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Abstract
Objective: Speckled Dace Rhinichthys osculus is small cyprinoid fish that is wide-
spread in western North America. In California and elsewhere it is currently treated 
as a single species with multiple subspecies, many undescribed. However, these sub-
species may represent evolutionary lineages that are cryptic species because they 
cannot be distinguished using standard morphometric techniques. In this study, 
we attempt to determine evolutionary lineages within California populations of 
Speckled Dace using the population genetic and genomic information.
Methods: We used restriction site-associated DNA sequencing to extract thousands 
of single-nucleotide polymorphisms across the genome to identify genetic differ-
ences among all the samples from 38 locations in the western USA, with a focus 
on California. We performed principal component analysis, admixture analysis, 
estimated pairwise values of the genetic differentiation index FST, and constructed 
molecular phylogenies to characterize population genetic and phylogenetic relation-
ships among sampled Speckled Dace populations.
Result: 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; and (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.
Conclusion: The presence of distinct evolutionary lineages indicates that Speckled 
Dace in California should be managed with distinct population segments to preserve 
within-species diversity. This study highlights the importance of genetic analyses for 
conservation and management of freshwater fishes.

K E Y W O R D S

conservation genetics, conservation genomics, conservation management, genetics and genomics, 
RAD sequencing, taxonomy and systematics, population genetics, population genomics
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INTRODUCTION

The Speckled Dace Rhinichthys osculus is a small (usually 
<10  cm TL) cyprinoid (Cypriniformes, Leuciscidae) fish 
that is widely distributed across western North America. 
It is found in northern Mexico; 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 of which are unde-
scribed 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 east-
ern 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, nar-
row caudal peduncles and large pectoral fins character-
ize swift-water populations, while more robust bodies, 
thicker caudal peduncles, and smaller pectoral fins char-
acterize slow-water populations (Sada et al.  1995; Page 
and Burr 2011; Smith et al. 2017). Consequently, morpho-
logical 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).

The most comprehensive study of the systematics of 
the SDC is that by 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. Although 
their analyses indicated multiple lineages, they concluded 
that there was considerable, if sporadic, gene flow among 
populations, reflecting complex geologic events that pro-
moted both connectivity and isolation. Smith et al. (2017) 
suggested that gene flow has prevented the formation of 
morphologically distinct populations that might be de-
fined 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 de-
fault position is to follow Spencer et al. (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 par-
ticularly problematic for California, a region that is rich in 
endemic fish species, many of which are threatened with 
extinction (Moyle 2002; Leidy and Moyle 2021). Notably, 
California SDC populations are among those most distant 
from the region of origin in the Columbia River and are 
also among the most southern populations of the taxon. 
Thus, California SDC populations reflect their remark-
able record of colonizing new regions during the wetter 
periods of the Pleistocene and then adapting to new con-
ditions as the 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 (RAD) sequencing 
data. 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 single 
locus or handful of loci as were used 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 examine relationships among populations 
of Speckled Dace collected over much of the SDC's wide 
range: based on genetic distinctness, should members of 
the SDC in California be treated as a single lineage or as 
multiple lineages for conservation and management?

Previous genetic studies of Speckled Dace

Historically, many populations of Speckled Dace were 
described as separate species. For example, Jordan and 
Evermann  (1896) listed nine species, which had mostly 
been described based partially on their isolation from 
other populations and partially on morphological and 
meristic characters, even though these characters over-
lapped among populations. 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 

Impact Statement
Genomic analysis shows three distinct lineages 
within Speckled Dace in California, revealing 
genetic divergence of populations and showing 
the need for population-specific conservation 
measures.
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(listed in Smith et al. 2017) could be recognized as species 
(Evermann and Meek 1896).

The advent of molecular genetic techniques re-
sulted in renewed efforts to examine diversity within 
the SDC. Resulting genetic information was used to 
test hypotheses of evolutionary relationships among 
populations and to generate biogeographic scenarios 
relating Speckled Dace evolution to the development 
of the western aquatic landscape (Smith et al.  2017). 
Thus far, mtDNA analysis has been the primary ge-
netic 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 separate species. Oakey et al. (2004) used restric-
tion sites in the mitochondrial genome of dace distrib-
uted across the western USA to construct a molecular 
phylogeny. They found a close match between mtDNA 
patterns and the geologic history and isolation of drain-
age 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 ba-
sins in Oregon and suggested that some of the lineages 
were distinct enough to be considered species. In con-
trast, Billman et al.  (2010) did not find species-level 
differences in mtDNA among SDC members found in 
Great Basin waterways (Snake River, Bonneville, and 
Lahontan basins).

More narrowly, Ardren et al.  (2010) applied mtDNA 
analysis to dace from throughout the Warner Basin and 
concluded that the lineages could collectively 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.

Recognizing the limitations of mtDNA for deter-
mining 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 lin-
eages of Speckled Dace, with each of the lineages being 
recognizable as a distinct population segment for man-
agement purposes.

METHODS

Sampling and DNA sequencing

We obtained samples from 38 locations across several major 
zoogeographic regions throughout the range of Speckled 
Dace (Figure 1; Table S.1 available in the Supplement in the 
online version of this article). Samples from Butte Lake in 
Lassen Volcanic National Park were included to determine 
whether 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. The DNA was 
extracted from fin clips with a magnetic bead-based protocol 
(Ali et al.  2016) and quantified using Quant-iT PicoGreen 
Double-Stranded DNA 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 was 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 po-
sition of each de novo RAD contig (see below) across all indi-
viduals using the depth function in SAMtools (Li et al. 2009).

Restriction site-associated DNA de novo 
assembly and alignments

To generate a reference sequence for Speckled Dace, we per-
formed RAD de novo assembly on eight individuals from the 
Walker River (Data S.1–S.3 available in the Supplement in the 
online version of this article). Specific details of the de novo 
assembly methods are provided by Baumsteiger et al. (2017). 
Briefly, a bioinformatic pipeline including a genome assem-
bler was used to construct a partial reference for Speckled 
Dace. After de novo assembly, the mem algorithm in the 
Burrows–Wheeler Aligner (BWA; Li and Durbin 2009) was 
used to align each sample to the reference under the default 
parameters. SAMtools was used to convert sequence align-
ment map (SAM) files to binary alignment map (BAM) files, 
calculate the percentage of aligned reads, remove PCR dupli-
cates, filter for the proper pairs, and merge the alignments if 
needed (Li et al. 2009). After this process, we removed low-
coverage individuals with less than 70,000 mapped reads.

Genetic population structure

Principal components analysis

To begin investigating population structure, we used 
Analysis of Next Generation Sequencing Data (ANGSD 
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version 1.9) to identify single-nucleotide polymor-
phisms (SNPs; -SNP_eval 1e-12), calculate genotype 
likelihoods using a SAMtools model (-GL 1), infer major 
and minor alleles directly from the genotype likeli-
hoods (-doMajorMinor 1), and estimate allele frequen-
cies assuming fixed major and minor alleles (-doMaf 1; 
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, we only included only SNPs 
with a minor allele frequency of at least 0.01 (-minMaf 
0.01) and that were represented in at least 50% of the in-
cluded samples (-minInd 88). These SNPs were then used 
to calculate a covariance matrix (-doCov 1), which was 
used to generate eigenvalues and eigenvectors for princi-
pal components analysis (PCA). The percentage of total 

genetic variation explained by each principal component 
(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 de-
scribed above. The rangewide PCA was also colored by 
the RAD sequencing libraries to check whether the library 
effect influenced the final results.

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 

F I G U R E  1   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 Table S.1.
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output file was then used as the input file for NGSadmix 
(Skotte et al. 2013). The parameter K (the number of clus-
ters into which samples are partitioned by NGSadmix) 
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 de-
scribed above on subsets of samples in order to determine 
substructure within each group.

Pairwise FST

To quantify the genetic divergence among populations, 
we calculated genomewide pairwise values of the ge-
netic differentiation index FST for population units iden-
tified by the analysis above and/or the sample collection 
locations. The folded site allele frequencies (SAFs) 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). The SFS files were then indexed by the SAF files 
to generate FST files. We then estimated the weighted 
genomewide FST values from the FST files with the stats 
function set in RealSFS.

Molecular phylogeny

To further investigate the relationships among different 
genetic lineages, a rangewide phylogenetic tree was gen-
erated using SVDQuartets (Chifman and Kubatko  2014, 
2015) and IQ-TREE version 1.6.12 (Schrempf et al. 2019). 
Relict Dace Relictus solitarius and Tui Chub Siphateles 
bicolor were used as outgroups to root molecular phy-
logenies (Data S.1–S.3). For SVDQuartets, samples were 
pooled by the locations where they were collected (subre-
gion 1 of Table S.1). If a significant genetic difference was 
shown between locations within a geographic region in 
PCA or admixture analysis, the region was labeled by the 
subregions if they divided into two tips in the phylogeny 
(subregion 2 of Table S.1).

We used ANGSD 1.9 to perform genotype calling, and 
we used the same parameters as mentioned above except 
that we generated a variant call format (VCF) file (-dovcf 1). 	
We used BCFtools version 1.13 to prune the SNPs with r2 
values greater than 0.90 within each RAD contig (https://
samto​ols.github.io/bcfto​ols/bcfto​ols.html). The pruned 
VCF file was transformed into NEXUS format by vcf2phylip 	
(https://github.com/edgar​domor​tiz/vcf2p​hylip). The pruned 	
NEXUS file was analyzed by SVDQuartets within PAUP* 
version 4.0 (Pfenninger and Posada 2007). We used a mul-
tispecies coalescent model to construct the phylogeny with 
1,000,000 random quartets and 100 bootstraps.

We used the same SNP alignment with IQ-TREE 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.

RESULTS

Sequencing, de novo restriction  
site-associated DNA assembly, and alignment

Demultiplexed sequence data are available from the 
Sequence Read Archive (National Center for Biotechnology 
Information) under BioProject PRJNA851170, and code for 
analyses is available at https://github.com/yingx​ins/speck​
led-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 (Data S.1–S.3). 
After filtering individuals with sequencing and mapping 
quality, there were 175 individuals and 421,929 SNPs for 
rangewide analysis. The mean individual coverage (i.e., the 
average coverage across all of the contigs in one individual) 
was 7.69, with a maximum of 24.88, a minimum of 2.50, 
and an SD of 3.92 (Figure S.1 available in the Supplement 
in the online version of this article). For further analyses, 
there were 76 individuals and 108,746 SNPs for group 1; 67 
individuals and 196,412 SNPs for group 2; and 32 individu-
als and 142,578 SNPs for group 3.

Rangewide genetic structure

Across all Speckled Dace samples rangewide, the first two 
PCs explained 16.7% of the total variance and divided our 
samples into three clusters, and the result was not influ-
enced by the library effect (Figure 2A; Figure S.2). Because 
the percentage of genetic variation explained by PCA is 
highly influenced by the minor allele frequency cutoff 
(we selected 0.01 as a cutoff) and given that our samples 
covered several distinct lineages, 16.7% is a considerable 
amount of genetic variation to be explained. Group 1 
(Figure 2A, upper right) consists of Speckled Dace popula-
tions from the Sacramento River, central California coast, 
Klamath River, Warner Basin, and Butte Lake. Group 2 
(Figure 2A, upper left) is made up of Speckled Dace from 
the Amargosa River, Long Valley, Owens River basin, and 
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F I G U R E  2   Rangewide Speckled Dace population structure. (A) Principal components analysis of all samples is depicted. Color 
represents the location from which the Speckled Dace were collected; 16.7% of the genetic variation is explained in total (principal 
component 1 [PC1] explains 8.6% of the variation, while PC2 explains 8.1% of the variation). Three groups are distinguishable: group 1 
includes Speckled Dace from the Sacramento River (SAC), central California coast (CCA), Klamath River (KLA), Butte Lake (BUT), and 
Warner Basin (WAR); group 2 includes Speckled Dace from the Amargosa River (AMR), Owens River (OWE), Long Valley (LV), and 
Lahontan Basin (LAH); and group 3 includes Speckled Dace from the Santa Ana River (ANA), Washington coast (WA), Columbia River 
(CLB), Bonneville Basin (B), and Colorado River basin (CO). (B) Admixture analysis of all samples at a K-value of 3 (i.e., we assumed that 
the current populations were admixed by three populations in the past) is presented. (C) SVDQuartets results for all samples are shown. 
Groups 1 and 2 are monophyletic and are the sister groups of each other, while Santa Ana River Speckled Dace were clustered with Speckled 
Dace from the lower Colorado River basin and are the sister group of all other Speckled Dace included in this study.
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Lahontan Basin. Group 3 (Figure  2A, lower middle) is 
composed of populations from the Santa Ana River as well 
as locations outside of California, such as the Bonneville 
Basin, Washington coast, Columbia River, and lower 
Colorado River. Speckled Dace from the four regions out-
side of California showed that the California populations 
we sampled are distinct from populations in the remain-
der of the SDC range.

We next used an admixture analysis of rangewide sam-
ples to complement our PCA. The admixture analysis was 
run with K ranging from 2 to 9 (Figure S.4). At a K-value of 
3, members of each group in the admixture analysis com-
prised groups 1, 2, and 3 as indicated by PCA (Figure 2B). 
Furthermore, pairwise FST calculated between different 
populations varied from 0.16 (Speckled Dace from the 
Owens and Amargosa rivers) to 0.68 (Speckled Dace from 
the Amargosa and Santa Ana rivers; Table  S.2). Taken 
together, these results revealed that the Speckled Dace 
groups in California have highly variable levels of genetic 
divergence and that taxonomic revision is warranted.

Our SVDQuartets rangewide phylogenetic analyses 
indicated that the Speckled Dace in California are mainly 
distributed into two monophyletic groups, with the excep-
tion of Santa Ana River Speckled Dace, which represent a 
distinct evolutionary lineage (Figure 2C). Similar to the re-
sults of PCA and admixture analysis, Speckled Dace from 
the Sacramento River, central California coast, Klamath 
River, Warner Basin, and Butte Lake belong to the same 
monophyletic group (group 1; bootstrap support = 100%). 
Lahontan Basin, Long Valley, Amargosa River, and Owens 
River Speckled Dace constitute another monophyletic group 
(group 2; bootstrap support  =  100%), which is the sister 
group of group 1. 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 (1) Speckled Dace 
from the Washington coast and the Columbia River, (2) 
Speckled Dace from the Snake River and Bonneville Basin, 
and (3) all other California Speckled Dace.

The phylogeny generated by IQ-TREE indicates three 
main lineages of California Speckled Dace (Figure S.5): (1) 
group 1 as previously defined; (2) group 2 as previously de-
fined, with groups 1 and 2 being distinct lineages that are 
sister to each other; and (3) Speckled Dace from the Santa 
Ana River, which are sister to Speckled Dace from the lower 
Colorado River drainage (placement and monophyly boot-
strap support = 100%), with this combined lineage being sis-
ter to groups 1 and 2 (bootstrap support = 100%). Speckled 
Dace from the Columbia River and Washington coast com-
bined are the earliest-branching lineage in this phylogeny 
(placement and monophyly bootstrap support = 100%) and 

are sister to all other Speckled Dace. Individuals sequenced 
from the Snake River (n = 4) and Bonneville Basin (n = 2) 
were filtered out due to a 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 2).

Group 1: Klamath River, Central California 
Coast, Sacramento River, and Warner Basin

Group 1 includes Speckled Dace collected from the 
Klamath and Sacramento rivers and central California 
coast plus Speckled Dace collected from Butte Lake and 
Warner Basin. After our rangewide data showed that 
group 1 was distinct, we performed additional PCA and 
admixture analysis using only group 1 samples. For this 
PCA, the first three PCs explain the largest proportion of 
the genetic variation (Figure S.3). Principal component 1 
splits the Warner Basin population from populations in 
the other regions; PC2 separates the Klamath River popu-
lation from the Sacramento River populations (Figure 3A); 
and PC3 separates the central California coast popula-
tions from the Sacramento River basin populations (Pit 
River, Goose Lake, and Sacramento River; Figure  3B). 
The Butte Lake population clusters with Speckled Dace 
from the Sacramento River in all of the PCs, indicating 
genetic similarity. Admixture analysis supports the PCA 
(Figure 3C): all of the locations are separated in different 
K-values. More specifically, admixture analysis splits out 
the Warner Basin and central California coast populations 
when K is equal to 2; the Klamath River and Sacramento 
River populations are distinct when K is equal to 3. At a 
K  of  4, the Butte Lake population is separated from the 
Sacramento River population. Pairwise FST analysis also 
supports the results from PCA and admixture analysis; the 
highest FST values are found between Warner Basin and 
the other locations (mean = 0.32) and between the cen-
tral California coast and the other locations (mean = 0.28; 
Table  S.2), whereas the FST value between the Klamath 
and Sacramento River populations is 0.18. The FST value 
between the Sacramento River and Butte Lake popula-
tions is only 0.084. The central California coast population 
has relatively low pairwise FST values with the Sacramento 
River and Butte Lake (0.19 and 0.23, respectively).

The rangewide SVDQuartets analysis (Figure 2C) and 
the IQ-TREE phylogeny (Figure S.5) 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 
1 clade in both the SVDQuartets species tree and the IQ-
TREE phylogeny. Subsequent to the further phylogenetic 
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branching of the lineages, in both the SVDQuartets spe-
cies tree and the IQ-TREE phylogeny, Speckled Dace from 
the Klamath River population separate out as distinct. A 
well-supported clade of Speckled Dace representing the 
Klamath River population is present in the IQ-TREE phy-
logeny. The remaining sampling locations—Butte Lake, 

central California coast, and Sacramento River—are not 
monophyletic with regard to sampling location when ana-
lyzed in a concatenated phylogenetic framework. Instead, 
these three geographic regions are mixed together into a 
single, well-supported group 1 subclade, which may be 
caused by lower genetic differentiation (Figure S.5).

F I G U R E  3   Population structure of Speckled Dace from the Sacramento River, central California coast, Klamath River, and Warner 
Basin: (A) principal components analysis of samples in group 1, with color representing the location of the Speckled Dace (12.3% of the 
genetic variation is explained by principal component 1 [PC1; 7.6%] and PC2 [4.7%]); (B) principal components analysis of samples in group 
1 when genetic variation is explained by PC1 (7.6%) and PC3 (3.7%); and (C) admixture analysis of samples in group 1 for K-values of 2–5. 
The abbreviation labels represent locations as defined in Figure 2.
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Group 2: Death Valley and Lahontan Basin

Speckled Dace in group 2 include samples from three 
locations in the Death Valley region (Amargosa River, 
Owens River, and Long Valley) and four locations in 
the Lahontan Basin. To investigate the genetic structure 
within group 2, we performed PCA and admixture analy-
sis on these samples. The first two PCs explain the largest 
proportion of the genetic variation (Figure S.3): Amargosa 
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 and Amargosa River 
populations (Figure 4A). Admixture analysis supports the 
PCA results. The Lahontan Basin population is split from 
all other Speckled Dace when K is equal to 2, and the Long 
Valley population is split from the Owens and Amargosa 
River populations when K is equal to 3. At K-values of 4 
and 5, we observed the local substructure in the Amargosa 
River population, which is not discussed in this paper 
(Figure 4B; but see Mussmann et al. 2020). Although not 
as obvious as in group 1, the FST results support the PCA 
and admixture analysis. 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 val-
ues. This is consistent with their close proximity in the 
PCA and differentiation at higher K-values using admix-
ture analysis. The FST values between Long Valley and the 
Owens River and between Long Valley and the Amargosa 
River are 0.38 and 0.30, respectively, which agrees with 
their separation in the PCA and their early split in the 
admixture analysis (Table  S.2). However, although 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 the Amargosa 
River and Lahontan Basin is 0.33, which is higher than the 
FST values for the Lahontan Basin and the Owens River 
(0.25) and for the Lahontan Basin and Long Valley (0.26).

The rangewide SVDQuartets analysis is concor-
dant with PCA and admixture analysis for group 2. The 
Lahontan Basin population, which split at a K-value of 2, 
is the sister group of all of the Death Valley populations. 
The result of IQ-TREE is also similar to the result of 
SVDQuartets but exhibits structuring between the Martis 
Creek, Humboldt River, and Walker River sampling loca-
tions from the Lahontan Basin (Figure  S.5). The Owens 
and Amargosa rivers, which show little genetic divergence 
in the PCA and admixture analysis, are sister lineages in 
the SVDQuartets species tree and form a monophyletic 
clade in the IQ-TREE phylogeny. The position of the 
Speckled Dace from Long Valley in the SVDQuartets spe-
cies tree and in the IQ-TREE phylogeny, as a sister lineage 

to Owens and Amargosa River Speckled Dace, is also sup-
ported by the admixture analysis, where Long Valley splits 
after the Lahontan Basin but before the Amargosa and 
Owens rivers (bootstrap support = 100%). Although PCA 
and pairwise FST indicate that the Long Valley population 
is a separate lineage from the Amargosa and Owens River 
populations, this incongruence could be due to overesti-
mation of genetic divergence caused by genetic drift in a 
small population under long isolation.

Group 3: Santa Ana River

The only California Speckled Dace lineage in group 3 is from 
the Santa Ana River, which clusters with non-California 
Speckled Dace (Table  S.1). To investigate the distinctive-
ness of the Santa Ana River population, we performed PCA 
and admixture analysis and estimated pairwise FST for sam-
ple collections in group 3. The PCA and admixture analysis 
show that the Santa Ana River population exhibits striking 
genetic differences from the non-California Speckled Dace 
in group 3. In the PCA for group 3, the largest proportion of 
the genetic variation is explained by PC1 and PC2 (Figure 
S.3). Both PC1 and PC2 split the Santa Ana River popula-
tion from all other Speckled Dace lineages. Admixture 
analysis for group 3 was run for K-values from 2 to 5, and 
the Santa Ana River population split from the other lo-
cations (lower Colorado River basin, Bonneville Basin, 
Columbia River basin, and Washington coast) at K-values 
of 3–5 (Figure 5B). In addition, the Santa Ana River popula-
tion has high pairwise FST values with all other California 
and non-California Speckled Dace (Table S.2).

The rangewide SVDQuartets analysis places the Santa 
Ana River population as sister to the population from the 
lower Colorado River basin (bootstrap support = 100%). 
IQ-TREE also places the Santa Ana River population and 
lower Colorado River basin population as sister lineages 
(bootstrap support  =  100%) and indicates that each of 
these two populations are monophyletic as well (boot-
strap support = 100%). The results of admixture analysis 
and PCA support the genetic affinity between Speckled 
Dace from the Santa Ana River population and those 
from the Colorado River basin. The lower Colorado River 
basin population clusters with the Santa Ana River pop-
ulation when K  is equal to  2, and the lower Colorado 
River basin 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 be-
tween non-California Speckled Dace and Santa Ana 
River Speckled Dace.
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704  |      SU et al.

DISCUSSION

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 ge-
netic analysis of California populations divides them into 
three lineages with sublineages. 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 suffi-
cient duration, phenotypic and genotypic differences will 

F I G U R E  4   Population structure of Speckled Dace from Death Valley and the Lahontan Basin: (A) principal components analysis of 
samples in group 2, with color representing the location where Speckled Dace were collected (20.1% of the genetic variation is explained by 
principal component 1 [PC1; 10.3%] and PC2 [9.8%]); and (B) admixture analysis of samples in group 2 for K-values of 2–5. The abbreviation 
labels represent the locations as defined in Figure 2.
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presumably accumulate. Hence, it is unlikely that (1) the 
split lineages can merge into a single lineage again and (2) 
genetic differences will be lost to hybridization upon sec-
ondary contact. Thus, we assume that hybrid individuals 
from two distinct lineages would be poorly adapted to the 
ecological system in which they occur and that they would 
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 to 
label geographically isolated lineages with less genomic 
differentiation as sublineages (Freudenstein et al. 2016). 
These lineages and sublineages will be a precondition of 
the formal species delimitation of taxa within the SDC. A 
more comprehensive definition of species in the SDC will 
be presented in a separate paper that formally describes 
the species and subspecies in California.

F I G U R E  5   Population structure of Speckled Dace from the Santa Ana River basin and from locations outside of California: (A) principal 
components analysis of samples in group 3, with color representing the location where Speckled Dace were collected (34.4% of the genetic 
variation is explained in total; principal component 1 [PC1] explains 21.5% of the variation, while PC2 explains 12.9% of the variation); 
and (B) admixture analysis of samples in group 3 for K-values of 2–5. The abbreviations correspond to locations defined in Figure 2. Both 
principal components analysis and admixture analysis support Speckled Dace from the Santa Ana River as distinct from non-California 
Speckled Dace, although they do have a distant relationship to Speckled Dace from the lower Colorado River basin.
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Speckled Dace from the Klamath River, 
Sacramento River, Central California 
Coast, and Warner Basin are a genetically 
distinct lineage

In all of the analyses, Speckled Dace from the Klamath 
River, Sacramento River, central California coast, and 
Warner Basin are a monophyletic lineage (group 1). 
These dace have relatively low FST values within the 
lineages compared to FST values between them and 
other populations. For example, FST values between the 
Sacramento River population and the Klamath River 
and Warner Basin populations are 0.17 and 0.29, re-
spectively, but the FST values between the Sacramento 
River population and Speckled Dace from the Amargosa 
River, Owens River, and Long Valley (Death Valley 
populations) are 0.56, 0.51, and 0.44, respectively. The 
Klamath and Sacramento River populations have less 
genetic divergence from each other than either does 
from the Warner Basin population, but the geographi-
cal basins in which each occurs are all well-defined and 
contain other endemic fishes. This means that the iso-
lation of these three basins has been long enough for 
diversification, although the Sacramento and Klamath 
River lineages have closer ties to each other than either 
has to the Warner Basin lineage. The Klamath River 
has not drained south into the ancestral Sacramento 
River system since the end of the Pliocene (~3  mya). 
Major geologic activity, especially vulcanism, has oc-
curred almost continuously in the northern Sacramento 
River and southern Klamath River basins (Colman 
et al.  2004). It is probable that the vulcanism led to 
repeated drainage captures of headwater streams and 
their fishes, which allowed for intermittent gene flow. 
Interbasin connectivity was presumably less frequent 
between the Klamath/Sacramento River basin streams 
and those in the Warner Basin. The uplift of the Warner 
Range, starting around 3  mya, resulted in the perma-
nent separation of the basins by the late Pleistocene 
(1.0–0.1 mya; Egger and Miller 2011).

The large geographic extent of the Klamath and 
Sacramento River drainages has resulted in some geo-
graphic population structure in each basin, creating 
genetically distinct population segments that need fur-
ther 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, and Monterey Bay drainages) show enough 
genetic differentiation that this group of populations 
could be recognized as a genetically distinct sublineage 
within dace populations from the Sacramento River 
drainage.

Speckled Dace from Butte Lake are 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 re-
lated to the Speckled Dace in the Lahontan Basin. However, 
Speckled Dace from Butte Lake have much greater similar-
ity to Speckled Dace from the central California coast and 
the Sacramento River than to Lahontan Basin Speckled 
Dace in all 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 introduc-
tion. 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—are Lahontan Basin fishes, lending credence 
to the bait bucket hypothesis.

Speckled Dace from Death Valley and the 
Lahontan Basin are a single lineage

In the rangewide PCA, admixture analysis, and phy-
logenetic analyses, Speckled Dace from Death Valley 
(Owens River, Amargosa River, and Long Valley) and 
the Lahontan Basin are most closely related to each other 
(group 2). The two geographic regions—Death Valley 
and the Lahontan Basin—are isolated geological basins, 
and Speckled Dace reflect this division in the analyses 
of group 2 (Figure  4B). Similar to Speckled Dace from 
the Sacramento and Klamath rivers, we also consider 
Speckled Dace from Death Valley and the Lahontan Basin 
to be a single lineage composed of two distinct sublineages 
with a common ancestor.

Within the Death Valley lineages, the Amargosa and 
Owens River populations only show small genetic dif-
ferences, a finding that is consistent with the work of 
Mussmann et al.  (2020). Smith et al.  (2017) found that 
Speckled Dace from the Amargosa River shared haplo-
types with dace from the Owens Valley. Dace from Oasis 
Valley, Nevada (the headwaters of the Amargosa River), 
and from Ash Meadows (Bradford Spring) are sister lin-
eages of Speckled Dace from the Owens River. Unlike 
the situation for Speckled Dace from the Klamath and 
Sacramento rivers, the Owens and Amargosa River wa-
tersheds are internal drainages that were connected via a 
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chain of large lakes during extended wet periods in the 
late Pleistocene. Given the results of our analyses and 
their relatively recent geographic separation and iso-
lation, we place Speckled Dace from the Amargosa and 
Owens rivers as one sublineage. 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 vulcanism in the southern Mono Lake basin 
subsequently isolated the Owens River basin from the 
Lahontan Basin. Here, we treat the Long Valley popula-
tion as a sublineage 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 Rhinichthys osculus robustus, which is a widely rec-
ognized taxon (Rutter  1904; Deacon and Williams  1984; 
Moyle  2002). Although Lahontan Basin Speckled Dace 
split at a K-value of 2 in the admixture analysis for group 
2, the FST values between Lahontan Basin and Owens 
River Speckled Dace and between Lahontan Basin and 
Long Valley Speckled Dace are somewhat small (0.25 and 
0.26, respectively) and are even lower than the FST value 
between Long Valley and Owens River Speckled Dace.

The historic habitat of Long Valley Speckled Dace was 
a series of hot spring outflows and connected marshes in 
the remnants of the Long Valley Caldera. The caldera was 
created by vulcanism approximately 767,000 years ago 
and then filled with water and sediment (Hildreth and 
Fierstein  2016). The dace (and other fishes) presumably 
colonized these habitats in the late Pleistocene, when 
the Lahontan Basin was connected to the Owens River 
basin via outlets of large pluvial lakes. When the climate 
changed, the lakes dried up. Complex events then created 
the Owens River gorge, with high waterfalls, draining 
the caldera lake and isolating the fish that became Long 
Valley Speckled Dace about 100,000 years ago (Hildreth 
and Fierstein 2016).

Low FST values suggest that either (1) a hybridiza-
tion event took place between Speckled Dace from 
the Lahontan Basin and Owens River, creating Long 
Valley Speckled Dace; or (2) Lahontan Basin and Long 
Valley Speckled Dace share their early evolutionary 
history and were later separated by geologic change. 
The presence of the Owens Tui Chub S.  bicolor sny-
deri and Owens Sucker Catostomus fumeiventris in 
Long Valley supports the second hypothesis because 

the closest relatives of both taxa are in the Lahontan 
Basin (Moyle  2002). Therefore, we consider Lahontan 
Speckled Dace to have given rise to two genetically dis-
tinct lineages in the Death Valley region: Speckled Dace 
in Death Valley (Amargosa and Owens River systems) 
and Speckled Dace in Long Valley.

Speckled Dace from the Santa Ana 
River are a distinct lineage

Our rangewide analyses revealed that Speckled Dace from 
the Santa Ana River basin are strikingly different from all 
other populations of Speckled Dace in California (group 3). 
Speckled Dace in the Santa Ana River share more genetic 
similarities with Speckled Dace from the lower Colorado 
River basin, Bonneville Basin, 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 River basin because they did not 
split from each other in the admixture analysis with all the 
samples at K-values of 3–8 (Figure S.4). According to Smith 
et al.  (2017), Speckled Dace collected from the Colorado 
River basin and those collected from the Santa Ana River 
basin are sister lineages in the Colorado group, with rela-
tively weak bootstrapping support in the mtDNA phylog-
eny. Regarding pairwise FST values, we find that Santa Ana 
River basin Speckled Dace have high genetic divergence 
from both California and non-California Speckled Dace. 
The lower bootstrapping reported by Smith et al.  (2017) 
was 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 River basin. All anal-
yses show that these dace have remarkably large genetic 
differences from other populations (Table S.2). Due to their 
unique genetic structure, Santa Ana River 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 
River basin Speckled Dace as well as dace from neighboring 
streams (Sacramento River basin), the Virgin River (lower 
Colorado River basin), and Lake Tahoe (Lahontan Basin). 
His study was the first to link the origins of Speckled Dace 
from the Santa Ana River basin to the lower Colorado River 
basin. Details of how this connection occurred can be found 
in McClay and Bonora  (2001), Axen and Fletcher  (2010), 
and Dorsey and Langenheim (2015).
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CONCLUSIONS AND 
CONSERVATION IMPLICATIONS

If we view the SDC as a single lineage, it is a species that 
does not merit special consideration for conservation be-
cause of its wide distribution and large population size. 
However, our genetic analyses show 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 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 the Lahontan Basin; and (3) Speckled 
Dace from the Santa Ana River and nearby rivers. Each 
distinct population within the three lineages can represent 
a sublineage under the main lineage. Each of these line-
ages needs further study to locate populations within them 
that need special protection; indeed, the naming of a line-
age as a species or subspecies can improve its protection.

In this study, the populations across geographical re-
gions are genetically divergent at different levels, depending 
on the time and degree of isolation from other populations 
of Speckled Dace. However, populations in different geo-
graphical regions face different environmental threats. For 
example, the Amargosa River 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 un-
derground 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 that it still exists. The Center 
for Biological Diversity has filed a petition (2020) to have 
endangered status applied to all dace populations in the 
Death Valley region based on Mussmann et al. (2020).

In the Los Angeles region, Santa Ana River Speckled 
Dace persist despite urbanization, which has eliminated 
much of their habitat throughout the Santa Ana, San 
Gabriel, and Los Angeles River systems and has altered 
much of what is left. The dace presently inhabit small, iso-
lated streams and creeks in the Santa Ana and San Gabriel 
River watersheds, where they are vulnerable to the ef-
fects of fire, droughts, and floods (SAWPA 2004; Nunziata 
et al. 2013). A petition to list the Santa Ana River Speckled 
Dace as threatened under the federal Endangered Species 
Act in 1996 was rejected, largely due to the lack of a formal 
species description (USFWS 1996). The genetic and evolu-
tionary distinctiveness of Santa Ana River Speckled Dace 
should no longer be an issue; therefore, 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 manage-
ment 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 desig-
nated (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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