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(Murphy et al. 2015). The unique biodiversity that they 
harbor is often relictual in nature, representing a species 
formerly widespread during wetter periods. Geologic phe-
nomena, such as stream capture, channel erosion, and vol-
canic uplift (Smith et al. 2002), as well as climate change 
and human modifications, have fragmented once intercon-
nected, perennial freshwater systems into modern-day arid 
and isolated, island-like habitats (Axelrod 1979; Smith 
1981). Conserving and managing the biodiversity within 
these desert springs has long been a challenge, as informa-
tion on basic ecology, life history, and genetic diversity for 
many species is often lacking or is limited (Minckley and 
Deacon 1991; Minckley and Marsh 2016).

The Great Basin of North America is an example of 
an ecologically and evolutionarily unique region. It is a 
large, arid endorheic basin that has been subjected to sub-
stantial tectonic and climatic events that have shaped and 
modified its inclusive aquatic systems since the beginning 
of the subduction of the Farallon plate during the Tertiary 
period (McKee 1971). Because of this and the age of the 
Great Basin, there has been ample opportunity for allopatric 

Introduction

Desert spring habitats represent some of the most imper-
iled aquatic ecosystems in the world (Meffe and Vrijenhoek 
1988). These aquatic “islands” often support a unique suite 
of rare and endemic species, which has resulted in desert 
spring habitats being referred to as evolutionary cradles 
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Abstract
The genus Crenichthys (Teleostei: Goodeidae) is an imperiled group of desert spring specialist fishes currently containing 
two species and five subspecies, found within only a few of the relictual springs distributed throughout the Great Basin of 
North America. Threatened by multiple forms of human disturbance, including habitat destruction, invasive species, and 
pollution, the need to better understand their population structure is immediate. This is further emphasized by previous 
research that demonstrated that the current taxonomy of Crenichthys needs re-evaluation and that genetic substructure 
may be present. The genus also represents a perfect opportunity to better understand desert spring habitats. These unique 
ecosystems often contain a suite of endemics, trapped within individual isolated springs distributed throughout a desert. 
The assumption is often that each spring will contain genetically distinct populations, however, this is not always true. 
We used single nucleotide polymorphisms (SNPs) to describe the genetic diversity and structure among populations of 
the genus Crenichthys with the intent to better understand the patterns of diversity within desert endemic fishes. Our 
results corroborated previous research suggesting genetic divergence between two groups within both C. baileyi and C. 
nevadae. It further demonstrated that many of the populations are genetically similar, likely due to a combination of short 
divergence time and possible past admixture.
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disjunct systems within the Great Basin for a minimum of 
10,000 to 30,000 years (Hubbs et al. 1974). Despite this 
short evolutionary time-period, known morphological dif-
ferences among the subspecies exist, but fail to distinguish 
between subspecies due to character overlap. Furthermore, 
the amount of genetic variation within populations has never 
been quantified for this group. Aquatic desert species have 
high conservation value and are particularly susceptible to 
imperilment (Minckley and Deacon 1968; Minckley and 
Marsh 2016), and understanding population genetic struc-
ture is an important step to adequately manage and conserve 
biological resources (Moran 2002; Schwartz et al. 2006).

The overall objective of this study is to describe genetic 
structure and diversity among populations of C. baileyi and 
C. nevadae, using single nucleotide polymorphisms (SNPs). 
SNPs are useful molecular markers because numerous loci 
can be genotyped, providing the statistical power to detect 
shallow population structure and large number of individ-
uals may not be necessary (Helyar et al. 2011; Larson et 
al. 2013). Imperiled species are often difficult to manage 
because of the lack of information on population genetic 
variation, effective population sizes, genetic structure, and 
general demographic processes (Westemeier et al. 1998; 
DeSalle and Amato 2004; Russello et al. 2015). Therefore, 
it is expected that the results of this study will fill in the 
genetic data gap for Crenichthys and will provide a com-
parative system for other aquatic desert species. By under-
standing the underlying patterns of genetic variation and 
genetic structure among populations, scientifically informed 
management practices can be employed, and a stronger spe-
cies recovery plan can be implemented in the future.

Methods

Sample locality and extraction

Fin clips of individuals from nearly every known population 
of C. baileyi and C. nevadae (17 different localities) were 
collected, preserved in 95% ethanol, and provided to us by 
the Nevada Department of Wildlife (Table 1). Samples of 
C. baileyi were collected from ten localities spanning the 
entire range of this species. Samples of C. nevadae were 
obtained from seven populations, including a potentially 
undescribed species from the Duckwater River (Fig.  1) 
(Campbell and Piller 2017). Genomic DNA was extracted 
from 201 individuals of C. baileyi and 119 individuals of C. 
nevadae using the Wizard® SV 96 Genomic DNA Purifi-
cation System (Promega Inc.) following the manufacturer’s 
recommendations. All extracted DNA samples were stored 
at -80oC before being sent for data collection. DNA from 
all samples was quantified using a Qubit 2.0 Fluorometer 

speciation and diversification to occur in spring habitats and 
restructured rivers throughout the system. In this sense, the 
Great Basin has served as both a driver of diversification, as 
well as a refugial habitat that has preserved a unique array 
of aquatic biodiversity. Unfortunately, little is known about 
the patterns of genetic variation and connectivity across this 
heterogeneous landscape (Riddle et al. 2014), particularly 
in regard to the aquatic species that occupy desert spring 
habitats in the basin.

Aquatic endemicity within the Great Basin is high, with 
unique representatives of several fish families including 
Leuciscidae, Cyprinodontidae, and Goodeidae (Williams 
and Wilde 1981; Miller et al. 1989; Sada and Vinyard 
2002). The genus Crenichthys (Cyprinodontiformes: Goo-
deidae: Empetrichthyinae) (Gilbert 1893) is solely distrib-
uted within freshwater spring and pool habitats of the Great 
Basin of Nevada (United States of America). The majority 
of its closest relatives (Goodeinae) occupy the Mesa Central 
of Central Mexico, where species diversity is high (Lyons 
et al. 2019). Formation of the Sonoran Desert during the 
Tertiary period is believed to have played a substantial role 
in the isolation of the two subfamilies of goodeid fishes, 
Empetrichthyinae and Goodeinae, respectively inhabiting 
the Great Basin and the Mesa Central (Doadrio and Domin-
guez 2004).

Crenichthys is composed of two nominal species with 
five subspecies designated for one: Crenichthys baileyi (five 
subspecies: C. b. albivalis, C. b. baileyi, C. b. grandis, C. b. 
moapae, and C. b. thermophilus) and Crenichthys nevadae 
(Williams and Wilde 1981; Parenti 1981).  Campbell and 
Piller (2017) suggested that a taxonomic revision for the 
genus is needed as the current taxonomic arrangement does 
not agree with the evolutionary history. In addition, spe-
cies tree analyses suggest that there may also be two unde-
scribed species within the genus, one within C. baileyi and 
one within C. nevadae (Campbell and Piller 2017). Crenich-
thys baileyi is distributed across disconnected endorheic 
springs that make up the pluvial White River in southeast-
ern Nevada, which ultimately runs into the Pahranagat Wash 
and then to Lake Mead. Similarly, Crenichthys nevadae is 
distributed across disjunct endorheic springs west of the 
White River between Railroad Valley and Pancake Range. 
Because of their geographic isolation and threats from inva-
sive species, subspecies of C. baileyi are listed under the 
US Endangered Species Act, while C. nevadae is listed as 
threatened throughout its range (Fig.  1) (La Rivers 1994; 
Scoppettone et al. 2004; Jelks et al. 2008; Guadalupe 2012).

As a result of its restricted distribution and unique evo-
lutionary history within the Great Basin, Crenichthys rep-
resents an excellent aquatic model to study gene flow and 
genetic diversity within a desert system. From a histori-
cal perspective, Crenichthys has been isolated in multiple 
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Fig. 1  Topographic map of the Great Basin in Nevada. Points represent the GPS locations where the samples for each population were collected. 
Labeled features represent significant physiological features separating populations. Colors and shapes correspond to the DAPC
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(HWE). We used a minimum threshold of p < 0.05 in at least 
25% of the total number of populations sampled.

Candidate loci under natural selection (i.e. outlier loci) 
were detected using a Bayesian FST-based method in Bay-
eScan v. 2.1 (Foll and Gaggiotti 2008; Foll et al. 2010; 
Fischer et al. 2011). Chain parameters were left at default 
(5000 iterations, 50,000 burn-in) as well as model param-
eters except the prior odds for the neutral model was set to 
100 to decrease false positives. Two separate runs were per-
formed. Chain convergence was examined graphically and 
chain variances were compared using Gelman and Rubin’s 
diagnostic (Gelman and Rubin 1992) in R. Outlier loci were 
subsequently removed from the data.

We filtered loci with a strong signal of linkage disequi-
librium. The square of the correlation coefficient between 
genotypes (r2) was calculated between each locus pair. 
Locus pairs with r2 ≥ 0.6 were considered strongly linked 
loci. A single variant was randomly pruned from each pair-
wise locus comparison with r2 > 0.6.

Genetic diversity and structure

Arlequin v3.5.2.2 (Excoffier and Lischer 2010) was used to 
calculate the number of polymorphic sites (per population), 
observed heterozygosity (HO; per locus and population), 
expected heterozygosity (HE; per locus and population), 
nucleotide diversity (π), and Watterson’s theta based on 
segregating sites (θ S; Watterson 1975) using the default 
parameters for both C. baileyi and C. nevadae. Standard 
deviations for both observed and expected heterozygosity 
(HO SD, HE SD) were also obtained for both species.

Pairwise fixation indices (FST) were calculated with the 
R package StAMPP (Pembleton et al. 2013) following Weir 

(Invitrogen, Life Technologies). Samples with concentra-
tions lower than required for sequencing were concentrated 
using a Savant™ DNA 120 SpeedVac™ Concentrator 
(Thermo Fisher Inc.) to increase concentration before 70 µl 
of each sample was submitted for restriction site-associated 
DNA sequencing (RADseq).

SNP genotyping and filtering

Library preparation and de novo sequencing of RAD mak-
ers was performed by Floragenex (Eugene, OR; http://www.
floragenex.com/) using a protocol based on Baird et al. 
(2008), Emerson et al. (2010), and Hohenlohe et al. (2010). 
Briefly, de novo reference sequences were constructed for 
both C. baileyi and C. nevadae by Floragenex using BWA 
v0.6.1 (Li and Durbin 2009). Reads were aligned to the 
de novo reference using BOWTIE v1.1.1 (Langmead et 
al. 2009). After alignment, BCFtools, part of SAMtools 
v.0.1.16 (Li et al. 2009), was used to call genotype variants 
and produce variant call formatted (VCF) files.

Resulting VCF files were filtered using a highly con-
servative approach. All quality control filters were applied 
using VCFtools v 0.1.13 (Danecek et al. 2011). Variants 
were restricted to biallelic SNP markers with minor allele 
counts ≥ 3, a minor allele frequency ≥ 0.05, a Phred-based 
quality score ≥ 20, and successfully genotyped in ≥ 75% of 
the individuals. A site was removed if genotypes had read 
depths < 5. An individual was removed if it was missing 
≥ 50% of data across loci. A genotype call rate was also 
assessed per population. A locus was removed if data was 
missing for ≥ 20% of individuals per population. Finally, we 
filtered loci that deviated from Hardy-Weinberg equilibrium 

Table 1  Taxon, population ID label, collection site, latitude, longitude, and number of individuals sequenced using RADseq and included in the 
final analysis
Taxon Taxon label Locality Label Collection Site Latitude Longitude N
C. baileyi thermophilus Cbt MRHS Moon River Hot Springs 38.379382 -115.150381 15

MH Moorman Hot Springs 38.351817 -115.181545 8
HC Hot Creek 38.593969 -115.139386 14

 C. b. moapae Cbm MR Muddy River 36.712041 -114.714350 20
HVP Hidden Valley Pond 36.654803 -114.597732 21

 C. b. grandis Cbg CSS Crystal Springs South 37.531767 -115.233648 17
CSN Crystal Springs North 37.532211 -115.233349 10
HS Hiko Spring 37.598306 -115.215299 21

 C. b. baileyi Cbb AS Ash Spring 37.461052 -115.193526 17
 C. b. albivalis Cba PS Preston Spring 38.933514 -115.081779 24
Crenichthys nevadae Cn BSLR Big Springs Loches Ranch 38.554172 -115.774762 17

NSLR North Springs Loches Ranch 38.560210 -115.765420 16
LWD Little Warm Duckwater 38.935874 -115.699145 16
SSD School Spring Duckwater 38.932801 -115.715342 7
RS Reynolds Spring 38.554964 -115.766944 16
HR Haycorral Loches Ranch 38.557341 -115.764230 12
THS Terrace Hot Spring 38.464644 -115.782834 15

http://www.floragenex.com/
http://www.floragenex.com/
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1.1 × 108 reads was sequenced with an average of 8.9 × 105 
reads per sample (std. dev. = 6.3 × 105). A total of 51,009 
variants were detected before filtering. Floragenex called 
genotypes for 729 SNP loci for C. baileyi and 631 loci for C. 
nevadae. Of the 320 individuals sequenced, 37 individuals 
had ≥ 50% missing data and were removed from subsequent 
analyses. After applying quality control filters, removing 
outlier loci, and removing strongly linked loci, 85 SNPs and 
180 individuals were retained from the populations of C. 
baileyi, while 77 SNPs and 103 individuals were retained 
from C. nevadae’s populations. These variants were used 
for downstream analysis.

Genetic diversity

Values for observed measures of genetic diversity can be 
found in Table 2 for C. baileyi and Table 3 for C. nevadae. 
All population abbreviations can be referred to in Table 1. 
The number of polymorphic sites varied between 48 (MH) 
and 64 loci (MR) per population in C. baileyi and varied 
between 51 (SSD) and 72 loci (NSLR) per population in C. 
nevadae. Measures of observed heterozygosity (HO) did not 
vary significantly among populations of C. baileyi (0.263–
0.499) or C. nevadae (0.313–0.553). The same was true for 
measures of expected heterozygosity (HE) among C. bai-
leyi (0.242–0.365) and C. nevadae (0.288–0.402). Although 
measures of observed heterozygosity were greater than 
expected heterozygosity for all populations in both species, 
they were all within one standard deviation of the expected 
heterozygosity. Measures of nucleotide diversity (π) and 
Watterson’s Estimator (ϴ S) did not vary significantly in 
either species as well.

Discriminate analysis principal components (DAPC)

For C. baileyi, the DAPC assigned individuals from ten 
localities into three genetic clusters (K = 3). One cluster 

and Cockerham’s method (θ; Weir and Cockerham 1984). 
Associated p-values and 95% confidence intervals were 
estimated between populations using 1,000 bootstraps. A 
Benjamini-Hochberg procedure was used to control the 
false discovery rate at 10% (Benjamini and Hochberg 1995).

We used discriminant analysis of principal components 
(DAPC) to analyze the genetic structure of C. baileyi and 
C. nevadae without any assumptions of population structure 
a priori in the R package adegenet (Jombart 2008; Jombart 
et al. 2010; Jombart and Ahmed 2011). We used a cross-
validation procedure to determine the number of PCA axes 
to retain. A total of 999 replicates were carried out at each 
level of principal component (hereafter PCs) retention. The 
number of PCs associated with the lowest mean square error 
were retained in the DAPC.

To further infer genetic structure, ancestry probabilities 
(Q-values) were estimated per individual using a maximum 
likelihood model-based method implemented in ADMIX-
TURE v1.22 (Alexander et al. 2009). Fifteen genetic 
clusters (K) were tested and a fifteen-fold cross validation 
procedure was run per cluster. The number of clusters with 
the lowest standard error was taken as the optimal value of 
K. The analysis was then run using the optimal K value with 
the default parameters. The resulting Q-values were plotted 
as a bar plot using the R package ggplot2 (Wickham 2016) 
and associated packages grid, gridExtra, and reshape2 
(Wickham 2007).

Results

SNP Discovery

A total of 2.1 × 108 reads was sequenced for C. baileyi 
with an average of 1.0 × 106 reads per sample (std. dev. = 
7.9 × 105). A total of 90,793 variants were detected across 
all populations before filtering. As for C. nevadae, a total of 

Table 2  Observed measures of genetic diversity for all ten populations of C. baileyi over 85 SNP loci. HE, expected heterozygosity; HO, observed 
heterozygosity; HE SD, expected heterozygosity standard deviation; HO SD, observed heterozygosity standard deviation;, nucleotide diversity; 
ϴ S, Watterson’s estimator
π
Population Polymorphic sites HE HO HESD HOSD π ϴ S
MRHS 61 0.30 0.38 0.13 0.22 0.22 15.40
MH 48 0.37 0.48 0.12 0.20 0.21 13.96
HC 63 0.30 0.38 0.13 0.21 0.22 15.64
MR 64 0.34 0.46 0.12 0.21 0.26 14.87
HVP 64 0.36 0.50 0.11 0.21 0.28 14.87
CSS 62 0.29 0.36 0.11 0.17 0.21 15.16
CSN 58 0.35 0.46 0.11 0.19 0.25 16.35
HS 62 0.28 0.34 0.11 0.16 0.19 13.84
AS 64 0.24 0.26 0.11 0.14 0.17 14.71
PS 61 0.32 0.44 0.13 0.24 0.24 13.75
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variance. The first PC (PC1) accounted for 11.62% of the 
total variance, PC2 accounted for 6.33% of the total vari-
ance. PC1 separated the cluster containing the two popula-
tions of C. b. moapae from the clusters containing all the 
other members of C. baileyi. PC2 separated the cluster con-
taining C. b. thermophilus and C. b. albivalis and the cluster 
containing C. b. grandis and C. b. baileyi.

contains individuals from MR and HVP (C. b. moapae). A 
second cluster contains individuals from MRHS, MH, HC, 
and PBS (C. b. thermophilus and C. b. albivalis). The final 
cluster contains all individuals from CSS, CSN, HS, and AS 
(C. b. grandis and C. b. baileyi) (Fig. 2). For the analysis, 
nine linear discriminant functions and 38 principal com-
ponents (PC) were retained conserving 81.9% of the total 

Table 3  Observed measures of genetic diversity for all seven populations of C. nevadae over 77 SNP loci. HE, expected heterozygosity; HO, 
observed heterozygosity; HE SD, expected heterozygosity standard deviation; HO SD, observed heterozygosity standard deviation;, nucleotide 
diversity; ϴ S, Watterson’s estimator
π
Population Polymorphic 

sites
HE HO HESD HOSD π ϴ S

BSLR 70 0.32 0.41 0.13 0.20 0.27 17.12
NSLR 72 0.32 0.40 0.13 0.20 0.29 17.88
LWD 56 0.35 0.48 0.14 0.24 0.25 13.70
SSD 51 0.40 0.55 0.14 0.27 0.26 16.04
RS 71 0.31 0.39 0.13 0.21 0.26 17.63
HR 71 0.34 0.45 0.14 0.24 0.31 19.02
THS 68 0.29 0.31 0.13 0.18 0.23 16.40

Fig. 2  Discriminant analysis of principal components for populations of Crenichthys baileyi based on 85 SNPs. Nine linear discriminant functions 
and 38 principal components (PC) were retained conserving 81.9% of the total variance. The first PC (PC1) accounted for 11.62% of the total vari-
ance, PC2 accounted for 6.33% of the total variance. Populations clustered into three groups when comparing functions 1 and 2: one containing 
MR and HVP, the two populations of C. b. moapae, a second containing MRHS, MH, HC and PBS, the three populations of C. b. thermophilus 
and one of C. b. albivalis, and a last one containing CSS, CSN, HS, and AS, the three populations of C. b. grandis and one of C. b. baileyi
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AS, CSN, CSS, HS (C. b. grandis and C. b. baileyi), the 
second contained all the individuals from MH, HC, MRHS, 
PBS (C. b. thermophilus and C. b. albivalis), and the third 
contained all the individuals from MR and HVP (C. b. 
moapae) (Fig. 4). There was significant admixture between 
individuals in clusters one and two, while almost none was 
present with cluster 3. Within clusters 1 and 2, the popula-
tions PBS and MH also had reduced admixture in compari-
son to other populations.

As for C. nevadae, the optimal number of clusters 
retained was K = 2. Similar to C. baileyi, clusters identi-
fied by ADMIXTURE matched the clusters suggested by 
the DAPC, with the members of the Duckwater populations 
(SSD and LWD) forming one cluster (K2) and the other 
five populations (BSLR, NSLR, RS, HLR, THS) form-
ing another cluster (K1). There was very little admixture 
between the two clusters (Fig. 5).

When considering C. nevadae, DAPC assigned individu-
als from the seven localities into two main genetic clusters 
(K = 2). The first cluster contains individuals of C. nevadae 
from the two Duckwater populations (SSD; LWD). This 
cluster corresponds to the potential undescribed species 
identified by Campbell and Piller (2017). The second cluster 
contains the remaining localities of C. nevadae (Fig. 3). For 
the analysis, six linear discriminant functions and 46 princi-
pal components (PC) were retained conserving 92.1% of the 
total variance. PC1 accounted for 7.87% of the total vari-
ance and separated the two main clusters, one containing the 
two Duckwater populations of C. nevadae (SSD, LWD) and 
the other containing the remaining populations.

ADMIXTURE Analysis

Following cross-validation tests, the optimal number of 
clusters retained for C. baileyi was K = 3. Clusters identified 
by ADMIXTURE were comparable to those identified by 
DAPC. The first cluster included all the individuals from 

Fig. 3  Discriminant analysis of principal components for Crenichthys nevadae based on 77 SNPs. Six linear discriminant functions and 46 prin-
cipal components (PC) were retained conserving 92.1% of the total variance. PC1 accounted for 7.87% of the total variance, PC2 accounted 
for 5.59% of the total variance. Populations clustered into two main groups: one containing LWD and SSD, the two Duckwater populations of 
C. nevadae, and the other containing BSLR, NSLR, HLR, RS, and THS, the remaining populations of C. nevadae. We can also see separation 
between the populations of BSLR and NSLR
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procedure (p < 0.05) supported the results obtained with 
DAPC and ADMIXTURE. Values for the populations HVP 
and MR were an order of magnitude greater than the other 
results, suggesting these populations have differentiated 
greatly from the other populations of C. baileyi.

Estimation of FST

Pairwise FST values for C. baileyi ranged from zero between 
CSS and CSN to 0.123 between the C. b. moapae population 
at HVP and the C. b. baileyi population at AS (Table 4). Sig-
nificant FST values corrected using the Benjamini-Hochberg 

Fig. 5  Individual clustering analysis obtained using ADMIXTURE of 104 Crenichthys nevadae for K = 2. Colors correspond to separate genetic 
clusters. Each vertical bar corresponds to an individual and their respective probability of assignment to each cluster

 

Fig. 4  Individual clustering analysis obtained using ADMIXTURE of 182 Crenichthys baileyi for K = 3. Colors correspond to separate genetic 
clusters. Each vertical bar corresponds to an individual and their respective probability of assignment to each cluster
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as samples from nearly every known geographic locality 
were examined.

Population Genetic structure and Gene Flow

In our study, the number of SNPs recovered after filter-
ing was low in comparison to other studies (Corander et 
al. 2013; Reitzel et al. 2013; Sovic et al. 2018). However, 
despite the relatively low numbers of loci, a sufficient 
amount of variation was recovered to successfully describe 

the genetic structure within Crenichthys. Other studies, 
using small numbers of SNP loci, have also been successful 
in recovering informative levels of genetic variation, which 
is testament to the power and usefulness of SNPs (Hanne-
lius et al. 2008; Waples and Do 2010; Rašić et al. 2014; 
Torres-Martinez and Emery 2016; Caldu-Primo et al. 2017).

The DAPC and ADMIXTURE results are in agreement 
with the phylogenetic results of Campbell and Piller (2017) 
and supports the existence of three groups within C. baileyi. 
The results of the analysis of pairwise FST matched these 
results and some of the results of the DAPC. The results 
of this analysis are highly dependent on recent demography 
and sampling, however, so they should not be taken as the 
final word on these fishes population structure. Pairwise FST 
values for the population of C. b. baileyi (AS) were signifi-
cant when compared to all other populations of C. baileyi, 
but did not appear in the DAPC, while significant values for 

For C. nevadae, pairwise FST values ranged from zero 
between RS and both HLR and NSLR, to 0.091, between 
SSD and THS (Table 5). Similar to C. baileyi, significant 
FST values for C. nevadae corrected using the Benjamini-
Hochberg procedure (p < 0.05) supported the results 
obtained with the DAPC and ADMIXTURE. Values were 
greatest between the Duckwater populations (LWD, SSD) 
and the other five populations of C. nevadae.

Discussion

Historically, the management of Crenichthys, an imper-
iled group of desert fishes, has utilized information on age, 
growth, reproductive biology, and census size to develop 
management and conservation strategies (Williams and 
Wilde 1981; Williams and Williams 1981). Although these 
approaches provide invaluable data, they only tell a portion 
of the story. Modern approaches that incorporate genetic 
data have become extremely relevant and informative for 
conservation (Meffe 1986; Ryman and Utter 1987; Schwartz 
et al. 2006). Prior to Campbell and Piller (2017) and this 
present study, there were uncertainties regarding basic tax-
onomy, genetic structure, and genetic variation for Crenich-
thys, all of which have hampered conservation efforts. This 
present study represents the most comprehensive review of 
genetic structure and genetic variation within Crenichthys, 

Table 5  Pairwise FST as described by Weir and Cockerham (1984) for Crenichthys nevadae below the diagonal. Values with a * indicate signifi-
cance after a Benjamini-Hochberg procedure (p < 0.05). Confidence intervals are in the supplementary data Table S2

RS BSLR HLR NSLR THS LWD SSD
RS ---
BSLR 0.006 ---
HLR 0.000 0.002 ---
NSLR 0.000 0.012* 0.005 ---
THS 0.011* 0.010* 0.023* 0.019* ---
LWD 0.049* 0.072* 0.066* 0.067* 0.070* ---
SSD 0.077* 0.089* 0.076* 0.083* 0.091* 0.014* ---

Table 4  Pairwise FST values based on Weir and Cockerham (1984) for Crenichthys baileyi below the diagonal. Values with a * indicate signifi-
cance after a Benjamini-Hochberg procedure (p < 0.05). 95% confidence intervals are in the supplementary data Table S1

AS CSN CSS HS HC MH MRHS PBS HVP MR
AS ---
CSN 0.024* ---
CSS 0.016* 0.000 ---
HS 0.011* 0.000 0.000 ---
HC 0.046* 0.038* 0.031* 0.047* ---
MH 0.057* 0.056* 0.046* 0.063* 0.021* ---
MRHS 0.042* 0.042* 0.035* 0.045* 0.000 0.024* ---
PBS 0.059* 0.040* 0.045* 0.055* 0.001 0.025* 0.004 ---
HVP 0.123* 0.104* 0.114* 0.120* 0.104* 0.110* 0.107* 0.110* ---
MR 0.107* 0.102* 0.110* 0.112* 0.095* 0.105* 0.098* 0.104* 0.004 ---
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Shoshone Reservation, is currently occupied by the Duck-
water populations of C. nevadae, whereas the southern area, 
approximately 43 km south, is inhabited by the remaining 
five populations examined in this study. The desiccation 
and fragmentation of ancient Lake Railroad likely was the 
driving force leading to the differentiation of the two groups 
of isolated C. nevadae. The genetic differentiation between 
groups in C. nevadae is lower than within C. baileyi, how-
ever, so the period of isolation may not have been short. 
This idea is supported by the work of Hubbs and Miller 
(1948), which described how Lake Railroad likely desic-
cated during the Holocene, while the White River System 
began fragmenting in the early Pleistocene. These factors, 
and genetic drift via isolation, likely led to the differentiation 
of these two groups following the Pleistocene. The separa-
tion of THS recovered in the FST and DAPC analyses may 
be a result of the population being introduced and be the 
result of a founder effect or genetic drift over time since its 
introduction (pers. comm. Nevada Department of Wildlife; 
Mayr 1942; Planes and Lecaillon 1998; Janac et al. 2017). 
Based on our diversity results, the population does not seem 
appear to be inbred (HO > HE). The separation recovered 
between BSLR and NSLR seems to be the result of genetic 
divergence rather than a reduction in genetic diversity, as 
neither have a particularly low sample size or values for 
genetic diversity, and neither appear to be greatly separated 
geographically.

Although we expected reduced genetic variation to be 
detected within populations of C. baileyi and C. nevadae, the 
genetic diversity results suggest otherwise. All obtained val-
ues for observed heterozygosity were greater than expected 
heterozygosity for all populations of both species, within 
one standard deviation of one another. Nucleotide diversity 
and Watterson’s estimator also did not vary greatly among 
populations of C. baileyi or C. nevadae, suggesting roughly 
equal levels of genetic variation among populations. These 
results support the Death Valley Model (Meffe and Vrijen-
hoeck, 1988) described above, and further support that both 
species may have rapidly evolved following the Pleistocene 
glaciation (Gillooly et al. 2001; Lynch 2010; Martin et al. 
2016; Martin and Höhna 2017).

Conclusions

At the present time, two species (C. baileyi and C. nevadae) 
and five subspecies of C. baileyi (albivalis, baileyi, gran-
dis, thermophilus, and moapae) are managed as unique 
evolutionary entities, with this scenario being based on 
the morphological diagnoses of the species and subspe-
cies (Williams and Wilde 1981). Both Campbell and Piller 
(2017), as well as the data presented herein, support this 

the Moorman Hot Spring (MH) population were corrobo-
rated by separation in the DAPC.

Geographic isolation and reduced gene flow have pre-
viously been shown to play major roles in the differentia-
tion of other organisms in aquatic desert systems (i.e. Death 
Valley Model of Meffe and Vrijenhoeck, 1988; Houston et 
al. 2015) leading to differentiation across short evolution-
ary time scales. This is the pattern recovered for C. baileyi 
in our study, matching previous work by Witt et al. (2006) 
in native amphipods within the fragmented springs of the 
White River. Hubbs et al. (1974) suggested that popula-
tions of Crenichthys have been isolated in the Great Basin 
for the last 10,000–30,000 years, with individual springs 
having potentially been isolated for 10,000 years or more, 
which has resulted in genetic divergence among several of 
the subspecies (Williams and Wilde 1981). The geographic 
separation of C. baileyi populations has previously been dis-
cussed in Campbell and Piller (2017), which showed that 
the three groups obtained here are geographically separated 
by > 40 km of desert with no connection between the three 
groups. The springs’ temperature and oxygen levels also 
vary among one another, but are relatively constant within 
each individual spring. This may explain the divergence 
between individual populations as a result of adaptation, in 
addition to genetic drift from isolation. Both AS and MH 
maintain high temperatures (35oC and 37oC on average 
respectively), while MH also has very low dissolved oxygen 
(0.7 ppm) (Sumner and Sargent 1940; Williams and Wilde 
1981). Because of this, these populations may represent 
genetically distinct groups that should be managed inde-
pendently, especially MH, which is more geographically 
isolated. Since AS was only significant in our FST analysis, 
and had lower values, it may represent an overestimation as 
a result of reduced sample size. Pairwise FST values can be 
overestimated when sample sizes are small (˂1% of the total 
population) and can affect results obtained with molecular 
data, as stated previously (DeSalle and Amato 2004; Morin 
et al. 2009; Willing et al. 2012).

As for C. nevadae, the results from the DAPC and 
ADMIXTURE analyses suggest there are two groups 
within this species, corroborating the previous phylogenetic 
results of Campbell and Piller (2017). The results of the FST 
analysis showed significant differences between THS and 
all other populations, and between both NSLR and BSLR, 
which were both seen in the DAPC. However, significant 
differences between both Duckwater populations (LWD, 
SSD) were shown in the FST analysis as well, but were not 
seen in the DAPC.

Crenichthys nevadae occupies an area formerly known 
as Lake Railroad, which desiccated into two areas within 
the Railroad Valley since the Pleistocene (Williams and 
Williams 1981). The northern region, near the Duckwater 
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