
 
 

 

Phylogeography of the Cape girdled lizard,  

 

Cordylus cordylus: investigating biogeographic  

 

patterning in the Cape floristic region (CFR) 
 

  

 

by  
 

 

 

Genevieve Diedericks 

December 2013  

Thesis presented in fulfilment of the requirements for the degree of 

Master of Science in the Faculty of Science 

 

at  
 

Stellenbosch University 

Supervisor: Prof. Savel R. Daniels 

 

Department of Botany and Zoology 

 



i | P a g e  

 

DDeeccllaarraattiioonn  

By submitting this thesis electronically, I declare that the entirety of the work 

contained therein is my own, original work, that I am the sole author thereof (save to 

the extent explicitly otherwise stated), that reproduction and publication thereof by 

Stellenbosch University will not infringe any third party rights and that I have not 

previously in its entirety or in part submitted it for obtaining any qualification. 

 

 

 

 

December 2013 

 

 

 

 

 

 

 

 

Copyright © 2013 Stellenbosch University 

 

All rights reserved 

Stellenbosch University  http://scholar.sun.ac.za



ii | P a g e  

 

AAbbssttrraacctt 

In the present study I examined the phylogeography of the rupicolous Cape 

girdled lizard, Cordylus cordylus. Samples were collected across the species 

distribution range from 63 localities in the Eastern and Western Cape and Free State 

provinces of South Africa, yielding a total sample size of 207 specimens. Four DNA 

loci, two nuclear (PRLR, PTPN12) and two mitochondrial (16S rRNA, ND2), were 

sequenced. Bayesian inference, maximum likelihood and maximum parsimony 

methods were employed to test evolutionary relationships among populations, 

followed by population structure analyses, divergence time estimations and niche 

modelling. My results confirm the species monophyly and revealed the presence of 

two distinct clades. Clade 1 comprised specimens from the western and southern 

portions of the Western Cape coast, while clade 2 comprised specimens from the 

southern and eastern Cape coast and adjacent interior of the Eastern and Western 

Cape and Free State provinces. An area of sympatry between the two clades was 

observed in the Breede river valley. The divergence time estimates revealed an 

Early Pliocene (4.31 Ma), Late Miocene (6.01 Ma) divergence for each of the two 

clades retrieved. Phylogeographic data suggest that clade 1 is younger (lower 

haplotypic and nucleotide diversity), in comparison to clade 2. Furthermore, the 

niche modelling shows that C. cordylus occupies a wide range of unfavourable 

habitats. The absence of marked phylogeographic patterning within clades is very 

uncharacteristic for a rupicolous vertebrate species. The ecological pliability and 

generalist nature of C. cordylus presumably contributed to the observed 

phylogeographic pattern and have facilitated the absence of within clade 

Stellenbosch University  http://scholar.sun.ac.za



iii | P a g e  

 

differentiation. Moreover, I suggest that microclimatic variables, rather than 

geographic barriers influence the genetic structuring of C. cordylus.  
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CCHHAAPPTTEERR  11  

IInnttrroodduuccttiioonn  

Phylogeography seeks to merge population genetics and biogeography by 

describing the interplay between historic abiotic (climate, environment and geology) 

and biotic (a species life history characteristics and ecology) factors in an attempt to 

understand a species contemporary distribution and genetic structure (Avise et al., 

1987; Avise and Walker, 1998; Hewitt, 2001; Avise, 2009; Knowles, 2009). Historical 

climatic ameliorations are major drivers of cladogenesis that globally result in habitat 

shifts and contractions, inducing either extinction or divergence (Flagstad et al., 2001; 

Nielsen et al., 2011; Montgelard and Matthee, 2012). It is generally accepted that the 

earth’s climate oscillated between warm and cool periods with frequent climate 

fluctuations being associated with the Quaternary (2.4 Mya until Holocene) (Hewitt, 

2000, 2004). In the northern hemisphere, Quaternary climatic oscillations are thought 

to have been the key factor driving the phylogeographic patterning among various 

faunal and floral groups (Klicka and Zink, 1997; Avise and Walker, 1998; Flagstad et 

al., 2001; Bowie et al., 2006; Guillaumet et al., 2008; Zhang et al., 2010; Recuero 

and Garcia-Paris, 2011). However, in the southern hemisphere, particularly in Africa, 

less severe glaciation cycles were experienced (Boelhouwers and Meiklejohn, 2002; 

Linder, 2003; Chase and Meadows, 2007; Cowling et al., 2009). This was as a direct 

consequence of the distance from the southern polar ice sheets in relation to the 

continental land masses, coupled with the impact of larger oceanic basins that 

moderated the climate, resulting in older phylogeographic divergence in comparison 

to northern hemisphere taxa (Flagstad et al., 2001; Glor et al., 2001; Daniels et al., 

2007; Cowling et al., 2009; Lorenzen et al., 2012). However, a limited number of 
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phylogeographic studies have been conducted on southern hemisphere taxa, thus 

hampering direct comparisons with those from the northern hemisphere 

(Beheregaray, 2008).  

 

The fauna and flora of the biodiversity rich Cape Floristic Region (CFR), which 

straddles the western- and southern Cape regions of South Africa, has been 

significantly impacted by climatic shifts during the Miocene/ Pliocene/ Pleistocene 

(Linder et al., 2010). The diversity of the herpetofauna of the CFR is well 

documented and the group exhibits high levels of endemism (Matthee and Flemming, 

2002; Daniels et al., 2004, 2006; Tolley et al., 2006, 2009; Measey and Tolley, 2011). 

In addition, the majority of phylogeographic studies conducted in the CFR 

demonstrated that the Cape Fold Mountains act as a barrier to gene flow (Branch 

and Bauer, 1995; Daniels et al., 2001, 2009; Swart et al., 2009; Spinks et al., 2010). 

In comparison to the CFR, a limited number of studies have been conducted in the 

southern and eastern portions of the CFR, and consequently phylogeographic 

breaks within this region have largely remained undocumented. In contrast to these 

studies, Lawes (1990), reported the first observed biogeographical break between 

Port Elizabeth and East London, which he coined the Bedford Gap. The Bedford 

Gap is characterised by the neighbouring Karroo sub-desert biome’s significant 

effect on the region as well as the fact that this biogeographical break receives a 

maximum winter rainfall followed by a more prominent summer dry period than 

neighbouring biomes (Lawes, 1990; Lawes et al., 2007). Recently, various studies 

have attributed mammalian phylogeographic patterning to the Bedford Gap 

(Engelbrecht et al., 2011a; Willows-Munro and Matthee, 2011; du Toit et al., 2012), 

however, the importance of this barrier in non-mammalian taxa requires validation. 
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Despite the fact that the aforementioned barriers have been shown to play a role in 

the genetic diversification of different taxa, each species requires individual scrutiny 

as their life history characteristics, dispersal capability, habitat preference and 

ecology determine their spatial distribution and thus their phylogeographic patterning 

(Smit et al., 2007; Willows-Munro and Matthee, 2011; Batalha-Filho et al., 2012; 

Ozinga et al., 2013).  

Ubiquitously distributed taxa such as the Cape girdled lizard, Cordylus 

cordylus, are ideal to test the impact of climatic oscillations on habitat shifts in the 

CFR. The Cape girdled lizard (snout vent length (SVL) 65 - 85 mm) is endemic to 

South Africa (Branch, 1998), and has an extensive distribution in the Western, 

southwestern and Eastern Cape and the southern portions of the Free State 

province (Brody et al., 1993; Branch, 1998). The occurrence of C. cordylus is 

primarily governed by the presence of suitable rocky crevices, resulting in the 

formation of dense colonies in the presence of favourable habitats (Branch, 1998). 

Cordylus cordylus occurs from the coast at sea level to as high as 2000 meters 

above sea level (Diedericks pers. obs.). The species is viviparous, bearing one to 

three large, fully developed young in summer (Branch 1998). Both adults and young 

have a generalistic diet and exhibit a wide thermal tolerance range (Clusella-Trullas 

and Botes, 2008; Clusella-Trullas et al., 2009). Collectively these factors suggest 

that C. cordylus is an ecological generalist.  

It has been demonstrated that, among rupicolous taxa, the presence of 

suitable habitat govern the phylogeographic pattern of the species, leading to 

marked genetic structuring (Bauer, 1999; Matthee and Flemming, 2002; Swart et al., 

2009). Nevertheless, numerous studies have demonstrated that generalist species 
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lack phylogeographic patterning compared to specialist species and show lower 

genetic divergence in comparison to habitat specialist taxa (Joseph and Moritz, 1994; 

Joseph et al., 1995; Matthee and Robinson, 1996; Stuart-Fox et al., 2001; 

Vandergast et al., 2004; Smit et al., 2007; Colgan et al., 2009; Daniels et al., 2010; 

du Toit et al., 2012). In comparison to specialist taxa, generalist species have been 

demonstrated to persist in multiple refugia during periods of climatic instability 

(Stuart-Fox et al., 2001; Moodley and Bruford, 2007; O’Neill et al., 2009; Sillero et al., 

2009; Ozinga et al., 2013). Jansson and Dynesius (2002) postulated that generalists 

respond better to abiotic variables as they are able to track environmental change 

and effectively colonise new areas over large distances. Recently, Ozinga et al. 

(2013) confirmed the latter observation and concluded that generalists occupy 

multiple environmental niches, ultimately leaving more descendants in comparison to 

specialist. These observations led us to postulate that the Cape girdled lizard should 

exhibit limited phylogeographic subdivision throughout its distribution range. 

A small scale study conducted among C. cordylus specimens in the Western 

Cape retrieved a coastal and mountainous clade (Daniels et al., 2004). The limited 

geographic sampling by the aforementioned authors precluded them from 

underpinning phylogeographic patterning in the Cape girdled lizard. In addition, the 

lack of nuDNA sequence data and divergence time estimations in the later study, 

provide limited insight into the spatial and temporal shifts the species may have 

historically undergone.  
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AAiimmss  

The aims of this study are twofold. Firstly, to examine the phylogeographic 

patterning of C. cordylus throughout the species distribution range. I hypothesize that 

its distribution and phylogeographic patterning is as a direct consequence of its 

generalist ecology. The second aim is to determine the dispersal and colonization 

route of C. cordylus and the impact that past climatic ameliorations may have had on 

the phylogeographic patterning. I hypothesize that the species dispersed from the 

south eastern portions of its historic distribution range towards the west, following the 

last major marine regression resulting in a recent Plio/Pleistocene colonization of the 

Western Cape. 
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CCHHAAPPTTEERR  22  

MMaatteerriiaallss  aanndd  MMeetthhooddss  

2.1  Sample collection 

Cordylus cordylus specimens were collected from 55 localities (N = 175) 

throughout its distribution range in the Eastern and Western Cape as well as Free 

State provinces of South Africa (Permit numbers: Western Cape, AAA004-01051-

0035; Eastern Cape, CRO 46/11CR). Free State tissue samples as well as additional 

samples were acquired from the National Museum Bloemfontein, Durban Natural 

Science museum, Bayworld and the South African National Biodiversity Institute 

(SANBI) collections. Newly collected specimens were combined with specimens 

from eight localities (N = 32) within the Western Cape collected by Daniels et al. 

(2004), yielding a total of 207 specimens from 63 localities (Fig. 1, Table 1). Where 

possible, sampling occurred at 50 km intervals, ideally collecting at least three to five 

specimens per sample locality to maximize the detection of genetic diversity 

(Morando et al., 2003). However, at a number of localities this was not possible, 

presumably due to low sample numbers. Specimens were identified using Branch 

(1998), and mtDNA sequences were blasted against reference sequences deposited 

in GenBank. Upon capture, a small tail biopsy was taken and the animals were 

released on site. Tissue samples were stored in 95% ethanol prior to use while a 

hand-held GPS was used to record the latitude and longitude at each sampling site. 

A single voucher specimen was retained per sample locality and euthanized using 

pentobarbital sodium solution (Ethical clearance reference number 11NP-DIE01, 

University of Stellenbosch). Voucher specimens were preserved in 4% buffered 
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formalin and will be deposited in the herpetological collection at the National 

Museum, Bloemfontein, South Africa. 

2.2 Molecular techniques 

Total genomic DNA was extracted from muscle, liver or tail tissue using a 

Qiagen DNEasy kit, following the manufacturer’s protocol. All DNA samples were 

stored in a fridge at 4°C until required for PCR. Two partial mitochondrial (mtDNA) 

loci, 16S rRNA and nicotinamide dehydrogenase subunit 2 (ND2) were amplified and 

sequenced for all specimens, and combined with the sequences generated by 

Daniels et al. (2004) (GenBank accession numbers C. cordylus: AY519661-

AY519718 and AY519777-AY519720 respectively). The two sister species C. 

oelofseni (AY519704 and AY519765) and C. niger (AY519690 and AY519750) were 

used as outgroups (Daniels et al., 2004; Stanley et al., 2011). I attempted to amplify 

several nuclear DNA (nuDNA) loci, including exophilin 5 (EXPH5; Portik et al., 2010), 

natural killer tumor recognition gene (NKTR; Heideman et al., 2011), ubinclein 1 

(UBN1; Portik et al., 2012), prolactin receptor gene and protein tyrosine phosphatase, 

non-receptor type 12 (PRLR and PTPN12 respectively; Townsend et al., 2008). 

However, only two loci consistently amplified, PRLR and PTPN12 (Table 2). The 

prolactin receptor locus is a pituitary hormone (PRL) bound to a receptor and is 

responsible for the molting of the epidermis and tail regeneration in reptiles (Bole-

Feysot et al., 1998). The PTPN12 gene forms part of the protein tyrosine 

phosphatase (PTP) family and creates a domain for protein-protein interaction, 

essential for cytoskeletal rearrangements involved in cell migration and cell division 

(Tiganis and Bennett, 2007). These two nuDNA loci were selected on the basis that 

they have successfully amplified across several reptile taxa (Breitman et al., 2011; 
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Gvozˇdík et al., 2010; Stanley et al., 2011; Edwards et al., 2012), with PRLR being 

the most variable nuclear DNA marker (Townsend et al., 2008; Portik et al., 2012).  

Multiple nuclear loci are required when attempting to delineate and identify 

units for conservation and when determining phylogeographic structure (Hare, 2001; 

Camargo et al., 2010; Portik et al., 2012). However, phylogeographic studies among 

Squamata have generally revealed low levels of nuDNA sequence variation 

(Caccone et al., 1999, 2004; Spinks and Shaffer, 2005; McGaugh et al., 2008; 

Spinks et al., 2010). Hence, in the present study a single specimen was sequenced 

per sample locality for each of the two partial nuclear loci, since preliminary analyses 

of nuDNA sequence data revealed genetic invariance within sample localities 

(Diedericks unpublished). The PCR profile for both the mtDNA and the two nuDNA 

partial gene fragments were 95 °C for 2 min, 95 °C for 30 s, 54 or 55 °C for 40 s, 72 

°C for 1 min. The last three steps were repeated for 32 - 40 cycles followed by a final 

extension of 10 min at 72 °C. PCR products were visualized on a 1% agarose gel 

containing ethidium bromide, and amplicons were excised and purified using a PCR 

gel purification kit (Bioflux, Bioer Technology Co., Ltd.). Sequencing was performed 

by Macrogen Inc. (www.macrogen.com) on an automated machine (ABI 3730 XL 

DNA analyzer, applied Biosystems).  
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Figure 1. Cordylus cordylus localities sampled during the present study. The locality numbers correspond to those in Table 1. The 

abbreviations WC, EC and FS denotes the Western Cape, Eastern Cape and Free State provinces of South Africa.  
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Table 1. The locality sample number corresponding to Fig. 1. The sample size (N) at each locality, the province in which the locality is situated, 

the GPS coordinates, and the number of individuals sequenced for each gene. The data from Daniels et al. (2004) is indicated by a †, with 

additional specimens obtained from the following museums: South African National Biodiversity Institute (SANBI) (‡),National Museum 

Bloemfontein (♯), Bayworld Museum, Port Elizabeth (ɣ). 

Sample site Locality N Province Coordinates 16S rRNA  ND2 PRLR PTPN12 

1 Tieties Bay ‡ 1 WC 32°50'21"S  17°51'43"E 1 1 1 1 

2 Trekoskraal † 5 WC 32°53'13"S  17°53'56"E 5 5 1 0 

3 Middelberg  Pass † 4 WC 32°37'53"S  19°09'06"E 4 4 1 0 

4 Rondeberg † 4 WC 33°25'18"S  18°17'56"E 4 4 1 1 

5 Kasteelberg † 4 WC 33°21'39"S  18°51'16"E 4 4 1 0 

6 Robben Island  3 WC 33°48'26"S  18°21'45"E 3 3 1 1 

7 Blouberg † 4 WC 33°44'57"S  18°27'47"E 4 4 1 0 

8 Stellenbosch 5 WC 33°46'23"S  18°47'12"E 5 5 1 1 

9 Du Toitskloof Pass  3 WC 33°42'12"S  19°04'36"E 3 3 1 1 

10 Jonkershoek N.R  4 WC 33°59'15"S  18°57'17"E 4 4 1 1 

11 Amanzi Mnts. ‡ 1 WC 34°02'22"S  19°27'23"E 1 1 1 1 

12 Pringle Bay  5 WC 34°23'05"S  18°49'60"E 5 5 1 1 

13 Gansbay  3 WC 34°32'00"S 19°22'00"E 3 3 1 1 

14 Montagu ‡ 5 WC 33°39'31"S  19°45'54"E 5 5 1 0 
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Table 1 (continued) 

15 McGregor 4 WC 33°56'13"S  19°49'37"E 4 4 1 1 

16 Bredasdorp † 4 WC 34°32'41"S  20°02'03"E 4 4 1 0 

17 Cape Agulhas  3 WC 34°49'06"S  20°01'07"E 3 3 1 1 

18 De Hoop N.R 5 WC 34°27'23"S  20°23'87"E 5 5 1 1 

19 Anysberg ‡ 1 WC 33°30'00"S  20°34'31"E 1 1 1 1 

20 Heidelberg  3 WC 33°57'58"S  21°01'35"E 3 3 1 1 

21 Stillbay  5 WC 34°21'37"S  21°25'34"E 5 5 1 1 

22 Gouritsmond  5 WC 34°21'52"S  21°51'04"E 5 5 1 1 

23 Ladismith ‡ 3 WC 33°29'31"S  21°16'22"E 3 3 1 1 

24 Rooiberg Pass  5 WC 33°40'55"S  21°38'49"E 5 5 1 1 

25 Assegaay Bosch Pass  4 WC 33°44'32"S  21°34'17"E 4 4 1 1 

26 Perdebond  1 WC 33°49'24"S  21°55'38"E 1 1 1 1 

27 Gamka N.R 5 WC 33°42'19"S  21°57'13"E 5 5 1 1 

28 Die Hel ‡ 2 WC 33°21'30"S  21°46'49"E 2 2 1 1 

29 Die Top ‡ 4 WC 33°21'09"S  22°02'46"E 4 4 1 1 

30 Swartberg Pass † 4 WC 33°21'05"S  22°03'03"E 4 4 1 0 

31 Kammanassie Mnts. ‡ 5 WC 33°37'37"S  22°55'11"E 5 5 1 1 

32 Spitskop ‡ 1 WC 33°49'4.0"S 22°54'29"E 1 1 1 0 
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Table 1 (continued) 

33 Hoekwill  3 WC 33°53'54"S  22°41'03"E 3 3 1 1 

34 Victoria Bay  4 WC 34°00'14"S  22°33'15"E 4 4 1 1 

35 Beaufort West 5 WC 32°09'32”S  22°31'38"E 5 5 1 1 

36 Baviaanskloof † 3 EC 33°38'17"S  23°48'01"E 3 3 1 0 

37 Smutsberg ‡ 4 WC 33°37'48"S  23°47'59"E 4 4 1 1 

38 Humansdorp ɣ 3 EC 34°00'00"S  24°43'48"E 3 3 1 1 

39 Thyspunt ‡ 2 EC 34°10'41"S  24°43'59"E 2 2 1 1 

40 Cape St. Francis ɣ 1 EC 34°11'24"S  24°50'58"E 1 1 1 1 

41 Jeffrey’s Bay ‡ 3 EC 34°02'52"S  24°55'23"E 3 3 1 1 

42 Elandsberg ‡ 2 WC 33°41'47"S  24°58'50"E 2 2 1 0 

43 Jansenville ‡ 3 EC 32°52'28"S  24°29'22"E 3 3 1 1 

44 Graaff Reinet  5 EC 32°15'59"S  24°29'34"E 5 5 1 1 

45 Murraysburg  5 WC 32°00'14"S  24°06'05"E 5 5 1 1 

46 Nieu Bethesda  3 EC 31°47'1.0"S 24°27'43"E 3 3 1 1 

47 Sneeuberg ‡ 2 EC 31°42'43"S  24°37'31"E 2 2 1 1 

48 Zuurkloof ɣ 1 EC 32°15'44"S  25°01'32"E 1 1 1 1 

49 Pearston 5 EC 32°29'24"S  25°15'53"E 5 5 1 1 

50 Zuurberg Pass 3 EC 33°20'19"S 25°45'38"E 3 3 1 1 
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Table 1 (continued) 

51 Port Elizabeth  5 EC 34°02'08"S  25°38'38"E 5 5 1 1 

52 Grahamstown  1 EC 33°19'53"S  26°36'34"E 1 1 1 1 

53 Amatole Mnts. ♯ 3 EC 32°34'33"S  26°56'23"E 3 3 1 1 

54 Hogsback ɣ 6 EC 32°34'23"S  26°53'28"E 6 6 1 1 

55 Katberg ɣ 3 EC 32°35'26"S  26°47'32"E 3 3 1 1 

56 Cathcart  5 EC 32°27'25"S  26°59'08"E 5 5 1 1 

57 Cofimvaba ♯ 1 EC 31°59'59"S  27°36'06"E 1 1 1 1 

58 Sterkstroom ‡ 1 EC 31°37'6.0"S 26°18'54"E 1 1 1 1 

59 Wodehouse ♯ 3 EC 31°26'41"S  26°41'37"E 3 3 1 1 

60 Lady Grey ‡ 2 EC 30°43'24"S  27°20'05"E 2 2 1 1 

61 Zastron ‡ 2 FS 30°26'22"S  27°21'13"E 2 2 1 1 

62 Rouxville ‡ 1 FS 30°22'23"S  26°54'18"E 1 1 1 1 

63 Henwood ‡ 2 EC 30°30'43"S  28°57'30"E 2 2 1 1 

         
Total   207   207 207 63 53 

The abbreviations WC, EC and FS denotes the Western Cape, Eastern Cape and Free State provinces respectively, while NR 

denotes a Nature Reserve and Mnts denotes mountains.  
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Table 2. The gene, primer pairs, references, and number of base pairs used in the current study. The ‘√’ represents loci that were 

able to amplify and that were used in this study.  

Locus Primer pair and sequence Reference Amplified 
# of bp 
used 

     

16S 
16Sa: 5’ CGCCTGTTTACTAAAAACAT 3’ Simon (et al.,) 1994 

√ 474 
16Sb: 5’  CCGGTCTGAACTCAGATCACG 3’ Simon (et al.,) 1994 

     

ND2 
vMet3: 5’ GTCCATACCCCGAAAATGTTG 3’ Daniels (et al.,) 2004 

√ 535 
vTrp3: 5’ GCTCTTATTTAGGGCTTTGAA 3’ Daniels (et al.,) 2004 

     

PRLR 
PRLRf1: 5’ GACARYGARGACCAGCAACTR 3’ Townsend (et al.,) 2008 

√ 439 
PRLRr1: 5’ GACYTTGTGRACTTCYACRTA 3’ Townsend (et al.,) 2008 

     

PTPN12 
PTPN12F1: 5’ AGTTGCCTTGTWGAAGGRGATGC 3’  Townsend (et al.,) 2008 

√ 494 
PTPN12R6: 5’ CTRGCAATKGACATYGGYAATAC 3’ Townsend(et al.,) 2008 
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2.3 Phylogenetic analysis 

All DNA sequences were aligned and edited using BioEdit Sequence 

Alignment Editor 7.0.5.3 (Hall, 2005). The three protein coding loci (ND2, PRLR and 

PTPN12) were translated into amino acids using EMBOSS Transeq 

(http://www.ebi.ac.uk/emboss/transeq), to confirm the sequence framework and to 

check for the presence of pseudogenes. The two mitochondrial genes were analyzed 

independently, followed by a combined 16S rRNA and ND2 analysis. In addition, a 

single representative sample from each of the four loci (two mtDNA and two nuDNA) 

were combined and analyzed in a coalescent data set. Where I was unable to 

amplify the PTPN12 locus, the data was coded absent for the phylogenetic analyses. 

Each data set was subjected to a Bayesian Inference (BI) analysis, while only the 

concatenated data set was subjected to maximum parsimony (MP) and maximum 

likelihood (ML) analyses. The DNA substitution models were obtained from 

JModeltest (Posada, 2008), using the Akaike information criterion (AIC) (Akaike, 

1973). For each of the three protein-coding gene fragments (ND2, PRLR and 

PTPN12) a substitution model was obtained for the partial gene fragment as well as 

for each of the three codon positions of that fragment (Table 3). This allowed 

partitioning by codon for the BI (Kornilios et al., 2012). Because 16S rRNA is a non-

protein coding locus a single substitution model was calculated. In addition, a 

substitution model was obtained for each of the gene fragments prior to analysing 

the concatenated data set as each of the four gene fragments were represented by a 

single sequence par sample site. 
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Maximum parsimony as well as ML were executed in MEGA5 (Tamura et al., 

2011). For the MP analyses, trees were generated using the heuristic close-

neighbour interchange (CNI) search option. All sites were included and 2000 

bootstrap iterations were performed. For the ML analysis, the substitution model of 

choice was determined by MEGA5 and was used to determine the rates. Again, the 

heuristic search option, CNI, was selected and all sites were included. Nodal support 

was assessed by 2000 bootstrap iterations and was taken to be significant when 

greater or equal to 75%. All gaps for 16S rRNA were treated as missing data. A 

Bayesian Inference was performed using MrBayes v.3.2.0 (Ronquist et al., 2012) 

with the command block being specified by the results obtained from JModeltest 

based on the AIC criteria (Posada, 2008). Five chains were run, sampling every 

5000 generations for a total number fluctuating between 5 to 10 million generations. 

The first 25% was discarded as burn-in. Nodes were considered well supported if it 

had a posterior probability (pP) greater or equal to 0.95. All trees were visualized in 

FigTree v1.3.1 (Rambaut, 2009). 

 

Table 3. The best-fit substitution model for each gene fragment selected by 

JModeltest using the AIC criterion. 

* (Hasegawa et al., 1985) 

 

  16S rRNA ND2 PRLR PTPN12 

Model HKY* + I + G TIM3 + I + G HKY* + G HKY* 
Nst 2 6 2 2 
Gamma (G) 
value 0.607 0.782 0.016 Not applicable 

Invariance (I) 
value 0.248 0.421 Not applicable Not applicable 
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2.4 Divergence time estimations 

To date the cladogenic events within C. cordylus, BEAST (v.1.6.1) 

(Drummond and Rambaut, 2007) was used on the combined mtDNA dataset, as a 

range of mutational rates are known for the two loci. A mutation range of 0.57 – 

0.70% per million years was used for the ND2 fragment (Liggins et al., 2008; Macey 

et al., 1998, 1999; Kornilios et al., 2012). Estimation around 0.22% per million years 

was employed for the 16S rRNA gene fragment (Graybeal, 1997; Emerson et al., 

2000; Honda et al., 2006; Engelbrecht et al., 2013). Due to the poor fossil record for 

the ingroup Cordylidae, no fossil calibration points were incorporated. 

 

The models obtained for both mtDNA loci, together with their parameters, 

were used for specifying the site models in BEAUti, using a relaxed uncorrelated 

lognormal clock model for both genes, while the coalescent constant size was 

selected as a tree prior. The Markov Chain Monte Carlo (MCMC) ran for 200 million 

generations, sampling every 20 000 generations. Tracer v1.5 (Rambaut and 

Drummond, 2009) was used to assess the chain convergence and ensure that the 

effective sample size (ESS) values for each parameter were above 200. The first 

1000 trees were discarded as burn-in using TreeAnnotator v1.6.1, part of the BEAST 

package, and the remainder was used to obtain the maximum clade credibility tree. 

A chronogram was constructed using FigTree v1.3.1 (Rambaut, 2009).  

 

2.5 Population and demographic analyses 

Haplotype networks were constructed for each locus under the 95% 

connection limit of parsimony, using TCS 1.21 (Clement et al., 2000). Since the ND2 
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locus was the most rapid evolving marker used during the present study, I conducted 

an analysis of molecular variance (AMOVA) on this locus using ARLEQUIN version 3 

(Excoffier et al., 2005). A hierarchical AMOVA was performed on each of the two 

clades (detected in preliminary analysis) and over all sample localities. The 

population history for C. cordylus was examined using Fu’s Fs test (Fu, 1997), with 

10 000 premutations as implemented in ARLEQUIN version 3.0. DnaSP 5 (Librado 

and Rozas, 2009) was used to estimate the population expansions for each 

phylogroup by calculating the nucleotide and haplotype diversity. In addition, the 

population structure was explored using a Bayesian approach, as implemented in 

BAPS v. 5.3 (Bayesian Analysis of Population Structure) (Corander et al., 2008). The 

program treats both the nucleotide frequencies of the marker used as well as the 

number of genetically diverged groups as random variables. Because haploid DNA 

sequence data (ND2) was used for this analysis, I conducted the linked molecular 

data analysis (Corander and Tang, 2007; Corander et al., 2008) and partitioned the 

data set by codon. BAPS was run with the maximal number of groups (K) set to 1– 

63, repeating each run three times. To analyze the population size fluctuations 

through time, an extended Bayesian skyline plot (EBSP) (Heled and Drummond, 

2008) was used for each derived clade, and implemented in BEAST v.1.6.1 

(Drummond and Rambaut, 2007), using the combined mtDNA data set. All ‘skyline 

plot’ (Pybus et al., 2000) methods rely on coalescent theory, which uses sequence 

data to decipher the demographic history of a population as groups of lineages 

randomly coalesce till a single common ancestor is obtained (Ho and Shapiro, 2011). 

The EBSP was chosen above the conventional Bayesian skyline plot (BSP) because 

multiple unlinked loci improve the demographic estimates and are more likely to 

detect population bottlenecks (Ho and Shapiro, 2011; Mulcahy et al., 2012). The 
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input file was once again created in BEAUti, using the same parameters and 

mutation rates used in the BEAST analysis. In addition, the input file was constructed 

for each clade obtained in the phylogenetics analysis in order to detect the clade 

which had undergone the most range expansion. 

In order to model the species geographic distribution, the popular MaxEnt 

(Maximum Entropy) algorithm (Phillips et al., 2006; Phillips and Dudik, 2008) was 

employed. This method uses presence only data, does well with small sample sizes 

and does not ‘over-fit’ the data (Elith et al., 2006, 2011). The sampled localities used 

in this study were used in conjunction with museum records to provide accurate 

presence data for the ecological niche models. Bioclimatic variables representing 

mean temperature, seasonality and rainfall (Bio 1, Bio 4, Bio 12 and Bio 15) for both 

the present and past (Last Glacial Maximum (LGM); ~ 21,000 BP) as well as altitude 

for the present conditions only, were downloaded from the WORLDCLIM website 

(http://biogeo.berkeley.edu/worldclim/; Hijmans et al., 2005). The environmental 

layers were projected and clipped according to a map of South Africa, with a spatial 

resolution of 5 X 5 km square grids using ArcGIS® software. The presence records, 

in conjunction with the environmental layers were then used to predict the potential 

distribution of C. cordylus using MaxEnt v3.3.3e (Phillips et al., 2006). Parameters 

were left as default, only changing the maximum iteration to 1000 and the 

convergence threshold to 1 X 10-5. Models were evaluated based on the AUC (area 

under the curve) value, which reflects how accurately the model predicts the species 

presence. 
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CCHHAAPPTTEERR  33  

RReessuullttss  

3.1 16S rRNA 

Sequencing of the 16S rRNA locus yielded a 474 bp fragment for 175 

specimens. These sequences were combined with the 32 sequences generated by 

Daniels et al. (2004) to yield a total of 207 sequences. Novel sequences were 

deposited in GenBank (accession numbers KC700366 – KC700435). The HKY + I + 

G (Hasegawa et al., 1985) was selected as the best-fit substitution model for this 

locus (Table 3) using the AIC criteria (-lnL = 1934.49; AIC = 4736.99). The A, C, G 

and T base pair frequencies were 31.96%, 24.05%, 21.56% and 22.44% respectively. 

The A - C bias observed in the present study has also been reported for cordylids 

(Daniels et al., 2004; Engelbrecht et al., 2011b; Stanley et al., 2011) and skinks 

(Daniels et al., 2009; Heideman et al., 2011; Engelbrecht et al., 2013). The Bayesian 

inference topology demonstrated that C. cordylus is monophyletic, (Fig. 2), with a 

single well-supported clade retrieved for the specimens sampled along the western 

and southern portions of the Western Cape coast (clade 1) (0.99 pP). Deeper nodal 

relationships were poorly resolved due to the slow evolutionary rate of the 16S rRNA 

locus, and is a pattern typical in reptiles (Bauer and Lamb, 2001; Matthee and 

Flemming, 2002).  
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Figure 2. Bayesian inference phylogram derived from the 16S rRNA gene fragment 

for C. cordylus. Nodal support above each node depicts the posterior probability (≥ 

0.95 pP).  
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3.2 ND2 

For the partial ND2 locus a 535 bp fragment was sequenced for 175 C. 

cordylus specimens, and combined with the 32 sequences from the study by Daniels 

et al. (2004) to yield a total of 207 sequences. Novel sequences were deposited in 

GenBank (accession numbers KC700436 – KC700531). JModeltest selected the 

TIM3 + I + G model for the gene fragment (Table 3), while TPM1uf + G was selected 

for each of the three codon positions (results not shown) using the AIC criteria (-lnL = 

3752.56; AIC = 8345.12). The A, C, G and T base frequencies were 35.28%, 28.04%, 

12.08% and 24.60% respectively. The high A - C bias is a common pattern for a 

protein coding marker and has been observed in other reptiles (Daniels et al., 2004, 

2009; Engelbrecht et al., 2011b; Recuero and García-París, 2011). 

Cordylus cordylus was retrieved as monophyletic (1.00 pP) (Fig. 3). In 

contrast to the 16S rRNA gene tree where a single clade was retrieved (Fig. 2), two 

monophyletic clades was evident. Clade 1 comprised samples from the western and 

southern portions of the Western Cape coast (0.96 pP) while clade 2 comprised 

samples from the southern and eastern Cape coast and adjacent interior of the 

Eastern and Western Cape and Free State provinces (0.95 pP) (Fig. 3).The 

maximum uncorrected sequence divergence between the two clades was 7.3%. 

Uncorrected sequence divergence values within C. oelofseni and C. niger was 10% 

and 5% respectively (Daniels et al., 2004). In addition, uncorrected sequence 

divergence values of 5% were recorded for Karusasaurus polyzonus specimens from 

the Cape west coast (Engelbrecht et al., 2011b). 
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Figure 3. Bayesian inference phylogram derived from the protein-coding ND2 gene 

for C. cordylus. Nodal support above each node depicts the posterior probability (≥ 

0.95 pP). The corresponding ND2 haplotype network for each clade is depicted to 

the right of each clade, with the size of each haplotype proportional to its frequency. 

Each black dot represents one mutational step, unsampled haplotype or missing 

haplotype, while the number denoted to each haplotype corresponds to the 

haplotype table (Appendix A). 
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3.3 Population structure 

The 207 ND2 sequences yielded a total of 112 haplotypes (Fig. 3) with two 

unconnected haploclades being retrieved with 95% confidence. Haploclade 1 

corresponded to the western and southern portions of the Western Cape coast 

(clade 1) while haploclade 2 corresponded to the southern and eastern Cape coast 

and adjacent interior of the Eastern and Western Cape and Free State provinces 

(clade 2). Haploclade 1 comprised 36 haplotypes while haploclade 2 consisted of 76 

haplotypes. The nucleotide diversity and haplotype diversity was lower for 

haploclade 1 (π = 0.0198 ± 0.0101, h = 0.9751 ± 0.0063) in comparison to 

haploclade 2 (π = 0.0446 ± 0.0218, h = 0.9890 ± 0.0023) (Table 4). No haplotypes 

were shared between the two haploclades, suggesting no recent maternal dispersal 

(Appendix A).  

The AMOVA over all sampled localities revealed that 31.28% (df = 1, Va = 

4.56, p < 0.05) of the total ND2 variation was explained by the differences between 

the two clades, with 56.07% of the variance partitioned among sampled localities 

within clades (df = 62, Vb = 8.18, p < 0.05), and 12.65% of the variance occurring 

within sample localities (df = 149, Vc = 1.85, p < 0.05). In clade 1 77.40% of the 

variation observed occurred among sampled localities and 22.60% of the variance 

occurring within sampled localities. In clade 2, 82.31% of the variation was 

partitioned among sampled localities within the clade, while 17.69% of the variation 

occurring within sampled localities. Fu’s Fs was statistically significant and negative 

for both haploclades 1 and 2 (-9.01 (p < 0.05) and -20.38 (p < 0.05) respectively). 

These results provide evidence for an excess number of alleles and indicate 

selection or population expansion (Fu, 1997). 
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Table 4. Diversity indices retrieved from the ND2 data set for each sample locality. N, number of individuals; π, nucleotide diversity, 

h, haplotype diversity. Population numbers correspond to those of Fig. 1, with population numbers 1, 2, 4 – 13, 15 – 18, 20 -22 

representing the western and southern portions of the Western Cape coast (clade 1) and population numbers 3, 14, 19, 23 – 63 

representing the southern and eastern Cape coast and adjacent interior of the Eastern and Western Cape and Free State 

provinces (clade 2).  

Population # Locality N # of haplotypes Nucleotide diversity (π) Haplotype diversity (h) 

1 Tietiesbay 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

2 Trekoskraal 5 3 0.004887 +/- 0.003654 0.7000 +/- 0.2184 

3 Middelberg 4 2 0.002846 +/- 0.002540 0.5000 +/- 0.2652 

4 Rondeberg 4 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

5 Kasteelberg 4 3 0.007885 +/- 0.005992 0.8333 +/- 0.2224 

6 Robben Island 3 2 0.001248 +/- 0.001557 0.6667 +/- 0.3143 

7 Blouberg 4 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

8 Stellenbosch 5 3 0.001869 +/- 0.001740 0.7000 +/- 0.2184 

9 Du Toitskloof 3 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 
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Table 4 (continued) 

10 Jonkershoek 4 2 0.000935 +/- 0.001159 0.5000 +/- 0.2652 

11 Amanzi Mnts. 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

12 Pringle Bay 5 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

13 Gansbay 3 2 0.001246 +/- 0.001554 0.6667 +/- 0.3143 

14 Montagu 5 2 0.001581 +/- 0.001574 0.4000 +/- 0.2373 

15 McGregor 4 2 0.020561 +/- 0.014192 0.5000 +/- 0.2652 

16 Bredasdorp 4 3 0.025954 +/- 0.017719 0.8333 +/- 0.2224 

17 Cape Agulhas 3 3 0.004984 +/- 0.004474 1.0000 +/- 0.2722 

18 De Hoop 5 2 0.001412 +/- 0.001547 0.6000 +/- 0.1753 

19 Anysberg 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

20 Heidelberg 3 2 0.004984 +/- 0.004474 0.6667 +/- 0.3143 

21 Stillbay 5 3 0.001869 +/- 0.001740 0.7000 +/- 0.2184 

22 Gouritsmond 5 2 0.005607 +/- 0.004095 0.6000 +/- 0.1753 
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Table 4 (continued) 

23 Ladismith 3 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

24 Rooiberg 5 4 0.014369 +/- 0.009469 0.9000 +/- 0.1610 

25 Assegaay Bosch 4 3 0.031776 +/- 0.021519 0.8333 +/- 0.2224 

26 Perdebond 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

27 Gamka 5 4 0.029533 +/- 0.018639 0.9000 +/- 0.1610 

28 Die Hel 2 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

29 Die Top 4 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

30 Swartberg 4 2 0.011236 +/- 0.008091 0.6667 +/- 0.2041 

31 Kammanassie 5 4 0.005981 +/- 0.004325 0.9000 +/- 0.1610 

32 Spitskop 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

33 Hoekwill 3 2 0.001580 +/- 0.001970 0.6667 +/- 0.3143 

34 Victoria Bay 4 2 0.001869 +/- 0.001852 0.5000 +/- 0.2652 

35 Beaufort West 5 3 0.001495 +/- 0.001489 0.7000 +/- 0.2184 
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Table 4 (continued) 

36 Baviaanskloof 3 2 0.006680 +/- 0.005806 0.6667 +/- 0.3143 

37 Smutsberg 4 3 0.002820 +/- 0.002516 0.8333 +/- 0.2224 

38 Humansdorp 3 2 0.003738 +/- 0.003525 0.6667 +/- 0.3143 

39 Thyspunt 2 2 0.013109 +/- 0.014014 1.0000 +/- 0.5000 

40 Cape St. Francis 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

41 Jeffrey's Bay 3 3 0.004444 +/- 0.004190 1.0000 +/- 0.2722 

42 Elandsberg 2 2 0.003781 +/- 0.004630 1.0000 +/- 0.5000 

43 Jansenville 3 2 0.002492 +/- 0.002561 0.6667 +/- 0.3143 

44 Graaff Reinet 5 2 0.008972 +/- 0.006156 0.4000 +/- 0.2373 

45 Murraysburg 5 2 0.008972 +/- 0.006156 0.6000 +/- 0.1753 

46 Nieu Bethesda 3 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

47 Sneeuberg 2 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

48 Zuurkloof  1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 
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Table 4 (continued) 

49 Pearston 5 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

50 Zuurberg 3 2 0.004984 +/- 0.004474 0.6667 +/- 0.3143 

51 Port Elizabeth 5 2 0.001495 +/- 0.001489 0.4000 +/- 0.2373 

52 Grahamstown  1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

53 Amatole 3 2 0.033645 +/- 0.025900 0.6667 +/- 0.3143 

54 Hogsback 6 5 0.035846 +/- 0.021687 0.9333 +/- 0.1217 

55 Katberg 3 2 0.001246 +/-0.001554 0.6667 +/- 0.3143 

56 Cathcart 5 2 0.001375 +/- 0.001748 0.4000 +/- 0.2373 

57 Cofimvaba 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

58 Sterkstroom  1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

59 Wodehouse 3 2 0.001246 +/- 0.001554 0.6667 +/- 0.3143 

60 Lady Grey 2 2 0.050467 +/- 0.051393 1.0000 +/- 0.5000 

61 Zastron 2 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 
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Table 4 (continued) 

62 Rouxville 1 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 

63 Henwood 2 1 0.000000 +/- 0.000000 0.0000 +/- 0.0000 
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The latter results was corroborated by the EBSPs (Fig. 4), though clade 1 

appeared to have had undergone demographic stasis for the past 5 Mya, while clade 

2 displayed rapid population expansion over the last 5.5 Mya. Bayesian analysis of 

molecular variance (BAPS) assigned all C. cordylus samples to 10 clusters (Fig. 5). 

Cluster 1 and 2 corresponded to the two subclades within the coastal clade (Fig. 3), 

with Bredasdorp and McGregor being shared between two clusters. The 3rd cluster is 

restricted to three localities, namely Ladismith, Rooiberg and Assegaay Bosch, with 

last mentioned also clustering with cluster 6. The Great Swartberge, Kammanassie, 

Baviaanskloof, Tsitsikamma and Kouga Mountains all form part of the 4th cluster. 

Victoria Bay and Hoekwill comprised cluster 5, while the 6th cluster contained 

specimens from across the sampled range, stretching from Montagu in the Western 

Cape to Lady Grey in the northern part of the Eastern Cape. The 7th cluster followed 

the escarpment and encompassed 13 localities from across the sampled range, with 

an additional six localities being shared between cluster 7 and clusters 2, 4, 6, 9 and 

10. Cape St. Francis and adjacent localities defined the 8th cluster, while cluster 9 

was restricted to the Amatole Mountains. Hogsback represented three Bayesian 

clusters whilst Amatole was comprised of two. Lastly, cluster 10 encompassed three 

localities in the Graaff Reinet district. 
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Figure 4. Extended Bayesian Skyline Plots (EBSP) inferred from the two mtDNA loci. 

The graphs represent population size fluctuations over time in clade 1 (A) and clade 

2 (B) respectively. The black line represents the median while the grey lines above 

and below the median depict the hpd upper 95 and hpd lower 95 respectively. 

 

 

A 

B 
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Figure 5. A graphic depiction of the BAPS clusters, with each colour indicating a genetic grouping and locality numbers 

corresponding to those in Table 1. Group 1 represents clade 1 and group 2 represents clade 2 as shown by Fig. 3. Localities that 

represent multiple clusters are shown as pie charts. 
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3.4 Combined mtDNA (16S rRNA and ND2) (topology not shown) 

The combined mtDNA datasets (16S rRNA and ND2) yielded a total of 1011 

bp for the 207 specimens. The tree topology retrieved C. cordylus as monophyletic 

(1.00 pP). Similar to the ND2 tree (Fig. 3), two monophyletic clades were retrieved, 

with clade 1 comprising samples from the western and southern portions of the 

Western Cape coast (1.00 pP) while clade 2 comprised samples from the southern 

and eastern Cape coast and adjacent interior of the Eastern and Western Cape and 

Free State provinces (1.00 pP). The localities associated with each clade were 

congruent with those reported for the ND2 tree topology. The majority of the internal 

groupings were well resolved with pP > 0.95.  

3.5 Divergence time estimations 

The divergence time estimates for the combined mtDNA dataset suggested a 

Late Miocene (6.84 Mya) origin for C. cordylus (95% HPD: 5.41 – 8.42 Mya; 1.00 pP), 

with clade 1 diversifying 4.31 Mya (95% HPD: 2.90 – 5.95 Mya; 1.00 pP) and clade 2 

diversifying 6.01 Mya (95% HPD: 4.90 – 7.36 Mya; 0.79 pP) (Fig. 6). 

3.6 nuDNA (PRLR and PTPN12) 

For the prolactin receptor locus (PRLR) a 439 bp fragment was sequenced for 

63 specimens. Sequences were deposited in GenBank (accession numbers 

KC700532 – KC700545). JModeltest selected the HKY + G (Hasegawa et al., 1985) 

substitution model for this locus (Table 3) using the AIC criteria (-lnL = 734.86; AIC = 

1735.73). The A, C, G and T base pair frequencies were 31.49%, 19.30%, 26.14% 
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Figure 6. Maximum clade credibility tree attained for the BEAST analysis using the mutation rates for 16S rRNA (0.22% change 

per million years) and ND2 (0.57 – 0.70 % change per million years). The values above the nodes indicate the mean divergence 

date in millions of years before present, while the values below in brackets represent the 95 % HPD credibility intervals. The non-

bracketed values below the nodes indicate the posterior probability. 
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Figure 7. Haplotype networks depicting the relationship between C. cordylus 

localities for (A) the Prolactin receptor locus (PRLR) and (B) the protein tyrosine 

phosphatase, non-receptor 12 locus (PTPN12). Colours correspond to that of Fig. 3, 

with blue indicating the western and southern portions of the Western Cape coast 

(clade 1) and red representing the southern and eastern Cape coast and adjacent 

interior of the Eastern and Western Cape and Free State provinces (clade 2) 

(Appendix B.1 and B.2). 
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 and 23.08% respectively. TCS retrieved 15 haplotypes (Fig. 7.a; Appendix B.1), with 

no differentiation observed between the two mtDNA clades retrieved earlier (Fig. 3). 

A 494 bp fragment for 53 specimens was analysed for the PTPN12 locus. 

Sequences were deposited in GenBank (accession numbers KC700546 – 

KC700555). JModeltest selected the HKY (Hasegawa et al., 1985) substitution 

model for this locus (Table 3) using the AIC criteria (-lnL = 763.23; AIC = 1790.46). 

The A, C, G and T base pair frequencies were 32.72%, 21.60%, 23.49% and 22.19% 

respectively. Ten haplotypes were retrieved (Fig. 7.b; Appendix B.2) and no 

differentiation was observed between the two mtDNA clades (Fig. 3). 

3.7 Combined DNA analysis (16S rRNA, ND2, PRLR and PTPN12) 

The total evidence data set comprised 1942 bp for 63 specimens. For the 

Bayesian analysis the models selected by JModeltest for each fragment is presented 

in Table 3, and the analyses was conducted using the partition for each locus (the 

16S rRNA and ND2 models were recalculated since only a single sample was used 

per locality, the recalculated best-fit models are not shown). The HKY + I + G 

(Hasegawa et al., 1985) model was selected for the ML analysis. The gamma value 

(G) was 0.1168 while the invariable sites (I) had a value of 0.6970 and log likelihood 

(-lnL) of -6925.6517. The BI, ML and MP topologies were congruent. Cordylus 

cordylus was retrieved as monophyletic (1.00 pP and 90% MP), with only clade 1 

retrieved as statistically supported (1.00 pP, 94% MP and 88% ML) (Fig. 8). The 

samples from the southern and eastern Cape coast and adjacent interior of the 

Eastern and Western Cape and Free State provinces grouped together, however, no 

statistical support was retrieved for the group. These results suggest that the slowly 
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evolving nuDNA markers were of limited utility in supporting deeper nodal 

relationships.  

3.8 Ecological niche modeling 

Model performance was evaluated by calculating the area under the curve 

(AUC). An AUC value of 0.963 (SD = 0.016) was obtained, indicative of a model 

performing better than expected due to chance. In addition, Swets (1988) stated that 

AUC values > 0.9 are ‘very good’ with regards to discrimination abilities. The MaxEnt 

prediction for C. cordylus’ current distribution closely mimicked that of the sampled 

distribution range (Fig. 9.a), although slightly wider in range as would be expected 

due to other factors such as biotic interactions and physical barriers influencing a 

species’ range (Phillips et al., 2006). The mean annual temperature (BIO 1), altitude 

and precipitation of the driest month (BIO 14) were the most influential factors, 

accounting for 94% of the predicted range (Fig. 9.b). In addition, jack-knife tests 

showed these variables to have the greatest test gain when used in isolation, 

indicative of these variables being most informative when used in isolation. Similarly, 

these three variables were the variables to decrease the gain most when omitted 

from the model, showing that they posses more information that is not present in the 

other variables. With regards to the LGM (AUC = 0.957, SD = 0.019) (results not 

shown), it is evident that more areas with high suitability were available. Once again 

the mean annual temperature (BIO 1) was the most influential factor and together 

with annual precipitation (BIO 12) and precipitation seasonality (BIO 15) accounted 

for 79.4% of the variation within the model. 
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Figure 8. Bayesian inference phylogram derived from the total evidence data set 

(16S rRNA, ND2, PRLR, PTPN12) for C. cordylus. The values above each node 

represent the posterior probability (pP), while the values below each node represent 

the bootstrap values (%) for the maximum likelihood and maximum parsimony 

analyses respectively. Asterisks indicate statistically poorly supported nodes (< 75% 

or <0.95 pP).  
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Figure 9. Ecological niche modelling predictions (A) for C. cordylus as obtained from MaxEnt during current climatic conditions. (B) 

Response curves for the three most important variables shaping C. cordylus distribution in the current climatic conditions.
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CCHHAAPPTTEERR  44  

DDiissccuussssiioonn  

Extensive geographic sampling and the inclusion of four partial DNA 

sequencing loci, incorporating both the mitochondrial and nuclear genomes, 

revealed a complex phylogeographic pattern for Cordylus cordylus. The present 

study retrieved the species as monophyletic and comprised of two clades. Clade 1 

contained specimens from the western and southern portions of the Western Cape 

coast and adjacent interior, while clade 2 encompassed a broader geographic 

distribution and included specimens from the southern portions of the Western Cape, 

expanding along the Eastern Cape coastline and adjacent interior into the southern 

portions of the Free State province. The area adjacent to the Breede river drainage 

valley, extending from its origin in the Witzenberg Mountains towards the river mouth 

at Witsand in the southern parts of the Western Cape, is an area of near sympatry 

between the two clades and corresponds to a region of confluence in rainfall and 

biomes in the southern Cape of South Africa (Chase and Meadows, 2007). 

Divergence time estimates revealed an early Pliocene (5.95 – 2.90 Mya) / late 

Miocene (7.36 – 4.90 Mya) formation for clades 1 and 2 respectively. Despite the 

fact that both the mtDNA loci were incorporated into the divergence time estimations, 

caution should be applied when interpreting these results since the nuDNA loci used 

in this study are novel, their mutation rates unknown, and no fossils are known for 

the ingroup that could be used as additional calibration points. While the mutation 

rates of the two nuDNA loci can be estimated from the two mtDNA loci, such 

inferences are dubious and not optimal (Brown et al., 2012; Mulcahy et al., 2012). 
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Hence our divergence time estimations should be regarded as approximations of 

cladogenesis within C. cordylus. 

The mtDNA haplotype network retrieved two major haploclades and revealed 

the absence of shared haplotypes between clades 1 and 2 (Fig. 3), negating any 

recent maternal dispersal between the two clades. Despite the marked 

phylogeographic pattern detected using the mtDNA loci, shared haplotypes were 

observed for both of the two nuDNA loci (Fig. 7). Similar results have been 

interpreted to reflect a sex biased dispersal pattern (Keogh et al., 2007; Zarza et al., 

2011; Barlow et al., 2013). However, in the present study this cannot be validated. 

The discrepancy between the nuclear and mitochondrial DNA sequence data sets 

most likely reflect differences in the mutation rates of the two genomes (Townsend et 

al., 2008). Experimental validation of a sex biased dispersal in required and can be 

obtained by employing more sensitive nuDNA markers such as microsatellite 

markers or AFLP’s (Escorza-Treviño and Dizon, 2000; Van der Wurff et al., 2003). A 

detailed long-term ecological study documenting the dispersal capabilities of the 

species, particularly different dispersal capabilities between the sexes, is required to 

corroborate or refute potential sex biased dispersal patterns (Keogh et al., 2007) in C. 

cordylus.  

Both clades demonstrated expansions as evident from the EBSP’s and Fu’s 

Fs, while clade 1 had a lower haplotypic and nucleotide diversity in comparison to 

clade 2 (Table 4). Collectively, these results, along with the divergence time 

estimation, suggest that clade 1 represents a more recent colonization of the coastal 

low-lying plains and the adjacent interior along the southern and western portions of 

the Western Cape, while clade 2 represents an older clade. The latter clade likely 
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reflects the ancestral distribution of the species, furthermore validated by the 

divergence time estimation. Yet, despite the antiquity of the two clades, no additional 

subclustering or haplogroups were observed within either of the two clades, 

suggesting marked within clade dispersal. 

The observed phylogeographic patterning in C. cordylus most likely reflects 

the interplay of climatic ameliorations impacting habitat suitability and availability 

during the Mio/ Plio/ Pleistocene epochs. The Miocene (23.8 – 5.3 Mya) was 

characterised by tectonic instability, with the first upliftment occurring during the 

Early Miocene followed by another at the onset of the Late Miocene (Cowling et al., 

2009). The greatest upliftment (± 200 m) was experienced in the eastern part of the 

Cape, when compared to the western part (± 150 m) (Partridge and Maud, 2000). 

Sea levels were up to 150 m higher than present (Siesser and Dingle, 1981) 

resulting in the inundation of much of the Cape coastal plain (Cowling et al., 2009), 

with minimal coastal dunes being formed (Hesp et al., 1989). Furthermore, the 

formation of the Benguela Current along the west coast of the Western Cape 

(Siesser, 1980) coincided with this timeframe, facilitating the return of warm and wet 

climatic conditions to the Cape (Cowling et al., 2009). Collectively all the 

aforementioned factors significantly contributed to the increased heterogeneity within 

southern Africa and formed the template for cladogenesis in several groups (Cowling 

et al., 2009).  

With the onset of the Pliocene epoch (5.3 – 2.6 Mya) rapid cooling was 

experienced due to the renewed glaciation of Antarctica (Partridge, 1997). This, in 

turn, led to a marine regression, sporadically interrupted by no less than three 

transgressions of up to 35 m above the present sea level (Grützner et al., 2005). 
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These regressions gave the inland C. cordylus populations the opportunity to 

recolonise the coastal low laying areas. Towards the end of the Pliocene regional 

cooler and drier climatic conditions were experienced, with present-day landscapes 

being established and floral radiations proliferating (Cowling et al., 2009, and 

references within), leading to the diversification of numerous taxa within the CFR 

(Smit et al., 2007; Swart et al., 2009; du Toit et al., 2012; Engelbrecht et al., 2013).  

Extensive dune formation, warm-cold cycles and marine trans- and 

regressions, extending the coastline seaward from its current position, characterised 

the Pleistocene (2.6 - 0.1 Mya) (Cowling et al., 2009). A stable winter rainfall regime 

was established in the west, while a fluctuating rainfall pattern persisted in the east 

(Chase and Meadows, 2007). In addition, the west coast experienced a 60 km 

seaward shift, with the Agulhas Bank extending approximately 200 km, while the 

south-east coast moved seaward with 100 km. This regression, greatly enhanced the 

availability of suitable habitat for C. cordylus, and likely allowed the species to 

colonise the west and south-west coast, forming clade 1. With the onset of the 

transgressive phase, however, strong winds promoted dune formation, yet again 

erasing some of this newly created rocky habitat along the Agulhas Bank (Hesp et al., 

1989), encouraging C. cordylus to move to the adjacent interior of the west coast 

while providing fossorial taxa with novel habitats (Engelbrecht et al., 2013). This 

hypothesis is corroborated by the localities comprising both grouping 1 and 2 within 

clade 1 (Fig. 5). Grouping 1 encompasses localities from either side of the Aghulhas 

bank, while grouping 2 contains individuals from localities found within the bank (Figs. 

3, 8). Following these last marine regressions around 2 Mya, the current coastline 

was established. The sea sand deposits were eroded, leaving the rocky coastal 
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areas stretching from Hangklip to De Hoop and adjacent interior, exposed. 

Subsequently C. cordylus from the localities within grouping 1 recolonised this area 

around 1.8 Mya. Both haplotype and nucleotide diversities support this observation 

(Table 4). Moreover, the BAPS analysis also corroborates this hypothesis as 

Bredasdorp falls within both grouping clusters (Fig. 5). The integrity of these two 

groupings were presumably maintained over time by the formation of the Breede 

River valley to the east and the Cape Fold Mountains to the west, with similar 

patterns being observed in skinks (Engelbrecht et al., 2013), toads (Tolley et al., 

2010) and tortoises (Daniels et al., 2007). This is most likely due to the microclimate 

within the valley, as more xeric conditions prevail within the valley when compared to 

opposite sides of the valley (Schulze, 1997; Tolley et al., 2010). Similar results were 

obtained by Glor and Warren (2010), leading them to conclude that ribbons of 

unfavourable habitat and/ or sharp environmental gradients are causal of the 

observed phylogeographic structure. As indicated by the SDMs (Fig. 9), mean 

annual temperature, rainfall of the driest month and altitude are the most important 

factors governing the species’ distribution, thus potentially corroborating why C. 

cordylus does not appear to transverse this area of near sympatry. 

The phylogeographic distribution of C. cordylus is uncharacteristic for a 

rupicolous vertebrate species, since all the southern African rupicolous taxa that 

have been subjected to phylogeographic study to date have demonstrated marked 

genetic structuring (Prinsloo and Robinson, 1992; Matthee and Robinson, 1996; 

Bauer 1999; Matthee and Flemming, 2002; Daniels et al., 2010). The ecological 

pliability and non-specialist nature of C. cordylus as evident from its generalistic diet 

(comprising various Coleoptera and Hymenoptera species), the species ability to 
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utilise a variety of rocky substrate as habitat, coupled with its relatively large body 

size (SVL: 65 – 85 mm) and broad thermal tolerance range (CTmin: 7.5 °C, CTmax: 

41.6 °C)) presumably contributed to the observed phylogeographic pattern and have 

facilitated the absence of within clade differentiation (Branch, 1998; Clusella-Trullas 

and Botes, 2008; Clusella-Trullas et al., 2009; Diedericks pers. obs.). Flagstad et al. 

(2001), noted that generalist species may take advantage of several different habitat 

types, as this may facilitate dispersal events and ultimately, surviving as a 

metapopulation or multiple patchy populations (Driscoll and Hardy, 2005). It is 

therefore not surprising that C. cordylus distribution spans the Western and Eastern 

Cape and southern Free State provinces. The present study highlights the 

importance of a species’ ecology in driving and maintaining phylogeographic 

continuity within clades. 
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CCoonncclluussiioonnss  

Our results suggest that microclimatic variables together with the species life 

history characteristics, rather than physical geographic barriers have sculpted the 

observed phylogeographic pattern. Because reptile taxa are more reliant on climatic 

variables to govern their distribution, this pattern may be more prominent in 

squamate taxa when compared to small mammals or invertebrates. The question 

now arises as to whether the two clades represent distinct lineages. I am of the 

opinion that one species is present (considering the absence of nuDNA differences, 

as well as any fixed morphological differences between the two clades), however, 

the two clades should at least be considered as two distinct management units, 

considering the mtDNA differences (Crandal et al. 2004).  

 

 

Stellenbosch University  http://scholar.sun.ac.za



48 | P a g e  

 

RReeffeerreenncceess  

Akaike, H., 1973. Information theory and an extension of the maximum likelihood 

principle. In: Petrov, P.N., Csaki, F. (Eds.), Second International Symposium 

on Information Theory. Adad. Kiado, Budapest, 267–281. 

Avise, J.C., Arnold, J., Ball, R.M., Bermingham, E., Lamb, T., Neigel, J.E., Reeb, 

C.A., Saunders, N.C., 1987. Intraspecific phylogeography: The mitochondrial 

DNA bridge between population genetics and systematic. Ann. Rev. Ecol. 

Syst. 18, 489–522. 

Avise, J.C., Walker, D., 1998. Pleistocene phylogeographic effects on avian 

populations and the speciation process. Proc. R. Soc. Lond. 265, 457–463. 

Avise, J.C., 2009. Phylogeography: retrospect and prospect. J. Biogeogr. 36, 3–15. 

Barlow, A., Baker, K., Hendry, C.R., Peppin, L., Phelps, T., Tolley, K.A., Wüster, C.E., 

Wüster, W., 2013. Phylogeography of the widespread African puff adder (Bitis 

arietans) reveals multiple Pleistocene refugia in southern Africa. Mol. Ecol. 22, 

1134–1157. 

Batalha-Filho, H,. Cabanne, G.S., Miyaki, C.Y., 2012. Phylogeography of an Atlantic 

forest passerine reveals demographic stability through the last glacial 

maximum. Mol. Phylogenet. Evol. 65, 892–902. 

Stellenbosch University  http://scholar.sun.ac.za

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2699.2008.02032.x/full


49 | P a g e  

 

Bauer, A.M., 1999. Evolutionary scenarios in the Pachydactylus group geckos of 

southern Africa: new hypotheses. Afr. J. Herp. 48, 53–62. 

Beheregaray, L.B., 2008. Twenty years of phylogeography: the state of the field and 

the challenges for the Southern Hemisphere. Mol. Ecol. 17, 3754–3774. 

Boelhouwers, J.C., Meiklejohn, K.I., 2002. Quaternary periglacial and glacial 

geomorphology of southern Africa: review and synthesis. S. Afr. J. Sci. 98, 47–

55. 

Bole-Feysot, C., Goffin, V., Edery, M., Binart, N., Kelly, P.A., 1998. Prolactin (PRL) 

and its receptor: actions, signal transduction pathways and phenotypes 

observed in PRL receptor knockout mice. Endocr. Rev. 19, 225–268. 

Bowie, R.C.K., Fjeldså, J., Hackett, S.J., Bates, J.M., Crowe, T.M., 2006. Coalescent 

models reveal the relative roles of ancestral polymorphism, vicariance, and 

dispersal in shaping phylogeographical structure of an African montane forest 

robin. Mol. Phylogenet. Evol. 38, 171–188. 

Branch, W.R., Bauer, A.M., 1995. Herpetofauna of the Little Karoo, Western Cape, 

South Africa with notes on life history and taxonomy. Herp. Nat. Hist. 3, 47–89. 

Branch, B., 1998. Field guide to snakes and other reptiles of southern Africa. Struik 

Cape Town. 

Stellenbosch University  http://scholar.sun.ac.za



50 | P a g e  

 

Breitman, M.F., Avila, L.J., Sites Jr., J.W., Morando, M., 2011. Lizards from the end 

of the world: Phylogenetic relationships of the Liolaemus lineomaculatus 

section (Squamata:  Iguania: Liolaemini). Mol. Phylogenet. Evol. 59, 364–376. 

Brody, L.S., Mouton, P.le F.N., Grant, W.S., 1993. Electrophoretic analysis of the 

Cordylus cordylus species group in the south-western Cape, South Africa. 

Amph. Rep. 14, 19–33. 

Brown, R.P., Tejangkura, T., El Mouden, E.H., Ait Baamrane, M.A., Znari, M., 2012. 

Species delimitation and digit number in a North African skink. Ecol. Evol. 2, 

2962–2973. 

Caccone, A., Amato, G., Gratry, O.C., Behler, J., Powell, J.R., 1999. A molecular 

phylogeny of four endangered Madagascar tortoises based on mtDNA 

sequences. Mol. Phylogenet. Evol. 12, 1–9. 

Caccone, A., Gentile, G., Burns, C.E., Sezzi, E., Bergman, W., Ruelle, M., Saltonstall, 

K., Powell, J.R., 2004. Extreme difference in rate of mitochondrial and nuclear 

DNA evolution in a large ectotherm, Galápagos tortoises. Mol. Phylogenet. 

Evol. 31, 794–798. 

Camargo, A., Sinervo, B., Sites Jr., J.W., 2010. Lizards as model organisms for 

linking phylogeographic and speciation studies. Mol. Ecol. 19, 3250–3270. 

Stellenbosch University  http://scholar.sun.ac.za



51 | P a g e  

 

Chase, B.M., Meadows, M.E., 2007. Late Quaternary dynamics of southern Africa’s 

winter rainfall zone. Earth-Sci. Rev. 84, 103–138. 

Clement, M., Posada, D., Crandall, K., 2000. TCS: a computer program to estimate 

gene genealogies. Mol. Ecol. 9, 1657–1660. 

Clusella-Trullas, S., Botes, A., 2008. Faecal analysis suggests generalist diets in 

three species of Western Cape cordylids. Afr. Zool. 43, 125–130. 

Clusella-Trullas, S., van Wyk, J.H., Spotila, J.R., 2009. Thermal benefits of melanism 

in Cordylid lizards: a theoretical and field test. Ecology 90, 2297-2312. 

Colgan, D.J., O’Meally, D., Sadlier, R.A., 2009. Phylogeographic patterns in reptiles 

on the New England Tablelands at the south-western boundary of the 

McPherson Macleay Overlap. Aust. J. Zool. 57, 317–328. 

Cooper Jr., W.E., Van Wyk, J.H., Mouton, P.le F.N., 1996. Pheromonal detection 

and sex discrimination of conspecific substrate deposits by the rock-dwelling 

cordylid lizard Cordylus cordylus. Copeia 4, 839–845.  

Corander, J., Tang, J., 2007. Bayesian analysis of population structure based on 

linked molecular information. Math. Biosc. 205, 19–31. 

Corander, J., Marttinen, P., Siren, J., Tang, J., 2008. Enhanced Bayesian modelling 

in BAPS software for learning genetic structures of populations. BMC 

Bioinformatics 9, 539. 

Stellenbosch University  http://scholar.sun.ac.za



52 | P a g e  

 

Cowling, R.M., Procheş, S., Partridge, T.C., 2009. Explaining the uniqueness of the 

Cape flora: Incorporating geomorphic evolution as a factor for explaining its 

diversification. Mol. Phylogenet. Evol. 51, 64–74. 

Pearse, D.E., Crandall, K.A., 2004. Beyond FST: Analysis of population genetic data 

for conservation. Conserv. Genet. 5, 585–602. 

Daniels, S.R., Stewart, B.A., Burmeister, L., 2001. Geographic patterns of genetic 

and morphological divergence amongst populations of a river crab (Decapoda, 

Potamonautidae) with the description of a new species from mountain streams 

in the Western Cape, South Africa. Zool. Script. 30, 181–197. 

Daniels, S.R., Mouton, P.le F.N., Du Toit, D.A., 2004. Molecular data suggest that 

melanistic ectotherms at the south-western tip of Africa are the products of 

Miocene climatic events: evidence from cordylid lizards. J. Zool. Lond. 263, 

373–383. 

Daniels, S.R., Gouws, G., Crandall, K.A., 2006. Phylogeographic patterning in a 

freshwater crab species (Decapoda: Potamonautidae: Potamonautes) reveals 

the signature of historical climatic oscillations. J. Biogeogr. 33, 1538–1549. 

Daniels, S.R., Hofmeyr, M.D., Henen, B.T., Crandall, K.A., 2007. Living with the 

genetic signature of Miocene induced change: Evidence from the 

phylogeographic structure of the endemic angulate tortoise Chersina angulata. 

Mol. Phylogenet. Evol. 45, 915–926. 

Stellenbosch University  http://scholar.sun.ac.za



53 | P a g e  

 

Daniels, S.R., Heideman, N.J.L., Hendricks, M.G.J., 2009. Examination of 

evolutionary relationships in the Cape fossorial skink complex (Acontinae: 

Acontias meleagris meleagris) reveals the presence of five cryptic lineages. 

Zool. Script. 38, 449–463. 

Daniels, S.R., Hofmeyr, M.D., Henen, B.T., Baard, E.H.W., 2010. Systematics and 

phylogeography of a threatened tortoise, the speckled padloper. Anim. 

Conserv. 13, 237–246. 

Driscoll, D.A., Hardy, C.M., 2005. Dispersal and phylogeography of the agamid lizard 

Amphibolurus nobbi in fragmented and continuous habitat. Mol. Ecol. 14, 

1613–1629. 

Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by 

sampling trees. BMC Evol. Bio. 7, 214. 

du Toit, N., Jansen van Vuuren, B., Matthee, S., Matthee, C.A., 2012. Biome 

specificity of distinct genetic lineages within the four-striped mouse 

Rhabdomys pumilio (Rodentia: Muridae) from southern Africa with implications 

for taxonomy. Mol. Phylogenet. Evol. 65, 75–86.  

Edwards, D.L., Keogh, J.S., Knowles, L.L., 2012. Effects of vicariant barriers, habitat 

stability, population isolation and environmental features on species 

divergence in the south-western Australian coastal reptile community. Mol. 

Ecol. 21, 3809–3822. 

Stellenbosch University  http://scholar.sun.ac.za



54 | P a g e  

 

Elith, J., Graham, C.H., Anderson, R.P., Dudı´k, M., Ferrier, S., Guisan, A., Hijmans, 

R.J., Huettmann, F., Leathwick, J.R., Lehmann, A., Li, J., Lohmann, L.G., 

Loiselle, B.A., Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton, 

J.McC., Peterson, A.T., Phillips, S.J., Richardson, K.S., Scachetti-Pereira, R., 

Schapire, R.E., Sobero´n, J., Williams, S., Wisz, M.S., Zimmermann, N.E., 

2006. Novel methods improve prediction of species’ distributions from 

occurrence data. Ecography 29, 129–151. 

Elith, J., Phillips, S.J., Hastie, T., Dudik, M., Chee, Y.E., Yates, C.J., 2011. A 

statistical explanation of MaxEnt for ecologists. Divers. Distrib. 17, 43–57. 

Emerson, S.B., Inger, R.F., Iskandar, D., 2000. Molecular systematics and 

biogeography of the fanged frogs of Southeast Asia. Mol. Phylogenet. Evol.16, 

131–142. 

Engelbrecht, A., Taylor, P.J., Daniels, S.R., Rambau, R.V., 2011a. Cryptic speciation 

in the southern African vlei rat Otomys irroratus complex: evidence derived 

from mitochondrial cyt b and niche modeling. Biol. J. Linn. Soc. Lond. 104, 

192–206. 

Engelbrecht, H.M., Mouton, P.le F.N., Daniels, S.R., 2011b. Are melanistic 

populations of the karoo girdled lizard, Karusasaurus polyzonous, relics or 

ecotypes? A molecular investigation. Afr. Zool. 46, 146–155. 

Stellenbosch University  http://scholar.sun.ac.za



55 | P a g e  

 

Engelbrecht, H.M., van Niekerk, A., Heideman, N.J.L., Daniels, S.R., 2013. Tracking 

the impact of Pliocene/ Pleistocene sea level and climatic oscillations on the 

cladogenesis of the Cape legless skink, Acontias meleagris species complex, 

in South Africa. J. Biogeogr. 40, 492–506. 

Escorza-Treviño, S., Dizon, A.E., 2000. Phylogeography, intraspecific structure and 

sex-biased dispersal of Dall’s porpoise, Phocoenoides dalli, revealed by 

mitochondrial and microsatellite DNA analyses. Mol. Ecol. 9, 1049–1060. 

Excoffier, L., Laval, G., Schneider, S., 2005. Arlequin version 3.0: an integrated 

software package for population genetics data analysis. Evol. Bioinformatics 1, 

47–50. 

Flagstad, Ø., Syvertsen, P.O., Stenseth, N.C., Jakobsen, K.S., 2001. Environmental 

change and rates of evolution: the phylogeographic pattern within the 

hartebeest complex as related to climatic variation. Proc. R. Soc. Lond. B. 268, 

667–677. 

Fu, Y.X., 1997. Statistical tests of neutrality of mutations against population growth, 

hitchhiking and background selection. Genetics 147, 915–925. 

Glor, R.E., Vitt, L.J., Larson, A., 2001. A molecular phylogenetic analysis of 

diversification in Amazonian Anolis lizards. Mol. Ecol. 10, 2661–2668. 

Stellenbosch University  http://scholar.sun.ac.za



56 | P a g e  

 

Glor, R.E., Warren, D., 2010. Testing ecological explanations for biogeographic 

boundaries. Evolution 65, 673–683. 

Graybeal, A., 1997. Phylogenetic relationships of bufonid frogs and tests of alternate 

macroevolutionary hypotheses characterizing their radiation. Zool. J. Linn. Soc. 

119, 297–338. 

Grützner, J., Hillenbrand, C-D., Rebesco, M., 2005. Terrigenous flux and biogenic 

silica deposition at the Antarctic continental rise during the late Miocene to 

early Pliocene: implications for ice sheet stability and sea ice coverage. Global 

Planet. Change 45, 131–149. 

Guillaumet, A., Crochet, P.A., Pons, J.M., 2008. Climate-driven diversification in two 

widespread Galerida larks. BMC Evol. Biol. 8, 32–53. 

Gvoždík, V., Moravec, J., Klütsch, C., Kotlík, P., 2010. Phylogeography of the Middle 

Eastern tree frogs (Hyla, Hylidae, Amphia) as inferred from nuclear and 

mitochondrial DNA variation, with a description of a new species. Mol. 

Phylogenet. Evol. 55, 1146–1166. 

Hall, T., 2005. BioEdit, Biological Sequence Alignment Editor for Win95/98/NT/2K/XP. 

<http://www.mbio.ncsu.edu/BioEdit/bioedit.html>. 

Hare, M.P., 2001. Prospects for nuclear gene phylogeography. Trends Ecol. Evol. 16, 

700–706. 

Stellenbosch University  http://scholar.sun.ac.za



57 | P a g e  

 

Hasegawa, M., Kishino, H., Yano, T., 1985. Dating of the human-ape splitting by a 

molecular clock of mitochondrial DNA. J. Mol. Evol. 22, 160–174. 

Heideman, N.J.L., Mulcahy, D.G., Sites Jr., J.W., Hendricks, M.G.J., Daniels, S.R., 

2011. Cryptic diversity and morphological convergence in threatened species 

of fossorial skinks in the genus Scelotes (Squamata: Scincidae) from the 

Western Cape Coast of South Africa: Implications for species boundaries, digit 

reduction and conservation. Mol. Phylogenet. Evol. 61, 823–833. 

Heled, J., Drummond, A.J., 2008. Bayesian inference of population size history from 

multiple loci. BMC Evol. Biol. 8, 289. 

Hesp, P.A., Illenberger, W.K., Rust, I.C., McLachlan, A., Hyde, R., 1989. Some 

aspects of transgressive dunefield and transgressive dune geomorphology 

and dynamics, south coast, South Africa. Z. Geomorph. 73, 111–123. 

Hewitt, G.M., 2000. The genetic legacy of the Quaternary ice ages. Nature 405, 907–

913. 

Hewitt, G.M., 2001. Speciation, hybrid zones and phylogeography - or seeing genes 

in space and time. Mol. Ecol. 10, 537–549. 

Hewitt, G.M., 2004. Genetic consequences of climatic oscillations in the Quaternary. 

Phil. Trans. R. Soc. Lond. B. 359, 183–195. 

Stellenbosch University  http://scholar.sun.ac.za



58 | P a g e  

 

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high 

resolution interpolated climate surfaces for global land areas. Int. J. Climatol. 

25, 1965–1978. 

Ho, S.Y.W., Shapiro, B., 2011. Skyline-plot methods for estimating demographic 

history from nucleotide sequences. Mol. Ecol. Resour. 11, 423–434. 

Honda, M., Ota, H., Murphy, R.W., Hikida, T., 2006. Phylogeny and biogeography of 

water skinks of the genus Tropidophorus (Reptilia: Scincidae): a molecular 

approach. Zool. Script. 35, 85–95. 

Jansson, R., Dynesius, M., 2002. The fate of clades in a world of recurrent climatic 

change: milankovitch oscillations and evolution. Annu. Rev. Ecol. Syst. 33, 

741–777. 

Joseph, L., Moritz, C., 1994. Mitochondrial DNA phylogeography of birds in eastern 

Australian rainforests: first fragments. Aust. J. Zool. 42, 385–403. 

Joseph, L., Moritz, C., Hugall, A., 1995. Molecular support for vicariance as a source 

of diversity in rainforest. Proc. R. Soc. Lond. B. 260, 177–182. 

Keogh, J.S., Webb, J.K., Shine, R., 2007. Spatial genetic analysis and long-term 

mark–recapture data demonstrate male-biased dispersal in a snake. Biol. Lett. 

3, 33–35. 

Stellenbosch University  http://scholar.sun.ac.za



59 | P a g e  

 

Klicka, J., Zink, R.M., 1997. The importance of recent ice ages in speciation: a failed 

paradigm. Science 277, 1666–1669. 

Knowles, L.L., 2009. Statistical phylogeography. Annu. Rev. Ecol. Evol. Syst. 40, 

593–612. 

Kornilios, P., Ilgaz, Ç., Kumlutaş, Y., Lymberakis, P., Moravec, J., Sindaco, R., 

Rastegar-Pouyani, N., Afroosheh, M., Giokas, S., Fraguedakis-Tsolis, S., 

Chondropoulos, B., 2012. Neogene climatic oscillations shape the 

biogeography and evolutionary history of the Eurasian blindsnake. Mol. 

Phylogenet. Evol. 62, 856–873. 

Lawes, M.J., 1990. The distribution of the samango monkey (Cercopithecus mitis 

erythrarchus Peters, 1852 and Cercopithecus mitis labiatus I. Geoffroy, 1843) 

and the forest history in southern Africa. J. Biogeogr. 17, 669–680. 

Lawes, M.J., Eeley, H.A.C., Findlay, N.J., Forbes, D., 2007. Resilient forest faunal 

communities in South Africa: a legacy of palaeoclimatic change and extinction 

filtering? J. Biogeogr. 34, 1246–1264. 

Librado, P., Rozas, J., 2009. DNASP v5: a software for comprehensive analysis of 

DNA polymorphism data. Bioinformatics, 25, 1451–1452. 

Liggins, L., Chapple, D.G., Daugherty, C.H., Ritchie, P.A., 2008. A SINE of restricted 

gene flow across the Alpine Fault: phylogeography of the New Zealand 

Stellenbosch University  http://scholar.sun.ac.za

http://www.sciencedirect.com/science/article/pii/S1055790311005070


60 | P a g e  

 

common skink (Oligosoma nigriplantare polychroma). Mol. Ecol. 17, 3668–

3683. 

Linder, H.P., 2003. The radiation of the Cape flora, southern Africa. Biol. Rev. 78, 

597–638. 

Linder, H.P., Johnson, S.D., Kuhlmann, M., Matthee, C.A., Nyffeler, R., Swartz, E.R., 

2010. Biotic diversity in the Southern African winter-rainfall region. Curr. Opin. 

Environ. Sust. 2, 109–116. 

Lorenzen, E.D., Heller, R., Siegismund, H.R., 2012. Comparative phylogeography of 

African savannah ungulates. Mol. Ecol. 21, 3656–3670. 

Macey, J.R., Schulte 2nd, J.A., Larson, A., Fang, Z., Wang, W., Tuniyev, B.S., 

Papenfuss, T.J., 1998. Phylogenetic relationships of toads in the Bufo bufo 

species group from the eastern escarpment of the Tibetan Plateau: a case of 

vicariance and dispersal. Mol. Phylogenet. Evol. 9, 80–87.  

Macey, J.R., Wang, Y., Ananjeva, N.B., Larson, A., Papenfuss, T.J., 1999. Vicariant 

patterns of fragmentation among gekkonid lizards of the genus Teratoscincus 

produced by the Indian collision: a molecular phylogenetic perspective and an 

area cladogram for Central Asia. Mol. Phylogenet. Evol. 12, 320–332. 

Stellenbosch University  http://scholar.sun.ac.za



61 | P a g e  

 

Matthee, C.A., Robinson, T.J., 1996. Mitochondrial DNA differentiation among 

geographical populations of Pronolagus rupestris, Smith's red rock rabbit 

(Mammalia: Lagomorpha). Heredity 76, 514–523. 

Matthee, C.A., Flemming, A.F., 2002. Population fragmentation in the southern rock 

agama, Agama atra: more evidence for vicariance in Southern Africa. Mol. 

Ecol. 11, 465–471. 

McGaugh, S.E., Eckerman, C.M., Janzen, F.J., 2008. Molecular phylogeography of 

Apalone spinifera (Reptilia, Trionychidae). Zool. Script. 17, 289–304. 

Measey, G.J., Tolley, K.A., 2011. Investigating the cause of the disjunct distribution 

of Amietophrynus pantherinus, the endangered South African western leopard 

toad. Conserv. Genet. 12, 61–70. 

Montgelard, C., Matthee, C.A., 2012. Tempo of genetic diversification in southern 

African rodents: The role of Plio-Pleistocene climatic oscillations as drivers for 

speciation. Acta Oecol. 42, 50–57. 

Moodley, Y., Bruford, M.W., 2007. Molecular biogeography: towards an integrated 

framework for conserving Pan-African biodiversity. PLoS ONE. 2, e454. 

Morando, M., Avila, L.J., Sites Jr., J.W., 2003. Sampling strategies for delimiting 

species: genes, individuals, and populations in the Liolaemus elongatus–kriegi 

Stellenbosch University  http://scholar.sun.ac.za



62 | P a g e  

 

complex (Squamata: Liolaemidae) in Andean–Patagonian South America. 

Syst. Biol. 52, 159–185. 

Mulcahy, D.G., Noonan, B.P., Moss, T., Townsend, T.M., Reeder, T.W., Sites, J.W., 

Wiens, J.J., 2012. Estimating divergence dates and evaluating dating methods 

using phylogenomic and mitochondrial data in squamate reptiles. Mol. 

Phylogenet. Evol. 65, 974–991. 

Nielsen, S.V., Bauer, A.M., Jackman, T.R., Hitchmough, R.A., Daugherty, C.H., 2011. 

New Zealand geckos (Diplodactylidae): Cryptic diversity in a post-Gondwanan 

lineage with trans-Tasman affinities. Mol. Phylogenet. Evol. 59, 1–22. 

O’Neill, S.B., Buckley, T.R., Jewell, T.R., Ritchie, P.A., 2009. Phylogeographic 

history of the New Zealand stick insect Niveaphasma annulata (Phasmatodea) 

estimated from mitochondrial and nuclear loci. Mol. Phylogenet. Evol. 53, 523–

536. 

Ozinga, W.A., Colles, A., Bartish, I.V., Hennion, F., Hennekens, S.M., Pavoine, S., 

Poschlod, P., Hermant, M., Schaminée, J.H.J., Prinzing, A., 2013. Specialists 

leave fewer descendants within a region than generalists. Global Ecol. 

Biogeogr. 22, 213–222. 

Partridge, T.C., 1997. Evolution of landscapes. In: Cowling, R.M., Richardson, D.M., 

Pierce, S.M. (Eds.), Vegetation of Southern Africa. Cambridge University 

Press, Cambridge, pp. 5–20. 

Stellenbosch University  http://scholar.sun.ac.za



63 | P a g e  

 

Partridge, T.C., Maud, R.R., 2000. Macro-scale geomorphic evolution of southern 

Africa. In: Partridge, T.C., Maud, R.R. (Eds.), The Cenozoic of Southern Africa. 

Oxford University Press, New York, pp. 3–18.  

Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modelling of 

species geographic distributions. Ecol. Model. 190, 231–259. 

Phillips, S.J., Dudik, M., 2008. Modeling of species distributions with Maxent: new 

extensions and a comprehensive evaluation. Ecography 31, 161–175. 

Portik, D.M., Bauer, A.M., Jackman, T.R., 2010. The phylogenetic affinities of 

Trachylepis sulcata nigra and the intraspecific evolution of coastal melanism in 

the western rock skink. Afr. Zool. 45, 147–159. 

Portik, D.M., Wood Jr., P.L., Grismer, J.L., Stanley, E.L., Jackman, T.R., 2012. 

Identification of 104 rapidly-evolving nuclear protein-coding markers for 

amplification across scaled reptiles using genomic resources. Conservation 

Genet. Resour. 4,1–10. 

Posada, D., 2008. JModelTest: Phylogenetic model averaging. Mol. Bio. Evol. 25, 

1253–1256. 

Prinsloo, P., Robinson, T.J., 1992. Geographic mitochondrial DNA variation in the 

Rock Hyrax, Procavia capensis. Mol. Biol. Evol. 9, 447–456. 

Stellenbosch University  http://scholar.sun.ac.za



64 | P a g e  

 

Pybus, O.G., Rambaut, A., Harvey, P.H., 2000. An integrated framework for the 

inference of viral population history from reconstructed genealogies. Genetics 

155, 1429–1437. 

Rambaut, A., Drummond, A.J., 2007. Tracer v1.5. <http://beast.bio.ed.ac.uk/Tracer>. 

Rambaut, A., 2009. FigTree v1.3.1. http://tree. bio.ed.ac.uk/software/figtree. 

Recuero, E., García-París, M., 2011. Evolutionary history of Lissotriton helveticus: 

Multilocus assessment of ancestral vs. recent colonization of the Iberian 

Peninsula. Mol. Phylogenet. Evol. 60, 170–182. 

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D.L., Darling, A., Hohna, S., 

Larget, B., Liu, L., Suchard, M.A., Huelsenbeck, J.P., 2012. MrBayes 3.2: 

efficient Bayesian phylogenetic inference and model choice across a large 

model space. Syst. Biol., sys029v2–sys029. 

Schulze, R.E., 1997. South African atlas of agrohydrology and climatology. Pretoria: 

Water Research Commission. 

Shapiro, B., Ho, S.Y.W., Drummond, A.J., Suchard, M.A., Pybus, O.G., Rambaut, A., 

2011. A bayesian phylogenetic method to estimate unknown sequence ages. 

Mol. Biol. Evol. 28, 879–887. 

Siesser, W.G., 1980. Late Miocene origin of the Benguela upwelling system off 

northern Namibia. Science. 208, 283–285. 

Stellenbosch University  http://scholar.sun.ac.za

http://tree/
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2007.03334.x/full


65 | P a g e  

 

Siesser, W.G., Dingle, R.V., 1981. Tertiary sea-level movements around southern 

Africa. J. Geol. 89, 83–96. 

Sillero, N., Brito, J.C., Skidmore, A.K., Toxopeus, A.G., 2009. Biogeographical 

patterns derived from remote sensing variables: the Amphians and reptiles of 

the Iberian Peninsula. Amph. Rep. 30, 185–206. 

Smit, H.A., Robinson, T.J., Van Vuuren, B., 2007. Coalescence methods reveal the 

impact of vicariance on the spatial genetic structure of Elephantulus edwardii 

(Afrotheria, Macroscelidea). Mol. Ecol. 16, 2680–2692. 

Spinks, P.Q., Shaffer, H.B., 2005. Range-wide molecular analysis of the western 

pond turtle (Emys marmorata): cryptic variation, isolation by distance, and their 

conservation implications. Mol. Ecol. 14, 2047–2064. 

Spinks, P.Q., Thomson, R.C., Shaffer, H.B., 2010. Nuclear gene phylogeography 

reveals the historical legacy of an ancient inland sea on lineages of the 

western pond turtle, Emys marmorata in California. Mol. Ecol. 19, 542–556. 

Stanley, E.L., Bauer, A.M., Jackman, T.R., Branch, W.R., Mouton, P.le F.N., 2011. 

Between a rock and a hard polytomy: Rapid radiation in the rupicolous girdled 

lizards (Squamata: Cordylidae). Mol. Phylogenet. Evol. 58, 53–70. 

Stellenbosch University  http://scholar.sun.ac.za

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2007.03334.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2007.03334.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2007.03334.x/full


66 | P a g e  

 

Stuart-Fox, D.M., Schneider, C.J., Moritz, C., Couper, P.J., 2001. Comparative 

phylogeography of three rainforest-restricted lizards from mid-east 

Queensland. Aust. J. Zool. 49, 119–127. 

Swart, B.L., Tolley, K.A., Matthee, C.A., 2009. Climate change drives speciation in 

the southern rock agama (Agama atra) in the Cape Floristic Region, South 

Africa. J. Biogeogr. 36, 78–87. 

Swets, J., 1988. Measuring the accuracy of diagnostic systems. Science 240, 1285–

1293. 

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. 

MEGA5: Molecular Evolutionary Genetics Analysis using maximum likelihood, 

evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 

2731–2739. 

Tiganis, T., Bennett, A.M., 2007. Protein tyrosine phosphatase function: the 

substrate perspective. Biochem. J. 402, 1–15. 

Tolley, K.A., Burger, M., Turner, A.A., Matthee, C.A., 2006. Biogeographic patterns 

and phylogeography of dwarf chameleons (Bradypodion) in an African 

biodiversity hotspot. Mol. Ecol. 15, 781–793. 

Stellenbosch University  http://scholar.sun.ac.za



67 | P a g e  

 

Tolley, K.A., Makokha, J.S., Houniet, D.T., Swart, B.L., Matthee, C.A., 2009. The 

potential for predicted climate shifts to impact genetic landscapes of lizards in 

the South African Cape Floristic Region. Mol. Phylogenet. Evol. 51, 120–130. 

Tolley, K.A., De Villiers, A.L., Cherry, M.I., Measey, G.J., 2010. Isolation and high 

genetic diversity in dwarf mountain toads (Capensibufo) from South Africa. Biol. 

J. Linn. Soc. 100, 822–834. 

Townsend, T.M., Alegre, R.E., Kelley, S.T., Wiens, J.J., Reeder, T.W., 2008. Rapid 

development of multiple nuclear loci for phylogenetic analysis using genomic 

resources: an example from squamate reptiles. Mol. Phylogenet. Evol. 47, 

129–142. 

Vandergast, A.G., Gillespie, R.G., Roderick, G.K., 2004. Influence of volcanic activity 

on the population genetic structure of Hawaiian Tetragnatha spiders: 

fragmentation, rapid population growth and the potential for accelerated 

evolution. Mol. Ecol. 13, 1729–1743. 

Van der Wurff, A.W.G., Isaaks, J.A., Ernsting, G., Van Straalen, N.M., 2003. 

Population substructures in the soil invertebrate Orchesella cincta, as revealed 

by microsatellite and TE-AFLP markers. Mol. Ecol. 12, 1349–1359. 

Willows-Munro, S., Matthee, C.A., 2011. Linking lineage diversification to climate and 

habitat heterogeneity: phylogeography of the southern African shrew 

Myosorex varius. J. Biogeogr. 38, 1976–1991. 

Stellenbosch University  http://scholar.sun.ac.za



68 | P a g e  

 

Zarza, E., Reynoso, V.H., Emerson, B.C., 2011. Discordant patterns of geographic 

variation between mitochondrial and microsatellite markers in the Mexican 

black iguana (Ctenosaura pectina) in a contact zone. J. Biogeogr. 38, 1394–

1405. 

Zhang, Q., Xia, L., He, J., Wu, Y., Fu, J., Yang, Q., 2010. Comparison of 

phylogeographic structure and population history of two Phrynocephalus 

species in the Tarim Basin and adjacent areas. Mol. Phylogenet. Evol. 57, 

1091–1104  

Stellenbosch University  http://scholar.sun.ac.za



Locality 1 2 3 4 5 6 7 8 9 1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
0

3
1

3
2

3
3

3
4

3
5

3
6

3
7

3
8

3
9

4
0

4
1

4
2

4
3

4
4

4
5

4
6

4
7

4
8

4
9

5
0

5
1

5
2

5
3

5
4

5
5

5
6

5
7

5
8

5
9

6
0

6
1

6
2

6
3

N 1 5 4 4 4 3 4 5 3 4 1 5 3 5 4 4 3 5 1 3 5 5 3 5 4 1 5 2 4 4 5 1 3 4 5 3 4 3 2 1 3 2 3 5 5 3 2 1 5 3 5 1 3 6 3 5 1 1 3 2 2 1 2

1 2 4

2 1

3 4

4 1

5 1

6 1

7 3

8 1

9 1

10 1

11 3

12 1

13 2

14 3

15 2

16 3

17 1

18 1

19 1

20 1

21 5

22 1

23 3

24 3

25 1 1

26 2

27 2

28 1

29 2

30 1

31 1

32 2

33 3

34 3

35 3

36 1

37 4

38 1

39 3

40 1

41 1

42 2

43 2

44 1

45 1

46 1

47 1

48 1

Appendix A. Haplotype frequency  table for the ND2 locus. The locality numbers correspond to those in Table 1.

H
a
p

lo
ty

p
e

Stellenbosch University  http://scholar.sun.ac.za

Stellenbosch University  http://scholar.sun.ac.za



49 1

50 1

51 2

52 1

53 1

54 1

55 3

56 2

57 1

58 1

59 4 2

60 2

61 2

62 1

63 2

64 1

65 1

66 2

67 2 1

68 1

69 1 1

70 1

71 1

72 1

73 4

74 1

75 1

76 1

77 3

78 1

79 1

80 2

81 1

82 2

83 1

84 1 3

85 3

86 2

87 4

88 1 1

89 2

90 1

91 2

92 1

93 4

94 1

95 1

96 1

97 1

98 1 2 1

99 1

100 2

101 2

102 1

H
a
p

lo
ty

p
e

Appendix A (continued)

Stellenbosch University  http://scholar.sun.ac.za

Stellenbosch University  http://scholar.sun.ac.za



103 1

104 1

105 2

106 1

107 5

108 1

109 1

110 2 1

111 2

112 1

Appendix A (continued)
H

a
p

lo
ty

p
e

Stellenbosch University  http://scholar.sun.ac.za

Stellenbosch University  http://scholar.sun.ac.za



Locality 
1 2 3 4 5 6 7 8 9 1

0
1
1

1
2

1
3

14 1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
0

3
1

3
2

3
3

3
4

3
5

3
6

3
7

3
8

3
9

4
0

4
1

4
2

4
3

4
4

4
5

4
6

4
7

4
8

4
9

5
0

5
1

5
2

5
3

5
4

5
5

5
6

5
7

5
8

5
9

6
0

6
1

6
2

6
3

N 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 1

4 1

5 1

6 1 1

7 1

8 1 1 1 1 1 1 1

9 1

10 1 1

11 1 1 1 1 1

12 1

13 1

14 1

15 1

H
a
p

lo
ty

p
e

Appendix B.1. Haplotype frequency  table for the PRLR locus. The locality numbers correspond to those in Table 1.

Stellenbosch University  http://scholar.sun.ac.za

Stellenbosch University  http://scholar.sun.ac.za



Locality 
1 4 6 8 9 1

0
1
1

1
2

1
3

1
5

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
1

3
3

3
4

3
5

3
7

3
8

3
9

4
0

4
1

4
3

4
4

4
5

4
6

4
7

4
8

4
9

5
0

5
1

5
2

5
3

5
4

5
5

5
6

5
7

5
8

5
9

6
0

6
1

6
2

6
3

N 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1
3 1
4 1
5 1
6 1
7 1 1 1 1 1 1 1 1 1
8 1 1 1 1

9 1

10 1 1 1

H
a
p
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p
e

Appendix B.2. Haplotype frequency  table for the PTPN12 locus. The locality numbers correspond to those in Table 1.
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