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Abstract
Understanding historical influences of climate and physiographic barriers in shaping
patterns of biodiversity remains limited for many regions of the world. For mammals
of continental Africa, phylogeographic studies, particularly for West African lineages,
implicate both geographic barriers and climate oscillations in shaping small mammal
diversity. In contrast, studies for southern African species have revealed conflicting
phylogenetic patterns for how mammalian lineages respond to both climate change
and geologic events such as river formation, especially during the Pleistocene. However, these studies were often biased by limited geographic sampling or exclusively
focused on large-bodied taxa. We exploited the broad southern African distribution of
a savanna–woodland-adapted African rodent, Gerbilliscus leucogaster (bushveld gerbil)
and generated mitochondrial, autosomal and sex chromosome data to quantify regional
signatures of climatic and vicariant biogeographic phenomena. Results indicate the
most recent common ancestor for all G. leucogaster lineages occurred during the early
Pleistocene. We documented six divergent mitochondrial lineages that diverged ~0.270–
0.100 mya, each of which was geographically isolated during periods characterized by
alterations to the course of the Zambezi River and its tributaries as well as regional
‘megadroughts’. Results demonstrate the presence of a widespread lineage exhibiting
demographic expansion ~0.065–0.035 mya, a time that coincides with savanna–woodland expansion across southern Africa. A multilocus autosomal perspective revealed
the influence of the Kafue River as a current barrier to gene flow and regions of
secondary contact among divergent mitochondrial lineages. Our results demonstrate
the importance of both climatic fluctuations and physiographic vicariance in shaping
the distribution of southern African biodiversity.
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Studies utilizing multiple genetic markers abound in
the phylogeographic literature, yet certain geographic
regions remain little studied using such techniques,
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thereby limiting our ability to infer pattern and processes for much of the earth’s biodiversity (Beheregaray
2008). One such example, south-central Africa
(following Cotterill 2003), contains a heterogeneous
environment consisting of grassland, woodland and
savanna–woodland habitats centred in the Zambezi
River basin and its tributaries. In their review of phylogenetic patterns for nineteen savanna ungulates distributed across sub-Saharan Africa, Lorenzen et al.
(2012) found surprisingly little phylogenetic structure
for Pleistocene taxa distributed in southern Africa compared with populations in East Africa, and suggest that
environmental stability and a long-standing savanna
refuge in southern Africa conserved populations/species over time. However, given the relatively long generation times and greater dispersal capabilities of
ungulates, they are not ideal candidates for examining
fine-scale phylogeographic patterns. For smaller mammals in African savanna ecosystems, several studies in
the Sudano-Sahelian savanna have provided insight into
the evolutionary processes (e.g. vicariance and population expansion due to climatic cycles, allopatric divergence due to the presence of geographic barriers, and
secondary contact between divergent lineages) that have
shaped the geographic distributions of West African
taxa (Brouat et al. 2009; Bryja et al. 2010; Granjon et al.
2012; Dobigny et al. 2013). For small mammals in southern Africa, the effects of historical processes for species
occurring across large geographic areas have not yet
been realized.
Fortunately, owing to anthropological and palaeontological research, there exists a rich fossil record for
African small mammals (Denys 1999; Werdelin &
Sanders 2010) and an advanced understanding of the
palaeoclimatic conditions over the last 5 million years
for eastern and southern Africa (deMenocal 2004; Feakins et al. 2005; Trauth et al. 2010). A recent synthesis
of empirical palaeoclimate data hypothesized that the
climatic variability that characterized East Africa during the Plio-Pleistocene played a key role in speciation
and extinction in hominin lineages (Potts 2013).
Although evolutionary patterns during these periods
are seemingly less understood for other mammals, climate fluctuations during the Pleistocene have been
implicated in faunal turnover, principally migration
and extinction, for ungulates in the Cape Floral Region
of South Africa (Faith & Behrensmeyer 2013 and references therein). While many African species likely
endured through numerous climatic oscillations during
the Pleistocene, there were time periods that were
exceptional. Of particular interest were multiple intervals of extremely arid conditions, that is ‘megadroughts’, in Africa between 0.135 and 0.090 mya
that are predicted to have been more influential on
© 2015 John Wiley & Sons Ltd

vegetation than the last glacial maximum (Cohen et al.
2007; Scholz et al. 2007).
Geographic distributions and genetic patterns for
extant mammals suggest that climate change alone does
not explain the vicariant distributions observed in
southern Africa (Grubb et al. 1999; Cotterill 2003; Van
Daele et al. 2007). For example, geomorphological
changes, particularly in the course of the Zambezi River
and its tributaries, have resulted in genetic divergence
in populations of reduncine antelopes (Cotterill 2003)
and subterranean rodents (Van Daele et al. 2004, 2007).
Vicariant patterns such as these are expected given that
southern African river systems during the Pliocene and
Pleistocene were dynamic (Moore et al. 2007, 2012). In
particular, the Zambezi – the largest river in southern
Africa, experienced large fluctuations in its course
within the last five million years, forming the modern
course only within the last million years (1.1–0.65 Ma;
Moore et al. 2012). Models of drainage evolution in this
region indicate that the Palaeo-Chambeshi River, up
until the Early Pleistocene, flowed from its headwaters
in Tanzania to the southwest into the Kalahari basin
and ultimately formed the current modern course of
the Kafue River (Cotterill 2003; Moore et al. 2012).
Catchments of ancient rivers in this region resulted in
novel rivers and formation of wetlands, including a
series of floodplains in the current Zambia–Zimbabwe–
Botswana borders. It is predicted that the parapatric
distributions found in many vertebrates in central
Zambia resulted from bisection of the Palaeo-Chambeshi River (Ansell 1978; Cotterill 2003). While Cotterill
(2003) argues that evidence for geomorphological
effects is ‘subtle and challenging to discover and decipher’, a multilocus approach using a widespread taxon
should illuminate signals of vicariance due to rivers or
a number of topographical features resulting from
tectonic processes (e.g. escarpments, mountains and
plateaus).
Gerbilliscus (formerly Tatera) is a widespread rodent
genus occurring throughout sub-Saharan Africa that
includes three well-supported clades corresponding to
eastern, western and southern geographic lineages,
respectively, although recent evidence indicates paraphyly with respect to Gerbillurus (Colangelo et al. 2007;
Granjon et al. 2012). Within the southern clade, the bushveld gerbil, Gerbilliscus leucogaster, is the most widespread species ranging from Tanzania to the northern
half of South Africa (Dempster 2013) where it occurs in a
variety of relatively dry habitats ranging from open
grassland, wooded savanna to woodlands typically
characterized by sandy soils [e.g. Miombo, Mopane,
Zambezian; Dempster (2013)]. Musser & Carleton (2005)
recognize 24 synonyms for G. leucogaster, indicating that
geographical variation was historically recognized, a
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hypothesis yet to be tested using genetic data. Given its
widespread distribution, short generation time and high
mitochondrial mutation rate (Granjon et al. 2012) compared with larger mammals, G. leucogaster provides an
ideal candidate for examining potential geographic barriers to gene flow as well as effects of past climate
change in southern Africa.
Herein, we use this broadly distributed rodent to
test the hypothesis proposed by Lorenzen et al. (2012)
that southern Africa acted as a long-standing refugium
for savanna fauna. Given the potential for expansion
and contraction of suitable habitat associated with
Pleistocene climate oscillations, and in particular, the
extremely arid periods known as megadroughts
(e.g. those occurring between 0.135 and 0.090 mya), we
hypothesize that habitat fragmentation resulted in
refugial isolation of this widely distributed species
during this time frame. We predict that signatures of
regional isolation and expansion will be present in
mitochondrial, autosomal and sex-linked data sets for
G. leucogaster. In addition, we use ENM to examine
changes in the distribution of abiotically suitable conditions for G. leucogaster in southern Africa during
both interglacial and glacial maximum periods. Potential refugia identified with ENMs are compared to
phylogeographic patterns derived from multiple
genetic transmission elements to look for congruent
patterns of isolation and expansion between these two
data sets. We then use this combined approach to
examine temporally congruent patterns between
genetic signatures of demographic expansion and
increases in suitable abiotic conditions during the
Pleistocene. Finally, we use spatial diffusion analysis
to determine whether geographic locations of the clade
ancestors were present during times of refugial isolation estimated using ENM.
In addition to examining influences of Pleistocene
climate change on the evolutionary history of G. leucogaster, we test whether genetic patterns for this species
are associated with geomorphological changes, especially large rivers. For this purpose, we focused our
sampling on individuals from opposite sides of major
river systems in southern Africa. In particular, we focus
our effort in central Zambia where the Kafue, Zambezi
and Chambeshi rivers have undergone major changes
in their course during the Pleistocene and are predicted
to have influenced the distributions of many vertebrate
taxa. Using a widespread savanna–woodland species,
this study provides one of the first comparative assessments of the impacts of climate oscillations and geomorphological barriers to examine phylogeographic
patterns for small mammals distributed across southern
Africa.

Materials and methods
Taxon sampling and laboratory methods
Genetic data from recent collection trips or mitochondrial sequences deposited on GenBank were obtained
from 91 individuals from 31 localities across the known
distribution of Gerbilliscus leucogaster (Fig. 1A, Appendix
S1, Supporting information). Genomic DNA was
extracted using a DNeasy Blood and Tissue Kit (Qiagen
Inc., Valencia, CA, USA). Mitochondrial cytochrome-b
(Cytb), Y-linked UTY11 and X-linked TKTL1 were
amplified and Sanger sequenced (Appendix S2, Supporting information). DNA sequences were aligned
using SEQUENCHER version 4.9 (Gene Codes Corporation,
Ann Arbor, MI, USA). For thirteen females included in
the X chromosome data set (of 42 individuals), the
heterozygous positions were scored as ambiguities.
Number of mitochondrial haplotypes, haplotype diversity, nucleotide diversity and average number of
nucleotide differences were calculated using DNASP
version 5.0 (Librado & Rozas 2009). AFLPs were generated following the methods outlined in McDonough
et al. (2008) (Appendix S2, Supporting information).

Phylogenetic estimates
Mitochondrial phylogenies from haplotypic data were
estimated using Bayesian inference (BI) and maximum
likelihood (ML). The best-fit model of evolution was
determined by examining both AICc and BIC scores in
JMODELTEST version 2.1 (Darriba et al. 2012). Bayesian
inference was performed using MRBAYES version 3.2.1
(Ronquist et al. 2012). Four independent MCMC chains
were run for 1 9 106 generations, which resulted in
split frequencies <0.01. Trees were logged every 1000th
iteration and 10% of trees were discarded as burn-in.
Maximum-likelihood phylogeny was estimated using
the online server for PHYML version 3.0 (Guindon et al.
2010) with a BIONJ starting tree (Gascuel 1997) and
1000 bootstrap replicates. Out-group taxa included
other Gerbilliscus species from southern, eastern and
western African clades as well as other gerbil genera
(Appendix S1, Supporting information). Uncorrected p
and Kimura 2-parameter genetic distances were calculated in MEGA version 5.0 (Tamura et al. 2011). To characterize interior-tip relationships among haplotypes for
the mitochondrial, X and Y data sets, we used the
median-joining network algorithm (Bandlet et al. 1999)
which allowed for multistate data observed in the X
chromosome marker. Haplotypes were estimated using
the software POPART version 1 (http://popart.otago.
ac.nz).
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(A)

(B)

Fig. 1 Mitochondrial relationships of
Gerbilliscus leucogaster. (A) Distribution of
mitochondrial clades in southern Africa.
Numbered dots indicate sampling localities. Inset emphasizes the Kafue Flats
region and Kafue, Lunsemfwa and
Luangwa rivers. Grey shading indicates
elevation >1300 m. (B) Bayesian phylogeny with Bayesian posterior probabilities ≥0.95 and ML likelihood bootstrap
≥80% indicated by closed circles. (C)
Median-joining network, branch lengths
indicate evolutionary change.

(C)

Nuclear AFLP data set
A subset of individuals included in the mitochondrial
data set was assessed for nuclear variation using
AFLPs. To test our hypothesis that rivers acted as barriers to gene flow, genetic sampling effort was focused
on individuals on alternate sides of rivers. GENALEX version 6 (Peakall & Smouse 2006) was used to generate
the binary matrix of AFLP fragments, summary statistics, Nei’s genetic distances (Nei 1972) and a principal
coordinate analysis (PCoA). To estimate phylogenetic
relationships, Bayesian inference was conducted in MRBAYES version 3.2.1 using the restriction site model
allowing for coding bias and the option ‘no-absencesites’ corresponding to the model for AFLP data sets
© 2015 John Wiley & Sons Ltd

proposed by Ronquist et al. (2005). The Dirichlet prior
for the state frequencies was set to 0.4656 and 0.5344,
corresponding to the ratio of ones to zeros in the original binary matrix. Four independent Markov chain
Monte Carlo (MCMC) chains (three heated and one
cold) were run for 100 million iterations. Trees were
sampled every 1000th iteration and the first 10% was
discarded as burn-in.
To assign individuals to genetic clusters (where
K = the number of clusters), the MCMC clustering
method in the program STRUCTURE version 2.3.2 was
employed (Pritchard et al. 2000; Falush et al. 2003). To
accommodate the dominant nature of AFLP data, the
recessive allele model was used following Falush et al.

5252 M . M . M C D O N O U G H E T A L .
(2007). The recessive allele model treats the AFLP bands
as partial information that is included in the Bayesian
update used to estimate the probability of all possible
genotypes (Falush et al. 2007). The admixture model
with correlated allele frequencies was selected (Falush
et al. 2003). Prior population assignment information
was not included in the analysis. Values of K ranging
from 1 to 10 were analysed with 10 independent simulations for each K and 600 000 total iterations with a
burn-in of 100 000. To determine the optimal K value,
STRUCTURE HARVESTER (Earl & vonHoldt 2012) was used to
generate plots for ΔK (Evanno et al. 2005). The Greedy
clustering algorithm in CLUMPP version 1.1.2 (Jakobsson
& Rosenberg 2007) was used to align the 10 replicates,
and the final visualization of the population clusters
was conducted using DISTRUCT version 1.1 (Rosenberg
2004).

Timescale of diversification estimates
Divergence time estimates were calculated using the
Cytb haplotype data set in BEAST version 1.7.4 (Drummond et al. 2012). The HKY+I+G nucleotide substitution
model was included in the analysis, and codon positions were unlinked. Bayes factor tests performed following Suchard et al. (2001) for the various coalescent
and speciation tree priors available in BEAST version
1.7.4 indicated the birth and death speciation prior following Gernhard (2008) was the best-fitting model for
this data set. All likelihood ratio tests for a molecular
clock (Felsenstein 1988) performed in MEGA version 5
(Tamura et al. 2011) were rejected; therefore, uncorrelated log-normal relaxed clock was employed.
Various out-group taxa were included (Appendix S1,
Supporting information) to place fossil calibrations at
crown nodes. Out-groups included East, West and
southern African Gerbilliscus, Gerbillurus, Tatera and Desmodillus. Three internal fossil priors (using exponential
distributions) were included that served as minimum
dates for the common ancestor of that group/clade. For
the crown height of all Gerbilliscus, an offset of 6 Ma
(mean = 1.52) was used, corresponding to the oldest fossil for this genus from the Middle Awash, Ethiopia
(Wesselman et al. 2009). The oldest fossils for the southern African Gerbilliscus clade from the J€agerquelle and
Nosib fossil sites in Namibia (Senut et al. 1992) date to
~2.5 Ma. The first appearance date in the fossil record for
Gerbillurus is also found at these Namibia sites (Denys
1999). For these clades (southern African clade and Gerbillurus clade), an offset = 2.5 and mean = 0.77 were
used, which put the 97.5% quantile at 5.332, or the beginning of the Late Pliocene. Finally, tree height was set
using a normal distribution with initial value set to 9.19
(mean = 9.19, SD = 1.62), which corresponds to the time

to most recent common ancestor (TMRCA) of Tatera +
Desmodillus + Gerbilliscus following the fossil calibrated
molecular phylogeny of Chevret & Dobigny (2005).
For all analyses, chain length was set to 50 million
iterations with data logged every 1000th iteration. TREE
ANNOTATOR version 1.7.4 (Drummond et al. 2012) was
used to summarize the posterior sample of trees, after
removal of the first 10% of trees as burn-in, as a maximum clade credibility tree. TRACER version 1.5 (Rambaut
& Drummond 2007) was used to evaluate the adequacy
of the 10% burn-in and to summarize the posterior sampling of parameters. FIGTREE version 1.3.1 (Rambaut
2009) was used for visualization.

Demographic analyses
A representative of each of the three classes of demographic statistics outlined in Ramırez-Soriano et al.
(2008) was used to estimate historical demographic
parameters of ancestral clades and to identify patterns
of population expansion. Mismatch distributions for
each clade were estimated in ARLEQUIN version 3.11
(Excoffier et al. 2005) under the sudden expansion
model using uncorrected pairwise differences, with significance determined using 1000 randomizations
(Rogers & Harpending 1992). For distributions with
nonsignificant raggedness indices, expansion time was
estimated following Schenekar & Weiss (2011). Fu’s Fs
(Fu 1997) and Tajima’s D (Tajima 1989) were also calculated, and negative and significant values of each of
these statistics indicate recent population expansion (see
Fahey et al. 2014). Significance was assessed by comparison of observed data to expectations under neutrality.
To complement mismatch distributions and estimate
timing of demographic events, Extended Bayesian Skyline Plot (EBSP, Heled & Drummond 2008) was implemented in BEAST version 1.7.4 (Drummond et al. 2012)
on clades that exhibited signatures of population expansion in the previous analysis. The EBSP included
mitochondrial and sex chromosome data to estimate
population change through time using multiple
unlinked loci. Mutation rate calculated from the previous BEAST analysis was used to inform the prior distribution in the EBSP analysis. For the intraspecific
mitochondrial data set, mutation rate and a strict clock
model were applied including a normal prior with
mean = 0.047 (95% HPDs = 0.0390–0.0551). Likewise,
the Y chromosome marker was given a prior with
mean = 0.004 (95% HPDs = 0.0024–0.0057) and X chromosome marker with mean = 0.003 (95% HPDs =
0.0017–0.0045), using prior mutation rates from sex
chromosome data sets for a larger gerbil phylogeny
(McDonough 2013). The analysis consisted of 50 million
iterations sampled every 5000th iteration.
© 2015 John Wiley & Sons Ltd
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Ecological niche modelling
To provide an additional and independent test of the
Pleistocene refugia hypothesis, ecological niche modelling (ENM) was performed under the Biotic, Abiotic
and Movement conceptual framework (BAM; Sober
on &
Peterson 2005). We obtained 67 unique localities of
G. leucogaster that included 31 freshly collected individuals used in molecular analyses and 36 historic museum
specimens identified using a suite of diagnostic cranial
measurements (Appendix S3, Supporting information).
To reduce potential bias associated with clustered sampling localities, we spatially thinned occurrence data by
selecting a random subset of <67 points with a minimum distance between points of 0.58 decimal degrees in
ARCGIS 10.1 (ESRI, Redland, CA, USA). We performed
this spatial thinning three times and used each subset to
generate its own unique ENM. We used the 19 bioclimatic variables from WORLDCLIM (Hijmans et al. 2005;
www.worldclim.org) at a spatial resolution of 2.5’
(~5 9 5 km) to predict the present (1950–2000) distribution of abiotically suitable conditions. This coarser resolution was chosen over the available 30 arc second data
to better match the coordinate uncertainties associated
with georeferenced, textual localities of museum specimens. Although colinearity between climatic variables
has been highlighted as a serious concern in ecology
(Dormann et al. 2013), we chose to include all 19 bioclimatic variables rather than an arbitrary subset of them
for several reasons. First, although identifying correlations between variables is relatively straightforward,
deciding which of the two correlated variables to
include represents an arbitrary task, especially in the
absence of detailed physiological limitations for a
species. Second, although the application of ordination
techniques such as principal component analysis can
eliminate the need for arbitrarily dropping one of two
correlated variables through the creation of latent variables, application of latent variables developed under
one climate scenario cannot be used to project into alternative climate scenarios (Braunisch et al. 2013). Finally,
machine learning algorithms such as those employed in
MAXENT (Phillips et al. 2006) allow for correlated variables
to be considered separately and interactively using
nonlinear relationships, making them more suitable for
handling correlated predictor variables than other
modelling techniques (Braunisch et al. 2013). For the last
glacial maximum (LGM, ~21 000 years BP) and last interglacial (LIG, ~120 000–140 000 years BP; Otto-Bliesner
et al. 2006), we used the same 19 bioclimatic variables
reprojected under the ‘Community Climate System
Model’ (CCSM) circulation model (www.worldclim.org).
The regional extent in which models are calibrated
(i.e. ‘M’) is known to impact ecological niche
© 2015 John Wiley & Sons Ltd

predictions in a pervasive manner (Anderson & Raza
2010; Barve et al. 2011), thus defining explicit and biogeographically relevant calibration areas is critical for
appropriate model development and validation (Owens
et al. 2013). We compared model results using four
different ‘M’ designations: the current geographic distribution according to the International Union for Conservation of Nature (IUCN; www.iucn.org), the IUCN
distribution buffered by 500 km, 1000 km and 2000 km
(Fig. S1, Supporting information). ENMs under these
four scenarios were generated using the maximum
entropy algorithm (Phillips et al. 2006) in the program
MAXENT 3.3.3k for each spatially thinned subset of localities (with 52, 50 and 51 localities for subsets 1, 2 and 3,
respectively). We selected the autofeatures option in
MAXENT, which allows for linear, quadratic, product,
threshold and hinge features to describe relationships
between specimen locations and environmental conditions (Merow et al. 2013). Given the potential risk of
generating nonbiologically meaningful relationships,
both clamping and extrapolating options were deselected for all models (Owens et al. 2013). We used raw
outputs to avoid potential bias resulting from associations related to postprocessing techniques and the value
of s (Merow et al. 2013). A total of 10 bootstrap model
replicates were generated for each subset, and the median value of these 10 models was used to calculate a
grand median value among all three subsets. Model
performance was evaluated using the area under the
curve (AUC) with an 80 – 20% training–test data split.
A jackknife test of variable importance was used to
assess individual variable contributions to model predictions, although such contributions must be interpreted cautiously when using correlated variables such
as all 19 bioclim products (Phillips et al. 2006). All raster
processing and assessments were performed using a
combination of ARCGIS 10.1 and the R statistical software
environment (http://www.r-project.org/).

Spatial diffusion modelling using continuous
phylogeography
To test the hypothesis of refugial isolation, Bayesian
implementation of the spatial diffusion approach was
used to infer geographic origins of mitochondrial clades
at specific time slices during the Pleistocene. Often used
for tracking viral epidemics, this method has also been
applied to vertebrate systems to examine patterns of
geographic expansion and to infer geographic locations
of potential refugia (Chiari et al. 2012; Escobar Garcıa
et al. 2012; Barlow et al. 2013; Camargo et al. 2013;
Nascimento et al. 2013; Barnett et al. 2014). Unique mitochondrial haplotypes and corresponding geographic
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referred to as clade A, occurs throughout the central
portion of southern Africa, extending from central
Zambia southward to northern South Africa and from
western border of Botswana eastward to Mozambique.
Haplogroups B-F are isolated to relatively smaller
geographic regions compared to haplogroup A. The
number of haplotypes within clades ranged from one in
clade E to 43 in the widespread clade A (Table 1). The
haplotype diversity ranged from 0.89 in clade D to 0.98
in clade A (excluding clade B with only 2 sequences).
Clade A exhibited the lowest nucleotide diversity
(0.547%  0.000) and lowest number of average nucleotide differences (5.807). Nucleotide diversity and average number of nucleotide differences were highest in
clades C and F (Table 1). Regions where mitochondrial
clades occur in sympatry or parapatry exist in the Kalahari region of Botswana at site 22 where clades A and
D occur in syntopy and in central Zambia where
divergent clades A (sites 11 and 12) and F (site 10) are
parapatric (Fig. 1A). The phylogenetic tree revealed a
well-supported ‘southern’ group that includes clades A,
B, C, D (Fig. 1B). Genetic divergence between each of
the mitochondrial clades was relatively high, ranging
from 3.5% to 6.8% (Table 2).

coordinates were used to generate the.xml file in BEAUTI
version 1.7.4. We performed BEAST continuous
phylogeography, including applying random jitter
(0.02 9 0.02 decimal degrees) to create unique coordinates for individuals from identical localities. The simple constant population size coalescent Gaussian
Markov random field prior (Bayesian Skyride) was used
as the demographic prior (Minnin et al. 2008). Rate of
diffusion was allowed to vary across branches by
applying a Cauchy Relaxed Random Walk (RRW)
model (Lemey et al. 2010). MCMC chains were run for
100 million generations, sampling every 10 000 generations. TREE ANNOTATOR version 1.7.4 (Drummond et al.
2012) was used to summarize the posterior sample of
trees including a 10% burn-in and to create a maximum
clade credibility tree. TRACER version 1.5 (Rambaut &
Drummond 2007) was used to evaluate the adequacy of
the 10% burn-in and to summarize the posterior sampling of each parameter. SPREAD version 1.0.6 (Bielejec
et al. 2011) was used to generate the keyhole mark-up
language (kml) file for visualizing spatial diffusion
using GOOGLE EARTH (2011). To examine spatial diffusion
over time, the TimeSlicer option in SPREAD was used
to slice through each of the 10 000 posterior trees at
specific time intervals to create polygons with 80%
highest posterior densities (HPD). To examine geographic changes across a wide time span, slices were
taken at intervals 0.60 and 0.30 mya. Additionally, we
compared time slices during the last interglacial
(0.13 mya) and last glacial maximum (0.02 mya).

Nuclear data sets
The two-dimensional PCoA plot and a Bayesian
unrooted phylogeny based on AFLP data revealed three
major groups that corresponded to northern, central
and southern geographic regions of southern Africa
(Fig. 2). The northern cluster contained individuals
from mitochondrial clades C, E, F and several individuals with mitochondrial A haplotypes that occur on the
left bank of the Kafue and Lower Zambezi rivers, that
is in the geographic region where mitochondrial clades
A and F are parapatric in central Zambia (Fig. 2A–C;
sites 11–13). Notably, individuals from site 14 (just
opposite, right bank of the Kafue River) clustered with

Results
Geographic distributions of mitochondrial haplogroups
Phylogenetic trees (BI and
work demonstrate support
that correspond to distinct
The most widespread

ML) and a haplotype netfor six major haplogroups
geographic regions (Fig. 1).
haplogroup, subsequently

Table 1 Demographic summary statistics for mitochondrial clades of Gerbilliscus leucogaster
Clade

Ns

Np

Nh

Hd

A
B
C
D
E
F
All

61
2
7
12
2
7
91

78
7
26
20
—
39
199

43
2
6
7
1
6
64

0.984
1.000
0.952
0.894
—
0.952
0.990

p (%)





0.000
0.250
0.009
0.004

 0.009
 0.000

0.547
0.660
1.123
0.634
—
1.158
2.847






0.000
0.000
0.000
0.000

 0.000
 0.001

k

Fu’s Fs

5.807
7
11.714
6.727
—
12.286
29.698

25.319
—
0.59
0.069
—
1.312
—

Tajima’s D
**
—
ns
ns
—
ns
—

2.241
—
0.074
0.069
—
1.312
—

**
—
ns
ns
—
ns
—

Number of sequences (Ns), number of polymorphic sites (Np), number of haplotypes (Nh), haplotype diversity (Hd), nucleotide diversity (p) expressed as a percentage and average number of nucleotide differences (k), ** indicate values for Fu’s Fs and Tajima’s D
that P < 0.01.
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Table 2 Average uncorrected p (above) and Kimura 2-parameter (below) genetic distances between and within (grey-shaded) mitochondrial clades of Gerbilliscus leucogaster
Clade

A (N = 61)

B (N = 2)

C (N = 7)

D (N = 12)

E (N = 2)

F (N = 7)

A
B
C
D
E
F

0.008
0.036
0.043
0.045
0.068
0.065

0.035
0.006
0.038
0.046
0.052
0.054

0.041
0.037
0.012
0.048
0.065
0.058

0.043
0.044
0.046
0.007
0.066
0.066

0.063
0.049
0.061
0.062
0.000
0.060

0.061
0.051
0.055
0.062
0.057
0.008

the central group rather than the northern group.
Remaining individuals in the widespread mitochondrial
clade A represented the central group, although no
individuals from clade B were included in the AFLP
analysis. Genetic structure was present for individuals
from sites north (14, 17 and 20) and south (15, 16, 18, 19
and 21) of the Zambezi River (Figs 2B and S2, Supporting information). Sites near the Limpopo and Save rivers (sites 23–27) cluster also in the central group (Figs 2
and S2, Supporting information). The southern group
included individuals of the mitochondrial clade D from
the xeric Kalahari region and individuals from mitochondrial clade A from site 22, where these two
mtDNA lineages are sympatric in central Botswana
(Fig. 2).
Plots of ΔK and ln P(K) (Evanno et al. 2005) support
the presence of two clusters in the STRUCTURE analysis,
but we also include results for K = 3 as suggested by
the PCoA and Bayesian phylogeny. K = 2 demonstrates
distinct northern and southern groups with the northern cluster containing individuals in clades C, E and F
as well as individuals in clade A that occur in Zambia
on the left bank of the Kafue and Lower Zambezi
(Fig. 3; sites 11–13). The southern cluster contained
most individuals with A and all with D haplotypes.
Clusters of K = 3 reveal the northern (grey), central
(white) and southern (dark grey) groups exhibited also
in the PCoA. Evidence of admixture between central
and southern groups is also present in individuals from
sites 23–27 (Fig. 3), indicating the Limpopo River is not
a barrier to gene flow.
Phylogeographic structure was not recovered in the X
chromosome data set (Fig. S3A, Supporting information). Mitochondrial clade A individuals exhibited the
most X chromosome allelic diversity, often with greater
mutational distance among clade A individuals than
between other clades. The Y chromosome haplotype
network exhibited stronger haplogroup structure than
the X chromosome data set despite lower overall polymorphism (Fig. S3B, Supporting information). Individuals from northern Zambia (light blue, mitochondrial
haplogroup E) exhibited unique Y and X chromosome
© 2015 John Wiley & Sons Ltd

haplotypes. Additionally, the southern group (yellow,
mitochondrial clade D) shared a unique Y haplotype.
Two male individuals (TK172838 and TK170589) with
mitochondrial haplotype A displayed a Y chromosome
haplotype similar to mitochondrial haplotype D individuals from the same geographic locality (site 22); this
result is consistent with the nuclear AFLP data set
(Fig. S3, Supporting information).

Divergence times, demographics and population
expansion estimates
The TMRCA for all Gerbilliscus leucogaster clades was
estimated to the mid-Pleistocene (1.046 mya; 95% HPDs
= 1.415–0.741 mya) (Table 3). Individual mitochondrial
clades diverged between 0.268 and 0.100 mya (HPDs =
0.408–0.35 mya).
Negative and significant values of Fu’s Fs and
Tajima’s D were observed for clade A (Table 1). Based
on raggedness results of the mismatch distribution, time
since population expansion calculated for clade A was
estimated to be approximately 0.060 mya (Fig. 4,
Table S1, Supporting information). EBSP analysis
(Fig. 4) indicated population expansion for clade A
around 0.050 mya (95% HPDs 0.065–0.035 mya).

Ecological niche modelling
Models based on the four different areas of extent (i.e.
M scenarios) performed qualitatively similar with
comparative predictions (Figs S1 and S4, Supporting
information). Given these results, and the fact that only
the 2000-km buffer included most of East Africa, the
known geographic origin of Gerbilliscus, all final models
depicted were generated using the 2000-km buffer training area. The training data set from the 80% to 20%
split present conditions model had a median AUC of
0.95 based on 10 replicates, indicating that model prediction accuracy was greater than random. In addition,
the testing data set’s median AUC was 0.93, supporting
the model’s predictive ability as well as its lack of overfitting.
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(A)

(B)

Fig. 2 Nuclear amplified fragment length
polymorphism (AFLP) relationships of
Gerbilliscus leucogaster. (A) Distribution of
AFLP clusters in grey indicating northern, central and southern groups. Dashed
line indicates boundaries of mitochondrial clade A. Inset emphasizes the Kafue
Flats region and Kafue, Lunsemfwa and
Luangwa rivers. ‘?’indicates localities not
included in AFLP analysis. (B) Bayesian
unrooted tree with localities at terminal
branches, black closed circles indicate
nodes with posterior probabilities ≥0.95.
(C) Principal coordinate analysis (PCoA)
ordination of northern, central and southern groups. Symbols and colours
correspond to mitochondrial clades. Sites
11–14 are highlighted to reflect nearby
geographic regions with similar mitochondrial haplotypes and divergent
nuclear clusters.

(C)

Surprisingly, the LIG distribution of suitable conditions poorly reflected the distribution of currently suitable conditions. In fact, suitable conditions were mostly
confined to west-central Angola and the southeastern
coastal region of southern Africa (Fig. 5A). In addition,
a large strip of highly suitable conditions starting in
Ethiopia and stretching west along the southern boundary of the Sahel was recovered (Fig. S5, Supporting
information).
The LGM distribution of suitable conditions appeared
to reflect several of the phylogeographic breaks documented within G. leucogaster (Fig. 5B). Most notable was
the large area of unsuitability corresponding to the
Zimbabwe Highveld, which appears to support separation of the range into a northern and southern component, with the presence of small band of intermediate
suitability linking the two along the Zimbabwe–Zambia
border (Fig. 5B). Compared to the LIG, the extent of suitable conditions appears to have expanded during the
LGM; however, areas of suitable conditions during the
LGM were less extensive than those found in the present.

The present-day distribution of suitable abiotic conditions closely matched the current IUCN range map
(Fig. 5C). The models identified centres of suitability
that correspond with genetic lineages observed within
G. leucogaster, concentrated in Botswana, northern South
Africa, southern Mozambique and Zambia (Fig. 5C).

Spatial diffusion analysis
We summarized the dispersal process for G. leucogaster
at four time slices (Fig. 6). By 0.6 mya, the 80% HPDs
of the ancestral locations contained two major regions:
a region in northern Zambia, northern Mozambique
and southern Malawi, and a region in southern Zambia,
the Kalahari arid region of Botswana, and South Africa
(Fig. 6A). By 0.3 mya, most of the spread within
G. leucogaster had occurred (Fig. 6B). The time slice during the LIG, which was predicted as highly unsuitable
in the ENM data set, revealed that clades were present
in geographic regions that could be indicative of potential refugia (Fig. 6C). By the LGM, additional maximum
© 2015 John Wiley & Sons Ltd
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Fig. 3 Population clustering of Gerbilliscus leucogaster estimated from nuclear amplified fragment length polymorphism (AFLP) data
based on K = 2 (top) or K = 3 (bottom). Individuals are represented as vertical bars shaded white, light grey or dark grey according
to Bayesian population clustering. Mitochondrial clades depicted as coloured bars above individuals and geographic sampling numbered below.

Table 3 Estimates for time to most recent common ancestor
(TMRCA) using unique haplotypes (clade E has only a single
haplotype) for each of the mitochondrial clades and all Gerbilliscus leucogaster clades
Clade

TMRCA (Ma)

95% HPD

A
B
C
D
F
All

0.163
0.098
0.210
0.129
0.268
1.046

0.107–0.240
0.035–0.188
0.125–0.319
0.072–0.201
0.158–0.403
0.741–1.415

clade credibility (MCC) branches extended into the
Kalahari arid regions of northern Botswana and South
Africa (Fig. 6D).

Discussion
Demographic effects of Pleistocene climate variability
in southern Africa
Our study highlights the phylogeographic history for a
widespread rodent in southern Africa using a combination of multilocus molecular markers and palaeoecological niche modelling. Our results support the hypothesis
that climate variability during the Late Pleistocene
played a role in genetic divergence within Gerbilliscus
leucogaster. These results do not correspond with previous hypotheses that southern Africa was a single stable,
long-standing refugium of savanna-like habitats during
the Pleistocene (Lorenzen et al. 2012; Maslin et al. 2012).
Rather, we find that during the LIG (~0.140–0.120 mya),
there was a strong reduction in suitable abiotic conditions for G. leucogaster (Fig. 5). Given that all of the
© 2015 John Wiley & Sons Ltd

clades (except F which is the oldest lineage) have 95%
HPDs that coalesced during the LIG (Table 3), we find
support that the reduction in suitable conditions during
this time frame resulted in vicariance associated with
refugial isolation.
Plio-Pleistocene climate change has long been implicated as a major factor contributing to East African
hominin evolution, and more recently, consideration of
the overall effects of climate instability during this time
frame provides clues to why some lineages have
persisted while others went extinct (Potts 2013). For
example, the diversification of extant lineages of
G. leucogaster occurred during the last prolonged period
of substantial climate variability that occurred ~0.360–
0.050 mya – a time frame encompassing a known
decline of diversity of East African grazing mammals in
a two-step process – first in nonbovid grazers followed
by bovids (Potts 2013). Potts (2013) hypothesized that
the taxa that were able to persist and disperse were
those that were able to survive periods of climate
variability. We propose that G. leucogaster provides a
convincing example of a species that was able to tolerate the extreme and prolonged periods of instability
characterizing the Late Pleistocene of southern Africa.
The multiple intervals of extremely arid conditions
between 0.135 and 0.090 mya (Cohen et al. 2007; Scholz
et al. 2007) likely substantiate the reduction in suitable
abiotic conditions observed during the LIG. During
these arid conditions, there is evidence of high pollen
accumulation for Poaceae, suggesting opportunities for
dry savanna expansion (Beuning et al. 2011). However,
between 0.105 and 0.093 mya, there was a megadrought so severe that even xeric grassland expansion
would have been limited. This event might have contributed to range retractions into refugia and therefore
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Fig. 4 Demographic signature of population expansion for Gerbilliscus leucogaster
clade A. (A) Extended Bayesian Skyline
Plot and (B) mismatch distribution estimated under the sudden expansion
model.
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opportunities for vicariance, as has been suggested for
Zambezi Valley and Luangwa valley populations of
bushbuck (Moodley & Bruford 2007). As G. leucogaster
was widespread throughout the Zambezi region by
this time (Fig. 6), this megadrought likely contributed
to demographic changes within populations involving
isolation of previously connected groups and subsequent differentiation through genetic drift. While
southern African gerbils appear to tolerate a variety of
arid and semi-arid habitats (Campbell et al. 2011), they
are opportunistic breeders with population size dependent on food availability (i.e. seeds and arthropods;
White et al. 1997; Blaum et al. 2006) and therefore are
susceptible to environmental perturbations, which

could potentially influence dispersal and colonization
of new areas.
The LIG (0.140–0.120 mya) models for G. leucogaster
recovered reduced areas of suitable conditions across
southern Africa, with areas of suitability restricted to
coastal and mid-interior regions of Mozambique and
South Africa, although a single contiguous area of low
suitability did appear in eastern Angola (Fig. 5). Barlow
et al. (2013) predicted the presence of a similar coastal
refugium for the African puff adder (Bitis arietans), however, their prediction was based on LGM conditions
only. Although temporally discordant, the recovery of
similar refugial conditions in this region likely explains
the divergent coastal mitochondrial clade B in our data
© 2015 John Wiley & Sons Ltd
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(A)

(B)

(C)

Fig. 5 Ecological niche models for (A) last interglacial, (B) last glacial maximum and (C) present-day conditions. Colours (grey to
green) represent suitability of abiotic conditions and black dots depict locations of specimens used to generate models. The broad
grey outline represents the current known range limit of Gerbilliscus leucogaster according to the IUCN.

set. In contrast, only small, isolated patches of low suitability were recovered during the LIG across Botswana,
Zimbabwe and Zambia. In addition, the appearance of
highly suitable conditions for G. leucogaster in the Horn
of Africa, including Ethiopia, and along the southern
edge of the Sahel appears inconsistent with temporal
and spatial estimates of divergence patterns within
G. leucogaster (Fig. S5, Supporting information).
Although the Sahel region has no known fossil or
modern records of G. leucogaster, other extant species of
Gerbilliscus exist within this area. Given that our ENMs
represent a Grinnellian niche, that is a combination of
scenopoetic (noninteractive environmental conditions)
variables which result in a positive intrinsic growth rate
(Sober
on 2007), ultimately ignoring Eltonian concepts of
biotic interactions, it is not surprising that our model
predicts areas of suitable conditions not currently occupied by G. leucogaster. In addition, a lack of comprehensive understanding of the accessibility of such areas to
this species over an evolutionary timescale as well as
the impacts of putative biotic interactions with other
species of gerbils found in these regions ultimately prevents us from developing an accurate model of the true
distribution (‘P’ of the BAM diagram; Sober
on & Peterson 2005) for G. leucogaster using these methods. Despite
these limitations, these continental-wide predictions
(Fig. S5, Supporting information) provide useful data for
generating future hypotheses regarding Gerbilliscus
distribution patterns across sub-Saharan Africa.
Unfortunately, few studies incorporating ecological
niche models for LIG conditions exist for southern
Africa, limiting our abilities to contrast our patterns to
those resulting from studies of other taxa. One of the
few studies applying ENM in southern Africa used
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present-day climatic conditions as a proxy for interglacial climates and therefore did not provide LIG projections of present-day models (Barlow et al. 2013).
Although present-day conditions fall within an interglacial period, a recent study of the Sahara found that
climatic and hydrological cycles dramatically differed
in LIG from those experienced today (Coulthard et al.
2013), highlighting potential discrepancies between
present-day and LIG conditions for various regions of
Africa. Similarly, our results do not support similar
suitable conditions between present and LIG time periods, a pattern concordant with recent studies on the
Pleistocene distribution of suitable conditions for the
spotted hyena (Crocuta crocuta; Varela et al. 2009) and
hominids (Homo sapiens; Drake et al. 2011). Taken in
concert with our findings, it appears that assuming that
the distribution of suitable environmental conditions
during the LIG closely mimics those of modern time
periods could be incorrect, especially for taxa from
southern Africa. Such mismatches between current and
projected models could result from several factors,
including but not limited to (i) lack of appropriate representation of the entire climatic spectrum of suitable
environmental conditions for the species (i.e. our species occurrence records only represent a subset of all
inhabited localities; Varela et al. 2009), (ii) varying climatic relationships for correlated variables across time
periods (Braunisch et al. 2013), and (iii) altered distributions of suitable conditions during the last interglacial
[e.g. increased grassland coverage over much of North
Africa during the LIG, (van Andel & Tzedakis 1996;
Montoya 2007)]. Our results also highlight the risk of
relying on a single time slice of climatic conditions to
identify Pleistocene refugia for a particular species,
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Fig. 6 Estimates of spatial diffusion at
four time points during the Pleistocene
(A) 0.6 mya, (B) 0.3 mya, (C) 0.13 mya
(D) and 0.02 mya. Green coloured polygons indicate uncertainty (80% HPDs)
surrounding geographic locations of
internal nodes of the tree. Red-black
colour gradient of the maximum clade
credibility (MCC) tree branches informs
the relative age of the transition (older–
recent).

(A) 0.6 Ma

(B) 0.3 Ma

(C) LIG (~0.13 Ma)

(D) LGM (~0.02 Ma)

especially when that species exists in a region characterized by highly unstable and fluctuating climatic conditions, such as those found in southern Africa during
the Pleistocene (Potts 2013).
Our data also provide evidence of population expansion for widespread mitochondrial clade A ~0.065–
0.035 mya (Fig. 4), which corresponds with predicted
expansion of suitable abiotic conditions after periods of
prolonged drought. Periods of vegetation recovery followed the droughts, and by 0.085–0.080 mya, there was
a resurgence of savanna–woodland habitat documented
in the pollen core at Lake Malawi (Beuning et al. 2011).
This was followed by another cooling event with temperatures decreasing from 26 to 20 °C between 0.068
and 0.060 mya (Woltering et al. 2011) which likely coincides with the signal of population expansion recovered
for clade A. The last glacial maximum (0.025–0.015 mya)
in this region is characterized by expansion of dry
woodland and grassland habitat (Beuning et al. 2011).
These results are consistent with population expansion
of a similarly distributed clade of pouched mouse that
underwent demographic expansion in the Zambezi
region ~0.100–0.050 mya (Mikula et al. in review).

Influence of rivers on genetic structure
Our results also support the hypothesis that large rivers
acted as barriers to gene flow for G. leucogaster populations. The most pronounced pattern observed in
G. leucogaster was the genetic divergence among lineages
in central Zambia. We found differing results between
the mitochondrial versus nuclear data sets. For example,
the mitochondrial data set revealed a statistically
supported phylogenetic break between mitochondrial
haplogroups A and F near the Lunsemfwa and
Luangwa rivers, indicating a historical barrier in this
region (Fig. 1). The phylogenetic break in the nuclear
AFLP data occurs further south, indicating the Kafue
River is currently a strong barrier to gene flow between
populations. The Kafue River region is a flat landscape
(i.e. Kafue Flats) that during the Pleistocene acted as a
floodplain for this region and in fact supported Paleolake Patrick (now Lower Kafue River; Moore et al. 2012),
which likely explains the strong phylogenetic signal.
The most convincing studies supporting the influence
of the Zambezi River and its tributaries on speciation in
mammals has been illustrated in genetic studies of
© 2015 John Wiley & Sons Ltd
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subterranean (Van Daele et al. 2004, 2007) and epigeic
rodents (Mikula et al. in review), reduncine antelopes
(Cotterill 2003) and the general distributional patterns
across a broad array of mammals, including isolated
endemic taxa (e.g. Giraffa angolensis, Damaliscus lunatus,
among others) in this region (Ansell 1978; Grubb et al.
1999). For example, there is particularly high diversity
of small mole-rats in the Zambezian region, including
three chromosomal races/species of Fukomys that occur
along a 250-km stretch of the Kafue River (Van Daele
et al. 2004, 2007). This same geographic region (i.e.
Kafue Flats) is where we found a strong phylogenetic
break between the northern and central nuclear AFLP
genetic groups in G. leucogaster. Further examples of
isolation are found in divergent mole-rat lineages
further to the north where restructuring of the PalaeoChambesi River occurred during the Pleistocene – and
may explain the deep divergence exhibited in the
isolated mitochondrial clade E. However, given our limited sampling regime, we cannot rule out that this clade
could be more widely distributed, especially into southeastern Democratic Republic of Congo (DRC), which
was predicted to be abiotically suitable in the ENM
data set (Fig. 5A). The Katanga region in southeastern
DRC is home to highly divergent lineages of mammals
(e.g. Heliophobius argentocinereus; Faulkes et al. 2011),
herpetofauna (Broadley & Cotterill 2004) and birds
(Cotterill 2006). Unfortunately, genetic sequence data
for G. leucogaster from the DRC are currently lacking.
Other geomorphological features, such as the
Muchinga escarpment (adjacent to the Luangwa River,
Fig. 1), have acted as long-term barriers to gene flow
for some terrestrial mammals. We observed a distinct
lineage (clade F) that occurs along a narrow strip of
Zambezian and Mopane woodlands in western Tanzanian and southward throughout the Luangwa Valley
Rift, a southward extension of the Great Rift Valley.
This region contains endemics such as Thornicroft’s
giraffe (Fennessy et al. 2013), Cookson’s Wildebeest,
squirrels (Cotterill 2003), bushbuck (Moodley & Bruford
2007) and others (see Ansell 1978 and Cotterill 2003).
Additionally, the Drakensberg Mountains on the eastern
portion of the Great Escarpment likely acted as a barrier
to dispersal for the geographically isolated mitochondrial clade C individuals in Mozambique, a pattern that
is also observed in another savanna rodent, Saccostomus
(Mikula et al. in review).

Patterns in mitochondrial, autosomal and sex
chromosome-linked markers
By utilizing multiple genetic markers, we were able to
characterize signatures of hybridization among mitochondrial clades and areas of admixture. Overall, we
© 2015 John Wiley & Sons Ltd

found less genetic structure in the nuclear AFLP data
set compared to the mitochondrial data set. This mitonuclear discordance was observed in geographic
regions of contact between divergent mitochondrial
clades A and D in central Botswana and between clades
A and F in central Zambia. These regions of secondary
contact in which introgression was inferred support the
hypothesis that climate change promoted geographic
isolation followed by subsequent population expansion.
Patterns of variation at the Y chromosome marker
describe shared haplotypes at geographic localities of
admixture. Combined patterns are consistent with
expectations under male-biased dispersal, but it should
be noted that the results of demographic analyses also
support an overall geographic expansion of clade A.
Thus, observed patterns of admixture are likely a result
of range expansion coupled with the general mammalian characteristic of males dispersing greater distances than females (see examples in Toews & Brelsford
2012). The X chromosome marker, which displayed
greater haplotypic diversity than the Y chromosome
marker, indicated complex patterns. This increased
diversity, especially for clade A, is consistent with both
influences of a larger effective population size relative
to the Y chromosome, and an increased rate of haplotype origination and retention in the demographically
expanding clade A. Influences of incomplete lineage
sorting are indicated by X haplotypes distributed across
all major geographic regions, a pattern not observed in
the primarily autosomal AFLP data set, nor in the mitochondrial data set. Also, of note is the observation that
mitochondrial clade E displayed distinct Y and X chromosomes and admixed AFLP loci, which may suggest
that patterns of admixture with this region are reduced
with respect to patterns at other sites where admixture
was inferred.

Patterns for other mammalian systems in southern
Africa
Phylogeographic interpretations for southern Africa
mammals have been limited by studies based on
restricted geographic sampling and emphasis on medium to large sized taxa with high dispersal capabilities.
Furthermore, previous studies were often based on single-locus data sets (usually mitochondrial sequences)
from which introgression and other evolutionary
processes could not be inferred. For ungulates living in
savannas, Lorenzen et al. (2012) found a general lack of
phylogenetic structure and low genetic variation
observed in southern populations compared to East
African lineages. However, specific groups including
the giraffe, Giraffa camelopardalis, do exhibit population
genetic structure with three different subspecific forms
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in East Africa and at least three lineages in southern
Africa (Brown et al. 2007; Fennessy et al. 2013). Likewise, various Papio lineages radiated into southern
Africa ~1.8 Ma and share a similarly complex phylogenetic history as G. leucogaster (Zinner et al. 2009). For
example, three mitochondrial clades of Papio come
together in a region of secondary contact along the
Zambezi River basin near the Kafue and Luangwa rivers, suggesting patterns of divergence within this genus
were also influenced by this river system.
Conflicting patterns are also observed for faster evolving species with lower dispersal rates. Phylogeographic
estimation for the most widespread African rodent, the
multimammate mouse, Mastomys natalensis, found little
geographic structure within the southern African mitochondrial haplogroup (Colangelo et al. 2013; haplogroup
IV); however, microsatellite analysis for the same populations indicates the Zambezi and Kafue rivers function
as a strong barrier to gene flow (J. Zima, V. Mazoch, R.

Sumbera
& J. Bryja, in prep). For southern African
savanna-adapted rodents, the genus Rhabdomys exhibits
regional divergence including a distinct phylogenetic
break between South Africa and Zimbabwe, likely the
result of the Limpopo River (Castiglia et al. 2011). Additional mammalian phylogeographic studies restricted to
smaller geographic regions, mainly focused in South
Africa, reveal phylogenetic signals that correspond to
lineage specific affinities to regional biomes (Russo et al.
2010; Edwards et al. 2011). Of particular relevance to our
results, Russo et al. (2010) found that each of the eight
lineages of the Namaqua rock mouse (M. namaquensis)
had a strong association with specific biomes in southern Africa, including distributions that closely match
those of G. leucogaster. For example, M. namaquensis ‘lineage G’ (Russo et al. 2010) is restricted to the Eastern
Kalahari Bushveld (savanna) biome, which is consistent
with the distribution found for G. leucogaster clade D.
These results lend support to the presence of various
ecological affinities in each of the G. leucogaster haplogroups – with haplogroup A and more northern haplogroups inhabiting various savanna–woodland habitats
and the southern AFLP genetic group occurring in more
xeric grassland habitats (see ecoregions in Appendix S1,
Supporting information). Similar findings were reported
in Africa’s most widespread ungulate, the bushbuck,
which has >20 lineages that diverged within the last million years that contain examples of both habitat specialists and generalists (Moodley & Bruford 2007).

Conclusions
Here, we show support for six divergent mitochondrial
lineages across the geographic range of Gerbilliscus

leucogaster that shared a common ancestor within the
last million years. During this time frame, southern
Africa was subject to climate oscillations shifting
between warm-wet and cool-dry periods punctuated
with intervals of extreme drought (i.e. megadroughts).
We found evidence that population size and abiotic
conditions for G. leucogaster were subject to expansion
and contraction that likely coincided with fluctuations
in savanna–woodland habitat during the Late Pleistocene. Additionally, we demonstrate that changes in
the course of the Zambezi River and its tributaries
influenced historic and current distributions for
G. leucogaster. These results and other patterns elucidated herein provide strong evidence for evolutionary
responses operating at different biological and phylogenetic scales, highlighting a complex history for G. leucogaster shaped by climate change, physiogeographic
vicariance and subsequent demographic responses to
such events. While our results indicate greater phylogeographic structure for southern Africa than previous
hypotheses for savanna ungulates, this may be due to
specific habitat/soil requirements for these rodents
compared to larger mammals. Comparative phylogeography using data sets from a variety of taxa with differing life history strategies and habitat requirements will
likely reveal deeper insight into the historical biogeography of the Zambezi region.
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