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Abstract

How does range expansion affect genetic diversity in species with different ecologies,
and do different types of genetic markers lead to different conclusions? We addressed
these questions by assessing the genetic consequences of postglacial range expansion
using mitochondrial DNA (mtDNA) and nuclear restriction site-associated DNA
(RAD) sequencing in two congeneric and codistributed rodents with different ecologi-
cal characteristics: the desert kangaroo rat (Dipodomys deserti), a sand specialist, and
the Merriam’s kangaroo rat (Dipodomys merriami), a substrate generalist. For each spe-
cies, we compared genetic variation between populations that retained stable distribu-
tions throughout glacial periods and those inferred to have expanded since the last
glacial maximum. Our results suggest that expanded populations of both species expe-
rienced a loss of private mtDNA haplotypes and differentiation among populations, as
well as a loss of nuclear single-nucleotide polymorphism (SNP) private alleles and
polymorphic loci. However, only D. deserti experienced a loss of nucleotide diversity
(both mtDNA and nuclear) and nuclear heterozygosity. For all indices of diversity and
differentiation that showed reduced values in the expanded areas, D. deserti popula-
tions experienced a greater degree of loss than did D. merriami populations. Addition-
ally, patterns of loss in genetic diversity in expanded populations were substantially
less extreme (by two orders of magnitude in some cases) for nuclear SNPs in both spe-
cies compared to that observed for mitochondrial data. Our results demonstrate that
ecological characteristics may play a role in determining genetic variation associated
with range expansions, yet mtDNA diversity loss is not necessarily accompanied by a
matched magnitude of loss in nuclear diversity.
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a species may exhibit reduced ability to adapt to global

Introduction . . e
climate change due to reduced genetic variation in parts

In a world undergoing rapid climate change, there is
great value in being able to predict how the ecological
characteristics and evolutionary history of species may
influence genetic attributes of populations. The impor-
tance of such insight includes the ability to predict when
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of its current range. Low population genetic variation
can lead to reductions in the fitness of a population,
including reduced resistance to competitors, parasites,
predators and diseases, in addition to the reduced ability
to adapt to environmental change (Lacy 1997; Ouborg
2010; Avolio et al. 2012). Genetic diversity typically
decreases in response to population decline or fragmen-
tation (Lacy 1997; Joyce & Pullin 2003; Chan et al. 2005;
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Draheim et al. 2012) but can also decrease in the context
of range expansion events (Hewitt 1996; Excoffier et al.
2009). Range expansion can be viewed as a series of foun-
der effects in which a subset of individuals (and a subset
of genotypes) from the colonization front disperses into
new habitats (Hewitt 1996; Austerlitz et al. 1997; Excoffier
et al. 2009). As a result, more recently established popula-
tions may exhibit decreased genetic diversity and hetero-
zygosity within populations, decreased frequencies of
private alleles, and decreased genetic differentiation
among populations (Hewitt 1996, 2000; Excoffier et al.
2009; Kerdelhue et al. 2009; Jezkova et al. 2011).

Patterns of genetic variation in expanding populations
are influenced by the rate and shape of their expansion
history (Hewitt 1996; Bialozyt et al. 2006; Excoffier et al.
2009; Smith et al. 2011) and also by the ecological proper-
ties of species (Wegmann et al. 2006; Excoffier et al. 2009;
Stone et al. 2012). Species-specific influences on such pat-
terns may occur due to ecological properties that deter-
mine effective population sizes and patterns of gene flow
(Young et al. 1996; Joyce & Pullin 2003; Hallatschek &
Nelson 2008; Spradling et al. 2010). For example, species
that have large effective population sizes and high gene
flow should tend to retain genetic variation along a colo-
nization front (Joyce & Pullin 2003; Wegmann et al. 2006;
Excoffier et al. 2009). Therefore, more widespread species
(e.g. habitat generalists) with high dispersal rates and
large population sizes are predicted to exhibit the small-
est (if any) decrease in genetic variation following range
expansion. Conversely, species with more fragmented
distributions (e.g. habitat specialists), lower dispersal
rates and lower population sizes should exhibit greater
loss of genetic variation oriented in the direction of the
expansion event (Joyce & Pullin 2003; Wegmann et al.
2006; Smith et al. 2011; Stone et al. 2012).

Range expansions may occur after speciation events,
niche shifts, novel ecological interactions or climate
change events (Mila et al. 2000; Wegmann et al. 2006;
Excoffier et al. 2009; Kerdelhue ef al. 2009; Hill et al.
2012), such as the rapidly warming climate after the last
glacial maximum (LGM; c. 21 000 years Bp), which trig-
gered major range shifts of many species across the
globe (Hewitt 2000). We investigated the genetic conse-
quences of a post-LGM range expansion in two conge-
neric species that differ in their ecological
characteristics but share many other distributional and
life history attributes. The desert kangaroo rat (Dipodo-
mys deserti) is a sand substrate specialist that has a more
fragmented distribution and smaller population sizes
than Merriam’s kangaroo rat (Dipodomys merriami), a
substrate generalist that can live equally well in sandy
soils, clays, gravels and rocks (Brown 1973; Best et al.
1989). Currently, these two species occur sympatrically
throughout the warm Mojave and Sonoran deserts and

along a low-elevation corridor within the cold Great
Basin Desert (Fig. 1A,B). Palaeontological and palaeoen-
vironmental evidence suggests, however, that neither
species was present in the northern Mojave Desert and
the Great Basin until the Late Pleistocene or perhaps
until the beginning of the Holocene (Spaulding 1990b;
Thompson 1990; Hockett 2000). Both species likely per-
sisted within the warmer southern Mojave and Sonoran
deserts during the cold glacial period, and together with
other warm desert taxa, expanded northwards after the
LGM (Mulcahy 2008; Jezkova 2010; Graham et al. 2013).

Here, we tested the hypothesis that the different eco-
logical properties exhibited by these two species have led
to different population genetic effects of range expansion
from the southern warm deserts (Sonoran and southern
Mojave deserts) into the northern cold deserts (northern
Mojave and Great Basin deserts). Specifically, we tested
the prediction that the sand specialist, D. deserti, experi-
enced a greater loss of genetic diversity and differentia-
tion in the direction of the expansion than the habitat
generalist, D. merriami. To test this, we constructed cli-
matic niche models projected onto simulated LGM condi-
tions to approximate the distribution of each species
during this time period. We then assessed, for both spe-
cies, whether genetic variation differs between popula-
tions that have persisted throughout glacial periods
(referred to as ‘stable’), and those that likely expanded
northwards only after the LGM (referred to as
‘expanded’). We then asked whether mitochondrial DNA
(mtDNA) and nuclear single-nucleotide polymorphism
(SNP) data provide congruent estimates of patterns of
genetic variation between expanded and stable popula-
tions as well as between species.

Materials and methods

Taxon sampling

We acquired samples from 328 individual Dipodomys de-
serti from 56 localities spanning the entire range of this
species (the Sonoran, Mojave and Great Basin deserts)
(Fig. 1A; Data S1, Supporting information). Dipodomys
merriami has a larger distribution than D. deserti as it
also occurs in the Chihuahuan and Baja California
deserts (Alexander & Riddle 2005). For the purpose of
this study, we included D. merriami populations distrib-
uted throughout the three target desert regions that
overlap with D. deserti. We acquired 210 samples of
D. merriami from 49 localities (Fig. 1B; Data S1, Sup-
porting information). Samples of D. deserti from Mexico
(N = 24) were acquired from the Museum of Vertebrate
Zoology, University of California. All other animals
were specifically captured for this study (N = 486) and
either ear-clipped and released or euthanized following
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Fig. 1 Sampling locations and sample sizes for Dipodomys deserti (A) and Dipodomys merriami (B) for mtDNA (all circles) and ddRAD
[dashed circles, labelled North (N) and South (S)]. Grey-shaded areas represent the three target desert regions: Sonoran, Mojave and

the Great Basin deserts.

methods approved by the American Society of Mamm-
alogists (Sikes et al. 2011) and the Animal Care and Use
Committee at the University of Nevada Las Vegas, with
vouchers deposited at the New Mexico Museum of Nat-
ural History (Data S1, Supporting information). All
samples were used for mtDNA sequencing and analy-
sis. For double-digest restriction site-associated DNA
sequencing (ddRADseq) sampling, we selected two gen-
eral areas, one within the southern Mojave Desert (rep-
resenting temporally stable populations) and one within
the northern Great Basin (representing expanded popu-
lations; Fig. 1A,B). For each area and each species, we
sampled 8-10 individuals (for a total of 19 D. deserti
from two southern and two northern sites and 18
D. merriami from two southern and three northern sites;
Fig. 1A,B; Data S1, Supporting information).

Ecological niche models

We modelled the climatic niche of D. deserti and D. mer-
riami to approximate the current and LGM distribution
of each species. We applied ecological niche modelling
methods, where environmental data are extracted from
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current occurrence records, and habitat suitability is
evaluated across the landscape using programme-spe-
cific algorithms (Elith ef al. 2006). The present-day mod-
els were then projected on the climatic reconstructions
of the LGM under the assumption that the climatic
niche of each species remained conserved between the
LGM and present (Elith ef al. 2010).

For occurrence data, we used museum records down-
loaded from the Manis Database (http://manisnet.org/)
from which we excluded records that had a coordinate
uncertainty larger than 5 km. To reduce spatial bias
caused by unequal sampling (Boria et al. 2014; Rado-
savljevic & Anderson 2014), we plotted all records on a
map over a grid of 25 x 25 km and retained only one
random record in each grid cell. Our final data sets
comprised 143 records for D. deserti and 220 records for
D. merriami. The current climate was represented by
bioclimatic variables from the WorLDCLIM dataset v. 1.4
(Hijmans et al. 2005). We followed the methodology of
Jezkova et al. (2011) to remove highly correlated vari-
ables (i.e. with a correlation coefficient > 0.9), resulting
in selection of 14 predictor variables. For environmental
layers representing the climatic conditions of the LGM,
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we used two models of ocean-atmosphere simulations
available through the Paleoclimatic Modelling Intercom-
parison Project (Braconnot et al. 2007): the Community
Climate System Model v. 3 (ccsm) and the Model for
Interdisciplinary Research on Climate v. 3.2 (MIROC).
Climatic niche models were constructed in MAXENT v.
3.3.3k (Phillips et al. 2006), which estimates relative
probabilities of the presence of species within defined
geographic spaces, with high probabilities indicating
suitable environmental conditions for the species (Phil-
lips et al. 2004). Our models were confined to the south-
west region of North America. We used the default
parameters in MAXENT (500 maximum iterations, conver-
gence threshold of 0.00001, regularization multiplier of
1 and 10 000 background points) with the application of
random seed and logistic probabilities for the output
(Phillips & Dudik 2008). We ran 50 replicates for each
model, and an average model was presented using
logistic probability classes of climatic niche suitability.
The presence-absence map was determined using a
threshold that balances omission, predicted area and a
threshold value (Liu et al. 2005). We used the receiver
operating characteristic to determine an area under the
curve (AUC) value to evaluate model performance,
where AUC values range from 0.5 for a random predic-
tion to 1 for perfect prediction (Raes & ter Steege 2007).

Laboratory methods—mtDNA sequencing

We isolated total genomic DNA from fresh-preserved
heart, kidney, liver or ear tissue following the protocol
for the DNeasy Extraction Kit (Qiagen Inc.). We ampli-
fied an ~1000 base-pair (bp) fragment of the mitochon-
drial control region using the primers L15926DIOR (5'-
GTATAAAAATTACTCAGGTCTTGT-3') and H651
(Kocher et al. 1989). Amplifications were conducted
using Takara Ex Taq Polymerase Premix (Takara Mirus
Bio, Inc.), and a thermocycling profile including 40
amplification cycles, and a 55 °C annealing temperature.
Amplifications were cleaned before sequencing using
ExoSap-IT (USB Corp.). Amplified products were
sequenced in both directions using Dipodomys-specific
primers, L16007DiDe (5'-CCCAAAGCTGGAATTTTAA-
3) and HI16498DiDe (5-CCTGAGGTAAGAACCA-
GATG-3), and the BiGDYE TEerRMINATOR V3.1 Cycle
Sequencing Kit run on an ABI Prism 3130 (Applied Bio-
systems, Inc.). DNA from museum skins was isolated
as described above with the following modifications:
40 pL proteinase K (double the regular value), 30 pL
DDT added prior to incubation and a 3-day digestion
period. These extractions were conducted in a separate
laboratory where Dipodomys have never previously been
processed. For these lower quality DNA samples, the
mitochondrial control region was amplified using five

overlapping amplification products of about 250 bp
each using GoldTaq (Life Technologies).

Laboratory methods—RAD sequencing

We estimated nuclear genetic variation using genome-
wide sampling of SNPs from thousands of loci using
ddRAD sequencing (Jones et al. 2012; Peterson et al.
2012). We generated ddRAD libraries for 19 D. deserti
and 18 D. merriami individuals following the protocol of
Peterson et al. (2012). Genomic DNA was simulta-
neously cut with Sbfl and Sau3Al restriction enzymes.
Double-stranded indexed DNA adapters that contained
unique molecular identifiers (UMIs; eight consecutive
N’s prior to the ligation site) were ligated to the ends of
digested fragments. Following adapter ligation, samples
were pooled in sets of 8, and these pools were size
selected for a range of 390-440 bp using a Blue Pippin
device (Sage Science). After size selection, samples were
PCR amplified with pool-specific indexed primers, and
amplification products were further pooled into a single
sample based on molarity calculations from analysis on
a Bioanalyzer (Agilent) using a DNA 7500 chip. The
final pooled library was sequenced wusing 100-bp
paired-end reads on an Illumina HiSeq 2000 lane.

MtDNA analyses

Chromatograph files of mtDNA control region
sequences were edited, combined and aligned using sk-
QUENCHER V. 5.1 (Gene Codes Corp.), and basic sequence
statistics were calculated in MEGA v. 5.1 (Tamura et al.
2011). We constructed median-joining networks (Ban-
delt et al. 1999) to reconstruct relationships among hapl-
otypes in the program NETWORK v. 4.5.1.6 (Bandelt et al.
1999).

We analysed changes in effective population size
through time for each species using the Bayesian sky-
line coalescent method (Drummond et al. 2005) imple-
mented in BEAST v. 1.8.0 (Drummond & Rambaut 2007).
For these analyses, we used the HKY substitution
model, a strict molecular clock and a coalescent Bayes-
ian skyline as a tree prior to five skyline groups for all
runs. We applied two mutation rates that represent a
range of mutations previously used for the mtDNA
control region in small mammals: 1.5% and 6% x line-
age ' million x years ' (Martin & Palumbi 1993; Gal-
breath et al. 2009; Jezkova et al. 2011), although we note
that the mtDNA mutation rate in heteromyids is most
likely closer to the faster rate (Spradling et al. 2001). For
each mutation rate, we conducted two independent
Markov chain Monte Carlo runs of 200 million genera-
tions, and discarded the first 25% of generations as
burn-in. Posterior samples from the two runs were

© 2014 John Wiley & Sons Ltd
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combined in LocCoMBINER (Drummond & Rambaut
2007), and TRACER v. 1.5 was used to confirm conver-
gence of all parameters (ESS values > 200) and to
reconstruct the Bayesian skyline plots (BSP).

We compared mtDNA patterns across the species
ranges using three genetic measures: genetic diversity
within populations, frequency of private haplotypes
within populations and genetic differentiation among
populations. Genetic diversity within populations was
represented by nucleotide diversity calculated in ARLE-
QUIN v. 3.11 (Excoffier et al. 2005), and frequencies of
private haplotypes within populations (i.e. frequencies
of haplotypes endemic to a population) were manually
calculated. Both indices were only calculated for sam-
pling localities with five or more samples (31 and 25
localities for D. deserti and D. merriami, respectively;
Fig. 1A,B). Values for both indices were imported into
ARCGIS V. 9.2 (ESRI) and interpolated across uniformly
spaced 2.5-minute grids to visualize mtDNA patterns
across the landscape. We used the inverse distance
weighted interpolation procedure (Watson & Philip
1985) in the Spatial Analyst extension of Arccis and
masked the interpolations to our ecological niche mod-
els for current climatic conditions. To confirm that pop-
ulation sample sizes were sufficient for calculating
nucleotide diversity and frequencies of private haplo-
types, we calculated the Pearson’s product-moment cor-
relation coefficient between these indices and sample
size in R v. 3.0.0 (R Development Core Team 2008).

Genetic differentiation among populations was repre-
sented by average pairwise genetic distances between
sequences from neighbouring sampling sites calculated
in ALLELES IN SPACE v. 1.0 (Miller 2005). Residual genetic
distances, derived from the linear regression of genetic
vs. geographical distance, were assigned to mid-points
between sampling sites using the Delaunay triangula-
tion-based connectivity network, imported into Arccis
and interpolated across the landscape, as described
above. Lastly, we calculated Pearson’s product-moment
correlation coefficient in R to statistically assess the rela-
tionships between latitude and the three mtDNA indi-
ces: nucleotide diversity, frequency of private
haplotypes and pairwise genetic distances.

Nuclear SNP—RADseq analyses

Raw Illumina sequence data were filtered to remove
PCR clones (totalling 1% of raw reads) identified by
UMIs integrated into our adapters using the clone_filter
program in the stacks pipeline (Catchen et al. 2011).
Low-quality reads and reads lacking the restriction
cut-site sequences were also discarded using the
process_radtags program from stacks. The genome of
Dipodomys ordii (assembly dipOrdl release 73) was

© 2014 John Wiley & Sons Ltd

used as a reference for mapping ddRADseq reads in
CLC Genomics Workbench (CLC Bio/Qiagen), using a
mismatch cost of 2, insertion cost of 3, deletion cost of
3, length fraction of 0.5 and similarity fraction of 0.8.
Mapping output was then run through the stacks
pipeline. To verify consistency in population genetic
estimates under various parameter settings, we
applied two thresholds for the minimum number of
reads per stack (10 and 20), and filtered the data
based on two thresholds of allowance for missing data
across individuals at a locus (50% and 75%) using the
populations program in stacks. For each species, we
used sTAacks to calculate the mean for the number of
all loci and the percentage of polymorphic loci, nucle-
otide diversity (Pi), heterozygosity, frequency of pri-
vate alleles, and to estimate Fgt between stable and
expanded populations. Standard error for the nucleo-
tide diversity, heterozygosity and Fsr was also calcu-
lated in stacks while the standard error for private
alleles was assessed from 1000 bootstrap replicates
using a custom python script.

Results

Ecological niche models

The ecological niche models based on present-day cli-
mate conditions (Fig. 2A,B) captured the known distri-
bution of both species well, as suggested by AUC
values of 0.881 and 0.858 for Dipodomys deserti and
Dipodomys — merriami, respectively. The presence—
absence threshold corresponded to logistic probabili-
ties of 0.07 for D. deserti and 0.08 for D. merriami. The
LGM models (Fig. 2C,D) indicate unsuitable climatic
niches in the northern and eastern Mojave Desert,
Great Basin Desert and eastern Sonoran Desert for
both species. Suitable climatic niches during the LGM
are inferred to have existed within the southern Mo-
jave, western Sonoran Desert and adjacent Baja Cali-
fornia Desert, including some areas in the Gulf of
California currently under water (Fig. 2C,D). A suit-
able niche was also inferred for D. merriami in south-
eastern Sonoran Desert, but this area also exhibits
high clamping values (i.e. extrapolation beyond train-
ing values) and therefore should be interpreted with
caution.

MtDNA analyses

We obtained 1000 and 960 bp of the mtDNA control
region for D. deserti and D. merriami, respectively. We
identified 149 unique haplotypes for D. deserti and 161
for D. merriami (Fig. 3A,B). The intraspecific mean
divergence was similar in both species: 0.018 (£0.002)
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for D. deserti and 0.019 (+0.002) for D. merriami. Despite
similar intraspecific levels of divergence, the haplotype
networks of the two species illustrate quite different
phylogenetic and phylogeographic patterns. In D. de-
serti, haplotypes are better sorted within populations
(Fig. 3A), while D. merriami exhibits a star-shaped net-
work for the majority of the sampling region (Fig. 3B).
The BSPs indicate larger effective population sizes
through time in D. merriami than in D. deserti (Fig. 3A,
B, insets). The plot for D. deserti (Fig. 3A, inset) shows
constant population size followed by a rapid population
expansion dated to c. 25 000 and 100 000 years BP using
the faster and slower mutation rates, respectively. The
plot for D. merriami shows a more gradual increase in
population size with a rapid demographic expansion

Dipodomys merriami

climatic niche during the LGMj

Fig. 2 Climatic niche models for Dipodo-
mys deserti and Dipodomys merriami based
on 14 bioclimatic variables. Green (A, C)
and blue (B, D) shading represents suit-
able climatic conditions for present (A, B)
and the last glacial maximum (LGM) (C,
D), using a threshold for logistic proba-
bilities that balances omission, predicted
area and a threshold value. Dots in A
and B represent occurrence records used
to build models. The dark blue shading
in C and D shows the extent of pluvial
lakes during the LGM. The grey shading
in D was inferred as suitable for D.
merriami but also exhibits high clamping
values (see text for details).

dated to c. 25-50 000 years BP (using the faster mutation
rate) and 100-200 000 years BP (using the slower muta-
tion rate) (Fig. 3B, inset).

The genetic landscape maps revealed low nucleotide
diversities in D. deserti within the northern and eastern
Mojave Desert, as well as the Great Basin Desert
(Fig. 4A). Remaining portions of the sampled range of
this species exhibited moderate-to-high nucleotide
diversity (Fig. 4A). Areas with the lowest frequencies of
private haplotypes and pairwise distances for D. deserti
correspond well with those areas that show low nucleo-
tide diversity (Fig. 4B,C). In contrast, landscape genetic
maps of D. merriami demonstrate mitochondrial nucleo-
tide diversities that are moderate to high across all
three desert regions (Fig. 4A). The private haplotype

© 2014 John Wiley & Sons Ltd
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Fig. 3 Median-joining network of mtDNA haplotypes for 328 samples of Dipodomys deserti (A) and 210 samples of Dipodomys merriami
(B). Circle size reflects the number of individuals exhibiting that haplotype. The length of connection lines between haplotypes is pro-
portional to the number of mutational changes. The main haplogroups are colour-coded and plotted on the map. Insets: Bayesian
skyline plots (BSP) showing the change in effective population size (y-axis) over time (x-axis). Black solid lines indicate the median
value of effective population size, and green and blue shading denotes the 95% highest posterior probability interval. The time on

x-axis is based on a mutation rate of 6% lineage™" million years™".

frequencies are generally higher in D. merriami than in
D. deserti with a clear trend of higher values within the
stable areas and lower values in the expanded areas
(Fig. 4B). Pairwise genetic distances for D. merriami
show similar levels of differentiation across the range
as those for D. deserti, and are highest within the south-
ern deserts and lower in the northern range extents
(Fig. 4Q).

In D. deserti, but not in D. merriami, there was a sig-
nificant negative correlation between nucleotide diver-
sity and latitude (Fig. 4A, insets). Frequencies of private
haplotypes and pairwise genetic distances had signifi-
cant negative correlations with latitude for both species
(Fig. 4B,C, insets). Nucleotide diversity was not signifi-
cantly correlated with sample size for either species,
while the frequency of private haplotypes was signifi-
cantly correlated with sample size in D. deserti, but not
in D. merriami (Fig. S2, Supporting information). The
significant correlation between private allele frequency
and latitude persisted, however, even when a rarefac-
tion analysis (resampling 20 times for a fixed value of
five samples per site) was conducted (D. deserti:
r=—0.684, P < 0.0001; D. merriami: r = —0.673,
P < 0.0001).

© 2014 John Wiley & Sons Ltd

Nuclear SNP variation

Statistics based on the number of reads retained after
processing steps in the ddRAD pipeline for each sam-
ple are provided in Table S1 (Supporting information),
while population genetic statistics, including the num-
ber of polymorphic loci, nucleotide diversity (average
number of pairwise nucleotide differences per site in a
population), heterozygosity, frequency of private alleles
(i.e. number of private alleles/number of variable
SNPs) and Fsr values, are shown in Figs 5 and 6 and
Table 1. These estimates are provided for multiple fil-
tering thresholds of the SNP data, although all qualita-
tive patterns and trends species and
populations ~ were across  thresholds
(Table 1). The 10x coverage and 50% minimum indi-
viduals per locus per population threshold yielded
13 276 variable SNPs (representing 12 769 loci) within
D. deserti and 15798 variable SNPs (representing
13 954 loci) within D. merriami.

We found similar proportions of polymorphic loci
in D. deserti and D. merriami and a decrease in poly-
morphic loci in northern (expanded) vs. southern (sta-
ble) populations in both species, with a greater

between
consistent
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Fig. 4 Nucleotide diversity (A), frequency of private haplotypes (B) and pairwise genetic distances (C) calculated from mtDNA
sequences and interpolated across landscape for Dipodomys deserti (top) and Dipodomys merriami (bottom). The interpolations were
restricted to the current climatic niche model of each species. Insets: correlations between each genetic index and latitude. Correlation

coefficient and associate P-values are indicated for each comparison.

decrease in D. deserti (Fig. 5A; Table 1). Estimates of
nucleotide diversity and heterozygosity were similar
in the stable populations of both species, and while
D. deserti exhibited decreases in nucleotide diversity
and heterozygosity in expanded populations, D. merri-
ami exhibited similar values in both areas (Fig. 5B,C;
Table 1). Private allele frequencies were similar in sta-
ble populations of both species. Both species exhibit
loss of private allele frequencies in expanded popula-
tions, with D. deserti experiencing a more pronounced
loss of private alleles than D. merriami (Fig. 5D;
Table 1). Finally, nuclear SNP Fsr values show greater
differentiation between the stable and expanded pop-
ulations of D. deserti than those of D. merriami (Fig. 6;
Table 1).

Discussion

Assessing the impacts of population history and
ecology on genetic patterns

We conducted a comparative assessment of the genetic
consequences of a post-LGM range expansion in two
sympatric rodents with differences in habitat special-
ization using both mtDNA and ddRADseq (@.e.
nuclear) markers. Our analyses revealed links between
genetic patterns, population history and species-spe-
cific ecological characteristics. In both species, we
observed differential population genetic characteristics
between populations inferred to have persisted during
the latest glacial period and those that expanded only
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(B), heterozygosity (C) and frequencies of private alleles (D)
for northern and southern populations of Dipodontys deserti and
Dipodomys merriami based on single-nucleotide polymorphisms
(SNPs) recovered from two data filtering thresholds in the
‘populations’ program in sracks. The thresholds were set such
that only loci present in 50% or 75% of individuals in each
population (i.e. north vs. south) at 10x coverage were used to
estimate parameters. The inset in B shows mtDNA patterns of
nucleotide diversity for the same 37 samples used in the SNP
assessment.

© 2014 John Wiley & Sons Ltd

Genome-wide SNPs mtDNA
0.5
0.4
0.08 -
0.06 1
-
2 0.04
4 75%
0.02 4
0.00
D. deserti D. merriami

Fig. 6 Estimates of Fsr for Dipodomys deserti and Dipodomys
merriami based on single-nucleotide polymorphisms (SNPs)
recovered from two filtering thresholds in the ‘populations’
program in stacks. The filters were set such that only loci pres-
ent in 50% or 75% of individuals in each population (i.e. north
vs. south) at 10x coverage were used. Inset: estimates of ®gr
from mtDNA sequences for the same 37 samples used in the
SNP assessment.

after the LGM. The substrate specialist Dipodomys de-
serti, however, exhibited more pronounced changes in
genetic structure associated with the range expansion
than the substrate generalist, Dipodomys merriami.
Additionally, we identified remarkably large quantita-
tive differences in mitochondrial vs. nuclear patterns
of genetic diversity and differentiation associated with
range expansion, likely reflecting that these markers
differ in their nature of inheritance, effective popula-
tion size and/or sex-biased patterns of gene flow. Our
results suggest that mtDNA may be more sensitive for
the detection of historical range expansion compared
to nuclear loci, yet patterns of mtDNA may provide
misleadingly low estimates of nuclear genetic diversity
and thus future adaptive potential of populations. Col-
lectively, our results provide evidence for the synergis-
tic interaction of ecology and population history on
population genetic variation that might in turn impact
the ability of populations to evolve in response to
environmental change.

Genetic and palaeoenvironmental evidence of
population expansions since the LGM

Our genetic analyses and estimates from past climate-
based niche modelling broadly agree and indicate that
the ranges of both species have expanded northwards
since the LGM. Our climate niche models indicate that
the northern and eastern Mojave Desert and the Great
Basin Desert were climatically unsuitable for both
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species during the LGM (Fig. 2A,B). Similarly, LGM
environmental reconstructions (Spaulding 1983, 1990a;
Thompson 1990) indicate that the low-elevation habitats
within the northern Mojave and Great Basin deserts
were covered with large pluvial lakes during the LGM
(Grayson 1993; Reheis 1999) or replaced by an assem-
blage of plants currently found in higher elevations
(Spaulding 1983, 1990a; Thompson 1990; Grayson 1993).
Accordingly, lower elevation desert habitats were not
established until the end of the Pleistocene or even the
beginning of the Holocene, when the climate warmed,
plant communities shifted upslope and northwards and
the large pluvial lakes desiccated (Spaulding 1990a;
Thompson 1990). This new habitat allowed many
warm-adapted species to expand northwards (Jones
1995; Britten & Rust 1996; Mulcahy 2008; Graham et al.
2013). The establishment of sand dunes, the prime habi-
tat for D. deserti, is directly tied to sand deposition
within pluvial lake basins, followed by aeolian trans-
port after the LGM (Smith 1993). The palaeontological
record also supports post-LGM range expansion of
these taxa northwards, as the earliest fossils of D. deserti
or D. merriami from the northern Mojave Desert are
dated to c. 12 000 years Br (Hockett 2000), and those
from the Great Basin Desert to c. 8100 years sr (Neo-
toma Paleoecology Database; http://www.neotomadb.
org/).

Our genetic results generally support post-LGM
expansion of D. deserti and D. merriami northwards.
Allelic diversity and heterozygosity are predicted to be
higher in stable populations (i.e. refugia; Grassi et al.
2009; Jezkova et al. 2011; Maggs et al. 2008) and to
decrease in the direction of the expansion due to com-
pounding founder effects. Similarly, higher frequencies
of private alleles are often used to infer population per-
sistence (Hewitt 1996; Austerlitz et al. 1997, Excoffier
et al. 2009; White et al. 2013). Our mtDNA and nuclear
DNA estimates of genetic diversity and differentiation
are generally consistent with these predictions, except
we did not find lower levels of nucleotide diversity
(both mtDNA and nuclear) and heterozygosity in the
expanded areas of D. merriami (Figs 4A and 5B,C). We
believe that this pattern is tied to the generalist ecology
of D. merriami and discuss this further below. Our BSP
assessment of demographic change through time is
broadly consistent with population expansions associ-
ated with the warming climate after the LGM when the
faster mutation rate is applied.

Ecological effects on population genetic patterns

We observed both mitochondrial and nuclear genetic
evidence indicating that differences in the ecology of
two closely related, codistributed species have an

© 2014 John Wiley & Sons Ltd

impact on population genetic structure. The two
species show similar mtDNA divergence, suggesting
that their length of occupancy within the southern sta-
ble region is comparable. The generalist ecology of
D. merriami, however, leads to higher population den-
sities (Brown 1973) which should lead to higher levels
of genetic diversity within populations. We indeed
recovered higher mtDNA diversity and estimated
effective population sizes (N,) in D. merriami compared
to the substrate specialist D. deserti (Fig. 3, insets;
Fig. 4A). Conversely, nuclear indices of diversity,
including the percentage of polymorphic loci, nucleo-
tide diversity and heterozygosity, were similar in the
southern stable populations of both species (Fig. 5A—
C). These nuclear indices remained comparable even
when we analysed each stable locality separately (the
two sampling sites were identical for both species,
Fig. 1): 0.0044 and 0.0046 for D. deserti and 0.0048 and
0.0045 for D. merriami using the 10x coverage, 75%
individuals across loci threshold. It is not clear pre-
cisely why D. merriami does not exhibit higher levels
of nuclear diversity than D. deserti, although ecological
characteristics not accounted for in this study (e.g. dif-
ferential home ranges and male dispersal rates
between the two species) may influence such patterns
of nuclear diversity at a local scale.

Differentiation among stable and expanded popula-
tions represented by mitochondrial pairwise genetic
distances (Fig. 4C) and nuclear Fgr values (Fig. 6) was
expected to be higher in the substrate specialist D. de-
serti due to its more fragmented distribution, which
may impact levels of gene flow, and both nuclear
and mtDNA data support this prediction (Fig. 6). Pri-
vate allele and haplotype frequencies were also
expected to be higher in D. deserti, because species
with a more fragmented distribution should exhibit
limited gene exchange among populations (Collado &
Mendez 2013). Our mtDNA data do not support this
prediction, possibly because of limited sampling per
sampling locality that prevented robust estimates of
private haplotype frequencies within populations
(Fig. 4B). Private allele frequencies were not signifi-
cantly different between the two species although a
nonsignificant trend of higher private allele frequency
in the stable areas for D. deserti is consistent with our
prediction (Fig. 5D).

Genetic consequences of range expansions with respect
to ecology

We found evidence for the synergistic effect of histori-
cal population expansion and species-specific ecology
on population genetic patterns. The rate at which the
indices of genetic variation decrease along an axis of
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population expansion is predicted to be exponentially
proportional to the effective population size at the
colonization front (Wegmann et al. 2006; Excoffier et al.
2009). Accordingly, in habitat specialists with greater
natural population fragmentation, the number of
migrants involved in a range expansion should be smal-
ler, and genetic variation should decrease more rapidly
in the direction of expansion (Excoffier et al. 2009;
Banks et al. 2010; Smit et al. 2010).

Patterns of genetic variation observed based on
mtDNA corresponded very well with these expecta-
tions. Mitochondrial nucleotide diversity, private haplo-
type frequencies and genetic differentiation (pairwise
genetic distances) decrease more rapidly in the direction
of the expansion in D. deserti compared with D. merri-
ami (Fig. 4), with the latter species exhibiting compara-
ble nucleotide diversities in stable and expanded areas
(Fig. 4A). We believe that the lack of decreased mtDNA
diversity in post-LGM expanded areas in D. merriami is
likely linked to its larger effective population sizes,
wider colonization front and possibly multiple north-
ward colonization routes.

Given evidence from mtDNA that post-LGM expan-
sion leads to more extreme loss of genetic diversity in
the substrate specialist D. deserti, we asked whether
nuclear genetic variation followed this pattern. We
found that patterns of nuclear variation were qualita-
tively consistent with the mtDNA patterns of variation
and our predictions. Like the mtDNA data, the fre-
quency of nuclear private alleles decreased more rap-
idly in the northern populations of D. deserti than in
D. merriami (Fig. 5D). Patterns of nuclear genetic diver-
sity and heterozygosity also suggest greater loss in both
measures in expanded populations of D. deserti, with
little or no decrease in D. merriami (Fig. 5B,C). Impor-
tantly, the decrease in nuclear diversity in D. deserti
was quantitatively much smaller, 200-fold smaller, than
the decrease in mtDNA (we observed a 0.2-fold
decrease in nuclear diversity but 10-fold decrease in
mtDNA diversity; Fig. 5B). The smaller effective popu-
lation sizes of mtDNA coupled with higher migration
rates in males (documented in other Dipodomys species;
Zeng & Brown 1987) may explain why mtDNA varia-
tion experienced greater decrease in expanded popula-
tions of D. deserti than did nuclear diversity (Figs 4A
and 5B).

Quantitative discordance in mitochondrial vs. nuclear
patterns of genetic variation

Our results suggest that ecological characteristics and
historical population processes may play a more deter-
ministic or pronounced role in generating patterns of
mtDNA genetic variation, whereas nuclear genetic vari-

ation may be more robust to the effects of ecology and
historical processes. Specifically, we found that patterns
of decreased mtDNA diversity in response to different
ecologies and postglacial geographic expansion are not
necessarily accompanied by quantitatively comparable
reductions in nuclear genomic diversity. We presume
that this effect is the result of the smaller effective pop-
ulation sizes of mtDNA and/or sex-biased patterns of
gene flow.

Our findings have two major implications. First, they
suggest that mtDNA estimates may be more sensitive
for the detection of past population expansion and geo-
graphic patterns of expansion. Second, they indicate
that mtDNA-based estimates may be a poor predictor
of nuclear genetic diversity in expanded populations
and, accordingly, be a poor indicator of the extent to
which expanded populations are susceptible to reduced
fitness and reduced potential to evolve in response to
climate change.
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Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Climatic niche models built using sampling sites.

Fig. S2 Correlations of nucleotide diversity (A) and private
haplotypes (B) with samples size for Dipodomys deserti (left col-
umn) and Dipodomys merriami (right column).
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Data S1 Samples of Dipodomys deserti and Dipodomys merriami
sorted by Country, State and County.

Table S1 Statistics based on the number of reads retained after
processing steps in the ddRAD pipeline for each sample: num-
ber of quality filtered reads, the number of mapped reads, and
the ultimate number of loci at 10x and 20x coverage.



