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Leopard tortoises in southern Africa have greater genetic
diversity in the north than in the south (Testudinidae)
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for the leopard tortoise (Stigmochelys pardalis). It ranges from the Horn of Africa
southward to South Africa and westwards to southern Angola. However, its natural

occurrence is disputed for some southern regions. To clarify the situation, we used
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southern Africa. Our results retrieved five mitochondrial clades; one in the south and
two in the north-west and north-east of southern Africa, respectively, plus two dis-
tributed further north. Using microsatellites, the southern clade matched with a well-
defined southern nuclear cluster, whilst the two northern clades from southern Africa
corresponded to another nuclear cluster with three subclusters. One subcluster had a
western and central distribution, another occurred mostly in the north-east, and the
third in a small eastern region (Maputaland), which forms part of a biodiversity hot-
spot. Genetic diversity was low in the south and high in the north of our study region,
particularly in the north-east. Our results refuted that translocations influenced the
genetic structure of leopard tortoises substantially. We propose that Pleistocene cli-
matic fluctuations caused leopard tortoises to retract to distinct refugia in southern
and northern regions and ascribe the high genetic diversity in the north of southern
Africa to genetic structuring caused by the survival in three refuges and subsequent
admixture, whereas tortoises in the south seem to have survived in only one continu-

ous coastal refuge.
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1 | INTRODUCTION et al., 2010; Trachylepis varia complex, Weinell & Bauer,

2018), underlining the need of more research. Land tortoises

In contrast to mammals, little is known about the phylogeo-
graphic structuring of widely distributed African reptile
species (Barlow et al., 2013), and some putatively widely dis-
tributed species proved to be species complexes (Agama spp.,
Leaché, Wagner, et al., 2014; Hemidactylus fasciatus group,
Leaché, Fujita, Minin, & Bouckaert, 2014; Wagner, Leaché,
& Fujita, 2014; Naja melanoleuca complex, Wiister et al.,
2018; Pelomedusa spp., Petzold et al., 2014; Vargas-Ramirez

(Testudinidae) are in this context of special interest because
all species are considered to be imperilled. In sub-Saharan
Africa, exclusive of Madagascar and smaller islands of the
Indian Ocean, eight tortoise genera with 20 species occur.
This is worldwide the region with the highest tortoise di-
versity. The family Testudinidae is distributed over all con-
tinents except Antarctica and Australia and comprises 18
extant genera and 65 species (TTWG, 2017), which qualifies
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sub-Saharan Africa as a global biodiversity hotspot for tor-
toises. Only few sub-Saharan taxa are widely distributed, and
the species with the largest distribution range is the leopard
tortoise (Stigmochelys pardalis). It occurs from the Horn of
Africa through East Africa to South Africa and ranges from
there inland and north-westwards to Namibia, southern
Angola, Botswana, and southern Zambia. The species is listed
by the IUCN in the threat category Least Concern (TTWG,
2017), even though it has become rare in some regions outside
of reserves and fenced farmland due to human consumption,
trade, frequent fires and electric fences (Baker, Kabigumila,
Leuteritz, Hofmeyr, & Ngwava, 2015; Evans, 1988).

A nearly range-wide mitochondrial phylogeography for
S. pardalis showed that the highest genetic diversity is found
in southern Africa, where five out of seven mitochondrial
lineages were identified (Fritz et al., 2010). This study did
not support the distinctiveness of the long-recognized sub-
species S. p. pardalis and S. p. babcocki, and the two taxa
were synonymized. As far as known, morphological and
genetic variation is decoupled, and considerable body size
differences follow a poorly understood geographic pattern.
The largest tortoises that may exceed 75 cm or even 85 cm
straight shell length occur in the very north and south of the
range, whilst geographically intermediate populations har-
bour much smaller individuals of less than 30 or 40 cm shell
length (Fritz et al., 2010).

The distribution range of S. pardalis excludes large portions
of western and eastern South Africa but appears to be nearly
continuous in the south (Baker et al., 2015). The species’ nat-
ural occurrence in the south-west of South Africa, however, is
controversial. Greig and Burdett (1976) proposed that humans
exterminated leopard tortoises in the south-western coastal re-
gions but Branch, Benn, and Lombard (1995) countered this
hypothesis with evidence that this species does not occur at
archaeological sites in the south-western Cape, even though
remains of another tortoise, Chersina angulata, are common
there. Consequently, a recent South African distribution map
of the species indicated occurrences of S. pardalis in the ex-
treme south-western part South Africa as being introduced
(Hofmeyr, Boycott, & Baard, 2014). The reason why leopard
tortoises appear to be nearly absent in the west of South Africa
may be a consequence of low population densities due to sum-
mer aridity. Branch et al. (1995) speculated that the absence
of S. pardalis in parts of eastern South Africa may be because
they never occurred there, as tortoise bones in general have
low occurrences at archaeological sites in that region.

Another complication in assessing the natural distribution
of S. pardalis is that leopard tortoises are favourite pets, which
do well in captivity (Greig & Burdett, 1976). People frequently
collect the colourful hatchlings and juveniles along roads to
take home, which may be far from the tortoise’s origin. These
captives often escape or are placed in the care of zoos, reptile
parks or conservation agencies when they become large and

unwanted. In the past, conservation agencies released captive
leopard tortoises into nature reserves in the Western Cape
(Greig & Burdett, 1976) and areas within their assumed natural
range in KwaZulu-Natal (Wimberger, Armstrong, & Downs,
2009), contributing to confusion of the species’ natural range.
Ifintroduced tortoises established in these regions, mismatched
phylogeographic patterns and signatures of genetic admixture
would be expected. In this respect, the sampling used by Fritz
et al. (2010) was too patchy for reliable conclusions. In addi-
tion, this investigation was restricted to mitochondrial DNA
(mtDNA), which is inherited only in the maternal line and pro-
vides no direct information about gene flow and admixture.
Thus, denser sampling and biparentally inherited markers are
required to improve understanding of the phylogeographic and
population genetic patterns of S. pardalis.

In the present study, we combined mtDNA sequences
with information from 14 microsatellite loci to elucidate the
following questions: (a) Does the differentiation pattern of
the biparentally inherited microsatellite loci match that of
the maternally inherited mtDNA? (b) Does genetic differen-
tiation of leopard tortoises in southern Africa follow general
phylogeographic paradigms? (c) Does genetic evidence sup-
port the assumption that leopard tortoises from parts of their
range in South Africa are introduced?

2 | MATERIAL AND METHODS

2.1 | Sampling

Blood, saliva or tissue samples of 204 leopard tortoises were ex-
amined (Supporting Information Table S1), including data for 43
tortoises from a previous study (Fritz et al., 2010). Of the latter,
microsatellite data were generated, if samples were still avail-
able. One sample from Springbok, South Africa, used by Fritz et
al. (2010) turned out to be erroneously associated with another
mtDNA sequence. This sample was resequenced, and the correct
cyt b sequence was combined with its microsatellite data. Most
samples were stored in ethanol at —80°C until processing. Some
blood samples were preserved on FTA classic cards (Whatman,
GE Healthcare, Munich, Germany) at room temperature.
Fieldwork and sampling in South Africa were permit-
ted by the Limpopo Provincial Government (permit ZA/
Lp/80202), Ezemvelo KwaZulu-Natal Wildlife (permit OP
139/2017), CapeNature (permit AAA007-00212-0056), the
Department of Environmental Affairs, Eastern Cape (permit
CRO117/13C & CRO 118/13CR), and Biodiversity Northern
Cape Province (permit 245/2015). Fieldwork and sampling
in Namibia were permitted by the Ministry of Environment
and Tourism (permit 1910/2014). Tortoises were hand-col-
lected, and blood and tissue samples (scale clippings) were
taken as approved by the Ethics Committee of the University
of the Western Cape under ethical clearance number
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Total DNA was isolated using the InnuPrep DNA Mini Kit
for tissues and the InnuPrep Blood DNA Mini Kit for blood
samples (both kits: Analytik Jena AG, Jena, Germany). DNA
from blood on FTA cards was extracted using the illustra tis-
sue & cells genomicPrep Mini Spin Kit (GE Healthcare) fol-
lowing the protocol for genomic DNA from animal tissue.

Since no specific primers for microsatellite loci for S. par-
dalis have been characterized yet, 54 primers developed for
other turtle species were tested (Supporting Information
Table S2). PCRs were run using the cycling conditions from
Supporting Information Table S3 and a reaction volume of
10 pl containing 10-20 ng of total DNA, 0.5 units of Tag
polymerase (Bioron GmbH, Ludwigshafen, Germany), the
buffer recommended by the supplier (without MgCl,, 10x),
1.5 mM MgCl, (Bioron), 0.2 mM of each dNTP (Roth,
Karlsruhe, Germany), 2 ug Bovine Serum Albumin (BSA;
Thermo Fisher Scientific Inc., Washington, MA, USA) and
0.3 uM of each primer. In case of amplification, the presence
of the microsatellites was confirmed by sequencing the PCR
products with unlabelled primers in both directions. Then,
three multiplex PCRs and seven single-locus PCRs were per-
formed using a reaction volume of 10 pl containing 10-20 ng
of total DNA, 0.5 units of Taqg polymerase (Bioron), the
buffer recommended by the supplier (without MgCl,, 10x),
2.0 mM MgCl, (Bioron), 0.2 mM of each dNTP (Roth) and
2 ug BSA. Each multiplex PCR comprised a specific set of
primers at a specific concentration (Supporting Information
Table S4). Thermocycling conditions are summarized in
Supporting Information Table S5. Fragment lengths were
determined using an ABI 3730 DNA Analyzer. For this pur-
pose, 1 ul of the PCR product was diluted in 99 pl of dou-
ble-distilled water; 1 ul of this dilution was mixed with 8.5 ul
Hi-Di Formamide (Applied Biosystems, Life Technologies
Corporation, Carlsbad, CA, USA), 0.25ul double-dis-
tilled water and 0.25 ul GeneScan-600 LIZ Size Standard
(Applied Biosystems). The software PEAK SCANNER 1.0 (Life
Technologies) was used for scoring fragment lengths. Null
allele frequencies for the microsatellite loci were examined
using MICRO-CHECKER 2.2.3 (van Oosterhout, Hutchinson,
Wills, & Shipley, 2004). Furthermore, the presence of Hardy—
Weinberg equilibrium and linkage equilibrium was examined
using ARLEQUIN 3.5.2.1 (Excoffier & Lischer, 2010), result-
ing in the selection of 14 loci at which 177 samples could be
genotyped.

In addition, the mitochondrial cytochrome b (cyt b) gene,
known to be phylogeographically informative for S. pardalis
(Fritz et al., 2010), was amplified using the specific prim-
ers for S. pardalis from Fritz et al. (2010). PCR conditions

DNA extraction, PCR and sequencing
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were initial denaturation at 95°C for 5 min, 35 cycles with
denaturation at 95°C for 45 s, annealing for 45 s at 58°C and
extension at 72°C for 90 s, with final extension at 72°C for
10 min. A total reaction volume of 25 ul contained 1.25 units
Tag polymerase (Bioron), the recommended reaction buffer
(complete 10x) containing MgCl,, 0.2 mM of each dNTP
(Roth), 0.4 uM of each primer, 2 ug BSA and 20-40 ng of
DNA. PCR products were purified using the ExoSAP-IT
PCR Product Cleanup Reagent (Applied Biosystems; 1:20
dilution; modified protocol: 30 min at 37°C, 15 min at
80°C). For sequencing the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) with the primers mt-c-
For2/mt-E-Rev2 (Fritz et al., 2006) was used. After an ini-
tial denaturation at 96°C for 1 min, 25 cycles were run with
denaturing at 96°C for 10 s, annealing at 50°C for 5 s and
elongation at 60°C for 75 s. Cycle sequencing reaction prod-
ucts were purified using the Performa DTR V3 96-Well Short
Plate (Edge Biosystems, Gaithersburg, MD, USA), with each
well filled with 400 ul Sephadex™ (GE Healthcare; 1:20
solution). Sequences were resolved on an ABI 3730 DNA
Analyzer (Applied Biosystems). In total, 152 cyt b sequences
of 1,136 bp length were obtained.

2.3 | Data processing

2.3.1 | Microsatellites

Microsatellite data of the 177 leopard tortoises were ana-
lysed using the unsupervised Bayesian clustering approach of
STRUCTURE 2.3.4 (Hubisz, Falush, Stephens, & Pritchard, 2009;
Pritchard, Stephens, & Donnelly, 2000), applying the admixture
model and correlated allele frequencies. STRUCTURE searches in
the data set for partitions which are, as far as possible, in Hardy—
Weinberg equilibrium and linkage equilibrium. Unsupervised
analyses were chosen because this approach clusters samples
strictly according to their genetic information, without any pre-
sumptions about population structuring (e.g., geographic dis-
tances, sampling sites). All calculations were run for K = 1-10,
and the most likely number of clusters (K) was determined using
the AK method (Evanno, Regnaut, & Goudet, 2005) as imple-
mented in the software STRUCTURE HARVESTER (Earl & vonHoldt,
2012) and mean Ln probabilities. Calculations were repeated 10
times for each K using a MCMC chain of 750,000 generations for
each run, including a burn-in of 250,000 generations. Population
structuring and individual admixture were then visualized using
piSTRUCT 1.1 (Rosenberg, 2004). Individuals with a membership
proportion below 80% were treated as having admixed ances-
tries (Barilani et al., 2007; Randi, 2008). STRUCTURE is known to
be prone to bias from uneven sample sizes (Puechmaille, 2016)
and to detect typically only the uppermost hierarchical level
of population differentiation (Evanno et al., 2005). Therefore,
STRUCTURE Wwas also run for subsamples corresponding to clus-
ters identified in the run for the entire data set, but with admixed
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individuals (Supporting Information Table S1) excluded. In ad-
dition, Principal Component Analyses (PCAs) were run to ex-
amine population structuring using microsatellite data and the R
package ADEGENET (Jombart, 2008) for R 3.2.3. The advantage
of PCAs is that they are less sensitive to sample size bias and
not dependent on population genetic assumptions (Puechmaille,
2016). Four distinct PCAs were executed. In the first analysis,
all 177 individuals were included, and symbols were coloured
after STRUCTURE clusters. The second PCA used only those 168
individuals for which mitochondrial haplotypes were known;
symbols were coloured according to mitochondrial clades. The
third PCA included only the tortoises from the northern sTrRuc-
TURE cluster (80 individuals), with symbols coloured according
to STRUCTURE clusters. The fourth PCA comprised only those 74
individuals from the northern STRUCTURE cluster with mtDNA
information available; symbols were coloured according to the
mitochondrial clades (Supporting Information Table S1).

2.3.2 | Mitochondrial DNA

The 152 new cyt b sequences were aligned with 43 previ-
ously published sequences (Fritz et al., 2010; Supporting
Information Table S1) using BioEDIT 7.0.9.0 (Hall, 1999).
For phylogenetic analyses, individual sequences were
collapsed into haplotypes using poparRT (https://popart.
otago.ac.nz). Psammobates tentorius (GenBank acces-
sion number DQ497318), Chersina angulata (DQ497292),
Chersobius boulengeri (DQ497308) and Chersobius signa-
tus (DQ497309) served as the outgroups. Evolutionary re-
lationships were inferred using Maximum Likelihood and
Bayesian approaches. PARTITIONFINDER 2 (Lanfear, Frandsen,
Wright, Senfeld, & Calcott, 2016), and the implemented
Bayesian Information Criterion were used to determine the
best partitioning scheme and the model of sequence evolu-
tion. According to the results of PARTITIONFINDER 2, Maximum
Likelihood calculations were conducted with RAXML 7.2.8
(Stamatakis, 2006) using the GTR+G model and an unpar-
titioned data set. Five independent searches were performed
using different starting conditions and the fast bootstrap
algorithm to explore the robustness of the results by com-
paring the best trees. Then, 1,000 non-parametric thorough
bootstrap replicates were calculated and plotted against the
best tree. Bayesian analysis was performed using MRBAYES
3.2.1 (Ronquist et al., 2012) with two parallel runs (each
with four chains) and default parameters using the same sub-
stitution model and an unpartitioned alignment. The chains
ran for 10 million generations with every 100th generation
sampled. Calculation parameters were analysed using the
software TRACER 1.6 (Rambaut, Suchard, Xie, & Drummond,
2014) and a burn-in of 2.5 million generations to assure that
both runs converged. Subsequently, only the plateau of the
most likely trees was sampled using the same burn-in, and a
50% majority rule consensus tree was generated. In addition,

a parsimony network was calculated using poparT (https://
popart.otago.ac.nz). For accession numbers of newly identi-
fied haplotypes, see Supporting Information Table S1.

2.3.3 | Diversity within and divergence
among population clusters

Diversity and divergence parameters were estimated for
population clusters revealed by STRUCTURE analyses. For
doing so, a frequency table for microsatellite alleles was
produced in convERT 1.31 (Glaubitz, 2004). ARLEQUIN 3.5.2.1
was used to infer locus-specific observed (H) and expected
heterozygosities (Hg) and for performing AMOVAs (10,000
permutations) for microsatellite and mtDNA data of clusters
identified by sTRUCTURE analyses and PCAs. FSTAT 2.9.3.2
(Goudet, 1995) was used for computing values for locus-spe-
cific allelic richness.

3 | RESULTS

3.1 | Population structuring

STRUCTURE analyses using all samples (n = 177) revealed two
clusters, one corresponding to southern collection sites and the
other to more northerly sites. In a few, mainly geographically in-
termediate sites, admixed tortoises were recorded as well as tor-
toises of the two clusters together or in close proximity (Figure
1). The southern cluster (Figure 1a, red) corresponded largely to
one mitochondrial lineage (Figure 1a, red), whilst the northern
cluster comprised tortoises harbouring mainly haplotypes of two
other mitochondrial lineages (Figure 1a, blue and orange).

The mitochondrial lineages red, blue and orange repre-
sented distinct clades in phylogenetic analyses (Supporting
Information Figure S1) and distinct haplotype clusters in par-
simony network calculations (Supporting Information Figure
S2). These lineages were already described by Fritz et al. (2010)
under other names. The red lineage corresponded to clade III,
the blue lineage to clades VI and VII, and the orange lineage
to clades IV and V of Fritz et al. (2010). Clades VI and VII, as
well as clades IV and 'V, differed only from one another when
additional mitochondrial genes were used for calculations.

Additional STRUCTURE runs for each of the two clusters with
admixed individuals excluded revealed K = 1 as best solution for
the southern cluster and K = 3 for the northern cluster (Figure
2 and Supporting Information Figure S3). For the northern sub-
set, one of the clusters (Figure 2a: N1) corresponded to samples
from Namibia and the Northern Cape; a few samples assigned
to this cluster came also from the Free State and KwaZulu-
Natal (Figure 2b). The other two clusters were represented by
samples from the centre and north-east of South Africa and ad-
jacent Mozambique (Figure 2b: N2 and N3). About one-third
of the tortoises in these regions had admixed ancestries, and the
clusters were not fully consistent with mitochondrial lineages
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FIGURE 1 (a) Genotypic structuring of 177 leopard tortoises (Stigmochelys pardalis) from 49 sites as inferred by STRUCTURE using 14

microsatellite loci (run with best probability value shown). Individuals are arranged from west to east (Supporting Information Table S1). Distinct

clusters are colour-coded; white = missing data. Within each cluster, an individual is represented by a vertical segment that reflects its ancestry.

Mixed ancestries are indicated by differently coloured sectors corresponding to inferred genetic percentages of the respective cluster. The

mitochondrial clade of each sample is shown above the sTRUCTURE diagrams (red, orange, blue; white = missing data). (b) Distribution range of

S. pardalis (according to Baker et al., 2015; shaded in grey) and lumped sampling sites. Inset shows whole range (black). Colours of sampling sites

correspond to STRUCTURE clusters. Symbol sizes indicate sample sizes; slices (percentages) represent turtles with mixed ancestries or conflicting

cluster assignment. Individual sampling sites are arbitrarily spread to show percentages; for original locations see Supporting Information Table S1.

The arrow highlights Ballito Game Reserve, South Africa [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 2a). Whilst cluster N1, with considerable admixture
mainly with cluster N2, matched quite well with the “blue mito-
chondrial lineage,” most tortoises of clusters N2 and N3 shared
the same mitochondrial lineage (“orange”). In addition, a few
individuals showed mismatched mitochondrial haplotypes.
Principal Component Analyses (Figure 3) supported the
results of the STRUCTURE runs and the near absence of nuclear
genomic admixture between northern and southern leop-
ard tortoises, but indicated massive admixture among the
three clusters of the northern subset. In addition, as when

mitochondrial haplotypes were compared to STRUCTURE re-
sults (Figures 1 and 2), mismatches between mitochondrial
lineages and nuclear genomic clusters were evident mainly
for the northern subset (Figure 3).

3.2 | Diversity within and divergence
between STRUCTURE clusters

In agreement with its nuclear genomic and mitochondrial
substructuring (Figures 1 and 2), genetic diversity was higher
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in the northern than in the southern cluster (Table 1). With and nucleotide diversities. For microsatellites, the average
a comparable sample size, the northern cluster had signifi- number of alleles per locus (nz = 15.3) was almost twice
cantly more mitochondrial haplotypes and higher haplotype as high as for the southern cluster (nz = 8.3). The northern
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FIGURE 2 (a) Genotypic structuring of the two subsets (northern and southern clusters; admixed individuals excluded) as inferred by
STRUCTURE. The runs with the best probability values are shown. Individuals are arranged from west to east (Supporting Information Table S1).
Distinct clusters are colour-coded; white = missing data. Within each cluster, an individual is represented by a vertical segment that reflects its
ancestry. Mixed ancestries are indicated by differently coloured sectors corresponding to inferred genetic percentages of the respective cluster. The
mitochondrial clade of each sample is shown above the sTRUCTURE diagrams (red, orange, blue; white = missing data). Colours of lumped sampling
sites in the map (b) correspond to the southern cluster and the three northern subclusters. Symbol sizes indicate sample sizes, slices, percentages
of turtles with mixed ancestries or conflicting cluster assignment. Individual sampling sites are arbitrarily spread to show percentages; for original
locations see Supporting Information Table S1. The arrow highlights Ballito Game Reserve, South Africa. The superimposed red symbol indicates
that this sample was used in another sTRUCTURE run (for the southern cluster) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Top: Principal Component Analyses (PCAs) using microsatellite data of (a) 177 leopard tortoises (all samples) and (b) 80
tortoises of the northern cluster coloured according to STRUCTURE results. Bottom: PCAs using microsatellite data of (c) 168 tortoises (all samples

with mtDNA data) and (d) 74 individuals of the northern cluster coloured according to mitochondrial clades (red, orange and blue). For (a), axes
1-3 explain 5.23%, 2.76% and 2.54%; for (b), 3.79%, 3.22% and 3.05%; for (c), 5.42%, 2.94% and 2.70%; and for (d), 4.09%, 3.44% and 3.22% of
variance, respectively. Ovals indicate 95% confidence intervals [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Genetic diversity of sTRUCTURE clusters with admixed individuals excluded
Microsatellites mtDNA
Cluster n ny nx np AR H, Hy, n Ryt Hpur h n
North 80 214 153 109 15.20 0.718 0.797 74 29 27 0.907 9.782
South 92 116 8.3 11 8.07 0.549 0.611 89 14 12 0.688 2.269
N1 21 117 8.4 18 7.20 0.701 0.777 21 9 8 0.876 8.371
N2 24 170 12.1 55 9.43 0.737 0.806 19 13 10 0.930 4.164
N3 12 95 6.8 10 6.79 0.685 0.721 12 5 2 0.576 0.667

Note. AR, allelic richness; h, haplotype diversity; Hg, average expected heterozygosity; Hg, average observed heterozygosity; n, number of individuals; nz, average

number of alleles per locus; n, number of alleles; nyr, number of haplotypes per cluster; np, number of private alleles; n,yy, number of private haplotypes per cluster; 7,

nucleotide diversity.

cluster had nearly 10x more private alleles (np = 109) than the
southern cluster (np = 11). The same general pattern was also
reflected by the observed heterozygosity, with Hy = 0.718 in
the northern cluster and Hp = 0.549 in the southern cluster.
Sample sizes of two clusters from the northern subset
(Table 1; N1 and N2) were similar. Even though cluster N3
was represented by only approximately half the number of
individuals, its diversity resembled for microsatellites clus-
ter N1. The highest genetic diversity was found for N2.

With an average of 12.1 alleles per locus, it had almost dou-
ble the number of alleles per locus compared to cluster N3
(ngz = 6.8). N2 also had the highest number of private alleles
(np = 55) compared to N1 (np = 18) and N3 (np = 10).

The northern and southern clusters differed by an Fgr
value of 0.176 for microsatellites (p < 0.05), whilst subclus-
ters N1-N3 within the northern cluster differed by substan-
tially lower Fgr values, ranging from 0.034 to 0.096 (Table
2). Accordingly, an AMOVA for the northern and southern
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clusters for microsatellites revealed that 17.59% of the mo-
lecular variance occurred between the clusters and 82.41%
within the clusters. For mtDNA a much stronger divergence
was revealed for the clusters, with 72.92% molecular vari-
ance between and 27.08% within the clusters. For microsat-
ellite data of the three northern subclusters (N1-N3), 5.22%
of the molecular variance occurred between the subclusters
and 94.78% within the subclusters. For mtDNA, the respec-
tive values were 53.80% (between subclusters) and 46.20%
(within subclusters).

4 | DISCUSSION

Using microsatellite and mitochondrial markers combined,
we revealed a pronounced north—south differentiation in
southern African leopard tortoises (Figure 1), with a clear
substructure in the north of the study area, but not in the south
(Figure 2). When the two marker systems are compared, a
largely concordant pattern is found for the southern cluster,
with one mitochondrial lineage (red) corresponding to the
southern microsatellite cluster (Figures 1-3). In contrast,
the northern microsatellite cluster embraces two distinct
mitochondrial lineages (orange, blue), with some admixed
tortoises, or tortoises with mismatched mitochondrial hap-
lotypes, or conflicting genotypic identity. This indicates ei-
ther natural dispersal and gene flow or translocated tortoises.
The latter is most likely true for the Ballito Game Reserve
in KwaZulu-Natal, close to the city of Durban. We recorded
there, besides leopard tortoises with unexpected genetic iden-
tity (southern cluster, blue and red mtDNA lineages; Figures
1 and 2, Supporting Information Figure S2), also one evi-
dently non-native tortoise species (Chersina angulata) that
must have been released there. Apart from Ballito Game
Reserve, translocation cannot be excluded for some other re-
cords of tortoises of mismatched genetic identity. However,
in general, our data do not suggest that the genetic structure
of S. pardalis has been much altered by human activity, par-
ticularly in the southern and western populations. Moreover,
we found no evidence for populations introduced to regions
where no leopard tortoises occurred before. In such non-na-
tive populations, a high degree of nuclear genomic admix-
ture and conflicting syntopic mitochondrial lineages would

TABLE 2 Fixation indices (Fgy values) for the subclusters of the
northern cluster. Values above the diagonal are for mtDNA; below

diagonal, microsatellite data

N1 N2 N3
N1 — 0.062" 0.184"
N2 0.034" — 0.067
N3 0.096" 0.044" —

"p < 0.05.

be expected, given that the founders originated from differ-
ent source populations. Also, mismatched genetic identities
compared to neighbouring native populations can indicate
introduction. However, such disturbances were rather rare
and largely restricted to single individuals. In general, and
contrary to expectations, we found a geographically consist-
ent pattern that makes sense in light of the biology of leopard
tortoises and matches the phylogeographic patterns of at least
some other species.

Several studies have shown that leopard tortoises move
long distances, facilitating exchange among distinct popula-
tions. Leopard tortoises generally have large home ranges,
especially in arid environments (up to 205 ha, Nama Karoo,
McMaster & Downs, 2006), whereas home ranges in more
mesic environments are smaller (13.5-160 ha, Bertram,
1979; Hailey & Coulson, 1996; Monadjem, McCleery, &
Collier, 2013). It seems that females move larger distances
than males, at least in some seasons (McMaster & Downs,
2006), irrespective of humidity. Hence, gene flow should be
more female mediated with a somewhat wider spread of mi-
tochondrial lineages compared to nuclear genomic differen-
tiation patterns.

Accordingly, we expected that microsatellite analyses
should reveal a more intricate differentiation pattern than
those for maternally inherited mtDNA. This is the case in
the northern part of our study region, where microsatellites
identify three weakly differentiated subclusters (N1-N3;
Figures 2 and 3) corresponding to only two mitochondrial
lineages. However, this conclusion must be treated with cau-
tion because the two mitochondrial lineages diverge into
four when additional genes are used for phylogenetic and
network calculations (Fritz et al., 2010). Nevertheless, one
of the three nuclear subclusters (N3) is confined to a small
area at the border of South Africa (KwaZulu-Natal) and
Mozambique. The same region also has an endemic snake
species (Xenocalamus transvaalensis, Portillo et al., 2018),
several endemic dwarf chameleon species (Bradypodion
spp., Tilbury & Tolley, 2009) and an endemic mitochon-
drial clade of the helmeted terrapin (Pelomedusa galeata
subclade Ib, Vamberger, Hofmeyr, Thlow, & Fritz, 2018),
suggesting high biogeographic differentiation. In fact, this re-
gion (Maputaland) together with two more southern regions
constitutes the Maputaland-Pondoland-Albany hotspot, char-
acterized by high plant and vertebrate endemism (Perera,
Ratnayake-Perera, & Proches, 2011). Since Maputaland
is relatively mesic compared to other parts of the range of
S. pardalis, tortoises probably move shorter distances, which
likely supports some divergence.

The weakest differentiation was found in the southern part
of our study area, which comprises relatively mesic (Fynbos,
Albany Thicket) and semi-arid habitats (Succulent and Nama
Karoo). The tortoises from south-western South Africa also
belong to this cluster, indicating that they are either native,

85U8017 SUOWILLIOD A1) 8]qe! [dde au A peuienob aJe sl YO ‘@SN Jo Sa|nJ o} Akeid18U1|UO /8|1 UO (SUONIPUOD-PUB-SW.B)W0D" A8 | 1M Afe.d 1 |BulUO//:SANL) SUORIPUOD pue swie 1 8y} 89S *[220z/0T/L2] Uo Ariq178UllUO A8|IM ‘UoIeassy [eoIps I LUed LY Linos Aq 82621 352Z/TTTT OT/I0pAW0D A8 | Ake.q 1 jpuljuo//sdny wouy papeojumod ‘T ‘6T0Z ‘60v99rT



SPITZWEG ET AL.

o WILEY-L*

Zoologica Scripta

expanded their ranges recently, or have been introduced from
nearby southern sites. Both the second and third possibilities
are feasible, because this species does not occur at archaeo-
logical sites of the region (Branch et al., 1995).

It is likely that past climatic fluctuations contributed to
current genetic diversity of S. pardalis. Barlow et al. (2013)
and Vamberger et al. (2018) have shown that ranges and ge-
netic differentiation of two co-distributed species, the puff
adder (Bitis arietans) and the helmeted terrapin (Pelomedusa
galeata), have been strongly influenced by Pleistocene cli-
mate fluctuations. For both species inland regions of South
Africa became temporarily inhospitable, whilst coastal and
more northerly areas remained habitable, supporting the di-
vergence of northern and southern lineages. This matches
well with the pattern in leopard tortoises and suggests the
survival of leopard tortoises in three refugial patches whilst
in the south the tortoises survived most likely in a continuous
coastal refuge, explaining the greater diversity and subse-
quent admixture in the north. In this context, the occurrence
of genetic lineages in the Maputaland refuge that represent
different stages of divergence, from conspecific lineages to
distinct species, is not surprising. It is a commonplace that
lineages of different age co-occur in many regions of the
world. When such communities are forced to retreat into the
same refugia, some lineages will be lost but the remaining
will necessarily reflect a subset of the different scales of dif-
ferentiation present before, and for some previously widely
distributed lineages the divergence process will start only in
the new allopatric situation. A suchlike multifaceted pattern
is, for instance, also known for the classical glacial refugia of
the Western Palearctic, where old genetic lineages survived
that existed already long before the Ice Age and where young
endemic lineages of different age evolved during the individ-
ual Pleistocene glaciations (Hewitt, 2000; Joger et al., 2007).

The genetic complexity of northern leopard tortoises
compared to a relatively uniform southern lineage resembles
the phylogeographic pattern of the rock skink Trachylepis
sulcata, for which a southwards directed range expansion
was inferred (Portik, Bauer, & Jackman, 2011). Even when
the underlying causes for the observed similarities may differ,
this situation underlines that more studies on the phylogeog-
raphy of southern African reptiles are needed for revealing
general paradigms. Further research is also needed to under-
stand how the genetic clusters of S. pardalis correlate with
morphology. The southern cluster corresponds to the larg-
est leopard tortoises in our study area, which may reach up
to 75 cm straight carapace length (Fritz et al., 2010), whilst
the northern cluster comprises medium-sized tortoises of
<40 cm (based on data for 13 adult individuals from Lapalala
and Mookgophong, Limpopo, South Africa, M. Vamberger
unpubl., and six adult tortoises from Congella farm, Namibia,
Fritz et al., 2010). Interestingly, Fritz et al. (2012) found in
the South American Chaco tortoise (Chelonoidis chilensis)

a similar pattern of genetically relatively poor and large tor-
toises in the south. Asin S. pardalis, genetically more diverse,
small Chaco tortoises occur in the north of the range of this
species. Fritz et al. (2012) suggested that the genetic pattern
in C. chilensis matches, but is inverse to the phylogeographic
paradigm of “southern genetic richness” of the northern
hemisphere (Hewitt, 2000). Without correlating the observed
size variation with genetic patterns, Werner, Koroloker, Sion,
and Gogmen (2016) described similar size variation also
for the western Palaearctic spur-thighed tortoise (7estudo
graeca). Werner et al. (2016) concluded that this, and most
likely other, tortoise species follow Bergmann’s rule in that
size increases with latitude, in line with the assumption that
geographic size variation of chelonians follows generally
Bergmann’s rule (Ashton & Feldman, 2003). Yet, attributing
size variation of leopard tortoises to Bergmann’s rule alone
is too simplistic. In Somalia and Ethiopia, close to the equa-
tor, gigantic leopard tortoises occur that may even exceed the
large-sized South African S. pardalis (Fritz et al., 2010), con-
tradicting a size increase with latitude. Also, the results of
Joos et al. (2017) for size variation in the widely distributed
European pond turtle (Emys orbicularis) question the role of
Bergmann’s rule for chelonians.

With respect to genetic diversity, we lack sufficient data
from northern central South Africa and beyond, in particular
from more northerly regions. Thus, we currently cannot draw
any conclusion how genetic diversity might correlate there
with size variation. Future research should focus on disentan-
gling the impact of genetic and environmental factors, such
as aridity, seasonality and food availability, that are likely to
have shaped together both morphological and genetic varia-
tion in leopard tortoises.

S | CONCLUSIONS

Our study has provided evidence that on a large scale the dif-
ferentiation patterns of mitochondrial and nuclear genomic
markers (mtDNA, microsatellites) are consistent for leopard
tortoises and reflect a natural pattern with little human distur-
bance. Phylogeographic differentiation seems to follow gen-
eral paradigms, with distinct southern and northern population
clusters, a pattern emerging also in other species (Bitis arietans,
Barlow et al., 2013; Pelomedusa galeata, Vamberger et al.,
2018; Trachylepis sulcata, Portik et al., 2011). Furthermore,
the distribution of leopard tortoises of one northern subclus-
ter (N3) matches the distribution ranges of an endemic snake
species (Xenocalamus transvaalensis, Portillo et al., 2018),
several endemic dwarf chameleon species (Bradypodion spp.,
Tilbury & Tolley, 2009) and a genetic lineage of the helmeted
terrapin (P. galeata, Vamberger et al., 2018). With an increas-
ing number of species studied genetically, more cases are ex-
pected to be reported. The conservation status of subcluster
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N3 needs further investigation because its range (northern
KwaZulu-Natal; most likely eastern Swaziland) shows exces-
sive and continuous degradation over the past 20-30 years
(Jewitt, Goodman, Erasmus, O’Connor, & Witkowski, 2015;
Schoeman, Newby, Thompson, & Berg, 2013). Further re-
search is also warranted for a better understanding of the cor-
relations of body size variation and genetic structuring. For
nature conservation, our microsatellite data offer the opportu-
nity to assign abandoned S. pardalis to source regions, which
will help avoiding genetic pollution by releasing tortoises of
mismatched genetic identity.
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