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A B S T R A C T 

Understanding the role of geography and climatic cycles in determining patterns of biodiversity is 

important in comparative and evolutionary biology and conservation. We studied the phylogeographic 

pattern and historical demography of a rock-dwelling small mammal species from southern Africa, 

the rock hyrax Procavia capensis. Using a multilocus coalescent approach, we assessed the influence 

of strong habitat dependence and fluctuating regional climates on genetic diversity. We sequenced a 

mitochondrial gene (cytochrome b) and two nuclear introns (AP5, PRKC1) supplemented with 

microsatellite genotyping, in order to assess evolutionary processes over multiple temporal scales. In 

addition, distribution modelling was used to investigate the current and predicted distribution of the 

species under different climatic scenarios. Collectively, the data reveal a complex history of isolation 

followed by secondary contact shaping the current intraspecific diversity. The cyt b sequences 

confirmed the presence of two previously proposed geographically and genetically distinct lineages 

distributed across the southern African Great Escarpment and north-western mountain ranges. 

Molecular dating suggests Miocene divergence of the lineages, yet there are no discernible extrinsic 

barriers to gene flow. The nuclear markers reveal incomplete lineage sorting or ongoing mixing of the 

two lineages. Although the microsatellite data lend some support to the presence of two 

subpopulations, there is weak structuring within and between lineages. These data indicate the 

presence of gene flow from the northern into the southern parts of the southern African sub-region 

likely following the secondary contact. The distribution modelling predictably reveal the species’ 

preference for rocky areas, with stable refugia through time in the northern mountain ranges, the Great 

Escarpment, as well as restricted areas of the Northern Cape Province and the Cape Fold Mountains 

of South Africa. Different microclimatic variables appear to determine the distributional range of the 

species. Despite strong habitat preference, the micro-habitat offered by rocky crevices and unique life 

history traits likely promoted the adaptability of P. capensis, resulting in the widespread distribution 

and persistence of the species over a long evolutionary period. Spatio-temporal comparison of the 

evolutionary histories of other co-distributed species across the rocky landscapes of southern Africa 

will improve our understanding of the regional patterns of biodiversity and local endemism.  
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1. Introduction 

Southern Africa is exceptionally rich in rocky landscapes varying from wet temperate and tropical 

mountain peaks, to dolerite buttes, known as kopjes or koppies of the arid inland plateau. Around the 

edge of this plateau runs the Great Escarpment, a ribbon-like erosional remnant of Jurassic 

subcontinent-wide lava flows and Gondwanic rifting with subsequent uplift and warping (Ollier and 

Pain, 2000; McCarthy and Rubidge, 2005; Partridge et al., 2006;). These landscapes are also 

geologically diverse encompassing highly metamorphosed Archaean basements, over 3.5 billion years 

old in the north, through to recently exposed Pleistocene limestone and conglomerate along the 

southern coast (McCarthy and Rubidge, 2005; Johnson et al., 2006). Several saxicolous animal 

species are distributed across the region.  

Whereas rocky habitats may act as barriers to gene flow in some species (Körner, 2004; Kok et al., 

2012), for others they represent areas of long term stability (Kingdon, 1990), with low “change 

velocity” (Smethurst, 2000; Sandel et al., 2011). Environmental heterogeneity in mountains and other 

rocky areas provide micro-habitats with lesser extremes of temperature and humidity than the 

surrounds and therefore offer a relatively stable food supply and a variety of shelters (Spehn et al., 

2011; Kingdon et al., 2013). This refugial effect may allow isolated populations to survive for long 

periods in areas of otherwise unsuitable climate and may buffer interconnected populations in the face 

of adverse climatic change. 

The rock hyrax or dassie (Procavia capensis) is among the most familiar animals in southern 

African rocky habitats. This widespread small mammal species from an Oligocene Afrotherian 

lineage (Springer et al., 2003; Gheerbrant et al., 2007; Seiffert, 2007), is adapted to rocky crevices, 

krantzes and koppies. Currently a single species of rock hyrax is recognised throughout its African 

and Arabian distribution, however, numerous poorly defined species or subspecies have been 

described mainly based on minor variations in pelage colour. Many authors have proposed that a 

taxonomic revision is warranted (Allen, 1939; Ellerman and Morrison-Scott, 1953; Bothma, 1971; 
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Meester et al., 1986; Barry and Shoshani, 2000) and it is likely that cryptic diversity exists, although 

the boundaries between forms remain unclear.  

 

Fig. 1. Sampling localities of Procavia capensis capensis from southern Africa. The localities are colour coded 

to correspond with northern (white), southern (black) and Namibian (grey) lineages recovered in the 

mtDNA haplotype network. 

 

Rock hyrax occur extensively throughout much of southern Africa from the south-western Cape to 

the northern borders of South Africa and into Zimbabwe and Namibia, being absent only from the 

Kalahari sands in the interior, and the Mozambique-Maputaland coastal plain in the northeast (Fig. 1; 

Supplementary Fig. S1). A previous phylogeographic study found mitochondrial DNA (mtDNA) 

evidence of two distinct lineages (Prinsloo and Robinson, 1992), one distributed along the southern 

and eastern sections of the Great Escarpment and the other across several mountain ranges in the 

northern parts of South Africa extending to the Matopo Hills of Zimbabwe (Prinsloo, 1993). Whereas 

the Great Escarpment represents fairly continuous habitat availability for hyrax occupation, the 

northern mountain ranges are more isolated. The species is also recorded from smaller rocky outcrops 

surrounded by what would appear to be uninhabitable plains that lack crevices and pose high risks of 
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predation. Rock hyrax population numbers fluctuate within sites and regionally in response to 

drought, food availability and possibly, disease, with large-scale population irruptions leading to 

colonization of marginal habitats (van der Horst, 1941; Lensing, 1979). Similar population dynamics 

occur in the congeneric P. c. johnstoni from Serengeti National Park in Tanzania which displays 

characteristic metapopulation structure where habitat patches experience recurrent cycles of extinction 

and recolonization (Grant and Leslie, 1992; Gerlach and Hoeck, 2001). These populations are also 

characterized by low genetic variability, a high degree of inbreeding and contrary to most mammals, 

P. c. johnstoni does not display sex biased dispersal (Gerlach and Hoeck, 2001). 

The rock hyrax shows several life-history traits that may impact on genetic diversity across the 

species range. Rock hyraxes are thermo-labile, strongly affecting their diurnal activity patterns, 

dependence on rock crevices for shelter, and gregarious nature (Skinner and Chimimba, 2005; 

Kingdon et al., 2013). Multiple groups can be found co-inhabiting a network of rocky outcrops, with 

the dominant and often territorial male monopolizing several matrilineal groups. Within this social 

system the immature males are usually the dispersers, while the females tend to be philopatric (Coe, 

1962; Fourie and Perrin, 1987; Hoeck et al., 1982; Hoeck, 1989). Procavia capensis is a grazer, but 

will switch to browsing when food is not abundant (Sale, 1965, 1966; Turner and Watson, 1965; 

Hoeck, 1975; Fourie, 1983). These traits would influence abundance and patchiness of rock hyrax 

occurrence. In the northern parts of southern Africa they occur in sympatry with Heterohyrax brucei 

(bush hyrax or yellow-spotted hyrax) that is more narrowly distributed, potentially due to its more 

restricted diet (mostly browsing).  

Studies of other saxicolous fauna in southern Africa have reported similar patterns of occurrence 

and phylogeographic structure. For example, deep genetic disjunctions between mitochondrial 

lineages in Smith’s red rock rabbit (Pronolagus rupestris; Matthee and Robinson, 1996), southern 

rock agama (Agama atra; Matthee and Flemming, 2002), Cape rock elephant shrew (Elephantulus 

edwardii; Smit et al., 2007), and flat geckos (Afroedura spp., Makhubo et al., 2014). These breaks 

broadly correspond across species, emphasizing the Drakensberg Highlands, Great Escarpment, Cape 

Fold Mountains and north-western mountain ranges as dominant features of the southern African 
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landscape. However, there are also species-specific patterns and ecologically determined differences 

in species responses to climate variation across patchy habitats. 

Palaeoclimatic change is the major driver invoked in environmental adaptation and 

phylogeographic structuring of species (Avise, 2000; Hewitt, 2000, 2011; Waltari et al., 2007). 

Repeated climatic fluctuations and aridification caused by Pleistocene global glacial cycles have 

caused periodic habitat fragmentation, resulting in isolation, extirpation or diversification (Linder, 

2003; Hewitt, 2004; Chase and Meadows, 2007; Cowling et al., 2009). The patchy distribution of 

suitable outcrops and stability of this habitat may give rise to isolated refugial populations and the 

formation of new lineages over time. This, together with the variability of hyrax recruitment and 

mortality must drastically alter population composition in response to climatic change. An approach 

that combines comparative phylogeography and bioclimatic distribution modelling projected onto past 

climatic scenarios, may allow us to trace the chronology of events leading to lineage divergence 

(Schneider et al., 1998; Waltari et al., 2007; Carnaval et al., 2009; Svenning et al., 2011). 

Intuitively one might expect patchily distributed rock-dwelling species to be characterized by 

strong genetic partitioning. However, different markers may vary in sensitivity to genetic structure, 

across spatial and temporal scales due to varying effective population size, mutation rates, gene 

migration and homoplasy. Among mammals, mtDNA is frequently used to test hypotheses of 

relationships among closely related taxa and intraspecific phylogeography (Prager et al., 1996; 

Taberlet et al., 1998; Hewitt, 2011; Fordham et al., 2014). Introns provide an ideal source of nuclear 

noncoding sequences especially where they are anchored in conserved exons allowing robust PCR 

primer design (Pamilo and Nei, 1988; Hudson and Coyne, 2002; Hare and Palumbi, 2003). The high 

mutation rates of microsatellites offer a more recent perspective, with better resolution of variation 

within populations, extending insights to ecological time scales (Ashley and Dow, 1994; Schlötterer 

and Pemberton, 1994). 

Here we present a multi-locus phylogeographic assessment of rock hyrax within a coalescent 

framework. The main questions addressed are: (a) What are the major evolutionary lineages as 

defined through analyses of different marker systems?; (b) What are the broader relationships and 

timing of diversification among southern African lineages?; (c) Is there evidence of recent gene flow 
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and population structure within and between the identified lineages?; and (d) how does climate 

change affect population connectivity of rock hyrax across southern Africa? 

2. Materials and methods

2.1. Sample collection and laboratory protocols 

Specimens of P. capensis capensis were collected by multiple contributors from geographic 

localities across southern Africa (Fig. 1; Supplementary Table S1). Heart, liver and muscle tissue 

were dissected from a limited number of individuals and frozen at -20C, with voucher specimens 

registered at Ditsong Museum, Pretoria, South Africa. In total a combination of 125 samples were 

used in the final molecular analyses depending on PCR and genotyping success. The final counts were 

110 individuals for mtDNA sequencing, 30-50 for intron sequencing and 104 for microsatellite 

genotyping. Additional presence locality data were obtained from the MammalMAP database 

(mammalmap.adu.org.za) with permission from data providers at the National Museum, Bloemfontein 

and the MacGregor Museum, Kimberley, South Africa. 

Total genomic DNA was extracted from 20 mg of preserved tissue using the Sigma GenElute
TM

 

Mammalian Genomic DNA Miniprep kit (Sigma Aldrich) or Qiagen DNeasy Blood and Tissue 

extraction kit (Qiagen), following the manufacturer’s instructions. Extracted DNA pellets were air-

dried and re-suspended in 50–100 l Sabax® water (Adcock Ingram), and stored at 4 C. DNA 

quality and concentration was assessed from gel electrophoresis and a NanoDrop fluorospectrometer 

(Thermo Fisher Scientific). Oligonucleotide primers (Supplementary Table S2), obtained by re-

designing universal primers of Irwin et al. (1991), were used to amplify the mtDNA cytochrome b 

(cyt b) gene. Due to difficulties with amplification or sequencing in some samples, the final analyses 

were based on a 786 bp alignment. All polymerase chain reactions (PCR) were performed in a total 

volume of 25 l containing 20–100 ng genomic DNA, 1X reaction buffer, 2–2.5 mM MgCl2, 0.3–0.5 

mM dNTPs, 2.5–5 pmol of each primer, and 1 U Supertherm Taq polymerase (Southern Cross 

Biotechnologies). PCR reactions were performed using the GeneAmp 2720 thermal cycler (Applied 
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Biosystems). Amplification was performed in 35 cycles, each cycle comprising: 30 s denaturation at 

94 C, 30 s annealing at 52 C and 45 s extension at 72 C, with the final extension for 10 min at 72 

C. The presence of successful PCR products were confirmed on 2% agarose gels stained with 

GelRed
TM

 Acid stain (Biotium). 

In order to obtain resolution across multiple temporal scales we analysed a representative subset of 

samples selected from across the mtDNA cyt b gene tree and the geographic sampling, for two 

nuclear introns: AP5, PRKC1 (Acid phosphatase type V intron 2 and Protein kinase C iota, 

respectively) (Supplementary Table S2). The PCR profiles for AP5 and PRKC1 were 94 C for 2 min, 

followed by 94 C for 30 s, 52 C, 56 C/52 C, respectively for 1 min 30 s, 72C for 1 min, repeated 

for 35 cycles, followed by a final extension of 72 C for 10 min. The numbers of samples and 

fragment sizes utilized are summarised in Table 1.  

Sequencing amplicons were purified using either the High Pure PCR Product or the ExoSap 

purification kit (Roche Diagnostics; Affymatrix). Purified PCR products were then sequenced in both 

directions using BigDye
TM

 Terminator 3.1 cycle sequencing ready reaction kit (Applied Biosystems) 

according to the manufacturer’s protocol. Cycle sequenced products were precipitated using 3M 

NaAc (sodium acetate) (Applied Biosystems) and separated on ABI PRISM 3130/3730 Genetic DNA 

Analysers (Applied Biosystems). The electropherograms were visually explored, trimmed, aligned 

with Clustal X and checked for peptide translation in MEGA 6 (Thompson et al., 1997; Tamura et al., 

2013), and consensus sequences annotated in CLC Main Workbench5/6 (CLC Bio). Sequences were 

later deposited in GenBank (Supplementary Table S4). 

Microsatellite genotyping utilized previously published markers from Gerlach et al., (2000) and 

Koren and Geffen (2011) (Supplementary Table S3). A hundred and four samples were genotyped, 

with 24 of these randomly chosen for re-genotyping to assess genotyping error. PCR reactions were 

prepared in 10 µl volumes with approximately 50 ng of genomic DNA, 1x PCR buffer, 0.3 U 

Supertherm Taq polymerase, 1.5 –2.5 mM MgCl2, 1 pmol of the forward and reverse primers (Inqaba 

Biotec), 0.2 mM dNTPs (Promega) and 0.02 pmol fluorescently labelled ChromaTideRhodamine 

Green
TM

-5-dUTPs (Invitrogen). PCR conditions for each locus are given in Supplementary Table S3. 
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Table 1  

Summary statistics for the three sequenced gene regions, including number of individual (N) in mtDNA defined population groups, number of haplotypes/alleles within 

groups (H), variable sites, parsimony informative sites, haplotype/allelic diversity (Hd), nucleotide diversity (π) and their standard deviations, mutational parameters s 

(Watterson 1975) and π (Tajima 1983), Tajima’s D test statistic and Fu’s Fs. Significance level: NS = P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.  

Locus Clade Length 

(bp) 

Polymorphism 

N H Variable 

sites 

Parsimony 

informative 

sites 

Hd (±SD) π (±SD) s (±SD) π (±SD) Tajima’s D Fu’s Fs 

Cyt b All 786 110 45 125 78 – – – – – – 

 Northern group  49 20 – – 0.93 (±0.01) 0.02 (±0.009) 7 (±2) 7 (±2) -0.19 -2.71 

 Southern group  61 25 – – 0.93 (±0.02) 0.07 (±0.001) 10 (±2) 6 (±2) -2.26** -3.69 

AP5 All 304 46 15 27 4 – – – – – – 

 Northern group  25 13 – – 0.78 (±0.09) 0.01 (±0.004) 10 (±3) 4 (±2) -2.28** -3.75 

 Southern group  21 8 – – 0.57 (±0.13) 0.01 (±0.005) 7 (±2) 2 (±1) -2.46*** -1.49 

PRKC1 All 419 30 21 43 7 – – – – – – 

 Northern group  12 11 – – 0.99 (±0.04) 0.02 (± 0.004) 7 (±2) 4 (±2) -1.79* -6.44 

 Southern group  18 9 – – 0.84 (±0.07) 0.02 (±0.007) 9 (±3) 6 (±2) -1.59 0.06 

(-) Represents values that were not estimated  
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After confirming amplification on 2% agarose gels, fragment size and polymorphism was assessed on 

an ABI 3500xl Genetic Analyzer (Applied Biosystems). The forward primer of each selected 

polymorphic microsatellite locus was subsequently fluorescently labelled with the G5 dye set 

(Supplementary Table S3) (Applied Biosystems). These were then co-loaded and analysed on an ABI 

3500xl, with the GeneScan Liz
TM

500 Size Standard (Applied Biosystems).  

 

2.2. Estimation of molecular diversity from sequence data 

For both the mtDNA (cyt b) and nuclear intronic regions (AP5, PRKC1) Arlequin 3.5 (Excoffier 

and Lischer, 2010) and DNASP 5.10.01 (Librado and Rozas, 2009) were used to compute standard 

diversity statistics, including number of haplotypes (h), haplotype diversity (H), segregating sites (s), 

and nucleotide diversity (π) per site (Nei, 1987). We also calculated two estimators of the mutational 

parameter θs (Watterson, 1975) and θπ (Tajima, 1983) along with Tajima’s D (Tajima, 1983) and 

Fu’s Fs (Fu, 1997), which are indicators of either selection or demographic change. Pairwise genetic 

distances (p-distance) were calculated for each locus in MEGA 6 (Nei and Kumar, 2000; Tamura et 

al., 2013).  

 

2.3. Gene-tree based population and demographic analyses 

Median-joining (MJ) networks (Bandelt et al., 1999) were inferred using NETWORK 4.1.0.1 

(available at http://www.fluxus-technology.com/sharenet.htm; Bandelt et al., 1999). Habitat 

expansion and/or contraction usually imply episodes of population growth and decline, which leave 

characteristic signals in molecular data (Rogers and Harpending, 1992). The observed distribution of 

pairwise differences (mismatch distribution) was compared with that expected under sudden 

demographic expansion (Excoffier and Lischer, 2010) and spatial expansion (Schneider and 

Excoffier, 1999) models assuming constant deme sizes as implemented in Arlequin 3.5 (Excoffier and 

Lischer, 2010). The expansion null hypothesis was tested using the sum of squared deviation (SSD; 

Schneider and Excoffier, 1999) and the raggedness index (RI, Harpending, 1994). The fit of the 

observed distribution to both models of expansion was tested using 10,000 permutations.  
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Evidence of historical demographic changes through time in the rock hyrax was further 

investigated using Bayesian skyline plots (BSP), a coalescent-based approach implemented in BEAST 

1.6.1 (Drummond and Rambaut, 2007a, b). The program was initially run without constraints and then 

with a set mtDNA mutation rate estimated from previous publications on hyrax (Springer, et al., 1997, 

1999, 2011; Benton and Donoghue, 2007). Input files were created in BEAUTi with appropriate 

parameters and mutation rate (section 2.6). Linear and stepwise models for each population used a 

strict clock or an uncorrelated lognormal relaxed clock were applied, with runs consisting of 5 x 10
6
 

generations, sampled every 1000
th
 generation and with the first 25% of samples excluded as burn-in. 

All analyses were examined for convergence using Tracer 1.5.0 (Rambaut and Drummond, 2009) 

with the effective sample size (ESS) used to evaluate convergence among chains. 

 

2.4. Microsatellite genotyping and analyses 

Genotypes were scored using GENEMARKER 1.5 (SoftGenetics). MICRO-CHECKER 2.2.3 

(Van Oosterhout et al., 2004) was used to test for the presence of null alleles, large allele dropouts and 

scoring errors because of stutter peaks. These genotyping errors can cause deviations from Hardy–

Weinberg proportions, in particular heterozygote deficiency (Rousset and Raymond, 1995) which can 

potentially bias population genetic analyses. Deviations from Hardy-Weinberg Equilibrium and 

linkage disequilibrium between individuals and markers were tested with GENEPOP 4.0.10 (Rousset, 

2008), using 10,000 steps and 10,000 iterations. Summary statistics including observed (HO) and 

expected heterozygosity (HE) were calculated using GENETIX 4.05 (Belkhir et al., 1996–2004), 

FSTAT (Goudet, 2001) and DnaSP 5.10.01 (Rozas, et al., 2003). P-values were adjusted for multiple 

comparisons using Bonferroni correction (Rice, 1989).  

POWSIM 4.0 (Ryman and Palm, 2006) was used to assess the statistical power of all the markers, 

for detecting pairwise genetic differentiation at FST levels ranging from 0.00 to 0.20. Overall FST 

(pairwise genetic differentiation), FIS (inbreeding coefficient) and FIT (deviation from Hardy-

Weinberg proportions), were estimated with 10,000 permutations following Weir and Cockerham 

11



 

(1984). The significance of these estimates was then evaluated using 10,000 permutations for the 

respective populations (Excoffier and Schneider, 2005).  

We tested for genetic structure using spatial autocorrelation (SAC; Smouse and Peakall, 1999) 

available in GENALEX 6 (Peakall and Smouse, 2006). This spatial autocorrelation coefficient was 

calculated using the genetic and geographic distance between individuals within distance classes 

(denoted as “r”). A thousand random permutations were generated at 95 % confidence intervals and 

when the data deviated significantly from the null hypothesis (a random geographic distribution) a 

positive SAC was identified. Under this model, geographically proximate samples will have a positive 

SAC, which decreases as the geographic distances increases. The point where SAC is not detected 

(where “r” = 0), is known as the “patch size” and used as an indication of dispersal ability.  

STRUCTURE 2.3.2 (Pritchard et al., 2000) a Bayesian clustering analysis method, was used to 

estimate the most likely number of populations (K) based on allele sharing. Given the structure 

observed from sequence data we specified an admixture model with correlated allele frequencies 

among populations. We tested for 1-6 clusters (K), with 20 iterations for each K. MCMC sampling of 

individual assignments to clusters continued for 200,000 generations, with 100,000 generations 

excluded as burn-in. We used the ln probability of the data and the ad hoc statistic ΔK (Evanno et al., 

2005) to confirm the most likely number of populations with STRUCTURE HARVESTER (Earl and 

vonHoldt, 2012). Three dimensional Factorial Correspondence Analysis (FCA) in GENETIX 4.05 

was also conducted on pairwise genetic distance between individuals (Belkhir et al., 1996–2004). 

This analysis allows a visual representation of the differences between individuals and how they 

cluster together. It is especially useful in high gene flow species with weak underlying structure.  

An isolation-with-migration model (IMa 1.0) (Hey and Nielsen, 2007) was applied to the mtDNA 

and microsatellite datasets, separately and in combination. This software employs MCMC 

genealogical sampling to estimate posterior probabilities for mutational parameters of the ancestral 

(A) and daughter populations (1; 2), the splitting time (t-split) and the extent/direction of migration 

between two daughter populations (m1 and m2). For mtDNA sequence data, the HKY model was 

applied, allowing for multiple mutations at some nucleotide sites, along with rate calibration from 

analysis of divergence within P. capensis (section 2.7, below). Following pre-simulation runs to 
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determine the upper bounds of the parameters, several independent runs were done to ensure mixing 

and consistent results. Parameter values were recorded every 1000
th
 generation with a burn-in of 2 x 

10
6 
generations. Runs were continued until an effective sample size (ESS) larger than 50 was obtained 

with no significant autocorrelation among parameter estimates. Once these criteria were met, three 

independent iterations were done with random seeds for each dataset. The posterior probability modes 

were used as parameter estimates with the 90% highest posterior density (HPD90) as credibility 

intervals. 

 

2.5. Distribution modelling 

Bioclimatic modelling with MaxEnt 3.3.3e (Phillips et al., 2006; Phillips and Dudik, 2008) was 

used to estimate the past, present and likely future distribution of rock hyrax in southern Africa. 

Sampled localities together with other validated occurrence records gave 271 point localities across 

the range of P. capensis capensis in southern Africa, beyond latitude 22S. This was reduced to 251 

localities after filtering closely adjacent sampling sites to avoid over-representation of local climates. 

For consistency across past, present and future models, we used the WorldClim spatial coverage’s 

of 19 bioclimatic variables, at the 2.5-arc minute scale (http://www.worldclim.org/). Current climate 

coverages are estimated from global long-term observations. For past climates we used estimates 

derived from CCSM2 (Community Climatic system model) and MIROC (model on interdisciplinary 

research on climate) global circulation reconstructions for the last glacial maximum, 18 ka (LGM). 

For predicted future climates we used CCSM4 and MIROC5 estimates (IPCC, 2050). Climate 

coverage’s for each of 19 variables, in each of these five scenarios, were clipped to latitudes 12–37S, 

longitude 13–36E, and converted to ESRI ASCII files in QGIS using GDAL tools (QGIS 

Development Team, 2012–2013; QGIS A., 2015). These environmental layers were aligned and 

projected utilizing the Albers equal area clipped to the outline of southern Africa in QGIS. For 

modelling of current distribution we constructed 10 replicate models in MaxEnt from a random 

starting seed, with organismal data randomly divided into 70% training (106 records) and 30% test 

points (45 records), against a background of 10,000 “pseudo absence” points. We used jack-knife 
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estimation of variable importance, with logistic output of occurrence likelihoods, and all other 

parameters left at default values. MaxEnt model performance was evaluated based on the average area 

under the Relative Operating Characteristic curve values (AUC) for test points, which reflect how 

accurately a model predicts the species presence, comparing the rate of true positive against false 

positive predictions of occurrence (sensitivity against 1-specificity) (Elith et al., 2011). The logistic 

model of optimal bio climates was then used as a query against each of the two past and two future 

climate estimates, giving spatial predictions of stability and change in rock hyrax occurrence through 

time.  

 

2.6. Phylogenetic analyses 

All sequenced loci were first analysed individually, followed by concatenation of data in FaBox 

1.41 (Villesen, 2007) and analysis of this combined data matrix. As outgroups, a combination of the 

following species was selected depending on available sequencing information from GenBank or 

newly generated unpublished data from our group: Procavia capensis syriaca, Heterohyrax brucei, 

Dendrohyrax dorsalis, Loxodonta africana and Dugong dugon (accession numbers available in 

Supplementary Table S4). Phylogenetic models and their parameters (models of molecular evolution, 

length of MCMC analyses, different fossil calibrations and temperature of incrementally heated 

chains) were optimized prior to conducting final analyses using the Markov Chain Monte Carlo 

(MCMC) genealogical sampling method implemented by MrBayes and BEAST. For each locus the 

best fit model of evolution was selected based on the Akaike Information Criterion in JMODELTEST 

0.1.1 (Posada, 2008) and these were used as prior settings for each run (cyt b - TrN+I+G; AP5 - 

TIM3; PRKC1 - HKY+G). 

A final subset of 35 individuals which amplified across all gene regions, were used in subsequent 

analyses (Supplementary Table S4). Phylogenetic relationships were inferred using maximum 

likelihood (ML) in raxmlGUI 0.93 (Stamatakis, 2006; Silvestro and Michalak, 2012) and Bayesian 

approaches in MrBayes3.1.2 (Ronquist and Huelsenbeck, 2003) and BEAST 1.6.1 (Drummond and 

Rambaut, 2007). The ML analyses were conducted with GTR+G+I selected as the average best model 
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for all loci and data sets. Confidence in nodes was assessed using 10,000 bootstrap replicates 

(Felsenstein, 1985), with nodes < 50% support collapsed to polytomies, and bootstrap values > 70% 

considered as strong support. Two replicate searches with 20 x 10
6
 generations each, sampled every 

1000
th
 generation, were conducted in MrBayes 3.1.2. Analyses in BEAST were similar to those 

described above (section 2.3) using an uncorrelated lognormal distributed relaxed clock model and a 

Yule speciation tree prior, with various approaches to rate calibration (described below). Maximum 

credibility trees were generated and summarized with TreeAnnotator1.6.1 (Rambaut and Drummond, 

2010). FigTree 1.3.0 (Rambaut, 2009) was then used to view and draw the trees.  

 

2.6. Divergence time estimates 

An accurate estimation of the timing of evolutionary events is critical to the understanding of 

evolutionary forces that shape population diversity (Shapiro et al., 2004). We used a Bayesian 

framework, in BEAST 1.6.1, to date divergence of the major lineages found within P. capensis 

capensis and between this subspecies and other hyrax taxa. Three test runs: (i) with no constraints, (ii) 

with substitution rates, and (iii) with fossil calibrations, were used to estimate divergence dates 

between species and to verify the consistency of our results. The same models of evolution as above 

(section 2.6) were used. All date estimates were derived from molecular data, but were calibrated with 

well-supported fossil evidence from distantly related taxa. Three fossil calibration points were tested, 

namely (i) the hyrax and elephant-dugon split at 66-55 Ma (Springer et al., 1997; Gheerbrant, 2009); 

(ii) a fossil procaviid, Prohyrax, found in the Fayum region at 24 Ma, and (iii) a Heterohyrax-like 

fossil from Namibia, H. auricampensis, at between 10-3 Ma (Rasmussen et al., 1996; Seiffert, 2007). 

These calibrations points were applied with a normal prior and 95% credibility interval, as per by 

Rowe et al. (2008). A log-normal relaxed clock and a Yule prior distribution (Yule, 1924; Drummond 

et al., 2006) were selected. The MCMC analyses were run for 10 x 10
6
 generations, with a burn-in of 

1 x 10
6
 generations and sampling every 10,000

th
 generation. TRACER 1.5 (Rambaut and Drummond, 

2009) was used to visualize the estimated divergence times from the log file and to ensure that the 

chains had converged. FigTree 1.3.1 (Rambaut, 2009) was then used to construct the chronogram. 
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3. Results and Discussion 

3.1. Genetic diversity and population structure (mitochondrial cytochrome b and nuclear introns) 

The mean base frequencies for cyt b were similar to those reported in other studies on mammals 

(Irwin et al., 1991; Ducroz et al., 1998), with transition: transversion ratios typical of mitochondrial 

protein coding genes and a translated peptide sequence highly similar to that of other mammals 

(results not shown). The trimmed sequence of 786 bp of the cyt b gene for 110 individuals yielded 78 

parsimony informative sites and 45 rock hyrax haplotypes (Table 1). Two major matrilineal lineages 

(haplogroups) are evident from different parts of southern Africa (Fig. 2): a lineage from northern 

South Africa (haplotypes Chb1-20) and a widespread southern lineage (haplotypes Chb21-44). These 

two haplogroups are separated by 12 mutational steps. The single Namibian sample (P. capensis 

capensis Namibia, Chb45) clustered closest to the south with more than 10 mutations (not indicated in 

the network) between the core of the southern lineage and this haplotype.  

 

Fig. 2. Median joining haplotype network of Procavia capensis capensis from southern Africa reconstructed 

from mtDNA cytochrome b sequences. Each circle represents a single haplotype; circle size is 

proportional to frequency of the haplotype (as per the key). Branch lengths are not proportional; each 

segment equals 1 mutation event between haplotypes. Black diamonds symbolize median vectors (mv) 

representing hypothetical absent or unsampled ancestral haplotypes. The two lineages identified are the 

northern lineage in white (CHb01-21), the southern lineage in black (CHb22–44) and a Namibian 

haplotype in grey (CHb45). The vertical lines represent the minimum mutational steps between the two 

lineages. 
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Sequencing of the nuclear introns AP5 and PRKC1 generated 304 bp (15 alleles) and 419 bp (21 

alleles), respectively. No heterozygous sites were observed in PRKC1 and few heterozygous 

individuals were identified for AP5 (five of 45 sequences); this is likely as an artefact of selecting a 

subset of geographically dispersed samples and local fixation. In contrast to cyt b, only a few 

mutational steps (1-4) separate core clusters within the intron allele networks and these showed little 

phylogeographic structure and included some shared alleles across mitochondrially defined lineages. 

The allele network for AP5 includes two allele clusters, each with a central abundant allele (Cha01 

and Cha05) and several singletons (Supplementary Fig. S2). Each of these allele clusters included 

multiple representatives from both mtDNA lineages. The PRKC1 allele network was more complex, 

with two major clusters consisting more of the southern mtDNA lineage than the northern one. 

Several associated singletons showed sub-structuring within clusters, with one sub-cluster (Chp08-11) 

spanning the range of the northern lineage, and a second including a roughly even contribution from 

the southern and northern mtDNA defined lineages (Chp13-16) (Supplementary Fig. S2). 

Haplotype diversity at cyt b was comparable between the two South African lineages, but 

nucleotide diversity was higher in the southern lineage (Table 1). The southern lineage was also 

characterized by significant Tajima’s D and negative Fu Fs-values, consistent with demographic 

expansion. Nuclear intron PRKC1 had more parsimony informative sites, with higher haplotype 

diversity as compared to intron AP5 but both nuclear introns displayed comparable nucleotide 

diversities within lineages. Tajima’s D values were significant overall and in mtDNA defined 

populations at AP5 and overall and in the northern lineage at PRKC1. Fu’s Fs was negative in all 

comparisons except for southern lineage PRKC1. The differences in phylogeographic structure 

inferred from mtDNA and nuclear loci may result from differences in lineage sorting between these 

markers, with greater retention of ancestral polymorphism at the intron loci. Alternatively, the 

observed pattern could suggest differential gene flow, possibly amplified by maternal philopatry and 

male dispersal, which has led to gene exchange after secondary contact. Male rock hyraxes are known 

to be the dispersers whilst females remain in their natal colonies (Hoeck et al., 1982; Fourie and 

Perrin, 1987; but see Gerlach and Hoeck, 2001 for contrasting results in P. c. johnstoni). 
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Species histories are varied and complex, involving diverse processes, such as migration, 

admixture, isolation by distance, divergence in isolation or with gene flow, bottlenecks, and 

population growth, occurring over different time periods (Knowles, 2009). Our results confirm the 

presence of two well supported monophyletic maternal lineages within rock hyrax corroborating 

previous results based on mtDNA RFLP’s (Prinsloo and Robinson, 1992) and limited mtDNA cyt b 

sequencing (Prinsloo, 1993) (Fig. 2). The deep division found within the intraspecific mtDNA gene 

tree of these lineages (4.3% sequence divergence) with no shared haplotypes found among regions 

emphasizes the genetic distinctiveness of these southern African matrilines and suggests long-term 

isolation. The two lineages do not appear to be separated by discernible barriers to gene flow. A 

similar pattern of divergent lineages have been reported in other rock-dwelling or mountain-

associated species from southern Africa such as Pronolagus rupestris (Matthee and Robinson, 1996) 

and Agama atra (Matthee and Flemming, 2002) although the time frame of the separations appears to 

differ. 

The northern rock hyrax lineage is distributed across disjunct mountain ranges (Magaliesberg, 

Waterberg and Soutpansberg Mountains in Gauteng, North-West and Limpopo provinces, South 

Africa), mainly within the Limpopo River catchment but extending peripherally across the Vaal 

River, at the Vredefort Dome, Free State Province (Fig. 1). The northern limit of this lineage is 

unclear, although it extends to the limit of the Limpopo system in Zimbabwe (Prinsloo, 1993). The 

northern region of South Africa is characterised by rocky outcrops with vast stretches of intervening 

savannah or grassland habitat, such as the Springbok Flats. The most dominant haplotype in this 

group occurs around the southern limit (Chb01: Vredefort, Heidelberg and Silverton Ridge Pretoria). 

The remaining northern lineage haplotypes are distributed evenly throughout the region. This lineage 

extends to the Blyde River canyon at the northern extent of the southern lineage. The sparse scale of 

sampling here may be inadequate to capture local structuring of diversity across this topographically 

diverse area. 

The southern lineage is more widespread, occurring across Cape Fold, Great Escarpment and 

Karoo mountains along with other isolated mountains and rock outcrops in the south. This lineage is 

bounded to the northwest by the central plateau of the Nama-Karoo biome and the semi-arid sandy 
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Kalahari Desert (Fig. 1). The lineage loosely follows the Escarpment from the northwest to northeast 

ending at the Blyde River canyon (Mpumalanga Province, South Africa). The most abundant 

haplotype (Chb31) is widespread, spanning over 700 km east to west across the central range of this 

lineage, and forms a central hub in the allele network from which many other haplotypes radiate. 

Other relatively abundant haplotypes from this lineage are restricted to local areas, such as Koppies 

Dam (Chp35) and Bloemfontein (Chp36) in Free State Province, and may reflect uneven sampling 

(Fig. 1). Southern lineage haplotypes that are least divergent from the northern haplogroup (Chb43-

45) occur along the west and south coast and in the arid interior of South Africa, far from potential 

areas of contact between these lineages. 

Both northern and southern haplogroups were characterized by a high proportion of private 

haplotypes which is congruent with hyrax fidelity to particular koppies in a matrix of unsuitable 

habitat. The southern and northern lineages abut across 500 km, extending northeast from the northern 

Free State to Limpopo Province at the northern end of the Blyde River Canyon. Despite the proximity 

of sampling sites with different lineages across this line of demarcation, we did not find areas of 

sympatry. The higher number of singleton haplotypes and increased diversity in the southern 

haplogroup might be indicative of the greater extent of this lineage. The Mpumalanga-Limpopo 

Provinces axis of the escarpment in the Blyde River Canyon, Lydenberg and Olifants River gorge 

areas, for example, represents a potential place of secondary contact between the two lineages (Fig. 

1). The separation between lineages in this area seems very narrow and needs to be investigated 

further. Thus mtDNA phylogeography in the rock hyrax seems to be the product of the dispersion of 

haplotypes among terrestrial islands. 

 

3.2. Microsatellite diversity and population structure 

Due to the limited number of microsatellite loci used in our study, the results on present levels of 

gene flow should be interpreted with caution. The number of alleles per locus ranged from 4 to 15, 

across five loci that were consistently scored. A summary of the total number of alleles, allelic 

richness, average HO, HE and FIS for all locations is given in Supplementary Table A5. Expected 

19



heterozygosity ranged from 0.7 to 0.8 (Supplementary Table S5). No significant linkage 

disequilibrium was observed between loci within populations (P > 0.05, after Bonferroni correction), 

although we found significant departures from expected Hardy-Weinberg proportions at all five loci. 

We included all loci in the final analyses due to the scarcity of available microsatellite loci and 

difficulty of amplification across species from published sources. Even though our species has high 

population numbers and low migration rates, the additive effect of the high sample numbers and 

diversity at the microsatellite loci act as replicates to add more power to the analyses (Dakin and 

Avise, 2004; Selkoe and Toonen, 2006). We found presence of null alleles at some loci (Hy-D49, Hy-

T25, Hy-T17 and Hy-T12) using the program MICRO-CHECKER; this might be due to an excess of 

homozygous alleles detected in our dataset (frequencies between 0.04-0.22). The inbreeding 

coefficient FIS was significant across all loci in the rock hyrax (P < 0.05) (Supplementary Table S5). 

Significant differentiation was detected between the northern and southern mtDNA defined lineages 

(FST = 0.09, P < 0.001; RST = 0.08, P < 0.001). 

The most likely number of genetic clusters inferred using STRUCTURE was 1 and the ΔK 

indicated that the differences between K = 1-3 were very small (Supplementary Fig. S4). 

Notwithstanding, the STRUCTURE plot at K = 2 (Supplementary Fig. S5) and the FCA (data not 

shown) are consistent with the two mtDNA defined subpopulations, indicating some individuals that 

assign with high probability (q) to a single genetic cluster while others appear to be admixed or 

migrants. On average, the southern lineage showed almost equal membership to the two inferred 

genetic clusters (52% versus 48%), while individuals sampled in the north on average showed 74% 

assignment to one of the genetic clusters; this result is in line with the inference of gene flow in IMa 

(refer to section 3.4). Given the low apparent allelic richness at the available microsatellite loci in 

rock hyrax (this study; Gerlach and Hoeck, 2001), there is likely also a substantial degree of retention 

of ancestral polymorphism between the local rock hyrax lineages. 

Mantel tests did not show a significant correlation between geographic distances and genetic 

differentiation (R = 0.91, P = 0.63), thus failing to reveal a pattern of isolation-by-distance. The 

preponderance of mtDNA private alleles suggests that there is some spatial structure among 

populations. We therefore employed spatial autocorrelation to further explore local structure in the 
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microsatellite and combined data (mtDNA + five microsatellite loci). We assigned samples to three 

distance classes (50 km, 100 km and 200 km, between locations, respectively). The spatial 

autocorrelation statistics for the microsatellite data alone were positive and significant at 100 and 200 

km (P = 0.001, P = 0.002, respectively), with an r intercept at 334 km. The correlogram for the 

combined data set showed positive correlation at 0 to 200 km (P = 0.001, P = 0.002, respectively), 

with the r intercept at 370 km (Supplementary Fig. S6). These results reflect a clear local 

neighbourhood effect but with no discernible structure the further koppies are from each other. This 

inconsistency over larger distances may be due to the persistent effect of past changes in population 

size, distribution of the species and mixing between the lineages. Hyrax are known to undergo cycles 

of population declines and irruptions, these are thought to be driven by food availability and disease 

prevalence in certain areas, which in turn allows periodic species turn-over in times of distress. 

 

3.3. Population size and demographic changes over time 

Bayesian skyline analyses across both lineages suggested an expansion around 20-25 ka (Fig. 3 A). 

The northern lineage revealed a recent population decline at around 10 ka, whilst the southern lineage 

showed post-glacial decline around 18 ka (Fig. 3 B and C). Although the mtDNA results from 

Tajima’s D and Fu’s Fs were negative in both lineages, only in the southern lineage were these 

statistically significant (Table 1). This provides strong evidence that the southern lineage has recently 

experienced large population expansion and rules out other evolutionary factors that might produce 

similar patterns (Fu and Li, 1999) (Table 1; mismatch distribution plots are shown in Supplementary 

Fig. S3).  

 

Fig. 3. Extended Bayesian skyline plots for the combined (A), northern (B) and southern (C) mtDNA groups in 

the rock hyrax. Skyline plots in A, B and C show estimated population size through time; black lines 

represent the median estimate of population size (Neg), grey lines are the upper and lower 95% posterior 

intervals. 
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The patterns evidenced from the intronic regions were similar, with the northern and southern 

lineages showing slightly different demographic trends based on neutrality tests (Table 1). In intron 

AP5 both the northern and southern lineage exhibited significant and negative Tajima’s D and Fu Fs. 

The diversity within the northern lineage was higher than the southern lineage, with the southern 

lineage showing a greater indication of expansion. On the contrary, the Prkc1 intron displayed similar 

unimodal distribution indicative of a recent population expansion for both the northern and southern 

lineages (results not shown). This was mirrored by the BSP results which indicated that this increase 

was gradual beginning at around 10 kya until recent times. Although the overall results for the BSP 

analyses and the neutrality estimates were concordant the stochastic nature of individual gene 

histories was also apparent (Table 1). These patterns are expected from introns due to the differences 

in their mutation rates, as well as the associated functions of the exonic regions. 

 

Fig. 4. Marginal posterior densities of coalescent parameters in Procavia capensis capensis as estimated in IMa 

for cyt b (left), microsatellites (centre) and combined datasets (right). Each graph shows HPD 

distributions for ancestral (grey), northern (white), and southern lineages (black). Figure (A) shows 

effective population size (NeA, NeN and NeS, for each marker), (B) migration rates and (C) splitting 

time between lineages. 
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Utilizing the IMa model to estimate demographic parameters from our individual and combined 

datasets, we obtained good ESS values (> 100) for the effective population size and migration rates, 

with well-defined marginal peaks for each lineage (Hey and Nielsen, 2007; Hey, 2005). Our 

explorations of the splitting time estimates were less conclusive, with lower ESS values and broad 

marginal distributions with long tails, especially for the mtDNA data. We used the HiPt values 

(highest value bin) in our calculations; the ancestral effective population size varied for mtDNA and 

microsatellite data (NeA = 118 x 10
4
 / 35.7 x 10

3
, respectively). The southern lineage had a larger Ne

than the northern lineage in both datasets (NeN = 498 x 10
3
 / 4.3 x 10

3
; NeS = 515 x 10

3
 / 5.6 x 10

3
) 

(Fig. 4A). 

The mtDNA and combined analyses indicated isolation of lineages, with a possibility of very 

occasional gene flow from north to south. Analysis of microsatellite data suggested migration in both 

directions, but with higher gene flow from the northern into the southern lineage (Fig. 4B). 

Contemporary gene flow between the lineages was found to be low, with less than one effective 

migrant per generation, based on both the IMa and other analyses. Although our datasets indicated 

similar patterns of gene flow, we obtained varying divergence time estimates. We were unable to 

obtain precise estimates of the timing of splits between lineages, with the highest posterior density 

from around 210 ka – 235 ka in the mtDNA analysis, 110 ka in microsatellite analysis, to over 220 ka 

in the combined analysis (Fig. 4C). These results indicate a period of stability, followed by isolation 

and recent secondary contact between lineages. 

Ecological studies on hyrax have shown contrasting regional life-history traits (Turner et al., 1965; 

Kotler et al., 1999; Gerlach and Hoeck, 2001). Procavia c. capensis seems to have persisted in 

interconnected rocky outcrops across southern Africa, with multiple source populations for 

recolonizations during suitable environmental conditions. The ability of hyrax to traverse vast 

inhospitable intervening areas affects the connectivity between distant areas. Moreover, it is well-

established that small amounts of gene flow could mask the genetic signal of distinction between 

separate populations (Chikhi et al., 2010). 
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3.4. Distribution modelling 

AUC (area under the Relative Operating Characteristic curve) values varied from 0.78 – 0.86 

across replicate models for test data (average 0.80), indicating consistently good model performance 

(Pearce and Ferrier, 2000). The variables contributing most to the jack-knifed test gain and AUC 

were: Precipitation in the Coldest Quarter (PCQ), Temperature in the Wettest Quarter (TWQ), and 

Precipitation in the Driest Month (PDM). In general the probability of occurrence increased with wet 

season rainfall and, less consistently, decreased with higher temperatures. 

Predictions for current occurrence showed two broad distributional foci: one in the South-Western 

Cape, the other in the North-Eastern Highveld and Eastern Escarpment (Fig. 5). Other areas of high 

predicted occurrence include: the Great Escarpment, highlands of Namaqualand and Southern 

Namibia, including rocky sections along the lower Orange (Gariep) River, around and below 

Augrabies Falls, which is separated from the northern focal areas by the inhospitable Kalahari sands 

(Fig. 5). This model closely matches the inferred geographic distribution of each mtDNA haplogroup 

and lends support to the hypothesis that the genetic assemblages reflect a bioclimatic barrier to gene 

flow between the southern and northern areas (Fig. 5). A notable exception, however, is the eastern 

part of the Great Escarpment and adjacent grasslands, extending from the Free State and KwaZulu-

Natal Drakensberg through to northern Mpumalanga Province, which carry the southern mtDNA 

lineage but are in the north-eastern focal area of distribution (Supplementary Fig. S1). 

Predicted areas with highly suitable bioclimates were somewhat more extensive during the LGM, 

with greater continuity and connectivity within and among regions (Fig. 5). Although both current and 

LGM models suggest connectivity between lineages, predictions from spatial modelling will often be 

wider than the actual occurrence of species, due to physical barriers and biotic interactions 

constraining the realized distribution (Phillips et al., 2006). Predictions from future climates suggest a 

modest contraction in range to the NE and SW, decreasing the total occurrence and increasing the 

separation between these areas. Both models suggest limited contact between the northern and 

southern areas, with the main route of connection along the Great Escarpment found in the 

Mpumalanga-Limpopo axis of the escarpment (Clark et al., 2011). 
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Fig. 5. MaxEnt bioclimatic distribution models for the rock hyrax in southern Africa. Black through to white 

shaded areas reflect decreasing probability of bioclimatic suitability. Panes show predictions for (A) past 

(LGM, 21 ka), (B) present, (C) future (2050) and (D) stability of occurrence, which is the intersection of 

the other three models. Localities with genetically analysed individuals are shown in white (northern) or 

black (southern lineage). Small grey circles represent presence data from other sources. 

 

Both past and future models were robust to uncertainty in climate predictions, with little difference 

across CCSM or MIROC scenarios (data not shown). Consequently, the median of these models is 

shown in Fig. 5. The greatest separation evident is seen in the stability surface, which shows areas of 

consistent suitability across past, present and future climates. This surface also identified additional 

smaller isolated populations separated by consistent barriers. Some of these coincide with known 

biogeographic areas in southern Africa, such as the Knersvlakte separating the South-Western Cape 

from the Namaqualand highlands and with shallow genetic divergence within rock hyrax (Visser, 

2013). Other distinct areas such as the Gaap plateau bordering the Kalahari, the Aggenys Mountains 

and Gariep gorge in the NW, and to a lesser extent, the Eastern Cape around Port Elizabeth, are not 

associated with known barriers. More extensive sampling is needed in these areas to elucidate the 

phylogeographic consequences of this environmental stability. 
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The South African inland plateau is classified as mostly arid even though there is considerable 

variation in climate as well as topography. The SDM data suggest that P. capensis capensis lineages 

underwent dramatic changes in population size and connectivity in response to the climatic changes 

since the LGM. In particular, MaxEnt predictions for the northern lineage were much more extensive 

during the LGM than the current distribution (Fig. 5). Although these models are based entirely on 

bioclimates, it is worth noting that predicted unsuitable areas are dominated by sand, with few rocky 

outcrops. Occurrence was correlated with wet season rainfall making local adaptation likely in each 

lineage due to the reciprocal climate zones (summer versus winter wet season) in South Africa. We 

hypothesize that the geographic break between lineages persisted over the cooler climates of the Late 

Pleistocene (Deacon and Thackeray, 1983). Fossil hyrax varied significantly in size from place to 

place and this variation appears to be dependent on precipitation which would affect their food supply 

(Schwartz et al., 1995; Klein and Cruze-Uribe, 1996). Also based on the diverse environmental 

profile of southern Africa, rock hyraxes in different areas might be utilizing different refugial 

microclimates during unfavourable times. These areas could be used in a stepping stone manner 

during the interglacials for re-colonization, with locally adapted forms expanding to adjacent 

outcrops. 

3.5 Phylogenetic analyses and divergence time estimation 

Phylogenetic analyses recovered congruent topologies, regardless of approach used (RAxML, 

BEAST and MrBayes) (Fig. 6). The rock hyrax (Procavia capensis) was confirmed to be 

monophyletic with high posterior probability support (Fig. 6). Four deeply divergent, highly 

supported lineages were found among rock hyrax, including the two southern African lineages, the 

Middle Eastern P. c. syriaca and the Namibian lineage (currently assigned to P. c. capensis) (Fig. 6). 

The sister relationships between the three hyrax genera are unresolved (Fig. 6). Such high posterior 

probability support with long internal and short tip branches indicates long divergence within these 

lineages followed by rapid radiation. Combining the mitochondrial and nuclear data dramatically 

decreased the resolving power of the analyses (data not shown). In fact, some of our internal nodes 
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within the species tree collapsed to unresolved polytomies. On the contrary we found high bootstrap 

and posterior probability support at the terminal nodes in our species tree. 

Fig. 6. Bayesian inference chronogram based on the cytochrome b dataset for hyrax species and outgroups. 

Lineages are labelled as: P. c. capensis northern/ southern lineages, P. c. capensis representatives from 

Namibia and P. c. syriaca from Israel, representatives of H. brucei subspecies, Dendrohyrax and with a 

sirenian (D. dugon) and a proboscidean (L. africana) as outgroups. Only well supported posterior 

probabilities for the nodes are indicated with asterisks. 

Estimated times to common ancestry (TMRCA) in the hyrax phylogeny were used to infer the 

chronology of events that affect diversity within and between species. Earlier studies used only the 

paleontologically estimated splits within the Afrotheria or even deeper divergences to calibrate the 

hyrax molecular clock (Springer et al., 1997; Stanhope et al., 1998). More recent studies use Bayesian 

coalescent-based approaches that take into account both the deeper and recent splits to calibrate the 

molecular clock. Although the use of molecular clocks has been much debated and the estimation of 

divergence time is uncertain (Graur and Martin, 2004), we wanted to obtain tentative divergence 

times for the sibling species. The use of fossil data to calibrate phylogenetic trees has several 

disadvantages, such as errors in radioisotope dating, identifying the correct position of a fossil and 

incomplete records (Smith and Peterson, 2002; Lukoschek et al., 2012). However, using soft bounds 
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(upper and lower bounds) reduces the amount of uncertainty introduced and allows cross-validation of 

divergence time estimates. 

Congruent time estimates were obtained with two independent methods, a relaxed Bayesian 

molecular clock and a fossil calibrated coalescent approach in BEAST (Benton and Donoghue, 2007). 

According to fossil calibrated estimates, all three extant genera of hyrax diverged from each other 

during the Oligocene (25–30 Ma, Fig. 6). The most recent common ancestor of Procavia dates to 18–

20 Ma. The split between southern and northern southern African populations of P. c. capensis 

occurred at about 10 Ma (Fig. 6), a substantial increase on the ~2 Ma estimated in the study by 

Prinsloo and Robinson (1992). We acknowledge that although our multilocus coalescence-based 

approach is currently the most comprehensive attempt to date the divergence in hyrax, the confidence 

interval spanning from the Pliocene into the Miocene epoch is large (Ho and Phillips, 2009). 

Historical factors are generally expected to be more influential in taxa with comparatively low 

vagility, a common outcome being the detection of strongly defined associations between mtDNA 

haplotypes and geographic location (Honeycutt and Wheeler, 1990; Matthee and Robinson, 1996; 

Avise et al., 1997). When divergence between lineages occurs across a natural barrier to gene flow 

one might expect to find similar results from both mitochondrial and nuclear genomes. In our case this 

is not so with the nuclear genes introgressing after secondary contact between lineages and no signal 

of introgression observed in the mitochondrial genome. The lack of congruence between markers 

points to the retention of ancestral polymorphisms, as well as re-establishment of secondary contact 

between the two rock hyrax populations. Introgression may be influenced by sex-biased dispersal but 

this would need to be investigated further. The genetic break between the northern and southern 

lineages in hyrax is a fluid matrix which is influenced by ongoing climate change. 

5. Conclusion

Our results confirm that the life history traits of a species are reinforced by different microclimatic 

variables that have contributed to the contemporary species distribution within rock hyrax from 

southern Africa. The deep phylogeographic division evident in the matrilineal lineages largely reflects 

fluctuating climatic barriers rather than permanent physical impediments to gene flow such as 
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mountains, sandy deserts and rivers. Rather, the southern African rock hyraxes follow the extensive 

meander of the mountains and use these as refugia during unfavourable periods. These areas serve as 

sources for population expansion events during favourable times. Our study represents the most 

comprehensive phylogeographic investigation of the rock hyrax from southern Africa and will 

provide an important benchmark for future studies on procaviids from the region and beyond. 

Importantly, our results also show a complex pattern of long bouts of lineage isolation followed by 

periodic admixture due to secondary contact. The patterns of cladogenesis and diversity evidenced 

here point to a complexity in the genetic history of hyrax populations from southern Africa. Despite 

the marked differences in the terminal matrilineal lineages, the taxonomy in hyrax remains unclear. 

Future studies in hyrax should focus on these regions with regular sampling to better understand the 

maintenance of mitochondrial divergence between the north and south. Additionally, the contrasting 

signals can be better understood by doing multi-species comparisons across these koppies, as well as 

adopting a genomics approach which would give us a better suite of markers to help unravel the 

evolutionary history of southern African saxicolous species. 
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Appendix A. Supporting material 

Supplementary Table S1: Geographic coordinates of all sampling localities of Procavia capensis from 

Southern Africa used in this study. Biome and bioregion terminology correspond to those of Mucina & 

Rutherford (2006).  

LOCALITY COUNTRY PROVINCE GEOGRAPHIC 

COORDINATE 

1. Blackhills Farm South Africa Limpopo -23.73725 30.65705 

2. Bloemfontein South Africa Free State -29.0995 26.23341 

3. Blouberg South Africa Limpopo -23.11792 28.91924 

4. Blyde River Nature Reserve South Africa Limpopo -24.6041 30.8157 

5. Campbell South Africa Northern Cape -28.80373 23.71121 

6. Danielskuil South Africa Northern Cape -28.16675 23.55214 

7. De Hoop Nature Reserve South Africa Western Cape -34.37834 20.54203 

8. East London South Africa Eastern Cape -32.96685 27.96696 

9. Ermelo South Africa Mpumalanga -26.47377 29.93995 

10. Heidelberg (Suikerbosrand) South Africa Gauteng -26.45 28.217 

11. Hoedspruit (Lissataba) South Africa Limpopo -24.28458 30.78668 

12. Howick South Africa KwaZulu-Natal -29.42319 30.0852 

13. Jacobsdal South Africa Free State -29.12928 24.77571 

14. Karoo National Park South Africa Northern Cape -32.15893 21.92063 

15. Koppies Dam Nature reserve South Africa Free State -27.27127 27.67159 

16. Kimberley South Africa Northern Cape -28.74098 24.75719 

17. Kuruman South Africa Northern Cape -27.56912 23.40208 

18. Farm: Witberg 295, Kuruman South Africa Northern Cape -27.19429 22.48125 

19. Letaba, Kruger National Park South Africa Limpopo -23.92277 31.26659 

20. Lydenburg South Africa Mpumalanga -25.11616 30.57963 

21. Maqili, Kruger National Park South Africa Mpumalanga -25.4341 31.32887 

22. Marken South Africa Limpopo -23.74318 28.45754 

23. Matopo Hills, Zimbabwe Zimbabwe -20.55718 28.5125 

24. Mica South Africa Limpopo -24.06594 30.81335 

25. Middelburg South Africa Mpumalanga -25.64337 29.29603 

26. Morgenson (Roodekrans) South Africa Mpumalanga -26.69094 29.59476 

27. Munnik (Mooketsi) South Africa Limpopo -23.64434 30.02002 
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28. Namibia Namibia -22.55015 17.85024 

29. Pilgrim’s Rest South Africa Mpumalanga -24.86531 30.75643 

30. Potgietersrust (Mokopane) South Africa Limpopo -23.93681 28.73886 

31. Port Alfred South Africa Eastern Cape -33.5678 26.87988 

32. Port Elizabeth South Africa Eastern Cape -33.9705 25.60143 

33. Rustenburg Nature Reserve South Africa North west -25.717 27.183 

34. Shilowa, Kruger National Park South Africa Limpopo -23.48862 31.55872 

35. Silverton Ridge South Africa Gauteng -25.73787 28.28667 

36. Buzzard Mountain, Soutpansberg South Africa Limpopo -29.68712 17.98839 

37. Springbok South Africa Northern Cape -23.02224 29.77105 

38. Steelpoort South Africa Mpumalanga -24.69913 30.16197 

39. Uitenhage South Africa Eastern Cape -33.77635 25.36435 

40. Vhembe Nature Reserve South Africa Limpopo -22.20712 29.36348 

41. Volksrust South Africa Mpumalanga -27.37793 29.75784 

42. Vredefort South Africa Free State -26.9683 27.29527 

43. Willem Pretorius Nature reserve South Africa Free State -28.28341 27.21673 
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Supplementary Table S2 

Molecular markers and primer details used in this study. 

Locus Primer 

name 

Primer Sequences (5´–3´) Primer Source 

Cytochrome b (Cyt b) L14724 (P) AGACATGAAAAATCACCGTTG Irwin et al., 1991 

H15915 (P) CGTTAGTGGCTTACAAGGC 

Acid Phosphatase intron 5 (AP5) Ap5 120F AATGCCCCATTCCACAC 

DeBry et al., 2001 
Ap5 564R GCAGAGACGTTGCCAAG 

Ap5 139F CCCGGGAAATGGCCAATG 

Ap5 545R GATCATGGTTTCCAGCAGCAG 

Protein Kinase C iota (Prkc1) Prkc1F GGGTAATAGGAAGAGGAAGTT Pääbo and Wilson, 1988; Irwin et 

al., 1991; Matthee et al., 2001, 

2007 

Prkc1R CCAACAAGGAAAGGATGAT 
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Supplementary Table S3 

Polymorphic microsatellite loci utilised for P. c capensis which were previously developed in P. c. johnstoni. Description of the primer sequences, repeat motifs, expected 

size ranges (bp) and annealing temperatures; MgCl2 concentrations (not shown) varied between (1.5 mM-3 mM). 

Locus Dye Primer sequence (5’-3’) 
Repeat 

motif 

Size 

bp 
TA (°C) 

Source 

Hy-D49 PET F: TGTGTACTGATTGTTAAATGAG (AC)12 238-247 47°C - 60°C Gerlach et al., 2000 

R: CACAGGTCTTGCTCTCAAG 

Hy-T25 NED F: TTTACAAGTGGGCAGTCAGTTCTA (GTT)7 157 51°C Gerlach et al., 2000 

R: GAGGCAGAACCGACTTGACAGCAC 

Hy-T17 VIC F: GCACAGTGATTAAACTCTCTG (CAA)5 110 45.1°C - 47°C Gerlach et al., 2000 

R: AAGAGTTGAAACTGACTTGG 

Hy-T12 6-FAM F: ACCCAGTGCTATTGACTTG (TTA)6 147 44.8°C Gerlach et al., 2000 

R: GAATGGGTAGTGTAAACTGTG 

HCA18 PET F: GTACAAACTAGTGAATGTG (AC)4 140-154 46°C  Koren et al., 2011 

R: CACTGAATTGTACATATAG 
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Supplementary Table S4 

Sample details used in this study with corresponding localities, haplotype and GenBank accession numbers for each gene region. Dashes (-) represent unsequenced loci. 

Sample Id Locality Cyt-b Ap5 Prkc1 

Haplotype 

number 

GenBank Haplotype 

number 

GenBank Haplotype 

number 

GenBank 

Pc11.7(P) Mooketsi Chb11 KY062803 Cha15 KY441680 Chp12 KY231943 

Pc12.3(P) Kruger N Chb11 KY062806   

Pc15.1(P) Soutpansberg (buzzard mountain) Chb11 KY062810   

Vhe1 Vhembe Chb11 KY062841 Cha05 KY441704  

Vhe3 Vhembe Chb11 KY062842 Cha05 KY441705  

Pc3.1(P) Vhembe Chb14 KY062797 Cha05 KY441664 Chp01 KY231934 

Pc11.1 Mooketsi Chb12 KY062798 Cha04 KY441676 Chp14 KY231942 

Pc11.5(P) Mooketsi Chb12 KY062802 Cha01 KY441679  

Pc11.4(P) Mooketsi Chb13 KY062801 Cha05 KY441678  

Am19 Hoedspruit Chb09 KY062835 Cha01 KY441696 Chp04 KY231954 

Pc16.1(P) Blouberg Chb06 KY062811 Cha01 KY441685  

Pc22.1(P) Mica Chb07 KY062820   

Pc22.2(P) Mica Chb07 KY062821   

Am18 Mica Chb08 KY062834   

Pcm1 Mica CHb08 KY062837   

Pc17.1(P) Blackhills (gravellotte) CHb03 KY062812 Cha02 KY441686  

Bla2 Blackhills (gravellotte) CHb03 KY062813  Chp06 KY231944 

Pc17.3(P) Blackhills (gravellotte) CHb03 KY062814 Cha03 KY441687  

Pc17.4(P) Blackhills (gravellotte) CHb03 KY062815 Cha13 KY441688  

Vhe4 Vhembe CHb04 KY062843 Cha01 KY441706  

Vhe5 Vhembe  Cha01 KY441707  

Vhe9R Vhembe CHb05 KY062844 Cha05 KY441708  

Vhe10 Vhembe CHb05 KY062845 Cha05 KY441709 Chp13 KY231962 

Pc25.3(P) Vredefort CHb01 KY062827   

APc25.4 Vredefort CHb01 KY062828 Cha05 KY441695 Chp03 KY231948 

Pc25.5(P) Vredefort CHb01 KY062829   

Pc26.1(P) Heidelberg CHb01 KY062830   

Pc26.2(P) Heidelberg CHb01 KY062831   

Pc26.3(P) Heidelberg CHb01 KY062832   

Pc26.4(P) Heidelberg CHb01 KY062833   
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PcPs1.2 Silverton Ridge CHb01 KY062838  Chp07 KY231957 

PcPs1 Silverton Ridge CHb01 KY062839   

PcPs2 Silverton Ridge CHb01 KY062840   

Pc19.1(P) Middelburg CHb02 KY062816 Cha01 KY441690  

Pc19.3(P) Middelburg CHb02 KY062817   

Pc19.5(P) Middelburg CHb02 KY062819   

Pc22.3(P) Mica CHb02 KY062822 Cha05 KY441691  

Pc12.1(P) Kguger N CHb15 KY062804   

Pc12.4(P) Kruger N CHb10 KY062807 Cha05 KY441681  

Pc11.2(P) Mooketsi CHb17 KY062799   

Pc11.3(P) Mooketsi CHb16 KY062800 Cha05 KY441677  

Pc23.2(A) Kruger Lebombo mountains CHb16 KY062825 Cha05 KY441692 Chp08 KY231945 

Pc23.3(P) Kruger Lebombo mountains CHb16 KY062826   

Pc12.2(P) Kruger N CHb18 KY062805   

Pc19.4(P) Middelburg CHb18 KY062818   

Pc22.4 Mica CHb18 KY062823   

Pc22.5(P) Mica CHb18 KY062824   

PcL1 Lissataba CHb19 KY062836   

Pc14.1(P) Potgietersrus (mokopane) CHb20 KY062808 Cha08 KY441683  

Pc14.2(P) Potgietersrus (mokopane) CHb20 KY062809 Cha01 KY441684  

Pc13.1(P) Marken  Cha05 KY441682  

Pc6.2 Springbok CHb21 KY062854   

Pc6.3 Springbok CHb21 KY062855   

PcPa1 Port Alfred CHb22 KY062847   

PcUi1 Uitenhage CHb22 KY062848 Cha05 KY441700 Chp01 KY231958 

PcUi2 Uitenhage CHb22 KY062849  Chp18 KY231959 

Pc6.1 Springbok CHb44 KY062853 Cha05 KY441668 Chp19 KY231937 

Pc10.11 Kuruman CHb43 KY062878 Cha01 KY441675  

Pc4.1 Pilgrims Rest CHb23 KY062850 Cha14 KY441665 Chp19 KY231935 

Pc4.4 Pilgrims Rest CHb23 KY062851 Cha05 KY441666 Chp19 KY231936 

Pc27.1(P) Ermelo CHb24 KY062887   

PPc27.2 Ermelo CHb24 KY062888  Chp19 KY231949 

Pc20.1.2 Lydenburg CHb25 KY062884   

Pc24.1(P) Blyde River CHb25 KY062885 Cha01 KY441693 Chp19 KY231946 

Pc24.2(A) Blyde River CHb25 KY062886 Cha09 KY441694 Chp01 KY231947 

Pc12.6(P) Kruger Maqili CHb26 KY062879   

Pc18.1(P) Volksrust CHb42 KY062880 Cha11 KY441689  
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Pc7.1 Howick CHb28 KY062856   

Pc7.7 Howick CHb28 KY062862   

Pc10.6 Kuruman CHb28 KY062874 Cha01 KY441674 Chp20 KY231941 

Pc10.9.2 Kuruman CHb28 KY062876   

Pc10.10(P) Kuruman CHb28 KY062877   

Pc27.3 Ermelo CHb28 KY062889   

Am20 Willem Pretorius Nature Reserve CHb28 KY062891 Cha05 KY441697 Chp10 KY231955 

Am22 Koppies Dam Nature Reserve CHb28 KY062893   

Mmk/m1712 Campbell CHb28 KY062904   

Mmk/m/1754 Campbell CHb28 KY062905   

Pc18.2(P) Volksrust CHb27 KY062881   

Pc18.3(P) Volksrust CHb27 KY062882   

Pc18.4(P) Volksrust CHb27 KY062883   

Pc10.1(P) Kuruman CHb29 KY062872   

Pc10.3 Kuruman CHb29 KY062873   

PePc1(h) Port Elizabeth CHb30 KY062846  Chp17 KY231952 

PePc2 Port Elizabeth   Chp02 KY231956 

Pc7.2 Howick CHb31 KY062857   

Pc7.3 Howick CHb31 KY062858 Cha06 KY441669 Chp16 KY231938 

Pc7.4.2(P) Howick CHb31 KY062859   

Pc7.5 Howick CHb31 KY062860   

Pc7.6 Howick CHb31 KY062861   

Pc9.1(P) Bloemfontein CHb32 KY062864   

Pc9.2(P) Bloemfontein CHb34 KY062865 Cha01 KY441671  

Pc9.3(P) Bloemfontein CHb36 KY062866   

Pc9.4(P) Bloemfontein CHb36 KY062867   

Pc9.5(P) Bloemfontein CHb36 KY062868  Chp11 KY231940 

Pc9.6(P) Bloemfontein CHb36 KY062869 Cha01 KY441672  

Pc9.7(P) Bloemfontein CHb36 KY062870 Cha07 KY441673  

Pc9.8(P) Bloemfontein CHb36 KY062871   

Am21 Willem Pretorius Nature Reserve CHb34 KY062892   

Am23 Koppies Dam Nature Reserve CHb35 KY062894   

Kpc1 Koppies Dam Nature Reserve CHb35 KY062895 Cha01 KY441703 Chp19 KY231960 

Kpc2.2 Koppies Dam Nature Reserve CHb35 KY062896   

Pck2 Koppies Dam Nature Reserve CHb35 KY062898   

Pck3 Koppies Dam Nature Reserve CHb35 KY062899   

Pck4 Koppies Dam Nature Reserve CHb35 KY062900   
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Pck5 Koppies Dam Nature Reserve CHb35 KY062901   

Pck6 Koppies Dam Nature Reserve CHb35 KY062902 Cha05 KY441701  

Pck7 Koppies Dam Nature Reserve CHb35 KY062903 Cha05 KY441702 Chp05 KY231961 

Mmk/m/3375 Schurwepoort (koppies district) CHb33 KY062907   

Pck1 Koppies Dam Nature Reserve CHb37 KY062897   

Mmk/m/6759 Kimberley CHb38 KY062906   

Jac2 Jacobsdal CHb39 KY062890 Cha12 KY441698  

Pc8.1 East London CHb40 KY062863 Cha05 KY441670 Chp01 KY231939 

Pc10.7 Kuruman CHb41 KY062875   

Pc5.7 Karoo NP CHb11 KY062852 Cha05 KY441667  

Pcmr1 Morgenson   Chp15 KY231950 
Pcmr2 Morgenson  Cha10 KY441699 Chp19 KY231951 
Am17 Steelport   Chp09 KY231953 
Gbr665 Namibia CHb45 KY062908  Chp21 KY231963 
P. c. syriaca Haifa, Israel AF045131 

H. b. hindei Mount Kenya AF045137 

D. dorsalis NC_010301 

D. dugon NC_003314 

L. africana KC218471 
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Supplementary Table S5 

The total number samples N, total numbers of alleles (Na), Allelic richness (AR) and the average Observed 

heterozygosity (HO), Expected heterozygosity (HE) and inbreeding coefficient (FIS) (Weir & Cockerham, 1984) 

over all microsatellite markers in the lineage partitioned data set (northern & southern lineages, respectively) of 

Procavia capensis. Deviations from HWE are indicated in bold. 

Locus N Na 

(total) 

Ar HO 

(ave) 

HE 

(ave) 

FIS

(ave) 

Pop 

1 

Pop 

2 

Pop 

1 

Pop 

2 

Pop 

1 

Pop 

2 

Pop 

1 

Pop 

2 

Pop 

1 

Pop 

2 

Pop 

1 

Pop 

2 

Hy-D49 36 40 10 14 9.5 13.5 0.69 0.83 0.84 0.85 0.19* 0.05* 

HCA18 45 57 10 9 10.2 8.7 0.84 0.88 0.81 0.80 -0.03** -0.09*** 

Hy-T25 28 41 6 4 6.0 3.9 0.18 0.27 0.34 0.28 0.50** 0.06 

Hy-T17 35 49 6 7 5.9 7.3 0.29 0.47 0.43 0.70 0.35* 0.34*** 

Hy-T12 31 48 7 7 6.8 6.6 0.26 0.56 0.54 0.70 0.53*** 0.21*** 

All 8.0 9.2 0.45 0.60 0.60 0.67 0.25 0.11 

*P-value < 0.05, **P-value < 0.01 and ***P-value < 0.001. After Bonferroni (correction at P < 0.05).
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Supplementary Fig. S1. Map of southern Africa with information on the Great Escarpment, its associated 

mountain ranges and their corresponding elevations (colour coded key of the legend on the right hand side). 
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Supplementary Fig. S2. Nuclear intron networks (left) and ML trees (right) representing AP5 (top) and Prkc1 (bottom), respectively. 
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Supplementary Fig. S3. Mismatch distributions for the northern (A, B) and southern (C, D) mtDNA lineages. 

In A and C, observed pairwise differences are compared against the expected distribution under the sudden 

expansion model (P = 0.012, P = 0.57 and P = 0.90, respectively). In B and D these are compared against the 

spatial expansion model (P = 0.21, P = 0.69 and P = 0.89, respectively).  
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Supplementary Fig. S4. Inference of the likely number of genetic clusters (K) in Structure Harvester based on 

microsatellite genotypes of Procavia capensis capensis. Locus HyT-17 was excluded due to the presence of null 

alleles. Graph (A) represents the log probability of each K, with standard deviations based on 20 iterations for 

each value of K, and (B) represents the ad hoc statistic K for each value of K. 
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Supplementary Fig. S5. Structure plot (Pritchard et al., 2000) for K = 2 genetic clusters (indicated with red and 

blue) based on microsatellite loci in Procavia capensis capensis. Each vertical bar represents the individual 

membership (q) to K-clusters. Location was not used as prior but the regions where the individuals originated 

are indicated (solid black bars separate the individual from Namibia from the southern and northern South 

African lineages).  
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Supplementary Fig. S6. Spatial autocorrelation correlograms in Procavia capensis capensis for the 

microsatellite data (A) and the combined (mtDNA & five microsatellite loci) datasets (B). The analysis 

considered geographic distances with even distance class of 50 km. Dashed lines encompass the 95% 

confidence interval of the null hypothesis, and each point represents the autocorrelation coefficient (rc).   
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