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ABSTRACT 

Phylogeographic genetic structure has been documented for a number of southern African terrestrial taxa. 

Information regarding geographic population genetic structuring in multiple taxa, with differing life 

histories, can provide insights into abiotic processes such as vicariance. A fragment of the cytochrome b 

mitochondrial DNA gene of a plains-dwelling species, Otomys unisulcatus, was sequenced and analysed. 

Two closely related geographic assemblages were found. The first assemblage (lowland group) contains 

populations from both the eastern and western parts of the species range, and the second comprises 

populations from the Little Karoo (central group). The lowland group was shown to be in a state of 

population expansion after a relatively recent mitochondrial DNA (mtDNA) coalescence, while the genetic 

signature of the central assemblage was characterized by more genetic diversity indicative of an older 

lineage/genetic refuge. Areas of higher elevation (namely mountain ranges) appeared to be the main factor 

limiting gene flow between these two groups. Aridification cycles due to glacial maximum periods 

probably resulted in increased dispersal leading to the widespread distribution of common haplotypes 

throughout the lowland group. 

 

Morphological variation in skull shape and size has been shown to follow environmental clines in some 

rodents. Geometric morphometric analyses on the ventral and dorsal views of the craniums of O. 

unisulcatus were utilised to test whether the population groupings obtained in the genetic analyses would be 

recovered by morphometric analyses. In addition, it was also investigated which of the environmental 

factors investigated influenced skull shape and size. The genetic groupings were not recovered for either the 

cranial shape or size. Size variation in the females correlated positively with annual rainfall, and so by 

proxy with habitat productivity, indicating that females which inhabited areas with lower rainfall would be 

larger. The significant relationship between females’ centroid sizes and rainfall was thought to be as a result 

of the increased nutrient requirement by this gender in the production of offspring. The males did not show 

a significant correlation between any of the environmental variables and centroid size. There was a 

significant difference between the skull shapes of the genders, further verifying the sexual dimorphism in 

the species. Three major clusters were found (according to cranium shape) using a Two-Block Partial Least 

Squares Analysis (2B-PLS), which relate to the biome boundaries within the species’ range. Variations in 
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shape were attributed to the varying needs for strong masticatory muscles resulting from differing diets. 

The skull shapes of specimens occurring along the escarpment were intermediate between the first two 

clusters. Cranial shape in the male dorsal view dataset was significantly correlated with the environmental 

variables block, possibly due to the much lower minimum temperature in the Sutherland population (a 

population which was not included in the female analyses). It was concluded that differing diets of 

individuals in the respective biomes influenced the shape of the cranium of both genders. The sexual 

dimorphism in the cranium shapes may be as a result of the females digging tunnels (using their teeth) 

underneath the stick nests. Otomys unisulcatus show high levels of phenotypic plasticity throughout the 

range and it thus appears that the species can adapt fast to the different environmental variables.  
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PREAMBLE 
 

The challenges facing conservation biology include devising practical approaches to protect biodiversity 

and the processes which shape and sustain it (Moritz, 2002). The description and calculation of the spatial 

pattern of diversity as a field of study has grown in leaps and bounds (Avise, 2009), founded on various 

disciplines, including genetic and morphological studies. In a changing environment, facing perturbations 

by human activity, the maintenance of ecological and evolutionary processes sustaining diversity is vital 

(Frankel, 1974; Smith et al., 1993; Balmford et al., 1998; Moritz, 2002). 

 

The conservation of biodiversity of South Africa is becoming increasingly important, and the knowledge of 

areas characterized by high endemicity and high species richness will aid in determining conservation 

priorities. A number of studies in South Africa (e.g. Gelderblom et al., 1995; Gelderblom & Bronner, 1995; 

Mugo et al., 1995; Proches et al., 2003) have produced valuable data to identify hotspots (most importantly 

the Cape Floristic Region and the Succulent Karoo; Myers et al., 2000). Such studies have stressed the 

importance of obtaining knowledge of the distribution of many species in an area, in order to identify 

regions of conservation interest and value (e.g. Happold, 2001; Tolley et al., 2009). In South Africa, the 

Succulent Karoo has been identified as one of the least conserved biomes (Rebelo, 1997; Lombard et al., 

1999) and requires the largest proportion of additional reserves to protect its flora (Rebelo, 1994). The 

fauna are not as comprehensively studied in this biome but knowledge of past processes influencing 

dispersal, geneflow and possible vicariant events in this region (and how lineages responded to changes in 

the past) will arguably aid in the determination of areas of conservation interest. Additionally, this 

knowledge may provide better predictions of future responses to amongst others anthropogenic changes. In 

the broader context, the description of these patterns also aid in understanding evolutionary processes that 

gave rise to the diversity we see across the landscape today. 

 

The present study investigated the mitochondrial DNA (mtDNA) and morphological phylogeography of 

Otomys unisulcatus, a plains-dwelling southern African rodent species. The results of this investigation will 

contribute to a broader phylogeographic programme at the University of Stellenbosch in which taxa with 

different life-history characteristics are examined for the presence of concordant genetic breaks. 

Investigating possible congruent phylogeographic signatures between taxa with differing life histories will 

enhance the understanding of past vicariant events, and their influence on the current species patterns. In 

turn, the approximate geographic position of historical refugia may be identified.  

� 
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AIMS AND OBJECTIVES 
 
The focus of this project was to investigate the phylogeographic patterns of the Karoo Bush Rat Otomys 

unisulcatus using mitochondrial DNA sequence and morphological data.  

 

This study investigated the following questions: 

• Is the mtDNA variation across O. unisulcatus populations geographically structured? 

• Can the genetic phylogeographic patterns be linked to paleoclimatic oscillations? 

• Is the morphological variation across O. unisulcatus populations geographically 

structured? 

• Which environmental factors most affect skull shape and size? 

• Is the variation in the morphological and genetic components of the species 

congruent? 

 
It is expected that, since O. unisulcatus is a plains-dwelling species, mountain ranges can pose barriers to 

gene flow within this species. More ancient intraspecific genetic divergences would most likely be reflected 

in the morphological divergences between phylogeographic groups. Environmental factors (such as rainfall 

and latitude) may affect the skull shape of O. unisulcatus through ontogeny via phenotypic plasticity or 

local adaptation. It is proposed that specimens within more arid regions (e.g. Succulent Karoo Biome) 

would be larger as it is a harsher environment (Armitage, 1999).  
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CHAPTER 1 
GENERAL INTRODUCTION 

 

Taxonomy of the otomyine rodents 

The order Rodentia is the most speciose of the mammal orders, comprising almost half of the extant 

mammalian species (Roberts, 1951). The placement of the otomyine group (laminate-toothed rats) within 

this order has ranged from being ranked as a family (Roberts, 1951), as a subfamily within Muridae, 

defined as either sensu lato (Thomas, 1896; Ellerman, 1941; Roberts, 1951), or sensu stricto (Tullberg, 

1899; Miller & Gidley, 1918; Simpson, 1945; Reig, 1981), as a subfamily within Cricetidae (Misonne, 

1974) or Nesomyidae (Chaline et al., 1977; Lavocat, 1978), and more recently as a tribe within the Murinae 

(Otomyini; Watts & Baverstock, 1995; Ducroz et al., 2001; Micheaux et al., 2001; Sénégas, 2001; Bronner 

et al., 2003; Jansa & Weksler, 2004; Steppan et al., 2004). Paleontological and morphological evidences 

(Pocock, 1976; Carleton & Musser, 1984; Bernad et al., 1991; Sènègas, 2001) support a murine origin for 

the otomyine group. At the generic level, the laminate-toothed rats have been variously classified as a 

single genus (Bohmann, 1952), but more commonly as the two genera Otomys and Parotomys (Ellerman, 

1941; Ellerman et al., 1953; Misonne, 1974; De Graaff, 1981; Smithers, 1983; Meester et al., 1986; Corbet 

& Hill, 1991; Musser & Carleton, 1993). Some even suggest three (Myotomys, Otomys and Parotomys; 

Thomas, 1918; Pocock, 1976) or five (Myotomys, Otomys, Lamotomys, Liotomys and Parotomys; Roberts, 

1951) genera. Bohmann (1952), using dental morphology, concluded that Parotomys is ancestral to 

Otomys. Since Parotomys is endemic to southern Africa, he inferred a southern African origin for the 

otomyine rodents. The divergence of the ancestral lineage of the Otomys genus most likely occurred as a 

result of fragmentation of the South African range (possibly due to, amongst others, eustatically induced 

transgressions (higher sea levels) and regressions (lower sea levels) of the sea level; Deacon, 1985). During 

the cooling and warming periods in the Pleistocene, further radiation of the resultant Otomys lineages 

occurred (Bohmann, 1952). It has been hypothesised that colonization of the rest of the African continent 

followed a single dispersal event from the south (Taylor et al., 2004a). In contrast, Denys (2003) suggested 

multiple south-north invasions using fossil evidence. Both of these authors maintained the monophyly of 

Otomys.  

 

Myotomys sensu, as defined by Roberts (1951) and consisting of O. unisulcatus and O. sloggetti, has been 

shown to be more closely related to Parotomys than to Otomys (allozyme data: Taylor et al., 1989; Meester 

et al., 1992; sperm morphology analyses: Bernard et al., 1990; immunoblot analyses: Contrafatto et al., 

1997; mtDNA sequencing data: Maree, 2002; and morphology: Taylor et al. 2004a); a relationship which 

led the authors to suggest that Otomys is a polyphyletic genus. Pocock (1976) suggested a ‘diphyly 

hypothesis’ using paleontological evidence, which is supported by Taylor et al. (1989) and Contrafatto et 

al. (1997) based on allozyme and immunoblot data. This hypothesis suggests that an arid clade (Parotomys 

and O. unisulcatus, and sometimes O. sloggetti) and a mesic clade (all other Otomys species) make up the 

otomyine rodent group.  



 4 

  

Fossil record pertaining to the otomyine rodents 

The fossil record for the otomyine rodents is sparse (Sènègas & Avery, 1998). Nevertheless, two fossil 

species of Euryotomys from South Africa, E. pelymoides (3.7 – 5.0 Mya, Mio-Pliocene, Langebaanweg, 

South Africa; Pocock, 1976) and E. bolti (4.0 – 5.0 Mya, Early Pliocene, Bolt’s Farm, South Africa; 

Sènègas and Avery, 1998) provide evidence for the murine origins of the Otomyini. Euryotomys bolti is 

considered as the likely ancestor of all otomyine rodents, as it has been unequivocally shown to possess 

dental features that were more derived than that of E. pelymoides, but less so than the first true otomyine 

fossil Otomys cf. gracilis (approximately 3.7 Mya, Mid-Pliocene, Makapansgat, South Africa; Pocock, 

1987). Due to these characters, it was suggested that the otomyine rodents should not be categorized as a 

subfamily of the Muridae, but rather considered as a tribe of the Murinae subfamily, which is supported by 

recent molecular, morphological and paleontological studies (Chevret et al., 1993; Sènègas & Avery, 1998; 

Sènègas, 2001; Ducroz et al., 2001; Taylor et al., 2004a). A cooling and a drying phase began during the 

Late Miocene (Kennet, 1995; Cerling et al., 1997). C4 plants progressively replaced C3 plants during this 

time (Cerling et al., 1997), and the properties of the grasses caused vast savannahs to open up (Bond, 

2008). These changes in climate and environment may have induced this group of rodents to adapt to a 

more abrasive diet that pose strong selection on their dental patterns (Sènègas, 2001). The grasslands which 

opened up during the aridification of the African continent enabled more arid-adapted species, as well as 

plains-dwelling species, to proliferate in concert with the spread of the grasslands (McCarthy & Rubidge, 

2005; Bond, 2008). 

 

The use of molecular and protein molecular clocks have been employed in order to determine the ages of 

the nodes in the Otomyini phylogeny. According to a molecular calibration done using allozymes (Taylor et 

al., 2004b), the Arvicanthini and Otomyini tribes split from the Murinae during the Late Miocene between 

7.0 – 9.0 Mya, an estimate supporting the findings of Chevret et al. (1993), Ducroz et al. (1998), and 

Sènègas (2001). Steppan et al. (2004) estimated the split of the otomyines from other murines to have 

occurred at 5.4 – 6.6 Mya, supporting the date of Sènègas and Avery in 1998 (4.5 – 6.6 Mya). The 

mitochondrial cytochrome b (cyt b) molecular clock estimates the split in the Otomyini to be around 6.3 

Mya (Maree, 2002), which is close to the dates estimated for the protein molecular clock (Taylor et al., 

1989). However, both these estimates predate the earliest fossil records (3.7 – 5.0 Mya) of Euryotomys 

(Pocock, 1976; Denys et al., 1989; Sènègas & Avery 1998; Sènègas, 2001). Fossils of Parotomys and O. 

unisulcatus have not yet been described (Taylor et al., 2004a), which may provide a clearer picture with 

regards to the ancestry of the arid-occurring otomyines. 
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Background on Otomys unisulcatus 

The Karoo Bush Rat is a terrestrial species endemic to South Africa, which is restricted to the semi-arid 

regions of the Eastern, Western and Northern Cape Provinces (Figure 1.1). It has been described as either 

diurnal (Du Plessis, 1989; Du Plessis & Kerley, 1991) or more recently as crepuscular (Skinner & 

Chimimba, 2005). Though this species has historically been found to occur only marginally in the Western 

Cape Province (Davis, 1962; Davis, 1974; De Graaff, 1981; Skinner & Chimimba, 2005), Avery et al. 

(2005) found that O. unisulcatus could range as far south as the De Hoop Nature Reserve in the Western 

Cape Province. In part of its range, O. unisulcatus occurs sympatrically with the other arid-occurring 

Otomyini species, Parotomys brantsii and P. littledalei within the Nama Karoo and Succulent Karoo 

biomes (Jackson et al., 2004). The Karoo Bush Rat prefers habitats with high plant cover and dense foliage 

near to rocky outcrops, and has been seen to be associated with woody vegetation occurring alongside 

ephemeral streams and rivers (Shortridge, 1934; Dieckmann, 1979).  

O.u. broomi

O. u. albiensis

O. u. grantii

O. u. bergensis

O. u. unisulcatus
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Cape
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O. u. albiensis

O. u. grantii
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O. u. unisulcatus

Northern 
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Cape

 
 
Figure 1.1: Distribution map of O. unisulcatus, showing the species’ range within South Africa (dashed line; adapted 

from Skinner & Chimimba, 2005), the five previously described subspecies boundaries (shaded grey; 
described by Roberts, 1951), and the provinces (solid line). 

 

Otomys unisulcatus is a medium sized rodent (adult mass range 70 – 135g; Pillay, 2001), with the males 

having a greater mass than the females (Skinner & Chimimba, 2005). The dimensions of the body (the 

head-body, tail, hind-foot and ear measurements) also reflect the sexual dimorphism within this species (De 

Graaff, 1981; Skinner & Chimimba, 2005). The Karoo Bush Rat has a shaggy pelage, ash-grey dorsally and 

buff-white ventrally, which is interspersed dorsally with black hairs (Figure 1.2; Pillay, 2001; Skinner & 
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Chimimba, 2005). The tail is longer, relative to body length, when compared to the other Otomys species 

(Skinner & Chimimba, 2005). The skull morphology of the Karoo Bush Rat is similar to the other otomyine 

rodents, however, the petrotympanic foramen appears as a round hole in the tympanic bullae (Skinner & 

Chimimba, 2005). Both Parotomys and Otomys are semi-hypsodont, and these otomyine rodents possess 

jugal teeth with plane occlusal surfaces, which are characterized by transverse laminae. The dental formula 

for the species’ in the genus Otomys is 16   M , P , C , I 3

3

0

0

0

0

1

1 =  (Skinner & Chimimba, 2005). The upper third 

molar (M3) has a small circular posterior portion, which is often worn-down in adults, with four distinct 

laminae (De Graaff, 1981). The first lower molar (M1) has a distinct kidney-shaped anterior circular portion 

and these teeth have two laminae (De Graaff, 1981). The upper incisors may exhibit shallow grooves, 

whilst the lower incisors in the majority of specimens are not usually grooved (De Graaff, 1981). In fact, 

the name of the species (Latin uni = single, sulcus = groove) refers to the single faint groove which may 

persist on the lower incisor (De Graaff, 1981). The tympanic bullae of O. unisulcatus are small relative to 

those of Parotomys. Pocock (1976) suggested that the enlargement of the bullae in the Parotomys species 

was an adaptation to the arid environment, and Taylor et al. (2004a) argued that the enlargement is an 

ancestral trait of the Otomyini, due to the basal position of the Parotomys genus.  

 

 

Figure 1.2: Photograph of O. unisulcatus (photograph taken by J. Visser). 

 

The Karoo Bush Rat has been described as a generalist herbivore (Du Plessis & Kerley, 1991; Coetzee & 

Jackson, 1999; Pillay, 2001; Skinner & Chimimba, 2005), whose main diet consists of succulents and 

leaves from shrubs rather than annuals or trees (Du Plessis & Kerley, 1991). This kind of diet provides the 

water which is essential to survival (Brown & Willan, 1991). They collect large quantities of food while 

foraging, which is consumed later at the nest (Kerley & Erasmus, 1992). Much of the material is fermented 

in the large intestine (caecum) due to its low nutritive quality (Du Plessis, 1989). 
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Reproduction information for this species is scanty at best. The available literature indicates that O. 

unisulcatus young are born as late as May (Skinner & Chimimba, 2005) after a gestation period of 37 – 39 

days (Pillay, 2001), with a mean litter size of between 2.07 and 2.09 (Pillay et al., 1993; Pillay, 2001). The 

neonates are semiprecocial and this species retrieves its young by nipple-clinging (Pillay, 2001) and mouth-

carrying (which is poorly developed; Skinner & Chimimba, 2005). Unlike the other congeners, neonates of 

this species are born with dark extremities (Pillay, 2001), which might be correlated with the high thermal 

conductance of the species (Du Plessis et al., 1989). Most newborn mammals have poor thermoregulatory 

abilities resulting from large surface to volume ratios (Millar, 1977; Wilson, 1979). The males reach sexual 

maturity at six weeks of age, a week earlier than O. angioniensis and O. irroratus, but the females reach 

sexual maturity a week later than the latter two species, at five weeks of age (Pillay, 2001). 

 
In the Karoo, this species faces a number of difficulties rarely encountered by other mesic members of the 

genus such as poor quality of the vegetation and low plant cover. These difficulties also include higher 

temperatures and less freely available water (Kerley & Erasmus, 1992). The Karoo consists of two biomes, 

namely the Succulent Karoo in the west and the Nama-Karoo in the east (Cowling et al., 1999). Mean 

annual rainfall in these biomes is between 50 and 500mm with regular droughts (Kerley & Erasmus, 1992). 

The temperatures of this region range from a maximum > 35oC to a minimum < 0oC (Kerley & Erasmus, 

1992). The vegetation is different between the biomes, with succulents dominating the Succulent Karoo, 

and dwarf deciduous shrubs forming the majority of the plants in the Nama-Karoo, while grass becomes 

more abundant in the eastern parts of this biome (Mucina & Rutherford, 2006). 

 

The Karoo Bush Rat also inhabits two other biomes in South Africa, namely the Thicket Bushveld biome 

and the Fynbos biome. Low & Rebelo (1995) classified the semi-succulent thorny scrub of the river valleys 

of the eastern seaboard of South Africa as the Thicket Bushveld biome, and it is proposed that this biome is 

less harsh with more precipitation and milder temperatures during both the summer and winter seasons 

(Mucina & Rutherford, 2006). The Fynbos biome is a winter-rainfall area with relatively high levels of 

precipitation and larger temperature fluctuations (Mucina & Rutherford, 2006). Apart from natural 

fluctuations in habitat, the distribution of this species may be limited by fire causing permanent damage to 

their stick nests (see below, Kerley & Erasmus, 1992), and the Karoo biome characterized by a low 

incidence of natural fire damage (Manry & Knight, 1986) may thus provide a more stable environment for 

the species. The Orange River, forming the natural border between South Africa and Namibia, appears to be 

a barrier for O. unisulcatus, as the distribution of this species extends up to, but not across this river into 

Namibia.  

 
The presence of this species is often indicated by extensive stick lodges surrounding bushes, usually one 

nest per bush (De Graaff, 1981; Kerley & Erasmus, 1992; Brown & Willan, 1991; Jackson et al., 2004). A 

similar behaviour is also exhibited by the Desert Woodrat, Neotoma lepida in America (Cameron & 

Rainey, 1972), and the Australian Stick Rat Leporillus spp (Vermeulen & Nel, 1988). Unlike some of the 

other Otomyini species, O. unisulcatus does not require suitable habitat for burrowing. The Karoo Bush Rat 

may dig one or two tunnels under the nest (presumably to escape predators; Vermeulen & Nel, 1988), 
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however, time is mostly spent above ground, within the nest (Jackson et al., 2002). The species prefer open 

plains but is able to also inhabit areas with soft soils, such as dry riverbeds (De Graaff, 1981), coastal dunes 

(Vermeulen & Nel, 1988; Du Plessis & Kerley, 1991) or rocky outcrops (Roberts, 1951), assuming that 

these areas possess a relatively high percentage of plant cover (Jackson et al., 2004). Runways are created 

by the rats between nests and/or possible food sources, a characteristic also exhibited by Parotomys 

(Jackson, 1999 and personal observation), Rhabdomys (Jackson, 1999), and Elephantulus (Walker, 1964), 

to name a few. The refuge strategies of the arid-adapted otomyines differ, with P. brantsii constructing 

extensive burrow systems, and P. littledalei seeming to be intermediate between that of the other two 

species (Jackson, 2000). Due to the sympatry of the three arid-adapted otomyines, O. unisulcatus may be in 

competition for resources with P. littledalei, and to a lesser degree with P. brantsii, because of its 

dependency on dense shrubs for its nesting requirements, and because the three species mostly feed on the 

succulent vegetation (Jackson, 2000). 

 
Roberts (1951) and Meester et al. (1986) listed five subspecies of the Karoo Bush Rat whose distributions 

range from Port Nolloth (Otomys unisulcatus broomi), down the West Coast to Lamberts Bay (O. u. 

bergensis), inland to Matjiesfontein (O. u. unisulcatus), the Central Karoo (O. u. grantii) and east to the 

Albany district (O. u. albiensis) (Figure 1.1). From the north-west to the eastern parts of South Africa, the 

morphological differences between the subspecies show a clinal decrease in overall body size, variation in 

colouration, and a decrease in tympanic bullae size (Roberts, 1951). Phenotypic plasticity may thus be 

playing a larger role in morphological characteristics, should the morphological differences not be reflected 

in the genetic phylogeographic structuring of the species. Whilst Van Dyk et al. (1991) consider the 

recognition of these subspecies to be unwarranted, the use of neutral molecular markers and morphological 

analyses may contribute towards clarifying this.  

 

Background on genetic phylogeography 

Ongoing evolutionary processes, such as gene flow (long distance migration), can be distinguished from 

historical events, such as vicariance and range expansion, by analyzing the relative ages and historical 

relationships of alleles in a geographic context (Hare, 2001). These processes leave their imprints in the 

distribution of intra- and inter-population variation (Tajima, 1983; Slatkin, 1987; Avise, 2000; Hewitt, 

2000). Population genetic structure is formed through environmental events (such as vicariance) and/or 

through active or passive dispersal (Avise, 2000). Phylogeography as a field has been set apart from 

classical population genetics by dealing explicitly with a species’ history and the spatial distributions of 

gene lineages (Knowles & Maddison, 2002). Phylogeography has grown as a discipline because it allows 

historical scenarios which were the cause of present-day spatial arrangements of organisms to be assessed, 

as well as the processes which formed the spatial arrangements, such as vicariance, dispersal, population 

expansions and bottlenecks or migration to be inferred (Hare, 2001; Knowles & Maddison, 2002).  

 
The methods used in phylogeographic analyses examine the phylogenetic relationships among 

geographically distinct populations, and make inferences about evolutionary diversification of the 

populations (Polly, 2003; Avise, 2009). Statistical phylogeography is used to estimate population 
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parameters, such as genetic diversity, divergence times, growth rates and gene flow between populations 

(Knowles & Maddison, 2002). Though traditional phylogeography has used gene trees of non-recombining 

uniparentally inherited loci (e.g. mtDNA; Avise, 2000; 2009), statistical phylogeography is more concerned 

with population parameters than gene trees (Brumfield et al., 2003). MtDNA has the phylogenetic 

advantages of maternal transmission, extensive intraspecific variation and usually exhibits an absence of 

genetic recombination (Avise, 2000), which have made it the historical marker of choice.  

 

Phylogeographic structure has been described for various taxa in South Africa. Significant partitioning of 

genetic variation across the landscape have been described for some of these (e.g. invertebrates: Daniels et 

al., 2001; Gouws et al., 2003; reptiles: Branch et al., 1995, 1996; Lamb & Bauer, 2000; Matthee & 

Flemming, 2002; Daniels et al., 2004; Tolley et al., 2004, 2006; Makokha, 2006; Swart et al., 2009; birds: 

Bowie et al., 2005; mammals: Prinsloo & Robinson, 1992; Matthee & Robinson, 1996; Rambau et al., 

2003; Kryger et al., 2004; Smit et al., 2007). Other species have shown shallow genetic structuring (Jansen 

van Vuuren & Robinson, 1997; Matthee & Robinson, 1997; Russo et al., 2006). Of the above mentioned 

studies, the majority of the vertebrate species investigated are rock-dwelling (saxicolous). Otomys 

unisulcatus prefers more open habitats (Roberts, 1951; Vermeulen & Nel, 1988; Du Plessis & Kerley, 

1991; Jackson et al., 2004), and so its habitat requirements are different to rock-dwelling species, as well as 

to those species which require sandy areas for burrowing, such as P. brantsii.  

 

Background on geometric morphometrics 

Historically, the taxonomic classification of organisms and the description of patterns of variation, as well 

as the inference of the underlying processes involved in the formation of these patterns, were based on 

morphological characters (Monteiro et al., 2003; Adams et al., 2004). Comparisons of the anatomical shape 

of organisms is a fundamental part of biological studies and the use of morphometrics (the analysis of the 

variation in shape and its covariation with other variables; Bookstein, 1991; Dryden & Mardia, 1998) is 

thus an important complement to molecular gene trees (Cardini, 2003).  

 
In the 1960’s and 1970’s, traditional morphometrics (Marcus, 1990; Reyment, 1991) or multivariate 

morphometrics (Blackith & Reyment, 1971), which deals with applying multivariate analyses of sets of 

quantitative morphological variables, was the preferred method of shape analysis. There were many 

shortcomings associated with traditional morphometrics, mainly that aspects of shape variation was lost in 

the use of linear distance measurements, and the proposed size corrections at the time produced conflicting 

results (Adams et al., 2004). It was only in the late 1980’s that the field of geometric morphometrics was 

developed in earnest, and Rohlf & Marcus (1993), in an introductory overview of geometric 

morphometrics, described this procedure as a "revolution in morphometrics". 

 
Geometric morphometrics (Bookstein, 1991; Rohlf & Marcus, 1993; Corti et al., 2000; O'Higgins, 2000) 

involves the comparisons of the geometry (shape) of objects, such as the cranium or the mandible of an 

organism, in which landmarks (corresponding points on the individual structures) are used in the 

description and analysis of shape variation. The use of landmarks, employed in a Cartesian system (Dryden 
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& Mardia, 1998), converts the shape of the individual structure into a function of the relative positions of 

the landmark coordinates (Bookstein, 1991), and preserves the geometrics information throughout the 

analysis (Monteiro et al., 2003). In reviews by Bookstein (1991), Small (1996), Dryden & Mardia (1998) 

and Rohlf (1999), geometric morphometrics is comprehensively explored and Marcus et al. (1996) give 

more examples of the uses of this method in the biological and medical fields. Using morphometric data for 

inferring phylogenies, however, has been problematic in the past, and morphometrics has thus been found, 

for instance, to be a useful postcladistic analytical tool to use for the analysis within clades obtained in 

phylogenetic analyses (Cardini, 2003). 

 
The general method of converting landmark information into a statistically useable form involves a number 

of steps. Firstly, homologous landmarks which are biologically meaningful are chosen and they are easily 

reproducible for each specimen. Scale, position and orientation effects (non-shape variation) are removed 

from the data (the set of landmark configurations) through superimposition methods, usually the 

Generalized Procrustes Analysis (GPA) (Adams et al., 2004). This analysis uses the centroid size, defined 

as the "square root of the summed squared distances from each landmark to the configuration centroid 

(average landmark)" (Monteiro et al., 2003), to scale the configurations to a unit size (Bookstein, 1986). 

Rotation of the configurations is then performed to minimize the squared differences between the 

landmarks (Gower, 1975; Rohlf & Slice, 1990). The mean shape can then be calculated from the rotated, 

resized superimposed configurations, after which the superimposed configurations are re-superimposed on 

the mean shape estimate; a process which is repeated until convergence (Adams et al., 2004). 

 

The vertebrate cranium has a number of characteristics highlighted by Kawakami & Yamamura (2008) that 

make it an ideal indicator of variation in a species. Firstly, since it houses many important features (such as 

the brain, eyes, hearing apparatus, nose and jaws), the shape of the cranium can be closely correlated to the 

environment and is thus under strong selective pressure. The vertebrate cranium is made up of many bony 

segments, held together by sutures, and it is the rigidity of this structure as a whole that enables easy 

measurement. Lastly, the formation of the shape of the cranium is partly the result of mutations occurring at 

many loci, and factors affecting these mutations will have an effect on the development of the cranium. 

Certain parts of the rodent cranium are subject to growth during adulthood, as a result of metabolic and 

physical stresses (Grüneberg, 1963; Moore & Lavelle, 1974), whilst other parts (e.g. basicranial portion) 

are not (Caumal & Polly, 2005). Thus, the rodent skull size and shape is driven by both genetic and 

environmental factors (which may influence gene expression of growth hormones). The sexual dimorphism 

exhibited by this species may also be driven by both genetic and environmental factors. Examination of the 

skull shape and size between the genders will provide a clearer picture as to which factors are driving this 

dimorphism. Arvicolid species which burrow exhibited more angular crania, while above ground species 

exhibited more elongated skulls (Courant et al., 1997). Since O. unisulcatus occasionally digs one or two 

tunnels underneath the nests, skull shape and size may reflect which one of the two genders does the 

majority of the digging during development, as well as during adulthood. Environmental factors that affect 

specific structures/organs through selection may play a major role in speciation processes. The use of 
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geometric morphometrics within this study will be a useful tool in determining a potential correlation 

between environmental factors and their effect on the shape of the cranium of O. unisulcatus.  

 

Reasoning behind study 

Speciation processes involve many steps and most commonly involves population fragmentation (Foster et 

al., 1998; Turelli et al., 2001). Due to the phylogeographic groupings found in the studies on southern 

African taxa mentioned above (in the section: “Background on genetic phylogeography”), it has been 

suggested that climate-driven range expansions and contractions are playing a role in the population genetic  

structuring of many of these taxa. Since the arid periods in the Plio-Pleistocene favoured arid-adapted 

species, a genetic signature of population expansion may be present in O. unisulcatus during these arid 

times, with divergences occurring during the more mesic times. More recent agricultural efforts by man 

may be opening up habitats for species like O. unisulcatus, promoting gene flow between populations and 

expansions of populations.  

 

The observation of differing nesting habits, variation in body colouration, variation in body size, differing 

dietary intakes, and differing habitats between populations across the species' distribution in South Africa, 

as well as the historical description of five subspecies within O. unisulcatus, suggests that interpopulation 

genetic and cranial morphological structuring may exist. Integration of morphological and molecular data 

analyses proved to be useful to identify groupings and to make accurate phylogenetic predictions of spatial 

structuring of a species (Nice & Shapiro, 1999), for example in Praomys (Denys et al., 2003; Lecompte, 

2005). It has been suggested that comprehensive integrative studies would provide clearer pictures of 

African murine biodiversity which may be underestimated for many species (Denys et al., 2003). Thus, in 

addition to the use of a fast-evolving molecular marker, morphological quantitative characters were 

integrated within the study.  

� 
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CHAPTER 2 
MTDNA PHYLOGEOGRAPHIC ANALYSES 

 

Introduction 

Phylogeography, briefly outlined in Chapter 1, can be considered as a mixture between population genetics, 

phylogenetics, as well as biogeography. Since its conception over thirty years ago, phylogeographic studies 

have provided many useful contributions to knowledge of evolutionary genetic processes (Table 1 in Avise, 

2009). Several studies investigating phylogeographic structuring in species with congruent ranges 

(Bermingham & Moritz, 1998) have been highly informative about historical biogeographic forces. In the 

South African context phylogeographic patterns have been described for various taxa. The majority of the 

vertebrate species investigated in southern Africa (see “Background on genetic phylogeography”) are rock-

dwelling (saxicolous). Otomys unisulcatus prefers more open habitats (Roberts, 1951; Vermeulen & Nel, 

1988; Du Plessis & Kerley, 1991; Jackson et al., 2004), and so its habitat requirements are different to rock-

dwelling species, as well as to those species which require sandy areas for burrowing, such as P. brantsii. 

Whilst Van Dyk (1989) and Van Dyk et al. (1991) found no significant genetic differentiation between 

populations of O. unisulcatus based on electrophoretic variation in 20 enzymes and non-enzymatic proteins 

coded for by 27 loci, as well as karyotypic analyses, the use of these slower evolving markers may not have 

been able to reflect recent genetic divergences between and within populations. Comparisons between 

direct DNA sequences have proved to be useful in determining the evolutionary history of a species (for 

reviews see: Takahata, 1996; Rogers, 1997; Harpending et al., 1998; Cann, 2001). At present, DNA can be 

extracted from old material, collection and storage of samples is convenient and the data are often more 

variable than allozymes. Using PCR techniques and direct sequencing, it is easier to determine more fine-

scale gene genealogies (Sunnocks, 2000). Organellar DNA, such as mtDNA, is usually uniparentally-

inherited, compared to biparentally–inherited nuclear DNA, and the difference in transmission (as well as 

some other differences in evolution patterns) between organellar and nuclear DNA causes different aspects 

of population history and biology to be reflected in the respective gene genealogies (Sunnocks, 2000; 

Avise, 2009). The mtDNA cyt b gene has been shown to be an effective marker in intraspecific 

phylogeographic studies of mammalian taxa (e.g. Mustrangi & Patton, 1997; Harris, Rogers & Sullivan, 

2001, Harris & S´a-Sousa, 2002; Kryger et al., 2004; Palma et al., 2005; Smit et al., 2007).  

 

Apart from using more sensitive methods of analyses, populations sampled within the previous O. 

unisulcatus studies included very limited representation from the Little Karoo, as well as along the western 

coastal regions of South Africa (Van Dyk, 1989; Van Dyk et al., 1990). Through the inclusion of more 

localities within this study, as well as the utilization of a faster marker, a clearer picture of genetic 

population differentiation within O. unisulcatus may emerge.  

 

 

 



 13 

  

Physical attributes of a landscape, such as rivers and mountain ranges, have been shown to act as barriers to 

gene flow in vertebrates in southern Africa (e.g. Scott et al., 2004). For some southern African species, 

barriers to gene flow have included plains (e.g. Knersvlakte region: Matthee & Robinson, 1996; Lamb & 

Bauer, 2000; Matthee & Flemming, 2002; Smit et al., 2007), and isolated rocky outcrops have previously 

been thought to have acted as refuges during unfavourable periods (e.g. Prinsloo & Robinson, 1992; 

Matthee & Robinson, 1996). Subterranean rodents, such as the Argentinean sand-dune tuco-tuco Ctenomys 

aiisiratis (Mora et al., 2006), have been shown to be fragmented at the population level, due to their 

requirement of sandy environments for their burrows. The Karoo Bush Rat prefers open plains, with dense 

vegetation cover necessary for shelter and nourishment, and thus it is expected that areas that act as barriers 

for saxicolous species (such as open plains) may in fact be ideal dispersal routes for O. unisulcatus. 

� 
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Materials and Methods 

Sampling 

Sampling of O. unisulcatus specimens occurred in two ways. Samples (skins) were first obtained from 

various museums around South Africa and as far as possible encompassed the entire distribution of O. 

unisulcatus (Appendix A1). Fresh tissue samples, obtained from individuals collected in the field, were 

sampled and stored in absolute ethanol. Information regarding the sampling localities, such as 

environmental variables and locations, are detailed in Table 2.1, and Figure 2.1. DNA extraction from all 

the samples was achieved by making use of the DNeasy Kit (Qiagen). Before DNA extraction of the 

museum samples, a three-step wash procedure using 100% ethanol, 75% ethanol, and 100% distilled water 

was utilized to remove surface contamination of foreign DNA.  

 

PCR amplification 

The Polymerase Chain Reaction (PCR) was employed to amplify segments of the cyt b mtDNA gene from 

115 samples obtained from 31 sampled localities (Figure 2.1). Numbers of individuals sampled per locality 

are detailed in Table 2.1. Primers specific to the Otomyini rodents were designed to amplify a short stretch 

(approx. 400bp long) of the cyt b mitochondrial gene as DNA extracted from museum material is often 

highly degraded and could be chemically modified (Pääbo, 1989; Pääbo et al., 1989; Austin et al., 1997). 

The following species specific primers were designed: forward primer OtoF1 (5’-

ACAGCATTCTCATCAGTAAC-3’) and reverse primer OtoR1 (5’-GCGTCTGAGTTTAGTCCT-3’). This 

gene region corresponds to the Mus musculus cyt b gene, stretching from L14325 to H14788. 

 

PCR reaction mixes (25 µl final volume) contained 2.5 µl of 25 mM MgCl2, 2.5 µl 10x reaction buffer, 

2.5µl of a 1mM solution of dNTPs, one unit of Taq polymerase (give manufacturer) and 0.5µl each of the 

10pmol forward and reverse primers. Since DNA extracted from museum skin samples was often degraded, 

the volume of the extracted stock DNA was varied in an attempt to standardize the concentration. The PCR 

technique involved an initial denaturation occurring at 94oC for four minutes, followed by 38 amplification 

cycles comprising of denaturation at 94oC for 30 sec, annealing at 46oC for 30 sec and extension at 72oC for 

45 sec. A final extension hold for eight minutes was performed for each reaction. For the museum samples, 

an additional annealing hold for two and a half minutes was added at the end, before the final extension. 
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Figure 2.1: Distribution map of sampled localities (circles) and pooled localities (solid lines) of O. unisulcatus 

used in the genetic analyses. Shaded area shows the two assemblages (lowland and central groups) 
obtained in the Bayesian and Structure analyses. Sampling locality numbers (S01 to S44) correspond 
to those sampling localities detailed in Table 2.1.  

 

 

 

 

 

 

 

 

 

 

 



 16 

  

Table 2.1: Specimens used in the present study together with environmental variables of sampling localities in each 
Province, the pooled population number (see text for details), GPS co-ordinates (in decimal degrees), as 
well as biome and rainfall seasonality information for sampled localities used in the study, as well as the 
number of individuals (n) sampled at each locality for both the genetic and morphological analyses. 

 

*  Key to Provinces:   EC = Eastern Cape; NC = Northern Cape; WC = Western Cape 
$  Key to Rainfall Seasonality:  WN = Winter rainfall; YR = Year round; LS = Late summer; VL = Very late summer 
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S01 Albany EC P01 Thicket Bushveld -33.11 26.45 120 503.1 YR 25.13 10.14 14.99 6 9 

S02 Alexandria EC P01 Thicket Bushveld -33.30 25.45 122 594.2 YR 25.13 10.14 14.99 1 3 

S03 Bedford EC P02 Fynbos -32.41 26.06 800 595.9 LS 25.13 10.14 14.99 2 4 

S04 Cradock EC P03 Nama-Karoo -32.10 25.37 927 304.7 LS 25.13 10.14 14.99 4 5 

S05 Fish River Valley EC P04 Thicket Bushveld -33.05 26.42 128 434.3 YR 25.13 10.14 14.99 - 4 

S06 Middelburg EC P05 Nama-Karoo -31.36 25.00 1248 274.7 LS 25.13 10.14 14.99 2 4 

S07 Steytlerville EC P06 Nama-Karoo -33.14 24.22 570 240.3 LS 25.13 10.14 14.99 3 5 

S08 Tarkastad EC P07 Fynbos -31.01 26.16 610 440.3 LS 25.13 10.14 14.99 - 3 

S09 Alexander Bay NC P14 Succulent-Karoo -28.29 17.04 356 39.6 WN 22.62 12.08 10.54 1 2 

S10 Calvinia NC P15 Succulent-Karoo -31.26 19.49 1049 212.9 WN 24.5 8.49 16.01 10 11 

S11 Carnarvon NC P08 Nama-Karoo -30.21 21.49 1000 219.4 VL 23.87 8.27 15.60 2 5 

S12 De Aar NC P09 Nama-Karoo -30.45 23.54 1200 290.0 VL 24.74 9.29 15.45 - 1 

S13 Fraserburg NC P28 Nama-Karoo -31.92 21.51 1006 203.7 LS 24.74 9.29 15.45 6 - 

S14 Garies NC P16 Succulent-Karoo -30.32 18.28 600 148.0 WN 18.79 11.23 7.56 - 2 

S15 Hanover NC P10 Nama-Karoo -31.07 24.45 1103 306.8 VL 24.74 9.29 15.45 - 3 

S16 Hopetown NC P27 Nama-Karoo -29.62 24.08 760 325.1 VL 24.74 9.29 15.45 1 2 

S17 Kamiesberg NC P29 Succulent-Karoo -30.23 18.11 1200 258.7 WN 18.79 11.23 7.56 - 1 

S18 Port_Nolloth NC P19 Succulent-Karoo -29.16 16.52 10 66.5 WN 19.08 10.89 8.19 4 8 

S19 Richmond NC P09 Nama-Karoo -31.02 23.46 1359 333.5 LS 24.74 9.29 15.45 2 3 

S20 Richtersveld NC P14 Succulent-Karoo -28.21 17.06 380 48.1 WN 22.62 12.08 10.54 6 2 

S21 Springbok NC P17 Succulent-Karoo -29.41 18.01 950 181.1 WN 24.11 12.07 12.04 14 2 

S22 Steinkopf NC P18 Succulent-Karoo -29.12 17.49 914 135.6 WN 24.11 12.07 12.04 - 4 

S23 Sutherland NC P30 Succulent-Karoo -32.34 20.40 1550 261.4 WN 20.36 3.32 17.04 1 2 

S24 Upington NC P25 Succulent-Karoo -28.45 21.23 2548 167.3 WN 28.79 12.64 16.15 1 - 

S25 Victoria West NC P10 Nama-Karoo -31.27 23.09 1219 266.7 LS 24.74 9.29 15.45 3 11 

S26 Williston NC P26 Nama-Karoo -31.34 20.92 1006 171.8 LS 24.74 9.29 15.45 - 3 

S27 Beaufort West WC P11 Nama-Karoo -32.14 21.37 1040 371.1 LS 24.99 10.72 14.27 6 10 

S28 Clanwilliam WC P31 Transition Zone -32.04 19.05 152 203.7 WN 28.67 12.72 15.95 2 2 

S29 Darling WC P20 Transition Zone -33.24 18.19 140 438.9 WN 24.98 11.01 13.97 1 1 

S30 Laingsburg WC P12 Fynbos -33.20 20.86 650 128.6 WN 25.54 11.24 14.30 1 4 

S31 Lamberts Bay WC P22 Succulent-Karoo -32.07 18.27 100 142.4 WN 22.35 11.25 10.53 11 7 

S32 Langebaan WC P24 Transition Zone -32.97 18.16 14 260.1 WN 23.53 11.25 12.28 - 1 

S33 Malmesbury WC P20 Transition Zone -33.24 18.17 140 467.1 WN 24.57 10.55 14.02 1 1 

S34 Matjiesfontein WC P12 Fynbos -33.13 20.34 655 443.4 YR 25.54 11.24 14.30 - 2 

S35 Montagu WC P20 Transition Zone -33.46 20.05 365 289.3 WN 24.98 11.01 13.97 1 4 

S36 Murraysburg WC P13 Nama-Karoo -32.18 23.28 884 266.1 LS 24.74 9.29 15.45 2 2 

S37 Oudtshoorn WC P12 Nama-Karoo -33.58 22.20 332 238.6 WN 23.31 9.16 14.15 5 - 

S38 Piquetburg WC P21 Transition Zone -32.36 18.18 12 320.1 WN 25.90 11.51 14.39 3 5 

S39 Roberston WC P20 Transition Zone -33.55 19.51 200 267.5 WN 24.98 11.01 13.97 - 2 

S40 Van Rhynsdorp WC P23 Succulent-Karoo -31.35 18.59 66 200.0 WN 26.23 11.21 15.02 8 1 

S41 Vredenburg WC P24 Transition Zone -32.91 18.50 105 309.5 WN 23.53 11.25 12.28 - 2 

S42 Vredendal WC P23 Succulent-Karoo -31.42 18.12 90 152.0 WN 26.23 11.21 15.02 1 2 

S43 Willowmore WC P06 Transition Zone -33.28 23.50 600 257.2 WN 23.31 9.16 14.15 - 1 

S44 Worcester WC P20 Transition Zone -33.38 19.39 360 244.5 WN 25.27 11.95 13.32 1 1 
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DNA sequencing and alignment 

The gene-specific PCR products were purified with a GFX PCR DNA and Gel Band Purification Kit (GE 

Healthcare Biosciences) and were then subjected to cycle-sequencing by using BigDye terminator 

chemistry (Applied Biosystems), following the recommendations of the manufacturer. Centri-sep 96 multi-

well filter plates (Princeton Separations) were used to clean the samples, which were then analysed using an 

ABI Prism 3100 16-capillary genetic analyser (Applied Biosystems). The reverse strand was sequenced in 

all cases and where the electropherograms produced ambiguous results, the forward strand was also 

sequenced. Once the sequences were obtained, they were compared with sequences stored in GenBank by 

using BLASTN (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were viewed in BioEdit Sequence 

Alignment Editor v. 7.0.5.2 and aligned manually (by eye). 

 

Phylogenetic and phylogeographic analyses 

To ensure that population level studies in both the genetic and the morphological studies would not be 

biased through small sample sizes, geographically contiguous localities were pooled, based upon their 

geographic proximity, and their similarity in environmental variables and other factors (including altitude). 

Essentially, those populations which possessed a small sample size (below two individuals), were pooled 

with the locality closest to it (>20km), ensuring the pooled localities were in the same biome. Individuals 

from Upington (S24) and Hopetown (S15) were not pooled with another population, as no locality was 

sampled within 20km of these populations. 

 

To obtain broad scale phylogenetic patterns, Bayesian analyses were performed on O. unisulcatus 

sequences using the default settings in the program MrBayes v.3.1.1 (Huelsenbeck & Ronquist, 2001; 

Ronquist & Huelsenbeck, 2003). Parotomys brantsii was specified to root the tree and one P. littledalei 

individual was also included as outgroup. Two simultaneous runs of one cold and three heated Metropolis-

coupled MCMC chains were run for two million generations beginning from a random tree. Trees were 

sampled every 100 generations. The GTR+ Γ model (GTR model with gamma-distributed rate variation 

across sites (Γ)) was utilized. The model was selected by executing the program MrModeltest v.2.2 

(Nylander, 2004) in the program PAUP* v.4.0b10 (Swofford, 2001), using the AIC criteria. The analyses 

were repeated three times to ensure that the posterior probabilities (PP) surface was explored adequately. 

The number of cycles to discard as burn-in approximated 10% of the total samples produced (i.e. 2 000 of 

20 000 samples), empirically determined from plots of the fluctuating value of the log-likelihood of the 

cold chain in the program Microsoft Excel. 

 

Potential geographic groupings were identified a priori by using the program Structure v.2.2 (Pritchard et 

al., 2000a), by coding single nucleotide polymorphisms with a value of two (or three if more than two 

nucleotides were present at the locus), and the rest of the loci were coded as one. One million cycles per 

run, with λ = 1, using an admixture model and a burn-in period of 250 000 cycles, was performed, and the 

number of groups (K) was varied. However, the program Structure may not be useful on its own to identify 

historical entities (Zink & Barrowclough, 2008), even though it is useful for detecting population 
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management units (e.g. Latch et al., 2006). Thus, a Spatial Analysis of Molecular Variance (SAMOVA) in 

the program SAMOVA v.1.0 (Dupanloup et al., 2002) was also used to distinguish historically isolated 

geographic groups of populations. The K–value (number of groups) was varied to determine the maximum 

value of ΦCT (measure of genetic variation among groups).  

 

A three-dimensional (3D) surface plot of the interpolation analyses, performed using the program AIS v.1.0 

(Miller, 2005), was used to visualise the patterns of genetic diversity. Peaks in the graph represent localities 

which possess large genetic distances between themselves and other localities.   

 

Mean sequence divergence for the entire dataset and within groups was calculated in MEGA v.4 (Tamura et 

al., 2007), using the uncorrected p-distance matrix. The p-distance is the proportion of loci of compared 

sequences which differ from one another (Tamura et al., 2007). The program Arlequin v.3.01 (Excoffier et 

al., 2005) was used to calculate the nucleotide diversity, and heterozygosity values, as well as to perform an 

analysis of molecular variance (AMOVA; Excoffier et al., 1992), and pairwise fixation comparisons among 

populations. The haplotype diversity (h) was calculated using the formula h = (1 -Σxi 2) n / (n -1), where xi 

is the haplotype frequency and n is the sample size (Nei & Tajima, 1981) in Microsoft Excel. A statistical 

parsimony network of the maternal haplotypes was constructed in TCS v.1.21 (Clement et al., 2000), as 

finer-scale spatial and temporal population structure can be better estimated using haplotype networks, 

compared to other tree-based methods (Bermingham & Moritz, 1998; Goldstein et al., 2000; Posada & 

Crandall, 2001). 

 

Demographic changes 

To determine whether any demographic changes have occurred, various statistical tests have been devised 

in the past. The mismatch distribution (Roger & Harpending, 1992), the raggedness statistic rg (Harpending 

et al., 1993), as well as the Tajima’s D statistic (Tajima, 1989) have been used in the past, however Fu’s FS 

test of neutrality (Fu, 1997) has proved to be the most powerful statistical test in detecting population 

growth for a variety of cases (Ramos-Onsins & Rozas, 2002). Fu’s FS (Fu, 1997) test of selective neutrality, 

performed in Arlequin v.3.01 (Excoffier et al., 2005), was used to determine the potential departure from 

neutrality; interpreted as demographic changes in population numbers. A significantly negative value of 

Fu’s FS would denote a recent increase in population size, because rare alleles are seen to be more 

abundant, whilst a null value would indicate that the different populations have remained similar in size and 

thus indicate stability (Mahoney, 2004). A positive value for Fu’s FS would indicate that an elimination of 

rare alleles had recently occurred, such as would be the case following a population bottleneck or a 

selective sweep of the gene of interest or genes linked to the gene of interest (Mahoney, 2004). 

 

The program Multidivtime (MDIV; Nielsen & Wakeley, 2001) was used to identify values for theta (θ = 

2Nefµ), migration rate (M=2Nefm), time since divergence (T = t/Nef) and time to most recent common 

ancestor (TMRCA = tµ), where Nef is the female-effective population size, µ is the mutation rate per gene 

and t is the generation time. The program was run for 2 million generations, under a finite sites model, with 
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10 migrants per generation and 10 units of time of population divergence used as the upper bounds (see also 

Nielsen, 2002). Two chains were run for each analysis in order to ensure accuracy in estimation of 

parameters. The calculation of the time since divergence (t) in millions of years before present (Mya) 

involved using the following formula: t = T *θ/(2u)*g (Brown et al., 2007) where T and θ are generated by 

MDIV, and g is the generation time (0.3 years; Pillay, 2001). The value of u was obtained by the following 

formula: 2*µ*k. The mutation rate (µ) used was 8.25x10-09 substitutions per site per generation, or 3.3x10-08 

substitutions per site per year, for rodent cyt b region (Veyrunes et al., 2005; Abdel Rahman Ahmed et al., 

2008) and k was the sequence length (400bp).  

�
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Results 

Geographic genetic variation 

The nucleotide composition corresponds with values found for the cyt b gene in other mammals (e.g. 

Rhabdomys pumilio: Rambau et al., 2003): Guanine = 15%; Cytosine = 24%, Adenine = 29% and Thymine 

= 32%. Even though the sequences were relatively short (approx 400 bp), 40 haplotypes were identified 

from the 115 specimens collected from the 23 pooled localities (referred to hereon as populations; 

Appendix A2). 

 

The Bayesian analysis produced an unresolved mtDNA phylogenetic tree, the internal clades of which were 

not significantly supported by the posterior probabilities (Figure 2.2A). One clade corresponded to 

populations from the middle part of the range, called a central assemblage (Beaufort West (S27), Victoria 

West (S25), Murraysburg (S36), Oudtshoorn (S37) and Laingsburg (S30)). This clustering was supported 

by the program Structure (K = 2; Figure 2.2B) even when when K was set to a value greater than two (only 

K = 3 is shown: Figure 2.2C). This indicates that the central assemblage is different enough to be assigned 

to a separate group. The other clade detected by the Bayesian analysis was not supported by the posterior 

probabilities, and did not consistently group into separate groups in the Structure analyses when more than 

two groups were specified. It is thus proposed that only two groups can be identified. The first group 

contained populations along the coastal plains (Succulent Karoo, Fynbos and Thicket Bushveld biomes), as 

well as inland to Bushmanland and Namaqualand (Nama Karoo biome). This group will be referred to as 

the coastal assemblage from now on. The populations of the second group are situated inland in the Little 

Karoo region (Nama Karoo Biome), and will be referred to as the central assemblage from hereon (Figure 

2.2).  

 

In contrast to the findings above, SAMOVA divided the haplotypes into five groups (ΦCT value maximised 

at 0.640 (P < 0.001)). The first group contained populations from the western and eastern parts of the 

species’ range (coastal assemblage specified above in Bayesian analyses), whilst the remaining four groups 

contained populations from the central assemblage (Little Karoo region). Individuals from Beaufort West 

(S27), Victoria West (S25) and Carnarvon (S11) grouped into separate groups (groups a, b and c). 

Individuals from Murraysburg (S36), Oudtshoorn (S37) and Laingsburg (S30) grouped into a single group 

(group d), whilst the remaining specimens grouped together (group e). The four groups (groups a – d) are 

probably indicative of additional small scale structure within the central group but given the small sample 

sizes for the populations in these groups (and some groups consist of a single sampling point), only the two 

main groups outlined above will be further considered.  
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Figure 2.2: Results of a Bayesian analysis depicting the phylogenetic structuring of O. unisulcatus (A). Values in bold 

above branches are Bayesian posterior probability values. Labels for the specimens in the tree indicate the 
specimen number, its locality, and the probability of the specimen belonging to the coastal assemblage, as 
opposed to the central assemblage. Results of the sequential cluster analysis of the program Structure when 
K=2 (B) and K=3 (C) showing the clustering of individuals into either the coastal or the central assemblage. 
Lengths of the bars indicate the percentage probability of an individual belonging to one assemblage or the 
other. 

 

 

The spatial distribution of genetic distances between populations can be visualised in Figure 2.3, which is a 

three-dimensional plot of geographic coordinates (X- and Y-axes) and genetic distances between 

populations (Z-axis). From these analyses it seems that the central assemblage is characterized by 

individuals that have greater residual genetic distances between populations than those in either the western 

or the eastern parts of the range (coastal assemblage). This can be explained as indicative of an older more 

stable population. It is also this same region where SAMOVA indicated potential substructure (see above). 
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Figure 2.3: Three-dimensional surface plot of the geographical coordinates (X- and Y-axis) and residual genetic 
distances (Z-axis), displaying areas within the species’ distribution which show large genetic distances 
(peaks) between localities.  

 

When the two assemblages were specified in AMOVA, the among-groups variance component was 

identified as a major source of genetic variation (60.78%). The within-populations variance component 

(30.70%) was low relative to the among-groups component, but large relative to the among-

populations/within-groups variance component (8.52%). Fixation indexes found were as follows: ΦSC = 

0.217, ΦST = 0.693 and ΦCT = 0.608 and the tests comparing the variance components and fixation indices 

(1023 permutations) were all highly significant (P < 0.001), thus indicating a strong differentiation between 

the two groups, as well as among populations within the assemblages. Pairwise ΦST values between 

populations consisting of more than four individuals, fell between 0.0 and 0.97, with the most number of 

significant values occurring in the Beaufort West and Oudtshoorn/Laingsburg populations (Table 2.2; 

above diagonal). The mean ΦST value between the two assemblages was 0.79±0.11, the highest values of 

which was found between Oudtshoorn (S12) and Lamberts Bay (S22; 0.97, P < 0.001), and Fraserburg 

(S28), and Albany (S01; 0.94, P < 0.001). The mean ΦST value between the populations of the coastal 

assemblage was 0.15±0.16, and between populations of the central assemblage was 0.69±0.00.  
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Table 2.2: Sequence divergences, sequence diversities and pairwise ΦST values for populations which contain four or 
more individuals (n). Sequence divergences (below diagonal; standard deviations in brackets), 
intrapopulation sequence diversity (diagonal elements shaded in black; standard deviations in brackets) and 

pairwise ΦST values (above diagonal) shown. Significant values shown in bold-italic font. Populations 
classified into the central assemblage (groups a and b obtained in the Structure and Bayesian analyses) are 
shaded light grey.  

 

Location n  1 2 3 4 5 6 7 8 9 10 11 

Albany (P01) 7 1 
0.19% 

(0.17%) 
0.18 0.00 0.00 0.07 0.00 0.11 0.38 0.42 0.82 0.94 

Richtersveld (P14) 7 2 
0.42% 

(0.54%) 
0.53% 

(0.63%) 
0.04 0.13 0.00 0.32 0.22 0.06 0.00 0.65 0.82 

Calvinia (P15) 12 3 
0.45% 

(0.51%) 
0.64% 

(0.61%) 
0.70% 

(0.65%) 
0.01 0.00 0.06 0.05 0.17 0.10 0.62 0.75 

Springbok (P17) 14 4 
0.34% 

(0.30%) 
0.60% 

(0.56%) 
0.61% 

(0.53%) 
0.52% 

(0.39%) 
0.00 0.06 0.05 0.28 0.16 0.69 0.82 

Western Cape 
Populations (P20) 

4 5 
0.25% 

(0.24%) 
0.39% 

(0.48%) 
0.49% 

(0.48%) 
0.43% 

(0.32%) 
0.32% 

(0.21%) 
0.28 0.10 0.03 0.00 0.72 0.90 

Lamberts Bay (P22) 11 6 
0.11% 

(0.15%) 
0.38% 

(0.53%) 
0.40% 

(0.51%) 
0.31% 

(0.29%) 
0.21% 

(0.22%) 
0.05% 

(0.11%) 
0.22 0.49 0.66 0.88 0.97 

Piquetburg (P21) 5 7 
0.48% 

(0.40%) 
0.78% 

(0.66%) 
0.74% 

(0.62%) 
0.64% 

(0.47%) 
0.59% 

(0.45%) 
0.41% 

(0.38%) 
0.72% 

(0.43%) 
0.36 0.32 0.70 0.84 

Vanrhynsdorp (P23) 9 8 
0.59% 

(0.33%) 
0.57% 

(0.43%) 
0.76% 

(0.48%) 
0.80% 

(0.35%) 
0.47% 

(0.29%) 
0.56% 

(0.31%) 
0.97% 

(0.49%) 
0.55% 

(0.27%) 
0.13 0.64 0.78 

Fraserburg (P28) 5 9 
0.24% 

(0.17%) 
0.30% 

(0.49%) 
0.50% 

(0.43%) 
0.42% 

(0.28%) 
0.21% 

(0.15%) 
0.21% 

(0.12%) 
0.61% 

(0.40%) 
0.41% 

(0.26%) 
0.11% 

(0.14%) 
0.78 0.94 

Beaufort West (P11) 6 10 
1.29% 

(0.35%) 
1.25% 

(0.47%) 
1.47% 

(0.47%) 
1.45% 

(0.39%) 
1.77% 

(0.26%) 
1.95% 

(0.13%) 
2.36% 

(0.39%) 
1.70% 
(0.31% 

1.07% 
(0.33%) 

0.33% 
(0.35%) 

0.69 

Oudtshoorn & 
Laingsburg (P12) 

6 11 
1.97% 

(0.19%) 
1.82% 

(0.17%) 
1.95% 

(0.53%) 
2.11% 

(0.27%) 
1.17% 

(0.31%) 
1.26% 

(0.32%) 
1.67% 

(0.49%) 
1.27% 

(0.29%) 
1.75% 

(0.15%) 
0.69% 

(0.33%) 
0.09% 

(0.14%) 

 

The mean sequence diversity for the dataset as a whole was 0.95±0.83%, whilst intragroup diversity was 

lower at 0.71±0.72% and 0.90±0.75% for the coastal and central assemblages, respectively (Table 2.3). The 

mean sequence divergence between the two geographic assemblages was 1.72±0.70%. When the dataset 

was divided into biomes (Table 2.4), it was found that within the Succulent Karoo biome the population 

with highest sequence diversity between members was Calvinia (S10: 0.78±0.74%), whilst in the Nama 

Karoo biome it was between members of the Richmond population (S19: 1.90±0.00%). In the Fynbos 

biome, the highest sequence diversity was found between members of the Steytlerville population (S07: 

0.93±0.81%), and the overall highest sequence diversity was found between members of the Richmond 

population (S19: 1.90±0.00%). The lowest sequence diversity within each biome and for the dataset overall 

was 0.00%.  

 

Heterozygosity values for the entire dataset, as well as for the coastal and central assemblages separately 

were 0.047±0.05, 0.038±0.05, 0.093±0.07, respectively (Table 2.3). Heterozygosity was lowest in the 

Thicket Bushveld biome, slightly higher in the Succulent Karoo biome, and the highest in the Nama Karoo 

and Fynbos biomes (Table 2.4). In the Fynbos biome the population with the highest heterozygosity was 

Oudtshoorn (S12). In the Nama Karoo biome, it was Fraserburg (S28), and in the Succulent Karoo biome it 

was Calvinia (S10). The population with the highest heterozygosity overall was Fraserburg.  
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Table 2.3: Molecular indices for groups 1 and 2, as well as the dataset as a whole. Values in bold indicate significant 

values (95% level of significance). Key to headings: Number of individuals (n), haplotype diversity (h), 
heterozygosity (H) and its standard deviation (s.d.), mean sequence divergence (Seq. Div.) and its standard 
deviation (s.d.), number of polymorphic sites (S), mean number of pairwise differences (d) and its standard 
deviation, ratio of segregating sites to pairwise differences (S/d), nucleotide diversity (π), Fu’s FS-value 
(FS).  

 
 

 

 

 

Table 2.4: Sequence diversities (Seq. div.) and heterozygosity values (H) for biomes, as well as their standard 
deviations (s.d.). Sequence diversities and heterozygosity values, and standard deviations for populations 
within the biomes with the highest values.  

 

 
Biome 

 
Seq. Div. 

(s.d.) 
 

Populations with highest 
seq.div. within biome 

Locality 
number 

Seq. Div. 
(s.d.) 

     
Thicket Bushveld 0.3% 

(0.3%) 
Albany S01 0.40% 

(0.37%) 
Fynbos 0.8% 

(0.8%) 
Steytlerville S07 0.93% 

(0.81%) 
Nama Karoo 1.4% 

(0.9%) 
Richmond S19 1.90% 

(0.00%) 
Succulent Karoo 0.7% 

(0.7%) 
 

Calvinia S10 0.78% 
(0.74%) 

 

 
H 

(s.d.) 
 

Populations with highest 
heterozygosity within biome 

Population 
number 

H 
(s.d.) 

     
Thicket Bushveld 0.001 

(0.001) 
Albany S01 0.001 

(0.001) 
Fynbos 0.093 

(0.14) 
Oudtshoorn S37 0.33 

(0.00) 
Nama Karoo 0.050 

(0.12) 
Fraserburg S13 0.40 

(0.00) 
Succulent Karoo 0.006 

(0.001) 
 

Calvinia S10 0.007 
(0.05) 

 

 

 

 

Groups n h 
H 

(s.d.) 
Seq. Div. 

(s.d.) 
S 

d 
(s.d.) 

S/d π 

 
FS 

 
          

1 98 0.839 0.038 
(0.05) 

 

0.71% 
(0.72%) 

43 4.32 
(1.91) 

9.95 2.37 -26.98 

2 17 0.796 0.093 
(0.07) 

0.90% 
(0.75%) 

 

13 6.00 
(4.48) 

2.17 2.72 -21.04 

 
All 

 
115 

  
0.047 
(0.05) 

 

 
0.95% 

(0.83%) 

 
49 

 
5.91 

(3.17) 
 

 
8.29 

 
3.36 

 
-26.19 
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The parsimony network obtained in the program TCS (Figure 2.4) showed some correlation with geography 

in that most individuals belonging to the central assemblage cluster together. The two most common 

haplotypes (labelled H1 and H2) differed from one another by one mutational step. Haplotype H1 was 

shared among 44 individuals from 17 populations, the largest representation from Lamberts Bay (S31: 10 

individuals), Calvinia (S10: 7 individuals) and the Albany region (S01: 5 individuals). Haplotype H2 was 

shared amongst 16 individuals from 8 populations, the largest representation from the Richtersveld (S20: 4 

individuals), Fraserburg (S13: 4 individuals), Springbok (S21: 2 individuals) and Vanrhynsdorp (S40: 2 

individuals). Populations in the eastern and western regions of the species range possessed these two 

common haplotypes (except Calvinia), whilst the middle region (the central assemblage) did not share these 

common haplotypes (Figure 2.5). The central assemblage, indicated in Figure 2.4, was separated from the 

H2 haplotype by three mutation steps, indicating that while haplotypes were not shared between this region 

and the rest of populations, the difference between the haplotypes was relatively small. The distribution of 

the populations which did not possess the two most common haplotypes corresponds loosely with the 

subspecies boundaries of O. unisulcatus grantii and O. u. unisulcatus (Figure 1.1). Those populations 

which do possess the two most common haplotypes occur in areas which contain the subspecies boundaries 

of O. u. broomi, O. u. bergensis and O. u. albiensis.  

 

Demographic changes 

Values for Fu’s FS test for neutrality were negative and significantly different from zero for both groups, as 

well as for the dataset as a whole (Table 2.3) indicating expansion. When molecular clock analyses were 

performed between groups 1 and 2, it was found that the central and coastal assemblages diverged 

approximately 1.48±0.57 Mya. 

 

Subspecies validation 

When populations were grouped according to previously described subspecies boundaries (a) including a 

separate group for those that were not placed in any subspecies group, and (b) excluding populations not 

falling within subspecies boundaries, the AMOVA produced the following results: 

 

(a) Fixation indices obtained were FSC = 0.28 (P < 0.001); FST = 0.47 (P < 0.001); FCT = 0.26 (P < 0.01). The 

within-populations variance component (53.09%) was identified as a major source of genetic variation; 

whilst the among-groups (26.32%) and among-populations/within-groups (20.59%) variance components 

contributed approximately the same percentage to the total genetic variation. 

 

(b) Fixation indices obtained were FSC=0.42 (P < 0.001); FST=0.59 (P < 0.001); FCT=0.30 (P = 0.05). The 

within-populations variance component (40.44%) was identified as the largest source of genetic variation; 

whilst the among-groups (30.11%) and among-populations/within-groups (29.45%) variance components 

contributed approximately the same percentage to the total genetic variation. 
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Pairwise comparisons of ΦST-values supported the distinctiveness of O. u. grantii from all other previously 

described subspecies (except O. u. unisulcatus) with significant values of between 0.27 and 0.39. O. u. 

unisulcatus is also significantly distinct from O. u. broomi and those specimens from the western parts of 

the range not previously as a subspecies, with values of 0.68 and 0.67 respectively. 

 

 

Table 2.5: Pairwise comparisons of ΦST-values between previously described subspecies. 

 
O. u. 
albiensis 

O. u. 
unisulcatus 

O. u. 
bergensis 

O. u. 
grantii 

O. u. 
broomi 

None 
(east) 

None 
(west) 

O. u. albiensis -       

O. u. unisulcatus 0.92 -      

O. u. bergensis 0.00 0.91 -     

O. u. grantii 0.35 0.00 0.39 -    

O. u. broomi 0.01 0.68 0.04 0.34 -   

None (east) 0.00 0.46 0.03 0.27 0.04 -  

None (west) 0.00 0.67 0.00 0.34 0.01 0.02 - 

 

� 
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Figure 2.4: Network of maternal haplotypes produced in TCS. Haplotypes (scaled to reflect the number of specimens possessing a particular haplotype) are separated by single 

mutational steps, and small empty circles indicate missing haplotypes.   
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Figure 2.5: Haplotype distributions overlaid on an elevation map of South Africa. Key to haplotypes provided in Appendix A1. Locations in yellow indicate those locations in the 
central assemblage. Dashed lines connect localities which possess Haplotype H1 (most common haplotype), solid line joins those localities which do not possess 
either Haplotype H1 or H2. Dotted lines join those populations which do not possess the most common haplotypes, but which were not grouped into the central 
assemblage. (Map created by Hadley Remas, CSIR Satellite Applications Centre).
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Discussion 

Genetic variation 

It appears that there exist two genetic assemblages within O. unisulcatus. The first assemblage (coastal) 

encompasses both the eastern and western populations within the species’ range, whilst the second 

assemblage (central) occurs in the Little Karoo region of the range. Average sequence divergence and 

population differentiation parameters support the genetic distinctiveness of these geographic assemblages. 

However, the mean overall sequence divergences, as well as mean intragroup sequence diversities were 

low, when compared to intraspecific sequence diversities exhibited by other rodents (between 1.4% and 

13.7% in the Bathyergidae; Faulkes et al., 2004). Heterozygosity for the species as a whole (0.047) 

approximated that found for mammals (0.039; Avise & Aquadro, 1982). The central assemblage had a 

higher heterozygosity than this mean value, indicating that it is perhaps an older lineage/provided a refugia 

for the species during times of unfavourable conditions. The fact that the SAMOVA also further subdivided 

this assemblage into an additional four groups also shows how different the populations of this central 

assemblage are from one another.  

 

Populations within the coastal assemblage share a number of haplotypes, and it is these populations which 

possess the common haplotypes (H1 and H2) spread throughout the range. Such connectedness at the 

genetic level indicates a recent shared ancestry for the populations in the coastal assemblage. It also implies 

a fairly high level of historic geneflow. In contrast, there are no shared haplotypes between the coastal and 

central assemblages, signifying that there is restricted geneflow between them. This is supported by the 

AMOVA, in which most of the variance was shown to exist between assemblages rather than within them.  

 

An historical population expansion event would be indicated by a high haplotype diversity accompanied by 

a low nucleotide diversity (π), a significantly negative FS-value, as well as a high ratio of number of 

segregating sites to average number of pairwise difference (d) (S/d) (Russell et al., 2005). The coastal 

assemblage may have thus undergone a recent population expansion event as it fulfils many of these 

criteria. Even though the haplotype diversity is high, the heterozygosity and sequence divergences among 

haplotypes are low. For the central group, the higher peaks within the landscape interpolation plot (Figure 

2.3), larger pairwise differences, as well as the higher heterozygosity, ΦST-values between populations, 

nucleotide diversity (π), and intragroup sequence divergence values indicate a more ancient divergence for 

this group. The significantly negative Fu’s FS-value for this group, however, indicates that this group 

nonetheless still retains a signature of population expansion, albeit older.  

 

Congruent patterns in other southern African species 

The shallow genetic structure obtained in the Karoo Bush Rat is in contrast to most previous studies (e.g. 

invertebrates: Daniels et al., 2001; Gouws et al., 2003; reptiles: Branch et al., 1995, 1996; Lamb & Bauer, 

2000; Matthee & Flemming, 2002; Daniels et al., 2004; Tolley et al., 2004, 2006; Swart et al., 2009; 
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Makokha, 2006; birds: Bowie et al., 2005; mammals: Prinsloo & Robinson, 1992; Matthee & Robinson, 

1996; Rambau et al., 2003; Kryger et al., 2004; Smit et al., 2007) and the mtDNA data provide new 

insights into the recent evolutionary past of this species. Geneflow between populations did not appear to 

be impeded by previously identified barriers (the Knersvlakte plains - Matthee & Robinson 1996; Matthee 

& Flemming, 2002; Smit et al., 2007; the Kalahari sandflows - Deacon & Lancaster, 1988; Haacke, 1989). 

Whilst the Orange River appears to be a factor in limiting the species distribution northwards (forms the 

edge of the described species’ range), other rivers throughout the species’ range have not influenced the 

genetic population structuring of O. unisulcatus.  

 

Avise et al. (1987) suggested that species that are connected through gene flow (as a result of the absence 

of barriers) would exhibit shallow genetic structure. Shallow phygeographic structuring of O. unisulcatus 

has also been mirrored in other predominantly plains dwelling southern African mammal species: the 

yellow mongoose Cynictus penicillata (Jansen van Vuuren & Robinson, 1997), the springhare Pedetes 

capensis (Matthee & Robinson, 1997), and the Tete veld rat Aethomys ineptus (Russo et al., 2006). All 

these species are predominantly grassland species and are considered to be habitat generalists.  

 

A similar pattern of genetic differentiation to that found in this study, in the south-central part of South 

Africa, has also been observed for two other mammals, and one reptile, with different life-histories: the 

rock hyrax, Procavia capensis (Prinsloo & Robinson, 1992), and the southern African scrub hare, Lepus 

saxatilis (Kryger et al., 2004), as well as the southern rock agama, Agama atra (Swart et al., 2009). The 

rock hyrax and the rock agama are rock-dwelling species’, whilst scrub hares prefer scrub or savanna 

woodland habitat with grass cover. Within the three species, a genetic break was found between the Great 

Karoo, and the coastal plain of the Little Karoo. It was suggested that the P. capensis clade occurring in the 

Great Karoo was the ancestral population, and recent dispersal occurred from this region into the rest of 

South Africa, distributing a common haplotype throughout geographically distant populations. No barrier 

was suggested to have existed between the Western Cape clade and the Central clade in the southern 

African scrub hares, L. saxatilis (Kryger et al., 2004), however since scrub hares may also prefer more open 

habitat (scrub or savanna woodland), elevation may be limiting gene flow within the species. Climatic 

shifts were thought to be the driving force of the genetic differentiation between clades within A. atra, and 

no readily apparent barriers were suggested to occur between the Cape clades (Swart et al., 2009). Clearly, 

this central area (Little Karoo) appears to have a factor which is limiting gene flow between itself and the 

rest of South Africa. In Elephantulus edwardii, individuals from the central parts of the Karoo (Beaufort 

West and Williston) were genetically (12.2% uncorrected cyt b sequence divergence) and morphologically 

(tuft length on tail; ventral and dorsal pelage and flank colour; colour and shape of eye ring) different 

enough from E. edwardii sensu stricto to warrant the suggestion that these specimens be recognised as a 

separate species. 
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What caused the shallow genetic structure between the two O. unisulcatus clades is not clear. It is possible, 

however, that it could be attributed to altitudinal gradients probably provided by the Great Escarpment 

leading onto the African Plateau (also see Matthee & Robinson 1996). For a plains-dwelling species, 

elevated areas, such as mountain ranges, may be playing a role in creating genetic breaks in the species. A 

few areas of increased elevation separate the two groups found in this study. Firstly, separating the Little 

Karoo in the south and the Great Karoo in the south-central regions of South Africa is the Grootswartberge. 

Between the Grootswartberge and the Nuweveldberge (forming the natural border of the Western Cape and 

Northern Cape provinces), is an area of lower elevation (Weimarck, 1941; Oliver et al., 1983; Linder, 

2001), where the central assemblage is located. The Nuweveldberge forms part of the Great Escarpment 

and north of this is the Nama Karoo, and the beginning of the African Plateau (McCarthy & Rubidge, 

2005). The Hottentots Holland Mountains in the south-western Cape separate the plains into coastal plains 

(West Coast and Agulhas plains; Weimarck, 1941; Oliver et al., 1983; Linder, 2001). These areas of higher 

elevation may have resulted in forming barriers, and allowing isolation between populations. As has been 

mentioned before, the populations forming the two assemblages appear to not share haplotypes, even 

though they are only separated by a few mutation steps. This indicates that the two assemblages have been 

previously, and may still be, isolated from one another. Populations on the eastern and the western parts of 

the CFR (Cape Floristic Region) do share haplotypes, and it is possible that geneflow may be occurring 

along the coastal plain to the south of the Grootswartberge 

 

Demographic history 

Two periods of upliftment of the interior portion of southern Africa are thought to have occurred. The most 

recent upliftment is though to have occurred at approximately 5 Mya, resulting in an upliftment on the 

western side of southern Africa of about 100m (McCarthy & Rubidge, 2005). As a consequence of the 

upliftment, the east-to-west rainfall gradient became more pronounced as the western regions became more 

arid (McCarthy & Rubidge, 2005). The increase in grassland led to a radiation of the grazers, and a drying 

phase began during the Late Miocene (Cerling et al., 1997), during which C4 plants progressively replaced 

C3 plants (Cerling et al., 1997; Bond, 2008). During the late Pliocene and early Pleistocene Periods 

(approximately 4 – 1.5 Mya; Lavocat, 1978; Carroll, 1988), the climate of the African continent oscillated 

between cold, dry periods and warm, humid phases (Grubb, 1978; deMenocal, 1995). The habitat changed 

with the climate, with savanna habitats extending and humid forests contracting during dry phases, and vice 

versa occurring during humid phases (Coe & Skinner, 1993). The evolutionary history of southern African 

species is reflected in the geographic structuring of the species’ genetic variation, and it has been found that 

the habitat contractions and expansions during the Pliocene and Pleistocene Periods have influenced 

diversification within southern African species (Ewer & Cooke, 1964; Grant & Leslie, 1993; Kryger et al., 

2004; deMenocal, 2004). For many species dependant on more mesic conditions, arid periods would have 

resulted in population fragmentation. For highly mobile, but habitat specific species (such as montane birds; 

Bowie et al., 2004; Bowie et al., 2006), these aridification periods influenced the spatial structure of 

populations, causing vicariant breaks. Gene flow between extant populations is occurring as a result of the 
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most recent, present-day mesic inter-glacial period (Bowie et al., 2006). However, for an arid-adapted 

species such as O. unisulcatus, periods of aridification would favour range expansion, as well as secondary 

contacts between possible previous refugia.  

 

Aridification cycles on the African continent coincide with Pliocene glacial periods in the Northern 

Hemisphere (Dupont & Leroy, 1995). Three Plio-Pleistocene peaks of aridification in Africa were 

estimated to have occurred at approximately 2.8, 1.7 and 1.0 Mya (deMenocal, 2004), interspersed by 

humid periods (deMenocal, 1995; 2004). Divergence times, then, indicate that populations in the central 

assemblage diverged from those of the coastal assemblage during the mesic period between the two most 

recent cycles of aridification during the Plio-Pleistocene Periods at 1.48 Mya. During the following arid 

cycle, dispersal and contact between the previously isolated populations may have occurred, causing the 

dispersal of the common haplotypes as well as some of the rare haplotypes. As a result of the present-day 

mesic inter-glacial period, beginning within the last million years, the populations may once again be 

isolated, allowing for rare alleles to be produced. These climatic fluctuations may be the cause of the 

shallow genetic structuring within this species, and perhaps why the two assemblages, may be accumulating 

rare alleles, whilst still showing indications of a recent expansion and low sequence divergences. 

 

Subspecies validation 

A study conducted by Van Dyk (1989) investigating the intraspecific genetic variation between populations 

of O. unisulcatus, found that there were no significant genetic differences between populations and 

therefore discounted any subspecies delimitations. The distribution of the populations that do not contain 

either of the two most common haplotypes (H1 and H2), corresponds well to the previously described 

subspecies boundaries for O. unisulcatus unisulcatus and to the southern regions of the subspecies 

boundary of O. u. grantii (Meester et al., 1986). Indeed, the latter two subspecies were found to be 

significantly distinct from all other subspecies. Populations which fell within the boundaries of the other 

three described subspecies (O. u. broomi, O. u. bergensis, and O. u. albiensis) all possessed haplotypes H1 

and H2, as well as some unique haplotypes separated from the latter by only a few steps.  

 

Populations in Upington and Hopetown fell outside the previously described distribution for the species as 

a whole, and these two locations possessed haplotypes unique unto themselves. This finding may be biased, 

however, by the limited sampling (only one individual from each population was sampled). Further work, 

utilising perhaps a combination of mtDNA and nuclear markers evolving at an appropriately fast rate, is 

needed to test the validity of the previously described subspecies. Meester and colleagues (1986) claimed 

that too many subspecies have been historically recognised. From this study, it can be tentatively suggested 

that only one genetic subspecies should be recognised. Those individuals belonging to populations 

clustering into the central assemblage should be grouped into a separate subspecies O. unisulcatus 

unisulcatus.    

�
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CHAPTER 3 
CRANIAL VARIATION IN OTOMYS UNISULCATUS 

 

 

Introduction 

General background 

The application of geometric morphometrics in investigations of clinal variation in shape and size has 

proved to be valuable for investigating morphological differences between individuals (e.g. Viguier, 2002; 

Frost et al., 2003; Monteiro et al., 2003; Marroig et al., 2004; Santos et al., 2004; Cardini et al., 2007). 

When compared to linear distance measures, geometric morphometric analyses have been seen to produce 

more accurate estimations of spatial patterns produced by morphogenesis, due to the spatial relationships 

associated with the landmark configurations (Monteiro et al., 2003). This is due to the fact that the 

differences between morphological characters are measured in terms of size and shape. Shape variables, in 

particular, have been shown to be informative for ecological and evolutionary processes influencing and 

shaping the morphological characters in question (Atchley & Hall, 1991; Atchley et al., 1992; Malhortra & 

Thorpe, 1997). 

 
 

Bergmann postulated, in 1847, that endothermic vertebrates from cooler climates would tend to be larger 

than congeners from warmer environments; a rule which was revised by Rensch in 1938 (Mayr, 1942, 

1956, 1963; Meiri & Dayan, 2003). It was suggested that, in an animal of a larger size, the increased 

volume relative to its surface area would result in a higher heat production, as well as reduced heat loss – 

attributes which would be advantageous in a cooler environment (Meiri & Dayan, 2003). The usefulness of 

this rule as a predictor of size variation across temperature gradients has, however, been questioned by a 

number of authors (e.g. Scholander, 1955, 1956; Irving, 1957; McNab, 1971; Geist, 1987, Meiri & Dayan, 

2003). In general, approximately a third of mammal orders comply with the rule, however the order 

Rodentia was one of those which did not (Meiri & Dayan, 2003).  It has been found that environmental 

factors, such as rainfall (e.g. Popp, 1983; Dunbar, 1990; Barrett & Henzi, 1997; Ashton et al., 2000; Millien 

et al., 2006) and altitude (Anderson, 1982) play a role in the development of vertebrates.   

 

Southern African rodent species found to exhibit variations in size across their distributions include species 

of Acomys (Dippenaar & Rautenbach, 1986), Otomys (Taylor, Meester & Kearney, 1993), Saccostomus 

(Ellison et al., 1992) and Aethomys (Chimimba, Dippenaar & Robinson, 1998; Chimimba, 2000a, b). Size 

was shown to be positively correlated with longitude in the Tete veld rat Aethomys ineptus (Chimimba, 

2001). It would appear that the intraspecific variation in size of southern African mammals is frequently 

existent and it is probably influenced by a number of factors. Determining which factors are influential in 

an evolutionary context will aid in future conservation efforts.  
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Cardini and colleagues (2007) used rainfall as a proxy for habitat productivity, a factor which has 

increasingly been seen to be an important predictor of mammalian body size (Dunbar, 1990; Ashton et al., 

2000; Lehman et al., 2005; Millien et al., 2006). The results of the study indicated that rainfall was the 

main predictor of clinal variation in shape and size of craniums of vervet monkeys, rather than temperature. 

Latitudinal gradients also seem to play a role in size variation (Cardini et al., 2007). It is thus advantageous 

to conduct analyses using a combined dataset of a number of environmental factors, to include some 

possible influences that may be having an effect on the size and shape of the Karoo Bush Rat skull. 

 

Armitage (1999) claimed that in order for an organism to survive in harsher environments, body size would 

have to increase in order to accumulate more resources, and this can be seen in the clinal increase in body 

size from the eastern populations to the more arid north-western populations of O. unisulcatus (Roberts, 

1951; Meester et al., 1986). This increase in body size is most likely to have caused an increase in cranium 

size, as well as a possible change in shape. Cranium structure may be under selection in the Karoo Bush Rat 

due to the differing dietary intakes amongst the populations; with succulent vegetation forming the 

dominant dietary component in the more north-western populations (Succulent-Karoo biome), whilst leaves 

from dwarf deciduous shrubs and grasses (Rutherford & Westfal, 1986), may form a larger part of their diet 

in the more eastern Nama-Karoo biome (Du Plessis & Kerley, 1991). The cranium shapes may also differ 

due to selective forces acting on the sensory organs and the brain housed within it. Those parts of the skull 

which do not exhibit growth during adulthood may be influenced more by factors affecting the genetic 

components of the species, than by environmental factors influencing the species during its life.  

 

A recent study performed on domestic rats (Rattus rattus; Rae et al., 2006), which were either reared in 

warm or cold environments, showed a significant difference in shapes of the craniofacial structures. The 

overall size and shape of the external craniofacial structures differed, causing an orientation shift in the 

nasal and premaxillary portions of the cranium, as well as an accompanying shift in the zygomaxillary 

suture, and the medial movement of the paraoccipital process. These differences resulted in a change in the 

location of the masticatory muscle attachments, thereby causing changes in the relative orientation of the 

orbit and zygomatic arch. It was concluded by the authors that the changes in sinus volume due to cold 

stress exhibited in Rattus, as well as in other mammalian taxa, may be a common occurrence within 

mammals in response to cold. This study shows that some craniofacial elements are phenotypically plastic, 

and that development of certain of the anterior portions of the rodent crania are influenced by 

environmental factors.  

 

Taylor et al. (2004a) performed a study using geometric morphometric analyses to investigate cranial 

evolution in the southern African members of the Otomyini tribe. It was found that the dorsal cranial shapes 

of O. unisulcatus and O. sloggetti were seen to be morphologically intermediate between the Parotomys 

species and the other Otomys species studied. The ventral cranial and mandible shapes analyses, however, 

showed that only O. sloggetti was distinct from the other Otomys species and that Parotomys and Otomys 
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were distinct groups. It was also shown that habitat, climate, phylogeny and burrowing behaviour could 

explain the variation in cranial size and shape.  

 

The present study attempted to investigate the patterns of covariation in cranial shape among populations of 

O. unisulcatus in relation to climatic and habitat variation, using geometric morphometrics, and, in 

particular, the two-block partial least-squares (2B-PLS) analysis (Sampson et al., 1989; Streissguth et al., 

1993; McIntosh et al., 1996; Rohlf & Corti, 2000). This analysis is theoretically similar to Canonical 

Variates Analysis, which also models the relationship between two blocks of data to describe patterns of 

covariation which exist between two sets of variables (Simoglou, 1999; Rohlf & Corti, 2000). The 

morphological character of shape is considered to be multi-dimensional, and thus can contribute toward the 

determination of the ecological factors and evolutionary processes underlying observed inter- and 

intraspecific diversity (Thorpe, 1976; Atchley & Hall, 1991; Atchley et al., 1992; Raff, 1996; Malhortra & 

Thorpe, 1997). This method treats the variables symmetrically, rather than using the independent variables 

to predict the dependant variables, like in regression analyses (Rohlf & Corti, 2000). The utilization of the 

2B-PLS analysis within this study is then a useful approach to investigating and visualising covariances 

between skull shape and environmental variables for O. unisulcatus. 

 

The historical subspecies descriptions indicate that overall body size has changed in response to harsher 

environments (Meester et al., 1986) and Armitage (1999) suggested that body size and shape should 

increase in response to harsher environments. The patterns of covariation between cranium shape and 

environmental variables are expected to show a clinal increase in size from the eastern to the more arid, 

north-western populations. Previous ecomorphological studies have demonstrated the applications of this 

technique, including Corti et al. (1996), Klingenberg & Ekau (1996), Rohlf & Corti (2000), Adams & 

Rohlf (2000), Ruber & Adams (2001) and Monteiro et al. (2003). 

 

This section of the study aims to determine the morphological relationships between the populations of O. 

unisulcatus with regards to the changes in shapes and sizes of their craniums. I also investigated whether 

the possible resultant morphological relationships relate to the genetic groupings and the previously 

described subspecies boundaries (which were determined according to external morphological characters). 

This study also aims to explain patterns of variation by determining the environmental factors most 

affecting the shape and size of the O. unisulcatus cranium. 

� 
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Materials and Methods 

Environmental variables 

Environmental variables (Table 2.1) used in the analyses included: rainfall (mm/annum), rainfall 

seasonality, mean maximum temperature (oC), mean minimum temperature (oC), temperature stability 

(difference between maximum and minimum temperature; oC), altitude (m), and vegetative biomes (Mucina 

& Rutherford, 2006). Data such as mean rainfall, mean maximum and minimum temperature were obtained 

from the South African Weather Service. Temperature stability was determined by calculating the 

difference between the average maximum and minimum annual temperatures for each sampling locality, 

and this value was used as an indication of the constancy of the environment. The five categorical 

vegetation types used were obtained from Mucina & Rutherford (2006), and were delineated according to 

the biomes which occur throughout the species range. The vegetation types were divided into ‘dummy’ 

variables (linear orthogonal contrasts; Sokal & Rohlf, 1995) where each vegetation type assumes a value of 

2 (Thicket Bushveld biome), 1 (Fynbos biome), 0 (Transition zone between biomes), -1 (Nama Karoo 

biome) or -2 (Succulent Karoo biome) and thus are easily combined with continuous variables in linear 

models (e.g. Monteiro et al., 2003). The same procedure was employed to information pertaining to rainfall 

seasonality. Altitude variables were obtained from the locality information linked to the museum 

specimens.  

 

Landmark determination 

Images of the craniums of O. unisulcatus were obtained from those skulls housed in the Transvaal 

Museum, Durban Museum, South African Museum and Amathole Museum collections (Appendix A1). 

The ventral and dorsal views of the craniums were photographed using a Panasonic DMC-LC40. Age 

classes were determined using premolar wear (see Taylor et al., 1993), and only adult specimens (age 

classes 4 and 5) were used. Specimens that were whole, and were minimally damaged were selected and 

photographed. The skulls were placed on a horizontal plane, and the camera was placed above the 

cranium, and a spirit level was used to ensure that the lens and the specimen were parallel. The camera 

height was adjusted until a focal distance of 0.3m from the camera to the specimen was achieved, which 

ensured a standard constant focal distance for each specimen. To ensure that distortion did not occur 

(Mullin & Taylor, 2002), skulls were placed in the middle of the focal area. For the dorsal and ventral 

analyses, 148 and 117 O. unisulcatus individuals respectively were photographed. The photographs of O. 

unisulcatus craniums were then viewed, and homologous landmarks were chosen (Figure 3.1) and 

digitised using the program tpsDig (Rohlf 1998b - 1998d, 1999). Landmarks on the specimens were 

analysed by utilizing geometric morphometric analyses (Bookstein, 1991; Rohlf & Marcus, 1993; Dryden 

& Mardia, 1998; Rohlf, 1998a) by using programs from the TPS series developed by Rohlf (1998b - 

1998d, 1999) and the program R v.2.7.0 (R Development Core Team, 2008).  
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Figure 3.1: Homologous landmarks chosen for dorsal (top) and ventral (bottom) views of O. unisulcatus craniums. 

 

To ensure that photographing techniques were consistently performed, skulls of three adult males from 

Montagu were photographed on three separate days. The photographs produced were copied five times over 

to ensure correct landmark placement, and landmarks were digitised for the 45 photographs. The three 

resultant distinct, non-overlapping groups produced from a Principal Components Analysis (PCA) (not 

shown here) verified that individual variation was not strongly influenced by the methods used to 

photograph the skulls and to digitize the landmarks.  

 

Once the landmark coordinates had been digitised, the program R v.2.7.0 (R Development Core Team, 

2008) was utilised for all analyses, unless otherwise specified. A Generalized Procrustes Analysis 

consensus (GPA; equivalent to the generalized least squares method, GLS (Rohlf & Slice, 1990) was 

performed. The analysis involves finding the coordinates for centroids (centre of gravity) for each 

landmark, rescaling of images to a standard unit centroid size (CS), and then rotation of resultant 

configurations so that the Procrustes chord distances among corresponding landmarks are at a minimum. 

The average or consensus configuration is then computed and Procrustes chord distances, defined as the 

sum of squared distances between the corresponding landmarks of the consensus configuration and that of 

the specimen, were determined. Then superimposed coordinates are projected into the tangent space using 

an orthogonal projection (Dryden & Mardia, 1998). The percentage of variation contributed by allometric 
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growth was calculated for each view, for each sex. The effect that allometric growth may have on the shape 

analysis of the skull was removed using multivariate regression and a linear model (Claude, 2008). The 

residual variation would then correspond to shape variation.  

 

Once the Procrustes chord distances were obtained, the configurations were projected into an Euclidean 

space tangent to the shape space, the error of which was minimized by the use of the sample mean shape as 

the point of tangency. The Procrustes distances in the shape space were compared with the Euclidean 

distances in the tangent space, in order to test the closeness of the tangent space to the curved shape (Rohlf, 

1998d). 

 

Genetic and environmental effect on Centroid Size 

The significance of the variation in centroid size among genetic assemblages was tested using an ANOVA 

(Chambers & Hastie, 1992). Centroid Size (CS) was plotted against environmental variables, with the aim 

of determining which environmental factors play a role in CS variation. Linear regression analyses of the 

centroid sizes against the separate environmental variables were performed. To identify potential outliers, 

which would influence the regression slope, Cook’s Distance (Di) and the leverage values were also 

investigated. R2-values (fraction of variance explained by the model) and F-values were calculated. An 

ANOVA (Chambers & Hastie, 1992) was performed between each environmental variable and the centroid 

size. The correlation coefficient and the significance of the relationship were calculated using Pearson's 

product-moment correlation (Pearson, 1895) between each environmental variable and the centroid size. 

 

Genetic effect on cranium shape 

The mahalanobis distances were computed between populations and a hierarchical clustering algorithm 

(average method) was performed using the obtained distances. The significance of the variation in skull 

shape of males and females among genetic assemblages was tested using a MANOVA (R Development 

Core Team, 2008). Principal Components Analyses (PCAs) were performed on the mean shape variables of 

the populations for the split-sex datasets (both views), to investigate the variation between the two genetic 

assemblages found in the previous chapter. The means of the populations were used to avoid over-

weighting some populations as sample sizes were different. The same datasets were employed in Linear 

Discriminant Analyses (LDAs), to investigate whether the two genetic assemblages could be placed into 

two discriminant clusters.  

 

Environmental effect on cranium shape: Two-Block Partial Least-Squares analysis 

The 2B-PLS analysis is used to explore patterns of covariation between two sets of variables by 

constructing pairs of variables that are linear combinations of the variables within each of the two sets, and 

this accounts for as much as possible of the covariation between the two original sets (Rohlf & Corti, 2000). 
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This method is useful in analysing the covariation with shape by using shape variables as one of the sets of 

variables, and environmental variables as the other set (e.g. Monteiro et al., 2003).  

 

Specimens were divided into their pooled sampling localities and a mean configuration for each locality 

was calculated using the program R v.2.7.0 (R Development Core Team, 2008). The program tpsPLS 

v.1.18 (Rohlf, 2003) was used for further 2B-PLS analyses. These mean configurations (consensus 

configurations) were superimposed, yielding a grand mean shape, which was used as a tangent 

configuration (Rohlf, 1996) in order to calculate partial warp and uniform component scores (Bookstein, 

1991; Rohlf, 1996), assuming the exponent alpha=0 (Rohlf, 1993). Partial warps are shape variables used to 

describe localized shape changes, and when combined with uniform components, they span a tangent shape 

space that can be utilised to depict shape variation (Monteiro et al., 2003). The 2B-PLS analysis computes 

linear combinations, constructed to maximize the covariation between the shape variables and the 

environmental variables, by using a singular-value decomposition of the matrix of covariance between the 

two sets of variables (Monteiro, 2003). The total covariation between the two sets of variables is computed 

with the formula: (squared sing. value of first latent variable) / (sum of squared sing. value of first latent 

variable and squared sing. value of second latent variable) (Rohlf & Corti, 2000).  

 

The one limitation of the 2B-PLS method is that there is no direct test of significance, however permutation 

tests seem to suffice (Hoskuldsson, 1988; Rohlf & Corti, 2000). Statistical tests for significant associations 

between the 2 sets of variables were conducted using permutation tests, which were carried out repeating 

the analyses with 999 independent random permutations of specimen ordering in the two datasets. 

Deformed grids were used to visualize the shape changes associated with the linear combinations obtained 

by 2B-PLS (otherwise known as PLS shape vectors). The linear combination of the environmental variables 

(Table 2.1) were used to represent the environmental gradient, and were obtained using linear correlation 

between the original environmental variables and the linear combination scores of environmental variables 

(Monteiro, 2003). Clustering of the populations was achieved by utilising a hierarchical clustering 

algorithm in the program R v.2.7.0 (R Development Core Team, 2008), using the complete method. 

 

Subspecies validation 

The specimens in the split-sex datasets were divided according to the approximate subspecies delineations 

described previously (Roberts, 1951). The specimens which did not occur within any subspecies geographic 

boundaries were divided into three groups: (1) Specimens occurring in the Western Cape Province, (2) 

specimens occurring in the Eastern Cape Province and (3) specimens occurring in the western regions of 

the Nama Karoo biome. MANOVAs were performed in the program R v.2.7.0 (R Development Core Team, 

2008) between the subspecies delineations and the shape variables, whilst ANOVAs were performed 

between the centroid sizes and the subspecies delineations. Boxplots were constructed in the same program 

to visualise the variation in the centroid sizes between the previously described subspecies (Roberts, 1951). 

The mean shapes of the members of each subspecies was calculated in R v.2.7.0 (R Development Core 
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Team, 2008), and plotted to visualise which landmark contributed the most variation between the 

subspecies.  

� 

Results 

Procrustes and Euclidean distances were highly correlated for all datasets (correlation coefficients all above 

0.99). The ANOVA revealed that there were significant differences in the group means between the 

genders’ centroid sizes in the ventral view (F = 16.12, P < 0.001), whereas the differences in the dorsal 

view approached significance (F = 3.34, P = 0.07). The mean centroid size of males was larger, with a 

greater variance around the mean, than females in both views. There were significant differences in the 

MANOVA (Hotelling-Lawley test) for the shape variables between the sexes (ventral view: F = 2.76, P < 

0.001; dorsal view: F = 1.87, P < 0.001). Males had more bulbous zygomatic arches, whilst females had 

flattened, elongated zygomatic arches in both views. As in the mtDNA chapter, pooled sampling localities 

are referred to as populations in the text. 

 

When variation explained by size and allometric growth effects were removed from the shape variables 

using a multivariate regression utilizing a linear model in which the intercept was calculated by the linear 

model, the amount of variation that was explained by size was between 12% and 14%.  

 

Genetic and environmental influences on CS 

The ANOVAs investigating the significance of variance between CS values and genetic assemblages 

produced no significant relationships for any of the datasets. Correlations between centroid size and 

environmental variables revealed only one significant correlative association: between the centroid sizes of 

the ventral view of the females and rainfall (Table 3.1). Scatterplots of the environmental variables (rainfall 

seasonality, minimum temperature, biomes, altitude, and maximum temperature) did not produce any 

discernible patterns of variation, and thus further analyses were not conducted on these variables. 

Scatterplots of centroid size against temperature stability did reveal that those specimens in locations with 

low values of the respective environmental variables did possess larger centroid sizes, however there were 

no significant correlations between the variables.  

 

The CS values of the ventral view of the female individuals had a greater variation at rainfall values 

between 180 mm and 350 mm. Sampling localities which possess values that fall within this range include 

population P05 (Middelburg), P06 (Steytlerville), P08 (Carnarvon), P10 (Victoria West), P11 (Beaufort 

West), P13 (Murraysburg), P15 (Calvinia) and P20 (Western Cape pooled sample). It appears that at lower 

rainfall levels the CS values do not drop lower than 350 for the ventral view. This indicates that at lower 

levels of rainfall, the centroid size will tend to be larger, and less varied than at higher levels. Sampling 

localities which possess values that fall into the lower ranges include population P14 (Richtersveld), P17 

(Springbok), P19 (Port Nolloth), P22 (Lamberts Bay), and P23 (Vredendal). These sampling localities are 

all situated in the Succulent Karoo biome.  
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The R2-value (fraction of variance explained by the model) was the highest in the female ventral view 

dataset, indicating that a larger amount of variance between the centroid sizes and rainfall could be 

explained by the model in this dataset, than in any of the others. There was a significantly positive 

correlation between the centroid sizes and the rainfall variables (t-value = 2.38, P = 0.02), as well as a 

significant relationship between the variances of the two variables (F = 5.667, P = 0.02). There were three 

outliers from Albany (P01), Bedford (P02), and Port Nolloth (P19) (Figure 3.2). All three had Cook’s 

Distances larger than 1.0, however only the individual from Port Nolloth had a very large leverage value (as 

well as a large Cook’s Distance; Figure 3.2B). These individuals could have influenced the regression line 

and the correlations, so they were sequentially excluded from the analyses. It was found that excluding the 

Albany (number 12) and the Port Nolloth (number 40) individuals produced the most significant 

correlations (t-value = 3.58, P < 0.001) and regression analyses (F = 9.18, P < 0.01) (Table 3.1). The 

amount of variance that could be explained by the linear model (R2-value) also increased to 16% from 6% 

when the outliers were excluded. For the remaining datasets, even when the outliers were removed, there 

were no significant correlations and regressions between the centroid sizes and the environmental variables. 

In the regression plot of the female ventral view dataset (Figure 3.2C), the distribution is skewed around the 

mean, indicating that the variance spreads increasingly around the regression line.  

 

 

 

 
Table 3.1: Correlations between centroid size and environmental variables (only rainfall and temperature stability 

shown) for the split-sex datasets (with and without outliers). ANOVA results (with degrees of freedom 
(d.f.), F-values, and significance levels (P-value)), correlation coefficients (Corr. coeff.) and R2-values 
shown. Significant values shown in bold font. Analyses with and without the identified outliers are shown. 

 

 ANOVA on ventral view datasets ANOVA on dorsal view datasets 

  
F-value 
(1 df) P-value 

Corr. 
coeff. R

2
-value 

F-value 
(1 df) P-value 

Corr. 
coeff. R

2
-value 

Females 5.667 0.020 0.274 0.062 2.864 0.094 0.183 0.022 

Females 
(without 
outliers) 

9.178 0.004 0.347 0.159 1.1514 0.286 0.118 0.014 

Males 0.085 0.772 -0.042 0.019 0.755 0.388 0.110 0.004 R
a

in
fa

ll
 

Males 
(without 
outliers) 

0.0534 0.818 0.033 0.001 3.3171 0.074 0.229 0.052 

Females 0.152 0.698 -0.046 0.012 0.034 0.855 -0.020 0.012 

Females 
(without 
outliers) 

0.013 0.9086 0.014 0.0002 0.099 0.753 -0.0348 0.001 

Males 1.150 0.289 -0.151 0.003 3.114 0.083 -0.219 0.032 

T
e

m
p

e
ra

tu
re

 s
ta

b
il

it
y
 

Males 
(without 
outliers) 

0.979 0.328 -0.141 0.020 0.533 0.468 -0.0938 0.009 
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Figure 3.2: Correlation scatterplot (A), Cook’s Distance (Di) (B) and linear regression plot (C) comparing centroid 

size (CS) against rainfall variables for the ventral views of female O. unisulcatus crania. The Cook’s 
Distance (Di) was plotted against the leverage values to identify outliers which may have caused the 
regression to be biased. Those individuals identified as the outliers originate from: [5] Bedford (P02); [12] 
Albany (P01) and [40] Port Nolloth (P19).   
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Genetic effect on cranial shape 

There were no significant F-values in MANOVAs in which the differences in variances of shape variables 

between genetic assemblages were examined. Cluster dendrograms of the mahalanobis distances between 

populations (Figure 3.3) indicate that the shapes of the crania are not solely influenced by genetic 

influences.  

 

PCAs and LDAs were conducted on mean shape variables for populations, for the split-sex datasets (both 

views) (Figure 3.4). In the PCAs, the first pair of PC axes contributed the most variation (>45%) for all 

datasets. Those populations which were grouped into the central assemblage in the genetic analyses 

consistently did not fall into distinct clusters for both views. In the LDAs performed on the same datasets 

also verified that those populations which clustered into the two distinct genetic assemblages did not fall 

into discriminant groups, when the shape variables were analysed. 

 

The two assemblages found in the genetic analyses are not recovered in these morphometric analyses, and 

this means that environmental influences may be a greater influence on skull shape than common ancestry. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Hierarchical clustering dendrogram of the mahalanobis distances of the shape variables for the ventral 

view (A) and the dorsal view (B) of O. unisulcatus crania. Grey dots indicate those populations which were 
classified as the central assemblage. 
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Figure 3.4: Principal Components Analyses (PCAs) and Linear Discriminant Analyses (LDAs) of mean shape 

variables for female (A, C) and male (B, D) datasets for the ventral (A, B) and dorsal (C, D) views. PCA 
analyses (only the first two PC axes examined) show the populations which were placed in the coastal (�) 
and the central (�) assemblages in the genetic analyses. The first two PC axes consistently contributed the 
largest amount of variation when the compared to the other axes (above 45%). In the LDA barplots 
(beneath PCA figures), the top barplots represent the coastal assemblage, and the bottom barplots, the 
central assemblage.

-15 -10 -5 0 5 10 15
0
.0

0
.2

0
.4

group 2

-4 -2 0 2 4

0
.0

0
.4

0
.8

group 2

-15 -10 -5 0 5 10 15

0
.0

0
.2

0
.4

group 1

-4 -2 0 2 4

0
.0

0
.4

0
.8

group 1

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0
.0

1
0
.0

2
0

.0
3

PC1

P
C

2

P01

P02P03

P04

P05P06

P07

P08

P09

P10

P11 P12

P13

P14

P15P16

P17

P19

P20
P21

P22

P23

P24

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0
.0

1
0
.0

2
0

.0
3

PC1

P
C

2

P01

P02

P03

P04

P05

P06
P08

P10P11

P12

P14

P15

P17

P18

P19

P20

P21

P22

P24

-15 -10 -5 0 5 10 15
0
.0

0
.2

0
.4

group 2

-4 -2 0 2 4

0
.0

0
.4

0
.8

group 2

-15 -10 -5 0 5 10 15

0
.0

0
.2

0
.4

group 1

-4 -2 0 2 4

0
.0

0
.4

0
.8

group 1

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0
.0

1
0
.0

2
0

.0
3

PC1

P
C

2

P01

P02P03

P04

P05P06

P07

P08

P09

P10

P11 P12

P13

P14

P15P16

P17

P19

P20
P21

P22

P23

P24

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0
.0

1
0
.0

2
0

.0
3

PC1

P
C

2

P01

P02

P03

P04

P05

P06
P08

P10P11

P12

P14

P15

P17

P18

P19

P20

P21

P22

P24

-0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0

.0
1

0
.0

2

PC1

P
C

2

P01

P02

P03

P04

P05
P06

P07

P08

P09

P10

P11
P12

P13

P14

P15

P16

P17

P19

P20

P21

P22

P23
P24

P27

-5 0 5

0
.0

0
.4

group 1

-0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0

.0
1

0
.0

2

PC1

P
C

2

P01

P02

P03

P04

P05

P06

P08
P09

P10

P11

P12
P14

P15

P17

P18

P19

P20

P21

P22

P23

P24

P25

P26

P27

-8 -6 -4 -2 0 2 4 6

0
.0

0
.4

0
.8

group 1

-5 0 5

0
.0

0
.4

group 2

-8 -6 -4 -2 0 2 4 6

0
.0

0
.4

0
.8

group 2

-0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0

.0
1

0
.0

2

PC1

P
C

2

P01

P02

P03

P04

P05
P06

P07

P08

P09

P10

P11
P12

P13

P14

P15

P16

P17

P19

P20

P21

P22

P23
P24

P27

-5 0 5

0
.0

0
.4

group 1

-0.02 -0.01 0.00 0.01 0.02 0.03

-0
.0

2
-0

.0
1

0
.0

0
0

.0
1

0
.0

2

PC1

P
C

2

P01

P02

P03

P04

P05

P06

P08
P09

P10

P11

P12
P14

P15

P17

P18

P19

P20

P21

P22

P23

P24

P25

P26

P27

-8 -6 -4 -2 0 2 4 6

0
.0

0
.4

0
.8

group 1

-5 0 5

0
.0

0
.4

group 2

-8 -6 -4 -2 0 2 4 6

0
.0

0
.4

0
.8

group 2

A B 

C D 



 45 

  

Two Block Partial Least Squares Analysis 

In the 2B-PLS analysis (Table 3.2, Figure 3.5), the first dimension described between approximately half 

and two thirds of the covariance between the two blocks (shape variables and environmental variables) for 

the split-sex datasets (66% and 71% for ventral view; 66% and 47% for dorsal view for females and males 

respectively). The only significant permutation for covariation values for the first dimension was found for 

the male dataset for the ventral view. The first dimension for all datasets also possessed the highest singular 

values; the remaining dimensions all possessed progressively smaller singular values than that of the first. 

The second dimension only contributed between 15% and 31% of the covariation, and the only permutation 

that approached significance for this dimension was found in the female dataset for the ventral view. It was 

at the third dimension that 96% of the total covariance between skull shape and environmental variables 

was explained, however no significant covariance was found for any of the datasets in this dimension. Since 

the fourth dimension in all datasets contributed little to the cumulative covariance (only between 2% and 

8%), it was assumed that shape changes contributed by this dimension would not be significant and thus 

also not being biologically meaningful. The remaining dimensions (fifth to seventh) contributed very little 

to the cumulative covariation (0% to 2%) and thus these dimensions were not included in the analyses.  

 

The only statistically significant correlation (as well as the largest) was found in the male dorsal view 

dataset, even though this dataset possessed the lowest percentage of covariation between the first two latent 

variables. After examining the loadings, this could be as a result of the minimum temperature variable 

(largest positive loading). This significant relationship has not been confounded by a correlation with size, 

as this relationship was not significant (R = 0.50; P = 0.81). The larger positive loadings in the first 

dimension in all datasets are related to temperature variables, even though only the male dorsal view dataset 

shows a significant correlation to environmental variables. It appears that factors that affect the delimitation 

of biomes are affecting the shape variables in the female ventral view dataset, as the largest positive loading 

was related to the biome boundaries. 

 
Table 3.2: Covariation between the environmental variables and the partial warps produced by a 2B-PLS analysis 

(first two latent variables shown). Random permutations (999 iterations) were performed. Significance of 
permutation results (P) are shown in brackets and significant results are shown in bold. The symbol λi

2 

presents the ith squared singular values, ∑λi
2 denotes the cumulative sum of squared values, whilst ri refers 

to the cross-set correlation values between the first two latent variables.  

Dimensions 

Female specimens Male specimens 

Ventral View Dorsal View Ventral View Dorsal View 
 

1 2 1 2 1 2 1 2 

1-Rainfall 0.44 0.43 0.23 0.06 0.30 0.65 0.25 0.31 

2-Biome 0.52 0.29 0.01 0.46 0.10 0.53 0.28 0.57 

3-Altitude 0.02 -0.47 0.38 -0.46 0.47 -0.42 -0.61 0.02 

4-Rainfall Seasonality -0.28 0.13 -0.35 0.47 -0.37 0.15 0.30 -0.25 

5-Maximum Temperature 0.47 -0.07 0.57 0.46 0.18 0.25 0.14 0.48 

6-Minimum Temperature 0.19 0.62 -0.23 0.30 -0.45 0.16 0.51 -0.08 

7-Temperature Stability 0.46 -0.33 0.56 0.23 0.56 0.06 -0.33 0.53 

λi
2 0.66  

(0.12) 
0.23  

(0.60) 
0.62  

(0.23) 
0.16  

(0.94) 
0.71  

(0.04) 
0.15  

(0.96) 
0.47  

(0.68) 
0.31  

(0.21) 

∑λi
2 0.66  

(0.12) 
0.90  

(0.06) 
0.62  

(0.23) 
0.78  

(0.76) 
0.71  

(0.04) 
0.86  

(0.26) 
0.47  

(0.68) 
0.78  

(0.58) 

ri 0.69 (0.11) 0.71 (0.19) 0.77 (0.08) 0.82 (0.02) 

% of covariance between 
variables 

89.17% 93.76% 95.73% 69.68% 
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In the two-block partial least squares (2B-PLS) ordinations (Figures 3.6 to 3.7), four major clusters were 

found for all datasets, with a few exceptions. The first major cluster included specimens from the Eastern 

Cape and from the Fynbos region in the Western Cape (Albany (P01), Fish River Valley (P04), Montagu 

(P20), Robertson (P20), Worcester (P20) Darling (P20), Piquetburg (P21), Langebaan (P24) and 

Vredenburg (P24)). This cluster corresponds to the southern part (south coast) of the mtDNA coastal 

assemblage. It tended to be positively correlated with all environmental variables, except that of altitude 

(variable 3). The second cluster included specimens from localities along the west coast of South Africa, 

and these localities all fall within the Succulent Karoo biome (Richterveld (P14),Garies (P16), Port Nolloth 

(P19), and Lamberts Bay (P22)). This cluster corresponded to the western coastal region of the genetic 

coastal assemblage. This cluster tended to be negatively correlated with all environmental variables, except 

that of rainfall seasonality (variable 4) and minimum temperature (variable 6). It was this cluster that had 

the greatest variation in skull shape between populations. The third major cluster found consisted of 

specimens from localities located within the more inland Nama Karoo biome (Middelburg (P05), 

Carnarvon (P08), Richmond (P09), Victoria West (P10), Beaufort West (P11), Murraysburg (P13), Calvinia 

(P15), and Hope Town (P27)). These populations occur in the higher altitude region on the African Plateau. 

This cluster was shown to be positively correlated with altitude (variable 3), maximum temperature 

(variable 5) and temperature stability (variable 7). Those populations which occur along the escarpment 

(Bedford (P02), Cradock (P03), Steytlerville (P06), Tarkastad (P07), Laingsburg (P12), Springbok (P17), 

Van Rhynsdorp (P23), and Sutherland (P30)), were in various clusters depending on the dataset used. 

Populations from Laingsburg, Springbok and Van Rhynsdorp (occurring along the western region of the 

escarpment in the Succulent Karoo biome) could either be placed in the second or the fourth cluster. Even 

though they are placed in the fourth group in some datasets, these populations cluster closely (in terms of 

shape), and thus their cranium shapes closely resemble, the second cluster. Populations P07 (Tarkastad) and 

P30 (Sutherland) could be placed either in the third or fourth cluster. Two populations occurring along the 

south-eastern region of the escarpment (P02-Bedford and P06-Steytlerville) could be either placed in the 

fourth or a fifth cluster. 

 

In the ventral view, the first cluster showed a cranium shape in which the maxillary bones tended to be 

broader, causing the zygomatic arches to, in turn, be relatively broader elongating anteriorly. The second 

cluster possessed narrower zygomatic arches that are elongated posteriorly, and the palatine bones are 

longer (producing a shorter anterior palatal foramen (a.p.f.)). The third cluster possessed narrower maxillary 

bones and broader zygomatic arches that elongated outwards. The fourth cluster possessed broader 

zygomatic arches that are elongated posteriorly, and possess narrower maxillary bones. 

 

For the dorsal view, the first cluster tended to have broader zygomatic arches which elongated anteriorly, as 

well as a narrower braincase. The second cluster possessed relatively narrower zygomatic arches, longer 

nasal section, broader braincase and seemingly larger tympanic bullae (landmarks 13 and 14 were closer 

together). The third cluster’s zygomatic arches were relatively broader elongating outwards, as well as 



 47 

  

seemingly larger tympanic bullae (landmarks 13 and 14 were closer together). The fourth cluster appeared 

to approximate the mean shape in both females and males. The fifth cluster (female dataset) seems to be 

intermediate between the first and third cluster. 
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Figure 3.5: Distribution map of sampled localities (circles) of O. unisulcatus used in the morphological analyses. 

Colours relate to the main clusters obtained in the Two-Block Partial Least Squares analysis. The text 
shown within the localities refer to Table 2.1. Key to colours: Cluster 1 = blue, cluster 2 = red, cluster 3= 
green, cluster 4 = purple, cluster 5 = yellow, cluster 6 = light blue. Localities with two colours indicate 
that the hierarchical clustering placed them into different clusters, when the datasets were analysed. 
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Figure 3.6: Ordinations of the results of a 2B-PLS regression analysis on the ventral view mean shape variables of O. 

unisulcatus and associated environmental variables for female (red points) and male (blue points) 
specimens, for the first pair of latent variables. The points are labelled according to the pooled sampling 
localities in Table 2.1. Deformed grids (used to show shape change), and correlation plots are shown for 
the respective axes (Ordination axis = X-axis; Abscissa axis = Y-axis). Key to labels in the correlation 
plots: 1 = Rainfall (mm/annum), 2 = Biome boundaries, Altitude (m), 4 = Rainfall seasonality, 5= 
Maximum temperature (oC), 6 = Minimum temperature (oC), 7 = Temperature Stability. Key to clusters 
obtained through hierarchical clustering: cluster 1 = �, cluster 2 = �, cluster 3 = �, cluster 4 = �. 
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Figure 3.7: Ordinations of the results of a 2B-PLS regression analysis on the dorsal view mean shape variables of O. 

unisulcatus and associated environmental variables for female (red points) and male (blue) specimens for 
the first pair of latent variables. The points are labelled according to the pooled sampling localities in 
Table 2.1. Deformed grids (used to show shape change), and correlation plots are shown for the 
respective axes (Ordination axis = X-axis; Abscissa axis = Y-axis). Key to labels in the correlation plots: 
1 = Rainfall (mm/annum), 2 = Biome boundaries, Altitude (m), 4 = Rainfall seasonality, 5= Maximum 
temperature (oC), 6 = Minimum temperature (oC), 7 = Temperature Stability. Key to clusters obtained 
through hierarchical clustering: cluster 1 = �, cluster 2 = �, cluster 3 = �, cluster 4 = �, cluster 5 = �. 
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Subspecies validation 

Since there were significant differences between the shapes of male and female specimens, the subspecies 

analyses were divided into the two different genders. On the whole, males tended to have larger ranges of 

centroid sizes than females, even though an ANOVA performed produced a non-significant result in the 

dorsal view datasets when the relationship between the sexes and the centroid sizes were investigated. The 

only significant relationship between the centroid sizes and the subspecies delineations occurred in the 

female ventral view dataset, however that of the male dorsal view dataset approached significance (Figure 

3.8). Those specimens of O. u. unisulcatus consistently had smaller mean centroid sizes relative to the other 

subspecies, and the geographic boundary for this subspecies occurs in the area in which the central 

assemblage was found in the mtDNA study (Chapter 2). The variances in the O. u. albiensis and O. u. 

grantii were consistently large in all datasets analysed. Females of the O. u. bergensis, as well as O. u. 

broomi, exhibited smaller centroid sizes when compared to the males, for both views.  

 

The relationships between the shape variables and the subspecies delineations were significant in all 

datasets in the MANOVAs, with F-values ranging between 1.27 and 1.69. It appears that the landmark 

number 8 in the ventral view and the landmark number 11 in the dorsal view (both the outer edge of the 

zygomatic arch) are showing the most variation between the subspecies. In the ventral view datasets, O. u. 

broomi, O. u. albiensis and the Western Cape specimens tend to have zygomatic arches which are broader 

anteriorly (landmark 8 is more anterior relative to the other specimens). These specimens fall into the first 

and the second cluster found in the 2B-PLS analysis. The Eastern Cape and the O. u. unisulcatus specimens 

tended to have a more posteriorly flattened zygomatic arch. These specimens fall into the fourth cluster 

found in the 2B-PLS analysis. Specimens from the Nama Karoo biome and O. u. bergensis specimens 

exhibit posteriorly flattened zygomatic arches in the female datasets, and anteriorly rounded zygomatic 

arches in the male datasets. These specimens occur in the third and the second 2B-PLS clusters, 

respectively. The O. u. grantii specimens have zygomatic arches which are intermediate between the 

anteriorly rounded and the posteriorly flattened arches, and these specimens fall into the third 2B-PLS 

cluster.  

 

Specifically in the male dorsal view dataset, landmarks 12, 13 and 14 are also showing a large amount of 

variation relative to the other landmarks. It is also in this dataset that O. u. unisulcatus specimens exhibit a 

wider braincase (landmarks 13, 14, 15, 6), and a shorter, narrower nasal section (landmarks 1, 7 and 9). The 

male O. u. unisulcatus specimens also exhibited a wider braincase in the ventral view dataset (landmarks 11 

and 12).  

 

.  
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Figure 3.8: Visualisations of the variation in the centroid sizes and of landmark variation between the subspecies in 

the ventral views (above) and the dorsal views (below) for the split-sex datasets. Boxplots (median and 
the inter-quartile range) show the variances in the centroid sizes between subspecies. F-values and 
significance values (P-values, significant values shown in bold) obtained from the respective ANOVAs 
and MANOVAs are shown below the figures. Mean shapes of the various subspecies are shown below the 
boxplots and indicate which landmarks vary according to the subspecies delimitations. Key to subspecies 
(abbreviations/colours): O. unisulcatus albiensis = ALB/green, O. u. bergensis = BER/purple, O. u. 
broomi = BRO/red, O. u. grantii = GRA/yellow, O. u. unisulcatus = UNI/pink. Key to specimens which 
do not fall into any species delineation: Western Cape specimens = WC/blue, Nama Karoo specimens = 
UKW/orange, Eastern Cape specimens = UKE/light blue. 

� 
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Discussion 

Populations of O. unisulcatus have been found to be genetically indistinct (Van Dyk, 1990), or divided into 

two assemblages based on mtDNA analyses (this study). It has been shown that morphological traits can 

evolve at a quicker rate than mtDNA markers can coalesce, due to their polygenic nature and the fact that 

they are often under greater selection (Zink & Barrowclough, 2008). The size and shape of O. unisulcatus 

skulls show responses to environmental factors, with minimum temperature significantly influencing the 

clusters of shape variables in the male dorsal view dataset, and rainfall significantly influencing the size 

variables in the female ventral view dataset.  

 

Genetic influences on size and shape 

It has been suggested that size clines may be used as indicators of admixture and gene flow, as a result of 

the genetic factors influencing size clines (Storz, 2002), however due to the plastic and highly adaptive 

nature of size (Cardini et al., 2007) this conclusion should be treated with caution. Population processes, 

such as population bottlenecks have also been shown to affect skull shape in vertebrates (Cardini, 2003). 

Thus, genetic and environmental factors play a role in the processes determining cranium shape and size.  

 

Otomys unisulcatus cranial size and shape appeared to not cluster according to the assemblages found in the 

phylogeographic genetic analyses. The genetic makeup of the species may be affecting other cranial 

structures not assessed in this study (e.g. soft anatomy, internal nasal cavities, molar shape, and mandible 

shape), however the shape and size of the ventral and dorsal portions of the cranium appear to not be 

reflecting the same phylogeographic structure obtained from the analysis of the cytochrome b gene.  

 

Environmental effects on size variation 

Clinal size variation has been observed to occur in mammals (e.g. Smithers, 1971; Smith, 1979; Robinson, 

1981; Searle, 1984; Quin, Smith & Norton, 1996; Chimimba, 2001; Monteiro et al., 2003). Variation in 

cranium shape and size can be produced by a combination of genetic and environmental (nongenetic) 

factors (Cardini et al., 2007). Some environmental factors that have been shown to affect body size include 

predation rate (Isbell, 1994; Hill & Dunbar, 1998), extreme summer temperatures (Yom-Tov, 1993; Smith 

& Charnov, 2001), and longitude (Chimimba, 2001). Size clines may therefore be affected by many factors 

(Sokal & Rinkel, 1963; Gould & Johnston, 1972; Chimimba, 2001).  

 

Centroid sizes in this study have been used as a proxy for body size. Longitude did not seem to be factor in 

the variation in centroid size, which is in contrast with results found for Aethomys (Chimimba, 2001), a 

southern African rock-dwelling rodent. In the latter study, specimens found in hotter low-rainfall regions 

tended to have larger centroid sizes and showed little variation, relative to the other regions. Otomys 

unisulcatus does not conform to Bergmann’s rule, as specimens from the hotter areas did not possess 

smaller sizes than those from the cooler environments. This result supports the conclusion of Meiri and 
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Dayan (2003) that rodents in general do not follow Bergmann’s rule. Instead, it appears that rainfall (and 

not temperature) is a factor influencing centroid size, and by proxy body size. The only significant 

relationship found between centroid sizes and environmental factors was the correlation between the 

centroid sizes in the ventral view of the females and rainfall. Since the females require more nutrients when 

producing offspring, the significant correlation between rainfall and centroid size may be indicating that the 

decreased habitat productivity in low rainfall areas may be influencing the body size of females (while not 

significantly influencing males). 

 

The suggestion by Armitage (1999) that body size increases with harsher environments may hold true for 

those specimens from the Succulent Karoo, as this biome exhibits a harsher environment for a small 

mammal than other areas of South Africa. If this species is truly adhering to Armitage’s suggestion, then 

the larger centroid sizes of those specimens from the Thicket Bushveld biome (Eastern Cape Province) are 

an interesting finding. There is a larger range of sizes exhibited by O. unisulcatus in this biome, compared 

to the other biomes, so there may be factors (not investigated in this study) which may be influencing size 

within this region. 

 

Environmental effects on shape variation 

The bones associated with the basicranial aspect of the cranium have been seen to change little during 

adulthood (Caumal & Polly, 2005). Therefore, environmental variance may be reflected in changes in the 

shapes of the zygomatic arches, palate, and other bones associated with masticatory muscles, as well as 

those bones which house the sensory organs (such as the eyes and the hearing apparatus; Rae et al., 2006). 

The ventral side of the cranium contains many more bones which are related to sensory and masticatory 

organs and therefore those bones may be under greater selective pressures than any features on the dorsal 

side of the cranium. The selection against variation (stabilizing selection) in the dorsal portions of the 

cranium may in fact be the reason why these bones do not vary as much as the ventral portions. Since this 

model of evolution was not tested in this study, the latter is pure speculation.  

 

Variations in mammalian skull-shape have been shown to be related to diet (e.g. Milne & O’Higgins, 2002; 

Goheen et al., 2003; Lieberman et al., 2004; Mavropoulos et al., 2004; Semprebon et al., 2004; Viguier, 

2004; Wright, 2005; Taylor, 2006). A strong correlation between skull shape and burrowing behaviour has 

been found in arvicolid rodents (Courant et al. 1997). Those species which burrow tended to exhibit a more 

angular shape, whilst those that remained above ground had more elongated skulls (Courant et al., 1997). 

Due to the highly plastic nature of skull shape, this interspecific pattern may be evident at species level. 

Looking specifically at the Otomyini tribe members, it would seem that an evolutionary trend of 

progressive elongation of the nasal bones, and of the brain-case is occurring within the tribe, with 

Parotomys and O. unisulcatus basal to the remaining members (Taylor et al., 2004a). Only three of the 

Otomyini members construct permanent burrow systems (Parotomys brantsii, P. littledalei and O. 
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sloggetti), with the remaining members constructing above-ground nests. So it is expected, and also found, 

that O. unisulcatus has a more elongated skull, relative to the burrowing species (Taylor et al. 2004a). 

 

The male shape variable datasets produced the only significant permutations, as well as producing better 

defined correlations and covariation coefficients. It appeared that the most variation in shape when 

performing a regression analysis against environmental variables was in the zygomatic arches. The broader 

maxillary bones and zygomatic arches observed in the first cluster may be the result of a change in dietary 

composition. This cluster occurs in the Cape Floristic Region where fynbos (predominantly heathy, 

evergreen shrubs; Verboom et al., 2008) makes up the majority of the vegetation. Thus the need for 

stronger masticatory muscles (such as the masseter originating on the zygomatic arch; Walker & Liem, 

1994) may have led to the widening in the maxillary and zygomatic arch. Succulents and annuals form the 

majority of the diet in the second cluster and the eastern parts of the fourth cluster, so a broader maxillary 

bone is not necessary as the diet is not as abrasive as in the first cluster. Interestingly, the second cluster 

(Succulent Karoo biome) has narrower zygomatic arches, which is expected if strong masticatory muscles 

are not essential, whilst the fourth cluster (populations occurring along the escarpment) possesses broader 

zygomatic arches in the ventral view. In the dorsal view, the fourth cluster approximates the mean shape, 

thus this cluster exhibits zygomatic arches which are intermediate (neither broad nor narrow relatively).  

 

The third cluster occurs in the Nama Karoo, which is a grassy, dwarf shrubland (Mucina & Rutherford, 

2006), so the broad zygomatic arch exhibited by the cluster may reflect the group’s need for stronger 

masticatory muscles. However, since the maxillary bone is narrower in this cluster, the broader zygomatic 

arch may indicate that this cluster may burrow more than those individuals in the other clusters. The eastern 

parts of the Nama Karoo are dominated by grasses (Mucina & Rutherford, 2006), so there may not be an 

adequate number of shrubs required for their stick nests present, thereby necessitating the digging of 

burrows under bushes to escape predators.  

 

Skull shape, and not size, followed an environmental gradient in Thrichomys apereoides (Brazilian punaré 

rat; Monteiro et al., 2003). It appears that the clusters found within this study do not follow latitudinal or 

longitudinal gradients, but rather they correspond to biome boundaries. They are also not showing a 

significant relationship to the genetic assemblages, and therefore this species may be morphologically 

flexible according to its environment.  

 

Cardini et al. (2007) found that rainfall seasonality was an influential factor in the size  of the vervet 

monkey Cercopithecus aethiops, however mean body size in Malagasy sifakas Propithecus verreauxi was 

seen to be negatively correlated with rainfall seasonality and positively correlated with rainfall (Lehman et 

al., 2005). Even though the 2B-PLS analysis showed that the clusters correlated positively or negatively 

with the separate environmental variables, only one dataset (male ventral view) showed a significant 
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correlation with the environmental variable dataset, possible due to the minimum temperature variable 

(largest positive loading in this dataset).  

 

The larger tympanic bullae found in the second and third cluster may relate to the fact that they occur in the 

more arid regions of the species’ range. It has been suggested that the reason for the presence of an enlarged 

tympanic bullae is to improve hearing, enabling the animal to better avoid predators in an open habitat 

(Taylor et al., 2004a). The bullae of O. unisulcatus in general are not as large as those of Parotomys, and it 

is thought that the enlarged bulla is an ancestral trait that has been lost in the Otomys genus (Taylor et al., 

2004a). The fact that O. unisulcatus specimens in the arid-occurring regions of South Africa still retain the 

smaller bullae (relative to Parotomys) indicates a more mesic origin for the species (Pocock, 1976; Taylor 

et al., 1989). Since O. unisulcatus inhabits extensive stick-lodges, predator-avoidance is provided by the 

protection of the nest, and enhanced hearing is not as necessary in this species, as it is in Parotomys 

brantsii, for predator avoidance (Sheets, 1989; Taylor et al., 2004a). However, since those individuals that 

inhabit the more arid regions (Succulent Karoo and Nama Karoo) exhibit larger bullae relative to the rest of 

the populations may be as a result of lower density of cover in these areas, thereby necessitating enhanced 

hearing capabilities for predator avoidance. In fossorial species’, enlarged tympanic bullae are thought to 

increase the individual’s sensitivity to low frequencies (1-3 KHz range) (Webster, 1962; Vernon et al., 

1971; Webster & Strother, 1972; Webster & Webster, 1972, 1980), which is an advantage underground as 

higher frequencies tend to get absorbed by the walls of tunnels (Heth et al., 1986).   

 

Subspecies validation 

The centroid sizes of the females in the ventral view differed significantly between subspecies. The same 

dataset was found to be significantly positively correlated with rainfall, indicating that the amount of annual 

rainfall (and by proxy habitat productivity) is significantly influencing the size of female Karoo Bush Rats. 

The cranial shapes exhibited by the various subspecies correspond well with the clusters found in the 2B-

PLS analysis. This indicates that the environmental variables which are influencing the clustering of the 

shape variables in the 2B-PLS analysis, may be influencing the cranial shapes exhibited by the various 

subspecies.  

 

On the whole, it appears that the cranial shapes differed significantly between subspecies. The zygomatic 

arch was once again the most variable portion of the cranium, however the variation within this structure 

did not show the same pattern as found in the 2B-PLS analysis. This could be as a result of the fact that the 

analysis was comparing the mean shapes of the subspecies relative to one another, whilst the 2B-PLS 

analysis was comparing the mean shapes of specific populations with environmental variables.  

 

The O. u. unisulcatus specimens (which fall into the central genetic assemblage) tended to have cranial 

shapes which differed from the other specimens. Posteriorly flattened zygomatic arches were found in the 

ventral datasets, whilst the dorsal view datasets exhibited wider braincases, and shorter, narrower nasal 
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sections for this subspecies. Thus, the geographic clustering of the cranial shape appears to adhere to the 

previously described subspecies boundaries, which were primarily based on morphological characters. 

Since the subspecies boundaries were not recovered in the genetic analysis for this species, further genetic 

work needs to be done to investigate the validity of the subspecies boundaries, utilizing more genes 

(possibly the combination of nuclear and mitochondrial genes).  

� 
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CHAPTER 4 
DISCUSSION OF PHYLOGEOGRAPHY AND GEOMETRIC MORPHOMETRIC 

RESULTS 
 

The use of both genetic and morphological analyses to investigate potential phylogeographic breaks in O. 

unisulcatus proved to be effective, enabling various evolutionary processes associated with this species to 

come to light. The results of the genetic and the morphological analyses both point to the fact that 

populations of O. unisulcatus are structured, with the morphological geographic groupings showing more 

subdivision than the genetic phylogeographic assemblages. The morphological clusters do not follow 

latitudinal or longitudinal gradients, but rather adhere to biome boundaries. Elevation appears to be playing 

a role in the division of populations in this plains-dwelling species, as can be observed in both genetic and 

morphological analyses. Interestingly, in both analyses, populations from the Fynbos biome and the Thicket 

Bushveld biome are clustered together, with the above-mentioned central assemblage intermediate (Figure 

4.1). This association in both sets of analyses suggests that gene flow probably exists along the southern 

coastal plain.  

 

When the genetic haplotype composition of each morphological cluster was examined (Figure 4.1), it was 

found that in the first three morphological clusters the percentage of haplotypes unique to the respective 

clusters were larger than the percentage of haplotypes shared between the clusters. The fourth and fifth 

morphological clusters were not included in the examination as these populations exhibited the same 

haplotypes as morphological clusters two and three. Even though the MANOVAs did not show that there 

were any significant relationships between the cranial shape clusters and the genetic assemblages, there 

appears to be a large percentage of haplotypes that are unique to each morphological cluster, with a few 

shared.  

 

The fourth and fifth morphological clusters were not included in the examination as these populations 

exhibited the same haplotypes as morphological clusters two and three. The unique haplotypes within the 

first morphological cluster (M1) occurred in Clanwilliam (P31: H14) and Piquetburg (P21: H15, H16, H17) 

in the Western Cape Province. The unique haplotypes within the second morphological cluster (M2) were 

found in populations in the Succulent Karoo biome: Richtersveld (P14: H04), Port Nolloth (P19: H05), 

Springbok (P17: H06, H07, H08, H09), and Vanrhynsdorp (P23: H19, H20, H21). Haplotypes unique to the 

third morphological cluster were found in Calvinia (P15: H11, H12), Hope Town (P27: H24), Cradock 

(P03: H23, H26, H27, H28), Carnarvon (P08: H29) and Sutherland (P30: H30), populations which occur in 

either the Nama Karoo biome (P15, P27, P08) or the Thicket Bushveld biome (P03). Also unique to M3 

were all of the central genetic assemblage haplotypes (Ha to Hj), except He which is shared with M2.  

 
The haplotypes which were shared between the clusters were as follows: H01, H02, H10, H13, H18 and He. 

Haplotypes H01 and H02 were shared between all three clusters (though they were found at different 
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localities). Haplotype H18 was shared between M1 and M2, and this haplotype occurred in Darling (P20: 

M1) and Vanrhynsdorp (P23: M2). Haplotypes H10 and H13 were shared between morphological clusters 

two (M2) and three (M3). Haplotype H10 occurred at Springbok (P17: M2) and Calvinia (P15: M3), whilst 

H13 occurred at Vanrhynsdorp (P23: M2) and Calvinia (P15: M3). Haplotype He was found in Laingsburg 

(P12: M2), Richmond (P09: M3) and Beaufort West (P11: M3). M1 and M2 had a very high percentage of 

haplotypes which belonged to the coastal genetic assemblage (100 % and 93% respectively), while almost 

half of the haplotypes which occurred in M3 belonged to the central genetic assemblage. The ratio of 

haplotypes to populations was lowest in M3, indicating that fewer haplotypes occurred in each population 

relative to the other two morphological clusters. For all three clusters though the number of haplotypes per 

populations was at between 2.0 and 2.5.  
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Figure 4.1: Distribution map of clusters found in the phylogeographic (Genetic assemblages, dashed lines) and 

morphological (circles) analyses. Key to colours: Morphological cluster (Morph. cluster) 1 = blue, 
Morph. cluster 2 = red, Morph. cluster 3 = green, Morph. cluster 4 = purple, Morph. cluster 5 = yellow, 
locations only used in genetic analyses = white. Inset table to the right indicates which morphological 
clusters (M1, M2, M3) possess which genetic haplotypes (H01 to H30, Ha to Hj). Black blocks indicate 
haplotypes unique to the cluster, while grey blocks indicate shared haplotypes between the clusters 
(coastal genetic assemblage is separated from the central assemblage by a line). Summary statistics for 
each morphological cluster shown below figure. 

 M1 M2 M3 
No of haplotypes 7 15 23 
No of populations 3 6 11 
Ratio haplotypes/populations 2.33 2.50 2.09 
% unique haplotypes 57,14% 66.67% 78.26% 
% shared haplotypes 42.86% 33.33% 21.74% 
% haplotypes from coastal assemblage 100% 93.33% 56.52% 
% haplotypes from central assemblage 0% 6.67% 43.48% 

Central 
Assemblage 

Coastal 
Assemblage 
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Collectively, rainfall (and not temperature, latitude or longitude) appeared to be influencing the skull size of 

the females of O. unisulcatus. High elevation areas (such as mountain ranges) were proposed to be the main 

dividing factor in population structuring. Morphological clusters adhered to biome boundaries, as well as 

showing that there is mixing of individuals with various skull shapes along the western and south-eastern 

escarpment. The genetic phylogeographic structuring of this species indicates that the central assemblage 

has been isolated from the rest of the populations by mountain ranges leading up to the escarpment 

(Nuweveldberge) and the Grootswartberge separating the Little Karoo from the coastal plains in the south. 

Divergence of the two genetic assemblages probably occurred in one of the more mesic periods of the 

Pleistocene, and dispersal of the two most common haplotypes throughout the coastal parts of the range 

occurred during the following arid cycle. Between that time and the present-day, conditions have become 

progressively more mesic, thereby causing the populations to become more fragmented and allowing for 

rare alleles to be accumulated in certain areas. 

 

It is striking how closely the morphological groupings match those of the subspecies boundaries. The 

second morphological group falls into the O. unisulcatus broomi, O. u. unisulcatus and O. u. bergensis 

boundaries, whilst the first morphological group contains the species from O. u. albiensis, as well as 

populations previously undefined in terms of subspecies from the Fynbos biome. The third morphological 

group contains all of the populations defined to be part of the O. u. grantii subspecies, as well as those 

specimens in the Eastern Cape Province and the western part of the Nama Karoo that were previously 

undefined in terms of subspecies. This group also contained populations found to be part of the central 

assemblage (except O. u. unisulcatus specimens, which clustered into the morphological cluster 2). At this 

stage, there may be weak support for the classification of subspecies according to the genetic results, and 

further analyses are required to verify the existence of a possible subspecies in the central part of the range. 

Since the subspecies were originally identified according to morphological characteristics, it was expected, 

and found, that the geometric morphometric analyses would recover in broad terms the same subspecies 

boundaries.  

 

One possible reason for the greater structuring found in the morphological analyses is the polygenic nature 

of morphological traits, which may evolve at a quicker pace than neutral mtDNA markers can coalesce to 

achieve reciprocal monophyly (Zink & Barrowclough, 2008). Morphological traits are also more plastic, 

and changes in skull shape during development may be influenced to a large extent by environmental 

factors. This species therefore appears to be more morphologically adaptable, changing its size and skull 

shape according to the environment in which it is reared.  

 

This species is currently classified as being of “Least Concern” (Friedmann & Daly, 2004). However, to a 

large extent the habitat of O. unisulcatus are being used increasingly for livestock farming, and the 

overgrazing of livestock (particularly browsers) may be causing the availability of suitable plants for 

nesting purposes to be decreasing. In the future, this may cause the habitat to become patchier, thereby 

causing fragmentation of populations. The encroachment of human settlements on the Karoo Bush Rat’s 
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natural habitat may also be a factor in the future which may influence the connectivity of populations, as 

well as reduce the availability of suitable habitat for the species. It is vital that the Succulent Karoo biome, 

being the biome with the least amount of natural reserves (Rebelo, 1997; Lombard et al., 1999), have more 

protected areas designated within it. It is an area that contains many unique haplotypes of saxicolous 

species (e.g. Matthee & Robinson, 1996; Lamb & Bauer, 2000; Matthee & Flemming, 2002; Miller-

Butterworth et al., 2003; Smit et al., 2007), as well being an important area for the arid-adapted species 

(e.g. Parotomys and O. unisulcatus) of southern Africa. 

� 

 

 
 



 61 

  

REFERENCES 
 
Abdel Rahman Ahmed, E. H., Ducroz, J.-F., Mitchell, A., 

Lamb, J., Contrafatto, G., Denys, C., Lecompte, E., 
Taylor, P. J. 2008. Phylogeny and historical 
demography of economically important rodents of 
the genus Arvicanthis (Mammalia: Muridae) from 
the Nile Valley: of mice and men. Biological Journal 
of the Linnean Society. 93: 641 – 655 

Adams, D. C., Rohlf, F. J. 2000. Ecological character 
displacement in Plethodon: biomechanical 
differences found from a geometric morphometric 
study. Proceedings of the National academy of 
Sciences of the United States of America. 97: 4106 – 
4111  

Adams, D. C., Rohlf, F. J., Slice, D. E. 2004. Geometric 
morphometrics: Ten years of progress following the 
‘Revolution’. Italian Journal of Zoology. 71: 5 – 16  

Adler, D., Murdoch, D. 2008. rgl: 3D visualization device 
system OpenGL. R package version 0.77. 
http://rgl.neoscientists.org 

Anderson, C. M. 1982. Baboons below the Tropic of 
Capricorn. Journal of Human Evolution. 11: 205 – 
217. 

Armitage, K. B. 1999. Evolution of sociality in marmots. 
Journal of Mammalogy. 80: 1 – 10. 

Ashton, K. G., Tracy, M. C., de Queiroz, A. 2000. Is 
Bergmann’s rule valid for mammals? The American 
Naturalist. 156: 390 – 415. 

Atchley, W. R., Hall, B. K. 1991. A model for development 
and evolution of complex morphological structures. 
Biological Reviews. 66: 101 – 157. 

Atchley, W. R., Cowley, D. E., Vogl, C., Mclellan, T. 1992. 
Evolutionary divergence, shape change, and genetic 
correlation structure in the rodent mandible. 
Systematics Biology. 41: 196 – 221. 

Austin, J. J., Smith, A. B., Thomas, R. H. 1997. 
Palaeontology in a molecular world: the search for 
authentic ancient DNA. Trends in Ecology and 
Evolution. 12: 303 – 306  

Avery, D. M., Avery, G., Palmer, N. G. 2005. 
Micromammalain distribution and abundance in the 
Western Cape Province, South Africa, as evidenced 
by Barn owls Tyto alba (Scopoli). Journal of Natural 
History. 39 (22): 2047 – 2071  

Avise, J. C. 2000. Phylogeography: The history and 
formation of species. Harvard University Press, USA 

Avise, J. C. 2009. Phylogeography: retrospect and prospect. 
Journal of Biogeography. 36: 3 – 15 

Avise, J. C., Aquadro, C. F., 1982. A comparative summary 
of genetic distances in the vertebrates. Evolutionary 
Biology. 15: 151 – 184  

Avise, J. C., Arnold, J., Ball, R. M., Bermingham, E., Lamb, 
T., Neigel, J. E., Reeb, C. A., Sanders, N. C. 1987. 
Intraspecific phylogeography: the mitochondrial 
DNA bridge between population genetics and 
systematics. Annual Review of Ecolological 
Systematics. 18: 489 – 522  

Balmford, A., Mace, G. M., Ginsberg, J. R. 1998. The 
challenges to conservation in a changing world: 

Putting processes on the map. Pages 1–28 in 
Conservation in a changing world (G.M. Mace, A. 
Balmford, and J. R. Ginsberg, eds.). Cambridge 
Univ. Press, Cambridge. 

Barrett, L., Henzi, S.P. 1997. An interpopulation comparison 
of body weight in chacma baboons. South African 
Journal of Science. 93: 436 – 438. 

Bergmann, C. 1847. Ueber die verhältnisse der 
wärmeökonomie der thiere zu ihrer grösse. Gottinger 
studien. 3: 595 – 708 

Bermingham, E., Moritz, C. 1998. Comparative 
phylogeography: concepts and applications. 
Molecular Ecology. 7: 367 – 369. 

Bernard, R. T. F., Anderson, A. N., Campbell, G. K. 1991. 
Sperm structure and taxonomic affinities of five 
African rodents of the subfamily Otomyinae, South 
African Journal of Science. 87: 503 – 506  

Bernard, R. T. F., Hodgson, A. H., Meester, J., Willan, K., 
Bojarski, C. 1990. Sperm structure and taxonomic 
affinities of five African rodents of the subfamily 
Otomyinae (Muridae). Electron Microscope Society 
of Southern Africa. 20: 161 – 162  

Blackith, R., Reyment, R. A. 1971. Multivariate 
morphometrics. Academic Press, New York. 

Bohmann, L., 1952. Die afrikanische Nagergattung Otomys 
F. Cuvier. Zeitschrift für Säugetierkunde. 18: 1-180.  

Bollinger, E. K., Harper S. J., Kramer J. M., Barrett, G. W. 
1991. Avoidance of inbreeding in the meadow vole 
(Microtus pennsylvanicus). Journal of Mammalogy. 
72: 419 – 421. 

Bond, W. J. 2008. What Limits Trees in C4 Grasslands and 
Savannas? Annu. Rev. Ecol. Evol. Syst. 39: 641 – 659  

Bookstein, F. L. 1991. Morphometric tools for landmark 
data: geometry and biology. Cambridge University 
Press, Cambridge. 

Bowie, R. C. K., Gary, V., Fjeldsa, J., Lens, L., Hackett, S. 
J., Crowe, M. T. 2005. Systematics of the olive 
thrush Turdus olivaceus species complex with 
reference to the taxonomic status of the endangered 
Taita thrush T. helleri. Journal of Avian Biology. 36: 
391 – 404  

Bowie, R. C. K., Bloomer, P., Clancey, A. P., Crowe, M. T. 
2003. The Karoo Thrush (Turdus smithi Bonaparte 
1950), a southern African endemic. Ostrich. 74: 1 – 7  

Bowie, R. C. K., Voelker, G., Fjeldsa, J., Lens, L., Hackett, 
S. J., Crowe, T. M. 2005. Systematics of the olive 
thrush Turdus olivaceus species complex with 
reference to the taxonomic status of the endangered 
Taita thrush T. helleri. Journal of Avian Biology 36: 
391 – 404  

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. Molecular 
Phylogenetics and Evolution 38: 171 – 188 

Branch, W. R., Bauer, A. M., Good, D. A. 1995. Species 
limits in the Phyllodactylus lineatus complex, with 



 62 

  

the elevation of two taxa to specific status and the 
description of two new species (Reptilia: 
Gekkonidae). Journal of the Herpetological 
Association Africa. 44: 33 – 54  

Branch, W. R., Bauer, A. M., Good, D. A. 1996. A review of 
the Namaqua gecko, Pachydactylus namaquensis 
(Reptilia: Gekkonidae) from South Africa, with the 
description of two new species. South African 
Journal of Zoology. 30: 53 – 69  

Bronner, G. N., Hoffmann, M., Taylor, P. J., Chimimba, C. 
T., Best, P. B., Matthee, C. A., Robinson, T.J. 2003. 
A revised systematic checklist of the extant 
mammals of the southern African subregion. Durban 
Museum Novitates. 28: 56 – 95   

Broom, R., Schepers, G. W. H. 1946. The South African 
fossil ape-men, the Australopithecinae. Memoirs of 
the Transvaal Museum. 2: 1 – 272 

Brown, D. M., Brenneman, R. A., Koepfli, K-P., Pollinger, 
J. P., Mila, B., Georgiadia, N. J., Louis, E. E. Jnr, 
Grether, G. F., Jacobs, D. K., Wayne, R. K. 2007. 
Extensive populations genetic structure in the giraffe. 
BMC Biology. 5: 57 – 70  

Brown, E., Willan, K. 1991. Microhabitat selection and use 
by the Karoo Bush Rat Otomys unisulcatus in the 
Eastern Cape Province. South African Journal of 
Wildlife Research. 21 (3): 69 – 75  

Brown, W. M., Prager, E. M., Wang, A., Wilson, A. C. 
1982. Mitochondrial DNA sequences of primates: 
tempo and mode of evolution. Journal of Molecular 
Evolution. 18: 225 – 239  

Brown, E. D. 1987. Comparative socio-ecology of Otomys 
irroratus and Otomys unisulcatus. Unpubl. M.Sc. 
thesis. University of Fort Hare, South Africa. 184 pp. 

Brumfield, R. T., Beerli, P., Nickerson, D. A., Edwards, S. 
V. 2003. The utility of single nucleotide 
polymorphisms in inferences of population history. 
Trends in Ecology and Evolution. 18: 249 – 256  

Brunsfeld, S. J., Sullivan, J., Soltis, D. E., Soltis, P. 2001. 
Comparative phylogeography of northwestern North 
America: a synthesis. In: Integrating Ecology and 
Evolution in a Spatial Context (eds Silvertown J, 
Antonovics J), pp. 319–339. Blackwell Science, 
Oxford 

Buffenstien, R., Jarvis, J. U. M. 1985. Thermoregulation and 
water metabolism in the kangaroo rats Dipodomys 
agilis and Dipodomys merriami. Univ. Calif. Publ. 
Zool. 78: 1 – 36  

Cameron, G. N., Rainey, D. G. 1972. Habitat utilization by 
Neotoma lepida in the Mohave desert. Journal of 
Mammalogy, 53: 251 – 266  

Cann, R. L. 2001. Genetic clues to dispersal in human 
populations: retracing the past from the present. 
Science 291: 1742 – 1748  

Cardini, A, Jansson, A-U, Elton, S. 2007. A geometric 
morphometric approach to the study of 
ecogeographical and clinal variation in vervet 
monkeys. Journal of Biogeography 34: 1663 – 1678 

Cardini, A. 2003. The geometry of marmot (Rodentia: 
Sciuridae) mandible: phylogeny and patterns of 
morphological evolution. Systematic Biology. 52: 
186 – 205 

Carleton, M. D., Musser, G. G. 1984. Muroid rodents. In: 
Orders and families of recent mammals of the world. 
Anderson, S. & Jones, J. K. Jr, (eds). John Wiley and 
Sons, New York. Pp 289 – 379 

Caroll, R. C. 1988. Vertebrate paleontology and evolution. 
New York: Freeman and Company. 

Caumul, R., Polly, P. D. 2005. Phylogenetic and 
environmental components of morphological 
variation: Skull, mandible, and molar shape in 
Marmots (Marmota, Rodentia). Evolution. 5911: 
2460 – 2472 

Cerling, T. E., Harris, J. M., MacFadden, B. J., Leakey, M. 
G., Quade, J., Eisenmann, V., Ehleringer, J. R. 1997. 
Global vegetation change through the 
Miocene/Pliocene boundary. Nature 389: 153 – 158  

Chaline, J., Mein P., Petter, F. 1977. Les grandes lignesd'une 
classification evolutive des Muroidea. Mammalia. 
41: 245 – 252  

Chambers, J. M., Hastie, T. J. 1992. Statistical Models in S, 
Wadsworth & Brooks/Cole. Charlesworth & 
Charlesworth,  

Chevret, P., Denys, C., Jaeger, J. J., Michaux, J., Catzeflis, 
F. 1993. Molecular and paleontological aspects of the 
tempo and mode of evolution in Otomys (Otomyinae: 
Muridae: Mammalia). Biochemical Systematics and 
Ecology. 21: 123 – 131  

Chimimba, C. T. 2001. Geographic variation in the Tete veld 
rat Aethomys ineptus (Rodentia: Muridae) from 
southern Africa. Journal of Zoology (London). 254: 
77 – 89  

Chimimba, C. T. 2000a). Geographic variation in Aethomys 
chrysophilus (Rodentia: Muridae) from southern 
Africa. Z. SaÈugetier. 65: 157 – 171  

Chimimba, C. T. 2000b). Infraspeci®c morphometric 
variation in Aethomys namaquensis (Rodentia: 
Muridae) from southern Africa. Journal of Zoology 
(London). 253: 191 – 210  

Chimimba, C. T., Dippenaar, N. J., Robinson, T. J. 1998. 
Geographic variation in Aethomys granti (Rodentia: 
Muridae) from southern Africa. Ann. Transvaal Mus. 
36: 405 – 412  

Claude J. 2008. Morphometrics with R. Springer. 

Clement, M., Posada, D., Crandall, K. A. 2000. TCS: a 
computer program to estimate gene genealogies. 
Molecular Ecology. 9 (10): 1657 – 1660  

Coe, M. J., Skinner, J. D. 1993. Connections, disjunctions 
and endemism in the eastern and southern African 
mammal faunas. Transactionsof the Royal Society 
South Africa. 48: 233 – 255. 

Coetzee, C. G., Jackson, T. P. 1999. Comparative behaviour 
and ecology of the two species of Parotomys 
(Mammalia, Rodentia, Otomyinae) found in the arid 
areas of southern Africa. J. Nam. Sci. Soc. 47: 87 – 
106 

Contrafatto, G., Van Den Berg, J. R., Grace, J. H. 1997. 
Genetic variation in the African rodent subfamily 
Otomyinae (Muridae): immuno-electrotransfer of 
liver proteins of some Otomys irroratus (Brants 
1827) populations. Tropical Zoology. 10: 157 – 171 



 63 

  

Corbet, G. B., Hill, J. E. 1991. A world list of mammalian 
species. Third ed. British Museum (Natural History) 
Publications. London. 243 pp. 

Corti, M., Fadda, C., Simson, S., Nevo, E. 1996. Size and 
shape variation in the mandible of the fossorial 
rodent Spalax ehrenbergi: A procrustes analysis of 
three dimensions. In Advances in morphometrics: 
303–320. Marcus, L. F., Corti, M., Loy, A., Naylor, 
G. & Slice, D. E. (Eds). New York: Plenum.  

Corti, M., Marcus, L. F., Hingst-Zaher, E. 2000. 
Introduction to symposium: Geometric 
morphometrics in mammology. Hystrix 11: 3 – 7 

Courant, F., David, B., Laurin, B., Chaline, J. 1997. 
Quantification of cranial convergences in arvicolids 
(Rodentia). Biological Journal of the Linnean Society 
62: 505 – 517  

Cowling, R. M., Esler, K. J., Rundel, P. W. 1999. 
Namaqualand, South Africa – an overview of a 
unique winter-rainfall desert ecosystem. Plant 
Ecology. 142: 3 – 21. 

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. Zoologica Scripta. 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. Journal of Zoology (London). 263: 373 – 383  

Davis, D. H. S. 1962. Distribution patterns of southern 
African Muridae, with some of their fossil 
antecedents. Ann. Cape Prov. Mus. 2: 56 – 76  

Davis, D. H. S. 1974. The distribution of some small 
southern African mammals (Mammalis: Insectivora, 
Rodentia). Ann. Transvaal Mus. 29: 135 – 184  

Davis, D. H. S. 1953. Plague in South Africa, a study of the 
epizootic cycle in gerbils Tatera brantsii in the 
northern Orange Free State. Journal of Hygiene. 51: 
427 – 449 

De Graaff, G. 1981. The rodents of southern Africa. 
Butterworths, Durban. 

Deacon, H. J. (1985). An introduction to Fynbos region, time 
scales and palaeoenvironments. CSIR Report, 75, 1–
99. 

Deacon, J., Lancaster, N., 1988. Late Quaternary 
Paleoenvironments of Southern Africa. Clarendon 
Press, Oxford. 

Dean, W. R. J., Milton, S. J. (eds). The Karoo: Ecological 
patterns and Processes. Cambridge: Cambridge 
University Press 

deMenocal, P. B. 2004. African climate change and faunal 
evolution during the Pliocene–Pleistocene. Earth 
Planetary Sci. Lett. 220: 3 – 24. 

deMenocal, P. B. 1995. Plio–Pleistocene African climate. 
Science. 270: 53 – 59. 

Denys, C. 1989. Phylogenetic affinities of the oldest East 
African Otomys (Rodentia, Mammalia) from Olduvai 
Bed I (Pleistocene, Tanzania). Neues Jachbuch für 

Geologie undPaläontologie Monathefte. 12: 705-
725. 

Denys C. 1990. The oldest Acomys (Rodentia, Muridae) 
from the Lower Pliocene of South Africa and the 
problem of its murid affinities. Palaeontographica 
Abteilung A. 210: 79 – 91. 

Denys, C. 1999. Of mice and men. Evolution in East and 
South Africa during Plio-Pleistocene times. In: 
BROMAGE, T.G. & SCHRENK, F. (eds), African 
biogeography, climate change and human evolution, 
pp 226-252. Oxford University Press: New York & 
Oxford. 

Denys, C. 2003. Evolution du genre Otomys (Rodentia: 
Muridae) au Plio-Pléistocène d’Afrique orientale et 
australe. In: Advances in Paleontology ‘Hent to 
Pantha’, Papers in Honour of C. Radulescu and P. M. 
Samson. Petculecu (Ed.) Annales de l’Institut de 
Spéléélogie E. Racovita, Bucarest, Romania. Pp. 75 
– 84. 

Denys, C., Jaeger, J-J. 1986. A biostratigraphic problem: the 
case of the East African Plio–Pleistocene rodent 
faunas. Modern Geology. 10: 215 – 233  

Dieckmann, R. C. 1979. Note on the smaller mammals of 
the Hester Malan Nature Reserve, Springbok, 
Namaqualand. South African Journal of Zoology. 14: 
85 – 89 

Dippenaar, N. J., Rautenbach, I. L. 1986. Morphometrics 
and karyology of the southern African species of the 
genus Acomys I. Geoffroy Saint-Hillaire, 1838 
(Rodentia: Muridae). Ann. Transvaal Mus. 34: 129 – 
183  

Dray, S., Dufour, A. B. 2007. The ade4 package: 
implementing the duality diagram for ecologists. 
Journal of Statistical Software. 224: 1 – 20 

Dryden, I. 2007. shapes: Statistical shape analysis. R 
package version 1.1-1. 
http://www.maths.nott.ac.uk/~ild/shapes 

Dryden, I. L., Mardia, K. V. 1998. Statistical shape analysis. 
John Wiley & Sons, New York. 

Du Plessis, A., Kerley, G. I. H. 1991. Refuge strategies and 
habitat segregation in two sympatric rodents, Otomys 
unisulcatus and Parotomys brantsii. Journal of 
Zoology London. 224: 1 – 10 

Du Plessis, A. 1989. Ecophysiology of the Karoo Bush Rat 
(Otomys unisulcatus) and the Whistling Rat 
(Parotomys brantsii). M.Sc. thesis. University of 
Port Elizabeth. Port Elizabeth, South Africa 

Ducroz, J.-F., Volobouev, V., Granjon, L. 1998. A 
molecular perspective on the systematics and 
evolution of the genus Arvicanthis (Rodentia: 
Muridae). Inferences from complete cytochrome-b 
gene sequences. Journal of Molecular and 
Phylogenetic Evolution 10: 104 – 117. 

Ducroz, J,-F., Volobouev, V., Granjon, L. 2001. An 
assessment of the systematics of arvicanthine rodents 
using mitochondrial DNA sequences: evolutionary 
and biogeographical implications. Journal of 
Mammalian Evolution. 8: 173 – 206  

Dunbar, R. I. M. 1990. Environmental determinants of 
intraspecific variation in body weights in baboons 
(Papio spp.). Journal of Zoology. 220: 157–169. 



 64 

  

Dupanloup, I., Schneider, S., Excoffier, L. 2002. A 
simulated annealing approach to define the genetic 
structure of populations. Molecular Ecology, 11: 
2571 – 2581. 

Dupont, L. M., Leroy, S. A. G. 1995. Steps towards drier 
climatic conditions in northwestern Africa during the 
upper Pliocene. In Paleoclimate and evolution with 
emphasis on human origins (ed. E. S. Vrba, G. H. 
Denton, T. C. Partridge & L. H. Burckle), pp. 289–
298. New Haven CT, Yale University Press. 

Edwards, S. V., Beerli, P. 2000. Perspective: gene 
divergence, population divergence, and the variance 
in coalescence time in phylogeographic studies. 
Evolution. 54: 1839 – 1854. 

Ellerman, J. R. 1941. The families and genera of living 
rodents. Vol. II. Family Muridae. British Museum 
(Natural History), London, 690 pp 

Ellerman, J. R., Morrison-Scott, T. C. S. 1953. Checklist of 
Paleoarctic and Indian mammals - ammendments. 
Journal of Mammalogy. 34: 516 – 518 

Ellison, G. T. H., Taylor, P. J., Nix, H. A., Bronner, G. N., 
McMahon, J. P. 1993. Climatic adaptation of body 
size among pouched mice (Saccostomus campestris, 
Cricetidae) in the southern African subregion. Global 
Ecology and Biogeography Letters. 3: 41 – 47. 

Excoffier, L., Estoup, A., Cornuet, J.-M. 2005. Bayesian 
analysis of an admixture model with mutations and 
arbitrarily linked markers. Genetics. 169: 1727 – 
1738. 

Excoffier, L. 2004. Patterns of DNA sequence diversity and 
genetic structure after a range expansion: lessons 
from the infinite-island model. Molecular Ecology. 
13(4): 853 – 864  

Excoffier, L., Smouse, P., and Quattro, J. 1992. Analysis of 
molecular variance inferred from metric distances 
among DNA haplotypes: Application to human 
mitochondrial DNA restriction data. Genetics. 
131:479 – 491  

Ewer, R. F., Cooke, H. B. S. 1964. The Pleistocene 
mammals of southern Africa. In: Ecological studies 
in southern Afrcia: 35–48. Davis,D. H. S., 
DeMeillon, B., Harington, J. S.&Kalk, M. (Eds). The 
Hague: Dr. W. Junk Publishers 

Faulkes, C. G., Verheyen, E., Verheyen, W. Jarvis, Bennett, 
N. C. 2004. Phylogeographical patterns of genetic 
divergence and speciation in African mole-rats 
(Family: Bathyergidae). Molecular Ecology. 13: 613 
– 629 

Foster, S.A., Scott, R.J. & Cresko, W.A. 1998. Nested 
biologicalvariation and speciation. Philosophical 
Transactions of the Royal Society London. B 353: 
207 – 218. 

Frankel, O. H. 1974. Genetic conservation: Our evolutionary 
responsibility. Genetics 78: 53 – 65. 

Freeland, J. R. 2005. Molecular Ecology. John Wiley & 
Sons, Ltd, England  

Friedmann, Y., & Daly, B. (editors) 2004. Red Data Book of 
the Mammals of South Africa: A Conservation 
Assessment: CBSG Southern Africa, Conservation 
Breeding Specialist Group (SSC/IUCN), Endangered 
Wildlife Trust, South Africa. 534 pp 

Frost, S. R., Marcus, L. F., Bookstein, F. L., Reddy, D. P., 
Delson, E. 2003. Cranial allometry, phylogeography, 
and systematics of large-bodied papionins (Primates: 
Cercopithecinae) inferred from geometric 
morphometric analysis of landmark data. The 
Anatomical Record. 275A: 1048 – 1072. 

Fu, Y.-X. 1997. Statistical tests of neutrality of mutations 
against population growth, hitchhiking and 
backgroud selection. Genetics. 147: 915 – 925  

Geist, V. 1987. Bergmann’s rule is invalid. Canadian 
Journal of Zoology. 65: 1035 – 1038  

Gelderblom, C. M., Bronner, G. 1995. Patterns of 
distribution and protection status of the endemic 
mammals in South Africa. South African Journal of 
Zoology. 30: 127 – 135  

Gelderblom, C. M., Bronner, G. N., Lombard, A. T., Taylor, 
P. J. 1995. Patterns of distribution and current 
protection status of the Carnivora, Chiroptera, and 
Insectivora in South Africa. South African Journal of 
Zoology. 30: 103 – 114  

Georgiadis, N., Bischof, L., Templeton, A. 1994. Structure 
and history of African elephant populations: I. 
Eastern and southern Africa. Journal of Heredity. 85: 
100 – 104.  

Girman, D. J., Vila, C., Geffen, E., Creel, S., Mills, M. G. 
L., McNutt, J. W., Ginsberg, J., Kat, P. W., Mamiya, 
K. H., Wayne, R. K. 2001. Patterns of population 
subdivision, gene flow and genetic variability in the 
African wild dog Lycaon pictus. Molecular Ecology. 
10: 1703 – 1723 

Goheen, J. R., Swihart, R. K., Robins, J. H. 2003. The 
anatomy of a range expansion: changes in cranial 
morphology and rates of energy extraction for North 
American red squirrels from different latitudes. 
Oikos. 102: 33 – 44. 

Goldstein, P. Z., DeSalle, R., Amato, G., Vogler, A.P. 2000. 
Conservation genetics at the species boundary. 
Conservation Biology. 14: 120 – 131 

Gould, S. J., Johnston, R. F. 1972. Geographic variation. 
Annual Review Ecology andl Systematics 3: 457 – 
498  

Gouws, G., Stewart, B. A., Daniels, S. R. 2003. Cryptic 
species within the freshwater isopod Mesamphisopus 
capensis (Phreatoicidea: Amphisopodidae) in the 
Western Cape, South Africa: Allozyme and 12S 
rRNA sequence data and morphometric evidence. 
Biological Journal of the Linnean Society. 81: 235 – 
253 

Gower, J. C. 1975. Generalized Procrustes analysis. 
Psychometrika. 40: 33 – 50. 

Grant, W. S., Leslie, R. W. 1993. Effect of metapopulation 
structure on nuclear and organellar DNA variability 
in semi-arid environments of southern Africa. South 
African Journal of Science. 89: 287 – 293. 

Griswold, C. K., Baker, A. J. 2002. Time to the most recent 
common ancestor and divergence times of 
populations of common chaffinches (Fringilla 
coelebs) in Europe and North Africa: insights into 
Pleistocene refugia and current levels of migration. 
Evolution. 56: 143 – 153. 

 



 65 

  

 

Grubb, P. 1978. Patterns of speciation in African mammals. 
Pp 152-167, in Ecology and taxonomy of African 
small mammals (D. A. Schlitter, ed.), Bulletin 
Carnegie Museum of Natural History. 6: 1 – 214  

Grüneberg, H. 1963. The pathology of development. 
Blackwell, London. 

Haacke, W. D. 1989. Zoogeography of the Namib Desert 
reptiles as affected by dune formations. Abstracts 
and Programme, p. 48. Dunes 1989 Meeting, 
Swakopmund. 

Happold, D. C. D. 2001. Ecology of African small mammals. 
In: African small mammals. Denys, C., Granjon, L., 
Poulet, A (eds), IRD, Paris. Pp 377-414 

Hare, M. P. 2001. Prospects for nuclear gene 
phylogeography. Trends in Ecology and Evolution 
16(12): 700 – 706  

Harpending, H. C., Batzer, M. A., Gurven, M., Jorbe, L. B., 
Rogers, A. R., Sherry, S. T. 1998. Genetic traces of 
ancient demography. Proceedings of the National 
academy of Sciences of the United States of America. 
95: 1961 – 1967. 

Harris, D., Rogers, D. S., Sullivan, J. 2001. Phylogeography 
of Peromyscus furvus (Rodentia; Muridae) based on 
cyt b sequence data. Molecular Ecology 9: 2129 – 
2135. 

Harris, D., S´a-Sousa, P. 2002. Molecular phylogenetics of 
Iberian wall lizards (Podarcis): is Podarcis hispanica 
a species complex? Molecular Phylogenetics and 
Evolution. 23: 75 – 81. 

Hart, J. S. 1971. Rodents. In: Comparative physiology of 
thermoregulation:. Whittow, G. C. (ed.). Academic 
Press, London. Pp 1 – 135  

Heth, G., Frankenberg, E., Nevo, E. 1986. Adaptive optimal 
sound for vocal communication in tunnels of a 
subterranean mammal (Spalax ehrenbergi). 
Experientia, 42:1287 - 1289. 

Hewitt, G. 1999. Post-glacial re-colonization of European 
biota. Biological Journal of the Linnean Society. 68: 
87 – 112. 

Hewitt, H. 2000.. The genetic legacy of the Quaternary Ice 
ages. Nature (Lond.) 405: 907 – 913.  

Hoskuldsson, A. 1988. PLS Regression Methods. Journal of 
Chemometrics. 2: 211 – 228  

Hill, R. A., Dunbar, R. I. M. 1998. An evaluation of the roles 
of predation rate and predation risk as selective 
pressures on primate grouping behaviour. Behaviour. 
135: 411 – 430. 

Hudson, R. R., Slatkin, M., Maddison, W. P. 1992. 
Estimation of levels of gene flow from DNA 
sequences. Genetics. 132: 583 – 589.  

Hudson, R. R. 1991. Gene genealogies and the coalescent 
process. In: Futuyma D, Antonovics J (eds) Oxford 
surveys in evolutionary biology, vol 7. Oxford 
University Press, Oxford, pp 1 – 44  

Huelsenbeck, J. P., Ronquist, F. 2001. MRBAYES: 
Bayesian inference of phylogeny. Bioinformatics. 17: 
754 – 755  

 

 

Hughes, M., Moller, M., Bellstedt, D. U., Edwards, T. J., De 
Villiers, M.. 2005. Refugia, dispersal and divergence 
in a forest archipelago: a study of Streptocarpus in 
eastern South Africa. Molecular Ecology. 14: 4415 – 
4426 

Hutchinson, M. F., Nix, H. A., McMahon, J. P., Ord, K. D. 
1995. A topographic and climate data base for Africa 
(version 1.1.) CD-ROM. Centre for Resource and 
Environmental Studies, Australian National 
University, Australia. 

Irving, L. 1957. The usefulness of Scholanders views on 
adaptive insulation of animals. Evolution. 11: 257 – 
259.  

Isbell, L. A. 1994. Predation on primates: ecological patterns 
and evolutionary consequences. Evolutionary 
Anthropology. 3: 61–71.  

Jackson, T. P. 1999. The social organization and breeding 
system of Brants' whistling rat Parotomys brantsii. 
Journal of Zoology London. 247: 323 – 331  

Jackson, T. P. 2000. Adaptation to living in an open arid 
environment: lessons from the burrow structure of 
the two southern African whistling rats, Parotomys 
brantsii and P. littledalei. Journal of Arid 
Environments. 46: 345 – 355 

Jackson, T. P., Roper, T. J., Conradt, L., Jackson, M. J., 
Bennett, N. C. 2002. Alternative refuge strategies 
and their relation to thermophysiology in two 
sympatric rodents, Parotomys brantsii and Otomys 
unisulcatus. Journal of Arid Environments. 51: 21 – 
34 

Jackson, T. P., Bennett, N. C., Spinks, A. C. 2004. Is the 
distribution of the arid-occurring otomyine rodents of 
southern Africa related to physiological adaptation or 
refuge type? Journal of Zoology London264: 1 – 10  

Jansa, S. A., Weksler, M. 2004. Phylogeny of muroid 
rodents: relationships within and among major 
lineages as determined by IRBP gene sequences. 
Molecular Phylogeny and Evolution. 31: 256 – 276  

Jansen van Vuuren, B., Robinson, T. J. 1997. Genetic 
population structure in the yellow mongoose, 
Cynictus penicillata. Molecular Ecology. 6: 1147 - 
1153. 

Kawakami, M., Yamamura, K.-I. 2008. Cranial bone 
morphometric study among mouse strains. BMC 
Evolutionary Biology. 8: 73  

Kennett, J. P. 1995. A review of polar climatic evolution 
during the Neogene, based on the marine sediment 
record. In: Paleoclimate and evolution, with 
emphasis on human origins. Vrba, E. S., Denton, G. 
H., Partridge, T. C., Burckle, L. H. (eds) New Haven, 
Yale University Press, London. Pp 49 – 64 

Kerley, G. I. H., Erasmus, T. 1992. Fire and the range limits 
of the Karoo Bush Rat Otomys unisulcatus. Global 
Ecology and Biogeography. 2: 11 – 15  

Klingenberg, C. P., Ekau, W. 1996. A combined 
morphometric and phylogenetic analysis of an 
ecomorphological trend: pelagization in Antarctic 
fishes (Perciformes: Nototheniidae). Biological 
Journal of the Linnean Society. 59: 143 – 177. 



 66 

  

Knowles, L. L., Maddison, W. P. 2002. Statistical 
phylogeography. Molecular Ecology. 11: 2623 – 
2635  

Kryger, U., Robinson, T. J., Bloomer, P. 2004. Population 
structure and history of southern African scrub hares, 
Lepus saxatilis. Journal of Zoology London. 263: 
121 – 133 

Lacy, R. C., Alaks, G., Walsh, A. 1996. Hierarchical 
analysis of inbreeding depression in Peromyscus 
polionotus. Evolution. 50: 2187 – 2200.  

Lamb, T., Bauer, A. M. 2000. Relationships of the 
Pachydactylus rugosus group of geckos (Reptilia: 
Squamata: Gekkonidae). African Zoology. 35: 55 – 
67  

Latch, E. K., Dharmarajan, G., Glaubitz, J. C., Rhodes, O. E. 
Jr. 2006. Relative performance of Bayesian 
clustering software for inferring population 
substructure and individual assignment at low levels 
of population differentiation. Conservation Genetics. 
7: 295 – 302. 

Lavocat, R. 1978. Rodentia and Lagomorpha. Pp 69 - 89. In: 
Evolution of African mammals (V. J. Maglio and H. 
B. S. Cooke, eds.). Harvard University Press, 
Cambridge, MA, 641 pp. 

Le Roux, A., Jackson, T. P., Cherry, M. I. 2002. Differences 
in alarm vocalizations of sympatric popuations of the 
whistling rats, Parotomys brantsii and P. littledalei 
(Rodentia: Muridae). Journal of Zoology London. 
257: 189 – 194 

Lecompte, E., Denys, C., Granjon, L. 2005. Confrontation of 
morphological and molecular data: The Praomys 
group (Rodentia, Murinae) as a case of adaptive 
convergences and morphological stasis. Molecular 
Phylogenetics and Evolution. 37: 899 – 919 

Lehman, S. M., Mayor, M., Wright, P. C. 2005. 
Ecogeographic size variation in sifakas: a test of the 
resource seasonalityand resource quality hypotheses. 
American Journal of Physical Anthropology. 126: 
318 – 328. 

Lieberman, D. E., Krovitz, G. E., Yates, F. W., Devlin, M., 
St Claire, M. 2004. Effects of food processing on 
masticatory strain and craniofacial growth in a 
retrognathic face. Journal of Human Evolution. 46: 
655 – 677. 

Linder, H. P. 2003, The radiation of the Cape flora, southern 
Africa. Biological Reviews. 78: 597 – 638  

Linder, H. P. 2001. On areas of endemism, with an example 
from the African Restionaceae. Systematic Biology. 
50: 892 – 912 

Lombard, A. T., Hilton-Taylor, C., Rebelo, A. G., Pressey, 
R. L., Cowling, R. M. 1999. Reserve selection in the 
Succulent Karoo, South Africa: coping with high 
compositional turnover. Plant Ecology. 142: 35 – 55  

Lynch, M., Crease, T. J. 1990. The analysis of population 
survey data on DNA sequence variation. Molecular 
Biology and Evolution. 7: 377 – 394.  

Mahoney, M. J. 2004. Molecular systematics and 
phylogeography of the Plethodon elongatus species 
group: combining phylogenetic and population 
genetic methods to investigate species history. 
Molecular Ecology. 13: 149 – 166  

Makokha, J. S. 2006. Molecular phylogenetic and 
phylogeography of sand lizards, Pedioplanis (Sauria: 
Lacertidae) in southern Africa. M.S.c. thesis, 
University of Stellenbosch 

Makokha, J. S., Bauer, A. M., Mayer, W., Matthee, C. A. 
2007. Nuclear and mtDNA-based phylogeny of 
southern African sand lizards, Pedioplanis (Sauria: 
Lacertidae). Molecular Phylogenetics and Evolution. 
44(2): 622 – 633  

Malan, G. 1995. Cooperative breeding and delayed dispersal 
in the Pale Chanting Goshawk Melierax canorus. Ph. 
D. thesis. University of Cape Town. 

Malhortra, A., Thorpe, R. S. 1997. Size and shape variation 
in a lesser Antillean anole, Anolis oculatus (Sauria: 
Iguanidae) in relation to habitat. Biological Journal 
of the Linnean Society 60: 53 – 72.  

Manry, D. E., Knight, R. S. 1986. Lightning density and 
burning frequency in South African vegetation. 
Vegetatio. 66: 67 – 76  

Mantel, N. 1967. The detection of disease clustering and a 
generalized regression approach. Cancer Research. 
27: 209 – 220  

Marcus, L. F., Corti, M., Loy, A., Naylor, G. J. P., Slice, D. 
E. 1996. Advances in Morphometrics. Plenum Press. 
New York. 

Marcus, L. F. 1990. Traditional morphometrics. In: 
Proceedings of the Michigan morphometrics 
workshop. (Rohlf, F. J., and F. L. Bookstein, eds.). 
Pp. 77-122. Special Publication Number 2. 
University of Michigan Museum of Zoology, Ann 
Arbor. 

Marcus, L. F., Hingst-Zaher, E., Zaher, H. 2000. 
Applications of landmark morphometrics to skulls 
representing the orders of living mammals. Hystrix. 
11: 24 – 48 

Maree, S. 2002. Phylogenetic relationships and 
mitochondrial DNA sequence evolution in the 
African rodent subfamily Otomyinae (Muridae). 
Ph.D. thesis, University of Pretoria, Pretoria. 

Margulis SW. 1998. Differential effects of inbreeding at 
juvenile and adult life-history stages in Peromyscus 
polionotus. Journal of Mammalogy. 79: 326 – 336 

Marroig, G., Cropp, S., Cheverud, J. M. 2004. Systematics 
and evolution of the jacchus group of marmosets 
(Platyrrhini). American Journal of Physical 
Anthropology. 123: 11 – 22 

Martin, Y., Gerlach, G., Schlotterer, C., Meyer, A. 2000. 
Molecular Phylogeny of European Muroid Rodents 
Based on Complete Cyt b Sequences. Molecular 
Phylogenetics and Evolution. 16(1): 37 – 47  

Matthee, C. A., Davis, S. K. 2001. Molecular insights into 
the evolution of the family Bovidae: a nuclear DNA 
perspective. Molecular and Biological Evolution. 18: 
1220 – 1230  

Matthee, C. A., Flemming, A. F. 2002. Population 
fragmentation in the southern rock agama, Agama 
atra: more evidence for vicariance in southern 
Africa. Molecular Ecology. 11: 465 – 471  

 

 



 67 

  

Matthee, C. A., Robinson, T. J. 1996. Mitochondrial DNA 
differentiation among geographical populations of 
Pronolagus rupestris, Smith’s rock rabbit 
(Mammalia: Lagomorpha). Heredity. 76: 524 – 523  

Matthee, C. A., Robinson, T. J. 1997b. Mitochondrial DNA 
phylogeography and comparative cytogenetics of the 
springhare, Pedetes capensis (Mammalia: Rodentia). 
Journal of Mammalian Evolution. 4: 53 – 73  

Mavropoulos, A., Bresin, A., Kiliaridis, S. 2004. 
Morphometric analysis of the mandible in growing 
rats with different masticatory functional demands: 
adaptation to an upper posterior bite block. European 
Journal of Oral Sciences. 112: 259 – 266. 

Mayr, E. 1942. Systematics and the origin of species. 
Columbia University Press, New York. 

Mayr, E. 1956. Geographical character gradients and 
climatic adaptation. Evolution. 10: 105 – 108. 

Mayr, E. 1963. Animal species and evolution. Harvard 
University Press, Cambridge.  

McCarthy, T., Rubidge, B. 2005. The Story of Earth and 
Life: A Southern African Perspective. Struik 
Publishers, Cape Town. 

McIntosh, A. R., Bookstein, F. L., Haxby, J. V., Grady, C. 
L. 1996. Spatial pattern analysis of functional brain 
images using partial least squares. Neuroimage. 3: 
143 – 157. 

McNab, B. K. 1971. On the ecological significance of 
Bergmann’s rule. Ecology. 52: 845 – 854.  

Meester, J. A. J., Rautenbach, I. L., Dippenaar, N. J., Baker, 
C. M. 1986. Classification of Southern African 
Mammals. Transvaal Museum Monograph No. 5, 
Pretoria.  

Meester, J., Taylor, P. J., Contrafatto, G. C., Campbell, G. 
K., Willan, K., Lamb, J. M., Pillay, N. M. 1992. 
Chromosomal speciation in southern African 
Otomyinae: A review. Durban Museum Novitates. 
17: 58 – 63  

Meester, J., Kearney, T. 1993. The taxonomic status of 
Saunder’s vlei rat, Otomys saundersiae Roberts 
Rodentia: Muridae: Otomyinae. Journal of African 
Zoology. 107: 1 – 26  

Meiri, S., Dayan, T. 2003. On the validity of Bergmann’s 
rule. Journal of Biogeography. 30: 331 – 351. 

Michaux, J., Catzeflis, F. 2000. The bushlike radiation of 
muroid rodents is exemplified by the molecular 
phylogeny of the LCAT nuclear gene. Molecular and 
Phylogenetic Evolution. 17: 280 – 293. 

Michaux, J., Reyes, A., Catzeflis, F. 2001. Evolutionary 
history of the most speciose mammals: Molecular 
phylogeny of muroid rodents. Molecular Biology and 
Evolution. 18: 2017 – 2031  

Millar, J. S. 1977. Adaptative features of mammalian 
reproduction. Evolution. 31: 370 – 386  

Miller, M. P. 2005. Alleles In Space AIS: Computer 
Software for the Joint Analysis of Inter-individual 
Spatial and Genetic Information. Journal of Heredity 
96: 722 – 724  

Miller, G. S., Jr., Gidley, J. W. 1918. Synopsis of the 
supergeneric groups of rodents. Journal of the 
Washington Academy of Sciences. 8: 431 – 448  

Miller-Butterworth, C.M., Jacobs, D.S., Harley, E.H. 2003. 
Strong population substructure is correlated with 
morphology and ecology in a migratory bat. Nature. 
424: 187 – 191. 

Millien, V., Lyons, S.K., Olson, L., Smith, F.A., Wilson, 
A.B., Yom-Tov, Y. 2006. Ecotypic variation in the 
context of global climate change: revisiting the rules. 
Ecology Letters. 9: 853 – 869. 

Milne, N., O’Higgins, P. 2002. Inter-specific variation in 
Macropus crania: form, function and phylogeny. 
Journal of Zoology. 256: 523 – 535. 

Missonne, X. 1974. Order Rodentia. Part 6. Pp 1 - 39, in The 
mammals of Africa: An identification manual (J. 
Meester and H. W. Setzer, eds.).[issued 10 Sep 
1974]. Smithsonian Institute Press, Washington, D. 
C., not continuously paginated. 

Monteiro, L. R., Duarte, L. C., dos Reis S. F. 2003. 
Environmental correlates of geographical variation in 
skull and mandible shape of the punare rat 
Thrichomys apereoides (Rodentia: Echimyidae). 
Journal of Zoology London. 261: 47 – 57 

Moon, B. P., Dardis, G. F. 1988. The Geomorphology of 
Southern Africa. CTP Book Printers, Cape Town, 
South Africa. 

Moore, W. J., Lavelle, C. L. B. 1974. Growth in the facial 
skeleton of the Hominoidea. Academic Press, 
London  

Mora, M. S., Lessa, E. P., Kittlein, M., J., Vassallo, A. T. 
2006. Phylogeography pf the subterranean rodent 
Ctenomys australis in sand-dune habitats: Aevidence 
of population expansion. Journal of Mammalogy. 87 

(6): 1192 – 1203  

Moritz, C. 2002. Strategies to Protect Biological Diversity 
and the Evolutionary Processes That Sustain It. 
Systematic Biology. 51(2): 238 – 254 

Moritz, C., Schneider, C. J., Wake, D. B. 1992. Evolutionary 
relationships within the Ensatina eschscholtzii 
complex confirm the ring species interpretation. 
Systematic Biology. 41: 273 – 291 

Mucina, L., Rutherford, M.C. 2006. The Vegetation of South 
Africa, Lesotho and Swaziland. Strelitzia 19. South 
African National Biodiversity Institute, Pretoria. 

Mugo, D. N., Lombard, A. T., Bronner, G. N., Gelderblom, 
C. M., Benn, G. A. 1995. Distribution and protection 
of endemic or threatened rodents, lagomorphs and 
macroscelids in South Africa. South African Journal 
of Zoology. 30: 115 – 126  

Mullin, S. K., Taylor, P. J. 2002. The effects of parallax on 
geometric morphometric data. Computers in Biology 
and Medicine. 32: 455 – 464 

Musser, G. G., Carleton, M. D. 1993. Family Muridae. Pp 
501-755. In: Mammal species of the world, a 
taxonomic and geographic reference, second ed. (D. 
E. Wilson, and D. M. Reeder, eds.) Smithsonian 
Institution Press, Washington, D. C., xvii +1206pp 

Mustrangi M, Patton JL. 1997. Phylogoegraphy and 
systmatics of the slender ouse opossum Marmosops 
(Marsupialia, Didelphidae). University of California 
Publications in Zoology. 130: 1 – 86. 



 68 

  

Nei, M. and F. Tajima. 1981. DNA polymorphism detectable 
by restriction endonucleases. Genetics. 97: 145 – 
163. 

Nel, J. A. J., Rautenbach, I. L. 1975. Habitat use and 
community structure of rodents in the southern 
Kalahari. Mammalia. 39: 9 – 29 

Nice, C.C., Shapiro, A.M. 1999. Molecular and 
morphological divergence in the butterfly genus 
Lycaeides (Lepidoptera: Lycanidae) in North 
America: evidence of recent speciation. Journal of 
Evolutionary Biology. 12: 936 – 950. 

Nielsen, R., Wakeley, J. W. 2001. Distinguishing Migration 
from Isolation: an MCMC Approach. Genetics. 158: 
885 – 896  

Nielsen, R. 2000. Estimation of population parameters and 
recombination rates from single nucleotide 
polymorphisms. Genetics. 154: 931 – 942  

Nylander, J.A.A. 2004. MrModeltest 2.2. Program 
distributed by the author. Evolutionary Biology 
Centre, Uppsala University 

O’Higgins, P. 2000. The study of morphological variation in 
the hominid fossil record: Biology, landmarks and 
geometry. J. Anat. 197: 103 – 120 

Oliver, E. G. H., Linder, H. P., Rourke, J. P. 1983. 
Geographical distribution of present-day Cape taxa 
and their phytogeographical significance. Bothalia. 
14: 427 – 440.  

Pääbo, S. 1989. Ancient DNA: extraction, characterization, 
molecular cloning, and enzymatic amplification. 
Proceedings of the National Academy of Sciences, 
U.S.A. 86: 1939 – 1943  

Pääbo, S., Higuchi, R. G., Wilson, A. C. 1989. Ancient DNA 
and the polymerase chain reaction. Nature (Lond.). 
334: 387 – 388  

Palma, R. E., Marquet, P. A., Boric-Bargetto, D. 2005. Inter- 
and intraspecific phylogeography of small mammals 
in the Atacama Desert and adjacent areas of northern 
Chile. Journal of Biogeography. 32: 1931 – 1941.  

Paradis, E., Claude, J., Strimmer, K. 2004. APE: analyses of 
phylogenetics and evolution in R language. 
Bioinformatics. 20: 289 – 290  

Pearson, K. 1895. Note on regression and inheritance in the 
case of two parents. Proceedings of the Royal Society 
of London. 58: 240 – 242. 

Pillay, N., Willan, K., Wolhuter, W. 1993. Pup retrieval in 
the African bush Karoo rat. Acta Theriologica. 38 
(3): 339 – 343  

Pillay, N. 2001. Reproduction and postnatal development in 
the Karoo Bush Rat Otomys unisulcatus (Muridae, 
Otomyinae). Journal of Zoology London. 254: 515 – 
520  

Pillay, N., 2000a. Reproductive isolation in three 
populations of the striped mouse Rhabdomys 
pumilio: interpopulation breeding studies. 
Mammalia. 64: 461 – 470. 

Pocock, T. N. 1976. Pliocene mammalian microfauna from 
Langebaanweg: a new fossil genus linking the 
Otomyinae with the Murinae. South African Journal 
of Science. 72: 58 – 60  

Pocock, T. N. 1987. Plio-Pleistocene fossil mammalian 
microfauna of Southern Africa. A preliminary report 
including descriptions of two new fossil muroid 
genera (Mammalia, Rodentia). Palaeontology Africa. 
26: 69 – 91  

Polly P. D. 2003. Paleophylogeography: the tempo of 
geographic differentiation in marmots (Marmota). 
Journal of Mammalalogy. 84: 278 – 294  

Popp, J. L. 1983. Ecological determinism in the life histories 
of baboons. Primates. 24: 198 – 210. 

Posada, D., Crandall, K. A. 2001. Intraspecific 
phylogenetics: Trees grafting into networks. Trends 
in Ecology and Evolution. 16: 37 – 45 

Prinsloo, P., Robinson, T. J. 1992. Geographic 
mitochondrial DNA variation in the rock hyrax, 
Procavia capensis. Molecular Biology and 
Evolution. 9: 447 – 456  

Pritchard, J. K., Stephens, M., Donnelly, P. 2000. structure 
2.1: inference of population structure using 
multilocus genotype data. Genetics. 155: 945 – 959.  

Proches, S., Cowling, R.M., Mucina, L. 2003. Species-area 
curves based on releve data for the Cape Floristic 
Region. South African Journal of Science. 99: 474 – 
476  

Quin, D. G., Smith, A. P., Norton, T.W. 1996. 
Ecogeographic variation in size and sexual 
dimorphism in sugar gliders and squirrel gliders 
(Marsupialia: Petauridae). Australian Journal of 
Zoology. 44: 19 – 45.  

R Development Core Team 2008. R: A language and 
environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org. 

Raff, R. A. 1996. The shape of life: genes, development, and 
the evolution of animal form. Chicago: University of 
Chicago Press. 

Rambau, R. V., Harrison, W. R., Elder, F. F. B., Robinson, 
T. J. 1997. Chromosomes of Brants’ whistling rat 
and genome conservation in the Otomyinae revealed 
by G-banding and fluorescence in situ hybridization. 
Cytogenetics and Cell Genetics. 78: 21 – 220  

Rambau, R. V., Robinson, T. J. 1999. Ancestral 
chromosome states of the arid lineage of the 
subfamily Otomyinae (Family: Muridae) revealed by 
G-band comparisons. Abstract, p. 42. Abstracts of 
the 8th International African Small Mammal 
Symposium, Paris, France 

Rambau, R. V., Robinson, T. J., Stanyon, R. 2003. 
Molecular genetics of Rhabdomys pumilio 
subspecies boundaries: mtDNA phylogeography and 
karyotypic analysis by fluorescence in situ 
hybridization. Molecular Phylogeneics and 
Evolution. 28: 564 – 575  

Ramos-Onsins, S. E., Rozas, J. 2002. Statistical Properties of 
New Neutrality Tests Against Population Growth. 
Molecular Biology and Evolution. 19 (12): 2092 – 
2100. 

Ray, N., Currat, M., Excoffier, L. 2003. Intra-Deme 
Molecular Diversity in Spatially Expanding 
Populations. Molecular Biology and Evolution. 201: 
76 – 86  



 69 

  

Raymond, M., Rousset, F. 1995 An exact tes for population 
differentiation. Evolution. 49: 1280 – 1283. 

Rebelo, A. G. 1994. Iterative selection procedures: centres 
of endemism and optimal placement of reserves. In: 
Botanical diversity in southern Africa. Huntley, B. J. 
(ed.) Strelitzia 1. National Botanical Institute, 
Pretoria. Pp. 231 – 257. 

Rebelo, A. G. 1997. Conservation. In: Vegetation of 
southern Africa. Cowling, R. M., Richardson, D. M. 
& Pierce, S. M. (eds.), Cambridge Univeristy Press, 
Cambridge. Pp 571 – 590  

Reig, O. A. 1981. Terio del origen y desarrollo de la fauna 
de mamiferos de Americo del Sur. Publicadas por el 
Museo Municipal de Ciencias Naturales "Lorenzo 
Scaglia", Monografie Naturae. 1: 182pp 

Rensch, B. 1938. Some problems of geographical variation 
and species formation. Proceedings of the Linnean 
Society of London. 150: 275 – 285.  

Reyment, R. A. 1991. Multidimensional paleobiology. 
Pergamon Press, New York. 

Roberts, A. 1951. The mammals of South Africa. Central 
News Agency, Johannesburg. 

Robinson, T. J. 1981. Systematics of the southern African 
Leporidae. DSc. thesis, University of Pretoria, 
Pretoria.  

Rogers, A. R. 1997. Population structure and modern human 
origins. Pp. 55–79 in P. Donnelly and S. Tavare´ , 
eds. Progress in population genetics and human 
evolution. Springer-Verlag, New York  

Rogers, A. R., and H. Harpending, 1992 Population growth 
makes waves in the distribution of pairwise genetic 
differences. Molecular Biology and Evolution. 9: 552 
– 569. 

Rohlf, F. J., Corti, M. 2000. The use of two-block partial 
least squares to study covariation in shape. 
Systematic Biology. 49: 740 – 753. 

Rohlf, F.J., Marcus, L. F. 1993. A revolution in 
morphometrics. Trends in Ecology and Evolution. 8: 
129 – 132  

Rohlf, F. J., Slice, D. E. 1990. Extensions of the Procrustes 
method for the optimal superimposition of 
landmarks. Systematic Zoology. 39: 40 – 59  

Rohlf, F. J. 1998a. On applications of geometric 
morphometrics to study of ontogeny and phylogeny. 
Systematic Biology. 47: 147 – 158. 

Rohlf, F. J. 1998b. TpsRegr 1.20. Department of Ecology 
and Evolution, State Univ. New York, Stony Brook. 

Rohlf, F. J. 1998c. TpsRelw 1.18. Department of Ecology 
and Evolution, State Univ. New York, Stony Brook. 

Rohlf, F. J. 1998d. TpsSmall 1.14. Department of Ecology 
and Evolution, State Univ. New York, Stony Brook. 

Rohlf, F. J. 1996. Morphometric spaces, shape components 
and the effect of linear transformations. In Advances 
in morphometrics: 117–130. Marcus, L. F., Corti, M., 
Loy, A., Naylor, G. & Slice, D. E. (Eds). New York: 
Plenum. 

Rohlf, F. J. 1999. Shape statistics: Procrustes 
superimpositions and tangent spaces. Journal of 
Classification. 16: 197 – 223  

Rohlf, F. J. 1993. Relative warp analysis and an example of 
its application to mosquito wings. In: Contributions 
to morphometrics: 131–159. Marcus, L. F., Bello, E. 
& Garcia-Valdecasas, A. (Eds). Madrid: 
Monografias, Museo Nacional de Ciencias Naturales. 

Rohlf, F. J. 2003. tpsPLS, partial least-squares, version 
1.12. Department of Ecology and Evolution, State 
University of New York at Stony Brook. 

Rohlf, F. J. 1998. On applications of geometric 
morphometrics to studies of ontogeny and 
phylogeny. Systematic Biology. 47: 147 – 158  

Ronquist, F., Huelsenbeck, J. P. 2003. MRBAYES: 
Bayesian phylogenetic inference under mixed 
models. Bioinformatics. 19: 1572 – 1574  

Rüber, L., Adams, D. C. 2001. Evolutionary convergence of 
body shape and trophic morphology in cichlids from 
Lake Tanganyika. Journal of Evolutionary Biology. 
14: 325 – 332  

Russell, A. L., Medelín, R. A., McCracken, G. F. 2005. 
Genetic variation and migration in the Mexican free-
tailed bat (Tadarida brasiliensis mexicana). 
Molecular Ecology. 14: 2207 – 2222. 

Russo, I.-R. M., Chimimba, C. T., Bloomer, P. 2006. 
Mitochondrial DNA differentiation between two 
species of Aethomys (Rodentia: Muridae) from 
southern Africa. Journal of Mammalogy. 87: 545 – 
553  

Rutherford, M. C., Westfal, R. H. 1986. Annual plant 
production-precipitation relations in arid and semi-
arid regions. South African Journal of Wildlife 
Research. 12: 130 – 139  

Sampson, P. D., Streissguth, A. P., Barr, H. M., Bookstein, 
F. L. 1989. Neurobehavioral effects of prenatal 
alcohol: part II. partial least squares analysis. 
Neurotoxicology and Teratology. 11: 477 – 491.  

Santos, M., Iriarte, P.F., Cespedes, W., Balanya, J., 
Fontdevila, A., Serra, L. 2004. Swift laboratory 
thermal evolution of wing shape (but not size) in 
Drosophila subobscura and its relationship with 
chromosomal inversion polymorphism. Journal of 
Evolutionary Biology. 17: 841 – 855. 

Scholander, P. F. 1955. Evolution of climatic adaptation in 
homeotherms. Evolution. 9: 15 – 26. 

Scholander, P. F. 1956. Climatic rules. Evolution. 10: 39 – 
40.  

Scott, I. A.W., Keogh, J. S., Whiting M. J. 2004. Shifting 
sands and shifty lizards: molecular phylogeny and 
biogeography of African flat lizards (Platysaurus). 
Molecular Phylogenetics and Evolution 31: 618 – 
629 

Searle, J. B. 1984. Three new karyotypic races of the 
common shrew Sorex araneus (Mammalia: 
Insectivora) and phylogeny. Systematic Zoology. 33: 
184 – 194. 

Semprebon, G., Janis, C., Solounias, N. 2004. The diets of 
the Dromomerycidae (Mammalia: Artiodactyla) and 
their response to Miocene vegetational change. 
Journal of Vertebrate Paleontology. 24: 427 – 444. 

 

 



 70 

  

Sènègas, F., Avery, M. 1998. New evidence for the murine 
origins of the Otomyinae (Mammalia, Rodentia) and 
the age of Bolt’s Farm (South Africa). South African 
Journal of Science. 94: 503 – 507  

Sènègas, F. 2001. Interpretation of the dental pattern of the 
South African fossil Euryotomys (Rodentia, 
Murinae) and origin of otomyine dental morphology. 
In: African small mammals. Denys, C. Granjon, L. 
Poulet, A (eds). IRD, Paris. pp 151-160. 

Sheets, B. S. 1989. Cranial anatomy of Jaculus orientalis 
(Rodentia, Dipodoidea): New evidence for close 
relationship of dipodoid and muroid rodents. 
Undergraduate Honors Thesis, Baruch College, New 
York, 37 p.,  

Shortridge, G. C. 1934. The mammals of South West Africa. 
Vols I & II. Heinemann, London. 

Simoglou, A., Martin, E. B., Morris, A. J., Wood, M., Jones, 
G. C. 1997. Multivariate Process Process Control in 
Chemicals Manufacturing. IFAC Conference 
SAFEPROCESSES ’97, Hull U.K., Pp. 21-28  

Simpson, G. G. 1945. The principles of classification and a 
classfication of mammals. Bulletin of the American 
Museum of Natural History. 85: 1 – 350  

Skinner, J. D., Chimimba, C. T. 2005. The Mammals of the 
Southern African Subregion. Cambridge University 
Press, South Africa 

Skinner, J. D., Smithers, R. H. N. 1990. The Mammals of 
southern African subregion. University of Pretoria, 
South Africa 

Slatkin, M., Hudson, R. R. 1991. Pairwise comparisons of 
mitochondrial DNA sequences in stable and 
exponentially growing populations. Genetics. 129: 
555 – 562 

Slatkin, M. 1987. Gene flow and the geographic structure of 
natural populations. Science. 236: 787 – 792  

Slatkin, M., Hudson, R. R. 1991 Pairwise comparisons of 
mitochondrial DNA sequences in stable and 
exponentially growing populations. Genetics. 129: 
555 – 562  

Small, C. G. 1996. The statistical theory of shape. Springer-
Verlag, New York. 

Smit, H. A., Robinson, T. J., Van Vuuren, B. J. 2007. 
Coalescence methods reveal the impact of vicariance 
on the spatial genetic structure of Elephantulus 
edwardii (Afrotheria, Macroscelidea). Molecular 
Ecology. 16: 2680–2692  

Smith, F.A., Charnov, E.L. 2001. Fitness tradeoffs select for 
semelparous reproduction in an extreme 
environment. Evolutionary Ecology Research. 3: 595 
– 602. 

Smith, A. T., Ivins, B. L. 1983. Colonization in a pika 
population: dispersal vs philopatry. Behavioural and 
Ecological Sociobiology. 13: 37 – 47  

Smith, R. H. 1979. On selection for inbreeding in 
polygynous animals. Heredity. 43: 205 – 211.  

Smith, T. B., Bruford, M. W., Wayne, R. K. 1993. The 
preservation of process: the missing element of 
conservation programs. Biodiversity Letters. 1: 164 – 
167. 

Smithers, R. H. N. 1971.. The mammals of Botswana. 
Museum Memoir, National Museum of Rhodesia. 4: 1 
– 340.  

Smithers, R. H. N. 1983. The mammals of the southern 
African subregion. University of Pretoria, Republic 
of South Africa. 736pp 

Sokal, R. R., Rinkel, R. C. 1963. Geographic variation of 
alate Pemphigus populi-transversus in eastern North 
America. University of Kansas Science Bulletin. 44: 
467 – 507  

Sokal, R. R., Rohlf, F. J. 1995. Biometry. New York: W. H. 
Freeman.  

Spradling, T. A., Hafner, M., Demastes, J. W. 2001. 
Differences in rate of cytochrome-b evolution among 
species of rodents. Journal of Mammology 82: 65–
80. 

Squarcia, S. M., Sidorkewicj, N. S., Casanave, E. B. 2007. 
The hypertrophy of the tympanic bulla in three 
species of dasypodids (Mammalia, Xenarthra) from 
Argentina. International Journal of Morphology. 25 

(3): 597 - 602.  

Steppan, S. J., Adkins, R. M., Anderson, J. 2004. Phylogeny 
and divergence-date estimates of rapid radiations in 
Muroid rodents based on multiple nuclear genes. 
Systematic Biology. 53: 533 – 553 

Storz, J. F. 2002. Contrasting patterns of divergence in 
quantitative traits and neutral DNA markers: analysis 
of clinal variation. Molecular Ecology. 11: 2537 – 
2551  

Streissguth, A. P., Bookstein, F. L., Sampson, P. D., Barr, H. 
M. 1993. The enduring effects of prenatal alcohol 
exposure on child development: birth through seven 
years, a partial least squares solution. University of 
Michigan Press. Ann Arbor. 

Sunnocks, P. 2000. Efficient genetic markers for population 
biology. Trends in Ecology and Evolution. 15 (5): 
199 – 203 

Svennblad, B., Erixon, P., Oxelman, B., Britton, T. 2006. 
Fundamental differences between the methods of 
Maximum Likelihood and Maximum Posterior 
Probability in phylogenetics. Systematic Biology. 55 

(1): 116 – 121 

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. Journal of Biogeography 36, 78–87. 

Tajima, F. 1983. Evolutionary relationship of DNA 
sequences in finite populations. Genetics. 105: 437 – 
460  

Tajima, F. 1989a. Statistical method for testing the neutral 
mutation hypothesis by DNA polymorphism. 
Genetics. 123: 585-595. 

Tajima, F. 1989b. The effect of change in population size on 
DNA polymorphism. Genetics. 123: 597 - 601 

Takahata, N. 1996. Neutral theory of molecular evolution. 
Current Opinions in Genetics and Development. 6: 
767 – 772 

Takahata, N., Palumbi, S. R. 1985. Extranuclear 
differentiation and gene flow in the finite island 
model. Genetics. 109: 441 – 457 



 71 

  

Tamura, K., Dudley, J., Nei, M., Kumar, S. 2007. MEGA4: 
Molecular Evolutionary Genetics Analysis MEGA 
software version 4.0. Molecular Biology and 
Evolution. 24: 1596 – 1599  

Taylor, A. B. 2006. Feeding behavior, diet, and the 
functional consequences of jaw form in orangutans, 
with implications for the evolution of Pongo. Journal 
of Human Evolution. 50: 377 – 393 

Taylor, P. J., Meester, J., Kearney, T. 1993. The taxonomic 
status of Saunders' vlei rat, Otomys saundersiae 
Roberts (Rodentia: Muridae: Otomyinae). Journal of 
African Zoology. 107: 1 – 26  

Taylor, P. J., Kumirai, A., Contrafatto, G.-C. 2004a. 
Geometric morphometric analysis of adaptive cranial 
evolution in southern African laminate-toothed rats 
(Family: Muridae, Tribe: Otomyini). Durban 
Museum Novitates 29: 110 – 122  

Taylor, P. J., Denys, C., Mukerjee, M. 2004b. Phylogeny of 
the African murid tribe Otomyini (Rodentia), based 
on morphological and allozyme evidence. Zoologica 
Scripta. 33(5): 389 – 402  

Taylor, P. J., Campbell, G. K., Meester, J., Willan, K., Van 
Dyk, D. 1989. Genetic variation in the African rodent 
subfamily Otomyinae (Muridae) I. Allozyme 
divergence among four species. South African 
Journal of Science. 85: 257 – 262  

Thorpe, R. S. 1976. Biometric analysis of geographic 
variation and racial affinities. Biol. Rev. 51: 407 – 
452  

Thomas, O. 1918. A revised classification of the Otomyinae, 
with descriptions of new genera and species. Annals 
and Magazine of Natural History. ser. 9. 2: 203 – 
211  

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. Molecular Ecology. 15: 781–
793  

Tolley, K. A., Tilbury, C. R., Branch, W. R., Matthee, C. A. 
2004. Evolutionary history and phylogenetics of the 
southern African dwarf chameleons, Bradypodion. 
Molecular Phylogenetics and Evolution. 30: 354 – 
365  

Tullberg, T. 1899. Uber das sytem der Nagetiere. Eine 
phylogenetische studie. Nova Acta Regiae Societatis 
Scientarium Upsaliensis, Ser 3. 18: 1 – 514  

Van Dyk, D. 1989. Genetic variation within the endemic 
murid species, Otomys unisulcatus, F. Cuvier, 1829 
(Bush Karoo Rat). M.S.c. thesis, University of Natal 

Van Dyk, D., Campbell, G. K., Taylor, P. J., Meester, J. 
1991. Genetic variation within the endemic murid 
species, Otomys unisulcatus F. Cuvier, 1829 (Bush 
Karroo Rat). Durban Mus. Novit. 16: 12 – 21 

 Venables, W. N., Ripley, B. D. 2002. Modern Applied 
Statistics with S. Fourth Edition. Springer, New 
York. ISBN 0-387-95457-0 

Vermeulen, H. C., Nel, J. A. J. 1988. The Karoo Bush Rat 
Otomys unisulcatus on the Cape west coast. South 
African Journal of Zoology. 23: 103 – 111  

Vernon, J., Herman, P., Peterson, E. 1971. Cochlear 
potentials in the kangaroo rat (Dipodomys). 
Physiological Zoology. 44:112–118. 

Veyrunes, F., Britton-Davidian, J., Robinson, T. J., Calvet, 
E., Denys, C., Chevret, P. 2005. Molecular 
phylogeny of the African pygmy mice, subgenus 
Nannomys (Rodentia, Murinae, Mus): implications 
for chromosomal evolution. Molecular Phylogenetics 
and Evolution. 36: 358 – 369 

Viguier, B. 2002. Is the morphological disparity of lemur 
skulls (Primates) controlled by phylogeny and/or 
environmental constraints? Biological Journal of the 
Linnean Society. 76: 577 – 590 

Viguier, B. 2004. Functional adaptations in the craniofacial 
morphology of Malagasy primates: shape variations 
associated with gummivory in the family 
Cheirogaleidae. Annals of Anatomy-Anatomischer 
Anzeiger. 186: 495 – 501 

Von Bohmann, L. 1952. Die afrikanische Nagergattung 
Otomys. F. Cuvier. Z. Säugetierk. 18: 1 – 80 

Walker, E. P. 1964. Mammals of the World. Baltimore: 
Johns Hopkins Press. 1500 pp. 

Walker, W. F., Liem, K. F. 1994. Functional anatomy of the 
vertebrates: an evolutionary perspective. New York: 
Saunders College.  

Watts, C. H. S., Baverstock, P. R. 1995. Evolution in some 
African Murinae (Rodentia) assessed by 
microcomplement fixation of albumin. Australian 
Journal of Zoology. 43: 105 – 118  

Webster, D. B. 1962. A function of the enlarged middle-ear 
cavities of the kangaroo rat, Dipodomys. 
Physiological Zoology. 35: 248-255.  

Webster, D. B., Strother W. F. 1972. Middle ear morphology 
and auditory sensitivity of heteromyinid rodents. 
American Zoology. 12: 727 (Abstr.). 

Webster, D. B., Webster, M. 1971. Adaptive value of 
hearing and vision in kangaroo rat predator 
avoidance. Brain, Behavior, and Evolution. 4: 310 - 
322.  

Webster, D. B., Webster, M. 1975. Auditory systems of 
heteromyidae: functional morphology and evolution 
of the middle ear. Journal of Morphology. 146: 343-
376.  

Webster, D. B., Webster, M. 1980. Morphological 
adaptations of the ear in rodent family 
Heteromyidae. American Zoology. 20: 247-254.  

Weimarck, H. 1941. Phytogeographical groups, centres and 
intervals within the Cape flora. Lunds Universitet 
Arsskrift. 37: 3 – 143  

Whelan, S., Lio, P., Goldman, N 2001. Molecular 
phylogenetics: state-of-the-art methods for looking 
into the past. Trends in Genetics. 17(5): 262 – 272  

Willows-Munro, S., Robinson, T. J., Matthee, C. A. 2005. 
Utility of nuclear DNA intron markers at lower 
taxonomic levels: Phylogenetic resolution among 
nine Tragelaphus spp. Molecular Phylogenetics and 
Evolution. 35: 624 – 636  

Wilson, J. A. 1979. Principles of animal physiology. 2nd 
edn. New York, Macmillan. 



 72 

  

Wright, B.W. 2005. Craniodental biomechanics and dietary 
toughness in the genus Cebus. Journal of Human 
Evolution: 48: 473 – 492. 

Wright, S., 1951 The genetical structure of populations. Ann. 
Eugen. 15: 323 – 354  

Yom-Tov, Y. 1993. Does the rock Hyrax, Procavia capensis 
conform with Bergmann’s rule? Zoological Journal 
of the Linnean Society. 108: 171 – 177  

Zelditch, M. L., Swiderski, D. L., Sheets, H. D., Fink, W. L. 
2004. Geometric morphometrics for biologists: a 
primer. Elsevier Academic Press, San Diego. 

Zink, R. M., Barrowclough, G. F. 2008. Mitochondrial DNA 
under siege in avian phylogeography. Molecular 
Ecology 17 (9): 2107 – 2121  

 

 



 73 

 

Appendix A 
Appendix A1: Sampling localities, information regarding age class, gender, collection numbers, and whether 

specimens were used in the genetic or morphological or both analyses. 

 

Location Name 
Museum / 
Collectors 
Numbers* 

Personal 
Numbers 

Used in 
Dorsal 

analyses 

Used in 
Ventral 

analyses 
Sequenced 

Age Class 
category

$ Gender** 

Albany AM20009 AM93 - - Y 3 M 

Albany AM33796 AM211 - - Y 3 F 

Albany TM22778 TM05 Y - - 4 F 

Albany TM6720 TM57 Y - Y 4 M 

Albany TM6726 TM25 Y - - 5 M 

Albany AM33804 AM210 Y Y - 4 F 

Albany TM6717 TM54 Y Y - 4 F 

Albany AM33802 AM206 Y Y Y 4 M 

Albany AM33803 AM207 Y Y Y 4 M 

Albany AM33808 AM208 Y Y Y 4 M 

Albany TM22781 TM20 Y Y - 4 M 

Alexander Bay TM22729 TM64 Y Y - 4 F 

Alexander Bay AM28775 AM115 Y Y Y 5 M 

Alexandria AM19911 AM91 Y Y Y 4 F 

Alexandria AM20047 AM98 Y Y - 5 M 

Alexandria AM20343 AM201 Y Y - 5 M 

Beaufort West AM29682 AM17 - - Y 4 F 

Beaufort West AM18192 AM200 - - Y 1 M 

Beaufort West AM33819 AM204 Y - - 4 M 

Beaufort West AM29683 AM121 Y Y Y 4 F 

Beaufort West TM29622 TM87 Y Y - 4 F 

Beaufort West TM29625 TM90 Y Y - 4 F 

Beaufort West AM18182 AM198 Y Y Y 4 M 

Beaufort West AM18193 AM203 Y Y - 4 M 

Beaufort West TM29610 TM86 Y Y - 4 M 

Beaufort West TM29623 TM88 Y Y - 4 M 

Beaufort West AM18183 AM199 Y Y Y 5 F 

Beaufort West TM29588 TM37 Y Y Y 5 F 

Bedford AM9020 AM04 Y Y - 4 F 

Bedford AM9063 AM197 Y Y Y 4 F 

Bedford AM8835 AM182 Y Y - 5 F 

Bedford AM9043 AM143 Y Y Y 5 M 

Calvinia AM12984 AM190 - - Y 4 M 

Calvinia AM12969 AM188 - - Y 3 M 

Calvinia TM39371 TM39 - - Y 5 M 

Calvinia AM12944 AM76 - - Y U U 

Calvinia AM12941 AM75 - - Y 3 F 

Calvinia AM12963 AM77 Y - Y 4 F 

Calvinia AM12964 AM78 Y - Y 4 F 

Calvinia AM12945 AM145 Y Y Y 5 F 

Calvinia AM12966 AM186 Y Y Y 5 F 

Calvinia TM39353 TM16 Y - Y 5 F 

Calvinia TM5084 TM53 Y Y - 5 F 

Calvinia AM12968 AM187 Y Y - 5 M 

Calvinia AM12975 AM192 Y Y - 5 M 

Calvinia AM12983 AM189 Y - - 5 M 

Calvinia TM39371 TM09 Y Y - 5 M 

Calvinia TM39374 TM40 Y Y Y 5 M 

Carnarvon AM18190 AM88 - - Y 4 F 

Carnarvon AM18184 AM14 - - Y 2 M 

Carnarvon AM18190 AM88 Y Y - 4 F 

Carnarvon TM27359 TM80 Y Y - 4 F 

Carnarvon TM27360 TM81 Y Y - 4 M 

Carnarvon TM27376 TM82 Y Y - 4 M 

Carnarvon TM27352 TM77 Y Y - 5 F 
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Location Name 
Museum / 
Collectors 
Numbers* 

Personal 
Numbers 

Used in 
Dorsal 

analyses 

Used in 
Ventral 

analyses 
Sequenced 

Age Class 
category

$ Gender** 

Clanwilliam AM8804 AM184 - - Y 3 F 

Clanwilliam TM2241 TM46 Y Y - 4 M 

Clanwilliam AM8844 AM43 Y Y Y 5 M 

Cradock AM8947 AM44 - - Y 2 F 

Cradock AM8950 AM47 - - Y 3 M 

Cradock AM8948 AM45 Y - Y 4 F 

Cradock AM8953 AM50 Y Y Y 4 F 

Cradock TM22780 TM70 Y Y - 4 F 

Cradock AM8951 AM48 Y - - 4 M 

Cradock AM8949 AM46 Y Y - 5 M 

Darling AM30343 AM08 Y Y Y 4 F 

De Aar AM23195 AM147 Y Y - 4 F 

Fish River Valley DM2995 DM07 Y Y - 4 F 

Fish River Valley DM2996 DM08 Y Y - 4 M 

Fish River Valley DM2997 DM09 Y Y - 4 M 

Fish River Valley DM2971 DM12 Y Y - 5 F 

Fraserburg AM29688 AM124 - - Y 3 F 

Fraserburg AM29687 AM123 - - Y 2 F 

Fraserburg AM29688 AM124 - - Y 3 F 

Fraserburg AM29690 AM148 - - Y 2 M 

Fraserburg AM29685 AM149 - - Y 3 U 

Fraserburg AM29686 AM122 - - Y 3 F 

Garies AM8707 AM217 Y Y - 5 F 

Garies AM8712 AM27 Y Y - 5 F 

Hanover SAM7361 SAM12 Y - - 4 U 

Hanover SAM7491 SAM13 Y - - 4 U 

Hanover TM74 TM97 Y - - 5 F 

Hopetown AM11081 AM60 - - Y U F 

Hopetown TM22753 TM68 Y - - 4 F 

Hopetown TM22799 TM74 Y - - 5 M 

Laingsburg AM26494 AM15 - - Y 2 M 

Laingsburg TM9065 TM63 Y Y - 4 F 

Laingsburg TM9060 TM59 Y - - 5 F 

Laingsburg TM9061 TM60 Y Y - 5 F 

Laingsburg TM9062 TM61 Y Y - 5 M 

Lamberts Bay AM8836 AM183 - - Y 4 F 

Lamberts Bay AM8835 AM182 - - Y 5 F 

Lamberts Bay AM8832 AM179 - - Y 5 F 

Lamberts Bay AM8841 AM178 - - Y 3 M 

Lamberts Bay AM8838 AM175 - - Y 3 M 

Lamberts Bay AM8837 AM174 - - Y 3 M 

Lamberts Bay AM8833 AM180 - - Y 4 F 

Lamberts Bay AM8837 AM146 - - Y 3 M 

Lamberts Bay AM8834 AM181 Y Y Y 4 F 

Lamberts Bay AM8839 AM176 Y Y Y 4 F 

Lamberts Bay AM8840 AM177 Y Y Y 4 F 

Lamberts Bay TM2242 TM23 Y - - 4 F 

Lamberts Bay NM318 DM24 Y Y - 4 M 

Lamberts Bay AM8815 AM41 Y Y - 5 F 

Lamberts Bay NM317 DM25 Y Y - 5 M 

Langebaan TM41477 TM19 Y Y - 4 F 

Malmesbury AM30345 AM128 Y Y Y 4 M 

Matjiesfontein TM9058 TM30 Y Y - 5 F 

Matjiesfontein TM9057 TM29 Y Y - 5 M 

Middelburg AM11381 AM68 Y - Y 5 M 

Middelburg AM11380 AM67 Y Y - 4 M 

Middelburg AM11375 AM62 Y Y Y 5 F 

Middelburg AM11382 AM69 Y Y - 5 F 

Montagu AM33822 AM172 Y - - 5 M 

Montagu AM31084 AM132 Y Y Y 5 F 
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Location Name 
Museum / 
Collectors 
Numbers* 

Personal 
Numbers 

Used in 
Dorsal 

analyses 

Used in 
Ventral 

analyses 
Sequenced 

Age Class 
category

$ Gender** 

Montagu AM31087 AM134 Y Y - 5 F 

Montagu AM31085 AM133 Y Y - 5 M 

Murraysburg AM23370 AM20 Y Y Y 4 F 

Murraysburg AM23371 AM102 Y Y Y 4 F 

Oudtshoorn OHOU01 OU18 - - Y U U 

Oudtshoorn OHOU02 OU19 - - Y U U 

Oudtshoorn OHOU03 OU20 - - Y U U 

Oudtshoorn OHOIR02 OU29 - - Y U U 

Oudtshoorn OHOIR04 OU30 - - Y U U 

Piquetburg AM8807 AM36 Y Y Y 4 F 

Piquetburg AM29348 AM168 Y Y - 4 M 

Piquetburg AM29349 AM120 Y Y Y 4 M 

Piquetburg AM8716 AM31 Y Y - 5 F 

Piquetburg AM8806 AM35 Y Y Y 5 F 

Port Nolloth AM8703 AM214 - - Y 3 M 

Port Nolloth AM8708 AM212 - - Y 5 F 

Port Nolloth AM8694 AM21 Y Y Y 4 M 

Port Nolloth DM263 DM19 Y Y - 4 F 

Port Nolloth AM8690 AM12 Y Y - 4 M 

Port Nolloth DM2988 DM21 Y Y - 4 M 

Port Nolloth DM2989 DM22 Y Y - 4 M 

Port Nolloth AM8702 AM213 Y - - 5 F 

Port Nolloth AM8706 AM216 Y Y Y 5 F 

Port Nolloth TM7921 TM27 - Y - 5 F 

Richmond AM11391 AM72 Y Y Y 5 F 

Richmond TM4991 TM52 Y - Y 5 F 

Richmond TM4990 TM51 Y Y - 5 M 

Richtersveld RVPL10 PL10 - - Y U U 

Richtersveld RVPL13 PL13 - - Y U U 

Richtersveld RVPL01 PL01 - - Y U U 

Richtersveld RVPL15 PL15 - - Y U U 

Richtersveld AM11392 AM73 - - Y 3 F 

Richtersveld AM11389 AM70 - - Y 3 F 

Richtersveld TM43864 TM103 Y Y - 4 F 

Richtersveld AM28768 AM16 Y Y - 5 F 

Roberston TM22750 TM03 Y - - 4 F 

Roberston AM26499 AM165 Y Y - 4 M 

Springbok GPSP02 OU04 - - Y U U 

Springbok GPSP03 OU05 - - Y U U 

Springbok GPSP04 OU06 - - Y U U 

Springbok GPSP05 OU07 - - Y U U 

Springbok GPSP06 OU08 - - Y U U 

Springbok GPSP07 OU09 - - Y U U 

Springbok GPSP08 OU10 - - Y U U 

Springbok GPSP09 OU11 - - Y U U 

Springbok GPSP10 OU12 - - Y U U 

Springbok GPSP11 OU13 - - Y U U 

Springbok GPSP12 OU14 - - Y U U 

Springbok GPSP13 OU15 - - Y U U 

Springbok GPSP14 OU16 - - Y U U 

Springbok GPSP15 OU17 - - Y U U 

Springbok DM3054 DM04 Y Y - 4 M 

Springbok DM3053 DM03 Y - - 4 U 

Steinkopf SAM19114C SAM03 Y Y - 4 M 

Steinkopf DM2998 DM10 Y Y - 5 F 

Steinkopf SAM19114A SAM01 Y Y - 5 F 

Steinkopf TM22604 TM71 Y - - 5 F 

Steytlerville AM24121 AM106 - - Y 4 F 

Steytlerville AM24123 AM108 - - Y 3 M 

Steytlerville AM24120 AM105 Y - - 4 F 
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Location Name 
Museum / 
Collectors 
Numbers* 

Personal 
Numbers 

Used in 
Dorsal 

analyses 

Used in 
Ventral 

analyses 
Sequenced 

Age Class 
category

$ Gender** 

Steytlerville AM24118 AM103 Y - - 4 F 

Steytlerville AM24122 AM107 Y - - 4 F 

Steytlerville AM24124 AM109 Y Y - 4 F 

Steytlerville AM24117 AM03 Y Y Y 5 M 

Sutherland AM14727 AM79 Y Y - 4 M 

Sutherland AM14729 AM81 Y Y Y 5 M 

Tarkastad TM22749 TM04 Y Y - 4 F 

Tarkastad TM22761 TM11 Y Y - 4 F 

Tarkastad TM22770 TM95 Y Y - 4 F 

Upington TM35384 TM91 - - Y 4 M 

Van Rhynsdorp TM2234 TM02 Y - - 5 M 

Van Rhynsdorp VROU01 OU21 - - Y U U 

Van Rhynsdorp VROU02 OU22 - - Y U U 

Van Rhynsdorp VROU03 OU24 - - Y U U 

Van Rhynsdorp VROU04 OU25 - - Y U U 

Van Rhynsdorp VROU05 OU26 - - Y U U 

Van Rhynsdorp VROU01 OU27 - - Y U U 

Van Rhynsdorp VROU01 OU28 - - Y U U 

Van Rhynsdorp AM2236 TM22 - - Y U U 

Victoria West N/A OU02 - - Y U U 

Victoria West AM23196 AM99 Y Y - 4 F 

Victoria West AM23197 AM100 Y Y - 4 F 

Victoria West AM23199 AM151 Y Y Y 4 F 

Victoria West AM23372 AM152 Y Y Y 4 F 

Victoria West AM23374 AM163 Y Y - 4 F 

Victoria West TM22797 TM73 Y - - 4 F 

Victoria West DM2984 DM15 Y Y - 4 M 

Victoria West DM2985 DM16 Y Y - 4 M 

Victoria West AM23373 AM162 Y Y - 5 F 

Victoria West AM9032 AM58 Y Y - 5 F 

Victoria West TM22794 TM72 Y Y - 4 F 

Vredenburg TM22795 TM110 Y Y - 4 M 

Vredenburg TM22741 TM105 Y - - U F 

Vredenburg TM22760 TM109 - Y - 4 F 

Vredendal AM33842 AM153 Y - - 5 M 

Vredendal AM29352 AM155 Y Y - 4 F 

Vredendal AM29353 AM154 Y Y Y 4 F 

Williston TM7926 TM98 Y - - 4 M 

Williston TM27323 TM08 Y Y - 5 M 

Williston TM7927 TM99 Y Y - 5 M 

Willowmore DM2962 DM01 Y Y - 4 M 

Worcester AM31091 AM137 Y Y - 5 F 

Worcester AM31092 AM138 - - Y U M 

Parotomys brantsii GPSP03PB PB03 - - Y U U 

P. littledalei RVPL02 PL02 - - Y U U 

        

 
*   Key to Museum numbers:                AM = Amathole Museum; TM = Transvaal Museum; DM = Durban Museum; NM = Natal  
                                                                Museum; SAM = South African Museum 
** Key to gender codes:                        M = Male; F = Female; U = Unknown gender 
$   Key to age class categories codes:  1,2,3 = Juveniles; 4,5 = Adults; U = Unknown age 
 

 

 

 

 

 

 

 

 
 


