
Systematics and phylogeography of a threatened tortoise,
the speckled padloper

S. R. Daniels1, M. D. Hofmeyr2, B. T. Henen2 & E. H. W. Baard3

1 Department of Botany and Zoology, University of Stellenbosch, Matieland, South Africa

2 Chelonian Biodiversity and Conservation, Department of Biodiversity and Conservation Biology, University of the Western Cape, Bellville, South

Africa

3 Scientific Services, CapeNature, Stellenbosch, South Africa

Keywords

subspecies; phylogenetics; morphological

plasticity; evolutionary relationships; mtDNA

and nDNA sequencing; conservation.

Correspondence

Savel R. Daniels, Department of Botany and

Zoology, University of Stellenbosch, Private

Bag X1, Matieland 7602, South Africa. Tel:

+27 0218083230; Fax: +27 0218082405

Email: srd@sun.ac.za

Received 18 May 2009; accepted 28

September 2009

doi:10.1111/j.1469-1795.2009.00323.x

Abstract

This study investigated the systematics and phylogeography of a threatened

tortoise of South Africa, the speckled padloper Homopus signatus. Sixty three

specimens were collected from 17 localities that covered the distributional range of

the two subspecies in western South Africa and a north-eastern population that

was recently discovered near Pofadder. The Pofadder sample could not be assigned

to either subspecies based on morphology. The samples were sequenced for two

partial mtDNA fragments, nicotinamide adenine dinucleotide dehydrogenase

component four and cytochrome b, which yielded �1.1 kb, while a subset of the

samples were sequenced for a 390 bp nuclear DNA (nDNA) fragment of prolactin.

Phylogenetic analyses of mtDNA using minimum evolution, maximum parsimony

and Bayesian inferences supported the monophyly ofH. signatus and revealed that

the Pofadder specimen was basal in the topology and sister to the remainder. The

phylogenetic analyses did not support the recognition of two subspecies; there was

statistical support for a Homopus signatus signatus clade but Homopus signatus

cafer was not monophyletic. The nDNA analysis showed no difference between

the subspecies and placed the Pofadder sample distant but not distinct from H. s.

signatus. The mtDNA and the nDNA data suggest that the subspecies are invalid

taxonomic units. The structure of the mtDNA network corresponded to the

geographical distribution of populations. The north-western populations formed

one haplocluster, corresponding to H. s. signatus, whereas the south-western

populations formed three haploclusters, corresponding to H. s. cafer. The

Pofadder sample was unconnected to the network. The morphology of the

northern and southern morphotypes probably reflects selection for crypsis on the

different substrate types of the regions, granites and sedimentary rocks, respec-

tively. These results highlight that subspecies designations should be authenticated

by molecular techniques because morphological plasticity can obfuscate phyloge-

netic relationships. We consider the western H. signatus populations as one

taxonomic unit and recommend wider sampling of the Pofadder locality to clarify

the taxonomic status of this lineage.

Introduction

Globally, a large number of chelonian species are considered

close to extinction, highly endangered or vulnerable in the

wild due to overexploitation, habitat fragmentation and

destruction, or as a consequence of illegal trade (Fritz &

Havaš, 2007; Ives, Spinks & Shaffer, 2008). The conserva-

tion status of terrestrial tortoises (Testudinidae) is particu-

larly dire, with 25 of the 43 extant species (Fritz & Havaš,

2007) listed as Threatened in the 2008 IUCN Red List

(http://www.redlist.org/, accessed 24April 2009). Despite

the fact that the Testudinidae constitutes a small group, the

taxonomic designation of a large number of tortoises

remains uncertain and in flux, hampering effective conserva-

tion within the group.

The application of molecular techniques has improved

biodiversity estimates of chelonians in recent years. Mor-

phology-based taxonomies can underestimate diversity, as

has been shown for cryptic taxa Emys (Emys trinacris, Fritz

et al., 2005a; Emys marmonata, Spinks & Shaffer, 2005) and

Geochelone nigra (Russello et al., 2005). Conversely, several

molecular studies indicated that morphological evaluations

can inflate the taxonomy. Starkey et al. (2003) found that

Chrysemys picta consists of two evolutionary lineages in-

stead of four subspecies, as defined by morphology.
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Similarly, Fritz et al. (2007) found major discrepancies

between morphological and molecular lineages of the Tes-

tudo graeca complex and concluded that morphological

plasticity masks genetic differentiation within this group.

Because biodiversity assessments impact species conserva-

tion and management, it has become important to use

molecular data to clarify species and subspecies boundaries

of chelonians (Starkey et al., 2003; Russello et al., 2007).

Southern Africa contains one of the most diverse tortoise

faunas globally (Branch, 1998); however, the region’s tor-

toises have not been subjected to molecular systematic

studies. Consequently, three dubious subspecies groups are

recognized based on morphological variation (i.e. Homopus

signatus signatus and Homopus signatus cafer; Stigmochelys

pardalis pardalis and Stigmochelys pardalis babcocki; Psam-

mobates tentorius tentorius, Psammobates tentorius verroxii

and Psammobates tentorius trimeni) (Branch, 1998). Re-

cently, a systematic study of all southern African tortoise

taxa was initiated in order to delineate operational taxo-

nomic units, determine systematic diversity and develop

sound conservation management plans for species. In the

present study, we investigate the molecular systematics and

conservation of the smallest tortoise, the speckled padloper

Homopus signatus.

The current IUCN listing of H. signatus as Lower Risk/

Near Threatened (http://www.redlist.org/, accessed 24April

2009) is based on assessments performed in the 1980s. In a

recent conservation assessment of South African reptiles,

H. signatus was listed as vulnerable due to observed popula-

tion reductions, a decline in habitat quality and increased

levels of exploitation (E. H. W. Baard & M. D. Hofmeyr,

pers. comm.). The species has a limited distribution in the

arid, western region of South Africa, where it is associated

with rocky outcrops and mountain ranges (Branch, 1998;

Boycott & Bourquin, 2000). Two subspecies are distin-

guished: a northern subspecies, H. s. signatus, which occurs

in succulent Karoo vegetation in Namaqualand and the

Richtersveld, and a southern subspecies,H. s. cafer, which is

found in fynbos vegetation from Piketberg to Lamberts Bay

in the west and Clanwilliam in the east (Branch, 1998;

Boycott & Bourquin, 2000). Populations on the escarpment

in the Calvinia district are believed to represent intergrades

between the two subspecies (Boycott, 1986; Boycott &

Bourquin, 2000). The north-eastern range of H. signatus

was recently extended when Branch et al. (2007) found an

individual near Pofadder in the Northern Cape. The authors

refrained from assigning the specimen to either subspecies

because its morphology was intermediate between the two

subspecies.

Boycott (1986) examined the species’ morphology and

found that subspecies can be differentiated on colour

pattern, marginal scute serration and carapacial sulcation,

with specimens from the intergrade zone displaying char-

acteristics of both subspecies. However, the reliability of

these distinguishing features is uncertain because male and

female H. s. signatus differ in colour, and colour as well as

scute serration change with body size, or the age of indivi-

duals (Loehr, Henen & Hofmeyr, 2006). Several studies on

chelonians have indicated discrepancies between morpholo-

gical taxonomy and molecular lineages (Ives et al., 2008;

Stuart & Fritz, 2008), leading us to question the current

taxonomy of H. signatus.

Recent climate modelling suggests that the range of H.

signatus will contract and shift by 450% over the next

decades (Erasmus et al., 2002) in response to predicted

aridification of the western region of South Africa (Ruther-

ford et al., 1999). Furthermore, an increase in drought

frequency may impact the fecundity of H. signatus, by

prolonging the time that females require to reach sexual

maturity and reducing their reproductive output (Loehr,

Hofmeyr & Henen, 2007). In light of concerns about the

current conservation status of the species and future threats

to its existence, it became important to clarify the systematic

status of the two H. signatus subspecies in order to aid the

conservation management of the taxon.

Materials and methods

Sample collection

A total of 63 specimens were collected by hand between 2000

and 2008 from 17 localities that encompass most of the

species distribution in the Northern and Western Cape

provinces in South Africa (Fig. 1, Table 1). This included

37 H. s. signatus, 25 H. s. cafer and one indeterminate

specimen from Pofadder. The geographic coordinates of

each sample were recorded in the field, or in a few instances,

estimated from maps. Taking gender, approximate age and

geographic location into consideration, we used the colour

pattern of the shell (primarily speckle size) and the degree of

marginal scute serration to assign each specimen, apart from

the specimen from Pofadder, to a particular subspecies. For

a detailed list of diagnostic subspecies features, consult

Boycott (1986) or Branch (1998). Blood of live tortoises

was collected from either the jugular or the subcarapacial

vein and stored in liquid nitrogen in the field and at �20 1C
in the laboratory, or alternatively, it was diluted with

absolute ethanol in the field and stored at �20 1C in the

laboratory. All live animals were marked, photographed for

a reference collection and released on site. Fresh and dried

carcasses collected in the field were biopsied for bone or

muscle tissue. These tissue samples were stored directly in

absolute ethanol in the field and kept at �20 1C upon return

to the laboratory. In total, 10 samples were obtained from

bone or dried connective tissue; two from fresh muscle tissue

while the remaining 51 samples were blood.

DNA extraction, polymerase chain reaction
(PCR) and sequencing

For a detailed outline of DNA extraction, PCR conditions

and DNA sequencing protocols, see Daniels et al. (2007).

Briefly, DNA extraction and PCR from blood and fresh

muscle tissue samples were performed in the main labora-

tory, whereas DNA from dried tissue and bone, collected

from carcasses, were extracted in an adjacent laboratory
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dedicated to ancient DNA research. Dried tissue was cut

into small pieces before the tissue and bone were submerged

in liquid nitrogen and macerated. The resulting powder was

then subjected to standard DNA extraction. We sequenced

two mtDNA loci, a 405 bp fragment of cytochrome b (cyt b)

and a 791 bp fragment of nicotinamide adenine dinucleotide

dehydrogenase component four (ND4), because these are

the two rapidly evolving mtDNA markers that have been

used in several systematic studies on tortoises (Austin,

Arnold & Bour, 2003; Fritz et al., 2005b; Daniels et al.,

2007; Ives et al., 2008). The primer pairs tRNA-Glu A and J

was used to amply the cyt b fragment, the incorrect primer

pairs were listed in Daniels et al. (2007). We sequenced all

samples for cyt b, because the amplification of the short

fragment from dried samples could be undertaken with ease,

whereas all fresh and selected bone samples were sequenced

for ND4. Because mitochondria are inherited maternally

and mtDNA comprises a single linked locus, we combined

the sequence data from the two loci into a single data matrix

and performed all analyses on the combined dataset and the

haplotypes derived from these results. In addition, we

investigated the utility of the nuclear DNA (nDNA) marker

prolactin, because it is one of the fastest-evolving nDNA

markers described to date. Primer pairs for this locus were

obtained from Townsend et al. (2008). A subset of the

samples representing all mtDNA haplotypes was sequenced

for the nDNA marker.

Phylogenetic analyses

Sequence Navigator (Applied Biosystems, Foster City, CA,

USA) was used to compute a consensus sequence for both

forward and reverse strands. The sequences were aligned in

CLUSTAL X (Thompson et al., 1997) using the default para-

meters of the program. No insertions or deletions were

observed in either of the two protein-coding genes. All

subsequent analyses were performed on the combined

mtDNA. Maximum parsimony (MP), minimum evolution

(ME) and Bayesian approaches were used to estimate the

relationships among haplotypes. Phylogenetic analyses of

the southern African tortoise fauna suggest that Homopus

solus and Homopus boulengeri are sister to H. signatus (M.

D. Hofmeyr & S. R. Daniels, unpubl. data); hence these two

Homopus species were used as outgroups. For MP and ME,

phylogenetic analyses were executed in PAUP�4 version beta

10 (Swofford, 2002). For the MP analyses, trees were gener-

ated using the heuristic search option with tree bisection and

reconnection branch swapping using 1000 random taxon

additions. Phylogenetic confidence in nodes was estimated

by bootstrapping (Felsenstein, 1985), analysing 1000 pseu-

doreplicates of datasets for MP and ME. Bootstrap values

475% were considered statistically well supported. Bayesian

inferences were used to investigate the optimal tree space

using the programMrBayes 3.0b4 (Ronquist & Huelsenbeck,

2003) and the models selected from MODELTEST version 3.06

(Posada & Crandall, 1998). For each analysis, four Markov

chains were run, with each chain starting from a random

tree and run for five million generations, sampling each

chain every 10 000th tree. This process was repeated four

times for each gene fragment to ensure that all consensus

trees converged on the same topology. A 50% majority rule

consensus tree was generated from the trees retained

(after the burn-in trees were discarded – using likelihood

plots) with posterior probabilities (pP) for each node

estimated by the percentage of time the node was recovered.

Posterior probability values 40.95 pP were considered

statistically well supported. Uncorrected (p) sequence

distance values calculated among sample sites were calculated

in PAUP.

Figure 1 Map of localities sampled for Homopus signatus in relation to

major mountain ranges and a broad plain, the Knersvlakte (Kners).

Distribution ranges for Homopus signatus signatus and Homopus

signatus cafer are according to the South African Reptile Conservation

Assessment database. No samples were obtained from the northern-

most populations of H. s. signatus in the Richtersveld. A recently

discovered specimen at Pofadder (17; Branch et al., 2007) could not

be assigned to either subspecies according to the morphological

criteria of Branch (1998). The numbers of the localities correspond to

Table 1: (1) Piekenierskloof Pass, (2) Kriedouwkrans, (3) Clanwilliam,

(4) Rietfontein, (5) Wadrif, (6) Bosduifklip, (7) Papkuilsfontein, (8)

Calvinia, (9) De Lande, (10) Elandsfontein, (11) Komkans, (12) Loer-

iesfontein, (13) Kharkams, (14) Arkoep, (15) Kamieskroon, (16) Spring-

bok and (17) Pofadder.
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Population genetic analyses

A haplotype network was constructed using TCS (Clement,

Posada & Crandall, 2000) with a 95% parsimony probabil-

ity for the combined mtDNA loci, and the nDNA. We

performed an analysis of molecular variation (AMOVA) on

the data using ARLEQUIN version 3.0 (Excoffier, Laval &

Schneider, 2005) to calculate population differentiation over

all localities (FST) and to calculate the degree of genetic

variation between the two subspecies for the mtDNA.

Permutation procedures used 10 000 randomizations to test

for significance. Deviations in neutrality were investigated

with Tajima’s D-test (Tajima, 1989) using ARLEQUIN version

3.0 for each of the two subspecies.

Results

Combined mtDNA topology

The combined mtDNA comprised 405 bp of cyt b, 791 bp of

ND4, yielding a total of 1196 bp for 63 samples. For the

partial cyt b fragment, the substitution model selected using

the Aikake information criterion (AIC) (Akaike, 1973)

criteria was TrN+I (�lnL=834.16, AIC=1678.33). The

base frequencies were A=32.27%, C=25.92%,

G=12.22% and T=29.14%, the rate matrix was R(a)

[A–C]=R(c) [A–T]=R(d) [C–G]=R(f) [G–T]=1.00,

R(b) [A–G]=11.30 and R(e) [C–T]=21.91, while the pro-

portion of invariable sites (I) was 0.65. The substitution

model selected using the AIC criteria for the partial ND4

fragment was TrN+I (�lnL=1880.69, AIC=3771.38).

The base frequencies were A=27.99%, C=12.28%,

G=24.01% and T=35.71%, the rate matrix was R(a)

[A–C]=R(c) [A–T]=R(d) [C–G]=R(f) [G–T]=1.00,

R(b) [A–G]=10.45 and R(e) [C–T]=12.50, while the pro-

portion of invariable sites (I) was 0.56. Both these protein-

coding gene regions were A and T rich, exhibiting a pattern

typical of protein-coding mtDNA loci (Daniels et al., 2007;

Ives et al., 2008; Stuart & Fritz, 2008). The two substitution

models were used during the partition analyses of the com-

bined mtDNA fragment in the Bayesian analysis. All phyloge-

netic analyses (MP, ME and Bayesian inference) produced

congruent tree topologies; hence, we only show the Bayesian

topology. For MP, we retrieved a total of 227 trees, with a

CI=0.89 and RI=0.91 from 72 parsimony informative

characteristics. The analyses provided strong statistical sup-

port (100%/1.00 pP) for the monophyly of H. signatus. The

tree topologies for ingroup samples were characterized by

short internal branches and statistically poorly supported

nodes (o75%/o0.95 pP) (Fig. 2). The H. signatus sample

from Pofadder was basal in the topology and sister to all other

haplotypes. Samples of H. s. signatus were present in a single,

statistically well-supported clade (460%/1.00 pP) and con-

tained individuals from Elandsfontein, Springbok, Arkoep,

Kamieskroon, Kharkams, Loeriesfontein and Komkans.H. s.

cafer samples were not monophyletic, and occurred in a basal

polytomy with poor statistical support (o75%/o0.95 pP).

The basal group comprised samples from Papkuilsfontein,

Bosduifklip, Rietfontein, Clanwilliam and Wadrif, whereas

the second group comprised samples from Papkuilsfontein,

Calvinia and De Lande, sister to samples from Kriedouwk-

rans, Clanwilliam and Piekenierskloof Pass. The mean uncor-

rected sequence divergence between the Pofadder sample and

the two H. signatus subspecies ranged from 1.77 to 2.40% for

ND4, while for cyt b it ranged from 1.97 to 2.46%. Similarly,

the mean uncorrected sequence divergence between the two

subspecies ranged from 0.88 to 1.51% for ND4, and from 0.49

to 0.74% for cyt b.

TCS collapsed the 63 sequences into a network that contained

20 haplotypes (Fig. 3, Table 2). These haplotypes have been

Table 1 List of sampled localities for Homopus signatus

Localities Subspecies GPS coordinates N Tissue type

1) Piekenierskloof Pass Homopus signatus cafer 32.62918 S 18.94535 E 1 Blood

2) Kriedouwkrans H. s. cafer 32.37100 S 18.99033 E 1 Blood

3) Clanwilliam H. s. cafer 32.22071 S 18.92760 E 2 Blood and bone

4) Rietfontein H. s. cafer 32.14411 S 18.52045 E 4 Blood and bone

5) Wadrif H. s. cafer 32.21036 S 18.37919 E 3 Blood

6) Bosduifklip H. s. cafer 32.08660 S 18.35700 E 8 Blood and bone

7) Papkuilsfontein H. s. cafer 31.55983 S 19.19481 E 3 Bone

8) Calvinia H. s. cafer 31.50000 S 19.75000 E 2 Blood

9) De Lande H. s. cafer 31.48434 S 19.20339 E 1 Bone

10) Elandsfontein Homopus signatus signatus 31.29050 S 18.26611 E 2 Blood and bone

11) Komkans H. s. signatus 31.20210 S 18.08157 E 1 Blood

12) Loeriesfontein H. s. signatus 30.91444 S 19.07444 E 2 Muscle tissue

13) Kharkams H. s. signatus 30.35222 S 17.88500 E 5 Blood

14) Arkoep H. s. signatus 30.14948 S 17.93128 E 1 Blood

15) Kamieskroon H. s. signatus 29.83978 S 17.85251 E 2 Blood

16) Springbok H. s. signatus 29.69166 S 17.88333 E 24 Blood

17) Pofadder Homopus signatus 29.08083 S 19.41388 E 1 Muscle tissue

N represents the number of samples collected at each locality. The numbers next to the localities correspond to the locality numbers on the map

(Fig. 1). Subspecies were recognized on the morphological criteria and distribution contained in Branch (1998).
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Komkans 1
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0.86 / NS
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Springbok 1 - 24
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1.00 / 64
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1.00 / 54

55

Khargams 1 - 5

Loeriesfontein 1 - 2
Arkoep 1
Kammieskroon 1 - 2

Wadrif 1 - 3
NS / 52

Bosduifklip 1 - 3 
55

Clanwilliam 2

Bosduifklip 1 - 5 NS / 69 H. s. cafer

Clade 1
Rietfontein 1 - 3

Bosduifklip 6 - 8 

1.00 / 100

100

Rietfontein 2
Papkuilsfontein 2 - 3

Pofadder

- 1 change

H. signatus

Figure 2 A Bayesian topology derived from the

partitioned analyses of the combined mtDNA

data for cytochrome b and nicotinamide

adenine dinucleotide dehydrogenase compo-

nent four of 63 Homopus signatus specimens.

Posterior probability (pP) values for Bayesian

analyses and bootstrap (%) values for mini-

mum evolution (ME) shown above the nodes.

Bootstrap values for maximum parsimony

(MP) are shown below the nodes. The black

circles (�) represent H. s. signatus localities,

open circles (�) represent H. s. cafer and an

open square (&) represents Pofadder. NS

indicates nodes that were not supported.

Numbers after the site names represent speci-

men numbers.

Figure 3 Haplotype network for the combined

mtDNA data of H. s. signatus with the geo-

graphic localities of haploclusters A, B, C and D

shown on the map. Black circles (�) represent

H. signatus (haplotypes 1–8), open circles (�)

represent H. s. cafer (haplotypes 10–20) and an

open square (&) represents Pofadder (haplo-

type 9). Numbers inside each circle correspond

to the haplotypes, while the size of the circle is

an indication of haplotype frequency. Consult

Table 2 for details of the haplotypes’ geo-

graphic distribution.
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deposited in GenBank. The accession numbers for cyt b is GU

139194-GU 139213, while forND4 it is GU 139214-Gu 139233.

The haplotype network revealed that H. s. signatus was

separated from H. s. cafer by a maximum of eight muta-

tional steps (Fig. 3). The Pofadder sample could not be

connected to the main network at either 95 or 90% con-

fidence. H. s. signatus exhibited little genetic variation

(Table 3); eight haplotypes (haplotypes 1–8 – Table 2) were

separated by single mutation steps. In contrast, H. s. cafer

possessed 11 haplotypes (haplotypes 10–20), greater genetic

variation than within H. s. signatus (Table 3), and was

comprised of three haploclusters. Haplocluster D (haplo-

types 10–16) comprised samples from the south-western

region, from Bosduifklip, Clanwilliam, Papkuilsfontein,

Rietfontein and Wadrif, and was separated by six mutation

steps from haplocluster C (Fig. 3). Haplocluster C (haplotypes

17 and 18) contained the southernmost samples (Clanwilliam,

Kriedouwkrans and Piekenierskloof Pass), and was separated

by fourmutation steps from haplocluster B (haplotypes 19 and

20). The latter contained samples from localities further inland

Table 2 List of the haplotype frequencies for each sampled locality of Homopus signatus

Haplotype

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20Localities Subspecies

Springbok H. s. signatus 17 5 2

Kharkams H. s. signatus 5

Kamieskroon H. s. signatus 2

Elandsfontein H. s. signatus 1 1

Arkoep H. s. signatus 1

Komkans H. s. signatus 1

Loeriesfontein H. s. signatus 1 1

Pofadder Homopus signatus 1

Bosduifklip H. s. cafer 1 4 1 1 1

Clanwilliam H. s. cafer 1 1

Wadrif H. s. cafer 3

Papkuilsfontein H. s. cafer 1 1 1

Rietfontein H. s. cafer 1 2 1

Kriedouwkrans H. s. cafer 1

Piekenierskloof Pass H. s. cafer 1

De Lande H. s. cafer 1

Calvinia H. s. cafer 2

Haplotypes 1–8 are present among the H. s. signatus localities, while the remaining haplotypes, except haplotype 9, are present in H. s. cafer.

Table 3 Diversity measures for Homopus signatus

Locality Subspecies N Nh Np h pn

Piekenierskloof Pass H. s. cafer 1 1 N/A N/A N/A

Kriedouwkrans H. s. cafer 1 1 N/A N/A N/A

Clanwilliam H. s. cafer 2 2 2 1.0000� 0.50000 0.010033� 0.010443

Wadrif H. s. cafer 3 1 N/A N/A N/A

Rietfontein H. s. cafer 4 3 3 0.8333� 0.2224 0.001254� 0.001119

Bosduifklip H. s. cafer 8 5 5 0.7857� 0.1508 0.001583� 0.001146

Papkuilsfontein H. s. cafer 3 3 12 1.0000� 0.2722 0.006689� 0.005347

Calvinia H. s. cafer 2 1 N/A N/A N/A

De Lande H. s. cafer 1 1 N/A N/A N/A

Elandsfontein H. s. signatus 2 2 3 1.0000� 0.50000 0.002508� 0.002896

Komkans H. s. signatus 1 1 N/A N/A N/A

Loeriesfontein H. s. signatus 2 2 4 1.0000� 0.50000 0.003344� 0.003739

Kharkams H. s. signatus 5 1 N/A N/A N/A

Arkoep H. s. signatus 1 1 N/A N/A N/A

Kamieskroon H. s. signatus 2 1 N/A N/A N/A

Springbok H. s. signatus 24 3 2 0.4674� 0.1025 0.000421� 0.000413

Pofadder Homopus signatus 1 1 N/A N/A N/A

N, the sample size; Nh, the number of haplotypes; Np, the number of polymorphic sites; h, the haplotype diversity; pn, the nucleotide diversity; N/

A, not applicable.
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on the escarpment, at Papkuilsfontein, DeLande andCalvinia.

These localities have been described by Boycott (1986) as an

intergradation zone of the two subspecies.

AMOVA results over all sampled localities revealed that

80.44% (FST=0.8219, d.f.=15, Va=2.87%, Po0.001) of

the variation occurred among localities, and 19.56% of the

variation occurred within localities (d.f.=46, Vb=0.69,

Po0.001). When we compared the degree of genetic differ-

entiation between the two H. signatus subspecies (excluding

the sample from Pofadder), we detected 57.10% of the

variation between the two groups (d.f.=1, Va=2.65,

Po0.001), 27.88% of the variation among populations

within groups (d.f.=30, Vb=0.398, Po0.001) and

15.01% of the variation within populations (d.f.=46,

Vc=0.69, Po0.001). For H. s. signatus, the mean Tajima’s

D was �0.018, while for H. s. cafer, the mean Tajima’s D

was �0.093. The negative Tajima’s D values suggest either

population size expansion or positive selection.

nDNA (figure not shown)

A 520 bp fragment of the prolactin locus was amplified for

14 of the haplotypes identified in the mtDNA network.

Haplotypes have been submitted to GenBank (accession

numbers are GU 139234-GU 139237). Ambiguities in the

first 60 bp and the last 70 bp were deleted and a 390 bp

fragment was used in the analyses. A TCS network of the 14

sequences revealed four haplotypes. Haplotype 1 (f=9) was

present in samples from Springbok, Loeriesfontein, Wadrif,

Bosduifklip, Kriedouwkrans and Piekenierskloof Pass, hap-

lotype 2 (f=2) comprised samples from Elandsfontein,

Komkans and Calvinia, haplotype 3 comprised of a single

sample from Springbok and haplotype 4 contained the

Pofadder sample and one sample from Springbok (Fig. 1).

The latter haplotype was one unsampled mutation apart

from the central haplotype. These results suggest that no

nDNA genetic differences exist between the two subspecies.

Discussion

Our molecular analysis indicated the monophyly of

H. signatus, with the Pofadder specimen being basal in the

topology and sister to the remaining H. signatus popula-

tions. The morphotype of the Pofadder tortoise could not be

assigned to either of the two subspecies (Branch et al., 2007),

further distinguishing this lineage from the remainder. All

other populations could be assigned to either H. s. signatus

or H. s. cafer subspecies, although there was substantial

morphological variation within regions, as has been shown

by Loehr et al. (2006) for H. s. signatus near Springbok.

The molecular data, however, did not support the division

of H. signatus into two subspecies; H. s. cafer was not

monophyletic and consisted of three haploclusters, with

H. s. signatus nested within this group but monophyletic.

The division of H. signatus into two subspecies is based

on morphology, but the rates of molecular and morpholo-

gical change do not necessarily correspond (Bromham et al.,

2002), and genetic bottlenecks or environmental pressure

can alter the morphology of tortoises within a relatively

short period (Fritz et al., 2005b). Carapace morphology in

tortoises often exhibits large intraspecific variation that

may be influenced by diet, physical environmental condi-

tions (such as the slope and the elevation of the habitat),

pathology and age (Austin et al., 2003; Fritz et al., 2005b;

Ives et al., 2008). Colour variation of the dorsal body surface

has often been interpreted as an adaptation for crypsis

(Rosenblum, 2005), and experimental studies have shown

that substrate matching strongly influences avian predation

rates (Kaufman, 1974; Hoekstra, 2006). Colour polymorph-

ism in reptiles may be caused by genetic variability, for

example, variation in the Mc1r gene (Rosenblum, Hoekstra

& Nachman, 2004), or may be a consequence of an ontoge-

netic change in response to environmental stimuli (Dunn,

1982; Rosenblum, 2005). Fritz et al. (2007) found major

inconsistencies between morphological taxa and mtDNA

clades of the T. graeca complex and reported a strong

correlation between substrate and tortoise colour in some

regions.

Homopus signatus is rupicolous and the shell colour

patterns may relate to camouflage on different rock sub-

strates over the species’ range. Intrusive igneous rock under-

lies the north-western region of South Africa (McCarthy &

Rubidge, 2005), where the coarse speckled pattern of H. s.

signatus blends well with the pattern of granite–gneiss rock

slabs and gravel (Fig. 4a and b). Granite–gneisses also

underlie the substrate at Pofadder (McCarthy & Rubidge,

2005), but too little is known about the ecology of this

population to make inferences about its association with a

particular substrate. South and east of the Knersvlakte and

Olifants River, the substrate changes to sedimentary rocks

(McCarthy & Rubidge, 2005). The fine speckled pattern of

H. s. cafer populations provides an excellent camouflage

against sandstone or shale substrates (Fig. 4c and d). It

seems likely that improved camouflage, particularly against

avian predators, provided a strong selective force for the

divergent colour patterns of H. signatus morphotypes.

South African tortoises are known to face predation from a

wide range of avian predators (Branch, 2008).

The mtDNA haplotype network revealed a close corre-

spondence between haplotypic distribution and geography

(see Fig. 3). The Pofadder sample is geographically isolated

from the main distribution of H. signatus by the vast plains

of Bushmanland, with no known populations connecting

them. This geographic separation is clearly reflected in the

mtDNA structure and to a limited extent in the nDNA

structure. The four haploclusters of the network correspond

to different geographical regions. Haplocluster A (H. s.

signatus) is associated with rocky outcrops and mountain

ranges of the north-west and extends along the Kamiesberg

Mountain to the furthest point east, at Loeriesfontein.

Haplocluster D is present on rocky outcrops along the

south-western coast and extends eastwards along the Oli-

fants River Mountains towards Clanwilliam and north-

wards along the Pakhuis Mountains onto the escarpment

and BokkeveldMountains at Nieuwoudtville (see Figs 1 and

3). Haplocluster C occurs in the south-east, in the southern
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Olifants River Mountains and mountains of the Cederberg,

while haplocluster B is found only on the escarpment, east of

the Bokkeveld Mountains towards the Hantams Mountain

range. We observed sympatric haplotypes (11 and 18) that

belonged to two distinct haploclusters (D and C) in the

PakhuisMountains near Clanwilliam, suggesting a potential

refugial area or recent range expansions of either or both

haploclusters (Figs 1 and 3). The CederbergMountain range

has been suggested to be a refugial area for other reptile

taxa, including angulate tortoises, Chersina angulata (Da-

niels et al., 2007), and the fossorial skink Acontias meleagris

meleagris (Daniels, Heideman & Hendricks, 2009). There

were also sympatric haplotypes (12, 13 and 19) of haploclus-

ters D and B in the Bokkeveld Mountains south of Nieu-

woudtville. It appears that the range of haplocluster D

expanded considerably towards the east. The relatively high

genetic divergence in H. s. cafer is probably attributable to

the topographically heterogeneous nature of the southern

distribution range, where populations are isolated on moun-

tain ranges and separated by low-lying valleys that appear to

restrict gene flow among allopatric populations.

The question now arises as to which biogeographic

factors could have sculpted the genetic divergence within

H. signatus. The Knersvlakte and Olifants River drainage

currently separate the subspecies, but these phylogeographic

breaks date back to the Miocene and the lower Cretaceous/

Tertiary period, respectively (Dingle &Hendey, 1984; Moon

& Dardis, 1988). The relatively small genetic distances

among haploclusters (0.5–1.3%), and between them and

the Pofadder sample (1.8–2.7%), indicate that H. signatus

diverged more recent than in the Miocene, if their mtDNA

mutation rate is similar to that of other chelonians (c. 0.5%

per million years; Caccone et al., 2002). Co-distributed rock-

dwelling vertebrate taxa such as the agamid lizard Agama

atra (Matthee & Flemming, 2002), two gecko genera (Gog-

gia and Pachydactylus – Bauer, 1999; Lamb & Bauer, 2000)

and the elephant shrew species Elephantulus edwardii (Smit,

Robinson & van Vuuren, 2007) all exhibit a phylogeo-

graphic break in the same region. It is likely that recurrent

wet–warm and dry–cold cycles since the late Pliocene

(Partridge, 1997) influenced the genetic structure of rupico-

lous species from this region.

Subspecies designations within H. signatus do not corre-

spond with the mtDNA or nDNA patterns. There is no

subspecies designation for the distinct Pofadder population

and H. s. cafer is not a valid taxon. If H. s. signatus is

recognized as a valid subspecies, the three other haploclus-

ters should receive equal recognition, which would result in

(a)

(c)

(b)

(d)

Figure 4 Colour variants of Homopus signatus

with two Homopus signatus signatus morphs,

respectively, from Springbok (a) and Kamie-

skroon (b) in the north-west and two H. s. cafer

morphs (c, d) from Bosduifklip in the south-

west. The morphotypes were distinguished

mainly by speckle size on the shell, which

camouflage them on granite and sandstone/

shale substrates, respectively, north and south

of the Knersvlakte.
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unwarranted taxonomic inflation. There are strong indica-

tions that selection for crypsis on two different substrate

types explains the existence of two morphotypes in the

western region. These morphotypes do not reflect the

genetic differentiation within the species and we conclude

that the western populations of H. signatus form one

taxonomic unit. We thus recommend that the current

subspecies designations be abandoned, but that more

samples should be collected from the north-eastern popula-

tion (Pofadder) to clarify the taxonomic status of this

population.
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