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The California vole, Microtus californicus, restricted to habitat patches where water is available nearly year-
round, is a remnant of the mesic history of the southern Great Basin and Mojave deserts of eastern California.
The history of voles in this region is a model for species-edge population dynamics through periods of climatic
change. We sampled voles from the eastern deserts of California and examined variation in the mitochondrial
cytb gene, three nuclear intron regions, and across 12 nuclear microsatellite markers. Samples are allocated to
two mitochondrial clades: one associated with southern California and the other with central and northern
California. The limited mtDNA structure largely recovers the geographical distribution, replicated by both
nuclear introns and microsatellites. The most remote population, Microtus californicus scirpensis at Tecopa near
Death Valley, was the most distinct. This population shares microsatellite alleles with both mtDNA clades, and
both its northern clade nuclear introns and southern clade mtDNA sequences support a hybrid origin for this
endangered population. The overall patterns support two major invasions into the desert through an ancient
system of riparian corridors along streams and lake margins during the latter part of the Pleistocene followed by
local in situ divergence subsequent to late Pleistocene and Holocene drying events. Changes in current water
resource use could easily remove California voles from parts of the desert landscape. © 2016 The Linnean Society
of London, Biological Journal of the Linnean Society, 2016, 119, 80-98.
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INTRODUCTION of California west of the Sierra Nevada to west-
central Oregon (Hall, 1981) (Fig. 1, inset). The spe-
cies extends in habitat and elevation from the Pacific
coast at sea level, where populations inhabit tidal
marshes with halophytic vegetation, through varied
grasslands, to montane moist meadows at elevations
up to 8000 feet (2400 m). Niche reconstructions indi-
cate that precipitation variables rather than temper-
ature per se most strongly influence the species’
*Corresponding author. E-mail: ondatra@berkeley.edu range limits (McGuire & Davis, 2013). It is thus

The California vole (Microtus -californicus Peale;
Cricetidae, subfamily Arvicolinae) is a small, herbiv-
orous rodent widespread in Mediterranean habitats
(warm, dry summers, with cool but wet winters) on
the west coast of North American, extending from
northern Baja California in Mexico throughout most
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perhaps surprising that M. californicus extends into
the dry southern Great Basin and Mojave deserts in
eastern California. Here, populations are frag-
mented, typically confined to moist seeps, springs,
and narrow riparian corridors, which are surrounded
by otherwise inhospitable desert scrub vegetation.
Desert vole populations are found along the eastern
base of the Sierra Nevada, through the Owens Valley
and adjacent enclosed intermontane basins (Deep
Springs and Saline valleys), and along the northern
slopes of the Transverse Ranges (San Gabriel and
San Bernardino mountains), across the Mojave
Desert to the east as far as Tecopa south of Death
Valley National Park (Fig. 1).

Rangewide, M. californicus is composed of north-
ern and southern mtDNA clades, each displaying

limited phylogeographical structure (Conroy & Neu-
wald, 2008; Conroy & Gupta, 2011). Representatives
of both clades have been found in the few desert pop-
ulations included in these earlier studies. In the pre-
sent study, we examined the pattern of genetic
variation through mitochondrial and nuclear mark-
ers to clarify the historical spread of voles through
the desert of eastern California. Our samples cover
the known range of the species through this region,
except Saline Valley where voles have not been seen
since the early 1900s. We estimate the divergence
time of those vole populations inhabiting the deserts
and test hypotheses of potential dispersal corridors
from likely source areas in the context of the late
Pleistocene climatic cycles and hydrological recon-
structions. Not surprisingly, the recovered history is

Central
Valley

Mojave Desert

Figure 1. Map of general localities referred to in text and described in the Supporting information (Appendix S1).
White circles identify populations belonging to the northern mtDNA clade, black circles represent southern mtDNA
clade samples. 1, Fish Slough; 2, Lower Rock Creek; 3, Silver Canyon; 4, Deep Springs Valley; 5, Blackrock; 6, Cartago;
7, Little Lake; 8, Ninemile Canyon; 9, Sand Canyon; 10, Lark Seep; 11, Lake Isabella; 12, Piute Mts; 13, Soldier Wells;
14, Tecopa; 15, Cushenbury Springs; 16, Big Bear Lake; 17, Victorville; 18, Lake Palmdale; 19, Edwards Air Force Base;

20, Elizabeth Lake (see Supporting information, Appendix S1).
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complex and confounded both by repeated wet—cool
and warm-dry cycles over the past 0.15 Myr and the
resultant episodes of vole expansion and retraction
into localized refugia.

TAXONOMY

Populations of Microtus californicus in the eastern
California deserts are currently subdivided into three
subspecies (Kellogg, 1918): Microtus californicus val-
licola (type locality at Lone Pine, southern Owens
Valley); Microtus californicus mohavensis (type local-
ity at Victorville on the upper Mojave River at the
northern base of the San Bernardino Mts); and
Microtus californicus scirpensis (type locality at
Shoshone on the Amargosa River east of Death Val-
ley). In part because of the isolation of current popu-
lations, the subspecies scirpensis is Federally Listed
as Endangered, whereas both mohavensis and valli-
cola are recognized as Species of Special Concern by
the California Department of Fish and Wildlife. We
treat populations irrespective of taxonomy, although
we aim to integrate these molecular results with
morphological analyses in a subsequent paper that
addresses the systematic status of all known Califor-
nia vole populations in the eastern California
deserts.

MATERIAL AND METHODS
SAMPLE COLLECTION

Our samples are restricted to the desert region of
eastern California, including Owens Valley to the
east of the Sierra Nevada, to the mountainous area
south of the Sierra Nevada, and to the Transverse
Ranges, with the latter two the most likely historical
source areas (Fig. 1; see also Supporting information,
Appendix S1). For analysis, we grouped samples into
20 areas, and lumped smaller sampled areas if sepa-
rate localities were geographically adjacent and part
of a common hydrographic system; each group so
defined is isolated from others by many square kilo-
meters of inhospitable habitat.

GENETIC DATA

We recovered genetic data from organ tissue of vou-
chered specimens or ear clips from released animals.
We used mitochondrial cytochrome & (cytb) sequences
for a deeper time, maternally inherited perspective
and variation in nuclear DNA microsatellite markers
for the finer scale necessary to test processes parti-
tioning variation within and between populations.
We also sequenced portions of the nuclear DBX gene
intron 7, DBY gene intron 7, and AP5 introns to

examine the origins of the Tecopa population (see
Supporting information, Appendix S2).

Data analysis: mtDNA

We identified unique cytb haplotypes with TCS, ver-
sion 1.21 (Clement, Posada & Crandall, 2000), with a
90% connection limit, and determined the clade
membership of each in PAUP*, version 4.0b10 (Swof-
ford, 2003) by sequence similarity. As reported, the
clades differ by approximately 4.5% uncorrected p,
and sequences within clades differ by < 1%. To estab-
lish clade monophyly, we estimated an unrooted
topology using MrBayes, version 3.2.2 (Ronquist
et al., 2012). We chose a GTR + gamma substitution
model and left all other settings at their default val-
ues. We found posterior probabilities of 1.0 support-
ing the monophyly of both the northern and
southern clades based on the cytb sequences (see
Supporting information, Appendix S3). Because all
haplotypes of each clade are closely related, we
depict population relationships by an unrooted
Neighbour-joining (NJ) tree (Saitou & Nei, 1987)
based on pairwise Slatkin’s (1995) linearized Fgr cal-
culated in ARLEQUIN, version 3.5 (Excoffier & Lis-
cher, 2010). We used a Mantel test (IBDWS, version
3.23; Jensen, Bohonak & Kelley, 2005) to look for an
association between genetic and geographical dis-
tances, with both linear and log distance between
sites. This analysis compares Fgr matrices based on
pairwise differences with 100 permutations and the
geographical distances among localities on the sur-
face of the WGS84 ellipsoid with a spreadsheet func-
tion based on Vincenty Formulas (Vincenty, 1975).
To determine whether clusters of sample groups,
delineated by microsatellite STRUCTURE analyses
(see below), exhibited evidence of population stability
or expansion, we used the mismatch distribution
analysis in ARLEQUIN based on simple pairwise dif-
ferences and 500 bootstrap replicates. We also used
ARLEQUIN to estimate nucleotide diversity, as well
as two statistics of selective neutrality, Fu's Fg (Fu,
1997) and Tajima’s D (Tajima, 1989), for each popu-
lation sample, with 1000 simulated samples.

Data analysis: nuclear DNA introns

Sequence data were input into PAUP* and compared
with sequences from voles from other parts of Cali-
fornia for indels and substitutions. Given very few
differences, no phylogenetic or population genetic
analyses were conducted.

Data analysis: nuclear DNA microsatellites

Data were first analyzed for anomalies such as null
alleles (FREENA; Chapuis & Estoup, 2007; MICRO-
CHECKER, Van Oosterhout et al., 2004), linkage dis-
equilibrium, and Hardy-Weinberg (HW) deviation
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(ARLEQUIN, version 3.5). Linkage disequilibrium
analysis was run with 10 000 permutations. For the
HW analysis, we used 1000 steps in a Markov chain
and 100 000 steps in a dememorization step. In an
analysis of molecular variance (AMOVA), we com-
puted population specific Fig (an inbreeding coeffi-
cient). We used ARLEQUIN to generate basic
diversity statistics and pairwise Fgr distances based
on the number of different alleles. Finally, we tested
for isolation-by-distance (IBD) using the same meth-
ods and geographical distances described for the
mtDNA analysis. Analyses were run with 10 000 ran-
domizations.

To test the hypothesis that voles lost diversity
along hypothetical dispersal pathways, we contrasted
two opposing scenarios: one where allelic richness is
lost in successive populations with respect to dis-
tance from a source area and the second where all
populations were initially equally diverse but lost
diversity independently at approximately the same
time following a retraction event. Probable source
areas for desert populations of the southern mtDNA
clade are the Transverse Ranges (localities 16, 18,
and 20) (Fig. 1) and the southern Sierra Nevada (lo-
calities 11 and 12) for the northern mtDNA clade
desert floor samples based on their geographical
proximity. We used rarefied allelic richness esti-
mates (Ag) (HP-RARE; Kalinowski, 2005), which
accounts for unequal sample size, and tested for
deviation from a negative relationship between rich-
ness and distance by regression analysis.

We used STRUCTURE, version 2.3 (Pritchard, Ste-
phens & Donnelly, 2000) to determine microsatellite
apportionment across sample sites. An initial analy-
sis used the entire dataset of 407 voles and 20 popu-
lation samples with K = 1-6, eight iterations per
run, and a burn-in of 50 000 and a longer run of
500 000. We then analyzed each mtDNA clade sepa-
rately [13 populations in the northern clade, six in
the southern clade, excluding Tecopa (locality 14)],
predefining each population and selecting the model
for no admixture, with K = 1-13 for northern and
K =1-6 for southern mtDNA clade samples, each
with 10 replicates, a burn-in of 50 000, and an addi-
tional 200 000 iterations. We used the Evanno, Reg-
naut & Goudet (2005) method implemented in
STRUCTURE Harvester (Earl & von Holdt, 2012) to
determine the most likely K given the rate of change
between successive estimates. We used CLUMPP
(Jakobsson & Rosenberg, 2007) and DISTRUCT
(Rosenberg, 2004) with the Greedy option to summa-
rize the results.

Timing of coalescent events
We are interested in estimating the timing of the
mtDNA clades’ origins in the region. Accordingly, we

need a calibrated substitution rate for cytb. Unfortu-
nately, there are no useful fossil or ancient DNA
data for M. californicus to independently calibrate a
rate. There are, however, numerous cytb substitution
rates postulated for arvicoline rodents. Some span
0.3-0.5 x 1077 substitutions per site per year based
on various fossil estimates (Brunhoff et al., 2003).
More recently, much faster estimates have been
made, based on recent geological events, or combined
with ancient DNA data. For example, Martinkova
et al. (2013) derived a substitution rate of 3.27 x 1077
mutations per site per year for the invasion of the
Orkney Islands by M. arvalis and Herman et al.
(2014) derived a substitution rate of 4.572 x 107"
mutations per site per year for the invasion of Scan-
dinavia by M. agrestis.

Based on this rate range, we made two estimates
of the time of the most recent common ancestor
(tMRCA) of each mtDNA clade in the desert M. cali-
fornicus using BEAST, version 1.8.0 (Drummond
et al., 2012). The first estimate is modified from Wek-
sler, Lanier & Olson (2010), which is based on the
range of previously published rates from arvicoline
rodents, and implemented a I' distribution with
shape of 10 and a scale of 0.0066 that covers the typ-
ical range of variation in substitution rates for mam-
mals based on deeper fossil record estimates. This
analysis was run with all 56 unique mtDNA haplo-
types, assuming a mean mtDNA substitution rate of
0.066 substitutions per site per Myr (or 13.1% diver-
gence per Myr; Weksler et al., 2010). We estimated
parameters under a GTR + I' substitution model, a
constant size coalescent model as the tree prior, and
an unweighted pair group method with arithmetic
mean initial start tree. We assumed an uncorrelated
lognormal (UCLN) relaxed clock with a I' distribu-
tion with a shape parameter of 10 and a scale
parameter of 0.006 as the hyperprior distribution on
the mean parameter (ucld.mean) of the lognormal
distribution. We used a chain length of 10 000 and
burn-in of 1000. All other values were default values.

For a faster rate, we replaced the I' hyperprior dis-
tribution on the ucld.mean by a I' distribution with a
shape of 20 and a scale of 0.02. This I' distribution
induces a mean substitution rate of 0.4 (equivalent
to 80% divergence per Myr) and assigns 95% prior
probability to the range in substitution rates from
more recent European estimates based on ancient
DNA and recent geological events (Herman & Searle,
2011; Martinkova et al., 2013; Herman et al., 2014).
We used a chain length of 50 000. We conducted
both fast and slow analyses four times to look for
anomalous results (nonconvergence). We examined
all runs in TRACER, version 1.5 (Rambaut & Drum-
mond, 2007) and confirmed that each parameter had
an effective sample size greater than 200. We also
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combined the results of the four runs. We repeated
the two analyses assuming a strict molecular clock
and an uncorrelated exponential clock with identical
prior distributions on the mean clock rate to assess
the impact of the molecular clock model on the diver-
gence time estimates. Additionally, we estimated
marginal likelihoods using stepping stone sampling
to select between the different molecular clock mod-
els (Baele et al., 2012; Xie et al., 2011).

Historic gene flow

We used MIGRATE-N, version 3.6 (Beerli, 2006) to
estimate ©® (N1 for mitochondrial genes and 4N, for
nuclear genes) and the immigration parameter M
(expressed as m/u, where m is the immigration rate
per generation and p is the neutral mutation rate
per site per generation) for both mtDNA and
microsatellite datasets. We confined analyses to com-
parisons among geographically adjacent samples
(Fig. 1), and included only populations with N > 10
individuals. We then estimated the strength of the
recovered migration rate by multiplying M by the
recipient population’s ® value to give 2Nm (for hap-
loid data) or 4Nm (for diploid data). Values for either
2Nm or 4Nm above 1.0 suggest that migration is
adequate to minimize differentiation by drift alone.
Each analysis was run assuming a Brownian data
model with default values, using a likelihood analy-
sis of 10 initial chains sampling 500 genealogies, a
sampling increment of 20, and 1000 trees discarded
as burn-in. This sequence was followed by two
chains, 100 000 trees, a sampling increment of 20,
and 1000 trees discarded as burn-in.

RESULTS
MITOCHONDRIAL PHYLOGEOGRAPHY

Across 414 sequences, we found 56 unique haplo-
types: 25 from the northern clade and 31 from the
southern clade (see Supporting information,
Table S1, which lists unique haplotypes by sample
with corresponding GenBank accession number).
Several sequences were previously reported in Con-
roy & Neuwald (2008) as Genbank numbers
EF506072, EF506066, EF506067, EF506081,
EF506070, and EF506068 (see Supporting informa-
tion, Table S1). Incomplete sequences were sub-
sumed within the closest haplotype possible.
Numbers of voles with a given haplotype ranged
from 1 to 160 in the southern clade and 1 to 25 in
the northern clade. Most haplotypes were unique to
single population samples [42 of 56 (75%); 18 of 25
haplotypes in northern clade, 24 of 31 haplotypes in
the southern clade], although the Tecopa sample [14]
was the only one with completely unique haplotypes

(five in this case). The number of haplotypes within
populations ranged from two (Sand Canyon [9], Lark
Seep [10]) to nine (Edwards AFB [19]). Gene diver-
sity (see Supporting information, Table S2) ranged
widely in the northern clade (0.111 in Sand Canyon
[9] to 0.900 at Rock Creek [2]) with a relatively low
mean (0.476); this measure was less variable (0.541
at Cushenbury Springs [15] to 0.857 Victorville [17])
and higher (mean = 0.705) in southern clade sam-
ples. The mean mismatch within a mtDNA clade was
2.914 in the northern clade and 5.835 in the south-
ern clade. With several notable exceptions (e.g.
Cushenbury Springs [15]), sample areas that are the
smallest in extent and/or the most isolated (e.g.
Antelope Springs in Deep Springs Valley [4], Cartago
[6], Fish Slough [1], and Soldier Wells [13]) generally
possess the lowest gene diversity levels. Slatkin’s lin-
earized Fgr ranged from 0 to 78.181 with a mean of
7.063 (SD = 10.013).

Each geographical sample contains haplotypes
belonging to only one of the two previously recog-
nized mtDNA clades (Conroy & Neuwald, 2008).
Localities with northern clade membership include
the Deep Springs Valley (sample 4) (Fig. 1), all
Owens Valley (samples 1-3, 5-6), and all southern
Sierra Nevada samples (samples 7-9, 11-13), as well
as that which extends onto the desert floor at Lark
Seep (sample 10). Southern clade samples include all
of those from the Transverse Ranges (samples 16,
18, and 20) and southern margins of the Mojave
Desert (samples 15, 17, and 19), as well as those
from Tecopa (sample 14). Not surprisingly, the
AMOVA analysis apportioned most of this variation
to that between the major mtDNA groups (85.36%),
with more variation found within populations
(8.44%) than among those within each mtDNA group
(6.2%).

The geographical pattern is evident among north-
ern cytb clade members. Samples in northern (Fish
Slough [1], Rock Creek [2], Silver Canyon [3]) and
central (Blackrock [5]) Owens Valley plus nearby
Deep Springs Valley [4] cluster in the middle of the
unrooted NJ tree of mean Fgr values (Fig. 2,
Table 1). Those from the southern Owens Valley
(Cartago [6]), eastern Sierra Nevada slope (Little
Lake [7] and Soldier Wells [13]), and Lark Seep [10]
on the desert floor group together, whereas those
samples from the Kern River Plateau [11], Piute Mts
[12], and two eastern slope samples (Ninemile Can-
yon [8], Sand Canyon [9]) form a third group. Con-
nections among these groups in the NJ tree (Fig. 2)
do not reflect a nearest-Neighbour geographical
sequence, nor do the pooled northern clade samples
exhibit IBD (Mantel tests of Fgr vs. either km or log-
km matrices are nonsignificant: r = —0.157,
P =0.094, and r = —0.11, P = 0.141, respectively).
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Figure 2. Unrooted Neighbour-joining trees for the southern and northern mtDNA clades, based on Fgr distances.
Boxes with dashed lines indicate geographically cohesive groups.

The Tecopa sample [14] is very strongly differenti-
ated from all other southern clade members in the
unrooted Neighbour-joining tree based on Fgr dis-
tances (Fig. 2). The remaining samples fall into two
groups, each forming a cluster of geographically, and
hydrographically, connected populations: a western
Lake Palmdale [18], Elizabeth Lake [20], and
Edwards AFB [19] group vs. an eastern Big Bear
Lake [16], Cushenbury Springs [15], and Victorville
[17] group. The extreme divergence of the Tecopa
sample and its closer connection to western, south-
ern-clade samples (Elizabeth Lake, Lake Palmdale,
and Edwards AFB) belies at least any direct, recent
connection with populations to the south through the
historic Mojave-Amargosa river nexus (see below).
Cushenbury Springs and Big Bear Lake are geo-
graphically and, notably, genetically very close.
Unlike the northern clade samples, those of the com-
bined southern clade exhibit significant IBD (Mantel
tests of Fgr vs. either km or log-km matrices are sig-
nificant: r = -0.810, P =0.005, and r = —0.748,
P = 0.006, respectively).

In the cytb mismatch analysis, Elizabeth Lake,
Lake Palmdale, Tecopa, Lake Isabella, and Piute
Mts all deviated from the demographic expansion
model (P < 0.05). Only Tecopa deviated from the

spatial expansion with constant deme size (P = 0.04).
However, all pooled samples defined by the best sup-
ported K levels from the STRUCTURE analysis (be-
low) deviated from a model of spatial expansion,
although two groups, the Lake Isabella-Piute Mts—
Lark Seep and Lake Palmdale regions, also deviated
from a demographic expansion model, suggesting
stability in population size over time. Only a few
populations exhibited significant deviations from
neutrality, as indicated by Fu’s Fg and Tajima’s D
tests (see Supporting information, Table S2). Taji-
ma’s D values were significant only in the Sand Can-
yon (D= -2.034, P=0.005) and Silver Canyon
samples (D = —1.728, P = 0.02), and only the Car-
tago sample was significant for Fu's Fg (Fg = —2.98,
P =0.002).

WITHIN-SAMPLE MICROSATELLITE PATTERNS

The mean number of microsatellite alleles within
populations ranged from 2.857 at Tecopa to 9.818 at
Edwards AFB (see Supporting information,
Table S3). Observed heterozygosity ranged from
0.396 (Tecopa) to 0.823 (Elizabeth Lake). Gene diver-
sity ranged from 0.236 (Tecopa) up to 0.747 (Eliza-
beth Lake). Deviations from HW equilibrium were
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observed in 51 cases, although these were scattered
across the pool of 12 loci and 20 samples (data not
shown). Presumptive null alleles were present in
seven of the 12 loci, although null alleles were only
found in more than one or two samples for locus
Mar105 (12 of 20 samples in this case). Overall, we
ignored this issue because a single locus is not
expected to influence our general findings (Carlsson,
2008) and removing it (not shown) changed neither
individual measures, nor the STRUCTURE analysis.

AMOVA results partitioned most allelic variation
in both clades to that among individuals (74% and
81%, respectively, for southern and northern clade
samples), followed by among-populations (24% and
16%), and then among-individuals within popula-
tions (2% and 3%).

The inbreeding measure Fig was significant only in
the Lake Palmdale (Fs = 0.079, P = 0.0117) and Vic-
torville (Fig = 0.117, P = 0.012) samples belonging to
the southern mtDNA clade (see Supporting informa-
tion, Table S4). Twice as many northern clade samples
exhibited significant values, including Blackrock
(Fis = 0.925, P = 0.001), Silver Canyon (Fig = 0.132,
P =0.024), Fish Slough (Fig = 0.123, P = 0.022), and
Lake Isabella (Fs = 0.084, P = 0.018).

Nuclear intron patterns

We found that the Tecopa population consistently
shows the northern genotypes at the DBX (IV = 19),
DBY (N =12), and AP5 (N = 19) markers, in con-
trast to their consistently southern (N = 33) mtDNA
(see Supporting information, Table S5). We also
typed samples from northern mtDNA clade popula-
tions Antelope Springs, Carroll Creek, Cartago, Lit-

tle Lake, Lubken Creek, Olancha Creek, Piute
Mountains, Sand Canyon, Silver Canyon, Soldier
Wells, and Wyman Canyon (in Deep Springs Valley).
These populations shared northern nuclear geno-
types (see Supporting information, Table S6). We
typed samples from southern mtDNA clade popula-
tions Big Bear Lake, Edwards AFB, Lake Hughes,
and Victorville, and all had southern genotypes.

Microsatellite geographical patterns

The northern clade samples (Table 2) possess
slightly fewer alleles per locus than do those of the
southern clade (mean of 12.25 vs. 14.83), and have
approximately half as many unique, or private, alle-
les per clade (2.92 vs. 5.58). The number of alleles
observed per locus ranged from five in Mar080 up to
30 in Mar049.

Mantel tests of the association of pairwise sample
Fgr with geographical distance for each mitochon-
drial clade were significant (for the northern clade:
r=-0.729, P<0.001 for km distance, and
r=-0.664, P <0.0001 for log km distance; for the
southern clade: r = —-0.819, P =0.016 for km dis-
tance, and r = —0.670, P =0.004 for log km dis-
tance). Even if the Tecopa sample is removed from
the southern clade group of populations, a significant
negative relationship between genetic and geographi-
cal distance remains (r = —-0.474, P =0.02, and
r=-0.471, P = 0.006).

The AK method of Evanno et al. (2005) supported
K =4 groups in our initial STRUCTURE analysis
that combined all samples (Fig. 3). Delineated groups
include (1) the Tecopa sample (locality 14) (Fig. 1);
(2) all southern mtDNA clade populations in the

Table 2. Summary of all microsatellite alleles present in all southern and northern mtDNA clade samples, and those

unique (private) to either the southern or northern clades

Number of
Number of alleles Number of alleles Number of alleles Number of alleles = Number of alleles
alleles observed in observed in shared between unique to northern unique to southern
Marker observed northern clade southern clade clades clade clade
MSMM3 14 10 13 9 1 4
MSMM5 15 9 14 8 1 6
MSMM6 11 2 10 1 1 9
Ma36 21 17 19 15 2 4
Moe7 23 21 18 16 5 2
Moe2 19 16 15 12 4 3
Mar080 5 4 3 2 2 1
MSMM2 22 15 20 13 2 7
Mar105 15 13 10 8 5 2
Mar049 30 19 22 11 7 11
Mar063 20 9 18 7 2 11
Mab4 19 12 16 9 3 7
Mean 17.83 12.25 14.83 9.25 2.92 5.58
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Initial STRUCTURE Analysis: K = 4

N mtDNA S mtDNA

S mtDNA

Western Mojave

Ll

So. Sierras & Owens Valley Tecopa

—

(No further
analyses)

After 2" round
of STRUCTURE
BK=2

Southern & East Side Sierras

A K =2 Western Mojave

Figure 3. Results from STRUCTURE analysis, showing
the initial run with all samples (above), then two subse-
quent runs with (A) southern (S) mtDNA group except
Tecopa (bottom, left) and (B) northern (N) mtDNA group
(bottom, right).

western Mojave desert (localities 15-20); (3) samples
from Lake Isabella and the Piute Mts plus those
from the adjacent eastern slopes and desert floor (lo-
calities 7-13); and (4) most of those in the Owens
Valley plus Deep Springs Valley (localities 1-5).
Samples from the southernmost Owens Valley (Car-
tago at Owens Lake and streams in the Lone Pine
area to the immediate north; locality 6) include
admixed individuals between groups 3 and 4, which
are geographically adjacent to the immediate north
and south, respectively.

Separate STRUCTURE analyses for each mtDNA
clade, excluding Tecopa, indicated K =2 as most
likely. For the northern clade, the Cartago + Lone
Pine samples (locality 6) are again comprised of

individuals of mixed ancestry with respect to those
north and south. Deep Springs Valley, which is now
completely isolated from the Owens Valley, nonethe-
less is indistinguishable from adjacent samples in
the northern Owens Valley. The southern mtDNA
clade also comprised two subgroups: one composed of
samples at the base of the western-most Transverse
Ranges (Elizabeth Lake, Lake Palmdale, and
Edwards AFB) and the other combining samples
from the San Bernardino Mts with those to the north
at Victorville and Cushenbury Springs. This pair of
subgroups coincides with the drainage patterns in
both areas.

There is no relationship between allelic richness
(Ar) and geographical distance across all northern
mtDNA clade samples (% = 0.1664, P = 0.1665) or
for each of the geographical subgroups identified by
STRUCTURE (northern Owens Valley: r= 0.556,
P = 0.089; southern Sierras and adjacent localities:
r?=0.489, P =0.056). By contrast, all southern
mtDNA clade samples taken together did exhibit a
significant negative trend (%= 0.684, P = 0.022),
supporting a progressively eastward pattern of
declining allelic diversity from Elizabeth Lake in the
west to Tecopa in the east. Treating the San Bernar-
dino Mts (Big Bear) as the point of origin for the
Tecopa did not provide a similar pattern (> = 0.094,
P =0.503).

Time of diversification and gene flow estimates
among regions

We found that the point estimates for the UCLN and
strict models were almost identical (see Supporting
information, Appendix S4). Furthermore, we found
that, among the UCLN, strict, and uncorrelated
exponential clock models, the UCLN model was
slightly better supported than the others based on

Table 3. Summary of BEAST runs to estimate time of the most recent common ancestor (tMRCA) of mtDNA haplo-

types

Run North tMRCA HPD lower HPD upper ESS South tMRCA HPD lower HPD upper ESS

1 0.163 0.050 0.300 2757.7 0.138 0.047 0.253 2525.7
2 0.161 0.050 0.300 2627.5 0.137 0.049 0.252 2417.8
3 0.164 0.059 0.310 2391.5 0.140 0.047 0.254 2416.6
4 0.162 0.058 0.303 2853.1 0.137 0.048 0.250 2464.6
Combined 0.163 0.054 0.304 10 631.1 0.138 0.049 0.254 10 015.6
1 0.023 0.010 0.040 14 614.5 0.020 0.009 0.032 15 352.8
2 0.023 0.010 0.039 16 331.6  0.020 0.009 0.033 15 772.8
3 0.023 0.0098 0.039 16 423.2  0.020 0.009 0.033 16 243.5
4 0.023 0.010 0.040 15 844.2 0.0196 0.009 0.033 15 446.9
Combined 0.023 0.010 0.040 63 097 0.0196 0.009 0.033 62 842.5

Upper: slower rate. Lower: faster rate. All time estimates are in Myr.ESS, effective sample size; HPD, highest posterior

density.
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Bayes factors (see Supporting information, Table S7).
Thus, we report only the results from the UCLN
model. The two substitution rates that we used in
the UCLN model gave substantially different esti-
mates of the tMRCA for each mtDNA clade. The
results from four runs in each time estimate varied
very little. From the deeper, slower rate estimate
(Table 3), sequences within the northern mtDNA
clade coalesced at approximately 0.163 Myr [95%
highest posterior density (HPD): 0.054-0.304 Myr],
and the southern mtDNA clade coalesced at approxi-
mately 0.138 Myr (95% HPD: 0.049-0.254 Myr).
These dates place the initial diversification in both
clades near the second to last glacial interval (Illi-
noian) and well before the beginning of the Holocene
(Fig. 4). These values contrast strongly with those
derived from the faster rate (see chronograms in the
Supporting information, Appendix S5). In the faster
rate, the northern clade sequences tMRCA was esti-
mated at 23 300 years BP (95% HPD: 10 000-
40 000 years BP), and the southern clade tMRCA
was estimated at 19 600 years BP (95% HPD: 9000—
33 000 years BP). These ranges of dates coincide
with the Last Glacial Maximum, 26 000 to
18 000 years BP (Garcia et al., 2014) into the early
Holocene.

Migration rates among all pairs of geographically
adjacent samples, depicted as 2Nm (for haploid cytb
haplotypes) and 4Nm (for diploid microsatellites)
derived from the MIGRATE analyses, are shown in

Southern clade — deep

Southern clade — shallow ==

N

Figure 5. Pairwise connections are drawn only where
estimated rates are above 1.0, which is the theoretical
threshold where gene flow is sufficient to counteract
the effects of local drift, and the strength of emigra-
tion into and immigration from for each pair of local-
ities is indicated by the size and direction of each
arrow. For the cytb data (Fig 5, left), of the 70 total
emigration/immigration possibilities (35 pairwise
comparisons), 43 (61%) had M-values > 1.0, although
only 16 (23%) were sufficiently strong to yield 2Nm
values also > 1.0. Migration connections, either one-
way or both ways, are present among geographically
localized samples that mirror the STRUCTURE
results. Samples from the northern Owens Valley
(including Deep Springs Valley) exhibit one- or two-
way connections, albeit relatively weak ones, as do
the three samples in the Kern River Plateau and
vicinity (Lake Isabella, Piute Mts, and Soldier
Wells). The cluster of samples from Cartago (in the
southern Owens Valley) combined with those along
the eastern flank of mountains to the south and Lark
Seep at China Lake generally group more strongly.
All three of these regional groups with northern
mtDNA clade haplotypes are unconnected, always
within 2Nm values < 1.0. Notably, although not sur-
prisingly, these northern mtDNA clade samples also
exhibit no connection to any southern clade locality.
Among the latter, each triad of samples from the
western Transverse Ranges (Elizabeth Lake, Lake
Palmdale, and Edwards AFB) is interconnected,

orthern clade — shallow =—j=—

Northern clade — deep

T T T

Warm
(interglacial)

Cold
(glacial)

300

200

Time (ybp x 1,000)

Figure 4. The benthic d'®0 record, which reflects changes in seawater temperature during climatic oscillations and
thus depicts the major glacial-interglacial episodes over the past 450 000 years (Cohen & Gibbard, 2011): LGM, last gla-
cial maximum (Wisconsin); LIG, last interglacial (Sangamonian); and MIS6, penultimate glacial maximum (Illinoian).
Ranges in mean estimates of the time of the most recent common ancestor for mtDNA haplotypes for both the northern
and southern clades in the eastern California deserts are depicted by the vertical bars spanning horizontal lines above
the temperature profile (for the estimated range bounding each mean, see text). Time intervals of significance to the
potential pathways across the desert floor to form the modern populations are indicated by the horizontal lines and

arrows below (Fig. 6).
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mtDNA
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Figure 5. The pattern of gene flow between each pair of geographically adjacent samples where N > 10. Arrows indicate
the direction of connectivity, and their size the strength of migration, given as M x ©, or 2Nm for haploid mtDNA (left)
and 4Nm for the 12 microsatellite loci (right); for further explanation, see text. Only values > 1.0, the theoretical limit
above which differentiation by drift alone is minimized, are shown. Abbreviations refer to named populations in Figure 1.

although mostly in only single directions, as are
those from the San Bernardino Mts and the adjacent
desert floor (Big Bear Lake, Victorville, and Cushen-
bury Springs). There is also evidence of interchange
between these western and eastern triad samples,
between Edwards AFB wunidirectionally into Vic-
torville, and between Victorville and Lake Palmdale.
Finally, and importantly, the Tecopa sample is
unconnected to any other sample area, including
those that also have southern cytb haplotypes.

The microsatellites indicate greater, and more
bidirectional, population connections between geo-
graphically adjacent sample pairs (Fig. 5, right). M-
values for 67 of the possible 70 comparisons are
above 1.0 (96%), and 58 comparisons (83%) also exhi-
bit 4Nm values > 1.0. Overall, the geographical pat-
tern of emigration-immigration rates is similar to
that for mtDNA (compare right and left in Fig. 5).
Among the northern mtDNA clade samples, rela-
tively high 4Nm values are clustered among those
from the northern Owens Valley (including Deep
Springs Valley) and the triad of samples in the Kern
River Plateau. Samples from the southern Owens

Valley + eastern mountain slopes + Lark Seep are
also all interconnected but at lower 4Nm values.
Among southern mtDNA clade samples, the three
from the western Transverse Ranges exhibit espe-
cially strong interconnections, whereas those in the
San Bernardino Mts and vicinity are somewhat less.
Connections also exist between both the northern
mtDNA clade Kern River Plateau triad and the adja-
cent southern clade group from the Transverse
Range. Importantly, there is supportable gene flow
input into the Tecopa population from both the
northern mtDNA clade population at Lark Seep and
the southern clade sample at Victorville, albeit rela-
tively weakly so in each case.

DISCUSSION

ORIGIN, DIRECTION, AND TIMING OF VOLE
COLONIZATION IN THE MOJAVE DESERT

The mesic-adapted California voles ultimately derive
from populations in coastal southern and central Cal-
ifornia, and likely spread through the desert during
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Figure 6. Palaeo-hydrological systems of the desert region of eastern California, including the Owens Valley east of the
crest of the Sierra Nevada and the western Mojave Desert. The Owens, Mojave, and Amargosa rivers are identified, as
are each lake basin, including Pleistocene Lake Gale in Panamint Valley, Pleistocene Lake Manly in Death Valley,
Pleistocene Lake Thompson (current Rosamond, Buckhorn, and Rogers dry lakes), Pleistocene Lake Manix (Troy and
Coyote dry lakes), and Pleistocene Lake Mojave (Soda dry lake). Dashed lines and arrows identify the direction of histor-
ical water flow connecting lake basins, based on palaeo-hydrological reconstructions. The approximate dates when lake
highstand was sufficient for spillover from Owens Lake in the north-west through the successive intervening lake basins
into Death Valley, and from both the Amargosa drainage and Mojave River into Death Valley from the north-east and
south-west, respectively, are shown in bold. Open circles indicate sample sites for northern mtDNA clade voles; closed
circles indicate southern mtDNA clade voles (Fig. 1). For sources of ages, see text.

cooler, moister periods along a network of rivers and
streams. These mesic patches are now surrounded by
desert scrub vegetation, an assemblage of species
that did not form until early to mid Holocene, with
the Mojave Desert creosote bush not arriving until
10 000 to 5000 years BP (Grayson, 2011).

Episodes of vole colonization of the desert floor
likely occurred more than once, at different time
intervals and through separate drainage systems,
with the result that the history of earlier vole inva-
sions likely has been over-written by later episodes.
Although some hydrological systems are isolated
today, some were interconnected at various times
during past mesic periods, which themselves were of

different temporal duration. Although, as described
below, some of palaeo-hydrological connections are
reasonably well understood, and thus provide the
basis for hypothesized routes and times of vole dis-
persal across what is now desert landscape, other
biogeographical events resulting in the current dis-
tribution pattern of California voles in the California
desert are far from clear. For example, the route by
which the isolated Deep Springs and Saline valleys
of the White-Inyo range were colonized remains an
enigma.

Mitochondrial clade structure (Fig. 2), microsatel-
lite apportionment (Fig. 3), patterns of nearest-
Neighbour migration rates (Fig. 5), and estimates of
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the time of the tMRCA all support colonization of the
eastern California deserts from a minimum of two
separate source areas within the last 300 000 years
BP. Our deeper time estimates suggest the northern
mtDNA clade was likely derived from populations at
the southern terminus of the Sierra Nevada at a
mean tMRCA of approximately 163 000 years BP
(95% HPD: 0.054-0.304 Myr); those of the southern
mtDNA clade spread out from the flanking Trans-
verse Ranges slightly later: approximately
138 000 years BP. These time estimates are coinci-
dental with the Second to Last Glacial Maximum
(Fig. 4). The more recent estimates, based on a much
faster substitution rate, suggested a tMRCA of the
northern samples at approximately 23 300 years BP
(95% HPD: 10 00040 000 years BP), and the south-
ern samples at 19 500 years BP (95% HPD: 9000
33 000 years BP). This corresponds well to the Last
Glacial Maximum (26 500-19 000 years BP) (Clark
et al., 2009). Both sets of estimates would suggest
invasion during cooler periods. However, both cannot
be correct.

ORIGIN AND SPREAD OF THE NORTHERN MTDNA
CLADE

Our a priori hypothesis is that the palaeo-Owens
River drainage system (including Deep Springs Val-
ley) was colonized from a source population probably
located in the combined Kern River Plateau-Piute
Mts region at the southern end of the Sierra Nevada.
Invasion from the north is unlikely given the higher
mountain passes (all >3 100 m) that voles would
have had to overcome. Because the vole populations
that comprise the northern clade are arranged lin-
early from south to north, a one-way stepping-stone
model from that source predicts a simple IBD pat-
tern. This pattern characterizes nuclear DNA for this
set of samples not only both with respect to IBD of
Fgr on distance, but also for south-north trends in
allelic richness, although not their mtDNA. Further-
more, interconnections between nearest-Neighbour
sample pairs are neither uniform in extent or direc-
tion for either cytb sequences or microsatellites
(Fig. 5). The three foci of localized but strongly geo-
graphical migration interconnections (northern
Owens Valley, including neighbouring, but geologi-
cally isolated Deep Springs Valley; southern Owens
Valley, slope, and desert floor at Lark Seep samples;
and Kern River Plateau and Piute Mts), with limited
connections between them, also belie a simple south-
to-north historical spread of voles through this large
area. The substantial time depth of the northern
mtDNA clade and compounding cycles of population
expansion and retraction coincidental with pluvial—-
interpluvial cycles, has likely obscured the early

history of colonization. The patterns for both sets of
molecular markers that remain likely reflect the
more recent periods of exchange. One lasting and
important signature of exchange that warrants spe-
cial mention is the strong and progressive north-to-
south series of connections following the length of
the Owens Valley, down the foothills on the eastern
slope and onto the floor of China Lake. The likely
wetland connection between Owens Lake and China
Lake down the eastern side of the Sierra Nevada,
including its feeder streams, was not severed until
sometime after 16 500 years BP. Today, no suitable
habitat connects any of the populations of voles now
present in this narrow region.

ORIGIN AND SPREAD OF THE SOUTHERN MTDNA
CLADE

Our a priori hypothesis for this region is similar to
that posited for the northern clade in that the Trans-
verse Ranges would likely have served as the source
for all southern clade populations on the floor of the
Mojave Desert, including that at Tecopa. However,
because of separate drainage systems, we supposed
that western Mojave populations were colonized from
the adjacent San Gabriel Mts, whereas those to the
east ultimately were founded from the San Bernar-
dino Mts. All data and analyses support this dual
origin scenario, although remnants of some strong
migration interconnections between the two areas
remain. In part, both patterns reflect the more
recent history of the wetlands connecting areas, and
thus the spread of voles among them in comparison
with northern clade samples.

The generally high migration rates between pairs
of the western-most triad of populations (Elizabeth
Lake-Lake Palmdale-Edwards AFB; Fig. 5) are con-
sistent with estimates of long-term population stabil-
ity for this group measured by the mismatch
distribution. Importantly, the levels of migration con-
necting these populations are either unidirectional
from Lake Elizabeth (mtDNA data; Fig. 5, left) or
strongly skewed outward from Lake Elizabeth (mi-
crosatellite data; Fig. 5 right), with the latter com-
pletely concordant with declining allelic diversity
away from this site. Although the more eastern of
the two Mojave groups (Cushenbury Springs/Big
Bear Lake/Victorville) did not deviate significantly
from a demographic expansion model, a stable his-
tory was only barely rejected (P = 0.056). There is
extensive habitat for voles in the San Bernardino
Mountains and this is likely a stable region for the
species. None of the reviewed geological reports for
the palaeo-Mojave River drainage has examined
interconnections with Lake Thompson to the west,
although that connection is supported by the
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migration rate patterns for both mitochondrial and
nuclear markers (Fig. 5). The above observations
agree with our null hypothesis of voles populating
the southern Mojave Desert in a gradual stepping
stone fashion along existing stream channels and the
current populations not merely being remnants of an
earlier, single panmictic population that decayed into
the isolated patches of today.

As we summarize briefly below, a deeper under-
standing of the Quaternary hydrological history of
this region is necessary to interpret our findings.
The hydrological history aids us in identifying proba-
ble routes of colonization from source areas, as well
as the time periods when voles most likely spread
and then subsequently retracted into their currently
isolated habitat patches.

The eastern California deserts experienced cyclical
cool-wet and warm-dry periods over the Pleistocene
coincident with glacial-interglacial periods (Fig. 4)
(Phillips, 2008). Meltwater from alpine glaciers in
the Sierra Nevada and regional precipitation pro-
vided a continual input of surface water into the
Owens Valley to their east (Koehler & Anderson,
1994; Orme & Orme, 2008). Increased winter snow-
pack during glacial periods in the mountains south
of the Sierra Nevada, the Transverse Ranges, and
high desert ranges also served as an expanded
source of water into the Mojave Desert (Miller et al.,
2010). These large, climate-driven fluctuations in the
regional water balance resulted in repeated
interconnection and disconnection of various basins
that make up the palaeo-Owens and palaeo-Mojave
drainage systems and the higher water tables and
emergent ground water that supported extensive
wetlands (Pigati et al., 2011), which represents an
ideal habitat for expanding vole populations.

Vole populations currently occupy parts of three
palaeo-hydrological systems in eastern California,
the separate palaeo-Owens and Mojave drainages, as
well as Pleistocene Lake Thompson in the western-
most part of the Mojave Desert. Although these sys-
tems and areas were concordantly affected by the
cyclical shifts in precipitation and temperature,
interconnections between the separate basins within
each differed substantially in temporal pattern and
duration, as most likely did the timing of vole colo-
nization.

The current terminus of the Owens River is
Owens Lake, which is now largely a dry bed
(Fig. 6). Owens Lake, however, has overflowed to
the south into China and Searles lakes periodically
for the past 1.8 Mya and, for the last approximately
150 000 years BP, overflows have been tightly cor-
related with glacial advances in the Sierra Nevada
(Phillips, 2008). Oxygen isotope data indicate that
the period from 190 to 120 000 years BP was extre-

mely wet with cool temperatures (Jayko et al.,
2008), resulting in a major influx of Owens River
water via China—Searles lakes into Panamint Valley
(Pleistocene Lake Gale), and the subsequent arrival
of Owens River water into Death Valley (Pleistocene
Lake Manly) over Wingate Pass and via Wingate
Wash (Smith & Bischoff, 1997; Forester, Lowenstein
& Spencer, 2005; Jayko et al., 2008). Overflow con-
nections between Owens Lake, China-Searles lakes,
and Panamint Valley persisted periodically until
approximately 23 500 years BP (95% HPD: 10 000-
39 800 years BP), although none of these overspills
produced sill elevations sufficient to connect to
Death Valley (Jayko et al., 2008). The Owens Val-
ley—China and Searles lake connection was severed
by uplift in the intervening Coso Range and subsi-
dence in the Owens Valley before 16 500 years BP
(Orme & Orme, 2008). These historical interbasin
connections thus likely provided a dispersal corridor
of suitable vegetation for northern mtDNA clade
voles from the Owens Valley, and also probably the
drainages stemming down the mountains south of
the Sierra Nevada, through China Lake, and east-
ward as far as the Amargosa drainage, including
Tecopa. The timing of these interconnections is com-
pletely consistent with the mean tMRCA of approxi-
mately 160 000 years BP (95% HPD: 0.054—
0.304 Myr) estimated for the northern mtDNA clade
with the slower substitution rate (Fig. 4). The faster
substitution rate, with a tMRCA of 23 300 years BP
(95% HPD: 10 000-39 800 years BP), would suggest
a much faster colonization of the region, although
this is still largely compatible with the geological
evidence for colonization around the Owens Valley
and China Lake region. Although earlier invasion
was possible, this estimate would suggest that
either earlier invasions might have been replaced
by later ones, or the surviving haplotypes derive
from only a small set of the earliest invaders. What
is not compatible is the invasion of voles all the
way to Tecopa when there was a hydrological con-
nection sufficiently substantial to leave a record in
the geological history. Voles may be able to persist
and travel in moist habitats that did not leave a
substantial geological record. Currently, voles per-
sist in some very small patches of moist habitat
that are not part of large river systems. A re-
assessment of the types of habitats necessary for
the movement of voles, outside of large flowing riv-
ers and lakes, will be needed to better test this
hypothesis.

The history of the palaeo-Mojave hydrological sys-
tem is similar to that of the palaeo-Owens system
but differs in the timing of connections between the
intervening basins (and their Pleistocene lakes)
(Fig. 6). The Mojave River originated in the late
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Pliocene-early Pleistocene with the tectonic uplift of
the Transverse Ranges (approximately 1.94 Mya)
(Jefferson, 2008), flowing downslope to fill the Vic-
torville basin (Enzel, Wells & Lancaster, 2003). By
0.5 Myr, the river terminated in the Victorville or
perhaps the Harper Lake basins, and periodically,
between approximately 130 000 and 28 000 years
BP, extended east to terminate in Pleistocene Lake
Manix (Knott et al., 2008). Highstands in Lake
Manix were sufficient to cause overflow through
Afton Canyon into the Soda Lake—Silver Lake basins,
forming Lake Mojave between 50-35 000 years BP
(Reheis & Redwine, 2008) and at approximately
25 000 years BP (Garcia et al., 2014). Lake Manly in
Death Valley included surface-water input from both
the Amargosa and Mojave rivers at 18 000 years BP
and 12 000 years BP (Anderson & Wells, 2003a,b),
with the latter resulting from overflow of Lake
Mojave between 13 700 and 11 400 years BP (Wells
et al., 2003) and as recent as 8000 years BP (Garcia
et al., 2014). This connection between the Mojave
River through Pleistocene Lake Manix and Lake
Mojave would have provided the corridor necessary
for vole expansion to the present-day Amargosa drai-
nage, as represented by our Tecopa sample. Our
older tMRCA estimate of 0.138 Myr (95% HPD:
0.049-0.254 Myr) is easily compatible with this
hypothesis, with an expansion of southern clade
voles beginning over a 100 000 years BP, primed for
expansion into the Amargosa drainage. If the faster
rate employed in the BEAST analysis is more
accurate, this would suggest a much shorter period
of invasion, from 19 500 years BP, arriving in the
Amargosa drainage by approximately 8000 years BP.
However, there are large degrees of error with these
date estimates.

Less is understood about the temporal depth of
connections between the western Transverse Ranges
and Rosamond, Buckhorn, and Rogers dry lakes of
today that comprised Pleistocene Lake Thompson
(Fig. 6). Orme (2008) documented a perennial lake at
periods between 36 000 to at least 34 000 years BP,
from before 26 000 to approximately 21 000 years
BP, and between 16 200 and 12 600 years BP. The
likely input source in each case would have been
streams extending north from the slopes of the
Transverse Range to the south (Fig. 6). Certainly,
water flowed from this range via channels, such as
Little Rock Creek, into the Rosamond lake basin dur-
ing the Little Ice Age (AD 1650) of the Holocene
(Miller et al., 2010). These data suggest that voles
extended onto the desert floor by the late Pleistocene
and have had continual if sporadic access until
recently. This hypothesis is supported by the low Fgr
values between our Elizabeth Lake, Lake Palmdale,
and Edwards AFB samples (Table 1) (depicted

graphically in Fig. 2) and the relatively large
migration rate measures (Fig. 5).

ORIGIN OF THE TECOPA POPULATION

The Tecopa sample (locality 14) (Fig. 1) contains only
unique mtDNA haplotypes that are nested within the
southern clade (Fig. 2). Although this sample is shar-
ply differentiated from both southern and northern
samples in the overall apportionment of microsatel-
lites (Fig. 3), it shares microsatellite alleles common
to both mtDNA clades. Tecopa voles have two marker/
allele combinations that are known only from south-
ern mtDNA clade populations, seven combinations
known only from the northern mtDNA clade, and two
known only from Tecopa (see Supporting information,
Table S6). Fourteen other marker/alleles combina-
tions are present in both southern and northern
clades. Although the Tecopa population formed its
own group in the best supported STRUCTURE analy-
sis (Fig. 3, with K = 4), Tecopa was linked to the
northern mtDNA clade in a less well supported K = 3
analysis (data not shown). Furthermore, migration
rates of 4Nm 1.0 for both mtDNA and microsatellites
(Fig. 5) exhibit linkages between Tecopa and both
northern (Lark Seep in China Lake) and southern
mtDNA clade samples (Victorville). Additional nuclear
intron data also supports a partial northern clade ori-
gin for the Tecopa voles. The intron data show a clear
division agreeing with the mtDNA north-south divi-
sion. Although we have not surveyed every population
for these introns, it appears that Tecopa shares these
genotypes as a result of a shared history.

Our working hypothesis is that voles entered the
Amargosa drainage from two source areas: one from
the northern mtDNA clade and one representing
southern mtDNA clade members. The former
occurred earlier, following the palaeo-Owens River
connection through China Lake-Searles Lakes into
Panamint Valley and hence into the Amargosa drai-
nage via Lake Manly in Death Valley (Fig. 6). The
southern, mitochondrial input was later, at the very
end of the Pleistocene or early Holocene. Given the
small effective population size of haploid genes, such
as mtDNA, the differential timing of entry from sep-
arate source areas, and the severe retraction of vole
habitat in the Amargosa drainage today, a fixation of
southern mtDNA haplotypes but with retention of
some evidence for the retention of northern mtDNA
nuclear genes is not unexpected. One element that is
incompatible with this hypothesis is the proposed
timing using the more recent, faster substitution
rate estimate in BEAST. This estimate suggested
that the northern clade voles coalesced approxi-
mately 23 300 years BP (95% HPD: 10 000-
39 800 years BP). However, the Wingate Pass con-
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nection between Panamint Lake and Lake Manly
likely did not exist after approximately 30 000 years
BP (Anderson & Wells, 2003a). One explanation
would be that the rate estimate needs adjustment.
The mean is incompatible, although the 95% inter-
val, 39 800-10 000 years BP would encompass possi-
ble dates for gene flow during spillover from
Panamint Lake. Another explanation is that our
understanding of the habitats during this period
need improvement. The lack of fossil evidence as a
result of water not flowing through Wingate Pass
does not mean that the habitat was incompatible
with vole movement. It is unclear how quickly the
habitat changed from a flowing river to the inhos-
pitable desert habitat it is today.

Comparison with other species

Few other studies have examined the phylogeograph-
ical structure for animals in the Mojave Desert.
Wood et al. (2013) examined genetic variation across
12 taxonomically disparate species and found most of
the divergences across the Mojave and Sonoran
deserts dated prior to the Last Glacial Maximum.
However, the species examined were primarily
desert-adapted and thus do not serve as a proper
comparison for mesic-associated species such as the
California vole. Unfortunately, the only comparative
studies for mesic-adapted taxa are restricted to fully
aquatic species, such as pupfish (Echelle, 2008; Knott
et al., 2008; Spencer, Smith & Dowling, 2008) or
freshwater amphipods (Witt, Threloff & Hebert,
2008). Although these organisms clearly experienced
the same palaeo-hydrology, these studies are rela-
tively uninformative in a comparison with vole phy-
logeography. Lineages for both groups are
taxonomically much more diverse, are more broadly
distributed throughout the intermontane west, have
much deeper temporal histories, and their restriction
to emergent water lessens the likelihood that late
and post-Pleistocene habitat connections influenced
vole distributions over this co-inhabited area. To
date, there are no studies of truly parallel wetland
and riparian taxa to compare with the patterns
uncovered by the present study.

The present study sheds light on a mesic adapted
species that colonized the Mojave Desert region and
persists in small pockets of habitat. Its history of
expansion into and contraction across this region
reflects the complexity of the changing fluvial land-
scape of this desert ecosystem. The continued sam-
pling of vole populations, as well as other mesic
species, combined with approaches that utilize a
diversity of morphological and molecular markers
will lead to a more comprehensive understanding of
the effects of Pleistocene climate change on the
fauna of the Mojave Desert.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the supporting information tab for this article:

Table S1. Unique mtDNA haplotypes (N, northern clade; S, southern clade), samples in which each occurs,

and GenBank accession numbers.
Table S2. Summary statistics for cytb data.

Table S3. Mean, SD, number of alleles, observed and expected heterozygosity, gene diversity, and Fig across
12 microsatellite loci for each population sample of desert California voles. Highlighted values are significant
(P < 0.05).

Table S4. Population specific Fig indices (1023 permutations). Values shown in bold are significant at the 0.05
level. Value for P is the probability that a random Fig > observed Fig.

Table S5. Breakdown of nuclear DNA introns DBX, DBY, and AP5 at several desert populations.

Table S6. Alleles present in Tecopa, presence across Southern and Northern mtDNA clade populations, or
unique to Tecopa (i.e. absent from all other populations sampled). An X indicates detection. No reference to
relative abundance is made.

Table S7. Table of log marginal likelihood estimates for three clock models.

Appendix S1. Divergence time estimation in BEAST under the three different clock models (strict, uncorre-
lated lognormal, uncorrelated exponential). A, northern clade sequences with the faster rate. B, southern clade
sequences with the faster rate. C, northern clade sequences with the slower rate. D. southern clade sequences
with the slower rate.
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Appendix S2. Localities comprising each pooled group identified in Fig. 1 used in the analyses, including
assigned subspecies, locality designation(s), latitude and longitude (WGS datum), sample size, voucher
museum specimen or field numbers, and cytb haplotype designations.

Appendix S3. DNA extraction and amplification protocols.

Appendix S4. An unrooted topology using MrBayes, version 3.2.2 (Ronquist et al., 2012), based on a
GTR + gamma substitution model.

Appendix S5. Chronograms derived from BEAST analysis. Each is based on a combination of the four runs
used to look for stationarity. LOGCOMBINER was used to combine those trees. We used TREEANNOTATER
to build a single chronogram from those combined trees. Trees were then opened and edited in FIGTREE.
Units on the x-axis are in millions of years.
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