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among sampled marshes. Captive Amargosa voles capture 
approximately half of the total genetic variation present in 
the wild Amargosa vole populations. We discuss the man-
agement implications of our findings in light of reintroduc-
tions planned for Amargosa voles. Our study highlights the 
utility of reduced representation genomic approaches, like 
RADseq, to resolve relationships among small populations 
that are difficult to study with traditional markers due to low 
genetic variation and few individuals left in the wild.

Keywords Captive breeding programs · Endangered 
species · Population structure · RADseq

Introduction

Understanding population genetic structure and the amount 
of genetic diversity present in imperiled taxa is crucially 
important for conservation management. One key applica-
tion of population genetics to conservation is when captive 
breeding and reintroductions are part of an endangered spe-
cies recovery plan. For example, genetic data can help sci-
entists and managers select donor populations for captive 
breeding and recipient populations for reintroductions (e.g., 
Miller et al. 2010). Moreover, genetic analyses can be used 
to devise a breeding strategy focused on preserving exist-
ing population genetic structure across a species range and/
or increasing genetic variation through outbreeding. Risks 
associated with both inbreeding and outbreeding strategies 
(e.g., Edmands 2007; Tallmon et al. 2004) make genetic data 
particularly important for evaluating which reintroduction 
strategy is most appropriate for a species (e.g., Madsen et al. 
1999; Tordoff and Redig 2001; Norton and Ashley 2004). 
Population genetic analyses of the relationships among 
imperiled taxa and sister taxa can also provide important 

Abstract Understanding population genetic structure and 
levels of genetic variation is critical for the conservation 
and management of imperiled populations, especially when 
reintroductions are planned. We used restriction-site associ-
ated DNA (RAD) sequencing to study the genetic diversity 
and evolutionary relationships of the endangered Amargosa 
vole and other closely related desert-dwelling California 
voles. Specifically, we sought to determine how Amargosa 
voles are related to other California voles, how genetic vari-
ation is partitioned among subpopulations in wild Amargosa 
voles, and how much genetic variation is captured within a 
captive insurance colony of Amargosa voles. Our multilo-
cus nuclear dataset provides strong evidence that Amargosa 
voles are part of a northern clade of California voles. Amar-
gosa voles have highly reduced genetic variation relative to 
other California voles, but do exhibit some sub-structure 
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historical and evolutionary context for management efforts. 
For example, by comparing the amount of genetic variation 
in imperiled taxa and sister taxa, scientists and managers 
can assess how much genetic variation has been lost in focal 
taxa, and whether population sizes have been reduced, rela-
tive to close relatives that are not threatened (Docker and 
Heath 2003; Funk et al. 2016). Moreover, knowledge of evo-
lutionary relationships among taxa can guide reintroductions 
of the closest relatives if extirpation of the imperiled group 
becomes unavoidable.

The Amargosa vole (Microtus californicus scirpensis) is 
an endangered subspecies of the California vole (Microtus 
californicus). Although California voles as a whole are not 
a species of conservation concern, isolated desert subspe-
cies such as the Mojave River vole (Microtus californicus 
mohavensis) and the Amargosa vole are imperiled. While 
California voles range from southern Oregon to northern 
Baja California (Kellogg 1918), the Amargosa vole is geo-
graphically highly restricted and was thought to be extinct 
in the Twentieth Century (Kellogg 1918). The Amargosa 
vole was listed as endangered by the state of California in 
1980 and at the U.S. federal level in 1984, after research-
ers confirmed the existence of a surviving population near 
Tecopa, CA in 1970s (USFWS 2009). Like other California 
voles found in the desert, the Amargosa vole is restricted 
to isolated mesic areas in an otherwise parched landscape. 
Amargosa voles in particular are tied to marshes where 
Olney’s three-square bulrush (Schoenoplectus americanus), 
the voles’ primary food source, is found. Despite conserva-
tion concern for the species, a number of outstanding ques-
tions remain about the phylogenetic context and population 
structure of Amargosa voles.

At the phylogenetic level, the relationships among lin-
eages of California voles and specifically the position of 
Amargosa voles are currently not well resolved. Taxonomi-
cally, the California vole was initially split into 17 subspecies 
(Kellog 1918; Hall 1981). However, recent work has shown 
that California voles form distinct northern and southern 
mitochondrial clades, and these two clades do not corre-
spond well to the original subspecies designations (Conroy 
and Neuwald 2008; Conroy et al. 2016). Moreover, previous 
work established that the Amargosa vole was a genetically 
distinct clade, but did not conclusively determine whether 
it belonged to the northern or southern clade of California 
vole (Conroy et al. 2016). Specifically, mitochondrial evi-
dence situated Amargosa voles in the southern clade, while 
nuclear data suggested affinity to the northern clade. The 
authors hypothesized that Amargosa voles may be of hybrid 
origin, but inferences were based on few markers and lacked 
morphological data.

At the population genetic level, it is essential to under-
stand population genetic structure and levels of genetic 
diversity in Amargosa voles for translocations of wild voles 

and for reintroduction of captive voles to the wild. When 
they were rediscovered, Amargosa voles were only known to 
occupy seven marshes around Tecopa, CA (USFWS 2009). 
Intensive population monitoring of Amargosa vole popula-
tions began in earnest around 2008. The Amargosa vole pop-
ulation size fluctuated dramatically, but by 2013 extensive 
trapping over the vole’s peak activity times resulted in the 
capture of less than 200 voles (Klinger et al. 2013). In 2014, 
researchers noticed that the habitat in the marsh with the 
largest population (Marsh 1) was rapidly drying. Given that 
this rapidly disappearing marsh represented the majority of 
Amargosa voles left in the wild, managers decided to remove 
20 voles from Marsh 1 to start a captive insurance colony for 
eventual reintroduction into the wild (Foley 2016). However, 
little was known about how wild Amargosa vole populations 
were structured genetically, how much genetic variation was 
left in the wild, and how much of that genetic variation was 
captured in the captive colony.

In this study, we used a multilocus restriction-site asso-
ciated (RAD) sequencing approach to address three nested 
aims. Our first aim was to determine the phylogeographic 
structure of desert California vole populations and the affin-
ity of Amargosa voles within this group. Our second aim 
was to inform the conservation of Amargosa voles by quan-
tifying population structure and genetic diversity of wild 
Amargosa voles. Our third aim was to inform the manage-
ment of the captive colony by assessing how much genetic 
diversity is captured by the captive colony. Addressing these 
aims together provides essential population genetic context 
for the conservation and recovery of imperiled Amargosa 
voles.

Materials and methods

Sampling and RAD sequencing

We extracted DNA from 94 M. californicus tissue or blood 
samples using DNeasy extraction kits (Qiagen, Valencia, 
CA, USA). We included 66 Amargosa voles and 28 Califor-
nia voles that were not Amargosa voles, hereafter referred to 
as desert California voles, from the northern (Deep Springs, 
n = 7; Lark Seep, n = 5; Lake Isabella, n = 5) and southern 
(Victorville, n = 7; Elizabeth Lake, n = 4; Fig. 1; MVZ speci-
mens used listed in Online Resource 1) mtDNA clades. We 
included four to seven Amargosa vole individuals per marsh, 
except for Marsh 1, where our sampling included 19 wild 
individuals, 10 of which were founding members of the 
colony. The founding members were treated as the found-
ers of the colony, and not as wild Amargosa voles. The 66 
Amargosa voles included in this study represent between 
29–88% of all known Amargosa voles [based on census data 
from Klinger et al. (2013) and Klinger (2015)]. The seven 
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marshes from which samples were collected also represent 
half of all the known marshes where Amargosa voles were 
captured between 2014 and 2015 (n = 14). Finally, to under-
stand changes in genetic diversity in the captive colony, we 
also included individuals from the  F1 (n = 2),  F2 (n = 3) and 
 F3 backcross generation (n = 6) from the captive colony at 
UC Davis.

We constructed a restriction-site associated DNA (RAD) 
library using the RAD protocol outlined in Ali et al. (2016) 
with two modifications. First, we did not do the targeted 
bait capture (the “Rapture” step), but instead only used the 
new RAD protocol with biotinylated adapters (a protocol 
referred to as “bestRAD”). Second, we used Pippin Prep 
(Sage Science, Beverly, MA, USA) instead of beads to size 
select fragments between 300 and 800 bp. We sequenced our 
library on one lane of Illumina HiSeq 4000 at the U.C. Davis 
Genome Center with 150 bp paired-end reads.

RAD sequence filtering and genotyping

Before beginning our analysis, we filtered our reads to 
include only loci with high quality data. First, we re-oriented 
the reverse reads, then used Stacks (Catchen et al. 2013) to 
demultiplex individuals from our raw reads (while allow-
ing one mismatch in the internal barcode) and to remove 
PCR duplicates. Next, we followed the RADToolKit pipe-
line (https://github.com/CGRL-QB3-UCBerkeley/RAD). 

Briefly, we removed reads that did not include the restriction 
enzyme cut-site or had more than one error in the restric-
tion enzyme cut-site (“filter” function), and further removed 
reads that were low quality based on Phred scores, or low 
complexity, or, had adapter and/or bacterial contamination 
(“cleanPE” function). Next, we used FLASH (Magoč and 
Salzberg 2011) to merge forward and reverse reads if they 
overlapped. At this point we removed any individuals that 
did not have enough remaining sequences to align to the ref-
erence (fewer than 250,000 reads that passed filters, n = 14), 
leaving 52 Amargosa voles and 28 desert California voles.

We used the Amargosa vole de novo genome assembly 
created at Purdue University as a reference genome. We 
aligned cleaned sequence reads from each individual to this 
reference using Novoalign (http://www.novocraft.com) and 
kept reads that mapped uniquely to the reference, allow-
ing five high-quality mismatches per read when aligning. 
We converted the resulting alignment from SAM format 
to BAM format using SAMtools (Li et al. 2009). For the 
aligned reads we used Picard (http://picard.sourceforge.net) 
to add read groups and GATK (McKenna et al. 2010) to 
perform realignment around indels. Next, we used SAM-
tools and bcftools to construct a variant call format (VCF) 
file that contained all individual genotype calls for all sites 
to filter low-quality sites and create a list of high-confi-
dence sites. We filtered sites from the VCF using a custom 
script (“10-SNPCleaner” available at https://github.com/

Fig. 1  Map of sampled locations of a desert California voles and b focal marshes near Tecopa, CA for the Amargosa voles. Figure modified 
from Neuwald (2010)

https://github.com/CGRL-QB3-UCBerkeley/RAD
http://www.novocraft.com
http://picard.sourceforge.net
https://github.com/CGRL-QB3-UCBerkeley/denovoTargetCapturePopGen
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CGRL-QB3-UCBerkeley/denovoTargetCapturePopGen). 
We removed sites that were not present in 90% of individ-
uals with at least 5X coverage (to minimize the effect of 
missing data), were not biallelic, were adjacent to indels 
(within 5 bp), had low mapping or base calling scores, or 
that had excessive heterozygosity (to purge potential para-
logs). Finally, we used ANGSD (Korneliussen et al. 2014) 
for our data analysis on the filtered set of sites. ANGSD 
incorporates genotype uncertainty in the form of genotype 
likelihoods and posterior probability of genotype calls into 
the analysis and thus gives more accurate genotypes calls 
from lower coverage data.

Aim 1: determine phylogeographic structure 
for California voles and phylogeographic affinity 
for Amargosa voles

To quantify population structure of wild California voles 
from the northern, southern, and Amargosa clades, we used 
NGSadmix (Skotte et al. 2013) to compute the admixture 
proportions of individuals from one to eight possible popula-
tions (K = 1 through K = 8), representing one more than the 
seven total populations in our analysis. Given that uneven 
sampling of populations can lead to misleading inferences 
of admixture and population clustering (Kalinowski 2011; 
Puechmaille 2016; Wang 2017), we subset the Amargosa 
voles to one randomly chosen individual per marsh (n = 30 
total, n = 7 Amargosa voles, n = 2–6 per population for other 
outgroup populations), as in Puechmaille (2016). To run 
NGSadmix, we first generated a Beagle file using ANGSD. 
To create this Beagle file based on our genotype likelihoods, 
we also removed sites that were not polymorphic (using a 
likelihood ratio test with a P-value of 1e − 6), or had a minor 
allele frequency below 5%, in addition to all of the above 
filters. We ran NGSadmix for each value of K ten times, 
and then used the ∆K method from Evanno et al. (2005), 
calculated in Clumpak (Kopelman et al. 2015), to deter-
mine which K was most likely based on its log-likelihood. 
If a population was admixed, we classified the population 
as belonging to the group with which its individuals drew 
more than 50% of their admixture based on the NGSad-
mix analyses. The NGSadmix analysis revealed that the 
most likely grouping of populations for both the scenario 
with seven Amargosa voles, and when all individuals were 
included, was K = 2 (see “Results”). Because the ∆K method 
of Evanno et al. (2005) cannot determine whether K = 2 or 
K = 1 is more likely, we calculated whether the two groups 
identified by the NGSadmix analyses were significantly dif-
ferentiated by comparing the FST value of those two groups 
to a null distribution of FST values generated from random 
permutations of the individuals in each of the two groups. 
We calculated FST using the function of realSFS built into 
ANGSD. realSFS calculates FST based on the joint site 

frequency spectrum of the two populations of interest. In 
order to generate a null probability distribution of FST with-
out making prior assumptions about the distribution of FST 
values, we generated  FST values from the two populations 
indicated in the K = 2 finding (8 and 22 individuals each) 
using parametric bootstrapping. Thus, we calculated FST for 
100 random combinations of 8 and 22 individuals from the 
northern clade, southern clade and wild Amargosa voles. We 
then compared the actual value of FST for the true groupings 
of individuals when K = 2 to the distribution of random FST 
values to determine whether the actual FST value was sig-
nificantly higher than we would expect by chance. If the true 
value was larger than 95% of the values in the null distribu-
tion, we considered the true value significant at α = 0.05.

We used a principal component analysis (PCA) to visu-
alize population structure among the northern, southern 
and Amargosa groups of California voles, initially in all 
northern, southern and Amargosa voles (n = 54) using the 
program ngsCovar within the ngsTools package (Fuma-
galli et al. 2013). ngsCovar creates a covariance matrix of 
individual’s genotypes while accounting for uncertainty 
in the genotype calls by incorporating genotype likelihood 
values from ANGSD. After plotting the Eigenvalues of the 
covariance matrix in R (v. 3.3.1, R Core Team 2016),we 
calculated 95% confidence intervals around the individu-
als in our PCA analysis based on their assignment in the 
NGSadmix analysis (see above). Specifically, we drew 
ellipses around clusters whose individuals that draw more 
than 50% of their admixture from the same group, as iden-
tified with NGSadmix using the ellipse package (Murdoch 
and Chow 2013).

To quantify which clade Amargosa voles were more 
closely related to, we used SpaceMix (Bradburd et al. 2016). 
SpaceMix creates a “geogenetic map” based on geography 
and genetic makeup of individuals. Using Markov chain 
Monte Carlo (MCMC) simulations, individuals are placed 
on the map according to their geographic location. Next, the 
program moves individuals to another geogenetic position 
based on the proportion of admixture that they draw from 
other populations or individuals, and plots those locations 
on a map. To use SpaceMix, we called SNPs using ANGSD. 
Given that we stringently filtered sites in our preprocessing 
steps (described above), we applied less stringent filtering 
when calling SNPs in ANGSD. We called SNPs that were 
polymorphic using a likelihood ratio test (with a P-value of 
1e − 6), and where 70% of individuals (n = 54) had at least 
8X coverage, in addition to the above filters. We removed 
any individuals that were missing data at 50% or more of the 
loci. We ran the MCMC on a model estimating both geo-
genetic sampling locations and admixture source locations 
on a flat plane for 13 million iterations, sampling the chain 
every 1,000 iterations and saving the model output every 
100,000 iterations.

https://github.com/CGRL-QB3-UCBerkeley/denovoTargetCapturePopGen
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Aim 2: quantify population structure and genetic 
diversity in wild Amargosa voles

We quantified population structure within the Amargosa vole 
clade as above, using a PCA and NGSadmix. The analyses 
were run only for wild Amargosa voles (n = 31). Clustering 
in the PCA and groups deemed the most likely K in NGSad-
mix were concordant, made up of 15 and 16 individuals 
total, and both forming two groups, K = 2 (see “Results”). 
Again, as above, we calculated FST to quantify whether the 
differentiation observed between these two groups was larger 
than what one would expect to observe by chance. We per-
formed parametric bootstrapping as above to generate a null 
distribution of FST values based on 100 random permutations 
of 15 and 16 individuals to determine whether the two actual 
groups were significantly differentiated using FST.

We quantified patterns of migration among the sampled 
marshes using the program EEMS (Petkova et al. 2016) to 
estimate effective migration surfaces for our data. Briefly, 
EEMS uses MCMC simulations to interpolate average 
migration rates across a given geographic area, based on 
sampled individuals with known genetic distances. Where 
migration is less than average, one can infer barriers that 
may disrupt migration. We compared levels of migration 
based on genetic distances to a null expectation of isolation 
by distance (Wright 1943). First, we called SNPs using fil-
ters similar to the SpaceMix analysis. We used ANGSD to 
call SNPs using SNPs present in at least 67% of individuals 
(n = 21) with at least 8X coverage. We saved the SNPs as a 
Plink file, and used this, the geographic locations of each 
individual and a polygon encompassing the total range of 
marshes around Tecopa as inputs for EEMS. We adjusted 
the proposal variances for the parameters in the MCMC so 
that they would be rejected between 10 and 40% of the time, 
following Petkova et al. (2016). To understand the average 
migration surface, we ran EEMS with 20, 40, 60, 80 and 
100 demes for three runs each (as in Petkova et al. 2016 and; 
Rick 2015) and averaged over the results. While the number 
of demes is arbitrary and results are robust to the number 
of demes chosen (Petkova et al. 2016), we kept the number 
of demes similar to the true number of marshes, estimated 
around 50, so the program could effectively interpolate over 
populations that were not sampled. We plotted the average 
migration surface of all of the runs. Each run consisted of 
1,000,000 burn-in steps, then 2,000,000 MCMC iterations 
sampled every 9999 steps. To quantify whether the observed 
migration surface could be explained by a pattern of iso-
lation by distance (Wright 1943), we plotted the pairwise 
genetic difference between demes with the pairwise geo-
graphic distance between the demes, as calculated by EEMS. 
Using R, we ran a linear regression on the pairwise genetic 
and geographic distances to test whether genetic distance 
increased significantly with geographic distance.

We also quantified genetic diversity in the wild Amar-
gosa voles (and in the desert California vole populations for 
comparison) by calculating the proportion of segregating 
sites (Watterson’s Theta, θW), proportions of pairwise differ-
ences (Tajima’s Estimator, π), and the degree of inbreeding. 
We calculated θW and π using the built in functionality of 
ANGSD, based on the site frequency spectra of the popula-
tions (Korneliussen et al. 2013). We calculated the degree 
of inbreeding by calculating the relatedness coefficient for 
each population using the program ngsRelate (Korneliussen 
and Moltke 2015). While incorporating the uncertainty of 
genotype calls using genotype likelihoods into the analy-
sis, ngsRelate calculates the probabilities of each pair of 
individuals in the analysis having zero, one or two pairs of 
alleles that are identical by descent (IBD). Given the prob-
abilities that two individuals have one or two alleles IBD, we 
calculated the coancestry, or relatedness, coefficient between 
those two individuals (Weir et al. 2006). Thus, for all of the 
pairwise combinations of individuals within a single popula-
tion, we took the average coancestry coefficient as a measure 
of inbreeding in that population. For ngsRelate, we used the 
above filtering, and we only considered alleles with a minor 
allele frequency of at least 0.05.

We calculated effective population size using the program 
NeEstimator V2.01 (Do et al. 2014) with data for all wild 
Amargosa voles. To use NeEstimator, we called SNPs using 
the same procedure as we did for the SpaceMix analyses. 
We converted the SNP matrix output from ANGSD to the 
required GENEPOP input format for NeEstimator using 
PopGenTools 3.4.10 (https://github.com/CGRL-QB3-
UCBerkeley/PopGenTools), removing sites with missing 
data. We calculated Ne based on LD (Hill 1981), because 
estimates of Ne using the LD methods of Do et al. (2014) 
[modified according to Waples and Do (2010)], are precise 
for small population sizes.

Aim 3: quantify genetic diversity in the captive colony 
of Amargosa voles

To assess the amount of genetic diversity captured by the 
captive colony, we repeated the above analyses for the data-
set comprising wild and captive Amargosa voles—hereafter 
referred to as Colony voles—from the founding generation, 
the  F1 generation, the  F2 generation and the backcrossed 
 F3 generation (n = 21 in total). First, to confirm where the 
captive voles fall in the population structure of the wild 
Amargosa voles, we conducted PCA as above. Second, we 
used NGSadmix, as above, to determine the proportion of 
admixture that the Colony voles draw from each of the two 
Amargosa vole groupings. Again, we used the ∆K method 
of Evanno et al. (2005) to determine what the most likely 
number of populations was when we included the Colony 
voles. PCA and NGSadmix results were concordant with 

https://github.com/CGRL-QB3-UCBerkeley/PopGenTools
https://github.com/CGRL-QB3-UCBerkeley/PopGenTools
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K = 2 being most likely (see “Results”). We used parametric 
bootstrapping to generate a null distribution of FST values 
based on 100 random permutations of 32 and 20 individu-
als to determine whether the two actual groups were sig-
nificantly differentiated. Third, we quantified the amount of 
genetic variation captured by the Colony voles by calculat-
ing θW, π and the relatedness coefficient as above.

Results

RAD sequencing and filtering

Our paired-end bestRAD sequencing effort yielded 
408,749,750 total reads for 79 voles. After aligning our 
reads to the reference genome, we had 3,828,309 total sites 
on 9806 contigs that passed our filtering criteria. For all 
contigs, we had a per-individual mean coverage of 21X 
(median: 14.1, min: 4.18, max: 105) before starting our 
analyses. Different analyses used slightly different subsets 
of the total dataset, and we present the number of sites or 
SNPs included for each analysis below. Our raw bestRAD 

reads are archived in the Short Read Archive (Accession: 
SRP097751), and tutorials to recreate the analysis and plots 
of our results are available at https://github.com/alexkrohn/
AmargosaVoleTutorials.

Aim 1: determine phylogeographic structure 
for California voles and phylogeographic affinity 
for Amargosa voles

California voles exhibit significant population structure 
across their range. For all of our results we refer to indi-
viduals that group together in the PCA as “clusters”, and 
groups identified by NGSadmix as “groups.” The PCA, 
based on 20,000 variable SNPs, shows that genetic variation 
partitions into three clusters: the northern cluster includes 
Deep Springs, Lake Isabella and Lark Seep; the southern 
cluster includes Victorville and Elizabeth Lake; and the 
Amargosa voles form the final cluster, distinct from both 
northern and southern clusters, but closer to the northern 
cluster (Fig. 2). The three clusters of California voles from 
the PCA fall into two major groups (K = 2 using Evanno 
et al. 2005) according to the NGSadmix analysis, based on 
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Fig. 2  Population structure analyses for California voles including 
Amargosa voles (native to the area around Tecopa, CA). Plots show 
NGSadmix and PCA for K = 2 (a and b, respectively), the most likely 
K, and for K = 3 (c and d, respectively), for comparison. Dashed 

black lines separate geographic sampling locations for the NGSad-
mix plots, while dashed white lines separate the groupings of each K. 
Ellipses on PCA plots are 95% confidence intervals around the mean 
of the two groupings identified in the corresponding NGSadmix plot

https://github.com/alexkrohn/AmargosaVoleTutorials
https://github.com/alexkrohn/AmargosaVoleTutorials
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68,521 sites in 30 individuals (Fig. 2a, b). For comparison, 
we also present K = 3, which confirms that the Amargosa 
voles are genetically distinct from—but most closely related 
to—other northern clade voles (Fig. 2c, d). The results of the 
other NGSadmix runs (K = 4 through K = 8) are presented in 
Online Resource 2. The FST value between the northern and 
southern groups is 0.64. Based on our parametric bootstrap-
ping analysis, an FST value of 0.64 is significantly higher 
than expected by chance (P < 0.01). The groupings recovered 
in both the PCA and NGSadmix analyses are concordant 
with the northern and southern clade designations of Conroy 
and Neuwald (2008) based on a smaller molecular dataset. 
According to the NGSAdmix analysis, the Amargosa voles 
share more admixture with the populations from the north-
ern clade than with the populations from the southern clade.

SpaceMix analyses of 3801 SNPs also reveal that the 
Amargosa voles share more admixture with the northern 
clade than with the southern clade (Fig. 3). Plots of the 
joint marginal distributions, acceptance rates, and sample 
covariance each indicate that MCMC mixed well, achieved 
an acceptance rate near the desired 44%, and that the model 
adequately described the data. In the analysis, individuals 
from the southern clade draw admixture from a southern 

region of geogenetic space. Individuals from the northern 
clade, however, draw admixture from a common location 
away from the southern source of admixture, and geographi-
cally between Tecopa and Deep Springs, CA. Individuals 
from the Amargosa clade shift northwestwardly away from 
their sampled geographic location towards the convergence 
of the other northern clade individuals in geogenetic space, 
indicating that the Amargosa voles draw more admixture 
from the northern clade than the southern clade (Fig. 3), and 
corroborating the NGSadmix findings.

Aim 2: quantify population structure and genetic 
diversity in wild Amargosa voles

The wild subpopulations of Amargosa voles are moderately 
structured genetically. The PCA, based on 20,000 variable 
SNPs, shows that the existing genetic variation forms two 
clusters (Fig. 4). This corresponds to a roughly north–south 
genetic break between Marshes 17 and 55. Population 
assignment analyses with NGSadmix, based on 7,774 SNPs, 
show a similar grouping, but indicate that Marshes 10 and 
17, which are very close geographically, show admixture 
between the two groups (Fig. 4). The most likely K is 2 and 
the FST value between the two groups is 0.09. Our paramet-
ric bootstrapping analysis identified an FST value of 0.09 as 
significantly higher than what one would expect by chance 
(P < 0.01). The results of the other NGSadmix runs (K = 3 
through K = 7) are presented in Online Resource 3.

Amargosa voles show little migration between the two 
clusters identified in the PCA and NGSadmix analysis. 
EEMS analysis show that while there is some migration 
within each of the two clusters from the PCA and NGSadmix 
analysis, there appears to be a barrier to migration between 
the two clusters (Fig. 5). There is more migration than aver-
age among the group comprised of Marshes 9, 11, 39 and 
55, and average to less than average migration among the 
marshes in the other group (Fig. 5). The region of decreased 
migration coincides with a small developed area of Tecopa 
Hot Springs, although suitable marshes do exist in between 
Marshes 55 and 17 (Fig. 1). Importantly, genetic differentia-
tion does not increase positively with geographic distance in 
the wild Amargosa voles (P = 0.726; Fig. 6), indicating that 
genetic differences that gave rise to the patterns of migra-
tion observed in the EEMS analysis are different than a null 
expectation of isolation by distance.

Amargosa voles show half as much genetic variation as 
other desert-dwelling California vole populations (Table 1). 
The Amargosa vole samples show similar, low levels of 
genetic diversity across all marsh localities and most indi-
vidual marshes had approximately half of the total genetic 
diversity present in all of the wild Amargosa voles, support-
ing our findings that genetic variation is partitioned into two 
clusters (θW; Table 2). As a group, two Amargosa voles are, 
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on average, more related to each other than two voles from 
any one of the other measured desert California vole popula-
tions (Table 1). Looking at each marsh separately, related-
ness coefficients are higher and more varied than among 
the larger populations. Accordingly, Amargosa voles have 
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extremely small effective population sizes. Based on 4605 
SNPs, wild Amargosa voles have an effective population size 
of 32.3 individuals (95% confidence interval = 32.0–32.5).

Aim 3: quantify genetic diversity in the captive colony 
of Amargosa voles

The Colony voles contain a subset of variation from the 
northern group of wild Amargosa voles according to both 

the PCA and NGSadmix analyses. Compared to the PCA 
and NGSadmix plots of just the wild Amargosa voles 
(Fig. 4), the addition of the Colony voles does not change 
the major clusters (Fig. 7). The most likely grouping is 
still K = 2. The results from the other NGSadmix runs 
(K = 3 through K = 9) are presented in Online Resource 4. 
Unsurprisingly, the Captive voles appear in the same clus-
ter as Marsh 1, the marsh from which the colony is derived 
(Fig. 7). The FST value between the two groups present in 
the PCA and NGSAdmix analyses is 0.14, higher than the 
values between the wild Amargosa vole groups. The 0.14 
FST value is also significantly greater than what one would 
expect by chance (P < 0.01). However, the results with the 
addition of the Colony voles are qualitatively the same: 

Table 1  Percent of segregating sites (Watterson’s Theta, θW), percent 
of pairwise differences (Tajima’s estimator, π), the relatedness coef-
ficient and sample sizes (n) for desert California voles and Amargosa 
voles showing reduced genetic diversity in Amargosa voles relative to 
other California Voles

Values in italics should be interpreted with caution as π and the relat-
edness coefficient are not robust to small sample sizes, even with 
thousands of loci. Note that the Northern Clade Voles comprise Deep 
Springs, Lark Seep and Lake Isabella populations, while the Southern 
Clade Voles comprise Elizabeth Lake and Victorville populations

Population θW π Relatedness n

Wild Amargosa voles 0.631 0.409 0.024 31
Deep Springs 1.009 1.131 0.003 6
Lark Seep 1.224 1.357 0 5
Lake Isabella 1.541 1.606 0.004 4
Elizabeth Lake 1.433 1.469 0 2
Victorville 1.329 1.383 0.003 6
Northern Clade Voles 1.456 1.559 0 15
Southern Clade Voles 1.487 1.428 0 8

Table 2  Percent of segregating sites (Watterson’s Theta, θW), percent 
of pairwise differences (Tajima’s estimator, π), the relatedness coef-
ficient and sample sizes (n) for wild individuals and captive colony 
generations of Amargosa voles

Values in italics should be interpreted with caution as π and the relat-
edness coefficient are not robust to small sample sizes, even with 
thousands of loci. The  F3 generation is in quotation marks because it 
is a backcrossing of  F1 and  F2 individuals

θW π Relatedness n

Marsh 1 0.339 0.355 0.137 8
Marsh 9 0.348 0.394 0.079 4
Marsh 10 0.378 0.396 0.087 3
Marsh 11 0.369 0.384 0.265 2
Marsh 17 0.311 0.355 0.122 4
Marsh 39 0.378 0.415 0.05 6
Marsh 55 0.339 0.378 0.186 4
Founders 0.316 0.259 0.007 10
F1 0.257 0.261 0 2
F2 0.268 0.268 0.055 3
‘F3’ 0.246 0.231 0.034 6
Wild Amargosa voles 0.631 0.409 0.024 31
Captive Amargosa voles 0.305 0.257 0.012 21
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the Colony voles only contain the genetic variation of the 
group that includes Marsh 1.

The Colony voles have less genetic diversity than the 
combined sample of wild Amargosa voles. According to 
both θW and π, the Colony voles contain approximately half 
of the total genetic variation present in the wild Amargosa 
voles (Table 2). The Colony voles capture approximately 
as much variation as any one of the wild marshes. When 
compared against the average relatedness of two randomly 
drawn wild Amargosa voles from any marsh, the Colony 
voles show similar degrees of inbreeding (Table 2).

Discussion

Using genome-wide markers, we evaluated the phylogeogra-
phy and conservation genomics of desert dwelling California 
vole populations, with a focus on the endangered Amargosa 
vole populations. Our goal was to quantify genetic varia-
tion and detect fine scale patterns of population structure 
that could not be resolved using individual markers (e.g., 
microsatellite loci, Neuwald 2010). Because Amargosa voles 
are so rare, tissue samples are difficult to obtain. Therefore 
we used low-coverage sequencing methods (Korneliussen 
et al. 2014); with many loci, fewer individuals are needed 
to robustly resolve population structure, especially when 
analyses are individual-based rather than relying on a priori 
population boundaries (Prunier et al. 2013; Barley et al. 
2015; Kardos et al. 2015; Gottscho et al. 2017). Our results 
suggest that Amargosa voles are genetically most similar to 
the northern clade of California voles. Within the geographi-
cally restricted Amargosa voles, we found evidence of mod-
erate population structure. Amargosa voles exhibit reduced 
genetic diversity across their small range and have a small 
effective population size. We also show that the captive 
colony of Amargosa voles has a similar genetic signature 
to the wild population from which the founding members 
originated, and thus captures only some of the total genetic 
variation present in wild Amargosa voles. Below we detail 
these findings and their implications for management.

Our analyses suggest there are two clades of California 
vole, one northern clade and one southern clade, with the 
Amargosa voles genetically distinct but most closely allied 
with the northern clade. We found several lines of evi-
dence that the Amargosa voles are more closely related to 
the northern, rather than southern clade. First, our NGSad-
mix analysis suggest that the Amargosa voles are geneti-
cally most similar to the northern clade California voles. 
For both K = 2 (the most likely K, according to Evanno 
et al. 2005) or K = 3, NGSadmix analyses reveal that the 
Amargosa voles and northern California voles share more 
admixture with each other than either group does with 
the southern clade (Fig. 2). Second, Amargosa voles draw 

admixture from the same geogenetic space as other voles 
previously shown to be in the northern clade (Fig. 3; Con-
roy and Neuwald 2008; Conroy et al. 2016). Although the 
Amargosa voles are more closely allied with the northern 
clade, there is evidence that they are genetically distinct. 
PCA plots comparing genetic variation among desert Cali-
fornia vole populations and Amargosa voles show Amar-
gosa voles as a distinct cluster separate from the rest of 
the northern voles (Fig. 2). Moreover, NGSadmix analy-
ses with K = 3 show Amargosa voles as a distinct genetic 
group.

Our results corroborate past findings on the relationships 
among California voles, although with increased resolution 
as we have included many thousands more sites across the 
genome. Gill (1984) first proposed that California voles 
may be incipient species along a north–south break based 
on increased male sterility and decreased female fertility 
in north–south pairings and allozyme differences. Other 
authors also confirmed the same north–south break (Con-
roy and Neuwald 2008; Conroy et al. 2016). Looking spe-
cifically at the placement of Amargosa voles within Cali-
fornia voles, our results align well with previous findings 
based on fewer nuclear markers. Using 12 microsatellites 
and 3 nuclear introns, Conroy et al. (2016) found that the 
Amargosa voles shared nuclear alleles with northern clade 
voles. In fact, the admixture source location inferred by our 
SpaceMix analysis is similar to the location that Conroy 
et al. (2016) proposed as the ancestral location from which 
the northern clade was derived. Conroy et al. (2016) pro-
posed the Southern Sierra Nevadas as the ancestral location, 
and our SpaceMix analysis shows the northern clade groups 
converging near the Owens River Valley and Southern Sierra 
region (Fig. 3). Our results do not support the finding that 
Amargosa voles are part of the southern clade of California 
voles, as Conroy et al. (2016) found with their mitochon-
drial locus and a few microsatellite alleles. The discrepancy 
between mtDNA and nuclear DNA could be due to cytonu-
clear discordance, a phenomenon common in rodents (Yang 
and Kenagy 2009; Taylor and Hoffman 2012; Pagès et al. 
2013) and other animals (Di Candia and Routman 2007; 
Lindell et al. 2008; Singhal and Moritz 2012). The discrep-
ancy between our results and the microsatellite findings of 
Conroy et al. (2016) is likely due to the fact that we sampled 
many thousands more loci that show a pattern of overall con-
nectivity to the northern, rather than southern clades of Cali-
fornia voles. Thus, Amargosa voles are genetically distinct 
but most closely related to voles from the northern clade, 
but further phylogenetic studies including outgroups will 
help resolve whether Amargosa voles are nested within or 
sister to the northern clade of California voles. Nevertheless, 
our data support a paleo-hydrological connection between 
Tecopa and other northern clade populations as suggested 
by Conroy et al. (2016).
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We also found that the Amargosa voles have substan-
tially less genetic diversity than other desert California vole 
populations (Table 1). Levels of genetic variation in non-
Amargosa populations of desert California voles are simi-
lar to other rodent species (Jezkova et al. 2015; Teng et al. 
2016), whereas the Amargosa vole populations typically 
exhibit less than half the genetic variation of other desert 
California vole populations (Table 1). Unsurprisingly for 
a population with such low genetic diversity, the inferred 
effective population size of Amargosa voles (32.0–32.5 
voles) is very small, indicating that their protected status 
is well warranted. Given the low census population size 
(Klinger et al. 2013) and low inferred effective population 
size, the observed lack of genetic diversity could be due to a 
recent, or ongoing, population decline. However, population 
sizes of California vole fluctuate tremendously over rela-
tively short time periods (Krebs 1966), with corresponding 
decreases in genetic variation with large population crashes 
(Bowen 1982). Therefore, it is possible that past population 
size decreases have also contributed to low genetic diversity, 
or that population sizes were always quite low. Demographic 
simulations will be necessary to determine whether ongoing 
and/or past bottlenecks are responsible for the low genetic 
diversity present in Amargosa voles.

Despite the low genetic variation in wild Amargosa voles, 
we found some substructure with genetic variation parti-
tioned into two groups (Figs. 4, 7). FST between the northern 
and southern marshes is relatively low (0.009), but signifi-
cantly different than zero, suggesting moderate population 
structure (Hartl and Clark 1997). The fact that such a low FST 
value is statistically significant may be due to low genetic 
variation within each of the groups. Given that FST is low, 
the barrier to gene flow between the two groups (between 
Marshes 55 and 17 in Fig. 5) is likely permeable. The only 
previous study of Amargosa vole’s population genetics 
used only three microsatellite loci, but also found structure 
despite low genetic variation (Neuwald 2010). Given that we 
sampled different marshes than Neuwald (2010), it is unsur-
prising that we found different boundaries for our genetic 
clusters, although we did both find north–south breaks. 
Given the low amount of genetic variation (Table 1), low 
effective population size, differences in fixed alleles among 
populations (Table 2), and known fluctuations in California 
vole census sizes (Krebs 1966; Bowen 1982), it is likely that 
drift is playing an important role in the remaining Amargosa 
vole populations.

We also evaluated genetic variation in the Amargosa 
voles in a captive colony and found that Colony voles clus-
ter with individuals from Marsh 1 from which they were 
derived, and only contain a subset of the genetic diversity 
present in wild Amargosa voles (Figs. 4, 7; Table 2). The 
genetic signature of Colony voles is unsurprising as the 20 
founding members of the captive colony all originated from 

Marsh 1 (Foley 2016). The captive colony has been man-
aged well to avoid further inbreeding by pairing founders 
captured at distant trap locations and selecting subsequent 
pairs of breeders guided by pedigree. Given that even two 
individuals from the  F1 generation of Colony voles are, on 
average, less related to each other than two individuals from 
the marsh that they were taken from (Table 1), the founding 
individuals were well chosen to prevent inbreeding in the 
colony. Additionally, the breeding procedures at the captive 
colony have maintained relatedness values lower than those 
present in the wild marshes, indicating that workers are suc-
cessfully avoiding inbreeding with mate pairings. Moving 
forward, scientists and managers now can decide whether 
to interbreed voles from the two Amargosa vole subgroups 
so that the colony can preserve more of the genetic varia-
tion present in the wild. In other systems, previous work 
has shown that interpopulation hybridization may create 
outbreeding depression that may be equally as harmful as 
inbreeding depression (Edmands 2007). However, given the 
genetic composition of the current captive colony, should a 
catastrophic event wipe out the few remaining wild Amar-
gosa voles, the genetic diversity that is not already present 
in the Colony voles would be lost. Moreover, genetic diver-
gence between the northern and southern marshes is only 
moderate. One solution would be to bring individuals from 
Marshes 9, 11, 39 or 55 into captivity and either interbreed 
them with the existing colony animals or maintain them 
separately.

In conclusion, we used RADseq to sequence thousands 
of loci across the genomes of 79 desert-dwelling California 
voles to resolve the phylogeographic position of Amargosa 
voles and inform the conservation of Amargosa voles. Our 
results have management implications for reintroductions of 
Amargosa voles. Erring on the cautious side, voles from the 
colony can be released into suitable marshes within the area 
of increased migration around Marsh 1, 17 and 10 (Fig. 5). 
By bringing voles from the area that contains Marshes 9, 
11, 39 and 55 into captivity without interbreeding them with 
the current colony, an insurance colony could be created 
for that sub-group (Fig. 5) while avoiding potential effects 
of outbreeding. However, genetic diversity is low in Amar-
gosa voles overall and  FST is relatively low between the two 
sub-groups, so an alternative would be to use voles from 
the current colony for wider-spread reintroductions or allow 
interbreeding in the colony between the two subgroups. If 
Amargosa voles become extirpated and managers consider 
reintroductions of sister populations, voles from the most 
proximate northern clade populations are the closest living 
relatives to Amargosa voles. Our study highlights the impor-
tance of proactively understanding genetic structure in wild 
and captive populations before reintroductions are attempted 
(La Haye et al. 2017). Additionally, our study highlights the 
use of genome-wide markers to resolve relationships among 



 Conserv Genet

1 3

populations that are difficult to sequence reliably with tra-
ditional markers due to low genetic variation. Future work 
should focus on increasing sample sizes and monitoring 
changes in genetic diversity in the Amargosa voles over time 
both in the colony and the wild to further aid in the recovery 
of these imperiled populations.
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