
2.4 Identifying offspring-parent relationships after translocation. 

2.4.1 USKC/NFC Admixture analysis 

To detect any F1 hybrid offspring after the translocation from NFC to USKC, we 

performed another admixture analysis that only included the donor and recipient 

populations: NFC in 2017, USKC in 2019, and USKC in 2021. Similar to range-wide 

admixture analysis, we used the SNP panel to generate a beagle file in ANGSD and used 

NGSadmix to generate the q-value matrix for the selected populations when K = 2. We 

identified F1 hybrid offspring as individuals with more than 40% of their ancestry from 

the recipient populations.  

2.4.2 Parentage Analysis  

To detect any F1 offspring resulting from the NFC translocation event amongst USKC 

fish sampled in 2019 and 2021, we used the software program COLONY2 to conduct parentage 

analysis (Jones and Wang 2010). To generate the input file for COLONY2, we selected all 

individuals that passed the sequencing and mapping filters in the donor and recipient populations 

and performed genotype calling in ANGSD 1.9 using the SNP panel and used 

write_colony_input(), a function of the software program snpR (Hemstrom and Jones 2023).  

COLONY2 requires genotypes from potential parents and offspring to conduct parentage 

analysis. For potential parents, we used translocated NFC individuals (N=75) and non-admixed 

USKC individuals (N=16) which were non-admixed shown in admixture analysis. We included 

all sampled fish as potential mothers and fathers, as we did not know sex of individuals. For 
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potential offspring in this analysis, we used genotypes of all individuals collected in USKC in 

2021 (N=87) and any individuals identified as admixed (using the NGSAdmix analysis) 

collected in USKC in 2019. For negative controls (to ensure that COLONY was not selecting 

spurious parents), we included as potential offspring two individuals collected from Coyote 

Valley Creek in 2019. We set the probability of parents being present in our dataset to 0.5. We 

also used the full likelihood method, set genotype error rate = 0.1 and dropout rate = 0.01 for one 

medium length run. We allowed outbreeding, and selected random mating, and polygamy for the 

mating system.  

3. Results   

3.1 Within-basin populations are more similar to each other than out-of-

basin populations.  

3.1.1 PCA 

In the PCA of all the populations, the first three PC axes explain more genetic variation 

than the other PCs (Supplemental Figure S.3-1). Thus, we plotted PC1 and PC2 as well as PC1 

and PC3 (Figure 3-1A, B). PC1 explains 5.18% of the genetic variation and PC2 explains 3.05% 

of the genetic variation. In PC1 and PC2, four out-of-basin populations, North Fork Cottonwood 

Creek, Cabin Creek, Sharktooth Creek, and Stairway Creek are separated from each other as well 

as from the within-basin SKC watershed populations (Figure 3-1A). Compared to the other three 

out-of-basin populations, the cluster of Stairway Creek is relatively closer to within-basin 

populations (Figure 3-1A). Cabin Creek, and North Fork Cottonwood Creek are more closely 

related to each other than the distance of them to Sharktooth Creek (Figure 3-1A). Within-basin 

populations are more closely related to each other than out-of-basin populations (Figure 3-1A). 
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PC3, which explains 1.71% of genetic variation, reveals more genetic differentiation within the 

within-basin populations (Figure 3-1B). Corral Valley Creek is more unique from the other 

within-basin populations, while Four Mile Canyon Creek, Fly Valley Creek, Coyote Valley 

Creek, and Upper Silver King Creek are still clustered (Figure 3-1B).   

3.3.2 Range-wide Admixture Analysis   

In the admixture analysis, the optimal K range-wide is 1 (Supplemental Figure S.3-2). As 

the delta K values of K = 2, 3, 4 are higher than the delta K values of the other Ks, we visualized 

the admixture analysis from K=2-4. When K = 2, three of four out-of-basin populations, 

Sharktooth Creek, North Fork Cottonwood Creek, Cabin Creek are separated into one cluster, 

and all five the within-basin populations, Four Mile Canyon Creek, Fly Valley Creek, Coyote 

Valley Creek, Corral Valley Creek, Upper Silver King Creek, are separated into another cluster 

(Figure 3-1C). However, Stairway Creek showed more admixture between the two clusters when 

K =2. Most of the Upper Silver King Creek populations are partitioned into the same cluster as 

the other within-basin populations, but 12 Upper Silver King Creek individuals had the 

admixture of both clusters. When K = 3, Sharktooth Creek forms a distinct cluster itself from all 

the other out-of-basin populations. When K = 4, Corral Valley Creek separates from the other 

within-basin populations, and Stairway Creek, Four Mile Canyon Creek, Fly Valley Creek, and 

Coyote Valley Creek also have a high proportion of admixed ancestry in this cluster.   

3.3.3 FST 

FST values are similar to results in PCA and admixture analysis. Within-basin populations 

are more similar to each other than out-of-basins as the pairwise FST values between two within-

basin populations (range: 0.013 - 0.036 mean: 0.025) are significantly smaller than FST values of 

two out-of-basin populations (range: 0.030 - 0.068 mean: 0.053; P-value: 1.1e-5) or between one 
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within-basin population and one out-of-basin population (range: 0.034 - 0.065 mean: 0.052; P-

value: 2e-08) (Figure 3-1D, E). mean of pairwise FST values of two out-of-basin populations are 

not significantly different from the mean of pairwise FST values of one within-basin population 

and one out-of-basin population (Figure 3-1E). Similar to the PCA and admixture analysis, 

Sharktooth Creek has the highest FST values to all the other populations (range: 0.048 - 0.068, 

mean: 0.060). Upper Silver King Creek in 2021 has the lowest FST to all the other populations 

(range: 0.013 - 0.062, mean: 0.042). The FST caused by the temporal effect (the different 

sampling years in the same location) was relatively small compared to the spatial effect. The FST 

value between Upper Silver King Creek in 2019 and 2021 was 0.013 and the FST value between 

NFC in 2017 and 2020 was 0.023.  

 
3.2 Successful identification of parents for seven out of 12 hybridized 

individuals.  

3.2.1 USKC/NFC Admixture Analysis  

To identify hybridized F1 offspring following translocation, we ran admixture analysis on 

the donor and recipient populations involved in this translocation, and ultimately identified 12 

hybridized individuals. Four individuals were collected in 2019 and the other eight were 

collected in 2021. Using 40% ancestry from the donor population as the threshold for F1 

offspring in the recipient population, we identified seven out of the 12 individuals as potential 

offspring from the F1 generation between donor and recipient populations. 

3.3.2 Parentage Analysis  

After running the parentage analysis, we successfully identified the parent from seven of 

nine F1 offspring. Three out of four 2019 individuals (USKC 9, 11, 10) and one 2021 individual 
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were identified as having the same parent (NFC 84) with an accuracy of 94%. One 2019 

individual (USKC 4), and the other two 2021 individuals (USKC 7 and 65) were identified as 

each having distinct parents. All individuals with < 40% of ancestry from the donor population 

failed to have any parents identified.  

3.3 Population heterozygosity is similar across all nine refuge 

populations. 

We found that all refuge populations with a sampling size > 8 had similar values of mean 

heterozygosity, ranging 0.21-0.27 (Figure 3-2A). The population with the lowest mean 

heterozygosity was Stairway Creek, which was significantly lower than all the other refuge 

populations except Cabin Creek, and the population with the highest mean heterozygosity was 

Upper Silver King Creek, which was significantly higher than most of the other refuge 

populations (Supplemental Table S.3-1). North Fork Cottonwood Creek also had significantly 

elevated population heterozygosity compared to most of the populations (Supplemental Table 

S.3-1). However, fish were collected from North Fork Cottonwood Creek in two different years, 

and we found mean heterozygosity decreased from 2017 to 2020. To detect change in mean 

heterozygosity after the translocation from North Fork Cottonwood Creek to Upper Silver King 

Creek, we compared non-hybridized individuals to hybridized individuals identified by the 

admixture analysis in USKC 2019 and 2021 and found no significant increase in mean 

heterozygosity in hybrid individuals (Figure 3-2B; P-value: USKC 2019 and hybridized 

individual: 0.94; USKC 2021 and hybrid individual: 0.83).  
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4. Discussion  

4.1 Population Structure and Translocation History. 

Results of our PCA, admixture analyses, and FST all support one another. When K = 2, 

out-of-basin populations form a distinct cluster from the within-basin populations, as all the out-

of-basin populations are separated from each other and from all the within-basin populations that 

are clustered together along PC1 and PC2 (Figure 3-1 A, C). Similarly, the pairwise FST values 

between two within-basin populations were significantly lower than the pairwise FST values of 

two out-of-basin populations or one within-basin and one out-of-basin population (Figure 3-1 D, 

E)  When K = 3, Sharktooth Creek separated from the other out-of-basin populations and formed 

another cluster, and Sharktooth Creek was also the most distant from the other populations along 

PC1 and PC2 (Figure 3-1 A, C). At the same time, Sharktooth Creek also had the highest FST 

values from all the other populations (Figure 3-1 D). When K = 4, Coyote Valley Creek 

separated from other within-basin populations, which was also concordant with patterns along 

PC1 and PC3 (Figure 3-1 B, C). 

 Observed genetic population structure supports recent translocation histories of fish in 

these systems to re-establish refuge populations after the removal of hybrids between PCT and 

non-native trout. Similarities among five within-basin populations can be explained by shared 

source populations and frequent translocations after multiple chemical treatments to remove non-

native fish. After the introduced RT and PCT/RT hybrids were removed successfully by the 

chemical treatment in 1977, Fly Valley Creek was the direct or indirect source population used to 

re-establish Coyote Valley Creek, Corral Valley Creek, and Upper Silver King Creek. Coyote 

Valley Creek population was re-established from the Fly Valley Creek population after 

successive chemical treatments in 1964 and 1977, and 54 PCT were transferred from Fly Valley 
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Creek to Coyote Valley Creek in 1989 again. In 1994-1998, pure PCT were relocated back into 

Upper Silver King Creek from Coyote Valley Creek and Fly Valley Creek. After the successful 

chemical treatments in 1987 and 1988 in Corral Valley Creek, the source populations for the re-

established population were also Fly Valley Creek and Coyote Valley Creek. These cycled 

donor-recipient relationships among within-basin populations homogenized any genetic 

divergence that might have arisen due to genetic drift in these small populations.  

  Compared to the within-basin populations, out-of-basin locations have comparatively 

fewer translocations. Cordes et al. (2004) and the PCT Recovery Plan (Alber 2020) provide a 

more detailed list of translocations, founding events, and chemical treatments 1912-2004. The 

North Fork Cottonwood Creek population was originally established using PCT from Upper 

Silver King Creek, Corral Valley Creek, and Coyote Valley Creek in 1946. North Fork 

Cottonwood Creek was then utilized as a source population to establish the other two out-of-

basin populations, Cabin Creek and Sharktooth Creek in 1968. Stairway Creek was established 

in 1972 from 77 fish in Delaney Creek, which was previously sourced with 43 Four Mile Canyon 

Creek fish and three Fly Valley Creek fish. The admixture analysis also reflected the admixed 

ancestry between Stairway Creek and Four Mile Canyon Creek when K = 2 and closer genetic 

similarity of Stairway Creek and within-basin populations compared to the other three out-of-

basin refuge populations, which also reflected the different source population used to establish 

Stairway Creek from the other three refuge populations. 

4.2 Parentage analysis and post 2017 translocation genetic monitoring.  

After 88 fish were translocated from North Fork Cottonwood Creek in 2017 to Upper 

Silver King Creek, we observed 12 F1 individuals collected in 2019 and 2021. We used 

parentage analysis to determine how many individuals from the donor population, North Fork 
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Cottonwood Creek, had spawned, but only seven F1s were assigned to North Fork Cottonwood 

Creek fish with high confidence. Interestingly, three 2019 and one 2021 F1 hybrids shared the 

same parent, which indicated that this individual mated more than once, or that one 2019 

offspring was not sampled in 2019 but sampled in 2021. However, five fish from Upper Silver 

King Creek failed to have parents identified in the parentage analysis. One potential reason is 

that their parents are one of the 11 North Fork Cottonwood Creek individuals that did not pass 

our filtering threshold for inclusion. Moreover, we found most of the individuals that didn’t 

assign to parents had lower admixed ancestry proportions from donor population, commonly 

ranging from 0.35 to 0.40. These individuals could be F2 hybrids as three of four fish with no 

parent identified are 2021 samples, and the one-year-old juveniles in 2019 (< 60 mm) can be 

already sexually mature and reproduce in 2021, according to the three-year life span for most 

individuals (Wong, 1975). As the whole population was not thoroughly sampled in 2019, it is 

likely that their parents were missed. Another alternative hypothesis is that the false negative 

results were generated by the reduction of the admixed proportion due to the unbalanced dam 

and sire genome inheritance caused by the recombination exhibited in 1,114 selected 

SNPs. Thus, the heterozygous sites caused by the hybridization were under-represented by the 

selected SNPs and resulted in no parent identified in the analysis.  

Another concern for the parentage analysis was the false positive as the some of the 

individuals in the donor population also had the ancestry from the recipient population (range 

from 0%-31%) due to the shared polymorphism and demographic history. Thus, individuals that 

had the admixed ancestry proportion from 35%-40% can be the offspring of two translocated 

NFC individuals from North Fork Cottonwood Creek. However, although 1 NFC individual had 

31% admixed ancestry from the recipient population, all other individuals had less than 25% 
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ancestry from the recipient population. On the other hands, PCA could distinguish the NFC 

individuals from the hybrid offspring individuals clearly, and no mismatches were found among 

PCA, admixture analysis, and parentage analysis. Thus, although the donor and recipient 

populations are not clearly separated by the admixture analysis, the false positive results in 

parentage analysis were less likely than false negative results caused by the filtering and 

sampling alone.    

 In theory, a sudden jump in population heterozygosity will be observed within a couple 

of generations following a translocation event, because new alleles were introduced from the 

donor population (NFC) to the recipient population (USKC). However, we did not observe such 

an increase in heterozygosity in Upper Silver King Creek fish at the time of sampling. There are 

many potential reasons for this result; the first being that it is possible that very few fish from 

North Fork Cottonwood Creek were able to successfully spawn in Upper Silver King Creek, 

thereby reducing the genetic rescue effect. We did not sample any fish in Upper Silver King 

Creek with two parents from North Fork Cottonwood Creek after translocation, as might be 

expected if survival of translocated fish was high, though this could also be explained by 

incomplete re-sampling of fish in Upper Silver King Creek. Secondly, North Fork Cottonwood 

Creek had similar heterozygosity at an individual and population level as Upper Silver King 

Creek, so it may have had limited ability to boost heterozygosity in Upper Silver King Creek. 

This finding was further supported by the insignificant difference in population heterozygosity 

between hybrids and non-hybrid individuals in Upper Silver King Creek (Figure 3-3). Though 

we did not find very many F1s in our samples, collectively the population heterozygosity in 

Upper Silver King Creek was the highest among all the refuge populations.  
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4.3 Identifying potential donor populations for future translocations. 

 Based on our analyses, all populations have similar population heterozygosity, and 

genetic differentiation was relatively weak, even if genetic differentiation was unequal among 

refuge populations. Translocations among populations can be an effective management strategy 

to boost population heterozygosity safely for PCT. At the same time, because we successfully 

detected F1 hybrid offspring after the translocation of fish from North Fork Cottonwood Creek to 

Upper Silver King Creek, we may conclude that genetic differentiation between within-basin and 

out-of-basin populations is not an absolute barrier for translocations between them. As the North 

Fork Cottonwood Creek is the donor population of Cabin Creek and Sharktooth Creek, Cabin 

Creek can also be a potential donor population. More caution is needed for using Sharktooth 

Creek as a donor population because it has the highest genetic differentiation from all the other 

populations. Stairway Creek was the out-of-basin population that was genetically relatively 

similar to the within-basin populations and had the lowest population heterozygosity. Stairway 

Creek should not be used for translocations unless managers can ensure a translocation can bring 

new genetic variation to the recipient population. On the other hand, census size of the refuge 

population should also be considered for the sustainability of each refuge population as 

translocating the adults at spawning age out of the refuge population could compromise the 

reproductive capacity of the population, which may ultimately reduce the size and genetic 

diversity of the donor population.  

The translocation in Westlope cutthroat trout (Oncorhynchus clarkii lewisi) can serve as a 

guideline for the future translocation of PCT. Westlope cutthroat trout is also a subspecies of 

cutthroat trout that has widespread fragmented habitats, resulting in the decrease in the genetic 

variation in each population. Kovach et al. 2022 confirmed that the assisted gene flow generated 
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by the translocation successfully increased the genetic variation in the recipient populations. 

However, the effectiveness of assisted gene flow created by the translocation is highly dependent 

on the between-population genetic variation as a donor population will bring more genetic 

variation if it is more differentiated from a recipient population. However, PCT has more limited 

between-population genetic variation. Thus, the expected increase in genetic variation will also 

be lower than Westlope cutthroat trout. In Kovach et al. 2022, they translocated the donor 

population that has high genetic differentiation in a very small migration rate to the recipient 

population, which can limit the potential outbreeding depression, if it happens, in a small 

proportion of the population. Sharktooth Creek has the highest genetic differentiation to all the 

other refuge populations, and the assisted gene flow in a small migration rate can allow the 

increase of genetic variation in PCT in an effective and relatively safe way.  

Translocation is an important strategy to save PCT and similar species from the loss of 

genetic diversity and population divergence, but conservation managers often have limited time 

and resources to make decisions. Initial monitoring after the 2017 NFC translocation suggested a 

high feasibility to the translocation. However, diversity metrics for each of the refuge 

populations may change over time. We recommend continued genetic monitoring to further 

evaluate translocation events, both with our subset of markers on a frequent basis, but also with 

reduced representation sequencing or whole genome resequencing on an occasional basis. This 

approach will enable managers to evaluate population responses to environmental and 

demographic factors (e.g., drought, fire, bottlenecks, etc.) and make more informed decisions for 

future management actions. 
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5. Conclusion 

 Overall, we used 1,114 SNPs selected by Su et al. (In prep) to quantify genetic population 

structure and population heterozygosity on all nine refuge populations. Within-basin populations 

are relatively genetically similar, while out-of-basin populations are more differentiated from 

each other. Heterozygosity levels among all nine refuge populations are apparently quite similar 

to each other. Upper Silver King Creek has the highest population heterozygosity (0.27) while 

Stairway Creek has the lowest population heterozygosity (0.21). At the same time, we also used 

these SNPs to monitor the change of the genetic diversity and parent-offspring relationships in 

Upper Silver King Creek after 88 PCT individuals were translocated from North Fork 

Cottonwood Creek. We found 12 individuals are the hybrid offspring that have 35-60% genomic 

component from the North Fork Cottonwood Creek, and the parents of seven offspring were 

successfully identified. However, we didn’t detect any significant difference of the individual 

heterozygosity between the hybrid offspring and all the other individuals in 2019 and 2021. 

These results will aid conservation management of PCT, and will assist in establishing a science-

based framework for assessing the efficacy of future conservation actions. 
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7.  Figures and Tables  

FIGURE 3-1. Genetic population structure of PCT using selected SNPs. PCAs of all samples, 

with color coding population and shape coding year. (A) PC1 and PC2, (B) PC1 and PC3. 

(C)Range wide admixture analysis of all the samples from K=2 to K = 4. (D) Pairwise FST 

values between refuge populations or different sampling years in the same refuge population. (E) 

The comparison of the FST values between two within-basin populations (In ~ In), two out-of-

basin populations (Out ~ Out), and one within-basin and one out-of-basin population (In ~ Out). 

P-values denote results from Wilcoxon signed rank tests for each pair.  
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FIGURE 3-2. Parent-offspring relationship within USKC/NFC after the translocation. (A) 

Admixture analysis of USKC/NFC when K =2. Blue represents ancestry in the donor population, 

and yellow represents ancestry in the recipient population. (B) The parent-offspring relationship 

between the USKC/NFC. Fish with the same color represents parent-offspring relationships. 

Accuracy of the parentage assignment is labeled above the fish while proportion of admixture 

from the donor population is labeled below the fish. Fish in grey denote hybrids with no parent 

identified. 
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FIGURE 3-3. Heterozygosity estimates for each PCT refuge population. (A) Distribution of 

individual heterozygosity of each refuge population.  (B) Distribution of individual 

heterozygosity in non-hybrid individuals and hybrids following translocation. P-values listed for 

each comparison reflect the Bonferroni adjustment. 

 



 

TABLE 3-1. Details on samples used in analyses of population heterozygosity including sampling location, sample size before/after 

mapping and sequencing quality control, and the mean and variance of individual heterozygosity. NFC 2020 and 2021, and COR 2019 

and 2020 were merged into one population separately (labeled as NFC 2020 and COR 2019 in the analyses) because of low sampling 

size in NFC 2021 and COR 2020.  

Basin Type Location Sample collection 
year 

Sample 
Size 

Sample size after 
filtering  Mean Variance 

Carson River 
Basin  

within-
basin 

Corral Valley Creek (COR) 2019 16 10 0.236 0.002 
2020 44 49 0.23 0.0022 

Coyote Valley Creek (COY) 2019 73 55 0.232 0.0025 
Four Mile Canyon Creek 

(FMC) 2019 2 2 NA 

Fly Valley Creek (FVC) 2019 10 9 0.234 0.001 
Upper Silver King Creek 

(USKC) 
2019 20 19 0.269 0.00011 
2021 115 87 0.267 0.0023 

Great Basin 
out-of-
basin 

Cabin Creek (CAB) 2020 8 8 0.235 0.0035 

North fork Cottonwood Creek 
(NFC) 

2017 86 75 0.258 0.002 
2020 35 19 0.234 0.0018 
2021 6 6 

San Joaquin 
Basin 

Sharktooth Creek (SHK) 2021 39 37 0.241 0.002 
Stairway Creek (SWC) 2021 41 32 0.211 0.0019 
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SUPPLEMENTAL FIGURE S.3-1. Proportion of genetic variation explained by multiple PCs. 

Each point represents a PC, and the first three PCs explain more genetic variation than the latter 

PC axes.  

 

 

 

 

 

 



 

SUPPLEMENTAL FIGURE S.3-2. Optimal K selected by Evanno method. (A) Delta K was calculated from K = 2 to K = 9. (B) 

Abstract value of mean log likelihood of each K calculated from K = 1 to K = 9.  
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SUPPLEMENTAL TABLE S.3-1.The pairwise comparison of population heterozygosity in each 

population each year. The sample size of population 1 (column 1) and population 2 (column 2) 

were recorded in sample size 1 and sample size 2, respectively. P-values, adjusted P-values, and 

significant levels after adjustment were also recorded for each comparison. P-value cutoffs: ns: 

p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001. 

 
Population 1 Population 2 Sample Size 1 Sample Size 2 P-value Adjusted P-value Significance level of 

adjusted P-value 
1 CAB 2020 COR 2019 16 98 0.367 1 ns 
2 CAB 2020 COY 2019 16 110 0.397 1 ns 
3 CAB 2020 FVC 2019 16 18 0.251 1 ns 
4 CAB 2020 NFC 2017 16 150 0.006 0.27 ns 
5 CAB 2020 NFC 2020 16 48 0.673 1 ns 
6 CAB 2020 SHK 2021 16 74 0.748 1 ns 
7 CAB 2020 SWC 2021 16 64 0.002 0.09 ns 
8 CAB 2020 USKC 2019 16 38 0.008 0.36 ns 
9 CAB 2020 USKC 2021 16 174 0.001 0.045 * 
10 COR 2019 COY 2019 98 110 0.999 1 ns 
11 COR 2019 FVC 2019 98 18 0.763 1 ns 
12 COR 2019 NFC 2017 98 150 0.000139 0.006255 ** 
13 COR 2019 NFC 2020 98 48 0.345 1 ns 
14 COR 2019 SHK 2021 98 74 0.02 0.9 ns 
15 COR 2019 SWC 2021 98 64 9.36E-11 4.212E-09 **** 
16 COR 2019 USKC 2019 98 38 0.002 0.09 ns 
17 COR 2019 USKC 2021 98 174 3.5E-08 1.575E-06 **** 
18 COY 2019 FVC 2019 110 18 0.813 1 ns 
19 COY 2019 NFC 2017 110 150 0.000176 0.00792 ** 
20 COY 2019 NFC 2020 110 48 0.424 1 ns 
21 COY 2019 SHK 2021 110 74 0.025 1 ns 
22 COY 2019 SWC 2021 110 64 1.01E-10 4.545E-09 **** 
23 COY 2019 USKC 2019 110 38 0.002 0.09 ns 
24 COY 2019 USKC 2021 110 174 9.13E-08 4.1085E-06 **** 
25 FVC 2019 NFC 2017 18 150 0.007 0.315 ns 
26 FVC 2019 NFC 2020 18 48 0.592 1 ns 
27 FVC 2019 SHK 2021 18 74 0.179 1 ns 
28 FVC 2019 SWC 2021 18 64 4.73E-06 0.00021285 *** 
29 FVC 2019 USKC 2019 18 38 0.000212 0.00954 ** 
30 FVC 2019 USKC 2021 18 174 0.000489 0.022005 * 
31 NFC 2017 NFC 2020 150 48 3.89E-05 0.0017505 ** 
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32 NFC 2017 SHK 2021 150 74 4.68E-09 2.106E-07 **** 
33 NFC 2017 SWC 2021 150 64 1.12E-19 5.04E-18 **** 
34 NFC 2017 USKC 2019 150 38 0.685 1 ns 
35 NFC 2017 USKC 2021 150 174 0.036 1 ns 
36 NFC 2020 SHK 2021 48 74 0.281 1 ns 
37 NFC 2020 SWC 2021 48 64 3.92E-08 1.764E-06 **** 
38 NFC 2020 USKC 2019 48 38 5.08E-05 0.002286 ** 
39 NFC 2020 USKC 2021 48 174 1.69E-07 7.605E-06 **** 
40 SHK 2021 SWC 2021 74 64 7.59E-06 0.00034155 *** 
41 SHK 2021 USKC 2019 74 38 8.68E-07 3.906E-05 **** 
42 SHK 2021 USKC 2021 74 174 1.53E-12 6.885E-11 **** 
43 SWC 2021 USKC 2019 64 38 5.37E-13 2.4165E-11 **** 
44 SWC 2021 USKC 2021 64 174 9.16E-22 4.122E-20 **** 
45 USKC 2019 USKC 2021 38 174 0.095 1 ns 

 




